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A simple and efficient process for the synthesis of 2D carbon nitrides and related materials

We describe here a new process for the synthesis of very high quality 2D Covalent Organic Frameworks (COFs), such a C 2 N and CN carbon nitrides. This process relies on the use of a metallic surface as both a reagent and a support for the coupling of small halogenated building blocks. The conditions of the assembly reaction are chosen so as to leave the inorganic salts by-products on the surface, to further confine the assembly reaction on the surface and increase the quality of the 2D layers. We found that under these conditions, the process directly returns few layers material. The structure/quality of these materials is demonstrated by extensive cross-characterizations at different scales, combining optical microscopy, Scanning Electron Microscopy (SEM)/Transmission Electron Microscopy (TEM) and Energy Dispersive Spectroscopy (EDS). The availability of such very large, high-quality layers of these materials opens interesting perspectives, for example in photochemistry and electronics (intrinsic transport properties, high gap substrate for graphene, etc...).

The first preparation of graphene by Geim and Novoselov in 2004 [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF][START_REF] Geim | The rise of graphene[END_REF] sparked an ever-increasing interest in 2D materials. Indeed, along with graphene, dichalcogenides such as MoS 2 or WS 2 3,4 , silicene [START_REF] Vogt | Silicene: Compelling experimental evidence for graphene like two-dimensional silicon[END_REF][START_REF] Oughaddou | Silicene, a promising new 2d material[END_REF] , phosphorene [START_REF] Li | Black phosphorus field-effect transistors[END_REF][START_REF] Balendhran | Elemental analogues of graphene: Silicene, germanene, stanene, and phosphorene[END_REF][START_REF] Liu | Phosphorene: An unexplored 2d semiconductor with a high hole mobility[END_REF] , hexagonal boron nitride [START_REF] Lin | exfoliated hexagonal boron nitride nanosheets[END_REF][START_REF] Song | Large scale growth and characterization of atomic hexagonal boron nitride layers[END_REF] etc... are also being investigated all over the world, due to their fascinating physical [START_REF] Radisavljevic | Single-layer mos2 transistors[END_REF][START_REF] Zhang | Experimental observation of the quantum hall effect and berry's phase in graphene[END_REF][START_REF] Li | Large-area synthesis of high-quality and uniform graphene films on copper foils[END_REF][START_REF] Novoselov | 2d materials and van der Waals heterostructures[END_REF] and chemical properties [START_REF] Bonaccorso | Graphene, related two-dimensional crystals, and hybrid systems for energy conversion and storage[END_REF][START_REF] Chhowalla | The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets[END_REF][START_REF] Chhowalla | Two-dimensional transition metal dichalcogenide (tmd) nanosheets[END_REF] . More recently, 2D COFs (Covalent Organic Frameworks), a family of 2D materials, has received a growing interest [START_REF] Cote | Porous, crystalline, covalent organic frameworks[END_REF][START_REF] Feng | Covalent organic frameworks[END_REF][START_REF] Diercks | The atom, the molecule, and the covalent organic framework[END_REF][START_REF] Abuzeid | Covalent organic frameworks: Design principles, synthetic strategies, and diverse applications[END_REF][START_REF] Geng | Covalent organic frameworks: Design, synthesis, and functions[END_REF][START_REF] Iqbal | State of the art two-dimensional covalent organic frameworks: Prospects from rational design and reactions to applications for advanced energy storage technologies[END_REF] . Currently, most (not to say all) the current syntheses of COFs are relying on the assembly of small, multifunctional building units (Fig. 1a, modified/adapted from [START_REF] Sakamoto | Two-dimensional polymers: Just a dream of synthetic chemists?[END_REF] ).

The main difficulty to be tackled here is the occurrence of such defaults as the one shown in Fig. 1b. In this case, the connection between two adjacent units is missed, resulting in the formation of 3D, defective materials. It is thus clear that reducing the degree of freedom of the system along the z axis (i.e. perpendicularly to the average plane of 2D network, Fig. 1c) should limit the occurrence of such defaults. A common approach is to adsorb the molecular building units on a surface and condense them by means of different bond-forming reaction [START_REF] Dong | Interface-assisted synthesis of 2d materials: Trend and challenges[END_REF][START_REF] Clair | Controlling a chemical coupling reaction on a surface: Tools and strategies for on-surface synthesis[END_REF][START_REF] Ruffieux | On-surface synthesis of graphene nanoribbons with zigzag edge topology[END_REF][START_REF] Song | On-surface synthesis of graphene nanostructures with π-magnetism[END_REF][START_REF] Wang | 2d covalent organic frameworks: From synthetic strategies to advanced optical-electrical-magnetic functionalities[END_REF] . Many examples of this strategy are to be found in literature, for example by using reactive Cu surfaces in combination with halogenated aromatics [START_REF] Dong | Interface-assisted synthesis of 2d materials: Trend and challenges[END_REF] . This strategy returned many beautiful 2D materials but often obtained and studied (e.g. by STM/AFM) under UHV conditions (i.e. impossible to get on a preparative scale). It would thus be interesting to use the same approach under more conventional conditions. An examination of the different metallic surfaces-assisted reactions in solution drives to the conclusion that the well-known Fittig reaction (Fig. 1d) [START_REF] Tollens | Ueber die synthese der kohlenwasserstoffe der benzolreihe[END_REF] is ideal.

First, this reaction uses reactive metals (such as potassium or sodium) to promote the formation of a C-C bond between two (aromatic) halides (e.g. chlorides), with the concomitant formation of insoluble Na or K salts as by-products. Second, as neither the starting products nor the final ones are soluble in potassium or sodium, this reaction is thus fundamentally a surfacic process. It is thus an appealing tool for 2D materials. Third, The Fittig reaction is far more reactive than more conventional couplings (e.g Ullman and variations), and there's no need for organometallic catalysts (Ni or Pd). Last, the starting products are either commercially available or readily synthesized (Fig. 1e).

The by-product of this reaction (KCl in the example shown) is insoluble in the reaction media, and thus precipitates on the surface of the metal. Under these conditions, the reaction may continuously run in a thin layer Synthesis of CN carbon nitride. We decided to perform a first experiment targeting a carbon nitride with the general formula CN (Fig. 2a) [START_REF] Li | Self-assembled one-dimensional carbon nitride architectures[END_REF][START_REF] Cao | Synthesis of carbon nitride nanotubes via a catalytic-assembly solvothermal route[END_REF][START_REF] Li | Synthesis and characterization of graphite-like carbon nitride nanobelts and nanotubes[END_REF][START_REF] Stroyuk | Graphitic carbon nitride nanotubes: A new material for emerging applications[END_REF][START_REF] Zeng | From all-triazine c3n3 framework to nitrogen-doped carbon nanotubes: Efficient and durable trifunctional electrocatalysts[END_REF] . Indeed, carbon nitrides of various stoichiometries are promising for a plethora of applications [START_REF] Wang | Li and Na co-decorated carbon nitride nanotubes as promising new hydrogen storage media[END_REF][START_REF] Qiu | First-principles prediction of an intrinsic half-metallic graphitic hydrogenated carbon nitride[END_REF][START_REF] Besharat | Advances in carbon nitride-based materials and their electrocatalytic applications[END_REF][START_REF] Algara-Siller | Triazine-based graphitic carbon nitride: A two-dimensional semiconductor[END_REF][START_REF] Chen | Ultrathin 2d graphitic carbon nitride on metal films: Underpotential sodium deposition in adlayers for sodium-ion batteries[END_REF] . Moreover, the envisioned starting product, cyanuric chloride, is a cheap, commercially available one.

