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ABSTRACT 

This work presents a survey of the intermediates in the well-known thermal synthesis of graphitic 

carbon nitride from urea. The analysis of the crystalline phases depicts a successive 

transformation of the precursor into different substances previously used as starting reactants, 

whereby melamine cyanurate arises as the ultimate precursor of a class of thermal condensation 

routes to obtain graphitic carbon nitride. The study of the optical properties of the synthesized 

materials evidences the simultaneous production of an amorphous phase with a significant 

presence of melon oligomers. These results are also supported by the further characterization of 

the materials performed using THz-TDS, FT-IR, HRTEM, and XPS techniques, and by 

theoretical studies conducted using semi-empirical quantum chemistry methods.  

 

1. INTRODUCTION 

Graphitic carbon nitride (g-C3N4), the result of the 3D structuring of melon polymer layers 

[1,2,3,4,5,6], is a highly versatile material with a broad range of applications [7,8,9,11,12,13]. 

Melon was first synthesized by Berzelius and Liebig in 1834 [14]. Later, Pauling and Sturdivant 

elucidated the existence of a C6N7 cyameluric nucleus, currently referred to as heptazine or tri-s-

triazine nucleus [15]. g-C3N4 can be obtained by the thermal condensation of a wide variety of 

nitrogen-rich precursors such as urea [16], thiourea [17], melamine [18], or cyanamide [19]. Li et 

al. reported the synthesis of carbon nitride by the polycondensation reaction between melamine 

and cyanuric chloride in presence of nickel powder [20], while Dante et al. based the synthesis 

on melamine and uric acid [21] and melamine cyanurate [22].  

 Among the many applications of graphitic carbon nitride, those based on its excellent 

luminescent properties [23] stand out due to the unique combination of cheap production methods 

and environmental friendliness. As regards its quantum yield, g-C3N4 is outperformed by melem, 

the melon monomer, with an efficiency one order of magnitude higher [24,25].  

In this work, we revisit the thermal synthesis from urea, one of the simplest precursors in 

terms of molecular complexity. As opposed to previous works based on different reagents 

[21,22,26], where the treatment time was kept constant while the products obtained at different 

temperatures were studied, we now use a fixed temperature and analyze the intermediate products 

at different reaction times. The analysis of the crystalline phases in the intermediate products 
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unveils a route that is common to a whole class of thermal condensation syntheses, and where 

melamine cyanurate arises as the ultimate precursor. Whereas this is an important result that 

brings in some order to a deeply complex matter, the open question of the existence of highly 

related, yet distinct, synthesis paths becomes even more intriguing. 
 

The global picture, however, is far more complex. The analysis of the UV-Vis absorption, 

infrared, emission, and terahertz properties of the intermediates indicates the progressive 

formation of melon oligomers, as an amorphous phase of the material, which occurs in parallel to 

the transformation of the crystalline phase, and before the eventual condensation of turbostratic 

graphitic carbon nitride. The interlayer binding of the final 3D-organized graphitic carbon nitride 

product produces a relevant alteration in the optical absorption properties, much stronger than the 

milder changes associated with the condensation of 1D and 2D oligomers. The quantum yield of 

these intermediate oligomers is found to be at an intermediate level between those of pure melem 

and 3D graphitic carbon nitride. Our survey also highlights the potential of terahertz spectroscopy, 

an emerging characterization tool, in materials science.  

 The reaction path in the thermal condensation of g-C3N4 is described in Figure 1. The 

analysis of the crystalline phase evidences the transformation from urea to cyanuric acid and 

melamine cyanurate, the adduct of melamine and cyanuric acid, and, finally, to g-C3N4. At the 

same time, there is parallel production of amorphous melon oligomers of increasing order.  

 

 

 

Jo
urn

al 
Pre-

pro
of



 
Figure 1. Reaction path in the thermal condensation route of g-C3N4 addressed in this work, and molecular 

structure of the materials identified in the reaction process. 

