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ABSTRACT 10 

The preparation processes of efficient photocatalyst containing defect regulation 11 

and heterostructure construction are usually complicated and difficult to control at 12 

present, besides, the catalyst agglomeration in solution further limits their application. 13 

There is an urgent need for designing a potentially cheap, efficient, sustainable and 14 

easy-prepared nanocomposite to improve photocatalytic performance. In present study, 15 

the facile synthesized porous graphitic carbon with microtubular structure, high 16 

graphitization degree and abundant porosity demonstrates an outstanding advantage of 17 

excellent conductivity and facilitated mass transport. Such porous graphite biochar 18 

(PGBC) self-assembled with g-MoS2 nanosheets is observed by the optimized band 19 

gap, enhanced visible light harvesting, accelerated charge transfer and efficient 20 

photo-generated carrier’s separation. Considering the favorable specific surface area 21 

and pore distribution of PGBC for avoiding nanosheet agglomeration, the as-prepared 22 

composites display quite high efficiency for tetracycline hydrochloride (TC) removal 23 

based on the synergistic action of the desirable absorption and photocatalytic capability. 24 

Mechanism exploration indicates that surface adsorption is mainly dominated by 25 

electrostatic interaction, hydrogen bonding, π-π stacking and pore-filling, and hole (h+) 26 

and hydroxyl radical (·OH) are the predominant active species responsible for TC 27 

degradation. Furthermore, the nanocomposites possess advisable stability performance 28 

for TC removal in contaminated river water, further providing an underlying insight for 29 

establishing high-efficient and easy-prepared photocatalysts in practical contaminated 30 
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water remediation. 31 

 32 

Keywords: Carbon-based nanocomposite; Visible-light phtocatalysis; Porous graphite 33 
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1. Introduction 35 

Antibiotic contamination resulted from human abuse of pharmaceuticals has raised 36 

world-wide concerns, owing to the indefinite environmental impacts and threats to the 37 

organisms in ecosystem [1-4]. Numerous studies were conducted for solving this 38 

environmental issue, including biological technology (degrading-organism) [5-7], 39 

chemical technology (advanced oxidation, photo-catalysis) [8-10] and physical 40 

technology (separation) [11-13]. In recent years, nanostructured porous graphitic 41 

carbon (PGC) has drawn huge deal of scientific interests to be used as advanced carbon 42 

materials for energy storage [14-16] and environmental remediation [17-19], based on 43 

their excellent electrical characteristics and porous structure [20, 21]. Unfortunately, 44 

the productive processes of PGC with expensive chemical precursors, harmful reagents 45 

and catalysts, high energy/time-consuming steps restrict their large-scale application. 46 

Hence, a low-cost, eco-friendly and effective approach for preparing PGC by 47 

renewable biomass is highly desirable [22, 23], where product is known as porous 48 

graphitic biochar (PGBC). Straw is mainly composed of lignin, cellulose and 49 

hemicellulose, and it poses plentiful polar hydroxyl and carbonyl groups, which is 50 

endowed as precursor of carbon material with excellent properties. Preparing 51 

remediation material by straw is beneficial to realize the green disposal by reuse of 52 

agricultural waste on the basis of the concept “waste to wealth”. 53 

Photocatalytic degradation of organic pollutants is an economic, green and 54 

wide-accepted technology, and the development of photocatalyst is the focus of 55 
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research [23-27]. Semiconductor materials play an important role in photocatalysis 56 

with effective solar energy conversion. Among them, hierarchical graphene-like 57 

molybdenum disulfide (g-MoS2), a transition metal dichalcogenides, with 58 

ultrathin-layered structure is found to have an appreciable bandgap of about 1.89 eV in 59 

its monolayer regime [28, 29]. Although the relatively narrow band is advantageous to 60 

the generation of photoexcited electrons, the catalytic effect of pure MoS2 is not 61 

satisfactory because of high recombination of photoexcited carriers. Therefore, the 62 

modifications of MoS2, such as constructing heterojunction with one or more 63 

semiconductors [30-32] and doping with transition metal or nonmetal ions [33], have 64 

attracted great attention on field of adsorption, electronics and optoelectronics. For 65 

example, an efficient photocatalytic degradation with Z-scheme system of 66 

Ag3PO4/MoS2 was confirmed by Zhu et al. (2016) [34], in which Ag particles formed 67 

by in situ reduction from Ag+ on interfacial surface of Ag3PO4/MoS2 could act as the 68 

charge separation center for effectively prolonging the lifetime of photo-generated 69 

carriers and successfully inhibiting the photocorrosion of Ag3PO4. However, the 70 

complicated preparation process of polynary heterojunctions inevitably affects the 71 

wide application of this type of photocatalyst in actual water treatment. 72 

Photon absorption and charge separation efficiency are two major bottlenecks 73 

limiting the development of photodegradation [35, 36]. PGBC posing high 74 

conductivity as well as the favorable functional groups can effectively facilitate the 75 

electron transport and enhance the electrochemical utilization, but there are few reports 76 
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on its application in the field of photocatalysis. PGBC with highly-perfect 77 

graphitization and porous structure could be served as a good support for the loading of 78 

nanoparticles. Incorporation of PGBC into MoS2 nanostructure, on one hand, the 79 

porous structure with larger accessible surface areas might allow g-MoS2 nanosheets to 80 

be deposited thereby avoids nanoparticle agglomeration. On the other hand, the high 81 

graphitization degree of PGBC with superior electrical conductivity is beneficial to the 82 

carrier transport and enhances the optoelectronic application of MoS2. In addition, the 83 

mass transfer by adsorption capacity of catalyst also makes great influences on 84 

photocatalytic activity, due to the surface reaction and short life of free radicals. 85 