Last, potassium was chosen as the reactive metal, because the targeted carbon nitrides contain coordinating cavities with 6 inward-pointing nitrogen ligands [START_REF] Liu | Exploiting cooperative catalysis for the on-surface synthesis of linear heteroaromatic polymers via selective c-h activation[END_REF] . The study of the complexation of K + ions with various oxygen or nitrogen-containing macrocycles have indeed shown that K + ions has a high affinity for such cavities, in comparison with other ones with 5 or 8 coordinating atoms (Fig. 2b) [START_REF] Melson | Coordination Chemistry of Macrocyclic Compounds[END_REF][START_REF] Seiler | Potassium thiocyanate complex of 1,4,7,10,13,16-hexaoxacyclooctadecane[END_REF] . It can thus be guessed that this cation will template the selective formation of six-membered cavities, thus further reinforcing the selectivity towards the formation of the targeted carbon nitrides. [START_REF] Tollens | Ueber die synthese der kohlenwasserstoffe der benzolreihe[END_REF] and (e) confining the growth of layered materials by both a surface and a metallic salt. The details of the synthetic process are to be found in "Methods" section and in part S1 of the Supporting Informations (SI).

First, an analysis of the crude reaction media (supernatant and solid separately) was performed to qualitatively assess the yield of the reaction. The amount of remaining organics in the supernatant was found negligible (less than 100 mg). The presence of left residual starting product and/or partial reaction products can thus be considered as rather low. Then, a sample of the solid obtained after the filtration step (i.e. the removal of soluble residual organics) was directly analyzed by X-ray Photoelectron Spectroscopy (XPS) (Fig. S1-2 of SI). The Cl 2p spectra can be deconvoluted in two main components, at 197. 74 and 199.26 eV. The first one is attributed to KCl (inorganic chloride), and the second one to organic chloride, i.e. to C-bonded chlorine. This later component may be attributed to incompletely reduced species. The relative surfaces of these two components (along with the very low amount of recovered soluble species) drives to the conclusion that the yield of the reaction is over 80%. The deconvolution of the N 1s signals shows two components, at 399.21 and 400.57 eV. The 399.21 eV component is attributed to triazinic nitrogen [START_REF] Artyushkova | Chemistry of multitudinous active sites for oxygen reduction reaction in transition metal-nitrogen-carbon electrocatalysts[END_REF][START_REF] Jansen | Xps of nitrogen-containing functional groups on activated carbon[END_REF][START_REF] Osadchii | Revisiting nitrogen species in covalent triazine frameworks[END_REF][START_REF] Lindberg | Molecular spectroscopy by means of esca[END_REF] . The higher energy component is attributed to nitrogen bonded to included species, such as metallic cations or H-bonded species. In accordance with the presence of inorganic chloride, strong signals associated with K + ions are also observed.

A final washing with water is necessary, to remove the water-soluble KCl by-product. Purified CN is then obtained as a light brown solid, easily redispersed in water. An optical microscopy analysis of a water suspension shows greenish-colored thin and very large flakes (some of them exceeding 500 µ m) and some hollow spheres, probably the result of a molding of melted potassium droplets (Fig. 3a). These optical microscopy analyses were also performed using polarized light, with flakes suspended in dispersion oil. Note that the observation of other 2D materials such as single layer graphene using polarized light has already been reported [START_REF] Kertész | Polarized light microscopy of chemical-vapor-deposition-grown graphene on copper[END_REF][START_REF] Liu | Large cross-polarization rotation of light on graphene[END_REF] .

Under these conditions, some flakes appear alternatively bright and dark as a function of the relative angles between the polarizer and the sample, evidence of the crystallinity of the material (Fig. 3b). The fact that different domains appear inside the flake is attributed to folds. Other flakes appear as uniformly bright, regardless of the angle. This could be attributed to the fact that they are constituted of several stacked layers, without orientational correlations between them. The presence of extensive crumpling may also be a plausible explanation, as these folds may also change the polarization angle of the transmitted light (see Fig. S1-3 of SI). More images, other examples of polarized light analysis and handling experiment are provided in the SI (Fig. S1-3).

The presence of large CN flakes is also confirmed by SEM. It shows that they tend to roll (Fig. 3c). These features confirm the formation of a layered material. An EDS analysis shows the presence of the expected elements, along with residual KCl (Fig. 3d). Oxygen is also observed, probably as trapped/adsorbed species.

To confirm, an XPS analysis of a washed sample of CN is shown in Fig. 4. Analysis of the Cl 2p core-level spectrum revealed the presence of two spin-orbit doublets whose Cl 2p 3/2 components are located at 201.3 eV and 198.2 eV. The higher binding energy (BE) component is attributed to traces of residual C-Cl bonds while the lower BE component may be related to chloride ions, as remaining KCl and CaCl 2 . The very low intensities of the C-Cl signal confirm the low amount of defaults in the material. The deconvolution of C 1s signals shows three main components. The first one at 285 eV corresponds to carbon contamination, ubiquitously encountered in such analyses. The two other main components can be attributed to triazinic carbons. The presence of these two signals may result from the interaction of some triazinic N-atoms with guest species (such as metallic cations or H-bonded, adsorbed species). This would in turn increase the polarity of the C=N bonds and thus increase the 1s binding energy of the corresponding carbons.

Regarding the N 1s signal, two main components are observed at 399.91 and 401.35 eV [START_REF] Artyushkova | Chemistry of multitudinous active sites for oxygen reduction reaction in transition metal-nitrogen-carbon electrocatalysts[END_REF][START_REF] Jansen | Xps of nitrogen-containing functional groups on activated carbon[END_REF][START_REF] Osadchii | Revisiting nitrogen species in covalent triazine frameworks[END_REF][START_REF] Lindberg | Molecular spectroscopy by means of esca[END_REF] . The high energy component has strongly decreased compared with the crude sample of CN. This confirms the attribution of this high energy peak to nitrogen interacting with included species, such as metallic cations. This may also be the result of partial protonation of pyridine nitrogen, as concluded from the IR study (see below). Oxygen is still observed in the material, showing the presence of included, oxygen-containing species. Such a tendency to absorb invited species is not surprising, considering the open structure nature of this material. Similar effects have already been observed with carbon-related materials [START_REF] Mahmood | Nitrogenated holey two-dimensional structures[END_REF][START_REF] Tian | C2n: A class of covalent frameworks with unique properties[END_REF][START_REF] Walczak | Template-and metal-free synthesis of nitrogen-rich nanoporous "noble'' carbon materials by direct pyrolysis of a preorganized hexaazatriphenylene precursor[END_REF][START_REF] Ronoh | Comprehensive characterization of different metallic thin films on highly oriented pyrolytic graphite substrate[END_REF] . The C/N intensity ratio between normalized 1s peaks from the relevant carbon signals (i.e. those with the highest BE, belonging to C=N bonds) and nitrogen is 1.2, close to the expected value of 1. It first shows the absence of signals associated with C-H bonds, thus excluding the existence of defaults in the structure that may have resulted from over reduction of CN. This also confirms the absence of significant amounts of contamination (e.g. residual solvents), systematically exhibiting strong signals in this wavenumber range. Second, the characteristic vibrations of the triazine aromatic ring are observed, confirming the proposed structure of the CN COF [START_REF] Breda | Infrared spectra of pyrazine, pyrimidine and pyridazine in solid argon[END_REF] . Signals are also observed around 2100 cm -1 , that could be ascribed to protonated nitrogen species [START_REF]Webbook de chimie nist[END_REF] . The presence of these protonated species may explain the presence of high energy component in the XPS spectra of both N and C. A comparison between CN and the starting cyanuric chloride shows the complete disappearance of the otherwise strong signal associated with the C-Cl bond at 850 cm -1 . This confirms the conclusions returned by XPS, indicating the absence of significant amounts of chlorine in CN.

