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Abstract

:

Molten salts-assisted synthesis is widely used in the construction of high efficiency graphitic carbon nitride (g-C3N4) photocatalysts, and two isotypes of g-C3N4 have been synthesized by such method, namely poly (heptazine imide) (PHI) and poly (triazine imide) (PTI). However, the understanding of the structural changes taking place during the molten salt process and the structure–activity relationship of g-C3N4 polymorphs remain blurred. Herein, by regulating the treatment duration of g-C3N4 nanosheets (melon) in molten salts, we successfully synthesized g-C3N4 with phases of PHI, PHI/PTI and PTI. A continuous structural transformation induced by ions, in which melon transforms to a stable phase PTI via PHI, an intermediate state, was unveiled for the first time. In addition, results reveal that atomic configurations play a vital role in photo absorption, and charge carrier transfer and surface reaction, leading to significant differences in photocatalytic degradation. Among them, PHI with K+ and cyan groups modification, as well as high crystallinity, exhibits remarkable degradation efficiency, with 90% removal of tetracycline in 10 min and 80% removal of phenol in 60 min. This study sheds light on a deeper understanding for the molten salt-assisted synthesis and provides new ideas for preparing efficient organic semiconductor photocatalysts.
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1. Introduction


Solar-driven photocatalysis has attracted much attention in the field of water treatment due to its utilization of renewable energy in recent years [1,2]. During the photocatalytic reactions, various reactive oxygen species, such as H2O2, can be generated to remove pollutants from water bodies [1,3]. However, the bottleneck limiting the practical application of this advanced technology is to improve the efficiency of photocatalysts. In recent years, organic polymer semiconductors, especially graphitic carbon nitride (g-C3N4), has been widely studied in photocatalysis owing to a low-cost processibility, a finely tunable structure and environmental friendliness characteristics [4,5,6]. The commonly studied g-C3N4 was first proposed by Wang et al. in 2009 [7], and it can be synthesized from nitrogen-rich precursors such as cyanamide, dicyandiamide or urea by simple calcination [8]. During synthesis, the C-N precursors undergo a solid-state condensation reaction by releasing ammonia to form in-plane aromatic C-N rings, resulting in a 2D graphite-like structure named “melon” [9]. In contrast to the ideal 2D network proposed by Teter and Hemley [10], the melon structure is composed of incompletely polymerized chains made up of heptazine rings, with adjacent chains linked by hydrogen bonds [9]. The presence of incomplete polymerization and hydrogen bonding tends to reduce the crystallinity of g-C3N4 and leads to poor photogenerated charge transfer and photocatalytic efficiency [11].



A number of methods have been introduced to improve the crystallinity of g-C3N4, including solvothermal treatment [12], rapid heating [13] and molten salts synthesis [14], of which molten salts synthesis is considered to be the most promising one. In the molten salt process, molten salts (e.g., potassium chloride, lithium chloride or a mixture of them) are able to dissolve monomers and intermediates (e.g., melem or melon) and provide a special liquid environment for the polycondensation, thus improving local order [14,15]. More importantly, a molten salt-assisted synthesis offers opportunities for the formation of new isomers of g-C3N4. For example, Wirnhier et al. reported that s-triazine-based crystalline g-C3N4, that is, poly (triazine imide) (PTI), could be obtained by the polycondensation of dicyandiamide in mixed molten salts of KCl and LiCl [16]. This material exhibited superior photocatalytic activity compared to the polymeric melon [17,18]. Under similar molten salt conditions, Lin et al. synthesized tri-s-triazine-based crystalline g-C3N4, that is, poly (heptazine imide) (PHI), using melon type g-C3N4 as a starting material [11]. In comparison with PTI, PHI presented a higher photocatalytic efficiency [11]. However, substantial efforts have been focused on enhancing the photocatalytic activity of g-C3N4 by molten salts treatment or on resolving the atomic structures of PTI and PHI, seldom aimed at exploiting the evolution of structure and property of g-C3N4 throughout the molten salts process.