Theoretically, the huge specific surface area and pore distribution of PGBC exhibit 86 

outstanding adsorption capacity to enhance the contact between pollutants and active 87 

species produced on the surface by attracting and collecting pollutants. MoS2 as a 88 

photosensitive catalyst can utilize the light energy to mineralize the contaminants on or 89 

around the surface of the material, thereby restoring and improving the adsorption 90 

capacity of PGBC. 91 

In the present work, we prepared PGBC through an efficient and green 92 

template-free route with potassium ferrate (K2FeO4) [14], which was used as both 93 

porous activating agent and catalyst for synchronous carbonization and graphitization 94 

of carbon precursor. On this basis, the incorporation of g-MoS2 into PGBC was 95 

conducted to construct new-structure of g-MoS2/PGBC, in which PGBC plays the role 96 

of supporting and charge-mediator. Tetracycline hydrochloride (TC) with amphoteric 97 
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behavior [37] is used as a representative of antibiotic pollutants for examining the 98 

co-catalytic effects of the as-prepared nanocomposite on photodegradation under 99 

visible-light irradiation. The main purposes of this research are to (1) synthesize 100 

g-MoS2/PGBC by simple operation and characterize its chemical structure, 101 

morphology, and optical properties; (2) explore the TC removal capacity containing 102 

adsorption and photodegradation, as well as the photocatalytic stability of the resulting 103 

photocatalyst in different solution medium with a series of operating conditions; and (3) 104 

discuss the removal pathways of TC by revealing the key adsorption mechanisms and 105 

predominant active species involved in photocatalytic process. 106 

2. Materials and methods 107 

2.1. Materials 108 

Rice straw was obtained from bottomland of Dongting Lake wetland located in 109 

Hunan Province, China. Tetracycline hydrochloride (TC: purity >98.5%), potassium 110 

ferrate (K2FeO4), sodium molybdate and thioacetamide were purchased from Shanghai 111 

Chemical Corp. and were used without purification. Besides, deionized water (18.25 112 

MΩ/cm) used in the experiment was produced by an Ulupure (UPRII-10 T) laboratory 113 

water system. 114 

2.2 Preparation of photocatalyst 115 

2.2.1 Synthesis of PGBCs 116 

The collected straw was washed repeatedly with deionized water to remove 117 

impurities, and then dried and shattered to a particle size of < 0.15 mm with sieving. 118 
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Then, the straw powder was immersed and dispersed in aqueous 100 mL K2FeO4 119 

solution (0.1 M) with continuous stirring for 12 h. After vacuum dried at 80 °C 120 

overnight, the obtained solid mixture was transferred into a tube furnace operating at a 121 

continuous flow of N2 gas and heated at a temperature of 900 °C for a residence time 122 

of 2 h at a heating rate of 5 °C/min. The carbonized black solids then underwent 123 

repeating pickling with diluted 1M HNO3 and deionized water for removal of residual 124 

inorganic impurities, which were denoted as PGBC after dried. Usual biochar was 125 

pyrolyzed by straw at 550 °C in N2 atmosphere for 2 hours without activation and 126 

graphitization. 127 

2.2.2 Synthesis of g-MoS2/PGBC 128 

The PGBC obtained from the above steps was dispersed in 30 mL deionized water 129 

via ultrasonication for 15 min, and then mixed with 30 mL solution dissolved with 1 130 

mmol of Na2MoO4·2H2O, 5 mmol of thioacetamide and 0.05 mmol polyethylene 131 

glycol (PEG 10000), subsequently continued with the ultrasonication of 30 min. Then, 132 

the whole solution was transferred to a 100 mL Teflon-lined autoclave and went 133 

through hydrothermal treatment by heating up to 180 °C and lasting 24 h. After cooling 134 

to room temperature naturally, the solid precipitate generated in the solution was 135 

collected by centrifugation, followed by washing several times with anhydrous ethanol 136 

and deionized water. The black solid, undergone filtration and drying, was denoted as 137 

g-MoS2/PGBCx (x represents the theoretical mass ratio of PGBC to g-MoS2. If not 138 

specifically noted, the used composite in the experiment is g-MoS2/PGBC0.15). 139 
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2.3 Characterization methods 140 

The surface morphology and elemental composition of the as-prepared 141 

g-MoS2/PGBC were characterized by field emission scanning electron microscope 142 

(SEM, JSM-6700F, Japan) equipped with an energy dispersive X-ray analyzer (EDS, 143 

AMETER, USA) and transmission electron microscopy (TEM). The BET specific 144 

surface area and pore distribution characteristics were calculated according to the N2 145 

adsorption-desorption isotherms at 77.3 K using automatic surface and porosity 146 

analyzer (Quantachrome, USA). Fourier transform infrared spectrum (FT-IR) recorded 147 

in the range of 4000-400 cm-1 was measured in KBr pellet by Nicolet 5700 148 

Spectrometer, USA. The X-ray diffraction (XRD) patterns were obtained by Bruker 149 

AXS D8 Advance diffractometer with equipment of a Cu-Ka radiation source 150 

(λ=1.5417 Å) to investigate the crystal structures of as-synthesized material. Binding 151 

energies of the elements of sample were analyzed on basis of the X-ray photoelectron 152 

spectroscopy (XPS, Thermo Fisher Scientific-K-Alpha 1063, UK), with the calibration 153 

of C1s at 284.8 eV. The Raman spectra were measured at ambient temperature by a 154 

Nanofinder 3.0 Raman spectrometer (Tokyo Instrument). The total organic carbon 155 

(TOC) assays were carried out using a Shimadzu TOC-VCPH analyzer. The UV-vis 156 

diffuse reflectance spectra (DRS) were recorded by the UV-vis spectrophotometer 157 

