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Synthesis of Metal-Free Lightweight Materials with Sequence-
Encoded Properties  

Adi Azoulaya, Jesús Barrioa, Jonathan Tzadikova, Michael Volokha, Josep Alberob, Christel Gervaisc, 
Pilar Amo-Ochoad, Hermenegildo Garcíab, Félix Zamorad,e, Menny Shalom*a

A high-temperature solid-state synthesis is a widespread tool for the construction of metal-free materials, owing to its 

simplicity and scalability. However, no method is currently available for the synthesis of metal-free materials, which enables 

control over the atomic ratio and spatial organization of several heteroatoms. Here we report a general and large-scale 

synthesis of phosphorus-nitrogen-carbon (PNC) materials with highly controllable elemental composition and structural, 

electronic, and thermal stability properties. To do so, we designed four different crystals consisting of melamine and 

phosphoric acid with different monomers sequences as the starting precursors. The monomer sequence of the crystals is 

preserved upon calcination (up to 800 °C) to an unprecedented degree, which leads to precise control over the composition 

of the final PNC materials. The latter exhibit a remarkable stability up to 970 °C in air, positioning them as sustainable, 

lightweight supports for catalysts in high-temperature reactions as well as halogen-free fire-retardant materials.

Introduction 

Metal-free materials have emerged as a new class of materials 

with a wide range of applications, spanning catalysis, batteries, 

fuel cells, and other energy-related applications thanks to their 

tunable electronic, structural, and catalytic properties, as well 

as their low-price.1 The insertion of heteroatoms within carbon 

matrices is a versatile tool for tuning their conductivity, optical, 

and electronic properties, encompassing semimetal-like 

properties, semiconductors, and insulators, depending on the 

atomic size and electronegativity of the doping element 

compared to carbon, as well as the relative concentration of 

heteroatom.2 From similar considerations, when three 

elements (namely, phosphorus, nitrogen, and carbon, i.e., PNC) 

serve as the building blocks, many new materials ranging from 

polyphosphazenes to phosphorous- and nitrogen-doped carbon 

can be synthesized, resulting in a wide spectrum of exciting 

properties.3–5 For example, integration of a P-N group in carbon 

frameworks dramatically enhances their stability at high 

temperatures due to the formation of strong P-N bonds in the 

scaffold.6 Furthermore, P and N alter the materials’ electrical 

and thermal conductivity. Along with their excellent thermal 

stability, tunable composition, and low density, 

polyphosphazenes could be convenient candidates as 

heterogeneous catalysts or catalyst supports. Typical industrial 

catalyst supports are based on metal oxides, such as alumina-

silicates, among others, being a source of contamination once 

the catalysts are deactivated. However, the polyphosphazenes 

presented herein show environmentally friendly combustion 

by-products. On the other hand, they could offer the possibility 

to act also as halogen-based flame-retardants materials.7 

Moreover, the dissimilar electronegativity leads to tunable 

optical and electrical properties, enabling their utilization in 

various research fields.8,9 However, up to today, the design of 

these materials at high temperature is highly challenging due to 

the complex solid-state reactions, which do not allow control 

over the atomic composition and organization within the 

scaffold. The high temperature together with the solid-solid 

interaction of two or more monomers make it almost 

impossible to precisely control the synthesis path and the final 

composition and properties of PNC materials. Recently, we and 

others have demonstrated the utilization of supramolecular 

aggregates and crystals as reactants for the synthesis of carbon 

nitride (CN) polymers.10–12 This approach permits the synthesis 

of CN polymers with good control over their structural, 

chemical, and electronic properties thanks to the imprint of the 

molecular order13 from the precursor-level to the final CN.14 

Therefore, this approach can potentially provide the capability 

to rationally synthesize any framework with a controlled 

elemental composition, including with structurally targeted 

insertion of heteroatoms, toward its application in a given field. 
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Here we show a general, simple, and large-scale synthesis of 

phosphorus-nitrogen-carbon (PNC) materials with highly 

tunable elemental composition as well as structural, electronic, 

and thermal stability properties. To do so, we designed and 

prepared four phosphoric acid–melamine monocrystalline 

materials with different monomers sequence and spatial 

organization, prepared through slow evaporation of an 

aqueous solution of the reaction monomers. Upon calcination 

up to 800 °C, well-organized PNC materials with tunable 

elemental composition as well as controlled properties were 

achieved. Specifically, this approach allows a precise 

control over phosphorus amount ranging from 10 to 50 wt. %, 

much higher than the standard inclusion of phosphorus in CN 

frameworks by other means, which typically results in 

trace doping. Their designed elemental and structural 

morphology endow the direct measurements of the 

materials’ conductivity and thermal stability to oxidation, 

demonstrating remarkable stability under harsh reaction 

conditions, as the materials are stable up to 970 °C under air.  

Results and discussion 

Four different phosphoric acid–melamine (PAxMy, where x:y is 

the initial molar ratio) monocrystalline materials were designed 

by slow evaporation of an aqueous solution of the starting 

monomers in different molar ratios, ranging from 2:1 to 1:4. 

(See experimental section for further details). Single crystal X-

ray diffraction (SC-XRD) indicates the strong dependency of the 

crystal structure and cell parameters for each one of the crystals 

with the starting molar ratio, leading to different crystals with 

altered monomers order (Table S1). The material prepared with 

the highest amount of phosphoric acid (PA2M1) afforded a 

melaminium ortophosphate structure with triclinic crystal 

system,15 while decreasing the phosphoric acid relative amount 

to a 1:1 ratio resulted in an unprecedented PA1M1 crystal 

structure, where a diprotonated melamine unit is hydrogen-

bonded to a phosphoric acid molecule through an endocyclic 

nitrogen atom (Fig. 1, Table S2). The most relevant distances 

and angles are displayed in Table S1. Further alteration of the 

PA:M ratio to 1:2 produced another structure where the 

melamine unit is connected by a hydrogen bond to a water 

molecule, while another two water molecules are connected to 

a single phosphoric acid molecule that is linked to the second 

melamine unit in the structure.16 The analysis of PA1M4 revealed 

a polycrystalline nature with two different crystal structures, 

corresponding to PA1M2 and to pure melamine (Fig. S1).  

