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Abstract 

The development of high-performance semiconductor photocatalysts using solar 

energy has become a hot topic, which is crucial for a sustainable future. However, 

construction of a non-toxic and efficient catalyst still remains an enormous challenge. 

Here, we uncover a simple hydrothermal re-calcination method to prepare a novel 

potassium (K) doped porous ultrathin g-C3N4 (denoted as KMCN) photocatalyst with 

efficient catalytic performance, eco-friendly characteristics and excellent stability. The 

obtained KMCN nanosheets were applied to the photo-degradation of tetracycline 

(TC) under different reaction condition to simulate practical wastewater treatment. It 

was found that porous structure and K+ addition of g-C3N4 enhanced pores size and 

specific surface area (SSA), and increased the photo-absorption region and activity 

sites. The optical properties of KMCN nanosheets were systematically characterized 

by PL, UV-DRS, etc. The results revealed that KMCN (0.05) sample possessed 

narrowed band-gap, lower recombination of photo-generated charges and higher 

electrons and holes transfer efficiency. Benefiting from these advantages, KMCN 

(0.05) photocatalysts demonstrated excellent photocatalytic performance for TC 

degradation (85.13%), which was approximately 2.88-fold and 1.40-fold increase 

compared to bare g-C3N4 (29.60%) and porous ultrathin g-C3N4 (60.84%), 

respectively. These results suggest a reasonable way for the design of economic and 

high-efficiency photocatalysis. 
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INTRODUCTION  

Energy crisis and environmental pollution have turn into the two stumbling 

blocks to achieve sustainable development in modern society.1-8 Among them, the 

problems related to the antibiotic wastewater pollution are arrived an urgent level 

which threaten the survival of plants and animals.9-16 Tetracycline (TC) was regarded 

as an essential medicine by the World Health Organization (WHO), which has been 

widely applied in animal husbandry and aquaculture.17 However, TC was poorly 

metabolized in animals, which would result in prodrug or metabolite of TC entered 

into aqueous systems. Based on the continuous efforts of researchers, numerous 

traditional methods including chemistry flocculation, biology membrane filtration and 

physics adsorption method were applied to solve practical antibiotic wastewater 

problems.18-23 However, it is quite tough to obtain ideal effects based on those 

methods because of complex process, secondary pollution and enormous cost.24 

Hence, convenient, non-toxic and effective solutions for antibiotic wastewater 

treatment are urgently desired for the development of our society. 

Solar energy is an inexhaustible and clean energy in contrast to non-renewable 

energy like fossil energy in the world. In recent few decades, owing to the 

characteristics of economic and environment friendly, semiconductor photocatalysis 

technology driven by solar energy has become a research focus and been well 

employed in wastewater treatment.25-27 From previous studies, it is noted that visible 

light driven photocatalyst is vital for photo-degradation reaction. As traditional 

photocatalyst, TiO2 and ZnO are widely researched because of their nontoxicity and 
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high chemical stability, but been still restricted by their wide band-gap and only 

UV-excited property.28-31 Therefore, to maximize the utilization of solar power and 

probe visible light driven photocatalysts has aroused widespread concern. 

As a conjugated polymer semiconductor, g-C3N4 has recently triggered 

considerable attention own to its appealing electronic structure, excellent 

physicochemical stability, and proper band-gap (~2.7 eV).32 The high condensation 

degree and heptazine ring structure enable g-C3N4 to obtain the above advantages, and 

those distinct properties further make g-C3N4 a prospective candidate for visible light 

driven photocatalysts.33 Early in 2009, Wang and his co-workers34 creatively 

employed g-C3N4 to generate hydrogen by using visible light irradiation. Since then, 

numerous g-C3N4 with good chemical and thermal stability were prepared via facile 

polymerization of earth-abundant raw material such as melamine,32 urea,35 

cyanamide,36 dicyandiamide,37 and thiourea.38 Nonetheless, the photocatalytic 

efficiency of pure g-C3N4 is restricted by its ultrafast recombination of light-induced 

e/h+, small specific surface area (SSA) and limited visible light absorption. 

Fortunately, many attempts including element doping,39 morphology modulation,40 

band structure engineering,40 thickness control35, 41 and build g-C3N4 based 

heterojunction42 were proposed to solve these shortcomings. Among them, forming 

the porous nanostructure of g-C3N4 seems to be an effective way because porous 

g-C3N4 not only can offer readily access channels to shorten the diffusion path of 

photo-induced charges from the interior to the surface, but also can increase the 

number of surface available active sites for photocatalysis reactions. Wang and his 
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co-workers43 prepared ordered mesoporous g-C3N4 via using SBA-15 as hard 

template, and as-obtained products showed outstanding photocatalytic activity in the 

degradation of ciprofloxacin (CIP). But the hard template method preparation of 

porous carbon nitride will certainly cause pollution to the ambient environment. 