(Cary 300, USA) with an integrating sphere. Photoluminescence (PL) spectroscopy 158 

was monitored by a Hitachi-7000 fluorescence spectrometer. 159 

2.4 Photoelectrochemical measurement 160 
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The photoelectrochemical examination of the as-prepared catalyst was measured 161 

by a CHI 660D workstation in three-electrode cell, where regarded Pt electrode as the 162 

counter electrode and Ag/AgCl electrode as the reference electrode. In a typical 163 

procedure, the working electrode was made as follows: about 5 mg of the as-prepared 164 

photocatalyst was dispersed in 2 mL of 0.1% chitosan solution. The suspension was 165 

sonicated for 1 h and then dropped onto an FTO glass with an active area of 1.0 cm2. 166 

The electrode was dried at 50 °C overnight. Solution of 0.2 M Na2SO4 was employed 167 

as supporting electrolyte as well as 300 W Xe lamp acting as light source in the 168 

experiments. 169 

2.4 Evaluation of photocatalytic activity 170 

The photocatalytic performance of the as-prepared composite was evaluated by the 171 

degradation of TC (20 mg/L) under visible light irradiation originated from 300 W Xe 172 

lamp with a cut off filter (λ > 420 nm). In a typical process, 20 mg as-prepared 173 

composite was dispersed in an aqueous solution of TC (50 mL, 20 mg/L), and the 174 

whole solution was stirred for 60 min in the dark for achieving the 175 

adsorption-desorption equilibrium, which was used to calculate the adsorbed amount of 176 

TC. After that, the mixture solution was exposed to the 300 W Xe lamp with continues 177 

stirring, the samples were taken out and filtered using 0.22 μm PVDF disposable filters 178 

at each time interval (10 min), followed by analysis with UV spectrophotometer 179 

(UV-2550, SHIMADZU, Japan) and HPLC Series (Agilent, Waldbronn, Germany) at 180 

λmax 357 nm. The C-18 column (4.6 × 250 mm) was used and performed at the 181 
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temperature of 30 °C with injection volume of 20 μL, and mobile phase was organic 182 

phase (acetonitrile: methanol = 2:1, v: v) with 0.01 mol/L oxalic acid at the flow rate of 183 

1 mL min−1. For recycling experiment, the used catalyst was collected by filtration, and 184 

then was used for another run undergone washing and drying to test the stability of the 185 

composite. 186 

3. Results and discussion 187 

3.1 Characterization of g-MoS2/PGBC 188 

The morphologies and microstructures of the as-prepared materials were 189 

characterized by SEM and TEM. The resulting particles of PGBC are found to be 190 

consisted of plentiful thin-walled carbon hollow microtubules with abundant pores on 191 

the carbon wall as shown in Fig. 1a, which is inherited from the natural morphology of 192 

straw. Retaining the hollow elongated framework, on one hand, is conducive to offer 193 

pathways for electrolyte uptake and provide conductive channels for rapid electron 194 

transport. On the other hand, the PGBC posing smooth structure and abundant pore is a 195 

suitable platform for decorating g-MoS2 to avoid the severe aggregation of nanosheets. 196 

As displayed in Fig. 1c, curved edged g-MoS2 nanosheets grow disorderly on the 197 

tubular carbon wall after hydrothermal reaction, which may be closely related to the 198 

interaction between the functional groups of carbonaceous material and Mo4+ of 199 

precursors [38, 39]. Transmission electron microscopy (TEM) analysis of composite 200 

proves a very close contact between g-MoS2 and PGBC, in which the carbonaceous 201 

material serves as a supporter for the g-MoS2 nanosheets. The high-resolution TEM 202 
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(HRTEM) images of nanocomposite, shown in Fig. 1e and f, demonstrate both 203 

interplanar spacings of 0.35 nm and 0.65 nm, indicating that the characteristic lattice 204 

fingers of PGBC and g-MoS2 are identified, respectively. 205 

 206 

Fig. 1 SEM images of pristine porous graphitic carbon biochar (a and b) and 207 

g-MoS2/PGBC (c), TEM image of g-MoS2/PGBC (d), and HRTEM images of 208 

g-MoS2/PGBC (e and f). 209 

Further information on the pore structural properties of the synthesized materials 210 

was received from adsorption-desorption isotherm measured at 77 K. As can be seen 211 

from part a of Fig. 2, the g-MoS2/PGBC exhibits I/IV-type isothermal curves, and there 212 

is a relatively abrupt adsorption inflection at low relative pressures, indicating the 213 

existence of a considerable number of micropores. Moreover, the small hysteretic loop 214 

of desorption branch extending from P/P0 at 0.5 to 0.9 demonstrates the presence of a 215 

moderate number of mesopores. The calculated pore-size distribution using the BJH 216 

method and desorption data indicates that the g-MoS2/PGBC contains an average pore 217 
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size of 2.13 nm, with most of the pores concentrating in the size range of 0.5‒30 nm. 218 

Concerning to the TC molecule dimension, the g-MoS2/PGBC with appropriate 219 

pore-size distribution is endowed with efficient adsorption capacity to TC molecular 220 

[37]. On the whole, the BET surface area of g-MoS2/PGBC is calculated to be 266.8 221 

m2/g and the total pore volume estimated by BJH desorption isotherm is 0.126 cm3/g, 222 

with the plenty of mosaic folded edges structure of MoS2 nanosheets like the wings. 223 

 224 

Fig. 2 The N2 adsorption-desorption isotherms of g-MoS2/PGBC at 77 K, inset shows 225 

the pore-size distribution curve of g-MoS2/PGBC (a); XRD patterns of pure MoS2, 226 

PGBC and g-MoS2/PGBC (b); Raman spectra of pure MoS2, and g-MoS2/PGBC and 227 

local amplification of g-MoS2/PGBC spectrum (c); XPS survey spectra of porous 228 

graphitic carbon biochar and g-MoS2/PGBC (d). 229 

Wide-angle X-ray diffraction of PGBC shows peaks at 26.1° and 44.2°, which are 230 
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characteristic of representative (002) and (101) reflections of graphitic carbon [16, 40]. 231 