To investigate the crystallinity of the material, a compared X-Ray Diffraction (XRD) analysis of a crude and washed CN sample was performed. The crude sample only shows signals from the by-product of the reaction, i.e. KCl (Fig. 5A, in red). No others peaks are visible. Interestingly, strong evolutions of the same sample are observed upon washing (Fig. 5A, in blue). Along with the disappearance of the KCl-related signals, a broad peak, centered at 26 • appears (Fig. 5A, green insert and Fig. 5B), that was absent from the crude sample. As this peak is characteristic of the interplane spacing of graphenic materials, it can thus be concluded that the flakes mostly exist as individual/few layers objects in the crude material. These flakes are probably kept apart inside a KCl matrix. Upon washing and removal of KCl, these flakes then get aggregated, resulting in the appearance of the 26 • peak. Another conclusion that is to be drawn from this comparative study is that the 2D layers are likely to grow as single/few layers aggregates during the synthesis. For a more in-depth analysis, different techniques accessible through transmission electron microscopy (TEM) were used on the washed CN material. First, the images are showing the quality of the flakes over different scales (Fig. 6a-c). The material appears as constituted of very large flakes, in accordance with optical microscopy and SEM images. These flakes are very homogeneous and thin, most of them seemingly constituted of bilayers (Fig. 6b). They appear quite smooth, with very few visible defects. The well-known affinity of planar hexacoordinating ligands for uranyl ions was used to load CN with this ion (to increase contrasts). A sample of CN was loaded with uranyl acetate (Fig. S1-5 of SI). We first check the presence of the uranyl cations by XPS analysis (Fig. S1-5a). The observed N/U atomic ratio is around 6, very close to the expected value for the inclusion of uranyl cations in all the hexacoordinating cavities of CN. Note that remaining KCl is also observed (as chloride and K + ions). An XPS analysis of the same sample was realised after extensively washings it with water (Fig. S1-5b). Whereas the XPS signals of chlorine and potassium have completely disappeared, the N/U atomic ratio was found to be unchanged (around 6), evidencing the strength of the complexation of uranyl cations by the CN carbon nitride. This by itself constitute an indirect but strong confirmation of the structure of CN. The TEM images obtained on an isolated, uranyl-loaded flake show the presence of Moiré effects (i.e. interference pattern resulting from the superposition of two or more networks) from superimposed layers, thus evidencing their crystallinity (Fig. 6c). Indeed, such Moiré effects can only be observed with crystalline materials. Note that this effect also supports the conclusions driven from XPS experiments: an incomplete, random occupancy of the coordinating sites by uranyl cations would have broken the regularity of the network, thus preventing the observation of any Moiré. Other images are provided in the Supporting Informations, also evidencing the layered structure of the material (Fig. S1-5c).

High-angle annular dark-field imaging in scanning transmission electron microscope mode (HAADF-STEM) image shows the presence of very thin flakes (Fig. 6d). A comparison between Fig. 6d and the corresponding nitrogen mapping (Fig. 6e) shows a correlation between the shape of the flake and the intensity of the N signal. Moreover, the intensity of this signal increases where thicker flakes are observed (folds, yellow circles). These observations are showing that the flakes are made of a N-rich material, as expected. This EDS analysis also shows the presence of K and Ca (Fig. S1-6), in accordance with the previous analyses. An electron energy loss spectroscopy (EELS) study of this material shows the presence of the expected elements C and N (Fig. 6f). Ca is also observed as an impurity from the starting metallic potassium. The structure of the C 1s and N 1s edges show a fine structure that is characteristic of extended π-delocalization [START_REF] Talapaneni | Diaminotetrazine based mesoporous c3 n6 with a well-ordered 3d cubic structure and its excellent photocatalytic performance for hydrogen evolution[END_REF] , in accordance with the expected structure of CN.

All these analyses show the presence of residual metals (K and Ca, Fig. S1-6 and 6f) in the material, most probably as cations included inside the coordinating cavities of CN. This may explain the presence of the different signals observed for N 1s by XPS analysis. Indeed, the direct coordination of the N to the positively charged cations probably gives rise to the observed higher energy component.

Synthesis generalization.

These very encouraging results prompted us to generalize our synthetic strategy to C 2 N carbon nitride and triazine-based COF (Fig. 7). Synthesis of C 2 N carbon nitride. As a second example, we have chosen to synthesize a well-documented 2D material, the C 2 N carbon nitride (Fig. 7a). Since its discovery in 2015 [START_REF] Mahmood | Nitrogenated holey two-dimensional structures[END_REF] , this material is under the spotlight, due to its tremendous properties in many different fields [START_REF] Tian | C2n: A class of covalent frameworks with unique properties[END_REF][START_REF] Hu | Versatile, aqueous soluble c2n quantum dots with enriched active edges and oxygenated groups[END_REF][START_REF] Yang | Cu2O/CuO bilayered composite as a high-efficiency photocathode for photoelectrochemical hydrogen evolution reaction[END_REF][START_REF] Qu | Highly efficient quantum sieving in porous graphene-like carbon nitride for light isotopes separation[END_REF][START_REF] Zhou | Drop-coated c2n electrode for hydrogen evolution reaction[END_REF][START_REF] Liu | Superior compatibility of c2n with human red blood cell membranes and the underlying mechanism[END_REF][START_REF] Mahmood | Two-dimensional amine and hydroxy functionalized fused aromatic covalent organic framework[END_REF][START_REF] Ahmad | Recent progress in porous fused aromatic networks and their applications[END_REF][START_REF] Yang | Nbse2 meets c2n: A 2d-2d heterostructure catalysts as multifunctional polysulfide mediator in ultra-long-life lithium-sulfur batteries[END_REF][START_REF] Mahmood | An efficient and ph-universal ruthenium-based catalyst for the hydrogen evolution reaction[END_REF][START_REF] Mahmood | Fe@c2n: A highly-efficient indirect-contact oxygen reduction catalyst[END_REF] . Only a handful of synthetic approaches are described so far, most relying on the condensation of complementary carbonyl and amine containing reagents under different conditions [START_REF] Liu | Superior compatibility of c2n with human red blood cell membranes and the underlying mechanism[END_REF][START_REF] Mahmood | Two-dimensional amine and hydroxy functionalized fused aromatic covalent organic framework[END_REF][START_REF] Ahmad | Recent progress in porous fused aromatic networks and their applications[END_REF][START_REF] Zhang | Molten salt assisted pyrolysis approach for the synthesis of nitrogen-rich microporous carbon nanosheets and its application as gas capture sorbent[END_REF] , or high temperature pyrolysis of organic precursors [START_REF] Walczak | Template-and metal-free synthesis of nitrogen-rich nanoporous "noble'' carbon materials by direct pyrolysis of a preorganized hexaazatriphenylene precursor[END_REF] . In our work, the targeted carbon nitride is obtained by reduction of tetrachloropyrazine using potassium. The details of the synthetic process are to be found in the "Methods" section and in part S2 of SI.