In this work, we explore in depth the structural transformation during the recrystallization process of melon in a molten salt environment at the molecular level and report a PHI catalyst with excellent photocatalytic degradation activity. Urea-based g-C3N4 nanosheets (melon type) were selected as the starting material and calcined in the molten salts of KCl and LiCl with different treatment times. Upon increasing the duration in molten salts, PHI, PHI/PTI and PTI phases appeared successively in the prepared materials. Therefore, we propose a new route for the polycondensation of g-C3N4 in the molten salts, where the melon transformed into a stable and highly crystalline PTI phase via an intermediate state, PHI, as schematically illustrated in Figure 1a. Due to the variance in atomic configurations, the PHI sample exhibited better crystallinity and featured a special microstructure and electronic structure, which enhances the photo absorption performance, accelerates the photogenerated charge separation and transfer process, and provides more surface reaction sites, leading to excellent photocatalytic degradation activity.




2. Results and Discussion


2.1. Structure and Composition


In the context of the molten salt-assisted preparation, we first carried out a detailed analysis of the structural composition of the carbon nitride, including the melon, PHI and PTI structures, as seen in Figure 1a. It is clearly seen that from the pristine melon-type g-C3N4, the formation of PHI structure undergoes mainly two processes: the breaking of inter-chain hydrogen bonds and the bridging of adjacent melon chains. In addition to the above processes, the formation of the PTI structure also requires the rupture of the heptazine ring. Furthermore, we used density functional theory (DFT) calculations to investigate the correlation between the energy and atomic configurations of g-C3N4. As shown in Figure S1 (Supporting information), the internal energy decreases from melon to PTI, indicating the order of thermodynamic stability is PTI > PHI > melon. As proof to the concept, in this study, the target g-C3N4 materials were prepared by a two-stage calcination method [17], as illustrated in Figure 1b.



The structural changes were investigated by X-ray diffraction (XRD), Fourier transform-infrared (FT-IR) spectra, X-ray photoelectron spectra (XPS) and solid-state nuclear magnetic resonance (NMR). Figure 2a shows the XRD patterns of the g-C3N4 samples.



The pristine melon presented two characteristic peaks at 13.0° and 27.5°, corresponding to the (100)hex or (210)ortho and (002) lattice planes, which can be attributed to the in-plane periodic repeating units and graphite-like stacking [7,9,19]. As for PHI, the (100) peak shifts from 13.0° (in melon) to 8.0°, indicating an extension of the in-plane repeating units, while the (002) peak shifts from 27.5° to 28.0°, demonstrating that the adjacent layers of PHI are closer than that of melon [11,20]. Both of the peaks could be indexed to the PHI structure and the expanded in-plane space/narrowed interlayer spacing could be attributed to the embedded K+ ions in PHI framework [11]. In contrast, multiple sharp peaks were observed in the XRD pattern of PTI, and all peaks can be indexed to those of PTI structure [21]. In addition, characteristic peaks for both PHI and PTI were observed in the PHI/PTI sample, indicating the presence of both phases in this sample. The above results clearly show that the structure of g-C3N4 undergoes a transition from melon to PHI to PTI in the molten salts as the treatment time increases. Furthermore, we also performed the simulation of XRD peaks of the melon, PHI and PTI structures. Figure 2b–d shows the comparison of the calculated data and the experimental data. It is clearly seen that the simulated XRD peaks of melon and PTI match well with the experimental XRD patterns. However, the simulated XRD data of PHI presented a much stronger intensity of the (100) peak than the (002) peak, different from the experimental data, which may be caused by the incomplete bonding of in-plane units.



FT-IR was used to further investigate the structural evolution of the samples. As shown in Figure 3a, all the g-C3N4 samples show similar vibrational patterns. Two characteristic bands are found at 810 and 1100~1700 cm−1, which can be attributed to the breathing and stretching modes of the triazine or heptazine C-N rings, respectively [11]. The broad band located between 3000~3500 cm−1 can be assigned to the stretching vibration mode of the surface unpolymerized amino or hydroxyl groups [16,22]. Notably, this band weakens significantly from melon to PTI, reflecting the improvement of condensation. In addition, a weak band at 2180 cm−1 was observed in PHI and PHI/PTI, and it can be attributed to surface unpolymerized cyan groups [11,20]. In addition, PTI exhibited a weak band at 650 cm−1. However, this band becomes weaker in PHI/PTI and has even disappeared in melon and PHI, suggesting that heptazine units are present in melon, PHI, and PHI/PTI while absent in PTI, which is consistent with their structural characteristics [20]. This phenomenon will be further verified in XPS and NMR analyses.