 

The analysis presented is twofold, and the experimental results are complemented with a 

theoretical survey performed using semi-empirical quantum chemistry neglect of diatomic 

differential overlap (NDDO) methods. The approximations made in these methods are positioned 

at a degree somewhere in between force-field and ab-initio computations. PM6 and PM7 

Hamiltonians are at a performance level commensurate with density functional theory (DFT) and 

ab-initio methods when guessing ground state geometries. This accuracy level is obtained at a 

much smaller computational cost, which allows addressing very large molecular geometries and 

solid-state systems [27,28]. Semi-empirical computations have proven to be extremely valuable 

in the theoretical study of the terahertz spectra of materials [3,27,29] For the theoretical analysis 

of the optical properties of the materials, we have also used the intermediate neglect of the 

differential overlap spectroscopic (INDO/S) [30] method with the configuration interaction of 

singles (CIS) scheme [31,32]. 
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2. MATERIALS AND METHODS 

2.1. Materials and synthesis procedure 

The precursor material in the synthesis, urea, was supplied by Alfa Aesar. The urea was placed 

in a crucible and treated in a muffle furnace at 450 ºC. Four samples were prepared with 15, 30, 

45, and 75 minutes of treatment, respectively. To complete the study, the results of the 

characterization were compared with relevant additional reference materials: cyanuric acid and 

melamine were both supplied by Alfa Aesar and melamine cyanurate was supplied by Nachmann 

S.r.l. The syntheses were carried out under controlled conditions and produced repeatable results. 

 

2.2. Characterization 

The powder X-ray diffractograms were measured using a Bruker (Billerica, MA, USA) D8 

Discover diffractometer (CuK=1.5418 Å). 

A Cary 630 spectrophotometer and a UV-Vis Cary 100, in reflection mode, both from 

Agilent, were used, for the IR spectra (ATR-FTIR) and UV-Vis characterization, respectively.  

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

images were taken using, respectively, an FEI HELIOS NANOLAB 600 at 3, 15 o 20 kV and a 

JEOL JEM2010F at 200 kV. An Oxford Inca Energy TEM detector was used for the EDS 

analysis.  

The luminescence spectra were measured with an Oxford Instruments FLS980 

fluorescence spectrometer. Both emission and excitation measurements were made at 25 ºC. 

Steady-state fluorescence measurements were carried out with a 450 W Xe lamp as a light source 

and double excitation and emission monochromators. A monochromator at 400 nm was used at 

the excitation and emission arms. A photomultiplier tube detector cooled by a Peltier system was 

used for detection. For excitation and emission measurements, the apparatus parameters were: 

slits widths Δλexc=0.4 nm, Δλem=0.3 nm, step=1 nm, dwell=0. To measure the photoluminescence 

quantum yield (QY) the FLS980 fluorescence spectrometer is equipped with an integrating 

sphere. The measurement conditions of the QY for all samples were: slits widths Δλexc=2 nm, 

Δλem=0.1 nm, step=0.2 nm, dwell=0.3 s, and 5 repeats. 

A Menlo Tera K15 spectrometer was used for the terahertz time-domain spectrometry 

(THz-TDS) characterization. To prepare the samples, the materials were mixed with polyethylene 

powder with a concentration of 33 wt% and pressed to form 13 mm diameter pellets with 

thicknesses ranging between 600 and 900 m. The spectrometer chamber was purged with 

nitrogen to avoid the imprint of water in the measurements.  

Chemical composition was analyzed through XPS measurements using a Thermo 

Scientific K-Alpha apparatus. The C1s, O1s, N1s, and survey spectra were acquired at 10-9 mbar.  

The measurements performed on reference and synthesized samples are consistently 

identified throughout this work using the same labels and line colors in all the characterizations, 

namely, urea (U, black), cyanuric acid (CA, green), melamine (M, blue), melamine cyanurate 

(MCA, red), 15-minute treatment sample (15 min., magenta), 30-minute treatment sample (30 

min., cyan), 45-minute treatment sample (45 min., orange), and 75-minute treatment sample (75 

min., brown). 

 

2.3. Computations 

The PM6 [33,28] Hamiltonian in the MOPAC2016 software package was used for the quantum 

chemistry computations in an Intel Xeon E5-1650v2 6-core (12 threads) 3.5 GHz server running 

a Linux operating system. The PM6 optimized geometries were used for the calculation of the 

electronic spectrum using the intermediate neglect of differential overlap/spectroscopic 

(INDO/S), configuration interaction with singles (CIS) method [34,35], as implemented in the 

ORCA package, version 2.9.1 [36]. 