The reaction media was filtered and the resulting black solid washed with acetone. The filtrates were combined and evaporated to dryness on a vacuum line, leaving a very small amount of a dark brown residue (50 mg, to be compared with about 1 g of starting tetrachloropyrazine).

An XPS analysis of the complementary precipitate (Fig. S2-2) shows the presence of strong potassium signals as cationic species. Cl 2p signals show the presence of two different kinds of chlorine atoms. The first one, with the lowest binding energy is characteristic of anionic chlorine, ascribed to KCl and confirmed by the measured 1/1 K/Cl ratio. The second, with a higher BE, is attributed to organic chlorine (i.e. bonded to carbon atoms). A comparison of the relative areas of these two species shows that the yield of the reaction is above 90%. N 1s signals reveals two components attributed to pyridinic-type nitrogen [START_REF] Artyushkova | Chemistry of multitudinous active sites for oxygen reduction reaction in transition metal-nitrogen-carbon electrocatalysts[END_REF][START_REF] Jansen | Xps of nitrogen-containing functional groups on activated carbon[END_REF][START_REF] Osadchii | Revisiting nitrogen species in covalent triazine frameworks[END_REF][START_REF] Lindberg | Molecular spectroscopy by means of esca[END_REF] . The higher energy one probably belongs to metallic cations-bonded nitrogen. As in the case of CN carbon nitride, strong signals of cationic potassium (along with a few percent of calcium) are also observed (Fig. S2-2d).

After a final washing step with water (see "Methods" section), the purified C 2 N material is obtained as a fluffy, black powder. An observation of the material as an acidic (1 M HCl) water suspension shows it to be constituted of large, variously aggregated and folded flakes, with sizes ranging from a few tens to 300 µ m (Fig. 8a). The color of the thinnest flakes appears as deep orange, rapidly turning to black with increasing thickness. The bright orange color of acidic C 2 N suspensions confirms that a significant amount of the material is made of single/few layers flakes. In some instances, tubular or shell-shaped objects were also observed. In the latter case, this is likely to be the result of a molding of melted potassium droplets, getting encapsulated during the growth of C 2 N around them (Fig. S2-3). Interestingly, we also found that some flakes (thin enough and not too folded/ crumpled) do rotate the polarization plane of incident polarized light, as expected for single crystals (Fig. 8b). These extremely thin flakes are nearly invisible (even with the microscope). They can only be detected due to their changing brightness under polarized light. As the flakes gets thicker, the effect disappears, probably due to (i) the absence of correlation of the orientation of the layers inside thick flakes, (ii) their increasing absorbance and/or (iii) the presence of folds, that tend to average the effect on polarized light. More images and other examples of polarized light analysis are provided in the SI (Fig. S2-3). SEM observation confirms the presence of large and layered flakes ( > 10 µ m) (Fig. 8c), in accordance with the expected one for C 2 N 51 , and EDS analysis shows the presence of the expected elements, along with SiO 2 from the substrate (Fig. 8d).

XPS analysis (Fig. S2-4) shows a prominent oxygen peak, may be due to the presence of trapped oxygencontaining species, a commonly observed feature with this type of material [START_REF] Mahmood | Nitrogenated holey two-dimensional structures[END_REF][START_REF] Tian | C2n: A class of covalent frameworks with unique properties[END_REF][START_REF] Walczak | Template-and metal-free synthesis of nitrogen-rich nanoporous "noble'' carbon materials by direct pyrolysis of a preorganized hexaazatriphenylene precursor[END_REF][START_REF] Zhang | Molten salt assisted pyrolysis approach for the synthesis of nitrogen-rich microporous carbon nanosheets and its application as gas capture sorbent[END_REF] . The deconvolution of the C 1s peak shows two main components, at 285.9 eV (C=N) and 284.9 eV (C-C). This later peak, ubiquitous, may originate from contamination. The former one is associated with the C=N bonds of the 2D framework. Minor peaks at higher binding energies are from C=O containing adsorbed contamination, commonly encountered in XPS analyses. These may also originate from the interaction between N and included species (protons, as the material was washed with HCl, or remaining metallic cations), in line with the observed features of the N 1s signals (see below). Indeed, the influence of these trapped species may affect as well both nitrogen and the adjacent, directly N-bonded carbon atoms. Regarding the N 1s signal, it may be deconvoluted in two components, at 399.12 and 400.46 eV. The first one is attributed to pyridinic-type N, as discussed in the previous paragraph [START_REF] Artyushkova | Chemistry of multitudinous active sites for oxygen reduction reaction in transition metal-nitrogen-carbon electrocatalysts[END_REF][START_REF] Jansen | Xps of nitrogen-containing functional groups on activated carbon[END_REF][START_REF] Osadchii | Revisiting nitrogen species in covalent triazine frameworks[END_REF][START_REF] Lindberg | Molecular spectroscopy by means of esca[END_REF] . Indeed, our synthesis does not involve any kind of NH 2 -type species (that appear in the same binding energy range), thus ruling out this possible attribution. Moreover, the dark black appearance of our material excludes any kind of reduction reaction (that could result in the formation of N-H species), that would break the conjugation of the network, rendering the material colorless. IR spectroscopy also rules out this possibility (see discussion below). Moreover, tetrachloropyrazine was introduced in close to stoichiometric amount vs. potassium. It thus excludes a possible over reduction of the C 2 N backbone to N-H containing species, as this would need significant amounts of excess metal. Moreover, as the post-synthesis workup was done under ambient conditions, such adventitious reduced species would have been re-oxidized to the main C=N ones (especially under the acidic conditions used for the redispersion of the material). The high energy pyridinic component (400.46 eV) may be attributed at first sight to residual tetrachloropyrazine. However, this interpretation is ruled out, as the amount of remaining C-Cl in the product is very low. This interpretation also seems unlikely for another reason: soluble organics (unreacted starting pyrazine or by-products) are recovered in the supernatant and acetone washing filtrates and the corresponding amount was found to be very low. This high energy component is thus better attributed to the interaction of pyridinic nitrogen with included, remaining metallic cations or hydrogen-bonded impurities that appeared during post-synthesis workup. Indeed, it was shown that the exact value of the position of the N 1s peak is strongly dependent on the environment of the corresponding nitrogen [START_REF] Artyushkova | Chemistry of multitudinous active sites for oxygen reduction reaction in transition metal-nitrogen-carbon electrocatalysts[END_REF][START_REF] Jansen | Xps of nitrogen-containing functional groups on activated carbon[END_REF][START_REF] Osadchii | Revisiting nitrogen species in covalent triazine frameworks[END_REF][START_REF] Lindberg | Molecular spectroscopy by means of esca[END_REF] . This last interpretation is in line with the presence of oxygenated species and remaining K and Ca. The C/N ratio is 3, higher than the expected value of 2. This may be ascribed to commonly observed carbon contamination of the sample. As said before, traces of chlorine are also observed, with binding energies associated with C-bonded chlorine. This confirms the very small amount of defaults lefts in the flakes, as only a very small amount of unreacted pyrazinic C-Cl bonds is present in the material.

