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Abstract
Crystallinity could have a decisive influence in photocatalytic performance. In this study, crystalline carbon nitride (CN) was successfully synthesized via an ionic melt polycondensation method using urea as the precursor in the presence of various salt melts, which were KCl-LiCl, KCl-ZnCl2 and KCl-NaCl. It was confirmed that all salt melts could result in the formation of CN, as supported by Fourier transform infrared (FTIR) and diffuse reflectance ultraviolet-visible (DR UV-Vis) spectroscopies. However, only KCl-LiCl could form crystalline CN as evidenced by its X-ray diffraction (XRD) pattern where in addition to diffraction peaks at 13.5 and 27.2°, new peaks were observed at 20.8, 29.2 and 31.5°. Specific surface area of CN prepared without salt melt was around 55 m2/g. The specific surface area was maintained when using KCl-LiCl (51 m2/g), but it was decreased in the presence of KCl-ZnCl2 (20 m2/g) or KCl-NaCl (11 m2/g). Photocatalytic activity of the CN samples was then evaluated for phenol degradation under solar simulator for 6 hours, which was analysed by a high performance liquid chromatography (HPLC) using a Hypersil GoldTM PFP column. The CN prepared without the salt melt only showed activity of 10%, while the use of KCl-LiCl significantly improved the activity to 25%. On the other hand, the CN prepared in the presence of KCl-ZnCl2 and KCl-NaCl gave phenol degradation of 7 and 14%, respectively. This work demonstrated that the crystallinity and the maintained large specific surface area of the CN were both crucial to achieve the high activity.
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Introduction
Graphitic carbon nitrides, CN or C3N4 are a class of a polymeric material that consists of carbon (C) and nitrogen (N) elements [1] that are found to have many applications in catalysis field such as electrocatalysis, oxidation catalysis, catalyst support and nanocomposite fillers [2]. Recently, CN has attracted a significance attention in photocatalysis field owing to its stability in the photocatalytic water-splitting reaction under visible light irradiation [3]. However, most of the synthesized CN that has been reported in literature widely was found to be in amorphous phase [4-6]. For most applications in photocatalysis field, the directional flow of electrons are depends on the organization of the molecules in the structure in relation to their crystallinity [7]. In the other words, the photocatalytic properties are sensitively affected by the crystallinity of the photocatalyst [8]. However, constructing a crystalline photocatalyst that reduced electron-hole combination and works excellently in visible light region is promising but can be a challenging task. Typically, a crystalline CN material that have a well-defined morphologies and better surface area can be synthesized using LiX/LX salt melts (X=Cl, Br) as reaction media [9,10]. The uses of salt melts as a medium for chemical process can be tracked back in the 1960s when Sundermeyer et al., showed that known organic chemistry reaction can be performed in molten salts [11,12]. Chemical compounds such as carbonyl and fluorocarbonyl pseudohalogenides 
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and cyanides, cyanates and thiocyanates of both silicon and carbon were among the chemical that successfully synthesized [13]. This successful chemical preparation proves that the good solvating properties of salt melts with respect to nitrides, carbides, cyanides, cyanates and thiocyanates. It can be suggested that the salt melts are a good solvent due to its high-temperature stability and its melting point below the polycondensation point of s-heptazine. In addition, the good solvation of the small molecular precursors and subsequent aggregates of higher molecular weight facilitated the condensation of the CN network [14].

Materials and methods
Chemicals and Materials
Sodium chloride (100.0%) and potassium chloride (95%) were purchased from Fischer chemical while lithium chloride (99.0%) was purchased from Sigma-Aldric. Urea (99.5%) was purchased from QRëC while phenol was purchased from Scharlau Chemie (99.5%). All the chemical used in the synthesis procedure were used without purification.

Synthesis Procedure
A 30 g of urea as CN precursor was calcined at 350 °C for 6 hours to prepare ~10 g of a mixture of intermediate contains melamine, cyanuric acid and ammelide. 5 g of the intermediate mixture was dissolve in 100 ml of ethanol and the solution was stirred and heated at 100 °C for 1-2 hours. Then, the intermediate was ground together with salt melts as shown in table 1. The composition of salt melts are 40.8% mol for KCl and 59.2 mol% for XCl (X = LiCl, NaCl and ZnCl2) as followed by reported journal. The mixtures (~5-10 g) were transferred into crucible and covered with lids. The crucibles were then placed in furnace and calcined at 550 °C for 4 hours with heating rate of 2.2 °C/min. The final products were removed from crucibles and washed with boiling water before isolated via filtration process followed by drying in the oven for overnight at 60 °C. The reference CN was prepared via direct polymerization of urea by heating 30 g of urea at 550 °C for 4 hours with heating rate of 2.2 °C/min.