The structures of the single crystals are further supported by 

powder X-ray diffraction (P-XRD) pattern analysis and Fourier 

transform infra-red (FTIR) spectroscopy measurements of all 

materials, which are provided in Fig. S2. Both XRD and FTIR 

show the ordered hydrogen bonds interactions between the 

materials’ precursors (full discussion is provided in ESI). Optical 

microscopy images (Fig. S3a–e) of single crystals from the 

different materials show parallelogram-shaped structures for 

melamine, PA1M4, and PA1M2, while increasing the phosphoric 

acid-to-melamine molar ratio in the synthesis leads to thinner 

and more compressed needle-like structure. The images 

obtained for PA1M4, the crystalline material with the lowest P 

wt. %, (Fig. S3b) suggest a superposition of morphologies of 

both PA1M2 and melamine single crystals. 
31P MAS spectra of PA2M1, PA1M1, PA1M2, and PA1M4 crystals 

(Fig. S4a) show signals around 0 ppm, typical of PO4 

environments. Moreover, as expected, signals are similar for 

PA1M2 and PA1M4. Calculated values for PA1M2 and PA2M1 (1.3 

and 0.3 ppm) are in excellent agreement with experimental 

ones (1.4 and -0.1 ppm). In the case of PA1M1, the spectrum 

shows 3 peaks at 3.9, 1.3 and -0.8 ppm, which are not expected 

according to the crystalline structure with only one phosphorus 

site (calculated at 2.8 ppm). This suggests the presence of some 

disorder or defects, which are difficult to quantify owing to the 

complicated 31P spectrum. 13 CP MAS spectra of the crystals (Fig. 

S4b) show two signals around 165 and 158 ppm corresponding 

in PA2M1, PA1M2, and PA1M4 to (i) carbons linked to two 

deprotonated nitrogens in the cycle and (ii) carbons linked to 

one protonated and one deprotonated nitrogen in the cycle, 

respectively, in good agreement with the relative intensities 

and calculated values. In the case of PA1M1, carbon C2 is 

expected around 156 ppm according to calculations and in 

agreement with similar environments in PA2M1 and PA1M2. It 

should be noticed that in the case of PA1M4, the signal at 165 

ppm is probably the superimposition of C2 in PA1M4 and 

carbons of melamine expected around 167 and 169 ppm17 (but 

difficult to observe by CP MAS since the nitrogens of the cycle 

bonded to the carbons are not protonated). 

Scanning electron microscopy (SEM, Fig. S5) shows smooth 

surfaces, a typical feature for highly crystalline molecular 

complexes. Inductively-coupled plasma optical emission 

spectroscopy (ICP-OES) and elemental analysis (EA) of the 

crystalline materials (Fig. S3f and Table S3) reveal that the 

starting monomers’ relative content is fully reflected in the final 

crystals thanks to the formation of different crystalline 

structures from the different monomer ratios, allowing a 

precise control over the elemental composition. The latter, 

together with the single-crystal character of the materials, 

illustrates the possibility enabled by this approach to tailor the 

design of the precursor crystalline material with excellent 

control over their monomers composition and organization. 

In order to evaluate the potential use of the different 

phosphoric acid–melamine (PAxMy) materials as precursors of 

phosphorus-nitrogen-carbon materials with different elemental 

compositions, we studied their reaction progress by thermal 
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gravimetric analysis (TGA) under nitrogen atmosphere (Fig. 2), 

for which PA1M1 and PA1M2 were selected. The strong 

interactions between phosphoric acid and melamine are made 

evident by the significant quenching of the melamine 

sublimation and degradation. While melamine alone degraded 

completely upon heating to 800 °C, the calcination of PA1M1 and 

PA1M2 at 800 °C resulted in mass yields of 30 % and 17 %, 

respectively. Moreover, the TGA profiles reveal a close 

relationship between the starting sequence and the reaction 

progress. In the case of PA1M1, melamine mainly reacts with 

phosphoric acid and the typical condensation at ~340 °C was 

barely detected.18 The increase in melamine content, which 

results in two melamines being in contact with each other (Fig. 

S1), alters the solid-state reaction course and the typical 

condensation is clearly prominent on the TGA profile of PA1M4. 

Therefore, phosphorus-nitrogen-carbon materials (PNCx, where 

x is the molar ratio PA:M) with different elemental compositions 

were obtained by the thermal treatment of the various 

monocrystalline materials at 550 and 800 °C for 4 h under an 

inert N2 atmosphere (see schematic in Fig.1 and Fig. S6). 

FTIR measurements of PNCx 550 (Fig. S7a) show that the tri-s-

triazine units’ breathing mode, located at 810 cm–1, gradually 

disappeared with increased x values, which illustrates how the 

addition of PA in the synthesis strongly modifies the typical C-N 

heterocycle structure of carbon-nitrogen materials prepared by 

thermal treatment of melamine.19 The FTIR spectra of PNCx 

synthesized at 800 °C (Fig. S7b) display four broad peaks. The 

peak at 750 cm–1, which stems from C-O-P vibrations,20 

vanishes in the PNC2 800 spectrum, probably due to very low 

carbon content in this sample. Nevertheless, stretching 

vibrations corresponding to phosphate groups, ν(P-O-P/ PO4
–3), 

can be observed at 926 cm–1, along with a peak at 1240 cm–1 

which stems from a P=O stretching vibration.21,22 At higher 

wavenumbers, only the stretching modes of C-N units, ν(C-N=C) 

can be observed at 2160 cm–1. The XRD patterns of PNCs 

confirm that the crystal structures stray from the typical 

structure of heptazine-based C-N materials. PNC0.25 550 (Fig. 

S7c) exhibits the typical peaks of layered carbon nitride 

materials at 13.1° and 27.2°, which are usually ascribed to 

<100> and <002> planes, respectively.18 The further insertion of  
phosphorus results in broader diffraction peaks at 25.8° for 
PNC0.5 550 and 22.6° for both PNC1 550 and PNC2 550, standing 
for a larger inter-layer spacing (d) which is associated with 
<002>. The materials prepared at 800 °C (Fig. S7d) show only a 
single diffraction at 22.7° for PNC2, which shifts to higher 2θ 
values when lowering the phosphorus amount, indicating a

closer packing of the layered units. Furthermore, the materials 

with low P content show a broader diffraction peak suggesting 

a more amorphous nature. 