 

 

3. RESULTS AND DISCUSSION 

The largely studied [16] synthesis of carbon nitride from urea has some sort of fundamental 

character due to the simplicity of the precursor. In this work, we address the chain of intermediates 

observed in this synthesis route. For this purpose, the initial reagent was placed in a crucible and 
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heated at 450 ºC for different time durations. Figure 2 displays the powder diffractograms of the 

samples obtained, together with those of several reference materials: the precursor, urea; cyanuric 

acid; melamine cyanurate; and the second component of the MCA complex, melamine. We note 

that all these materials have been employed as precursors in various thermal condensation 

synthesis procedures of graphitic carbon nitride. 

 The observation of the results presented in Figure 2 determines the complete formation 

of graphitic carbon nitride, g-C3N4, after 75 minutes treatment, as heralded by the peak at 

2=27.2o corresponding to stacking of layers with a separation of 3.37 Å. The comparison of the 

diffractograms of the intermediate samples obtained after 15, 30, and 45 minutes of treatment 

with those of the reference materials reveals that the crystalline phase in the samples obtained at 

15 and 30 minutes corresponds to CA, whereas the XRD pattern of the last intermediate, at 45 

minutes, gives an excellent match of the crystalline phase to the XRD signature of MCA. It is also 

noteworthy the proximity of the main peak in the MCA diffractogram (2=27.94º, d=3.29 Å) to 

that of the completely structured g-C3N4 at the 75-minute sample. 

 There is a wide variety of nitrogen-rich substances that lead to the eventual formation of 

graphitic carbon nitride via thermal condensation. These include, besides our precursor, U, the 

intermediates sequenced in the crystalline phase: CA and MCA. Our observation of the crystalline 

phases in the synthesis from urea, summarized in Figure 2, permits us to trace a series of synthesis 

routes belonging to the same class, where the last step, MCA, plays the role of ultimate precursor. 

Nonetheless, further analyses of the synthesized materials and the corresponding pristine 

reference substances reveal very interesting properties of the intermediates aside from those of 

the crystalline phases. 

 

 
Figure 2. Diffractograms of the samples obtained by heating urea at 450 ºC during 75, 45, 30, and 15 

minutes, and those of the reference high purity samples of urea (U), cyanuric acid (CA), melamine (M), 

and melamine cyanurate (MCA).  
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Figure 3 displays the UV-Vis absorption spectra of the synthesized and reference powder 

samples. The absorbance has been obtained from the diffuse reflectance of the sample R using the 

Kubelka-Munk function 𝐹(𝑅) = (1 − 𝑅)2/(2𝑅). After 75 minutes of treatment, the absorption 

spectrum is consistent with that of properly conformed graphitic carbon nitride, with a band-gap 

close to 3 eV [3,5]. Hence, there is a very good correspondence between the XRD and optical 

absorption data as regards the final synthesized product. The conclusion is drastically different 

when the results of the intermediate products are analyzed. The X-ray diffraction patterns indicate 

the presence of CA in the 15- and 30-minute samples, and MCA in the 45-minute sample. 

Nevertheless, the absorption spectra displayed in Figure 3 show remarkable differences between 

the synthesized materials and the corresponding pure substances, with notably red-shifted band-

gaps in the synthesized materials when compared to those of the pristine reference materials.  

 

 
Figure 3. UV-Vis absorbance (in terms of the K-M absorbance units) of the samples synthesized by thermal 

condensation of urea at 450 ºC during 15, 30, 45, and 75 minutes (with solid lines) and those of the reference 

pure samples (with dashed lines) of urea (U), cyanuric acid (CA), melamine (M) and melamine cyanurate 

(MCA).  