XPS was used to investigate the chemical compositions and local atomic environments of the g-C3N4 samples. In Figure 3b, all samples show strong C-1s and N-1s signals, along with a weak O-1s signal. A K-2p signal can be observed in PHI and PHI/PTI, indicating that PHI structure is present in both samples [11,23]. In contrast, a Cl-2p signal existed in PHI/PTI and PTI; in addition, a weak Li-1s signal can be found in the PTI sample. The presence of Li and Cl signals is consistent with the previously reported PTI/Li+Cl− structure [24]. As shown in Figure S2a (Supporting information), the C-1s spectra contains three components with binding energy of 284.8, 286.5 and 288.2 eV. These peaks are associated with the adventitious C, the C adjacent to the amino groups and the sp2-hybridized C in the N=C-N [11]. Notably, the N=C-N peak of PTI is weaker compared to the other three samples, which may be caused by its longest duration in the salt treatment. As shown in Figure 3c, the N-1s spectra can be decomposed into three or four peaks. The main peak at 398.6 eV can be attributed to the sp2-hybridised N in C=N-C, and the peaks at 400.0 and 401.0 eV are associated with the tertiary N in N-(C)3 and the N in -NHx groups [11,20], the former of which may be the characteristic N atoms of heptazine ring units. By the combined analysis of C-1s and N-1s spectra, the basic structural units of melon, PHI, and PHI/PTI are determined to be heptazine rings. Interestingly, the PTI sample exhibited only one peak between 399 and 402 eV, representing the bridging N in the PTI frameworks [24], without the contribution of N-(C)3, suggesting that PTI contained little or no heptazine rings. Therefore, the basic units of PTI are composed of triazine rings. Moreover, a weak peak was observed at 404.5 eV in N-1s spectra, representing the charge effect or positive charge localization effect in the C-N heterocyclic rings [24]. For the K-2p, Cl-2p and Li-1s spectra, two peaks were observed in K and Cl spectra, which can be attributed to the 2p1 and 2p3 contributions, respectively (Figure S2b,c, supporting information) [11]; whereas the latter exhibited only one peak representing the Li 1s structure (Figure S2d, supporting information) [24].



To further investigate the atomic environment and structural changes, we measured the solid-state 13C NMR spectra of the g-C3N4 samples. As shown in Figure 3d, the three major peaks marked 1, 2, 3 and 4 can be recognized. The peak 1, at 156~158 ppm, is attributed to core C of C-(N)3 in heptazine units [23,25]. The predominant peak 2, at 163–164 ppm, is associated with the C next to amino groups [25]. The weak peak 3, at 168~171 ppm, is assigned to the C nucleus adjacent to non-protonated ring nitrogen [16,23]. Peak 1 was present in the melon, PHI and PHI/PTI samples, the structures of which contained heptazine rings, as shown in Figure 1a. In contrast, peak 1 was barely observed in PTI, which may be due to the absence of heptazine rings in PTI, in agreement with the XPS analysis finding seldom or no N-(C)3 units (Figure 3c). The weak peak 3 and 4 may be caused by the negatively charged groups, such as CN2(N−) and cyan groups [23]. When the individual units responsible for these peaks are marked 1, 2, 3 and 4 in the insets of Figure 3d, it becomes clear that those major NMR peaks agree with the crystal structures of all samples as determined by the XRD.