As it is the case for CN, the presence of hexacoordinating cavities in C 2 N makes it suitable for the complexation of uranyl cations. An uranyl-loaded C 2 N sample was subjected to XPS analysis. The results are shown in the Supporting Informations (Fig. S2-10). Two different places were analysed, and the N/U atomic ratio was found equal to 6 in both cases, as expected. This constitutes an indirect but strong confirmation of the structure of C 2 N, as already explained in the case of CN. To confirm, IR spectra of C 2 N was compared with two reference compounds: starting tetrachloropyrazine on the one hand, and the building unit pyrazine on the other hand (Fig. S2-5). As observed for CN, the absence of C-H peaks for C 2 N rules out the presence of (i) structural defaults resulting from over reductions, and (ii) significant amounts of contaminating species. Second, signals attributed to characteristic vibrational modes of the pyrazine ring are observed (stretching C=C and C=N along ring deformation), confirming the proposed structure of C 2 N 55 . As observed for CN, signals are also observed around 2100 cm -1 . These peaks may correspond to protonated, pyridinium-nitrogen, that are usually observed in this wavenumber area [START_REF]Webbook de chimie nist[END_REF] . The IR spectrum of the starting tetrachloropyrazine shows a very strong C-Cl peak at 655 cm -1 , absent in C 2 N. This confirms the success of the assembly reaction and reinforces the conclusions drawn from XPS analysis, regarding the absence of chlorine in our material. A Raman analysis of a single C 2 N flake is provided in the SI (Fig. S2-6). It shows very intense peaks, corresponding to C=N and C=C bond stretching vibrations, as expected. No signals associated with C-H bonds are observed, thus confirming the conclusions drawn from IR studies.

A compared XRD analysis of a crude and washed C 2 N sample was performed and the same trends as those observed with CN are evidenced (Fig. S2-7). The crude sample only shows signals from the KCl by-product. These peaks are no longer observed on the same sample, after washings. Its main feature is a broad peak centered at 27 • , indicating a layered structure. The broadness of the peak evidences an irregular between the sheets. Indeed, these observations can be rationalized by the growth of C 2 N as single/few layers, getting aggregated during washings. Folds and/or inclusion of residual solvents between the layers occurs during this process, resulting in a broad distribution of interplane spacings. A shoulder around 2 = 40 • corresponds to the in-plane signal [START_REF] Tian | C2n: A class of covalent frameworks with unique properties[END_REF][START_REF] Walczak | Template-and metal-free synthesis of nitrogen-rich nanoporous "noble'' carbon materials by direct pyrolysis of a preorganized hexaazatriphenylene precursor[END_REF] .

Extensive TEM analyses were performed on washed samples. Different solvents were tested to optimize the dispersions (see SI, Fig. S2-8). HCl was shown to be the best choice for the redispersion of the different materials, in accordance with previous observations [START_REF] Zhang | Protonation-assisted exfoliation of n-containing 2d conjugated polymers[END_REF] . Very large, smooth and defects-free flakes are observed, with sizes exceeding 100 µm , as previously observed for CN (Fig. 9a). Some flakes are so large that they were first misinter- preted as broken carbon films from the TEM grid. However, a detailed analysis of the micrographs showed that (i) some typical features of carbon grids next to the flakes are still observed, and (ii) the contrasts next to different flakes on different squares were found similar, thus proving that the carbon film was still present. The flakes are rather thin, being quite transparent to the electron beam. A detailed observation of the edges of the flakes shows a regular pattern, exhibiting a characteristic distance around 0.5 nm (Fig. 9b). This pattern is attributed to a Moiré effect between few superimposed layers. One possible matching arrangement is illustrated in Fig. 9c, with two superimposed layers with an AB type stacking. Note that this proposed arrangement is quite similar to the one expected from simulations [START_REF] Dabsamut | Stacking stability of c2n bilayer nanosheet[END_REF] . This Moiré effect evidences the crystallinity of the whole flake, as there's no reason for it to be more crystalline at its edges. We were not able to get convincing electron diffractions patterns from this material. This may be due to the instability of the material under electron irradiation [START_REF] Chen | Imaging beam-sensitive materials by electron microscopy[END_REF] . In some instances, clear diffraction patterns were observed (examples shown on Fig. S2-9). However, these were finally considered as artifacts as (i) the characteristic distance associated with the [100] plane was not observed, and (ii) the brightness of the spots was too high to be associated with few layers flake. These artifacts may be due to remaining inorganics trapped inside the material. Great care should thus be taken while analyzing the selected area electron diffraction (SAED) of layered 2D materials.

An EELS analysis of a C 2 N thin flake only shows nitrogen on the flake, not on the carbon grid, and C 2 N appears as oxygen-free Fig. 9d-g. This confirms that the oxygen signals observed by XPS analysis are probably due to contamination, or to adventitious oxygen-containing species trapped between aggregated flakes. The near edge structures observed for the C and N signals confirms that these elements are sp 2 hybridized in the material [START_REF] Thomas | Graphitic carbon nitride materials: Variation of structure and morphology and their use as metal-free catalysts[END_REF] .

Synthesis of a triazine-based COF.

The potassium-promoted reduction of polyhalogenated aromatic building blocks thus appears as a very efficient tool for 2D materials synthesis. We then decided to further expand the scope of this process threw a third example, sketched on Fig. 7b. This material belongs to the so-called Covalent Triazine Frameworks (CTF) family. These materials are indeed receiving an ever increasing interest, due to their interesting properties for example in the field of photocatalysis [START_REF] Sun | ordered polymerization of crystalline semiconducting covalent triazine frameworks[END_REF][START_REF] Wang | Covalent triazine frameworks via a low-temperature polycondensation approach[END_REF][START_REF] Zhang | Strong-base-assisted synthesis of a crystalline covalent triazine framework with high hydrophilicity via benzylamine monomer for photocatalytic water splitting[END_REF] .

The details of the synthetic process are to be found in "Methods" section and in part S3 of SI. Interestingly, a detailed observation of the surface of potassium during the reaction shows that CTF grows in a bark-tree like fashion, along with KBr scales, both visible with the naked eye. This concomitant formation of layered KBr/CTF strongly supports our initial assumption that the inorganic by-product (KBr in this case) is likely to favor the confined growth of 2D materials. CTF material is obtained as a green-brown powder after drying, washing with dichloromethane and water. An observation of this material (as a water suspension) by optical microscopy shows it to be made of very large, thin flakes, with sizes ranging from a few to 500 µ m. The characteristic features of 2D materials (such as folds) are easily observed. The flakes appear as nearly transparent, evidencing their small thickness and large bandgap. Their yellow-green color is quite similar to the one observed using a different synthesis of this material [START_REF] Sun | ordered polymerization of crystalline semiconducting covalent triazine frameworks[END_REF] . Needle-like crystals of the starting material are sometimes observed, as this starting tris(bromophenyl)triazine is highly insoluble. As for the previously described materials, we also found that some flakes (thin enough and not too crumpled), suspended in dispersion oil do rotate the polarization plane of incident polarized light, as expected for single crystals (Figs. 10a, S3-2). SEM image of CTF-2D material confirms the presence of large, folded flakes and EDS analysis of such a flake shows the presence of C, N and oxygen-containing contamination (Fig. 10b). Note that the N signal is absent from the carbon substrate used for this experiment. The low relative intensity of the N signal is ascribed to (i) the low intrinsic relative amount of nitrogen in the material (C/N theo = 7 ), and (ii) the presence of the underlying carbon substrate. In the same way, an EDS analysis of the needle-shaped objects sometimes observed with the CTF flakes shows the presence of bromine along with C, N and O. This confirms the attribution of these needleshaped objects to the starting product (Fig. S3-3). A comparison between the EDS analyses of CTF-2D material and the starting product shows that the relative C/N ratio is close in both cases, as expected.