 

An explanation for this apparent discrepancy is provided by theoretical analyses 

employing semi-empirical quantum chemistry methods. The progressive shift of the absorption 

band-gap of melon oligomers was previously addressed in [3] as part of the process in a 

conventional extrapolation method for the estimation of polymer band-gaps [37,38]. These 

analyses show a very mild variation of the edge of the excitation spectra as the melon oligomer 

order grows. On the other hand, the formation of 2D polymer sheets by the hydrogen bond linkage 

of 1D melon chains by hydrogen bonds does not produce relevant shifts of the optical band-gap 

[3]. These results can be interpreted [3,39] as the result of the effective electronic isolation of the 

heptazine units in 1D and 2D melon arrangements. Figure 4 displays the reconstructed absorption 

spectra resulting from the INDO/S calculations for different oligomer orders normalized to the 

number of heptazine units in the molecular arrangements. The results for the fundamental melem 

unit are also shown. Besides the progressive shift of the optical band-gap, we observe an increase 

of the expected absorbance with the oligomer order. 

The calculated results account for the aforementioned illusive divergence in the XRD and 

UV-Vis measurements displayed, respectively, in Figures 2 and 3. Aside from the transformation 

of the initial reagent following the U→CA→MCA chain that eventually leads to the complete 

production of graphitic carbon nitride, there exists an accompanying early formation of 0D 

melem, and 1D and 2D melon units. In this scenario, the absorption spectrum of the 15-minute 

sample in Figure 3 corresponds mainly to the nascent production of melem and very low order 

melon oligomers, whereas the 30- and 45-minute products indicate that the transformation of the 
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initial reagents towards the MCA is accompanied by the production of increasing size well 

conformed 2D polymer sheets. The theoretical analyses predict small variations of the optical 

spectra as the condensation of the 2D phase progresses, consistent with the measurements 

performed on the 30- and 45-minute samples. There is also a very good agreement between the 

spectral position of the predicted lowest energy absorption band in Figure 4 and the measurements 

of these 1D and 2D phases shown in Figure 3. On the other hand, the strong inter-layer electron 

interactions in the final graphitic carbon nitride product (75-minute sample) with a full 3D 

formation (as observed from the XRD measurements) have a notable impact on the optical 

absorption spectrum depicted in Figure 4. Therefore, the analysis of the intermediates produced 

in the synthesis of g-C3N4 permits the full reconciliation of the theoretical predictions of the 

absorption spectra of these substances with the measured data. In previous works [3,39], the 

apparent discrepancy was misinterpreted as the result of a small inaccuracy of the theoretical 

predictions.  

 

 

 
 

 
Figure 4. Calculated UV-Vis spectra of the melon oligomers using the INDO/S method and ground states 

geometries optimized with the PM6 Hamiltonian. Absorption intensities have been normalized to the 

number of heptazine units in the oligomer. 

 

 The analysis of the absorption properties displayed in Figures 3 and 4 shows, in good 

agreement with the theoretical predictions, that once a certain degree of condensation of the 2D 

phase has been achieved, further consolidation of the sheets has little effect on the absorption 

properties of the material, as indicated by the curves corresponding to 30- and 45-minute samples. 

The situation is different as regards the luminescence properties. It is important to highlight that 

the fact that the band-gaps of the pure samples of U, CA, and MCA are far from the excitation 

wavelength employed (365 nm), as shown in the absorption spectra of Figure 3, which guarantees 

a negligible impact from the crystalline phases on the luminescence properties of the samples and 

effectively isolates the study on the amorphous phases based on the luminescence properties. 

Figure 5 displays the emission and excitation spectra of the synthesized and reference samples. A 

wide variation in the luminescence response can be observed in the synthesized samples, with the 

strongest response, at the chosen excitation wavelength, from the 45-minute sample. Also, in good 

accordance with the measurements previously performed on the absorption spectra that show that 

the bandgaps of all the pristine reference materials are largely shifted to the ultraviolet end of the 

spectrum, an extremely weak luminescence under the excitation wavelength is observed in all the 

reference samples. The measurement of the luminescence quantum yield (QY) of the four 

synthesized samples gives 21.29%, 8.55%, 12.08%, and 5.47% for the samples after treatment 
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for 15, 30, 45, and 75 minutes. The QY of the 75-minute sample is very similar to previously 

reported values for bulk g-C3N4 [24], 4.80%, and confirms the full transformation into the final 

product observed in the XRD measurements. In spite of the observation of a lower luminescence 

response, the highest QY observed for the 15-minute sample is well correlated with the also small 

absorption at the excitation wavelength. The measured QY is close to the previously reported 

value for ordinary melem [24], 35.16%, and we can attribute the observed optical response to the 

nascent production of the melon monomer, in a relatively small concentration, after 15 minutes 

of treatment. As regards the samples obtained after longer thermal treatments, we obtain 

intermediate values between those of pure melem and the final g-C3N4, with a larger value of the 

QY after 45 minutes of treatment. We connect these results with the progressive generation of 1D 

and 2D melon oligomers in this temporal range.  

