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Abstract 

Polymeric carbon nitride semiconductor has been explored as emerging metal-free photocatalyst for 

solving the energy shortage and environmental issues. However, the efficiency of carbon nitride is 

still not satisfying. Herein, a facile copolymerization between L-cysteine and dicyandiamide has 

been applied to forming the modified carbon nitride photocatalysts. The photocatalytic performance 

was evaluated through degrading sulfamethazine under visible light illumination. The ameliorative 

structure and tuned energy band result in visible-light adsorption enhancement. In addition, nitrogen 

vacancies offer more sites to adsorbing molecular oxygen, thereby facilitating the transfer of 

electrons from carbon nitride to the surface adsorbed oxygen. As a result, the degradation rate of 

optimized modified carbon nitride sample for sulfamethazine was 0.1062 min-1, which was almost 

12 times than that of carbon nitride (0.0086 min-1). Superoxide radicals and holes were mainly 

responsible for the sulfamethazine photodegradation by modified carbon nitride. Two reaction 

intermediates/products were observed and identified by high performance liquid chromatography-

mass spectrometer, and a possible reaction pathway was proposed. This study provides new insights 

into the design of highly efficient photocatalyst for other organic pollutants degradation. 

Key words: Carbon nitride; L-cysteine; Photocatalysis; Sulfamethazine degradation; Nitrogen 

vacancy. 
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1. Introduction 

Nowadays, environmental pollution caused by various pharmaceuticals has become 

worldwide issues of increasing concern [1-6]. Pharmaceuticals comprise of a series of different 

compounds and are constantly released into the environment at low concentration, which present 

potential adverse effects to wildlife and human health [7-9]. Sulfonamides are a class of typical 

drugs (antibiotics), which have antibacterial activity and are widely used in human and veterinary 

medicine [10-14]. They were detected in waste water, surface water, ground water, and the 

concentration was ranged from 20-1000 ng L-1 [15]. It is urgent to develop a simple and efficient 

method for wastewater purification. The solar photocatalysis could be a promising route to solve 

the current energy crisis and environmental issues [16-20].  

Recent years, organic semiconductors have become the most promising materials for 

photocatalytic hydrogen generation and degradation of pollutants, such as conjugated microporous 

polymers, covalent triazine-based frameworks (CTFs) [21-25], and polymeric carbon nitrides (CN) 

[26-28]. Among these organic semiconductors, CN has attracted significant attention due to its 

remarkable electronic properties, chemical stability, and cost-effective characters [29]. CN also has 

potential for large-scale production since it can be produced from commonly available reagents 

(melamine, dicyandiamide, urea or thiourea) [30-32]. The CN was mainly applied in environmental 

and energy area, such as water splitting, CO2 reduction or pollutant degradation [33-37]. CN based 

catalysts also can produce H2O2 under visible light since the 1,4-endoperoxide species on the CN 

surface converted as H2O2 molecule [38, 39]. However, the photocatalytic activity of bulk CN was 

restricted by insufficient light absorption, small surface area, and short lifetime of photo-exciton.  

In this regard, significant advances in CN synthesis and activity as a photocatalyst have been 

achieved by numerous efforts like copolymerization, doping with different heteroatoms, and 

heterostructure construction [40-43]. Previous studies indicated that copolymerization carbon 
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nitride precursors with conjugated monomers could enhance the visible light absorption via n-π* 

electronic transition [44-46]. Traditional graphitic carbon nitride has perfectly symmetric and planar 

heptazine units, resulting in a π-π* electronic transition [47]. The n-π* electronic transition at the 

nitrogen atoms with lone pairs was found in some self-assemble disordered copolymers of carbon 

nitride, which would lead to enlarge the visible light absorption [48, 49]. In addition, nitrogen 

vacancy defects were also found in modified carbon nitride, which could trap photogenerated 

electrons, and then depressing the recombination of photogenerated carriers [50]. Considering the 

advantages of n-π* electronic transition and nitrogen vacancy defects, it can be inferred that the 

coexistence of nitrogen vacancy defects and n-π* electronic transition may enhance the 

photocatalytic activity of CN for pollutants degradation [51, 52]. However, there are few studies on 

the design of a modified carbon nitride with both these two advantages. Furthermore, the application 

of modified carbon nitride on the SMZ degradation is less studied. 