While for g-MoS2/PGBC shown in Fig. 2b, other detected peaks appearing in 32.5° 232 

and 57.8° can be indexed to the (100) and (110) planes of hexagonal phase in MoS2 233 

(JCPDS card No. 37–1492) [41]. Compared with bulk MoS2, the disappeared (002) 234 

reflection implies the presence of fewer layers of g-MoS2 [42]. The weaker and broader 235 

peak of graphite (002) could be observed in diffraction of g-MoS2/PGBC because of its 236 

weaker crystallization resulting from the destruction in hydrothermal process, also 237 

suggesting the dispersion of the g-MoS2 clusters on the PGBC surface. 238 

Raman spectroscopy was further applied to identify the composite production. The 239 

graphitic structure of PGBC is observed on Fig. 2c, and the spectrum displays two 240 

evident peaks at 1350 cm−1 corresponding to the D band and 1583 cm−1 corresponding 241 

to G band, respectively. Typically, the D band is ascribed to the defect sites or 242 

disordered structure in carbon-containing materials, while the G band is arisen from the 243 

stretching vibration of sp2-hybridized carbon of graphite. In addition, another obvious 244 

peak at 2710 cm−1 corresponds to the 2D band, indicating there is hexagonal symmetry 245 

in the graphitic carbon [40, 43]. The integral intensity ratio of D band to G band (ID/IG), 246 

an identifier for determining the degree of crystallization of carbon materials, is 247 

calculated to be 1.08, confirming the PGBC is provided with a considerable degree of 248 

graphitization. The g-MoS2/PGBC sample demonstrates similar peaks at the 249 

corresponding position: 1350 cm−1 (D band), 1585 cm−1 (G band), and
，
2720 cm−1 (2D 250 

band), implying the presence of PGBC. Besides, two characteristic peaks of g-MoS2 251 
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that corresponded to the E1 2g and A1g vibration modes, respectively, are observed at 252 

377 cm−1 and 402 cm−1 in the local amplification of g-MoS2/PGBC spectrum [24, 44], 253 

further verifying the successful synthesis of the g-MoS2/PGBC with no substance 254 

change in g-MoS2 and PGBC. The increased ID/IG ratio of g-MoS2/PGBC is estimated 255 

to be 1.13, which is attributed to the further production of defect and edge through the 256 

hydrothermal process. Although the ID/IG intensity ratio is higher than that before 257 

modification due to the hydrothermal reaction, the ID/IG value of 1.13 still indicates 258 

that the relatively high degree of graphitization and good electronic conductivity of the 259 

g-MoS2/PGBC. 260 

Surface analysis about the chemical composition and valence state of the elements 261 

in manufactured products was performed using X-ray photoelectron spectroscopy. In 262 

comparison with the survey spectrum of PGBC before and after modification (Fig. 2d), 263 

besides the extra introduction of Mo and S elements in g-MoS2/PGBC, the proportion 264 

of oxygen is observed to increase from 7.94 to 14.62.at%, implying there are more 265 

oxygen-containing functional groups on composite surface, which is beneficial to 266 

promoting the generation of active free radical during catalysis as a result of the 267 

electron-transfer mediator of oxygen functional groups in composite [45]. In the C 1s 268 

XPS spectrum of g-MoS2/PGBC (Fig. 3a), the C 1s band can be resolved into three 269 

peaks located at 284.20, 285.90, and 286.65 eV, referring to the binding of C sp2, 270 

C=C/C=O, and Mo-C=O, respectively. There are also three fitted peaks in O 1s 271 

spectrum positioned at 531.10, 532.66 and 533.28 eV, which may assign to C=O, 272 
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C–O/H–O, and Mo–O bonds, respectively. Fig. 3c shows the binding energies of Mo 273 

3d peaks, corresponding to the 3d3/2 and 3d5/2 orbit of Mo4+ which were found at 274 

232.10, and 230.12-228.90 eV. Furthermore, two board peaks centering at 235.85 and 275 

233.02 eV are characteristic of the 3d3/2 and 3d5/2 orbit of oxidation state Mo6+, which 276 

may be caused by the slight partial oxidation of Mo atoms at the defects or edges of 277 

MoS2 with high oxidation activity [46]. The high-resolution XPS spectrum of S 2p is 278 

fitted and showed in Fig. 3d, and the peaks located at 163.20 and 161.80 eV, 279 

respectively, are attributed to the doublet S 2p1/2 and S 2p3/2, characterizing of S2- in 280 

g-MoS2. Taking another analysis of peak at 226.50 eV (Fig. 3c) arising from S 2s into 281 

account, the present of MoS2 in the sample is verified. 282 

 283 

Fig. 3 High resolution XPS spectrum of C 1s (a), O 1s (b); Mo 3d (c); and S 2p (d) in 284 

g-MoS2/PGBC. 285 
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3.2. Optical properties and photo-electrochemical characteristics 286 

The optical absorption properties and bandgap of the as-prepared samples were 287 

studied by the comparison of the UV/vis diffuse reflectance spectrum (DRS), as shown 288 

in Fig. 4a. Pure MoS2 shows a considerably broad absorption band having a 289 

characteristic edge at around 680 nm, which could be used to calculate the bandgap 290 

value as 1.82 eV. After the incorporation of PGBC, increased optical absorption 291 

intensity and a little broad spectral response in visible light wavelength of 292 

g-MoS2/PGBC are obtained. This slight improvement of visible light response may be 293 

due to the formation of the Mo-S-C bond which forms an energy level hybridization 294 

between g-MoS2 and PGBC [47]. The inset of Fig. 4a describes the plot of (αhv)n (bulk 295 