 

  

  
 

Figure 5. (Left) Excitation and (right) emission spectra. The emission spectra have been characterized upon 

excitation at 365 nm, and the excitation spectra at the maximum emission wavelength of each sample. 

Results are presented for the samples synthesized by thermal condensation of urea at 450 ºC during 15, 30, 

45, and 75 minutes (with solid lines) and those of the reference pure samples (with dashed lines) of urea 

(U), cyanuric acid (CA), melamine (M) and melamine cyanurate (MCA). Legend has only been included 

in the plot on the right, but the curve labels are the same for both graphs. 

 

 

THz-TDS is a very useful characterization method, especially well-suited for crystalline 

materials with long-range vibration modes, which typically produce neat resonance peaks [27]. 

Nevertheless, this technique has also proven to be extremely convenient in the analysis of layered 

materials when these types of vibrations are present either in the 3D or the 2D phase [3,29], i.e., 

with and without strong inter-layer interactions, respectively. For materials with a low degree of 

crystallinity, the terahertz spectrum typically displays a loosely defined absorption signature that 

monotonically grows with frequency. Nevertheless, when related materials of this type are 

analyzed, and there exists a spatially extended vibration mode typical of this spectral region, the 

careful analysis of these apparently poorly defined absorption features provides very useful 

information on the degree of organization of the layered structure. This is the case, for instance, 

in the classification of different types of graphites according to their structural ordering using the 

terahertz response [29]. In graphite, the existence of a vibration mode characteristic of the 3D 

arrangement provides an enhancement of the terahertz attenuation correlated with the inter-layer 

structural organization. In the case of polymeric carbon nitride [3], on the contrary, it is the 2D 

phase the one that exhibits a series of vibration modes, with a peak response close to 1.8 THz, 

which are quenched in a full 3D organization. Therefore, the increase of the structural order and 

the inter-layer interactions is anti-correlated with the terahertz attenuation.  
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Figure 6. Terahertz attenuation spectra of the samples prepared with 15, 30, 45, and 75 minutes of treatment 

of urea at 450 ºC measured using THz-TDS. The measurement of a pristine melamine sample is also 

included, with a dashed trace, as reference.  
 

The terahertz spectra of the synthesized samples are shown in Figure 6. Instead of 

absorbance units, A, the plots display attenuation coefficient data, , related to the former as 

A=L, where L is the sample thickness. This permits a fair comparison of samples with varying 

signal propagation paths L. These data have been obtained from the time-domain photocurrent 

traces at the spectrometer’s receiving antenna, which are shaped not only by the materials’ 

parameters but also from the etalon effect due to reflections at the sample-air interfaces. The 

signal processing performed on the photocurrent data to obtain the material parameters is similar 

to that discussed in [40]. In the analysis of THz-TDS signals from low crystallinity samples, the 

reduction of the dynamic range at the high-frequency edge of the spectrum can carve the measured 

broad spectral bands typical of disordered materials, producing an artifact resembling a resonant 

peak [41]. Therefore, the absorption traces in Figure 6 have been truncated to avoid this artifact. 

For reference purposes, the measured spectrum of a pristine melamine sample has also been 

included. As it is well-known, this substance displays a well-defined peak at 2 THz [42]. The 

plotted results show a slight frequency down-shift of this resonance due to the dynamic range 

limitations of the spectrometer. 