Besides, the photocatalysis efficiency and the separation of charges of porous g-C3N4 

need further improvement to a significantly level. The element doped g-C3N4 

photocatalysts present the enhanced photocatalytic activity because of its unique 

electronic structure which can effectively enhance charge carrier separation, as well as 

its narrowed band gap which can exhibit better optical property. More recently, metal 

elements (alkali metal and transition metal) and nonmetal elements (P, S, O, N or C) 

have been employed to modify porous g-C3N4.
44-49 According to previous reports, K 

doped g-C3N4 possesses bridge of the layers and photo-generated electron-hole pair 

delivery channels, which were caused by K atom bridged with other atom at the 

adjacent two layers.50 It should be noted that the combined strategies (element doping 

in porous g-C3N4) have synergistic effect to further enhance the photocatalytic 

performance. 

Motivated by the above studies, our present work used the combined strategy to 

prepare K doped porous g-C3N4. At first, porous ultrathin g-C3N4 was synthesized by 

the thermal polymerization of urea and melamine, the role of urea was acted as a soft 

template to generate porous structure. Then, a facile hydrothermal re-calcination 

method was applied to synthesize K doped MCN, and the as-obtained photocatalysts 

exhibited highly enhanced performance for TC removal compared to bare g-C3N4. 
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Herein, the mechanisms of K doping were analyzed, and the characteristics of the 

KMCN photocatalysts were also illustrated. It is fascinating to note that K+ 

intercalated porous g-C3N4 possesses various favorable properties, such as the 

promoted pore size and SSA, as well as the improved efficiency of charge transport 

and better optical property. Introduced K+ into the g-C3N4 interlayer can shifted the 

position of valence band, extend the π conjugated system and modulate the electronic 

structure, which would lead to the facilitated light-harvesting ability and suppressed 

recombination of charge carriers. Furthermore, the appropriate KOH concentration 

could increase SSA and reduce the crystal size. This treatment may open up a new 

avenue on designing highly efficient g-C3N4 photocatalysts through this combined 

strategy. 

 

EXPERIMENTAL SECTION 

Reagents. Melamine (C3N3(NH2)3), urea (CO(NH2)2), potassium hydroxide 

(KOH), sodium oxalate (Na2C2O4), isopropanol (IPA), poly (vinyl alcohol) (PVA) 

4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL) and tetracycline (TC) were 

purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). In this 

study, all chemicals and materials were analytical grade and were used without 

additional treatments. 

Synthesis of the catalysts. In a typical synthesis process, bare g-C3N4 was 

prepared via calcination of melamine (6.00 g) at 550 °C for 4 h with a ramp rate of 

2.3 °C/min. A yellow g-C3N4 sample was obtained after natural cooling to room 
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temperature. 

The ultrathin porous g-C3N4 (MCN) was prepared by a precursor-reforming 

strategy with minor modifications.35 Firstly, urea (8.56 g) and melamine (6.00 g) were 

dissolved in 30 mL de-ionized water, respectively, and then mixed the melamine and 

urea solution. The resulting suspension was stirred for 1 h. In fact, urea can provide a 

gas template and acts as a porogen, promoting the formation of porous g-C3N4. 

Subsequently, the precipitate was transferred to a 100 mL autoclave and the autoclave 

was heated at 180 °C for 1 d. After that, the intermediate product was obtained and 

washed several times with ethanol and deionized water and dried in the oven. Finally, 

the product was milled into power and calcined at 550 °C to acquire MCN. 

In a typical experiment, a certain amount (0.30 g) MCN was added into 10 mL 

de-ionized water, and mixing 10 mL KOH solution (0.02, 0.05, 0.1 and 0.2 M) under 

stirring. Then, this mixture solution dried at 80 °C overnight to remove liquid. The 

obtained products were centrifugated and washed with de-ionized water to clean 

residual product. The solid product was followed by grinding and calcination in a 

corundum crucible at 550 °C for 4 h with a ramp rate of 2.3 °C/min. The final product 

was denoted as KMCN (x), where x represents the concentration of KOH. For 

comparison, MCN was dispersed into 20 mL deionized water following the same 

procedure as in the synthesis of KMCN (0). 

Characterization. The crystal phase of catalysts was analyzed by D8 Advance 

X-ray diffraction (XRD) with Cu Kα radiation in the region of 2θ from 10º to 80º. 

FT-IR spectra were obtained on Bruker spectrometer over the frequency range 
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4000-450 cm-1. XPS measurement was recorded on Escalab 250Xi spectrometer with 

an Al Kα X-ray source. The UV-DRS were carried out on an Cary 300 UV-Vis 

spectrophotometer in the wavelength range from 200 nm to 800 nm. The 

morphologies of the catalysts were acquired using an atomic force microscopy (AFM), 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM). 

The PL spectra were acquired from Fluoromax-4 spectrofluorometer under excitation 

wavelength of 340 nm. ESR signals of radical were collected on JEOL JES-FA200 

spectrometer. The three-dimensional excitation-emission matrix fluorescence spectra 

(3D EEMs) were collected on fluorescence spectrophotometer (LS-55, PerkinElmer), 

the corresponding emission wavelength (λem) and excitation wavelength (λex) were 

300-550 nm and 200-450 nm. 

Photocatalytic activity. The light source was a 300 W Xe lamp (PLS-SXE 300). 