In this work, a naturally occurring amino acid (i.e. L-cysteine) was first selected as a suitable 

monomer to incorporate with dicyandiamide to obtain the modified carbon nitride (LCN) via facile 

thermal copolymerization. Further thermal condensation was conducted to exfoliate LCN 

photocatalyst. For comparison, dicyandiamide-based carbon nitride (DCN) was obtained by only 

dicyandiamide condensation under identical condition. The incorporated of L-cysteine will affect 

the intrinsic structure and charge carrier behavior of carbon nitride by creating nitrogen vacancies 

and disordered structural, and induce the n-π* electronic transition. The L-cysteine modified carbon 

nitride exhibits superior photocatalytic activity due to the n-π* electronic transition and nitrogen 

vacancies of modified carbon nitride. Influential factors properties of modified carbon nitride for 

SMZ degradation have been evaluated. This work provides a facile route for rational design of 

modified carbon nitride via organic precursor copolymerization. Also, it can be seen that the 

modified carbon nitride can applied as a potential low-cost, high efficient photocatalyst on water 
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treatment. 

2. Experimental section 

2.1 Synthesis of LCN and DCN  

Dicyandiamide and L-cysteine (Lcy) were obtained from Sinopharm Chemical Reagent Co., 

Ltd (Shanghai, China). All reagents were analytical grade and used as received without additional 

purification or treatment. MilliQ ultra-pure water with a resistivity higher than 18.2 MΩ·cm was 

used in whole experiments.  

The modified LCN composites were synthesized from dicyandiamide and L-cysteine with 

different mass ratios [36]. In a typical preparation process, 3 g of dicyandiamide and a varied amount 

(i.e. 0.005，0.015, or 0.03 g) of Lcy were first mixed by ball milling. The mixture was then placed 

in a covered crucible and heated at 550 °C for 4 h with a ramp rate of 2.3 °C min-1. The as-prepared 

intermediate stage product was then grinded and placed in an open crucible, followed by heating at 

550 °C for 2 h with a ramp rate of 10 °C/min to obtain the final product in a muffle furnace. The 

yields of the final product were about 0.8 g. The final products were labeled as LCN-x, and x (g) 

was represented the amount of Lcy. For comparison, DCN was synthesized by repeating the above 

procedures without adding Lcy [34]. 

2.2 Characterizations  

Powder X-ray diffraction (XRD) patterns of samples was obtained by a Rigaku D/max-2500 

instrument with Cu Kα radiation (λ = 0.15406 nm). Fourier transform infrared (FT-IR) spectra were 

recorded in BioRad FTS-600 spectrometer. The morphology of samples was obtained by a FEI 

Helios NanoLab 600i scanning electron microscopy (SEM) and FEI Tecnai G2F20 transmission 

electron microscopy (TEM). Brunauer-Emmett-Teller (BET, Micromeritics Instrument 

Corporation, TRI-STAR3020, USA) was used to evaluate the pore structure of samples. The X-ray 

photoelectron spectra (XPS) of samples were obtained using an ESCALAB 250Xi spectrometer. 
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The UV-vis diffuse reflectance spectra (DRS) of samples were measured on a Cary 300UV-vis 

spectrophotometer. Room temperature Photoluminescence (PL) spectra were obtained at a Perkin 

Elmer luminescence spectrometer (LS 50 B, Ex=365 nm). The electron spin resonance (ESR) signals 

of radicals by spin-trapping reagent 5, 5-dimethyl-l-pyrroline N-oxide (DMPO) were analyzed by a 

Bruker ER200-SRC spectrometer under visible light irradiation (λ> 420 nm). 