The analysis of the synthesized samples with different treatment times shows a growth of 

the attenuation from the 15-minute to the 30-minute samples. The 45-minute sample displays an 

attenuation smaller than that of the 30-minute sample at the lower frequency range, but the slope 

of the curve increases as the 1.8 THz region is approached, and attenuation eventually takes over 

that of the 30-minute curve. The curve of the 75-minute sample, with the full transformation into 

the final graphitic carbon nitride product, shows a drastically reduced attenuation. Therefore, the 

THz-TDS data are fully consistent with the interpretation of the non-crystalline phases in the 

various samples deduced from the optical properties, where the evolution of the crystalline phase 

is accompanied by partial condensation of 1D and 2D melon intermediates. The measurements at 

15- and 30-minutes indicate the progressive formation of an amorphous phase compatible with 

the presence of low-order melon oligomers, as evidenced by the luminescence measurements and, 

possibly, additional −also amorphous− intermediate substances, as indicated by the XPS 

characterization discussed below. The 45- and 75-minute measurements evidence the progressive 

organization of the material in larger melon sheets and the final production of melon-structured 

g-C3N4, with strong interlayer interactions that hamper the long-range vibration mode 

characteristic of 1D and 2D melon arrangements [3].  

The infrared spectra of carbon nitride intermediates synthesized with urea are presented 

in Figure 7, while the infrared spectrum of carbon nitride itself has been discussed in detail in 
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several previous research reports [22,26,3]. The spectrum of urea is characterized by the bands of 

C=O stretching around 1700 cm-1, the N-H bending between 1600-1450 cm-1, and the N-H 

stretching between 3500 and 3100 cm-1. These bands are still present in the intermediates after 

15, 30, and 45 minutes (Figure 7), while they disappear in the 75-minute sample that can be 

considered a full-formed g-C3N4. On the other hand, the bands relative to g-C3N4 are growing, 

especially the one related to the secondary bridging amine at 1237 cm-1. It is also noteworthy the 

presence in the 45-minute sample of bands corresponding to melamine cyanurate, as shown in 

Figure 8. Considering that the secondary bridging amine is not well-developed, it is probable that 

−apart from melamine cyanurate− melon oligomers prevail, conferring the characteristic 

luminescence properties.  

 

 
Figure 7. Infrared spectra of the urea sample ‘as-is’ (U), and after treatment at 450 °C for different times. 

Vertical dashed lines mark the resonances at (from left to right) 1603, 1404, 1237, 976, 874, 808, and 770 

cm-1. 

 

 

It should also be pointed out that the peak 808 cm-1 in Figure 7, arising from bending 

modes of the tri-s-triazine units, can be related to long chains, while the band at 874 cm-1 should 

be related to short chains, as discussed in a previous research report [46]. Therefore, the increase 

in the relative intensity of the peak at 808 cm-1 in the 75-minute sample may be ascribed to the 

prevalence of longer chains. The band at 808 cm-1 appears markedly in the 75-minute sample, 

while in the samples treated for shorter times the band at 874 cm-1 prevails, in agreement with the 

predominance of oligomers. The broad band centered at 2500 cm-1 in the hydrogen bond region 

was evidenced in both melamine cyanurate and the sample treated for 45-minutes, which indicates 

that the complex of melamine cyanurate is an important intermediate in the formation of g-C3N4, 

although it is mixed with all other intermediates. The formation of triazines (cyanuric acid and 

melamine in the adduct) is highlighted by the presence of the band around 770 cm-1, which is 

attributable to the triazine bending mode (Figures 7 and 8). Summing up, all the IR data are 

compatible with the development of a well-formed carbon nitride through several steps: starting 

from the formation of the intermediate complex of melamine cyanurate, then passing from short 

chains to longer chains of melon, to finally yield g-C3N4. The determining factors are temperature 

Jo
urn

al 
Pre-

pro
of



and time; in fact, at the given temperature of 450 °C, all the stages can be detected in continuous 

succession. 
 

 

 

Figure 8. Comparison of the infrared spectra of the complex of melamine cyanurate (MCA), and the sample 

of urea treated at 450 °C for 45 min. The dashed lines mark the main bands of melamine cyanurate at (from 

left to right) 3370, 3221, 1782, 1722, 1650, 1521. 1199, 1083, 911, and 757 cm-1, while the circle highlights 

the H-bond region. 