The photocatalytic performance of the KMCN(x) was tested by the visible light 

degradation of TC at ambient temperature. And the light density parameter was 0.33 

W/cm2, which was measured by PL-MW2000 photoradiometer. Typically, 30.00 mg 

sample was added into 30 mL TC (20 mg/L) solution. To establish the adsorption–

desorption equilibrium before visible light irradiation, this solution was churned for 

0.5 h in the condition of dark. The concentrations of TC were recorded by UV-Vis 

spectrophotometer with absorbance at its characteristic absorption peaks (357 nm). 

Identification of degradation intermediates. The photo-degradation 

intermediate products of tetracycline were determined by LC-MS/MS system. In this 

work, the elution was made up by 0.1% (v/v) acetonitrile (C2H3N) and formic acid 
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(HCOOH). The linear gradient elution was set as follows: from 90% formic acid and 

10% acetonitrile to 10% formic acid and 90% acetonitrile within 10 min and 

maintained 4 min. Then, this elution was adjusted to the initial conditions (90% 

formic acid and 10% acetonitrile) within 2 min and kept 2 min. Mass spectra (MS) 

was analyzed by electrospray ionization (ESI) source in the positive ionization mode, 

and MS was scanned by mass between m/z 210-500. 

Electrochemical measurements. The photoelectrochemical tests of as-prepared 

samples were analyzed by a CHI0-660D workstation (Shanghai Chenhua Instrument 

Co., Ltd., China). Ag/AgCl electrode acted as the reference electrode, and Pt electrode 

was used as the counter electrode. The working electrodes were fluorine-doped tin 

oxide (FTO) loaded with 100 μL samples. Specific load process was as follows: 

Firstly, FTO was cleaned with acetone, ethanol and deionized water via sonication 

method. Secondly, 8 mg sample was dispersed evenly in 150 uL PVA. Finally, 100 uL 

suspension was dropped onto FTO and heated in a vacuum oven for 1.5 h at 150 °C. 

In addition, the 300 W xenon lamp with a cutoff filter was regarded as light source, 

and 0.2 M Na2SO4 aqueous solution was used as electrolyte in this three-electrode 

system. 

RESULTS AND DISCUSSION 

Crystal phase. The formation of potassium (K) doped carbon nitride was proved 

by XRD, XPS and FT-IR spectroscopy. The XRD patterns of bulk g-C3N4, MCN and 

KMCN (x) were depicted in Figure 1a. The as-prepared samples showed two 

diffraction peaks at around 13.1° (100) and 27.2° (002), which could be attributed to 
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the in-planar structural packing and characteristic inter-planar stacking peaks of 

typical graphite-like carbon nitride.32, 51 Compared to pure g-C3N4, the crystal phase 

of MCN and KMCN (x) did not change with the porous structure and potassium 

addition, indicating that no impurities were created in the preparation process. 

However, the intensities of two diffraction peaks of modified samples were lower and 

weaker, which might be ascribed to the defects caused by the incomplete 

polymerization.44, 52 

Similarly, FT-IR spectrum of MCN, KMCN (x) and bulk g-C3N4 were presented 

in Figure 1b. The spectrum of modified g-C3N4 was generally the uniform as that of 

the bulk one. The peak at about 800 cm-1 was assigned to the tri-s-triazine ring modes, 

which was consistent with previous findings.53 Signals at about 1639 cm-1 can be 

correspond to the typical C=N stretching vibration mode, while the absorption band 

centered in the 1200-1600 regions can be assigned to typical stretching models of 

carbon and nitrogen heterocycles (C6N7).
44, 54 The wide peaks located at around 

2900-3500 cm-1 are assigned to the hydrogen-bonding interactions, originating from 

N-H stretching.55 It was noteworthy that the peak at about 3300 cm−1 tiny decreased 

after K doped and re-calcination, meaning the replace of H sites in amino groups by 

K+ and formation of N-K bonding.50 It should be believed that K+ had been inserted 

into the orderly g-C3N4 framework and partly damage its framework based on the 

formation of N-K bonding, which was also in good accordance with the decreased 

(002) and (100) diffraction peak (Figure 1a). 
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The surface chemical compositions and electronic states of the bulk g-C3N4, 

MCN and KMCN (0.05) were performed by XPS measurement (Figure 2). As 

illustrated in Figure 2a, N, C, O and K elements can be found in the full survey 

spectrum of KMCN (0.05) sample, but the K peak was not obvious because of low 

concentration in the sample. The small amount of oxygen might be originated from 

the polymerization process of g-C3N4 and the oxygen from water or KOH.56-57 For the 

C 1s region, the two peaks seated at 288.4 eV and 284.8 eV. And the former was 

attributed to the sp2 carbon (N-C=N) in N-containing aromatic rings of g-C3N4. The 

latter was assigned to alkyl (C==C-C or C-H), which derived from bulk g-C3N4 

formed during decomposition.32, 58-59 The N 1s peaks (Figure 2c) of MCN and bulk 

g-C3N4 could be divided into three sub peaks at about 400.9 eV, 399.5 eV and 398.8 

eV, which belonged to the surface N-H, hybridized sp3N with bonding hydrogen and 

C-N-C, respectively. Notably, the two peaks at about 400.9 eV and 399.5 eV 

disappeared in KMCN (0.05) after K+ modification, and formed a new peak about at 

400.7eV (C-N3).
50 This fact shows the deprotonation effect of K doped g-C3N4 and 