2.3 Photocatalytic activity tests  

Sulfamethazine (SMZ) was used as a probe contaminant in photocatalytic activity studies [46, 

47]. Batch pollutants degradation was performed in a 100 mL beaker under magnetic stirring at 450 

rpm. Typically, 0.025 g of catalyst sample was dispersed into 50 mL of SMZ stock solution (100 

μM) [16]. Before irradiation, dark reaction was conducted to achieve the absorption-desorption 

equilibrium. The degradation reaction was tested by a xenon lamp (PLS-SXE300, PerfectLight, 

Beijing) equipped with a 420 nm cut filter at a distance of 0.1 m from the top. The output energy 

was 300 W and the irradiation intensity was 415 mW cm-2. Control experiments with the absence 

of catalyst under visible light were also performed under the same condition. Degradation samples 

were taken out and filtered at an interval time. The concentration of SMZ was determined by an 

HPLC series 1100 (Agilent, Germany) equipped with a UV-vis detector. C18 column (4.6 × 250 

mm) was adopted with the temperature of 30 °C. The HPLC analysis method for SMZ was based 

on the previous study and had a mobile phase of 80:20 0.02M acetic acid: methanol, a flow rate of 

1 mL min-1, an injection volume of 20 µL, and a 270 nm detection wavelength [36].  

2.4 Photoelectrochemical measurements 

The photoelectrochemical measurements were performed on a CHI 760E workstation in a 

three-electrode system, where the catalysts were deposited on a fluorine doped tin oxide (FTO) glass 

as the working electrode, a Pt plate was used as the counter electrode and an Ag/AgCl (saturated 
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KCl) was as reference electrode. 0.2 M Na2SO4 solution was used as electrolyte [42, 49]. The 

working electrode was fabricated as follows: 3 mg of sample was dispersed in 1 mL of 0.5 % Nafion 

water-ethanol solution and sonication for 1 h. Then 50 μL of mixture was dropped on the cleaned 

FTO glass electrode and further dried at 120 °C for 2 h. The photocurrent response and EIS were 

measured in standard three-electrode system with the 300 W Xe arc lamp with a cut-off filter (λ > 

420 nm) as the visible light source. Mott-Schottky plots were obtained by three sweeps in a voltage 

range of −1 - 1 V with amplitude of 10 mV at the selected frequencies of 1.0 kHz.  

3. Results and discussion  

Typically, carbon nitride synthesized from dicyandiamide is named as DCN and L-cysteine 

modified CN polymers are named as LCN-x, where x represents the weight of L-cysteine (x=0.005, 

0.015, and 0.03). 

3.1 Structure, morphology and band structure 

In Fig.1a, the typical XRD patterns of LCN-x samples are very similar to DCN, which given 

two representative peaks at 12.7° and 27.4°. The peak at 12.7°corresponds to the in-plane periodic 

repeat structural, while the peak at 27.4° corresponds to the conjugated aromatic systems in (002) 

graphitic planes of carbon nitride [37, 53, 54]. The (002) peak shows a slight shift from 27.4° (DCN) 

to 27.6° (LCN-0.015) (Fig. 1b), suggesting denser packing sheets in the framework during thermal 

reaction were obtained. FT-IR results indicated that the chemical structure of LCN-x was almost 

identical to that of DCN (Fig. 1c). The peak at 809 cm-1 on the FT-IR spectrum attributes to the s-

triazine units of carbon nitride. The strong peak at 1200 to 1650 cm-1 mainly corresponds to the 

stretching mode of the DCN heptazine cycle [55]. LCN-x samples have similar but broader and less 

sharp peaks due to the incorporation of oxygen species into the framework. The peak located at 

3000 to 3500 cm-1 is the stretching vibration of N-H and O-H surface group, which corresponds to 

the surface residual N–H group and absorbed H2O molecules, respectively.  
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The morphology of DCN and LCN-0.015 was studied by TEM and SEM. Since L-cysteine 

has a linear molecular structure and oxygen-rich functional group, then it could react with 

dicyanamide by hydrogen bond to form a linear polymer after calcination. When heated in muffle 

furnace, L-cysteine would be decomposed to SO2, CO2 and NH3. The evolution of gas may greatly 

accelerate the sluggish deamination process and change the morphology of carbon nitride. These 

morphology changes were evidenced by TEM images in Fig. 2a and b. It could be found that DCN 

presents a planar sheet-like structure and LCN-0.015 maintained sheet morphology. Differently, the 