X-ray photoelectron spectroscopy (XPS) analysis was carried out

in order to characterize the new chemical bonds formed during

the thermal condensation. Both PNCx 550 and PNCx 800

chemical compositions include P, C, N, and O, confirming the

phosphorus preservation from the single-crystalline precursors

to the final materials (Fig. S8). In the XPS P2p spectra of PNCx

550, two species are shown at binding energies of 133.7 and

135.3 eV, standing for both P-N/ P=N bonds and oxidized

phosphorus, respectively.23–25 The N1s spectra show four

species for all PNCx 550 samples. These peaks are centered at

397.05–397.59, 398.21–398.65, 399.1–399.58, and 400.36–

400.88 eV and can be assigned to both -N=P /-N-P species, C-

N=C coordination, remaining amine groups, and to nitrogen

oxide, respectively.25–29 Changing the initial phosphorus

amount in the precursor crystal has a significant influence on

the final composition: a drop in phosphanimine species from 32

wt. % for PNC2 550 to 5 wt. % PNC0.25 550, was observed. The

PNCx 550 C1s spectra (Fig. S8c) show four peaks at 284.8, 286.0,

287.8, and 290.1 eV, that correspond to the chemical states of

C-C, C-O, C=N-C, and O=C-O, respectively.30–33 A higher number

of melamine units in the starting crystals resulted in a higher

contribution of C-N=C, due to the formation of graphitic carbon

nitride-like polymers. The XPS P2p spectra of all PNCx 800

samples show negligible differences between the chemical

states compared to PNCx 550 (Fig. S9a). In the case of PNC2 800,

the peak corresponding to phosphanimine groups is slightly

shifted to higher binding energies, probably a result of a higher

oxygen content in the sample. The N1s spectra of PNCx 800 (Fig.

S9b) also show similarities to those of PNCx 550; nevertheless,

in the case of PNC1 800 and PNC2 800, several differences can

be observed, such as an additional peak located at 401.5 eV,

corresponding to the positively charged amine group, and the

presence of only three nitrogen species in PNC2 800 (full

discussion and peaks assignments are given in the SI). In the

case of C1s, we can conclude that the binding energies and

chemical species of PNCx 550 are partially retained in PNCx 800

(Fig. S9c). The presence of all the above-mentioned oxides is

confirmed in the O1s spectra of PNCx 550 and PNCx 800 (Fig. S8d

and S9d).

Solid-state NMR measurements were recorded to gain

additional insights about the structures of the final materials

and elucidate a feasible reaction pathway. Therefore, two

intermediates were synthetized at 350 and 650 °C and analyzed.
31P NMR signal of PA1M2 single crystals shifts to more negative

values upon calcination at 350 and 550 °C (Fig. 3a), suggesting

the formation of P-N bonds in the structure.6 This trend can be

observed for the 31P NMR spectra of the other PNCx materials

as well (Fig. S10). Additionally, upon increasing the P content

and the calcination temperatures (550–800 °C), broader peaks

related with the amorphous nature of the materials are

observed, suggesting the existence of large distribution of

phosphorus species in the structures. Considering the lack of

NMR data in the literature for PNxO4–x groups, we applied

structural modeling (Fig. 3c and Fig. S11) to calculate the
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possible 31P and 13C chemical shift values in different small 

systems in which phosphorus is coordinated to melamine or 

melem (2,5,8-triamino-tri-s-triazine) groups through P-N bonds, 

corresponding the different type of phosphorus environments 

that could be expected in these systems. The calculated 31P 

chemical shift values are in the range from -2 to -30 ppm (Fig. 

3c and Fig. S11), confirming that the large signals observed after 

heat-treatment are due to a distribution of PNxO4–x 

environments. 
13C CP MAS NMR spectra show two main carbon species 
centered around 158 and 165 ppm up to 550 °C (Fig. 3b and Fig. 

S12) which is not properly reproduced with the models 

obtained with melamine substituents of P. Indeed in this case, 

all carbon chemical shift values are calculated above 166 ppm 

consistently with melamine spectrum.17 On the other hand, 

when P is linked to melem groups, two main type of chemical 

shifts are calculated: around 166 ppm for C linked to NH2 groups 

and around 158 ppm for the other carbon atoms. This is in much 

better agreement with experimental data suggesting 

condensation of melamine into larger cyclic structures at higher 

temperatures. 

Further analysis of the chemical composition of PNCx materials 

was obtained by elemental analysis (EA) and ICP (Tables S4 and 

S5), which show a fine control over the elemental composition 

at both calcination temperatures, as well as a sheer rise in 

phosphorus content with higher PA-M ratios (reaching 35 wt. % 

for PNC2 550 and 51 wt. % for PNC2 800), which goes along with 

a strong decrease in the relative nitrogen and carbon content.

Moreover, the disappearance of one of the carbon species, 

which is evident from the PNC0.5 650 NMR 13C spectrum and is 

likely caused by a partial oxidation, is also well-supported by the 

EA results since the carbon content dramatically drops at 

calcination temperatures above 550 °C. It is important to 

emphasize that it is typical to observe a decrease of nitrogen 

during the formation of carbon nitride materials; however, 

here, because the P-N bond is strong compared to the C-N bond, 

the nitrogen is better retained upon heating and the relative 

amount of carbon is decreased. 

The control over the final composition of the materials leads to 

tunable absorption features as seen in Fig. S13, which in turn 

permit their potential uses as light-harvesting materials. The 

morphology of the PNCx materials, studied by SEM, strongly 

depends on the chemical composition and calcination 

temperature. The morphologies of PNCx 550 (Fig. S14) span the 

typical unordered features of melamine-based carbon nitrides 

in case of PNC0.25 550 to a more homogeneous and smoother 

morphology and structure at higher phosphorous content, 

reaching a large 2D sheets morphology for PNC2 550. Notably, 

even upon calcination at 800 °C, the size and shape of the 

molecular single crystals was completely preserved (Fig. 4). The 

preservation of the shape and chemical composition 

accentuates the uniqueness and versatility of utilizing organic 

single crystals for the design of functional carbon materials with 

targeted heteroatom insertion. For the PNCx 800, more ordered 

structures with smoother surfaces were observed upon 

increasing phosphorous content (Fig. 5a–d). Transmission 

electron microscope (TEM, Fig. 5e–h) images reveal a layered 

structure for all PNCx 800. The PNC2 800 is composed of very 

large (>2 μm), continuous and smooth 2D sheet-like 

morphology, while at lower x value, the layer’s size decreases, 

and a more porous structure is observed. Importantly, energy-

filtered TEM (EFTEM) for all PNCx 800 (Fig. 5i–l and Fig. S15) 

shows a homogenous distribution of phosphorus, nitrogen, 

carbon, and oxygen within the material. 