MoS2 is an indirect band gap semiconductor (n=1/2); g-MoS2 is a direct band gap 296 

semiconductor (n=2)) versus photon energy (hv) [48], which is performed to determine 297 

the optical band gap optimizing from 1.82 to 1.91 eV when hierarchical g-MoS2 298 

integrated with PGBC. The results infer that the cooperative effect between g-MoS2 299 

nanosheets and PGBC would extend the adsorption region towards visible light and 300 

allow a more efficient utilization of solar energy, which leads to more photo-generated 301 

electron-hole pairs for the photocatalysis. In addition, the synthesized nanocomposite 302 

has a higher redox potential for free radical generation and contaminant degradation by 303 

holes with stronger oxidation ability. 304 
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 305 

Fig. 4 UV–vis diffuse reflectance spectra and the plots of (αhv)n vs photon energy (hv) 306 

of as-prepared MoS2 and g-MoS2/PGBC (a); Photoluminescence (PL) spectra (b); 307 

transient photocurrent response (c); and electrochemical impedance spectra (d) for the 308 

as-prepared samples. 309 

The photoluminescence (PL) emission spectra were performed to reveal the charge 310 

carrier transfer and recombination efficiency of as-fabricated semiconductor 311 

photocatalyst, since the secondary recombination between photo-generated carriers is 312 

accompanied by fluorescence emission. It is commonly known that the stronger 313 

intensity of the fluorescence arisen from the recombination of electrons and holes 314 

indicates the shorter lifetime of the photo-generated charge carriers [49]. Pure MoS2 315 

possesses a high recombination rate of carriers with strong PL intensity which 316 

decreases the photocatalytic ability. As presented in Fig. 4b, the PL intensity of 317 

g-MoS2/PGBC is found to be greatly lower compared with that of pure MoS2, 318 
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demonstrating the introduction of PGBC as carrier mediator can effectively accelerate 319 

the transfer and separation of electron-hole pairs and thereby prevent the 320 

recombination of charge carriers. Consequently, stronger photocatalytic performance of 321 

g-MoS2/PGBC is achieved by the enhanced electron utilization efficiency. 322 

The improved charge separation behavior was further confirmed by the transient 323 

photocurrent response experiments under periodic visible light on/off (Fig. 4c). The 324 

photocurrent density of g-MoS2/PGBC is intensively enhanced, and its value is over 325 

twice higher than that of pristine MoS2, suggesting that the modification by PGBC 326 

supporting can make a remarkable improvement in suppressing the recombination of 327 

photoinduced electrons and holes generated by MoS2. Moreover, the surface resistance 328 

of semiconductor is one of the important factors affecting the photocatalytic property 329 

of catalyst, which could be provided from Nyquist impedance plots in EIS 330 

measurement based on the diameter of the semicircle corresponding to the carrier 331 

transfer resistance, where a smaller arc radius manifests a lower transfer resistance of 332 

the composite and further means higher efficiency in charge transfer on catalyst surface. 333 

The Nyquist plots for the samples in Fig. 4d show that g-MoS2/PGBC possesses 334 

smaller surface resistance than that of pristine MoS2, indicating the faster separation 335 

and rapider transfer of the photogenerated charge carriers during the photocatalytic 336 

reaction process. These results can be implied to the fact that PGBC as a charge 337 

mediator can facilitate carrier transfer to achieve effective separation of electron-hole 338 

pairs, on the basis of its interconnected structures and excellent electrical conductivity. 339 
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The above views are in good consistent with the observation of photocatalytic activity. 340 

3.3 Adsorption and photocatalytic properties 341 

It is well established that adsorption ability of a photocatalyst towards the target 342 

pollutants is one of the decisive factors affecting the photocatalytic efficiency. The 343 

adsorption capacity of the prepared composites for TC molecules was investigated 344 

under darkness and shown in Fig. 5. It is observed that the g-MoS2/PGBC exhibits 345 

relatively large adsorbed amount of TC when the adsorption equilibrium is reached 346 

after 1 h. Attributed to the surface hydrophobicity, large specific surface area, suitable 347 

pore structure and attractive surface charge on PGBC, adsorption capacity of the 348 

obtained sample is enhanced with increasing PGBC content. The pseudo-first-order, 349 

pseudo-second-order models were used to analyze the adsorption kinetics of TC 350 

molecules by g-MoS2/PGBC. On the basis of the values of correlation coefficient 351 

(Table S1), it can be concluded that pseudo-second-order model is more suitable to 352 

describe the adsorption behavior of TC, indicating the TC adsorption is much affected 353 

by chemical mechanism. It is worthwhile mentioning that the highest rate constants (k2) 354 

is received from experiment of g-MoS2/PGBC0.15. Undergone adsorption-desorption 355 

equilibrium within 1 h dark reaction, all samples were exposed to visible light, as 356 

presented on Fig. 5e. Compared with the negligible TC removal on control and pure 357 

MoS2 alone, successful combination of g-MoS2 and PGBC in the constructed 358 

nanocomposite is likely to inspire the improvement of photocatalytic ability. To shed 359 

light on the quantitative characterization of TC degradation kinetics, the experimental 360 
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data were linear fitted by ln(C0/C) = kt [39]. As shown in Fig. 5f, the k denoted the 361 

degradation rate constant is found to the largest value of 0.0216 min-1 in treatment of 362 

g-MoS2-PGBC0.15, revealing a reasonable and efficient composition ratio between 363 

PGBC and g-MoS2 with the co-effects in enhancing the adsorption activity and 364 

suppressing the photo-induced electron-hole pairs recombination in photocatalytic 365 

system, and the nanocomposite of g-MoS2/PGBC0.15 was used in subsequent 366 

experiments (According to the result obtained by the EDS (Fig. S1) that is consistent 367 

with XPS analysis, the content of MoS2 in the synthesized nanocomposite is estimated 368 

to be about 25 wt.%). In addition, by comparing the usual biochar as the substrate 369 

modified with MoS2, it can be observed that the MoS2/BC0.15 has a relatively good 370 

adsorption capacity. Although its specific surface area is less than g-MoS2/PGBC0.15, 371 

the functional groups and defects on MoS2/BC0.15 surface are treated as adsorption sites. 372 