the substitution of H atom in amino groups by K atom.50, 60-61 Furthermore, the XPS 

spectrum of K 2p was depicted in Figure 2d. The binding energies located at 295.2 eV 

and 292.8 eV were consistent to the K 2p1/2 and K 2p3/2 peaks of K in KMCN (0.05), 

suggesting that K is successfully doped into g-C3N4 and formation of the N-K 

chemical bond.44 

Morphology and microstructure. The morphology and microstructure of bulk 

g-C3N4, MCN and KMCN (0.05) were examined by SEM, and the corresponding 
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images are displayed in Figure 3. Bulk g-C3N4 (Figure 3a) displays an aggregated, 

chunky and crystals stacking with smooth structures, which is consistent with 

previous research.62 Furthermore, the addition of urea that acts as a porogen, allowing 

the simple preparation of porous g-C3N4 with rough and stacking pimple-like 

structure (Figure 3b). After the process of K doping and re-calcination, a rougher 

structure and porous can be seen in Figure 3c. Energy dispersive spectroscopy (EDS) 

elemental mapping images displayed a neat distribution of N, C and K under the 

surface of KMCN (0.05), which confirmed the existence of K species in KMCN (0.05) 

(Figure 3d-f). The detailed crystal phase of the obtained samples was further observed 

by TEM. As depicted in Figure 3g, pure g-C3N4 presented a smooth and amorphous 

structure with no pores on its surface. The thinner and more transparent sample of 

MCN was depicted in Figure 3h, one can clearly see the nanosheets with randomly 

distributed porous. The structure of KMCN (0.05) exhibited many microporous and 

macroporous, at approximately 5-40 nm (Figure 3i). These observed results are highly 

agreeing with the SEM observation. In addition, K was successfully doped MCN was 

also verified by the typical EDS spectrum of TEM (Figure S1). 

To further study the increased SSA and pores characteristic of MCN, KMCN 

(0.05) and bulk g-C3N4, the N2 adsorption-desorption isotherms experiments have 

been investigated, and the results were shown in Table 1 and Figure 4. The pore-size 

distribution of the photocatalysts was also estimated and performed (see the inset of 

Figure 4). As depicted in Table 1, the SSA of bulk g-C3N4, MCN, KMCN (0), KMCN 

(0.02), KMCN (0.05), KMCN (0.1) and KMCN (0.2) were calculated to be 12.735, 
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26.566, 29.314, 34.155, 50.196, 42.792 and 40.983 m2/g, respectively. Obviously, the 

KMCN (0.05) sample obtained the highest SSA among all samples. The SSA, pore 

volume and pore size of KMCN (0.05) is approximately 3.9-times, 4.4-times and 

1.4-times of bulk g-C3N4, respectively. Larger specific area and enhanced pore 

volume of KMCN (0.05) might provide more reaction sites for the pollutants and 

promoted the photocatalytic activity rather than the adsorption ability. Atomic force 

microscopy (AFM) image (Figure S2) indicates an average thickness of 3.2 nm for the 

KMCN (0.05), which comprises about 7 ~ 8 atomic layers of g-C3N4. These results 

supported the TEM and further verified the successful preparation of MCN and 

KMCN (x), which has thin and porous nanosheets. 

Optical property and band structure. The light absorption property and band 

structure could be used as a reference to evaluate optical property of samples. As 

showed in Figure 5a, the absorption regions of bulk g-C3N4 are at ~470 nm.38 In 

contrast, MCN and KMCN (x) samples presented wider absorption in the visible light 

edges. This result indicated that modified g-C3N4 have enhanced visible light 

absorption ability. The band energy gap (Eg) of photocatalysts was also analyzed and 

shown in inset of Figure 5a. Generally, the Eg could be calculated by the following 

formula: 

ahv = A(hv-Eg)
n/2                            (1) 

Where Eg, h, a, A and v are the band energy gap, Planck constant, absorption 

coefficient, a proportionality constant and light frequency, respectively. Among them, 

the value of n is 1 because of semiconductor’s direct transition. Based on that, the Eg 
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is estimated to be 2.33 eV and 2.65 eV for KMCN (0.05) and bulk g-C3N4, 

respectively. The Eg of KMCN (0.05) is slight smaller than bulk g-C3N4, which fitted 

well with the enhanced light absorption. The CB and VB of as-prepared samples are 

further studied by VB-XPS spectra and Mott-Schottky method.38, 63-64 The VB-XPS 

spectra of samples are described in Figure 5b. It suggested that the energy gaps of 

bulk g-C3N4 and KMCN (0.05) between Fermi level (Ef) and VB are 2.46 eV and 2.22 

eV, respectively.38 Figure 5c performs that the Mott-Schottky plots of KMCN (0.05) 

and bulk g-C3N4 to obtain flat band potential under the condition of 1000 Hz 

frequencies. Their flat band potentials are calculated to be -0.62 eV and -0.76 eV, 

versus the Ag/AgCl electrode. Thus, the numeric values are -0.42 eV and -0.56 eV 

versus the normal hydrogen electrode (NHE).38, 63-64 Because the Fermi level was 

approximately equal to the flat band potentials for n-type semiconductors,38, 63-64 the 

Fermi levels of KMCN (0.05) and bulk g-C3N4 are -0.56 eV and -0.42 eV, respectively. 