Having all the data in hand, we can conclude that the starting 

monomers sequence in the starting crystal strongly guides the 

reaction path as well as the growth and final properties of the 

materials after calcination at high temperature (Fig. 2a). The 

high degree of order in the starting crystals together with the 

strong hydrogen bond interactions keep the PA and M 

molecules in the same starting position even at high 

temperatures, leading to the reaction of adjacent molecules 
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according to the placement in the starting crystal. The 

monomers sequence determines the materials' type that will be 

synthesized in a great accuracy, endowing the final products 

with a great versatility in their electronic, optical, and other 

properties as will be discussed below. 

The excellent preservation of the single-crystal precursors 

macrostructure, i.e. shape and size, presents a unique 

opportunity to directly measure the electrical properties of the 

PNC0.5 materials by a single conductivity measurement (Fig. 

S16). For this analysis, PNC0.5 at 550 and 800 °C were selected 

and the recorded conductivity values were compared to state-

of-the-art values for CN materials measured using the same 

technique. The measured conductivity values are 7.8×10–9 S 

cm–1 for CN 500, 3.6×10–7 S cm–1 for PNC0.5 550 and 2.0×10–7 S 

cm–1 for PNC0.5 800. PNC0.5 550 showed a higher conductivity 

value than PNC0.5 800, probably a consequence of a higher 

carbon content within PNC0.5 550 than in PNC0.5 800 (Fig. S16b). 

Interestingly, the conductivity of both PNC0.5 materials is two 

orders of magnitude higher than that of the reported needle-

shaped carbon nitride synthesized at 500 °C, which confirm a 

higher degree of delocalized free electrons in the PNC0.5 

samples and the lack of crystals boundaries.12 

TGA measurements under air were used to evaluate the 

stability of the new materials to oxidation and their suitability 

as fire‐retardant materials. PNCx 550 TGA curves (Fig. S17) 

confirm the good stability of these materials, especially for PNC2 

550 and PNC1 550 due to a larger number of P=N bonds. TGA 

analysis of the final PNCx 800 materials (Fig. 6a) demonstrates 

their remarkable stability, with up to 90% of the starting mass 

retained at 970 °C, as shown by the T10 values (the temperatures 

at which 10% of the material’s mass is lost, Fig. 6a inset plot). 

The thermal stability of PNCx was further analyzed by exposing 

them to an open flame. PNC1 800 was burnt over an ethanol 

lamp flame (Fig. 6b–c, and SI movie). The mass of the sample 

after burning was about two times higher than before burning 

due to additional oxygen, confirming its high stability compared 

to P-doped carbon-nitrogen materials. XPS of PNC1 800 after 

burning (Fig. S18) shows that two oxide species have been 

formed including carbonyl and hydroxyl groups, and the peaks 

corresponding to the C-N=C group in both N1s and C1s spectra

completely vanished, suggesting some carbon release. The high 

thermal stability, owing to the P-N bonds, together with the 

high degree of composition tunability, opens the opportunity to 

utilize the PNCx materials as halogen-free fire-retardant 

materials, support for high temperature catalysis, metal-air 

batteries and other applications which require high-

temperature stability. 

To demonstrate the high thermal stability of PNCx 800, we 

introduced them as a lightweight metal-free support for Ni 

catalysts in a catalytic reaction at high temperature. With this 

purpose, CO2 methanation (Sabatier reaction) was selected as 

model reaction. This is typically conducted in the industry at 

high temperatures (ca. 400 °C) by means of metallic catalysts 

(Ni, Ru, etc.) supported on metal oxides (Al2O3, TiO2, ZrO2, 

CeO2). Ni/PNCx 800 catalysts were synthesized by wet 

impregnation of 25 wt. % NiII nitrate salt on PNCx 800 followed 

by thermal reduction under H2 atmosphere (see SI for further 

details). XRD patterns of all Ni/PNCx 800 materials (Fig. 7a) 

confirm the formation of the metallic nickel alongside the 

amorphous PNCx 800 (which is responsible for the diffraction ca. 

22.7°). These measurements also show some negligible peaks 

corresponding to NiO. It is worth noticing that under reaction 

conditions (2.0 bar H2, 0.5 bar CO2 and T = 400 °C) NiO species 

should be reduced to Ni0. Some representative HRTEM images 

of Ni/PNC2 800 are presented in Fig. S19. Round small 

nanoparticles (NPs) of different sizes are homogeneously 

distributed over the PNC surface. Energy dispersive X-ray 

spectroscopy (EDS) analysis confirmed Ni as the main element 

of the observed NPs. In all cases, a wide size distribution, 

ranging from few nanometers to about 100 nm is measured, 

with an average particle size of 35±19 nm. 

The catalytic activity of three different Ni/PNCx 800 materials 

was examined for CO2 methanation at 400 °C. 20 mg of Ni/PNCx 

800 catalyst were placed in a cylindrical reactor (51 mL) 

equipped with a thermocouple connected to an electrical 

heating ribbon and temperature controller. H2 and CO2 gases 

were loaded at partial pressures of 2.0 and 0.5 bar, respectively 

(see additional details in ESI). All Ni/PNCx 800 samples showed 

CH4 production after a reaction time of 20 h (Fig. 7b), and other 

gases as CO were not detected. It is also worth commenting that 

in the absence of Ni NPs, the PNCx 800 materials do not show 

catalytic activity at these conditions, confirming the role of the 
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Ni metal as the active catalyst in this reaction. CH4 production 