LCN-0.015 displays curl-like nanostructures with some irregular pores. The SEM image of DCN 

sample showed dense and stacked morphology (Fig. 2c). After the addition of Lcy and thermal 

exfoliation process, the image of LCN-0.015 displayed coral-like and hierarchical network 

structural (Fig. 2d). The distortion in LCN samples allow more n–π* transitions from the edge N 

atoms to the CB, which might also benefit for the visible photon absorption [48]. The element 

mapping results confirmed that DCN (Fig. S1) and LCN-0.015 (Fig. S2) were composed of C, N, 

and O. It can be seen that the atomic ratio of C/N was 0.74 for DCN and 0.81 for LCN-0.015 in 

EDS, respectively. N2 adsorption-desorption measurement further supported the structural change. 

In Fig. S3, it can be found that all samples contained mesoporous due to the typical IV behavior 

with an H1 type hysteresis loop. Compared to packing-like DCN, the hierarchical structure of LCN-

0.015 possesses a higher surface area (from 11 m2 g-1 for DCN to 28 m2 g-1 for LCN-0.015). 

However, further increasing amount of Lcy, the specific surface area of LCN-0.03 decreased. This 

is mainly due to the fact that excess Lcy may destroy the intrinsic structure units and cause pore 

collapse, which could be confirmed by reducing the pore volume from 0.28 to 0.18 cm3 g-1 (Table 

1).  

With the addition of Lcy, the color of LCN gradually darken and finally turns dark brown (Fig. 

S4), which reflected to the absorption property by DRS. In Fig. 3a, the optical absorption of DCN 
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was around 460 nm. In comparison, the absorption of LCN-x shifted to longer wavelength (460-

700 nm), indicating that the LCN could harvest wide range of visible light. The intrinsic absorption 

bands below 460 nm may attributed to π-π* electron transitions in the conjugated aromatic system 

[35]. However, the absorption bands at about 460-700 nm may be assigned to an n-π* electron 

transitions involving single pairs of the edge nitrogen atoms (NHx) on the heptazine units [48]. 

Specifically, n-π* transitions are spatially prohibited for perfectly symmetric carbon nitride, 

indicating that nitrogen vacancies were formed in dissymmetric planar LCN. The nitrogen vacancies 

increase in the order of DCN<LCN-0.005<LCN-0.015<LCN-0.03, which can be validated by room-

temperature electron paramagnetic resonance (EPR) spectra. In Fig. 3b, all samples showed a central 

symmetry adsorption peak centered at g=2.003, which are ascribed to the unpaired electrons in the 

framework of carbon nitride. The EPR intensity was increase in the order of DCN<LCN-

0.005<LCN-0.015<LCN-0.03, which was in good agreement with the DRS results. 

The band gap of DCN and LCN-0.015 are calculated from Tauc plots (Fig. S5). The band gap 

of DCN is 2.64 eV, which is larger than LCN-0.015 (2.55 eV). It can be seen that the band gap of 

LCN was influenced by the additive amount of Lcy. In addition, the LCN has defect sites due to the 

addition of Lcy. The light absorption increase or band gap decrease leading to the higher 

photocatalytic activity of LCN samples than DCN. 

The XPS survey spectrum indicates the chemical state and surface elements of DCN and LCN-

0.015, respectively (Fig. 4a). All samples showed the similar characteristic binding energies of 

carbon nitride. As shown in Fig. 4b, C1s spectra shows two evident peaks at 284.7 eV and 288.2 

eV, which are corresponding to adventitious C-C/C=C bond and sp2-hybridized carbon N=C-N 

bonds, respectively . N1s spectra displays four binding species (Fig. 4c) corresponding to sp2-

hybridized nitrogen (C−N=C, 398.7 eV), tertiary nitrogen atoms (N−(C)3, 399.8 eV), terminal 

amino groups (-NH2, 401.2 eV), and π-excitation (404.2 eV) [56]. It is noteworthy to observe that 
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the area ratio between C−N=C and N−(C)3 reduce from 3.8 to 3.2. The part of C−N=C transform to 