2.2. Microscopic Morphology


The morphologies of the samples were studied by scanning electron microscope (SEM) and transmission electron microscope (TEM). Figure 4a–d and Figure 4e–h show SEM and bright-field TEM images of melon, PHI, PHI/PTI and PTI, respectively, while the inset in Figure 4h is a high-resolution TEM image of PTI. The pristine melon exhibited the morphology of ultrathin nanosheets, with most of which curled into nanotubes due to the high surface energy. Rod-like nanostructures were recognized in PHI, and the bent nanorods were constructed from the ultrathin particles with size of approximately 20 nm. As for PTI, highly crystalline hexagonal prisms were observed, which is the typical morphology of PTI samples as reported by previous articles [15,18,26]. In addition, both morphologies of PHI and PTI can be recognized in the PHI/PTI sample, in accordance with the coexistence of PHI and PTI characteristic peaks observed in the XRD pattern.



The microstructural changes in the g-C3N4 samples were investigated by N2 adsorption-desorption at 77.15 K (Figure S3, supporting information). According to the IUPAC classification, all samples exhibit type IV isotherms with H1 hysteresis loops, indicating the typical mesoporous microstructures. It is noteworthy that the relative surface area of PHI was substantially increased compared to pristine melon, which may be caused by the smaller size of particles. In addition, because of the formation of PTI hexagonal prisms, which exhibited a larger particle size than PHI, the specific surface area was reduced from PHI to PTI.




2.3. Structural Transformation Pathway


Encouraged by the above structural characterizations, we propose a hypothesis that the pristine melon-type g-C3N4 undergoes a two-stage sequential structural transformation in the molten salts, that is, melon transforms to the intermediate state PHI and then to the stable state PTI. The evolution at the molecular level is demonstrated in Scheme 1 [27]. In detail, in the molten salts, the interchain hydrogen bonds in melon were first broken under the attack of metal ions. The PHI structure is then formed by the bridging of terminated amino groups and the emission of NH3. In the meantime, K+ were anchored in the cavities of the PHI frameworks due to the coulombic force between it and negatively charged groups such as cyan groups and N−. With the prolongation of treatment in molten salts, the PHI structure would be broken and the heptazine units would be decomposed into triazine rings under the attack of Li+ and Cl−. Thereafter, the PTI structure was formed by a hex-merization reaction of the residual triazine-containing species. Notably, K+ is replaced by Li+ and Cl− due to the reduction of negatively charged groups and shrinkage of central space in frameworks in PTI compared to PHI.



Inspired by the above findings, we could not help but wonder whether the same structural transformation would be observed if melamine was used as the precursor under the same condition. Fortunately, in the melamine-based system, the same structural transformation was observed upon increasing the duration of salt treatment, but with more severe synthesis conditions. As shown in Figure S4 (Supporting information), the aforementioned PHI nanorods can be observed after 4 h of calcination (Figure S4a,c, supporting information), whereas the transformation from the PHI phase to the PTI phase took as long as 60 h (Figure S4a,d, supporting information). The difference in duration can be explained that the urea-based melon exhibited porous flake-like morphology, thereby facilitating the reaction with salt melt.




2.4. Band Structures and Charge Carrier Behaviors


In order to clarify the structure–activity relationship, the electronic properties of the g-C3N4 materials were investigated through a combination of experiments and theoretical calculations. UV-visible diffuse reflectance spectra (DRS) were used to study the photo absorption properties of the samples. As shown in Figure 5a, melon and PHI exhibited visible light response, while the PTI sample barely absorbed visible light. Compared to melon and PTI, the absorption edge of PHI showed a distinct redshift, indicating a narrow band gap. It is also worth noting that the absorption in the UV region was progressively enhanced from melon to PTI to PHI, suggesting that the π-conjugation and electron delocalization increased gradually from melon to PTI to PHI [28], which is consistent with the structural changes illustrated in Figure 1a. Conduction band potentials of the samples were determined from Mott-Schottky (MS) plots, as shown in Figure S5 (Supporting Information) and Figure 5b. All MS plots exhibited positive slopes, indicating that they were all n-type semiconductors. It is generally accepted that the flat band potential of an n-type semiconductor is approximate to its conduction band (CB) potential. The flat band potentials of melon, PHI and PTI relative to saturated calomel electrode (SCE) can be obtained from the cross-intercepts of MS curves, so that their conduction band potentials are determined to be −1.49, −1.52 and −1.52 V, respectively. The valence band (VB) potentials of the samples can be obtained from the sum of the conduction band potential and the band gap, which are determined to be +1.41, +1.15 and +1.59 V (compared to SCE), respectively. For comparison with the electrode potentials, the SCE potentials has also been converted to potentials relative to normal hydrogen electrode (NHE), the values of which are shown in Figure 5c. Thereafter, the energy band structures can be obtained, which is shown schematically in Figure 5c. It is clear that the three samples exhibit similar conduction band potentials, indicating that the photogenerated electrons generated by them may have similar reduction activity. However, their valence band potentials differ somewhat, with the PTI sample exhibiting the most positive valence band potential, indicating that the photogenerated holes generated by it may have the strongest oxidation activity.