 

 Electron microscope images from the sample synthesized after 45 minutes of thermal 

treatment are shown in Figure 9. The SEM images in the top row of Figure 9 display a general 

view of a flake of the material. The second row shows TEM images of a section of the flake 

where, as expected, it can be appreciated the presence of both an amorphous phase and granular 

inclusions that are assigned to MCA crystallites. The detailed reaction path in a specific thermal 

condensation route of graphitic carbon nitride imprints on the final material its peculiar 

morphology, which can widely vary among synthesis paths [6]. Even marked differences in the 

physical and chemical properties depending on the reaction chain can be observed [43]. Although 

graphitic carbon nitride has not yet been formed in the sample after 45 minutes of treatment, in 

the TEM images it can be observed that the morphology of the amorphous phase consists of large 

layers with wrinkles and pores on the surface, consistent with that reported by [44] for g-C3N4 

nanosheets synthesized through urea polymerization in Ar atmosphere at the same temperature 

(given that at higher temperatures cracking and rolling into smaller atrium-like segments 

occurs). According to [45], who also studied by SEM and HRTEM samples of g-C3N4 prepared 

from different precursors, carbon nitride prepared from urea has a distinctive structure due to gas-

release during thermal polymerization, which generates ultrathin 2D sheets (in the heating stage, 

urea condenses and releases NH3, H2O, and CO2 at the same time, which results in the formation 

of a thin, porous layered material). The third row in Figure 9 (left) permits the identification of 

the layered arrangement in one of these crystalline inclusions. The image on the right displays the 

results from the selected area electron diffraction (SAED) analysis, showing a diffraction 

signature corresponding to an interlayer spacing of 3.28 Å, in good agreement with that of MCA 

obtained from XRD measurements. These crystalline domains are analyzed in more detail in the 

HRTEM images displayed in the fourth row in Figure 9, in which the lattice fringes can be clearly 

seen, confirming the interlayer spacing obtained from SAED data. 
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Figure 9. Electron microscopy results for the sample treated during 45 minutes at 450 ºC: SEM 

measurements (top row), TEM results (second row), electron diffraction (third row), and HRTEM (fourth 

row). 
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The survey spectrum of XPS of the sample treated for 45 minutes is displayed in Figure 

10, and Table 1 shows the atomic concentration of carbon, nitrogen, and oxygen. The 

deconvolution of the C1s, N1s and O1s peaks and the attribution to different atomic species are 

displayed in Figure 11 and Table 2. The elementary species present in the sample are consistent 

with the interpretation of the material as a mixture of, at least, MCA crystallites and 1D and 2D 

melon oligomers. If we attributed the whole oxygen content to the MCA crystalline phase, the 

result would be a very high contribution of MCA to the total composition of the material. 

Nevertheless, the remaining carbon and nitrogen would be in a proportion far from the relation 

close to 1:1.5 expected from long-chain melon oligomers, indicating the existence of additional 

substances besides MCA and melem oligomers. XPS measurements also show a significant 

contribution from sp3 nitrogen widely exceeding the yet abundant expected contribution from the 

amino groups bridging the polymer. If we focus on the C sp2 and N sp2 species, we find a 1.375 

nitrogen/carbon ratio, while the expected value for the polymeric carbon nitride is 1.5. If the 

sample were a perfect mixture of fully synthesized polymer and melamine cyanurate, this data 

would indicate that melamine cyanurate would account just for 12.5% of the molar content. This 

indicates that the 45-minute sample is a blend of compounds with nitrogen/carbon ratios ranging 

from the value of 1 of melamine cyanurate and passing, through intermediates with growing 

values of this ratios, to the well-formed polymer. The C and N sp3 probably belong to compounds 

that, by decomposition, leave the reaction environment. 
 

 

 
 

 

Figure 10. Survey of the sample treated during 45 minutes at 450 ºC. 

 

 

 

 

 

Name  Peak BE FWHM eV Area (P) CPS.eV Atomic % 

C1s 288,19 2,6 718823,34 47,09 

N1s 399,21 3,05 1077181,04 41,56 

O1s 531,85 2,63 442895,14 11,35 

 

Table 1. Data from the survey spectrum with the atomic percentage of detected elements. 
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Figure 11. Deconvolution of the C1s, N1s, and O1s peaks: (a) C1s scan, (b) N1s scan, and (d) O1s scan. 