However, the photocatalytic degradation of the MoS2/BC0.15 is very weak, which can 373 

be attributed to the poor electron conductivity of the unactivated biochar and the 374 

serious stacking of MoS2 (Fig. S2). 375 

 376 
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 377 

Fig. 5 Effect of contact time on the adsorption of TC onto g-MoS2/PGBC under 378 

darkness (a); the pseudo-first-order plots (b); pseudo-second-order plots (c); detail 379 

equilibrium isotherms: (d) Langmuir model and Freundlich model (inset) for TC 380 

adsorption by g-MoS2/PGBC under darkness; removal of TC in the presence of 381 

different photocatalysts with various composition ratios between g-MoS2 and PGBC 382 

under visible light irradiation (e); photocatalytic rate of g-MoS2/PGBC under visible 383 

light irradiation (f). 384 

Effects of initial concentrations on TC removal were also investigated and shown 385 

on Fig. 6a. On the whole, the synthesized g-MoS2/PGBC has good TC removal 386 

efficiency with initial pollutant concentration in the range of 10 to 50 mg/L, which is 387 

attributed to its relatively excellent adsorption performance. Fig. 5d confirms that 388 

higher equilibrium adsorbed amount of TC is obtained from higher initial 389 

concentration due to the more powerful driving force to overcome the mass transfer 390 

resistances between liquid and solid phases [37, 46]. The adsorption equilibrium data at 391 
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darkness were fitted by Langmuir, Freundlich models with the good correlation 392 

coefficients (R2) of 0.9958 and 0.9817 (Table S2), respectively. This result implies that 393 

the TC adsorption onto g-MoS2/PGBC is mostly the monolayer formation relevant to 394 

the functions of chemical mechanism, while the physical interaction is also involved in 395 

the adsorption to form adsorbate multilayers [42, 50]. Several critical parameters 396 

(Table S2) obtained from the fitting models suggest that the TC adsorption process by 397 

g-MoS2/PGBC is facile and favorable. However, the photodegradation rate of TC 398 

shows a negative trend as initial TC concentration increased (Table 1), which can be 399 

ascribed to the decreased photon absorption caused by less active sites with more 400 

attached pollutants on the surface of g-MoS2/PGBC, as well as the reduced path length 401 

of photon entering the solution (Chen et al. 2017)[33]. 402 

 403 

Fig. 6 Effect of initial TC concentrations (a); initial pH (b), and coexisting anions (c) 404 

on the degradation of TC over g-MoS2/PGBC; the photodegradation and TOC removal 405 
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curves (d) of TC on g-MoS2/PGBC under visible light irradiation. 406 

The influences of initial pH on TC removal are presented on Fig. 6b, which are 407 

originated from the processes of both pollutant adsorption and catalytic degradation. 408 

There is no denying that pH level plays an important role in the surface charges on the 409 

material and the existing forms of pollutants. According to the results of Zeta potential 410 

measurement (Fig. S3), g-MoS2/PGBC surface shows electronegative and decreases 411 

gradually with increasing pH value in a range of 3.0-11.0. Based on the different 412 

dissociation constant of tetracycline (pKa=3.4, 7.6 and 9.7) [51], TC molecules exist in 413 

solution with different forms of cation (TCH3
+), zwitterions (TCH2

0) and anions (TCH− 414 

and TC2−) derived from the protonation and deprotonation of multiple ionizable 415 

functional groups. In the dark reaction, the maximum adsorption of TC molecule 416 

occurs at a pH of 3.0 by electrostatic attraction, while the negatively charged surface of 417 

nanocomposite presents an enhanced electrostatic repulsion to anions TCH− and TC2− 418 

when pH value is greater than seven. There is a somewhat surprising result that a low 419 

catalytic degradation rate of TC is observed under acidic condition, which may arise 420 

from the fact that excessive adsorbed TC molecules might occupy the active site and 421 

prevent light from reaching the catalyst surface [35], further hindering the 422 

hole-electron photoexcitation process. In addition, strong electrostatic repulsion under 423 

strong alkaline conditions leads to a decrease in free radical generation due to less 424 

hydroxide ions and TC2− reaching the catalyst surface, followed by a decrease in 425 

photocatalytic ability. 426 
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To further explore the practical application of the prepared nanocomposite, the 427 

most common anions in natural water containing Cl−, SO
2− 

4 , H2PO
− 

4 , and CO
2− 

3  were 428 

discussed for their effects on the adsorptive-catalytic reaction process for TC. Since 429 

Na+ ions have been proven to show little effect on the removal of TC [37], all of the 430 

above anionic with form of sodium salts at 10 mM concentration were used to explore 431 

the influences of ion interference. Fig. 6c displays the different TC removal rates in the 432 

presence of various anions in order of Cl− > SO
2− 

4  > CO
2− 

3  > H2PO
− 

4 . A slight 433 

enhancement could be found within NaCl electrolyte, which may be explained by the 434 

scavenging reaction of the photo-induced holes and Cl−, resulting in more effective 435 

separation of hole-electron pairs [47]. The coexistence of CO
2− 

3  or H2PO
− 

4  in TC 436 

solution exhibits considerable inhibition in both adsorption and photocatalytic 437 

degradation processes. They are regarded as pH buffers and can alkalinize the solution 438 

to a certain extent, leading to decrease in TC adsorption on g-MoS2/PGBC surface by 439 

electrostatic repulsion at darkness. Moreover, H2PO
− 

4  might serve as a chelating agent 440 

and attach to the catalyst surface, covering some active sites [52]. In terms of the 441 

radical generation, it is well established that CO
2− 

3 and H2PO
− 

4  are two typical free 442 

radical scavenger, the free radicals produced at the composite surface are captured 443 

immediately by the coexisting CO
2− 

3  and H2PO
− 

4  [47], contributing to decline in the 444 

photocatalytic activity. 445 

Complete mineralization capacity of photocatalyst towards organic pollutants is a 446 

crucial parameter in the actual application, because deep mineralization of organic 447 
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pollutant into water and carbon dioxide is environmentally friendly and harmless [10]. 448 