Based on the atomic arrangements of melon, PHI and PTI, we further analyzed the electron density of states (DOS) by means of theoretical DFT calculations. For comparison, the top of the VB was artificially positioned at the zero point. As shown in Figure 5d, the theoretical band gaps for melon, PHI and PTI were determined to be 2.42, 2.02, and 3.04 eV, respectively, which are smaller than those measured from the DRS experiments, possibly due to a well-known shortcoming of the DFT [29]. Whereas, the order of the theoretical bandgaps is consistent with the experiment, suggesting that the calculations are reasonable. In addition, the bottom of the CB of PHI was dominated by doped K, compared to melon and PTI, which may narrow its band gap and improve its photo absorption, thus enhancing its photocatalytic performance.



The differences in structure and composition of the three phases not only affect their electronic properties, but also influence the photogenerated charge separation and transfer efficiency. Steady-state and time-resolved photoluminescence (PL) spectra were collected to study the recombination behaviors of the photogenerated charge. As depicted in Figure 6a, a considerable emission intensity decrease was observed for PHI and PTI compared to melon, which denotes the radiative recombination of electron-hole pairs was efficiently suppressed [30]. Similarly, PHI and PTI exhibited fast decay in time-resolved PL (Figure 6b). The average lifetime of the pristine melon sample was calculated to be 6.74 ns, while that of PHI and PTI was reduced to 3.41 and 4.82 ns, respectively (Table S1). This could be associated with the decrease of exciton and the enhancement of charge transfer over the interface [31,32]. To gain a deeper understanding of the charge transportation behaviors of the g-C3N4 samples, measurements of transient photocurrent response and the electrochemical impedance spectra (EIS) were carried out. As displayed in Figure 6c, all electrodes exhibited sensitive and stable responses to the light irradiation, and the photo-response phenomenon could be entirely repeated in the ten cycles. PHI exhibited the highest photocurrent density, almost 2.5 times the PTI and 10 times the pristine melon, indicating the best charge separation and transfer performance, in accordance with PL analysis. As for EIS, similar trend was observed. The equivalent circuit is schematically illustrated in the inset of Figure 6d [33]. In this model, a smaller arc radius stands for a smaller charge transfer impedance [34]. PHI exhibited a much smaller arc radius than melon and PTI, especially under the light irradiation (Figure 6d), suggesting that charge transfer impedance is effectively reduced in PHI.