N−(C)3 may due to the structural distortion. This low value of C−N=C/N−(C)3 indicates that 

nitrogen vacancies are formed by the adding of Lcy in the carbon nitride framework [57]. The O 1 

s spectrum of DCN was fitted into two peaks at 531.7 and 532.9 eV, which are corresponded to the 

CO2 and adsorbed water, respectively. A new peak at 531.9 eV appeared in LCN-0.015, which is 

ascribed to C=O-C species (Fig. 4d) [58]. Organic elemental analysis (OEA) was further conducted 

to confirm the nitrogen vacancies in LCN-x samples. The C/N atomic ratio is 0.65 for DCN and 

increases to 0.67 and 0.68 for LCN-0.015 and LCN-0.03, respectively (Table S1), which is in good 

accordance with the EDS analysis and previous surface XPS analysis. This result indicated that the 

number of nitrogen vacancies was increasing with the increasing amount of Lcy. 

3.2 Photocatalytic activities and degradation products analysis  

The photocatalytic degradation activities of DCN and LCN-x samples were further evaluated 

by SMZ antibiotics removal under visible light. Dark adsorption/desorption equilibrium test has 

been taken (Table S2). In Fig. 5a, Blank tests have shown that almost negligible SMZ was degraded 

in the absence of catalyst. All the as-prepared photocatalysts are active for SMZ degradation under 

visible light irradiation. Only 39% of SMZ was degraded by DCN after 60 min. All the modified 

LCN-x samples show improved degradation activities in comparison with the pure DCN, where 

LCN-0.015 exhibits the highest degradation efficiency (99.7% for 1 h). However, excess amount of 

Lcy would bring negative effect in photocatalytic activity. This finding demonstrates that excess 

dopant may damage the conjugated structural of carbon nitride. All the SMZ removal curves fitting 

the pseudo-first order kinetic equation (Fig. 5b). The apparent SMZ removal rate constant for blank, 

DCN, LCN-0.005, LCN-0.015 and LCN-0.03 was 0.0003 min-1, 0.0086 min-1, 0.0762 min-1, 0.1062 

min-1 and 0.0453 min-1, respectively. The photodegradation activity of LCN-0.015 for SMZ removal 

was about 12 times than that of DCN. Therefore, the modification of Lcy in the carbon nitride was 
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beneficial for enhanced SMZ degradation. After photocatalysis, desorption experiments indicated 

the SMZ was degraded rather than adsorption. The TOC removal efficiency of SMZ for DCN and 

LCN-0.015 after 1 h visible light illumination was presented in Fig. S6. In addition, the initial rate 

of SMZ was found to be equal to 0.59 μmol L-1 min-1 (λ=420 nm) in Fig. S7 [59-61]. The apparent 

quantum efficiency of the LCN-0.015 was determined to be 0.2% (λ=420 nm). The adsorption and 

degradation of SMZ by LCN-0.015 in different pH (i.e. pH=3.0, 6.0, 8.0, 10.0) was shown in Fig. 

5c and 5d. The results indicated that the adsorption of SMZ by catalyst was negligible. It can be 

seen that with the increase of initial pH, the degradation efficiency was enhanced due to the less 

consumption of •O2
−.  

To further explore the photocatalytic removal mechanism of SMZ, the degradation products 

in the photodegradation process were identified by high performance liquid chromatography-mass 

spectrometer (HPLC-MS). Possible intermediate products at different reaction time have been 

added in Fig. S8. The concentration of SMZ (m/z 279.1) decreased with the time prolonging, 

indicating SMZ was degraded. The intermediate of P1 (m/z 215.1) was increased from 0 min to 30 

min and then decreased after 30 min. P1 may formed by the product of SO2 extrusion of SMZ, a 

phenomenon frequently presented by sulfonamides [62]. The other intermediate P2 (m/z 124) was 

appeared in 30 min, but they existed in a low level after 60 min. It can be seen that P2 was produced 

by the holes attack on the SMZ which resulted in the cleavage of S-N bond on SMZ. Proposed 

degradation products were listed in Table S3.  