Consequently, the band structure of photocatalysts and positions of VB and CB are 

shown in Figure 5d. 

Photoluminescence and photo electrochemical properties. Photoluminescence 

(PL) spectroscopy was applied to study photo-excited carries excitation, migration 

and recombination in photocatalysts, and its excitation wavelength was 340 nm 

(Figure 6). In general, lower PL signals present higher photo-induced carries 

separation efficiency.65-66 Obviously, the PL intensities of KMCN (0.05) was lower 

than other samples, which illustrate that the recombination rate of light-excited e-/h+ 

pair was restrained by porous structure and K doping. 
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For better understanding the course of light-generated electron movement in the 

as-prepared samples, some other photoelectrochemical technologies like 

electrochemical impedance spectra (EIS) and photocurrent response measurement 

have been applied. The photocurrent response results (Figure 7a) of MCN, KMCN 

(0.05) and bulk g-C3N4 were repeatable and stable under visible light illumination. 

Furthermore, photocurrent response density of KMCN (0.05) shows the highest and 

enhanced about 3 times than bulk g-C3N4. EIS method is another technology to prove 

the separation efficiency of photo-generated charge. The smaller arc radius means 

higher separation efficiency of photocatalysts. Figure 7b presented the EIS Nyquist 

plots of corresponding samples, and the size of arc radius order is bulk g-C3N4 > 

MCN > KMCN (0.05), which reflects that the prepared K doped MCN catalysts 

shows a more efficient light-generated charge separation ability and faster interfacial 

charge migration skill. The equivalent circuit diagram (Figure S3) and the fitted 

electrical parameters (Table S1) were obtained from ZSimpWin software. The charge 

transfer resistances (RCT) can be determined by the arc radius. As illustrated in Table 

S1, RCT of bulk g-C3N4, MCN and KMCN (0.05) are 33100, 32000 and 28700 Ω, 

respectively. The evidently decreased resistance of the KMCN (0.05) means efficient 

interfacial charge separation process on the surface of the KMCN (0.05) electrode. 

Photocatalytic activities. TC, a typical antibiotic, was chose as the target 

contaminant to test the as-prepared photocatalytic performance. The dark adsorption 

efficiency of photocatalysts was investigated before visible light irradiation (Figure 

S4). In addition, 0.5 h of dark adsorption was put into all the photodecomposition 
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reaction before visible light irradiation. Figure 8a showed the photodecomposition 

efficiency of TC with different photocatalyst components. It can be observed that all 

photocatalysts showed different photo-degradation efficiency, which was in a certain 

order of KMCN (0.05) > KMCN (0.1) > KMCN (0.2) > KMCN (0.02) > KMCN (0) > 

MCN > bulk g-C3N4. All of K doped MCN samples showed superior 

photodecomposition efficiency compared to MCN and bulk one, which caused by K+ 

addition and porous structure.35, 44, 50 The KMCN (0.05) catalyst exhibited the highest 

photocatalytic performance (85.13%) in 1 h light irradiation, which was ~2.88 times 

than bulk g-C3N4 photocatalytic activity (29.6%). However, excess K may act as the 

photo-carrier’s recombination center and suppress the photocatalytic performance 

because of covered light adsorption.35 As shown in Figure S5, other pollutants 

(ciprofloxacin and Rhodamine B) have also been tested by KMCN (0.05). 

To deep study the photocatalytic activity, the experimental results were analyzed 

by pseudo-first-order kinetic model (Figure S6). It can be known that all of the 

samples conform to the pseudo-first-order kinetic model, expressed as the following 

formula: 

ln (Ct/C0) = -Kappt                            (2) 

Where Ct and C0 are TC concentrations at time t and 0 and Kapp is the rate constant 

(min-1), respective. Furthermore, degradation efficiencies (DE), standard error and the 

corresponding Kapp for the TC in different samples are presented in Table 2. The K app 

values of the KMCN (0.05) catalysts were the highest, which was about 4.86-fold 

higher than that of bulk g-C3N4 and 1.75-fold higher than MCN. Therefore, the 
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above-mentioned results demonstrated KMCN (0.05) possess optimum photocatalytic 

activity, which was consistent with the before characterization results. Various 

reaction conditions like initial TC concentration, supporting electrolytes and different 

irradiation conditions were also investigated for meeting practical application. 

Effect of initial TC concentrations. Initial TC concentrations have a great 

influence on photocatalyst activities in practical application. Figure 8b showed the TC 

degradation with a series of initial TC concentrations (10, 20, 30 and 40 mg/L) by 

using KMCN (0.05) sample. It could be clearly detected that 92.06%, 85.13%, 70.77% 

and 62.62% of TC were removed at the initial TC concentration equal to 10, 20, 30 

and 40 mg/L, respectively. In the photocatalytic oxidation process, higher initial 

contaminant may present stronger negative effect, which can result in less photons 

entering the reaction solution and decrease the reactive oxygen species on the surface 

of KMCN (0.05) catalysts.67 Moreover, TC degradation products can compete with 

the TC molecules and occupy some reaction sites on the surface of photocatalysts, and 

more degradation intermediates will be produced under the condition of high 

concentration of pollutants.68-69 Therefore, the results suggested that high TC removal 

was easy to obtain at low contaminant concentration. 