2.5. Photocatalytic Degradation


Tetracycline (TC), a widely used antibiotic to treat human infections, the abuse of which leads to water pollution, which further causes antibiotic resistance problems [35,36]. Phenol is an important intermediate for the production of phenolic resin, pharmaceuticals, pesticide, etc. [37,38]. Wastewater containing phenol can be found everywhere in industrial areas, and the drinking water contaminated by phenol with very low concentration could bring about serious diseases [37]. Dyes such as rhodamine b (RhB) are broadly used in textile and printing industries, and they are rated as one of the biggest polluters of water resources [39,40]. Because of the chemical steady of these organic pollutants, they are hard to be removed from water [35,37,39]. Therefore, such three organic compounds (TC, phenol and RhB), were selected as the model pollutants to study the degradation activity of the g-C3N4 samples. The calibration curves are shown in Figure S6 (Supporting information), which illustrate good linearity (R2 > 0.999) over the test range (0.1~50 mg∙L−1 for TC; 0.1~10 mg∙L−1 for phenol and RhB). The photocatalytic efficiency was evaluated by the residual concentration of pollutants C/C0, where C0 and C represented the initial concentration and the concentration after t min degradation, respectively (Figure 7). Before the photocatalytic experiments, photocatalyst-pollutants solutions were continuously stirred in dark to reach the equilibrium of adsorption-desorption. It is clear that the residual concentrations barely changed after 30 min stirring, demonstrating that the equilibrium was reached at 30 min, which is shown in Figure S7 (Supporting information). The reaction rate constants were fitted by pseudo primary reaction kinetics, the results of which are presented in Figure S8 (Supporting information). As shown in Figure 7a, all samples were able to completely remove 50 mg·L−1 TC within 60 min. Among them, PHI exhibited the best degradation efficiency with 90% removal within 10 min. The reaction rate constant was estimated to be 0.22 min−1, which was approximately 4–6 times higher than that of the other samples (Figure S8a, Supporting Information). In the case of phenol, PHI demonstrated excellent photocatalytic degradation performance as well, with 80% of the contaminants removed within 60 min (Figure 7b). The reaction rate constant for PHI was calculated to be 0.024 min−1, which was approximately 5–6 times higher than that of the other samples (Figure S8b, supporting information). As for RhB, each photocatalyst was able to completely remove it within 60 min, with PHI again exhibiting the best degradation activity (Figure 7c and Figure S8c, Supporting Information).



In addition, we examined the stability of PHI before and after the photocatalytic degradation of TC, which is shown in Figure S9 (Supporting Information). The XRD pattern and the FT-IR profile showed that the crystal structure of PHI had no distinct change after the photocatalytic reaction (Figure S9a,b, Supporting Information). However, the K-2p spectrum indicated that the atomic percentage of K decreased from 4.72% to 1.84% after the reaction (Figure S9c, supporting information), and the photocatalytic activity exhibited a decrease in the cyclic stability tests for the degradation of TC (Figure S9d, supporting information). The reduction of K content may be attributed to the proton exchange on the surface of PHI photocatalyst because of the long-time immersion in the water [11,23,41], thereby leading to the reduction of photocatalytic activity in cyclic tests. Benefiting from the synergistic effects of high crystallinity and surface modification by K+ and cyan groups, PHI exhibited the best photo absorption performance, efficient charge separation and transfer, and numerous reaction sites, improving the photocatalytic degradation efficiency. However, the reduction in photocatalytic activity in the cyclic tests indicates the obtained PHI sample is highly active but only an intermediate state.



To investigate the degradation mechanism of TC, we added multiple sacrificial agents to capture the reactive species (photogenerated electron e−, photogenerated hole h+, superoxide radical •O2− and H2O2) in photocatalytic experiments [34,42]. The •OH capture experiments were not performed because the VB potentials of all photocatalysts did not reach the OH−/•OH reaction potential [43]. As shown in Figure 7d, •O2− is considered to be the dominant working species for both melon and PTI samples. In addition, h+ also plays a crucial role in PTI, which may be due to the most positive VB potential. Different from melon and PTI, the main working species of PHI was not •O2−, but H2O2 and e−, suggesting that the e− of PHI tend to produce H2O2 rather than •O2− [3].





3. Materials and Methods


3.1. Materials


Urea (99%), potassium chloride (KCl, 99.8%), N-Methylpyrrolidone (NMP, 99%), sodium sulfate (Na2SO4, 99%), ammonium chloride (NH4Cl, 99.5%), ammonia water (NH3·H2O, 25~28%), potassium ferricyanide (K3[Fe(CN)6], 99.5%) and 4-aminoantipyrine (99%) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Lithium chloride (LiCl, 99.0%) was purchased from Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Poly (vinylidene fluoride) (PVDF, average Mw ~400,000), tetracycline (98%), phenol (99%) and rhodamine b (RhB, 99%) were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). All chemicals were used without further purification.




3.2. Preparation of Photocatalysts


To synthesize melon, typically, 10 g urea was loaded in a capped alumina crucible and heated at 500 °C for 2 h with a ramping rate of 3 °C·min−1 in muffle furnace. The resulting material was grounded in agate mortar, and the luminous yellow powder was marked as melon. The yield of melon was about 0.5 g.