In addition, photocatalyst reusability is a key factor for potential practical application. The 

reusability of LCN-0.015 was tested by four cycles of SMZ degradation tests. From Fig.6a, it can 

be observed that the kinetic constant of catalyst was decreased from 0.1042 min-1 to 0.0921 min-1 

after four run cycles. This decrease was due to the degradation products cover the surface of catalyst 

and occupy the reactive sites of catalyst. Furthermore, the used LCN-0.015 sample was further 
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characterized by XRD, FT-IR and SEM analysis. Based on XRD spectra (Fig. 6b) and FT-IR spectra 

(Fig. 6c) results, the phase and chemical structure of LCN-0.015 was keep after cycle tests. 

Compared to fresh catalyst, the SEM morphology of used LCN-0.015 exhibits no remarkable 

difference (Fig. 6d). In addition, this photocatalyst exhibited higher photocatalytic activity when 

compared with other catalysts (Table S4). These results demonstrate that the high stability of the 

LCN-0.015 photocatalyst has been designed successfully for its potential practical applications. 

3.3 Visible light catalytic activity enhancement mechanism 

To evaluate the degree of improvement in separation and transfer of charge carriers, 

photoluminescence spectroscopy measurements have been conducted. The mechanism of enhanced 

photocatalytic activity of LCN-x was further studied by photoelectrochemical measurements. In 

Fig. 7a，it presents the transient photocurrent response of DCN and LCN-x samples under visible 

light irradiation. All samples were stable during the cycle of light on and light off. In the tested 

samples, the LCN-0.015 showed the highest photocurrent. The photocurrent density of LCN-0.015 

(1.90 μA cm−2) showed a 27-fold higher than that of DCN (0.07 μA cm−2), indicating that better 

separation and transfer rate of the photogenerated charge carriers were obtained in LCN-0.015. In 

addition, the EIS analysis was further preceded in the dark condition (Fig. 7b). The arc radius of 

LCN-0.015 sample is smaller than that of DCN, indicating that the resistance of LCN-0.015 is less 

than that of DCN. The results also indicate that the photoelectrochemical properties of LCN-0.015 

were enhanced, which is consistent with the photocurrent test. The above electronic properties 

indicate that the modification of Lcy can enhance the separation and transfer of charge, which is 

advantageous for promoting photocatalytic activity.  

As shown in Fig. 7c，DCN showed a strong PL peak located at around 460 nm, which was 

derived from the inter-band recombination of charge carriers [63]. Compared with DCN, LCN-

0.015 showed a weaker PL intensity, indicating that the recombination of charge carriers in the 
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carbon nitride framework has been suppressed. This result indicated the separation efficiency of 

charge carries in the LCN-x was improved, which may favor to the potential photocatalytic reaction. 

Furthermore, the LCN-x showed a red-shift of the PL maximum peaks from 460 to 471 nm, which 

is consistent with the band gap reduction of these samples. Time resolved fluorescence spectra were 

also collected to explain the charge separation of the samples in Fig. 7d. Fitting results were given 

in Table 2. The lifetime (t) of DCN was 6.88 ns, while it is 5.19 ns for LCN-0.015. This reduced 

singlet lifetime indicates enhanced exciton dissociation, which facilitated the hot charge carrier 

transfer and yield.  

To detect the active species of LCN-0.015 in the photocatalytic degradation, ESR and radical 

trapping experiments were carried out. The superoxide radical (•O2
−) and hydroxyl radical (•OH) 

can be detected by ESR. As shown in Fig. 8a, DMPO-•O2
− has a strong signal under visible light 

irradiation, while no obvious signal was observed in dark. Meanwhile, a weak four-line spectrum 

with 1:2:2:1 was observed in the DMPO-water solution, which was identified the signal of DMPO-

•OH (Fig. 8b). The results can also be examined by trapping tests. In Fig. 8c the photodegradation 

of SMZ with the addition of different kinds of excess scavengers (tertiary butanol (tBuOH) for •OH, 

4-hydroxy-2,2,6,6-tetramethylpiperidineN-oxyl (TEMPOL) for •O2
− and 

ethylenediaminetetraacetic acid disodium (EDTA-2Na) for holes). The addition of tBuOH has little 

effect on photocatalytic activity of SMZ. However, when the TEMPOL and EDTA-2Na are added 

into the reaction, the degradation efficiency of SMZ was reduced from 99% to 22% and 46%, 

respectively. Trapping experiments indicated that •O2
− and h+ active radicals were the main active 

species, which are in good agreement with the above-mentioned ESR results and previous reports 

[64-66]. 