Effect of supporting electrolytes. In real water applications, co-existing ions 

such as sulfate, chloride and carbonate ions will unavoidably affect photocatalytic 

activity and must take it into consideration. Further, the supporting electrolytes could 

act as radical scavengers and greatly influence the photocatalytic performance under 

visible light irradiation. Herein, sulfate, chloride and carbonate ions were put into 
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natural water to simulate real water for the purpose of TC removal by KMCN (0.05) 

nanosheets. Figure 8c displayed the results of TC photo-degradation with above 

supporting electrolytes at concentration of 0.05 M. Among them, the sodium salts 

shows an insignificant effect on the photo-degradation of TC.67 As illustrated in 

Figure 8c, the three supporting electrolytes all have negative influence for the 

photocatalytic degradation efficiency, and the corresponding decreasing order as 

follows: carbonate > sulfate > chloride. Tiny decrease could be found within chloride, 

the reason for causing this result was mainly competitive adsorption activity sites 

between TC molecules and Cl- on the surface of the photocatalyst. On the contrary, 

negative influence obviously existed in the presence of carbonate and sulfate on the 

light-degradation of TC. It has been studied that carbonate and sulfate can act as 

scavengers of hydroxyl radicals, which can greatly inhibit the photocatalytic 

efficiency of KMCN (0.05) photocatalysts.42, 68 Therefore, the photocatalytic 

efficiency was influenced by the supporting electrolytes ions. 

Effect of light irradiation condition. Solar energy always stands a key level in 

the photocatalytic field due to its abundance and easy accessibility. Thus, it is 

necessary to study the effect of light illumination conditions (dark, visible light and 

full spectrum) for the photocatalytic efficiency. As can be seen in Figure 8d, there was 

scarcely photolysis of TC without photocatalysts, which can indicate chemical 

stability of TC. On the contrary, almost all TC was degraded by KMCN (0.05) sample 

after 1 h under full spectrum illumination. Additionally, about 85.13% of TC could be 

removed under 1 h visible light irradiation. Simultaneously, it should be noted that the 
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shorter wavelength of the light can possess higher photons energy.70 Under dark 

condition, removal of TC was ascribed to the adsorption process. The above results 

validated that KMCN (0.05) catalysts have great potential in the application of real 

wastewater treatment. 

Mineralization of TC and stability of KMCN (0.05). The abilities of 

mineralization and stability are crucial for pollution removal of semiconductor 

photocatalysts. As described in Figure 9a, the degradation and mineralization for TC 

was analyzed by total organic carbon (TOC) analyzer. The decomposition and 

mineralization efficiency reached 87.98% and 25.45% for KMCN (0.05) sample 

within 2 h visible light irradiation. The results illuminated that KMCN (0.05) sample 

could validly mineralize TC into intermediate product or CO2 and H2O, which 

exhibited a promising photocatalyst for wastewater treatment. Furthermore, the 

chemical stability and reusability of KMCN (0.05), as a key issue for actual 

applications, was also discussed under the same reaction conditions. The 

photo-degradation efficiency (Figure 9b) of KMCN (0.05) after four times recycling 

remained about 84.01%, only lost about 1.12% compared to original efficiency. 

Moreover, the used sample was obtained after the centrifugation, washing and drying. 

The used photocatalyst was characterized by FT-IR, XRD, SEM and XPS analyzer, 

and the results were shown in Figure S7 and Figure S8. All results indicated that there 

was no obvious change between fresh and used KMCN (0.05). 

3D EEMs analysis. For deeply investigate the TC mineralization process based 

on KMCN (0.05) photocatalyst, 3D excitation emission spectra technology was used. 
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Six samples mappings (Figure 10) were obtained under different condition of 

adsorption and photo-degradation. According to our previous studies,69-70 two main 

peaks of λex /λem = (240-250 nm) / (435-450 nm) (fulvic acids peak) and λex /λem = 

(305-330 nm) / (430-450 nm) (humic acids peak) would be observed if TC began 

decomposition. As shown in Figure 10a and Figure 10b, there was no obvious 

fluorescence appeared in the process of dark adsorption, indicating that TC molecules 

were stable and refractory. However, two characteristic peaks obtained when TC 

molecules were removed by KMCN (0.05) nanocomposite under visible light 

irradiation. Furthermore, with the irradiation time increasing from 0.5 h to 1.5 h, the 

fluorescence intensity of the fulvic acids and humic acids were accumulated (Figure 

10c-e). But as revealed in Figure 10f, the fluorescence intensity decreased to some 

extent when the irradiation time reached 2 h. This phenomenon caused by partial TC 

intermediates thorough degraded and convert into CO2 and H2O. Hence, the ability of 

mineralization and stability of KMCN (0.05) sample were verified. 

Possible degradation pathway of TC. It is meaningful to investigate the 

possible intermediates and reasonable degradation pathway of TC. The TC 

intermediates were analyzed by LC-MS, and their corresponding MS spectra and 

possible structural information were presented in Figure S9 and Table S2, respectively. 