has been normalized by the Ni mass measured using ICP-OES 

(Fig. S20). Fig. 7a shows that the three different Ni/PNCx 800 

catalysts produced different CH4 amounts after 20 h. This 

indicates that the PNCx 800 substrates act not only as support 

for the Ni catalyst, but also there is a strong interaction between 

the supports and the Ni NPs. Thus, fine-tuning the PNC 

composition gives rise to an enhancement of the Ni catalytic 

activity, probably due to the different nitrogen content present 

in these samples, which have been reported to strongly interact 

with Ni NPs, enhancing their reactivity.34,35 

We note that the comparison between Ni-based catalysts with 

different supports for the methanation reaction is not possible 

owing to different reaction conditions. Most studies have been 

carried out in continuous flow reactors, while only a 

few investigations have been performed in a batch condition. In 

a continuous flow, 91 % yield has been achieved using Ni/CeO2 

catalyst at 613K.36 On the other hand, Dennis and co-workers 

reported a CH4 production of approximately 2.7 (mol/g) in a 

batch reactor using Ni-Al2O3 catalyst at 9.6 bar and 463K after 

4h.37 It is worth noticing that besides the differences in CH4 

evolution observed from the different catalysts, which is 

beyond the scope of this work, we were more interested 

investigating their thermal stability in high-temperature 

reactions. Fig. 7b shows that all catalysts suffered deactivation 

after long reaction times (20 h), although Ni/PCN2 800 suffered 

higher deactivation than the other two samples. 

HRTEM images of the catalysts after 20 h reaction at 400 °C (Fig. 

S21) show that the PNCx supports did not suffer apparent 

structural changes under the experimental CO2 methanation 

reaction conditions. However, large Ni aggregates were formed, 

especially in the case of PNC2. Deconvolution of XPS spectra to 

their individual components was also performed to investigate 

the PNC2 800 stability (Fig. S22). The C1s spectrum of PNC0.5 800 

did not undergo significant changes during the reaction. P1s and 

N1s spectra present an enhancement in P and N oxide species, 

and the component attributed to H2O in the O1s spectrum 

increased notably after reaction. The rise of adsorbed water and 

oxidized species is not surprising since water is the byproduct in 

the Sabatier reaction. Overall, the aggregation of the Ni NPs has 

been identified as the main deactivation mechanism, although 

water adsorption could also influence the CH4 production. This 

behavior has been previously reported for Ni-supported 

carbon-based catalysts and we believe it to be the most 

probable deactivation mechanism.38 

Conclusions 

We demonstrated here a general and simple method to 

precisely control the elemental ratio, morphology, and 

properties (structural, electronic, and thermal) of phosphorus-

nitrogen-carbon materials, spanning polyphosphazenes, 

carbon-nitrogen-phosphorous materials, and P-doped carbon 

nitride, by utilizing tailored organic single crystals as precursors 

in a high temperature solid-state reaction. To do so, we 

designed four different supramolecular crystal melamine-

phosphate structure with different crystal structures and 

elemental compositions. Detailed structural analysis together 

with solid-state NMR modeling reveal that upon calcination, the 

starting order of the molecules within the single crystals directs 

the reaction path as well as determines the final materials’ 

composition and properties. We demonstrated that fine-tuning 

the final materials’ composition permits the control over their 

optical and electrical properties, as well as over their stability to 

oxidation at high temperature. Consequently, the materials 

exhibit a remarkable resistance to thermal oxidation, retaining 

up to 90% of the starting material at 970 °C in air. We 

exemplified the exploitation of the new materials as a stable 

substrate in a catalytic reaction at high temperature (400 °C), 

specifically, CO2 methanation. Moreover, the catalytic activity 

can be altered by the elemental composition of the substrate, 

owing to the substrate–catalyst interaction of Ni/PNCx. We 

believe that the presented design approach based on using 

single crystals with pre-designed monomers sequence as the 

precursors is a significant step towards the formation of 

materials with highly addressable composition and properties. 

This will be used to guide the synthesis of new materials with 

great control over their atomic composition, electrical, and 

structural properties as well as thermal stability to oxidation, 

enabling their exploitation in fire retardant, electrochemical, 

and catalytic applications. 

Experimental 

Materials 

Orthophosphoric acid (H3PO4 85 wt. %, Bio-Lab Chemicals), 

Melamine (99 %, Alfa Aesar), 2-propanol (LOBA Chemie), nickel 

(II) nitrate hexahydrate (Ni(NO3)2·6H2O, 97%, Sigma-Aldrich),

nitric acid (HNO3 67–69 wt. %, trace metal grade, Fisher

Chemical) and acetone (Bio-Lab AR grade) were used without

additional purification. Deionized (DI) water were purified using

a Millipore Direct-Q3 UV to a Type I grade (18.2 MΩ cm

resistivity) and was used as the solvent in all experiments.

Synthetic procedures 

Phosphorus-nitrogen-carbon composite synthesis 

First, phosphoric acid-melamine single crystals were prepared 

by dissolving 1.0 g of melamine in 150 mL of deionized (DI) 

water, different amounts of phosphoric acid (85 wt. % in H2O) 

were then added to the melamine solution in order to reach 

molar ratios of 2:1, 1:1, 1:2, 1:4 (H3PO4:melamine). After 

complete dissolution, the solvent was slowly evaporated at 

room temperature and parallelogram-shaped crystals were 
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obtained after ~2.5 weeks, with 90–93% yields. Synthesis of 

PNC materials was carried out by a thermal treatment of 

the prepared single-crystals under inert N2 atmosphere at 550 

and 800 °C for 4 h using a constant heating ramp rate of 1.96 

and 3.0 °C min–1, respectively. 

Nickel deposition on PNCx 800 

Ni-PNCx 800 (x = 2, 1, 0.5) were prepared by using a wet 

impregnation technique. First, an aqueous solution of 

Ni(NO3)2·6H2O were obtained by dissolving 25 wt. % of Ni(II) in 

DI water; the solution was then added dropwise to each 

aqueous PNCx 800 dispersion. The resulting Ni(II)-PNCx 800 

were filtered and dried overnight at 70 °C. Ni(II) was reduced to 

its metallic state under hydrogen flow (flow rate of 100 mL min
−1) at 350 °C for 3 h using a constant heating ramp rate of 10 °C 

min−1. The resulting Ni-PNCx 800 materials were washed with 

acetone and water to remove unreacted metallic salts and 

dried overnight. 

Characterizations 

Powder X-ray diffraction (P-XRD) patterns were performed by 

using a PANalytical Empyrean diffractometer. Elemental 

analysis (EA) data for CHNO were collected by using a Thermo 

Scientific Flash Smart elemental analyzer OEA 2000. 