To identify the possible band gap structure of DCN and LCN-0.015, Mott-Schottky plot carried 

out. The Mott-Schottky plots of DCN and LCN-0.015 present a positive slope, indicating they are 
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n-type semiconductor. The LCN-0.015 has a higher charge carrier density than DCN due to the 

lower slope of LCN-0.015. From the linear part of Mott-Schottky polts, the flat band potential of 

LCN-0.015 was -1.04 V vs. Ag/AgCl, while the DCN was -1.21 V vs. Ag/AgCl (Fig. S9). The 

results of VB-XPS were consistent with those from Mott–Schottky plots (Fig. S10). For n-type 

semiconductor, the flat band potential is close to the conduction band (CB) level. Valence band 

position can be obtained by subtracting the band gap values. Relative band position of DCN and 

LCN-0.015 are presented in Fig. 9a. The mechanism was investigated from two aspects. One was 

the photocatalytic generation of H2O2 and the other was the photocatalytic degradation of SMZ. 

Under visible light illumination, band gap excitation generates the electron-hole pairs. The electrons 

on the surface of LCN-0.015 can reduce the dissolved oxygen to active •O2
−. The holes on the LCN-

0.015 cannot oxidize the OH- to •OH due to the VB potential was lower than the potential of 

•OH/OH− (1.99 eV). This photocatalyst also could activate molecular oxygen to generate H2O2 and 

also decompose the in-situ-generated H2O2 to produce •OH for SMZ degradation (Fig. 9b). In 

addition, holes can also directly decompose the pollutants. These results were in good agreement 

with trapping and ESR results. 

4. Conclusions  

In summary, this work gives ideas for the designing of high-efficient carbon nitride 

photocatalyst by using dicyandiamide and L-cysteine and applied it into the water treatment. After 

Lcy modification, the chemical composition showed minor changes, while the optical absorption, 

electronic properties and nanostructure were optimized. The photoelectrochemical characterization 

and PL results also indicated that the disordered LCN was more efficient in separating charge 

carriers and inducing exciton dissociation. As a result, the optimized LCN-0.015 showed the 

enhanced activities for the oxidation of SMZ antibiotics when compared with those of DCN. 

Intermediates of SMZ degradation were identified by HPLC-MS, and the degradation pathway was 
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also proposed. Based on the radical scavenger test and ESR results, the •O2
- and holes are the main 

radical species in the degradation process of SMZ for LCN-0.015 sample. In future work, theoretical 

calculations should be as a guide to rational design the modified carbon nitride. In addition, more 

co-monomers should be developed to design high efficient photocatalysts. Before carbon nitride 

practically application, it is critical to improve the stability of carbon nitride in long-runs reactions. 

Immobilization of carbon nitride and combination of carbon nitride with other photocatalysts will 

decrease the photocatalyst leaching, enlarge the light absorption, and enhance the charge carriers’ 

separation for reactions.  
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Figure captions: 

Fig. 1 (a) Powder XRD patterns, (b) magnification of the corresponding (002) peak, (c) FT-IR 

spectra of DCN and LCN-x samples 

Fig. 2 TEM images of (a) DCN and (b) LCN-0.015, SEM images of (c) DCN and (d) LCN-0.015. 

Fig. 3 (a) UV−visible light absorption spectra, (b) EPR spectra of DCN and LCN-x samples 

Fig. 4 High-resolution XPS spectra of (a) survey, (b) C 1s, (c) N 1s and (d) O 1s for DCN and LCN-

0.015. 

Fig. 5 (a) Photocatalytic degradation of SMZ, (b) degradation rate of SMZ on DCN and LCN-x 

samples, (c) Effect of initial solution pH for SMZ adsorption by LCN-0.015, and (d) Effect of initial 

solution pH for SMZ photodegradation by LCN-0.015. 