The primary product with mass-to-charge ratio (m/z) of 445 was consistent with the 

molecular weight of original TC. Based on the eight intermediates of TC and previous 

literatures, the two possible photo-degradation pathways (the cleavage of specific 

functional groups and the aromatic ring-opening reactions) were presented as 
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illustrated in Figure 11. On the one hand, the C=C in TC was attacked by •OH to 

produce TC 1 with m/z = 461. Similarly, the product TC 2 (m/z = 477) appeared since 

the TC 1 was continuously attacked by •OH. Subsequently, the generation of TC 3 

(m/z = 449) could be assigned to N-demethylation process owe to the low energy of 

N-C bond.71 On the other hand, the TC 4 (m/z = 417) was produced via similar 

N-dealkylation process.72 TC 5 with m/z value of 401 was stemmed from TC 4 since 

H2O2 attacks the hydroxyl group (-OH) at the C6 position in TC 4. Owing to cleavage 

of the carboatomic ring of TC 5, the product TC 6 (m/z = 333) was found in MS 

spectra.73 Further photo-degradation of TC 6 led to the generation of TC 7 (m/z = 289) 

and TC 8 (m/z = 245) via decarboxylation process. In brief, above transformation 

intermediates resulted from three parts: hydroxylation; loss of some groups such as 

carboxyl, hydroxyl and N-methyl; cleavage of carboatomic ring. Moreover, the 

produced intermediates will be completely decomposed to H2O, CO2, NH4
+, NO3

–.74 

Degradation mechanism analysis. In order to identify the predominant reactive 

species of KMCN (0.05), the main active species trapping experiments were 

completely studied. In this paper, three scavengers, IPA, TEMPOL and Na2C2O4 were 

added in the photocatalysis reaction process and act as quenchers of •OH, •O2
− and h+, 

respectively. As depicted in Figure 12a and Figure 12b, the photocatalytic activity was 

greatly inhibited by TEMPOL and the decomposition rate of TC reduced from 85.13% 

to 32.72%, which showed that •O2
− was the main reactive species of KMCN (0.05) 

sample. Meanwhile, the addition of 10 mM of Na2C2O4 had middling effect and 10 

mM of IPA had least effect on the photo-degradation of TC, indicating that h+ also 
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played a dominated role and •OH radical played a second important role in 

photocatalytic degradation of TC for KMCN (0.05) photocatalyst. 

For further investigated the roles of •O2
− radical and •OH radical, the ESR 

spin-trapping technology was performed on illuminates KMCN (0.05) nanocomposite. 

As depicted in Figure 12c and Figure 12d, there were no obvious signals in the blank 

condition. However, a stronger intensity signals can be found under the 4 and 8 

minutes of visible light illumination. Therefore, the •OH and •O2
− radicals were 

produced during the photo-degradation process. 

Based on the aforementioned analyses and these experimental results, a 

reasonable mechanism for TC photo-degradation over KMCN (0.05) nanocomposite 

was proposed (Scheme 1). It had been confirmed that K+ was inset into porous 

ultrathin g-C3N4 through XRD, FT-IR and XPS, and porous structure and K+ addition 

plays an important role for the photoactivity enhancement. As shown in Scheme 1, the 

KMCN (0.05) photocatalyst can be easily excited and generate h+ in the VB and e- in 

the CB. The accumulated electrons on the CB could efficiently induce O2 to generate 

•O2
−, because the CB edge potential of KMCN (0.05) (-0.53 eV) was more negative 

than the reduction potential of O2/•O2
− (-0.33 eV vs NHE).32, 67 However, the VB 

potential of KMCN (0.05) was also more negative than the standard redox potential of 

OH-/•OH (2.40 eV vs NHE),67 so the •OH radicals cannot be produced through the 

photo-generated holes oxidize H2O. The obtained •OH maybe produced via H2O2 

decompose.75-76 The concentration of H2O2 was detected via the test paper, and the 

result was shown in Figure S10. Moreover, the holes on the VB of KMCN (0.05) also 
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made contribution to the degradation of TC. In conclusion, •O2
−, •OH and h+ and 

radicals all joined in the photo-degradation process of TC into micromolecules and 

enhanced photocatalytic performance, which was fitted well with ESR analysis and 

the main active species identified in trapping experiment. The reaction process can be 

described as following equations: 

KMCN (0.05) +hv      KMCN (0.05) (h+ + e-)                           (3) 

O2 + e-      •O2
−                                                   (4) 

•O2
− + e- +2H+      H2O2                                            (5) 

H2O2 + e-     OH- + •OH                                            (6) 

h+, •O2
− and •OH + TC      degradation products (CO2, H2O etc)            (7) 

CONCLUSIONS 

In summary, a novel K doped porous ultrathin g-C3N4 was prepared via a simple 

hydrothermal re-calcination approach. Owing to wider photo-absorption region and 

higher light-generated charges transfer efficiency, KMCN (0.05) nanocomposite 

exhibited outstanding photocatalytic performance for TC degradation. KMCN (0.05) 

sample showed 85.13% removal efficiency of TC, which was ~1.40-fold and 

2.88-fold increase compared to MCN (60.84%) and bulk g-C3N4 (29.60%), 

respectively. Moreover, KMCN (0.05) also presented great chemical stability and 

mineralization ability, which was confirmed by analysis of TOC, 3D EEMs spectra 

and cycle experiment results. Furthermore, the possible decomposition intermediates 

of TC were analyzed by LC/MS-MS results. ESR analysis and active species trapping 

experiments manifested that •O2
− and h+ played a dominated role and •OH played a 
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second important role in TC photocatalytic degradation process. Our work shed light 

on the photocatalysis mechanism based on K+ intercalated porous ultrathin g-C3N4, 

and might provide a new clue to design visible light excited photocatalysts for meet 

practical antibiotic wastewater treatment. 
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Table 1 

Surface area, pore volume and pore size parameters for bulk g-C3N4, MCN and 

KMCN (x) x=0, 0.02, 0.05, 0.1 and 0.2. 