An XPS analysis of CTF-2D material shows the presence of strong signals from oxygen and silicon (with a relative O/Si intensity=2), from the silicon wafer used as the substrate for the analysis (Fig. S3-4). All the expected elements are observed, essentially carbon and nitrogen, with a relative C/N intensity of 12, the expected value being 7. This excess carbon is likely to be due to commonly encountered contamination. Only traces of bromine are observed, coming from the remaining unreacted starting product.

An IR spectra of CTF is provided in the SI (Fig. S3-5), and compared with a reference one of the starting tribromotriazine derivative. The signals attributed to the characteristic vibrational modes of the triazine and phenyl rings are observed (stretching C=C and C=N and ring deformation), in the same wavenumber range compared with the starting product. This confirms the proposed structure of CTF.

Another interesting feature is the complete disappearance of the strong signal at 540 cm -1 , attributed to the C-Br bond, on going from tribromotriazine to CTF. It confirms the occurrence of the expected coupling reaction, and thus the structure of the product. It also confirms the conclusions drawn from XPS experiments.

A Raman analysis of a single CTF flake is provided in the SI (Fig. S3-6). It shows the presence of a broad peak around 1600 cm -1 , corresponding to C=N and C=C bond stretching vibrations, as expected. No signals associated with C-H bonds are observed, thus confirming the conclusions drawn from IR studies.

As for the two previous materials, TEM images confirm very thin and large flakes, with length sometimes exceeding 100 µ m (Fig. 10c). The flakes appear as very homogeneous and seemingly defect-free, even at large magnifications. In a few places, some contamination by what seems to be needle-shaped crystals of the starting product are however observed, in accordance with optical and EDS observations. Some rare, highly folded CTF flakes were sometimes observed. A careful examination of the corresponding high resolution TEM micrograph over folds allows to get a rough estimate of the thickness of the flakes (Fig. S3-7). The obtained values fall between 1.5 and 3 nm, corresponding to 5 to 10 2D layers. Some rare tube-shaped objects were also observed, reminiscent of a bamboo-like growth of carbon nanotubes [START_REF] Jia | Controllable and large-scale synthesis of carbon nanostructures: A review on bamboo-like nanotubes[END_REF] . This may be due to a molding of potassium droplets during the growth. SAED pattern obtained from the flake shows the characteristic distance of 2.2 nm expected for the [100] plane of TPTZ (Fig. 10d-f). In the same way, a distance of 6 Å along the z axis is observed (corresponding to the thickness of two conjugated layers) indicative of an AB type stacking. The observed SAED diffraction pattern is characteristic of several crystalline, stacked layers oriented parallel to the incident electron beam [START_REF] Hack | Characterization of graphene nanosheets obtained by a modified hummer's method[END_REF] . It is thus likely that in the present case, the observed pattern originates from the folded sides of the studied area. It was not possible to observe diffraction on flat-lying sheets, presumably due to their small thickness and the very porous structure of CTF-2D layers. This experiment confirms that the CTF flakes are crystalline. As for the two previous 2D materials, artifacts were commonly observed during SAED experiments. They were finally discarded after careful analyses, as the characteristic distances expected for the [100] plane were never observed (Fig. S3-7). These artifacts may originate from trapped inorganic salt, or remaining starting product. Synthesis of C 2 N using mercury/potassium amalgam. In line with the double confinement strategy, the synthesis of the C 2 N carbon nitride was also realized using another kind of reactive metal interface, the mercury/potassium amalgam. Indeed, the propensity of mercury to form liquid alloys with many metals, including alkaline ones is well known. We reasoned that under these conditions, the metallic interface should be more stable, as mercury itself is not reactive towards tetrachloropyrazine. This could in turn favor the formation of even higher quality 2D layers. Moreover, the liquid nature of the mercury/potassium amalgam should allow for a continuous supply of metallic potassium to the organic solvent/metal interface thus compensating for its consumption during the formation of the C 2 N 2D network. Last, the inorganic by-product (KCl) is completely insoluble in the solvent used for the reaction (toluene), thus increasing the confinement effect.

The details of the synthetic process are to be found in "Methods" section and in part S4 of SI. The initially shiny mercury interface rapidly gets covered with an orange-greenish deposit. The amalgam is removed with a pipette, and the solid supernatant is washed with ethanol and water. The material is obtained as a light brown/orange powder, with many orange scales easily visible with the naked eye (Fig. 11a).

Optical microscopy analysis shows the presence of very thin (transparent), very large flakes (often mm sized) (Fig. S4-2), all exhibiting the characteristic orange color shades previously observed for thin C 2 N flakes. This confirms that the mercury amalgam-based synthesis indeed mostly results in single/few layers flakes. Only a small amount of black materials (strongly aggregated/folded flakes) is observed. A polarized light analysis of these flakes shows them to be quite crystalline, as they alternatively appear bright/ dark as a function of the angle between the polarizers (Figs. 11a-c, S4-3). If kept in suspension for several days, the flakes tend to fold and roll, but are still crystalline.

In line with the previous C 2 N synthesis, very large, smooth and layered flakes with few visible defects are observed by TEM, even at high magnifications (Fig. 11d). An examination of the edges of these flakes clearly shows their layered structure. In order to insure that the observed objects are not artifacts (broken carbon film from the grid), a TEM analysis of the same sample was performed using a holey carbon grid (Fig. S4-4). It indeed confirms the presence of very large flakes. Some expands over several squares on the TEM grid. All are showing the characteristic features of sheet-like materials (folds, overlaps, etc...). Some rare, highly folded C 2 N flakes were sometimes observed. A careful examination of the corresponding high resolution TEM micrograph (two examples in Fig. S4-4) over folds allows to get a rough estimate of the thickness of the flakes. The obtained values fall between 4 and 9 nm, corresponding to 10 to 20 2D layers.

A XPS analysis of one single C 2 N flake shows the presence of strong signals from oxygen and silicon (with an O/Si atomic ratio of 2), from the native SiO 2 layer of the silicon wafer (Fig. 11e-g). Carbon and nitrogen are observed as expected. Regarding the N 1s signal, only one single peak is observed, with a binding energy characteristic of pyridinic-type nitrogen atoms [START_REF] Artyushkova | Chemistry of multitudinous active sites for oxygen reduction reaction in transition metal-nitrogen-carbon electrocatalysts[END_REF][START_REF] Jansen | Xps of nitrogen-containing functional groups on activated carbon[END_REF][START_REF] Osadchii | Revisiting nitrogen species in covalent triazine frameworks[END_REF][START_REF] Lindberg | Molecular spectroscopy by means of esca[END_REF] . The observed relative C/N intensity is 3, higher that the expected value of 2. This is likely to be due to commonly encountered carbon contamination. This is confirmed by the presence of a strong signal around 285 eV on the C 1s spectra. This C/N ratio is the same as the one measured for the previously described synthesis of C 2 N (using potassium only as a reducing agent). Remainings of mercury (1 atomic%) and potassium (3 atomic%) are also observed, due to left starting products/by products. Chlorine is also observed as chloride ions, in a close to 1-to-1 atomic ratio vs. potassium, indicative of the presence of remaining KCl. This confirms the absence of significant amounts of left C-Cl bonds, and thus the formation of a continuous, defaults-free C 2 N network. The signal of mercury steadily decreases during vacuuming, confirming its presence as a metal.