Fig. 6 (a) Kinetic rates of the LCN-0.015 toward the degradation of SMZ under visible light 

irradiation over four cycles, (b) XRD spectra, (c) FT-IR spectra of fresh and used LCN-0.015, and 

(d) SEM image of used LCN-0.015. 

Fig. 7 (a) Transient photocurrent, (b) electrochemical impedance spectroscopy (EIS) Nyquist plots 

of DCN and LCN-x samples, (c) Room temperature steady state photoluminescence (PL) emission 

spectra and (d) time-resolved fluorescence decay spectra of DCN and LCN-x sample with an 

excitation wavelength of 365 nm. 

Fig. 8 ESR spectra of LCN-0.015 dispersion under both the dark and visible light irradiation (> 420 

nm) condition: (a) in methanol dispersion for DMPO-•O2
-, (b) in aqueous dispersion for DMPO-

•OH, (c) reactive species trapping experiments of LCN-0.015 under visible light irradiation. 

Fig. 9 Schematic illustrations of electronic band structure for DCN and LCN-0.015 (a), possible 

mechanism for photocatalytic degradation of SMZ over LCN-0.015 (b). 
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Fig. 1 (a) Powder XRD patterns, (b) magnification of the corresponding (002) peak, (c) FT-IR 

spectra of DCN and LCN-x samples 
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Fig. 2 TEM images of (a) DCN and (b) LCN-0.015, SEM images of (c) DCN and (d) LCN-0.015. 
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Fig. 3 (a) UV−visible light absorption spectra, (b) EPR spectra of DCN and LCN-x samples 
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Fig. 4 High-resolution XPS spectra of (a) survey, (b) C 1s, (c) N 1s and (d) O 1s for DCN and LCN-

0.015. 
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Fig. 5 (a) Photocatalytic degradation of SMZ, (b) degradation rate of SMZ on DCN and LCN-x 

samples, (c) Effect of initial solution pH for SMZ adsorption by LCN-0.015, and (d) Effect of initial 

solution pH for SMZ photodegradation by LCN-0.015. 
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Fig. 6 (a) Kinetic rates of the LCN-0.015 toward the degradation of SMZ under visible light 

irradiation over four cycles, (b) XRD spectra, (c) FT-IR spectra of fresh and used LCN-0.015, and 

(d) SEM image of used LCN-0.015. 
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Fig. 7 (a) Transient photocurrent, (b) electrochemical impedance spectroscopy (EIS) Nyquist plots 

of DCN and LCN-x samples, (c) Room temperature steady state photoluminescence (PL) emission 

spectra and (d) time-resolved fluorescence decay spectra of DCN and LCN-x sample with an 

excitation wavelength of 365 nm. 
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Fig. 8 ESR spectra of LCN-0.015 dispersion under both the dark and visible light irradiation (> 420 

nm) condition: (a) in methanol dispersion for DMPO-•O2
-, (b) in aqueous dispersion for DMPO-

•OH, (c) reactive species trapping experiments of LCN-0.015 under visible light irradiation. 
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Fig. 9 Schematic illustrations of electronic band structures for DCN and LCN-0.015 (a); possible 

mechanism for photocatalytic degradation of SMZ over LCN-0.015 (b). 
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Table 1 surface area and pore volume for PCN and LCN-x samples. 

 

Samples  Surface area (m2 g-1)  Pore volume (cm3 g-1) 

DCN 11.53 0.08 

LCN-0.005 41.02 0.28 

LCN-0.015 28.84 0.18 

LCN-0.03 24.93 0.18 

 

Table 2 Dynamics analysis of emission decay for different samples. (τ represents 

lifetime and A represents relative amplitude) 

Sample τ1 (ns) A1 (%) τ2 (ns) A2 (%) τaverage(ns) 

DCN 2.06 54.4 8.31 45.6 6.88 

LCN-0.015 1.56 56.96 6.37 43.04 5.19 

The average lifetime was calculated using equation. τaverage=(A1τ1
2 + A2τ2

2)/ (A1τ1 + 

A2τ2). 
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