 

 

 

 

 

Name  Peak 

BE 

FWHM eV Area (P) CPS.eV Atomic % 

C1s C-C, C-H 284,80 1,26 24237,71 26,85 

C1s C-O-C, C-O-H 285,82 1,53 7070,15 7,84 

C1s N-sp3 288,31 1,44 40476,64 44,92 

C1s N-sp2 289,33 1,38 18363,98 20,39 

Total    100% 

N1s N sp3 398,78 1,35 63537,64 47,35 

N1s N sp2 399,83 1,23 42538,92 31,72 

N1s N-(C=O) 400,81 1,22 28057,16 20,93 

Total    100 

O1s C-O-C, C-OH 531,93 2,08 55286,51 100 

 

Table 2. Atomic concentrations of C1s, N1s, and O1s species and the positions of the peaks. 

 

There exists a wide variety of nitrogen-rich substances that, under thermal treatment 

above a certain temperature, lead to the eventual formation of graphitic carbon nitride through 

different reaction paths. It has been reported [47] the existence of a well-defined class of such 

synthetic routes that share the production of melem [24] as an intermediate. The course to melem 

can be direct, using non-metal tricyanomelaminates as initial reagents [48], or through melamine, 

acting either as the synthesis precursor [18] or as an intermediate. The presence of melamine in 

the synthesis route defines a subclass of this family including paths where dicyandiamide and its 

salts act as initial reagents [49]. At the same time, this sub-class of paths includes the possible 

formation of melam as an intermediate, depending on the synthesis temperature [50].  

By analyzing the chain of intermediates in the reaction path of the thermal synthesis of g-

C3N4 from urea, we have established the probable linkage defining another class of thermal 

condensation paths that share the presence of melamine cyanurate, either as the precursor or an 

intermediate in the synthesis. This class, where MCA plays the role of ultimate intermediate, 

includes various materials that, when used as initial reagents, eventually lead to the formation of 

graphitic carbon nitride. These include urea [16], the melamine cyanurate adduct [22], and 

mixtures of cyanuric acid and melamine [51], uric acid and melamine [52] −through the 

transformation of uric acid to cyanuric acid−, and urea plus cyanuric acid and melamine [53].  
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4. CONCLUSION 

We have revisited the well-known synthesis of graphitic carbon nitride from urea focusing on the 

sequence of the intermediates obtained in the process by observing the products obtained at 

different reaction times. The analysis of the crystalline phases indicates the existence of a well-

defined sequence starting with the formation of CA, after 15 to 30 minutes of treatment, and 

followed by the transformation into MCA after 45 minutes, prior to the generation of the final 

product at 75 minutes. These three substances, individually, have been used for the production of 

g-C3N4 via thermal condensation. Therefore, our study unifies the syntheses from these reagents 

into a single class where MCA is the ultimate precursor. This result brings some order to the 

thermal generation of g-C3N4 from nitrogen-rich materials. Nevertheless, the fact that very closely 

related substances can be used in this type of synthesis following widely diverging paths is 

compelling and deserves further scrutiny. 

 The complexity of this subject is best illustrated by the results of our analyses performed 

on the non-crystalline phases in the intermediates. In particular, the presence of melon oligomers 

is witnessed by the optical absorption and emission properties of the synthesized materials. The 

wide separation of the band-gap of the crystalline substances from the excitation wavelength 

guarantees a negligible interference from these materials. Both melon and melem are of high 

interest as metal-free, environmentally-friendly chromophores, suitable for cheap industrial mass-

production. We find that the melon oligomers have an intermediate QY between those of melon 

and melem that grows with the complexity of the compound. The analyses of the optical 

absorption are in excellent agreement with our theoretical predictions. HRTEM analysis confirms 

the picture depicted above, and the presence of MCA crystallites before the full production of g-

C3N4. Measurements of the infrared and far-infrared vibrational spectra provide a full picture of 

the chain of transformations of the whole material combining crystalline and amorphous phases. 
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HIGHLIGHTS: 

 

• We study the intermediates in the thermal synthesis of graphitic carbon nitride from 

urea.  

• We identify the existence of a class of thermal condensation routes to graphitic carbon 

nitride where melamine cyanurate is the ultimate precursor. 

• We also determine the simultaneous production of an amorphous phase with a 

significant presence of melon oligomers and analyze its optical properties.     
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