The condensed g-C3N4 materials were synthesized by a molten salt-assisted procedure reported in the previous literature [11]. In detail, 0.2 g melon powder was grounded in agate mortar with 3.96 g KCl and 3.24 g LiCl to a uniform mixture. The mixture was then transferred into a capped alumina boat placed in the center of a quartz tube and heated at 550 °C with different treatment times (0.5 h, 1 h and 12 h) with a ramping rate of 30 °C·min−1 under flow N2 atmosphere (100 mL·min−1) in tube furnace. The as-obtained products were rinsed with hot deionized water and centrifugation for 3 times to remove residual salts. Finally, the powders were dried overnight at 60 °C. The samples were marked as PHI (0.5 h), PHI/PTI (1 h) and PTI (12 h). The yield of condensed g-C3N4 was about 120 mg.




3.3. Characterization


XRD measurements were performed on D8-Advance diffractometer (Bruker, Germany) with Cu-Kα radiation (λ = 1.54059 Å). FT-IR spectra were measured on Nicolet 6700 spectrometer (Thermo, Waltham, MA, U.S.). Solid state 13C CP/MAS NMR spectra were recorded on 400M spectrometer (Bruker, Karlsruher, Germany). XPS profiles were measured on ESCALAB 250 X-ray photoelectron spectrometer (Thermo, America) equipped with an Al-Kα source (1486.6 eV photon energy, 300 W). The binding energy of all spectra were calibrated by the peak of adventitious C at 284.8 eV. DRS were collected on UV-2600i spectrophotometer (Shimadzu, Kyoto, Japan). UV-visible absorption spectra were collected on a UV-2550 spectrophotometer (Shimadzu, Japan). High performance liquid chromatography measurements were conducted on LC-20A (Shimadzu, Japan). PL spectra were recorded on FLSP-920 fluorescence spectrophotometer (Edinburgh, Livingston, UK). The morphologies and elemental distribution of as-prepared materials were observed by SUPRA55 SEM (Zeiss, Oberkochen, Germany). TEM observations were performed on Tecnai G2 F20 microscope (FEI, Hillsboro, FL, USA). The BET measurements were characterized on ASAP 2460 (Micromeritics, Norcross, GA, USA).




3.4. Electrochemical Analysis


MS plots, transient photocurrent response (at 0 V) and EIS (at 0 V) measurements of the as-prepared samples were performed in a three-electrode system on the CHI 660D electrochemical workstation (Chenhua Limited, Shanghai, China). A 300 W Xe lamp was used as the light source in the illumination tests and the electrolyte was 0.2 M Na2SO4 solution. We chose platinum wire electrode as the counter electrode and SCE as the reference electrode. To make working electrodes, we first prepare Poly vinylidene fluoride (PVDF) solution through dissolving PVDF in NMP. Afterwards the as-prepared materials were grounded in agate mortar with PVDF solution. Finally, the suspension was coated on a F-doped tin oxide (FTO) glass and dried at 80 °C overnight.




3.5. Photocatalytic Degradation


The light source used in the experiments was a 300 W Xe lamp (PLS-SXE 300D, Perfectlight Sci&Tech, Beijing, China) equipped with a AM1.5 G filter, the emission spectrum of which is shown in Figure S10. The irradiation intensity was adjusted to 55 mW·cm−2. In each photocatalytic experiment, 20 mg photocatalyst was dispersed in 40 mL TC (50 mg·L−1), phenol (10 mg·L−1) or RhB (10 mg·L−1) solution and stirred in dark for 30 min to reach the balance of absorption and desorption. The photocatalysis lasted for 1 h, in which 3 mL suspension was taken at different time. The liquid was filtered by 0.22 μm filter (Nylon 66, 13 mm diameter). The performance of the filter that examined by the measurements of UV-vis absorption spectra is shown in Figure S11.



For the preparation of standard solutions, quantification of pollutants and capture of reactive species, see supporting information.