Table 1 Composition of salt melt in synthesis parameters
	Salt Mixture A/B
	A content (g)
	B content (g)

	KCl-NaCl
	3.04
	3.45

	KCl-ZnCl2
	3.57
	8.04

	KCl-LiCl
	2.74
	2.26


Photocatalytic Degradation of Phenol
The photocatalytic performance of prepared samples/photocatalyst were evaluated by measuring the degradation of phenol. A 50 mg of photocatalyst were dispersed in 100 ml beaker containing 50 ml of phenol (50 ppm). Prior to the photocatalytic reaction, the solution was stirred in the dark environment for 30 minutes to reach the equilibrium. The reaction was carried out over 6 hours under solar irradiation. The remaining concentration of the solution was determined by using HPLC.
Characterization
The structural properties and crystallinity of the prepared samples were determined via X-ray diffraction, XRD using Bruker AXS Diffrac plus release 2000 diffractometer with CuK radiation (λ=0.15148 nm) and step size of 0.05° 2. Nicolet-is50 FTIR spectrometer was used to determine the chemical bond and functional group in the samples. KBr pellet technique was used in the characterization; Meanwhile, A Shimadzu UV-2600 Diffuse Reflectance (DR) UV-visible spectroscopy is used to determine the absorption spectra of the sample with barium sulphate (BaSO4) as reference. The Nitrogen adsorption-desorption isotherm measurements were performed using Quantachrome NOVA Touch 4LX at 77K. Prior to the measurement, all the samples were degassed at 150 °C for 3 hours. The specific surface area (SSA) were measured using Brunauer-Emmett-Teller (BET) model for adsorption range of 0.01 <p/po < 0.3 using the Quantachrome TouchWin 1.0. software.

Results and discussion

Structural Analysis
Figure 1 show that the materials prepared in KCl-NaCl (c) and KCl-ZnCl2 (d) and the reference CN (a) are in amorphous form as they only show broad peaks at 2 of 11° and 26°. The peak at ~26° which indexed as (002) plane is corresponded to interplanar stacking of conjugated aromatic rings. Meanwhile, another pronounced peak observed at ~12° is related to in-plane structural packing [4,5]. It was demonstrated that CN prepared in KCl-ZnCl has better structural order compared to CN as the diffraction pattern showed a slightly sharp peak at 26°. On the other hand, the final product prepared in KCl-LiCl confirmed to have crystalline phase and have a structure of poly(triazine imide)-like [15] and composed with crystalline phase. The crystalline peaks can be observed at 2 of 21, 26, 29 and 31° and it is in agreement with the one that has been reported [14]. It can be suggested that CN with high crystalline phase can be prepared via KCl-LiCl salt melts and varying the amount of salt melts in the reaction is expected to increase the crystallinity of the material. The preparation of CN in salt melts of KCl-NaCl was unable to improve the crystallinity as it was turned out that the melting point of KCl-NaCl was higher than the condensation of CN, therefore it could not act as a reactive solvent during synthesis [16]. A report by Fettkenhauer et al [17] demonstrated that CN prepared in ZnCl2 successfully formed a CN with high crystalline phase but preparing in salt melts KCl-ZnCl2 leads to formation of amorphous phase.

 [image: ]Figure 1: XRD patterns of (a) CN, (b) CN-KCl-LiCl, (b) CN-KCl-NaCl, (c) CN-KCl-ZnCl2.


Optical Properties 
Optical absorption properties of the prepared materials were investigated and carried out. As it can be seen in Figure 2, three absorption peaks were observed mainly at 277, 340 and ~375 nm. The peak at 277 nm was attributed to C=N indicating a * charge transfer while the peak at ~375 was corresponded to the formation of C-N. On the other hand, the peak at 340 nm was corresponded to the formation of C=O of * and n* electronic transition [18]. CN prepared in KCl-ZnCl2 has better absorption in visible light region compared to others. The pattern of absorption spectra of KCl-NaCl and KCl-ZnCl2 were typical for dyade materials such as carbon@TiO2, the absorption spectrum likely points out at charge transfer between CN and Zn containing species [19]. Reference CN showed a visible light absorption up to ca. 430 nm while CN-KCl-LiCl showed additional absorption up to 460 nm. Compared to reference CN, the absorption edge of CN-KCl-LiCl was significantly shifted by 40 nm towards the low energy region from 420 to 460 nm. The red shift was due to the low band gap energy resulted from the increase of particle size and crystallinity of the sample [20].
[image: ]Figure 2: DRUV-Vis spectra of CN, CN-KCl-LiCl, CN-KCl-NaCl, CN-KCl-ZnCl2.