The total organic carbon (TOC) removal by the as-prepared composites is used as an 449 

indicator to measure the degree of mineralization, as shown in Fig. 6d. It could be 450 

found that more than 40% of TOC could be removed after 60 min irradiation, which 451 

accounts for nearly half of the TC decomposition with favorable mineralization 452 

capability. 453 

3.4 Photocatalyst recyclability and its application on real water samples 454 

In order to deeply investigate the practical application of papered composites in 455 

actual natural water, river water and tap water (characteristics shown in Table. S3) 456 

were applied as the medium of TC solution in comparison with deionized water, since 457 

initial water status might also influence the photocatalyst application. As can be seen 458 

from Fig. 7a, both adsorption process and photodegradation process have different 459 

responses in various medium. Due to the difference in pH between deionized and tap 460 

water, the adsorbed amount of TC by g-MoS2/PGBC in tap water is slightly lower than 461 

that in lab single system of deionized water. However, higher adsorption of TC is 462 

observed in the medium of river water, which could be explained by (1) wrapping and 463 

cross-linking effect of the floccules, (2) additional adsorption derived from fine 464 

particles, and (3) bridging role of coexisting metal ions between material surface and 465 

TC molecules. As far as the degradation process is concerned, there is a competitive 466 

relationship between the organic matter contained in the river water and TC molecules. 467 

Besides, the coexisting anions including CO
2− 

3 , H2PO
− 

4  and SO
2− 

4  would capture and 468 
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consume the photo-generated free radicals, further inhibiting the degradation of TC. 469 

 470 

Fig. 7 Cycling performance of photocatalytic degradation for TC removal in different 471 

water samples (a); degradation curves of TC with additions of scavengers over 472 

g-MoS2/PGBC under visible light (b); and ESR spectra of radical adducts trapped by 473 

DMPO in g-MoS2/PGBC dispersion under dark and visible light irradiation: in 474 

methanol dispersion for DMPO-·O
− 

2  (c); in aqueous dispersion for DMPO-·OH (d). 475 

The recycling experiments were performed under the same condition to evaluate 476 

the reusability and stability of the as-prepared composites. As presented on Fig. 7a, 477 

there is no significant decrease in removal efficiency of TC over g-MoS2/PGBC after 3 478 

cycles, regardless of the type of solution medium, and the as-prepared nanocomposite 479 

maintains nearly 70% TC removal efficiency in actual water cycle treatment. 480 

Comparing the XRD spectrum before and after catalytic degradation (Fig. S4), it could 481 

be found that the crystal structure of composite remains basically unchanged, 482 
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indicating the high stability of g-MoS2/PGBC during photocatalysis process. Taking 483 

the above observations into account, as well as the comparison on phocatalytic activity 484 

of different typical related catalysts (Table. S4), it can be demonstrated that the 485 

g-MoS2/PGBC as a highly efficient, green, sustainable photocatalyst possesses a 486 

long-term application potential for wastewater remediation. 487 

3.5 TC removal mechanisms by g-MoS2/PGBC 488 

It is well established that the efficient photocatalytic degradation needs handle 489 

both the mass transfer and light transfer issues. The adsorption capacity of 490 

photocatalyst for TC is a decisive factor in photodegradation. It is obvious that the 491 

electrostatic interaction involves in the adsorption process based on the discussion 492 

about effect of pH on TC adsorption. It can be observed by comparing the FT-IR 493 

spectrum of g-MoS2/PGBC before and after adsorption (Fig. S5), the peaks at 2366, 494 

1632, 1443 cm−1 assigned to the stretching vibration of cumulated double bond, C=O, 495 

and aromatic benzene ring skeleton, respectively, shift in varying degrees due to the 496 

π-π conjugate effect between benzene ring, double bonds on g-MoS2/PGBC and 497 

aromatic compound of TC, confirming the mechanism of π-π stacking interaction. The 498 

S–H and O–H vibration at 667 cm−1 and around 3384-3450 cm−1, respectively, move to 499 

lower absorbance areas upon adsorption, which can be attributed to the hydrogen 500 

bonding interaction between TC molecule and these functional groups, since the 501 

unsaturated sulfur bonds at the edges are highly reactive. Besides, the appropriate 502 

pore-size distribution makes g-MoS2/PGBC become a tailor-made adsorbent for 503 
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pore-filling of TC by partition effect. 504 

The photodegradation mechanisms mainly involve active species with strong 505 

oxidizing being explored by free radical trapping experiment. Three kinds of typical 506 

reagent, 1,4-benzoquinone (BQ), isopropanol (IPA), and ethylenediamintetraacetic acid 507 

disodium (EDTA-2Na) were adopted as the scavengers of superoxide radical (·O
− 

2 ) 508 

hole (h+), and hydroxyl radical (·OH), respectively, to consume the reactive species 509 

and further decline the photocatalytic performance. Obviously, Fig. 7b depicts that the 510 

degradation efficiency of TC evidently drops to 33.63% after EDTA-2Na addition, 511 

indicating the active species of holes play a key role towards TC degradation. In 512 

addition, a nearly half decrease of degradation percentage could be found within the 513 

present of IPA, illustrating that the ·OH also contributes to TC degradation to a certain 514 

extent. However, when adding a screening agent of ·O
− 

2  (BQ), the degradation 515 

efficiency of TC is depressed a little, which implies there are superoxide radicals 516 

participated but shown minor factor in TC degradation. Notably, all results depict the 517 

photocatalytic degradation of TC mainly relies on h+, followed by ·OH, while ·O
− 