Phosphorus content was determined by dissolving the samples 

in concentrated nitric acid in a PTFE-lined autoclave for 8 h at 

180 °C, and analyzing the sample using a Spectro ARCOS ICP-

OES, FHX22 Multi View Plasma instrument. High resolution 

transmission electron microscopy (HRTEM) were performed on 

a JEOL JEM-2100F analytical instrument operated at U0 = 200 

kV with energy-filtered TEM (EFTEM) analysis obtained using a 

Gatan image filter. For EFTEM, P-L (132 eV), N-K (400 eV), C-K 

(284 eV), and O-K (532 eV) edges were recorded by using three-

window method. FTIR spectra were acquired on a Thermo 

Scientific Nicolet 6700 spectrometer in the 650–4000 cm–1 

range. UV-vis spectra were measured by using a Cary 100 

spectrophotometer equipped with a DRA (integrating sphere), 

in reflectance mode. Photoluminescence measurements were 

collected by using Fluorolog TCSPC HORIBA Scientific 

spectrofluorimeter with an excitation wavelength  λex = 360 

nm. XPS spectra were collected by using ESCALAB 250 ultrahigh 

vacuum (1×10–9 bar) apparatus with an Al-Kα X-ray source and 

a monochromator. The X-ray beam size was 500 μm and survey 

spectra was recorded with a pass energy (PE) of 150 eV and 

high energy resolution spectra were recorded with a PE of 20 

eV an X-ray photoelectron spectrometer. All XPS spectra were 
calibrated relative to the C 1s peak, positioned at 284.6 eV. The 
XPS results were processed by using the AVANTAGE software. 
Thermal gravimetric analyses were carried on thermal 
gravimetric analyzer Q500 model under inert N2 environment 
and under air for the PNC precursors and PNC final materials, 
respectively. SEM images were obtained using an FEI Verios 
460Lhigh-resolution SEM, equipped with a FEG source, and 
operated at U0 = 3.0 kV. Single crystal X-ray diffraction (SC-XRD)  
measurements were acquired in order to elucidate the exact 
structures of the PNC precursors. SC‐XRD analysis of PA2M1, 
PA1M2, PA1M4, were carried out on a Bruker kappa APEXII

Diffractometer. A single crystal measurement of PA1M1 was 

performed on a XtaLAB Synergy, Dualflex, HyPix diffractometer. 

Using Olex2,39 the structure was solved with the ShelXT40 

structure solution program using Intrinsic Phasing and refined 

with the ShelXL41 refinement package using least squares 

minimization. The crystal was kept at 293(2) K during data 

collection. 

Solid-state 13C CP MAS NMR spectra were recorded on a Bruker 

AVANCE 300 spectrometer (7.0 T, ν0(1H) = 300.29 MHz, ν0(13C) = 

75.51 MHz) using a 4 mm Bruker probe and a spinning 

frequency of 10 kHz. 31P MAS NMR spectra were recorded on a 

Bruker AVANCE III 700 spectrometer (16.3 T, ν0(31P) = 283.54 

MHz) using a 2.5 mm Bruker probe spinning at 20 kHz and on a 

Bruker AVANCE 300 spectrometer (7.0 T, ν0(1H) = 300.29 MHz, 

ν0(31P) = 75.51 MHz) using a 4 mm Bruker probe and a spinning 

frequency of 12.5 kHz. 13C CP MAS experiments were recorded 

with ramped-amplitude cross-polarization in the 1H channel to 

transfer magnetization from 1H to 13C. (Recycle delay = 3s, CP 

contact time = 1 ms, optimized 1H spinal-64 decoupling). Single 

pulse 31P MAS NMR spectra were recorded with a recycle delay 

of 10 to 40 s depending on the samples. 

Chemical shift values were referenced to tetramethylsilane 

(TMS) for 13C and H3PO4 (85 wt. %) for 31P. 

Structural models, including crystalline structures, were relaxed 

with the VASP (Vienna Ab-initio Simulation Package) code42 

based on the Kohn-Sham Density Functional Theory (DFT) and 

using a plane-wave pseudopotential approach. The integral 

over the first Brillouin zone are performed using a Monkhorst-

Pack 111 k-point grid43 The electron-ion interaction was 

described by the projector augmented-wave (PAW) method44 

with a 300 eV energy cutoff. 

The NMR parameters were calculated within Kohn-Sham DFT 

using the QUANTUM-ESPRESSO code,45,46 keeping the atomic 

positions equal to the values previously calculated with VASP. 

The PBE generalized gradient approximation47 was used and the 

valence electrons were described by norm conserving 

pseudopotentials48 in the Kleinman Bylander form.49 The 

shielding tensor was computed using the Gauge Including 

Projector Augmented Wave (GIPAW) approach,50 which enables 

the reproduction of the results of a fully converged all electron 

calculation.51 Absolute shielding tensors were obtained. To set 

the 31P and 13C chemical shift scale, the calculated δiso for 

reference compounds were compared to experimental values 

so that the average sum of experimental and calculated shifts 

coincide, as previously described.6 

Conductivity measurements of the PNC0.5 synthesized at 550, 

650, and 800 °C were performed by the two contacts method. 

The PNC0.5 was contacted using a graphite ink between two 

Tungsten tips and a voltage bias between −10 V and +10 V was 

applied at room temperature. Electric current values are 

recorded and an I–V curve is obtained, to allow the physical 

parameters calculation of the PNC parallelogram-shaped using 

Ohm’s Law (V = IR), where I (A) is the current and R (Ω) is the 

resistance; since the resistance depends on the geometric 

parameters of the sample, the value is expressed as resistivity, 

ρ = R(S/L), where S is the transversal section area of the sample 

and L is the distance between the two contact points. To 
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calculate the thickness (E) of PNC0.5, scanning electron 

microscopy (SEM) was used. Conductivity measurements [σ = ρ
−1 (S cm −1)] were performed by measuring three parallelogram- 

shaped crystals of the same sample and obtaining an average 

value. 