Samples Surface area1 (m2/g) Pore volume2 (cm3/g) Pore size3 (nm) 

g-C3N4 12.735 0.073 19.676 

MCN 26.566 0.149 21.422 

KMCN (0) 29.314 0.159 23.275 

KMCN (0.02) 34.155 0.207 22.410 

KMCN (0.05) 50.196 0.321 27.784 

KMCN (0.1) 42.792 0.253 23.217 

KMCN (0.2) 40.983 0.240 21.288 

1 Measured using N2 adsorption with Brunauer-Emmett-Teller (BET) method. 

2 Single point adsorption total pore volume of pores determined at P/Po = 0.99. 

3 Average pore size by the desorption data via Barrett-Joyner-Halenda (BJH) method.  
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Table 2 

Degradation efficiencies (DE), Pseudo--first-order rate constants (Kapp) and standard 

error for the TC 

Photocatalyst Kapp/min-1
 Standard error DE (%) 

g-C3N4 0.0058 0.0005 29.60 

MCN 0.0161 0.0013 60.84 

KMCN (0) 0.0177 0.0039 67.91 

KMCN (0.02) 0.0195 0.0047 71.66 

KMCN (0.05) 0.0282 0.0084 85.13 

KMCN (0.1) 0.0233 0.0082 80.18 

KMCN (0.2) 0.0209 0.0076 75.49 
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Figure 1. (a) The XRD patterns and (b) the FT-IR spectra of samples bulk g-C3N4, 

MCN and KMCN (x) x=0, 0.02, 0.05, 0.1 and 0.2. 
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Figure 2. XPS spectra of samples bulk g-C3N4, MCN and KMCN (0.05) survey 

spectra (a), high resolution C 1s region (b), N 1s region (c) and K 2p region (d). 
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Figure 3. The SEM images of samples: (a) bulk g-C3N4, (b) MCN and (c) KMCN 

(0.05). EDS element mapping images for (d) C, (e) N and (f) K in the KMCN (0.05). 

The TEM images of as-prepared photocatalysts: (g) bulk g-C3N4, (h) MCN, (i) 

KMCN (0.05).  
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Figure 4. N2 adsorption−desorption isotherms of the prepared materials bulk g-C3N4, 

MCN and KMCN (0.05). Inset: The pore size distributions were determined from the 

desorption branch of the isotherm. 
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Figure 5. (a) UV-Vis reflectance spectra of samples; and (inset figure) band gap of 

bulk g-C3N4 and KMCN (0.05); (b) Valence band XPS spectra, (c) Mott–Schottky 

plots and (d) band structure diagram of bulk g-C3N4 and KMCN (0.05).  
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Figure 6. Photoluminescence spectra of samples bulk g-C3N4, MCN and KMCN (x) 

x=0, 0.02, 0.05, 0.1 and 0.2. 
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Figure 7. (a) Photocurrent response spectra and (b) electrochemical impedance 

spectra (EIS) of bulk g-C3N4, MCN and KMCN (0.05) catalysts.  
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Figure 8. (a) Photocatalytic degradation of TC over as-prepared samples. And effects 

of (b) initial TC concentrations; (c) supporting electrolytes and (d) different light 

irradiation conditions on the degradation of TC over KMCN (0.05) catalysts. Each 

data was an average of three replicate determinations. 
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Figure 9. (a) The photocatalytic degradation and TOC removal curves of TC on 

KMCN (0.05) catalysts; (b) The cycling test for degradation of TC by the fresh and 

used KMCN (0.05) catalysts. 
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Figure 10. 3D EEMs results of (a) original TC aqueous solution, (b) TC solution 

obtained from 1 h adsorption process in dark, and (c-f) TC solution collected after 

visible light irradiation time of 0.5, 1, 1.5 and 2 h, respectively.  
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Figure 11. Proposed degradation pathway of TC and the chemical structure of 

intermediates. 
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Figure 12. (a, b) Photocatalytic activities of the KMCN (0.05) sample for the 

degradation of TC under the condition of different quenchers. ESR spectra of radical 

adducts tapped by DMPO spin-trapping in bulk g-C3N4 and KMCN (0.05) dispersion 

in the dark and under visible light irradiation (irradiation time of 4 and 8 minute): (c) 

in methanol dispersion for DMPO-●O2
-; (d) in aqueous dispersion for DMPO-●OH. 
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Scheme 1. The possible photocatalytic mechanism scheme of KMCN (0.05) 

composite for the photo-degradation of tetracycline under visible light irradiation. 
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