Discussion

The structure and composition of all three COFs described in this work are assessed by extensive cross-analyses (optical microscopy/XPS/XRD/SEM/TEM/EDS). The conclusions are as follows:

1. The presence of high amounts of potassium halides in the crude materials (that are completely removed upon washing with water), as expected if the Fittig coupling reaction occurred (Fig. 1). 2. The nearly complete absence of halogens in our final, (washed) materials i.e. the (quasi) absence of remaining C-Cl or C-Br bonds confirms that the assembly reaction occurs cleanly. 3. The presence of strong signals associated with pyridinic-type nitrogen in all our materials as evidenced by XPS. 4. EELS experiments confirm point 3, as observed C and N signals are typical of species belonging to conjugated structures. 5. The crystallinity of our materials, confirmed by TEM (with SAED for one them) and optical microscopy experiments. 6. The compositions are very similar to literature-reported ones. 7. Infrared spectroscopy shows the presence of their expected, respective constituting units for all three COFs.

Taken together, all these conclusions clearly demonstrate the success of our synthetic strategy.

In the case of CN and C 2 N, DRX shows the presence of the characteristic peak associated with interplane spacing [START_REF] Jansen | Xps of nitrogen-containing functional groups on activated carbon[END_REF][START_REF] Tian | C2n: A class of covalent frameworks with unique properties[END_REF][START_REF]Webbook de chimie nist[END_REF][START_REF] Yang | Tunable c2n membrane for high efficient water desalination[END_REF] . However, this peak exhibits some specific features. First, it only appears after washing the samples. Second it is quite broadened. As TEM demonstrates the very high quality of the flakes, we consider that the broadness of the peak is likely to be due to a broad distribution of interplane spacings. This originates from the fact that the layers grow individually, getting stacked during the washing steps. This may induce an irregular spacing after drying. This may also ease the inclusion of metallic cations inside the coordinating holes. Indeed, a few percents of remaining K and Ca (a commonly observed impurity in commercial-grade potassium) are present in our CN and C 2 N samples. The fact that our materials are directly obtained as single/few layers ones confirms the occurrence of very efficient mechanisms limiting its extension along the z axis (Fig. 1c). This confirms the proposed double confinement effect by (i) the surface of the potassium and (ii) the insoluble metal salts on top.

The first example of COF we describe (CN carbon nitride) has already been synthesized using a related protocol (reduction of cyanuric chloride with sodium under high pressure conditions in the presence of nickel as a catalyst [START_REF] Li | Self-assembled one-dimensional carbon nitride architectures[END_REF][START_REF] Cao | Synthesis of carbon nitride nanotubes via a catalytic-assembly solvothermal route[END_REF][START_REF] Li | Synthesis and characterization of graphite-like carbon nitride nanobelts and nanotubes[END_REF] . However, the morphology of the material we obtained appears as very different. In our case, very large, well defined and seemingly defect-free 2D layers are obtained. These differences might be related to the difference in reactions conditions, and/or to the smaller ionic radii of Na + (Na being the reducing agent used in the previously cited studies) vs. K + . Interestingly, our process led to a material that easily redisperses in water.

The same features were also observed for all three COFs described in the present work, i.e. very large, and seemingly defect-free flakes with good composition analyses. Accordingly, a comparison between the EDS and XPS analyses of CN, C 2 N, and CTF shows a continuous decrease of the relative amount of nitrogen from CN to CTF, in accordance with the corresponding respective theoretical nitrogen contents in their structures.

For the first time, the flakes described in our work are sufficiently large and defect-free to behave as singlecrystals, as evidenced by polarized light microscopy analyses.

TEM confirms the exceptional quality/crystallinity of the 2D layers of all three COFs. The best dispersions (thinnest and largest flakes) were observed upon treatment of the as prepared materials with HCl, in comparison with the other dispersant that we used. Aqueous HCl is thus the best choice for the suspension/processing of these materials, in line with previous observations [START_REF] Yang | Nbse2 meets c2n: A 2d-2d heterostructure catalysts as multifunctional polysulfide mediator in ultra-long-life lithium-sulfur batteries[END_REF][START_REF] Mahmood | An efficient and ph-universal ruthenium-based catalyst for the hydrogen evolution reaction[END_REF] . This may be due to partial protonation of embedded nitrogen atoms, inducing electrostatic repulsions between flakes. This is attested by the observation of signals that could be attributed to (N-H) + bonds on the infrared spectra of CN and C 2 N. This may also explain the presence of higher binding energy components in the N 1s/C 1s XPS analyses. Interestingly, thin flakes of the three COFs that we synthesized exhibit different intrinsic colors, brown for CN, greenish-brown for CTF, whereas C 2 N exhibits a deep orange one. This evidences the smallest bandgap of the later.

It should be underlined here that for all the COFs that we synthesized, the whole materials are made of flakes such as the ones shown on the different figures (both in the paper and in the SI). Indeed, all the observed areas on several TEM grids from different syntheses do show similar objects. Improving the stability of the metallic interface by using potassium-mercury amalgam considerably improves the quality of the C 2 N flakes, as expected for a surface-confined growth process. For the first time, millimeter-scale flakes of C 2 N were obtained, an exceptional feature in the field of COFs. The successful synthesis of three different 2D networks, using very different building blocks shows that our metallic potassium-based process appears as quite general. This opens the door towards the synthesis of COFs with more complex structures.

Conclusion

A simple protocol for the synthesis of graphene-related COFs was designed and exemplified on three different examples.

The exceptional quality of the resulting materials (in terms of flake sizes and defect-free nature) shows that the proposed double confinement strategy approach appears interesting for the synthesis of high-quality 2D materials. This high quality, along with the soft conditions used and common laboratory equipment makes our process a significant improvement in the field.

The fact that the characteristic X-ray diffraction peak around 26 • is only observed on washed samples tends to indicate that the growth of these 2D materials occurs as single/few layers, a new feature for wet syntheses of 2D materials.

These materials hold great promise in the field of nanoelectronics (high band gap support for graphene, transport studies, etc...). They are also interesting for photophysics, due to (i) the large size of the crystalline domains, (ii) their low defects content and (iii) their direct synthesis as highly exfoliated sheets. These studies are underway and will be reported in due course. Methods 2, 3, 5, 6-Tetrachloropyrazine was purchased from Chemieliva, and used as received. All other reagents were from TCI and used as received.

Synthesis of CN.

A chunk of metallic potassium (about 1 g) is weighted in a closed vial under argon. 20 mL of anhydrous benzene or toluene are then added, still under argon. A slight excess (vs. potassium) of cyanuric chloride (about 1.7 g) is then added, and the media is brought to reflux for 24 h under argon. Shortly after the beginning of the synthesis, the initially shiny potassium surface rapidly gets wrapped by a light brown deposit. During the course of the reaction, this solid material expands considerably, the flask being nearly completely filled with a brown solid at the end of the synthesis.