CO2 methanation was conducted in a 51 mL quart reactor 

equipped with a nickel alloy thermocouple combined with a 

heating mantle and temperature controller. H2 and CO2 gases 

were loaded in stoichiometric amounts of 5:1. The initial 

reaction time (t = 0) corresponds to a reactor temperature of 

400 °C, after equilibration, which typically takes 30 min. CH4 

evolution was analyzed by measuring the gases formed during 

the gas-phase reaction with an Agilent 490 MicroGC. The values 

of CO2 conversion were quantified based on prior calibration of 

the system injecting mixtures with known percentage of gases. 
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Fig. 1 Schematic representation of PNC1 preparation.

Fig. 2 Thermal gravimetric analysis (TGA) and respective derivative curves of (a) PA1M1 

and (b) PA1M2 under N2 atmosphere. The black dashed line represents pristine 

melamine. 

Fig. 3 (a) 31P MAS NMR spectra of PA1M2 raw crystal, PNC0.5 350, and PNC0.5 550. (b) 13C 

CP MAS NMR spectra of PA1M2 raw crystals, PNC0.5 350, PNC0.5 550, and PNC0.5 650. (c) 

Illustration models of different phosphorus environments and selection of their 

corresponding phosphorus and carbon chemical shifts. (Complete calculated chemical 

shift values can be found in Fig S11.) 

Fig. 4 Optical (top row) and SEM (bottom row) images of (a) a PA1M2 raw single crystal 

and its corresponding products after calcination at (b) 550 °C and (c) 800 °C.

Fig. 6 Electron microscopy characterization of PNCx synthesized at 800 °C, x standing for 

the precursors’ molar ratio (PA:M). SEM images of x = (a) 2, (b) 1, (c) 0.5, and (d) 0.25. 

TEM images of x = (e) 2, (f) 1, (g) 0.5, and (h) 0.25. EFTEM images of PNC1 800: (i) 

phosphorus marked in red (inset image of the attributed PNC1 800), (j) nitrogen marked 

in green, (k) carbon marked in cyan, and (l) oxygen marked in blue.

Fig. 5 (a) TGA measurements under air of all PNC prepared at 800 °C. Inset graph shows 

the corresponding T10 values of PNCx 800 (the temperature at which 10% of the mass is 

lost). (b) and (c) Optical photographs of PNC1 800 soaked with alcohol, during the burning 

with an ethanol lamp (see also movie-1).

Fig. 7 (a) XRD patterns: green squares – metallic nickel (fcc Ni) PDF 00-004-0850 (ICDD, 

2002); red triangles– NiO PDF 00-044-1159 (ICDD, 2002). (b) CH4 evolution from the 

different Ni/PNCx 800 catalysts at 400 °C. Reaction conditions: P(H2) = 2.5 bar; P(CO2) = 

0.5 bar. Catalysts: m = 20 mg.
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S2

Table S1. Crystal structure parameters of bis(2,4,6-triamino-1,3,5-triazin-1-ium) hydrogen phosphate 

trihydrate, 2,4,6-triamino-1,3,5-triazinium orthophosphate and 2,4,6-triamino-s-triazine.

PA2M1 1
2,4,6-triamino-
1,3,5-triazinium 
orthophosphate

PA1M2 
2,3

bis(2,4,6-triamino-
1,3,5-triazin-1-ium) 
hydrogen phosphate 

trihydrate

PA1M4 4
2,4,6-triamino-

s-triazine

Temperature (K) 296 296 296

Empirical formula C3H9N6O4P C6H21N12O7P C3H5N6

Space group P-1 P-1 P2
1
/n

Crystal system Triclinic Triclinic Monoclinic

a (Å) 4.58 6.81 7.29

b (Å) 9.37 10.58 7.49

c (Å) 10.24 12.52 10.40

α (°) 83.42 91.80 90

β (°) 88.24 105.65 108.43

γ (°) 85.38 108.11 90



S3

Table S2. Single-crystal X-ray CIF data of new PA1M1 crystal.

PA1M1

Temperature (K) 293

Empirical formula C3H12N6O8P2

M /g mol –1 322.13

Space group P2/c

Crystal size/mm 0.1 × 0.1 × 0.1

Crystal System Monoclinic

a (Å) 4.57630(10)

b (Å) 8.0571(2)

c (Å) 16.5465(4)

α (°) 90

β (°) 95.331(2)

γ (°) 90

V (Å3) 607.46(2)

Z 2

ρ (g cm–3) 1.761

µ (mm–1) 3.789

F(000) 332.0

Ab. correct. multi-scan

Tmin/ Tmax 0.719/ 0.685

2ϴmax 136.736

Total reflns. 2147

Unique reflns. 1113

Obs. reflns. 1034

Rint 0.0504

Radiation CuKα

Wavelength (Å) 1.54184

hkl range –5 ≤ h ≤ 5

–9 ≤ k ≤ 9

–1 ≤ l ≤ 19

No. of reflections 1113
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Fig. S1 PAxMy single crystal packing structures. In all three cells the orientation is as follows: “a” axis is 
marked in red, “b” axis is marked in green, and “c” axis is marked in blue.

No. of parameters 115

R1 [I> 2σ(I)] 0.0487

wR2 [I> 2σ(I)] 0.1273

R1[all data] 0.0505

wR2 [all data] 0.1293

Goodness of fit 1.113

Δmax, Δmin(eÅ–3) 0.51, –0.31

CCDC no. 1923238

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/19e616a0-1890-e911-967b-00505695f620
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Fig. S2 Melamine and PAxMy (a) XRD patterns and (b) FTIR spectra. Patterns and spectra are offset for 
clarity.

XRD patterns of PA1M4, match almost perfectly with PA1M2 except its pattern shows low intense peaks at 

17.7°, 21.6°, and 22° corresponding to the remaining non-reacting melamine units, further confirming 

PA1M2 and M superposition. FTIR spectroscopy measurements of the prepared crystals further confirm the 

establishment of an arrangement between phosphoric acid and melamine, as shown by the disappearance 

of the –NH stretching vibration of the amine groups within melamine units at 3468 and 3416 cm–1 as the 

amine hydrogen is connected either to another melamine (M) unit or PA. These vibrations are still present 

in PA1M4, further supporting the existence of non-reacting melamine units within the crystal. Another peak, 

located at 810 cm–1, which correspond to the out-of-plane bending of melamine cyclic ring, also confirms 

the existence of the insulated melamine units. Moreover, two other peaks appear at 1250 (P=O) and 1324 

cm–1 (P-O-C), provide an evidence for the existence of PA1M2 single-crystal in the mixture, indicating a 

superposition of two different single crystals as well.
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Fig. S3 (a–e) Optical microscopy images of PAxMy crystals, and (f) their phosphorus content in weight 
percentage, determined by ICP-OES.
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Fig. S4 (a) 31P MAS and (b) 13C CP MAS NMR spectra of PAxMy crystals. Assignment of the carbon 
signals is proposed according to NMR calculations on the crystalline structures.
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Fig. S5 SEM images of (a) PA1M4, (b) PA1M2, (c) PA1M1, and (d) PA1M1 crystals.