3.6. Theoretical Calculations


Model building and XRD simulations were performed on a Visualization for Electronic and STructural Analysis (VESTA) package [44]. All periodic density functional theory (DFT) calculations were performed on a Quantum Espresso (QE) 6.4.1 package [45] with PAW pseudopotentials [46] and PBE XC functional [47]. The wave function was expanded using plane waves with a cut-off energy of 60 Ry (approximates to 816 eV). Crystal information were drawn from the earlier literature [16,19,48] and fully optimized until the total energy and force converged to 10−4 Ry and 10−4 Ry·Bohr−1 individually. DOS were calculated after a self-consistent calculation.





4. Conclusions


In summary, we presented new insights into the structural transformation mechanism of g-C3N4 in the molten salts and synthesized a highly efficient PHI photocatalyst for water treatment in this work. Melon type g-C3N4 undergoes a two-stage transformation in molten salts, in which melon transforms to PHI, an intermediate state, and then to a stable phase PTI. In addition, remarkable improvement has been observed for PHI over pristine melon and crystalline PTI in the photocatalytic degradation of organic pollutants. Through the combined study, we update the understanding of the structure–activity relationship of the three types of g-C3N4: melon, PHI and PTI. That is, high crystallinity as well as K+ and cyan groups modification were observed in PHI, which improves the photo absorption performance, charge separation and transfer efficiency and serves as reaction sites, thereby enhancing the photocatalytic activity. This work provides a deeper understanding for the molten salt-assisted synthesis as well as the ionic modification of g-C3N4, therefore providing new ideas for the design and synthesis of high-performance photocatalysts in the field of environment remediation and water treatment.
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Figure 1. (a) Structures of melon, PHI and PTI and the proposed structural transformation pathway of g-C3N4 in molten salts. (b) Synthesis route of crystalline g-C3N4. 
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Figure 2. Crystal structure characterization of the g-C3N4 samples. (a): Powder XRD patterns of melon, PHI, PHI/PTI and PTI samples. (b–d): Comparison of the calculated and experimental XRD data of melon, PHI and PTI. 






Figure 2. Crystal structure characterization of the g-C3N4 samples. (a): Powder XRD patterns of melon, PHI, PHI/PTI and PTI samples. (b–d): Comparison of the calculated and experimental XRD data of melon, PHI and PTI.



[image: Catalysts 13 00717 g002]







[image: Catalysts 13 00717 g003 550] 





Figure 3. Chemical structures of the g-C3N4 samples. (a): FTIR spectra. (b): XPS survey profile. (c): N-1s High-Resolution XPS profile. (d): 13C CP/MAS NMR spectra. 
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Figure 4. Morphologies of the g-C3N4 samples. (a–d): SEM images of melon, PHI, PHI/PTI and PTI. The inset in (d) is the SEM image of PTI while at larger magnification. (e–h): Bright-field TEM images of melon, PHI, PHI/PTI and PTI samples. The inset in (h) is the HRTEM image of PTI. 
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Scheme 1. The proposed structural transformation pathway in molecular level. 
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Figure 5. Electronic properties of g-C3N4. (a): UV-vis diffuse reflectance spectra, and the inset is the corresponding bandgaps. (b): Mott-Schottky plots. (c): Band structure alignments. (d): Electron density of states calculated by density functional theory. 
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Figure 6. Photoelectric properties of the g-C3N4 samples. (a): Steady-state PL spectra. (b): Time-resolved PL spectra. (c): Transient photocurrent response. (d): EIS profile in dark and under light irradiation. 






Figure 6. Photoelectric properties of the g-C3N4 samples. (a): Steady-state PL spectra. (b): Time-resolved PL spectra. (c): Transient photocurrent response. (d): EIS profile in dark and under light irradiation.



[image: Catalysts 13 00717 g006]







[image: Catalysts 13 00717 g007 550] 





Figure 7. Photocatalytic efficiency of the g-C3N4 samples (a): Degradation of phenol (10 mg·L−1). (b): Degradation of TC (50 mg·L−1). (c): Degradation of RhB (10 mg·L−1). (d): Photocatalytic activity for the degradation of TC with the introduction of multiple scavengers. 
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