Functional Groups
The formation of CN in all prepared samples can be proven by FTIR spectroscopy as shown in Figure 3. The successful formation of CN network structure can be shown from the vibration bands at 800 and 1200-1600 cm-1 [14], which corresponds to the characteristic breathing mode of triazine units and typical stretching modes of CN heterocycles. The bands at 1250, 1330, 1420 and 1460 cm-1 were attributed to the stretching mode of CN heterocycles while the band at 1636 cm-1 was attributed to stretching mode of C=N [14]. The presence of the absorption band at ~1350 cm-1 in CN-KCl-LiCl and CN-KCl-ZnCl2 suggests that both CN are built of triazine rather than of tri-s-triazine rings [21]. The broad band observed between 2400 and 3400 cm-1 indicates the stretching vibrations of surface hydroxyl groups (OH) and terminal and residual amino groups (NH2 and NH). In addition, it was observed that addition of salt melts during synthesis reaction causes broadening and subsequent overlap of the absorption band while unmodified CN shows more defined vibration peaks. It can be noted that the small peak appeared at 2179 cm-1 except for CN was attributed to the formation of N=C=N or C≡N. For CN-KCl-LiCl, it was suggested that the intercalation of lithium and chlorides ions [14] in the stacking layer of CN might break the continuity of the CN networks structure, thus resulting in the formation of a less condensed framework in the structure [5]. For samples CN-KCl-NaCl and CN-KCl-ZnCl2, although the reason is unclear, it was suggested that the salts could act as a template thus the final product formed was having mesoporous structure.

[image: ]Figure 3: FTIR spectra of (a) CN, (b) CN-KCl-LiCl, (b) CN-KCl-NaCl, (c) CN-KCl-ZnCl2.


Photocatalytic Activity
The photocatalytic performance of the prepared samples was evaluated in photocatalytic degradation of phenol under solar light irradiation for 6 hours and the activities are shown in Table 3. As shown in the Table 3, the reference CN showed only 10% of phenol degradation after 6 hours of solar irradiation while CN prepared in KCl-LiCl demonstrated 24% of phenol degradation which was almost 2.5 times higher than reference CN. On the other hand, there was no significant change in photocatalytic degradation of phenol when CN-KCl-NaCl and CN-KCl-ZnCl2 were used as both activities showed 14 and 7%, respectively. The improved photocatalytic degradation of sample CN-KCl-LiCl was mainly due to good mobility of charge carriers. It was stated that the directional flow of electrons depended on the organization of the molecules in the structure in relation to their crystallinity.

Therefore, it can be demonstrated that the efficient flow of electron transfer in the crystalline and well-ordered arrangement of the CN have a big influence to the photocatalytic performance [8]. In term of surface area, it was also suggested that surface area did not give an effect as the reference CN has a similar surface area in respect to CN-KCl-LiCl. Although the CN-KCl-NaCl showed amorphous phase as demonstrated by XRD pattern, the slightly better photocatalytic activity compared to reference CN might come from better adsorption in visible light as shown in DRUV-Vis analysis (Figure 2). For CN-KCl-ZnCl2, despite having a well-order arrangement as can be seen via XRD pattern, better adsorption in visible light range and surface area compared to CN-KCl-NaCl, the low photocatalytic activity (7%) might due to the decrease C-N groups as can be seen in DRUV-Vis analysis.

Table 3 Photocatalytic Activity of the Prepared Samples
	Samples
	Activity (%)

	CN
	10

	CN-KCl-LiCl
	25

	CN-KCl-NaCl
	14

	CN-KCl-ZnCl2
	7




Conclusion
The preparation of CN in various salt melts has been demonstrated. However, only CN prepared in KCl-LiCl showed a crystalline phase and improved structural order. KCl-LiCl plays an important role in improving the crystallinity of the material by acting as a reactive solvent during the synthesis of CN, and binds strongly to the condensation intermediates. Unlike KCl-NaCl and KCl-ZnCl2, the high melting point of both salt melts compared to temperature which condensation of CN took place, cause them unable to act as a solvent. The good crystallinity and better surface area possessed by CN-KCl-LiCl turned out to be highly active photocatalyst as it degraded phenol ca. 2.5 times than unmodified/reference CN. In summary, the preparation of CN in all salt melts improved the absorption in visible light range. FTIR and N2 adsorption-desorption isotherm suggest the presence of porous structure in all CN prepared in salt melts except for reference CN. Powder XRD analysis demonstrated only CN-KCl-LiCl shows crystalline phase while CN-KCl-ZnCl2 showed a well-order arrangement compared to others which showed amorphous phase. In order to increase the performance of crystalline CN in photocatalysis field, it is suggested that a better understanding and control of the condensation and crystallisation process is required in to synthesis a CN with high crystalline phase, improve absorption in visible light region and high surface area.
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