Table S3. EA and ICP data of PAxMy, which correspond to PA-M precursor molar ratio, melamine (M), 
and melamine single crystals (MSC) in wt. %.

Element P N C H O

PA2M1 15.25 22.06 9.92 4.07 30.40

PA1M1 12.87 36.75 16.21 4.12 26.98

PA1M2 7.27 41.15 18.10 5.15 26.23

PA1M4

M

MSC

3.83

—

—

52.10

64.77

67.35

23.14

28.59

28.46

5.00

4.48

4.57

13.04

—

—
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Fig. S6 General illustration of PNCx materials synthesis.

Fig. S7 FTIR spectra of (a) PNCx 550 and (b) PNCx 800. XRD patterns of (c) PNCx 550 and (d) PNCx 
800. All spectra and patterns and are offset for clarity.
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Fig. S8 PNCx 550 XPS spectra for (a) P2p3/2 and P2p1/2, (b) N1s, (c) C1s, and (d) O1s.
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Fig. S9 PNCx 800 XPS spectra for (a) P2p3/2 and P2p1/2, (b) N1s, (c) C1s, and (d) O1s.

The PNC1 800 N1s spectrum expose five peaks at binding energies of: 397.0 (P=N), 397.7 (P-N), 

398.6 (C-N=C), 399.4 (NH), and 401.5 eV (positively charged nitrogen atom).5–8 The chemical contribution 

that belongs to the positively charged amine group, located at 402.3 eV in PNC2 800, shifts to lower binding 

energies for lower x value due to larger amount of phosphanimine groups in the samples. Furthermore, the 

PNC2 800 N1s spectrum shows only three nitrogen species at 397.5 (-N-P-), 398.9 (amine)9, and 401.5 (-

+NH-) eV, suggesting the oxidation of the sp2 C in C-N heterocycles. Both PNC0.25 800 and PNC0.5 800 C1s

spectra show three species corresponding to C-C, C-O, and C-N=C chemical states, centered at 284.7, 

286.3, and 288.6 eV, respectively.10–12 PNC1 800 presents only two chemical states attributed to C-C and 

C-N=C. The C1s spectrum of PNC2 800 further confirms the low carbon content within the sample by the

disappearance of the chemical state of C-N=C. Additionally, a new peak appears at 289.5 eV and may be 

caused by a shake-up π-π* satellite.13
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Fig. S10 31P MAS NMR of PA1M1 raw crystal (marked in black), PNC2 calcined at 350 °C (marked in red), 
PNC0.25, PNC1, and PNC2 calcined at 550 °C (marked in blue), PNC1 calcined at 650 °C (marked in orange), 
and PNC1, PNC2 calcined at 800 °C (marked in magenta).
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Fig. S11 Calculated 31P and 13C NMR parameters for a series of simple models with representative POxN4–x

environments with P linked to (a) melamine or (b) melem entities. 
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Fig. S12 13C CP MAS NMR spectra of PA1M1 crystal (marked in black), PNC0.25, PNC1, and PNC2

synthesized at 550 °C (marked in blue), and PNC2 synthesized at 350 °C (marked in red).

Table S4. EA and ICP of PNCx (x is the PA:M molar ratio) calcined at 550 °C. All values are presented in 
wt. %.

Element P N C H O

PNC2 550 35.04 31.30 4.66 0.93 8.80

PNC1 550 27.62 41.73 11.90 2.20 13.06

PNC0.5 550 16.74 48.04 21.69 1.61 7.43

PNC0.25 550 11.10 54.40 26.80 1.81 5.21
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Table S5. EA and ICP of PNCx (x is the PA:M molar ratio) calcined at 800 °C. All values are presented in 
wt. %.

Element P N C H O

PNC2 800 51.34 25.86 0.87 0.93 1.95

PNC1 800 47.46 39.08 4.78 0.20 9.51

PNC0.5 800 48.47 40.58 5.46 0.25 4.81

PNC0.25 800 43.34 32.81 5.30 0.73 8.19

Fig. S13 PNCx 550 UV-vis spectra. F(R) is Kubelka-Munk function that represents absorbance based on a 
reflectance measurement.
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Fig. S14 SEM images of PNCx 550 materials.



S17

Fig. S15 EFTEM of (ax) PNC2 800, (bx) PNC0.5 800 and (cx) PNC0.25 800 (x = 1, 2, 3, 4 for phosphorus, 
nitrogen, carbon, and oxygen, respectively) supported on an ultrathin carbon grid.
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Fig. S16 Electrical conductivity measurements. a) Illustration of electrical conductivity measurement setup, 
(b) I–V plots of PNC0.5 550, PNC0.5 800, optical images of (c) PNC0.5 550, and (d) PNC0.5 800 while placing
between two conductive tungsten probes. Calculated conductivity values: σ(CN 500) = 7.810–9 S cm–1,
σ(PNC0.5 550) = 3.610–7 S cm–1, and σ(PNC0.5 800) = 2.010–7 S cm–1.
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Fig. S17 Thermal gravimetric analysis (TGA) curves of PNCx 550 under air.

Fig. S18 PNC1 800 XPS spectra for (a) P2p, (b) N1s, (c) C1s, and (d) O1s: after (i) and before (ii) burning 
under visible fire.
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Fig. S19 HRTEM images of Ni/PNC0.5 800 at different magnifications.

Fig. S20 Ni/PNCx 800 nickel content in weight percentage (measeured using ICP-OES).
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Fig. S21 HRTEM images of Ni/PNC0.5 (a), Ni/PNC1 (b), and Ni/PNC2 (c) after 20 h methanation reaction 
at 400 °C.

Fig. S22 XPS of PNC0.5 800 before (top panels) and after reaction (bottom panels).
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