2  has 518 

minimal effect. 519 

To gain more insight, the Electron Paramagnetic Resonance (ESR) spin-trap with 520 

DMPO was performed to further validate the above-obtained reactive oxidative species 521 

generated in this photocatalytic system over g-MoS2/PGBC under visible irradiation. 522 

Fig. 7c and 7d display the EPR spectra obtained under dark and irradiation, and 523 

indicate firstly no radicals are generated under dark, which confirms that the relatively 524 
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high TC removal before illumination is derived from the excellent adsorption capacity 525 

of the nanocomposite. The obvious quartet peaks with intensity ratio of 1:2:2:1 could 526 

be detected in g-MoS2/PGBC+VL (visible light) photocatalytic system, which is 527 

ascribed to the spectral characteristic signal of DMPO-·OH, demonstrating that ·OH 528 

with high oxidation activity occurs in TC degradation process. Meanwhile, a typical 529 

six-peak signal of DMPO-·O
− 

2  is observed by enhancing with visible light irradiation. 530 

ESR analysis indicates that ·OH and ·O
− 

2  as the active species are indeed produced in 531 

photocatalytic system over g-MoS2/PGBC and participate in the degradation of TC and 532 

its oxidized intermediates. 533 

Surface properties, such as large specific surface area, excellent pore structure and 534 

unsaturated edge bonds endow the g-MoS2/PGBC with considerably strong adsorption 535 

capacity through mechanisms of electrostatic attraction, π-π stacking, hydrogen 536 

bonding, and pore-filling, which can attract and accumulate pollutants towards the 537 

catalyst surface. Owing to the optimized energy band gaps, g-MoS2 could be excited 538 

and generated electron-hole pairs under visible light irradiation. The standard redox 539 

potential of O2/·O
− 

2  (-0.33 eV) is negative than conduction band (CB) potential of 540 

g-MoS2 according to the previous reports [31, 53], yet the CB potential of 541 

g-MoS2/PGBC is more negative than E0 (O2/H2O2) (0.695 eV), which suggests that 542 

oxygen molecules attached onto the surface do not directly become superoxide radicals 543 

but could be reduced to hydrogen peroxide which is further broken down into hydroxyl 544 

radicals. Similarly, the absolute value of valence band potential of g-MoS2/PGBC is 545 
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less than that of E (·OH/OH−) (+2.38 eV), it reveals that generated-h+ directly oxidize 546 

and decompose TC molecules, instead of reacting with water molecules to form ·OH. 547 

The incorporation of PGBC with ultrathin structure, porosity and graphitization 548 

contributes to shorter charge transfer path and displays good conductivity. Intimate 549 

contact between g-MoS2 and PGBC can accelerate the fluent transfer of free carriers on 550 

interface with PGBC acting as electron or hole-mediator for limiting charge carrier 551 

recombination. However, ESR experiments proved that ·O
− 

2  do exist in photocatalytic 552 

systems, which may be explained by the phenomenon that photo-generated electrons 553 

would transfer smoothly from g-MoS2 to PGBC through the Mo-O-C bonds and then 554 

react with the oxygen that adsorbed on the PGBC surface. Oxygen-containing 555 

functional groups favor the formation of persistent free radical (PFRs) in carbon-based 556 

materials with transition metal [54]. A small amount of oxidation Mo6+ in 557 

g-MoS2/PGBC acts as an electron acceptor to further promote PFRs production. On the 558 

basis of these analyses, besides the schematic illustration shown in Fig. 8, the specific 559 

photocatalytic degradation process of TC by g-MoS2/PGBC can be described as 560 

following equations: 561 

 
 h /PGBCMoS/PGBCMoS
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222


             (6) 567 

 568 

Fig. 8 Schematic illustration of the proposed mechanism for the degradation behavior 569 

of TC molecules by g-MoS2/PGBC nanocomposite under visible light irradiation. 570 

4. Conclusion 571 

In conclusion, a novel nanocomposite of porous graphite biochar decorated with 572 

g-MoS2 nanosheets has been rationally designed and synthesized via a facile one-pot 573 

hydrothermal method as photocatalyst for TC removal. This easily synthesized 574 

g-MoS2/PGBC exhibits considerable TC removal efficiency in various solution 575 

medium through combined functions of adsorption and photocatalysis. The porous 576 

graphite biochar as supporting is regarded as charge transporter with good conductivity, 577 

which promotes the fluent transfer of photo-generated charge carriers and hinders the 578 

recombination of electron-hole pairs. Excellent photocatalytic performance should be 579 

derived from the synergistic effects of g-MoS2 and PGBC, resulting from more 580 
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desirable active sites and higher photo-generated charge utilization for photocatalysis. 581 

The adsorption mechanisms, including electrostatic interaction, π-π stacking, hydrogen 582 

bonding, and pore-filling, are involved in the attraction and collection of TC molecules 583 

onto the material surface. Moreover, the h+ and ·OH produced on the photocatalyst 584 

surface under visible light irradiation are predominant active species for the 585 

decomposition of adsorbed TC. Considering the efficient and stable photodegradation 586 

of TC, g-MoS2/PGBC is regarded as a potential and sustainable photocatalyst for wide 587 

application in antibiotics-polluted natural water remediation. 588 
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Table 1 The pollutant degradation rate constants in different initial TC 687 

concentration by g-MoS2/PGBC under light irradiation. 688 

 689 

Initial TC concentration 

(mg/L) 

 10 20 30 40 50 

Degradation rate (k) (min-1)  0.0378 0.0216 0.0121 0.0073 0.0049 

R2  0.9923 0.9986 0.9998 0.9968 0.9966 

 690 
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