The material if filtered, and the solid is washed with acetone. These organic fractions are combined and evaporated. The resulting dark brown, oily material is weighted to estimate the yield of the reaction.

The complementary solid is then suspended in water, and filtered. This operation is repeated one more time. CN is obtained as a light brown solid.

Synthesis of C 2 N.

A chunk of metallic potassium (about 1 g) is weighted in a closed vial under argon. 20 mL of anhydrous benzene or toluene are then added, still under argon. A slight excess (vs. potassium) of tetrachloropyrazine (about 1.5 g) is then added, and the media is brought to reflux for 24 h under argon. Shortly after the beginning of the synthesis, the initially shiny potassium surface rapidly gets wrapped by a solid black deposit. During the course of the reaction, the solid material considerably expands (compared with the initial size of the potassium chunk, the flask being nearly completely filled with a black solid at the end of the synthesis.

The supernatant is filtered off, and the black solid is then washed with acetone. The organic solvent fractions are then combined and evaporated. The resulting dark brown oil is then weighted to assess the yield of the reaction.

The complementary black solid is then washed twice with deionized water, to remove soluble by-products (such as KCl).

Synthesis of CTF 2D material.

A chunk of metallic potassium (1 g) is weighted in a closed vial under argon. 60 mL of anhydrous benzene or toluene are then added, still under argon. Tris(bromophenyl)triazine (3.38 g) is then added, and the media is brought to reflux under argon for 3 days. Note that the media remains as a suspension, as the starting triazine product is poorly soluble. The initially shiny potassium surface rapidly gets purple, and then covers with a light brown solid. As the reaction goes by, the solid material considerably expands.

At the end of the refluxing period, remaining metallic potassium is quenched by slow addition of ethanol under argon.

The solid is filtered, washed with dichloromethane, acetone, and water. The precipitate is then suspended in o-dichlorobenzene, and centrifuged (10,000 RPM, 3 min). The precipitate (mostly unreacted starting product) is discarded. The supernatant is then filtered, leaving CTF-2D material as light greenish-brown powder.

Synthesis of C 2 N network using mercury/potassium amalgam. To a 10 mL Schlenk tube flushed with argon, are added 0.345 g of metallic potassium and 4 mL of mercury at ambient temperature. The dissolution of potassium in mercury is complete within 30 min. The white solids that appeared during the process at the surface of the amalgam are wiped out, leaving a clean, shiny surface. A solution of 0.49 g of tetrachloropyrazine in 5 mL of anhydrous toluene is then added. The reaction media is heated at 110 • C under argon for 7 days, resulting in the formation of a brown deposit on the surface of the amalgam . After cooling the system down to ambient temperature, the liquid amalgam is removed (using a pipette), and the remaining brown powder is washed with ethanol and water under argon.

C 2 N is obtained as a brown-orange powder.

Figure 1 .

 1 Figure 1. Synthesis strategy schemes. (a) General synthesis of 2D materials by building units 24 , (b) example of monomer assembly defects, (c) example of monomer assembly defects perpendicularly to the average plane of the 2D network, (d) Fittig reaction 30 and (e) confining the growth of layered materials by both a surface and a metallic salt.

Figure 2 .

 2 Figure 2. Synthesis of CN carbon nitride. (a) Reaction and (b) fit of different macrocyclic cavities with the potassium ion 42,43 .

Figure 3 .

 3 Figure 3. Analyses on CN material. Images acquired by (a) optical microscope showing a large and thin flake (zoom on an isolated flake in inset) and hollow spheres (yellow arrows), (b) optical microscopy analysis of a flake using polarized light. The brightness of the flake changes with the relative angle between the polarizer and the sample (zoom in inserts, white arrows as a guide to the eye), evidencing its crystallinity). The flake shows different domains due to folds, see S1-3, (c) SEM, the zoom in inset shows a rolled up flake. (d) EDS analysis on CN sample.

Figure 4 .

 4 Figure 4. XPS spectra of CN. Signals of (a) survey, (b) nitrogen, (c) chlorine, (d) oxygen, (e) carbon and (f) calcium.

Figure 5 .

 5 Figure 5. Powder X-ray diffractograms. (a) A crude (red) and washed (blue) CN samples (same batch). Insert (green): zoom over the blue curve. (b) A washed CN sample: signals from the aluminum sample holder (blue stars) and signals from KCl by-product (red stars).

Figure 6 .

 6 Figure 6. TEM analyses on CN-washed material. (a) TEM image in bright-field mode at low magnification showing large flake, (b) TEM image in bright-field mode at high magnification showing homogeneous, thin and layered flake, (c) TEM image of isolated uranyl ions loaded flake observed at 120 kV showing Moiré pattern, (d) HAADF-STEM image of CN flakes deposited on holey carbon grid showing thin flakes with folds (yellow circle), (e) STEM-EDS mapping mode of nitrogen (Kα line) in red, (f) EELS spectrum.

Figure 7 .

 7 Figure 7. Synthesis of (a) C 2 N and (b) 2D material by reduction of a polyhalogenated triazine derivative. The starting tris(bromophenyl) triazine B was synthesized by acid-promoted trimerisation of 4-(bromo)benzonitrile A 58,59 .

Figure 8 .

 8 Figure 8. Analyses on C 2 N material. Images acquired by (a) optical microscope showing black, large, and thin flakes (in inset orange-colored HCl suspension of C 2 N), (b) optical microscope in polarized light mode (the brightness of the flake with the angle (white arrows as a guide to the eye), evidencing its crystallinity), in inset zooms on flakes at different relative angles between the polarizer and the sample showing different domains due to folds, (c) SEM. (d) EDS analysis.

Figure 9 .

 9 Figure 9. TEM analyses of C 2 N. (a) TEM image at low magnification showing large, thin and homogeneous flakes. (b) HRTEM on a flake showing atomic rows (distance = 0.5 nm) and FFT of the image in inset. (c) Two stacked C 2 N layers (one layer in red and the other in blue, only nitrogen atoms shown for clarity, unit cells of the two stacked layers shown as rhombus) exhibiting the observed 0.5 nm distance. (d) EELS analysis of a single flake suspended on holey carbon grid*: (e) carbon grid analysis (green circle on the image (d)), (f,g) C 2 N sample (red circle on the image (d)). *The regular, circular holes observed on the sample are due to the electronbeam-induced damages.

Figure 10 .

 10 Figure 10. Analyses of CTF-2D material. (a) Optical microscopy at normal (1) and in polarized light ((2) and (3)) at different relative angles (white arrows as a guide to the eye) showing large, thin, folded and crystalline flakes. (b) SEM image of the sample and EDS analysis on points A and B (yellow circles), (c) TEM images confirming previous observations. (d) TEM image of folded flake (yellow circle: SAED analyzed area), (e) model of the analyzed area and (f) corresponding SAED analysis.

Figure 11 .

 11 Figure 11. Analyses of C 2 N material using mercury/potassium amalgam suspended in a 1:2 EtOH:HCl 2 M (v/v) solution. Optical microscopy at (a) normal light (in inset photography of large C 2 N flake, scale bar = 300 µ m) and (b,c) polarized light at different relative angles showing large, thin, folded and crystalline flakes. (d) TEM image showing large, thin, layered (in inset) and homogeneous flakes. XPS analyses with spectra of (e) nitrogen, (f) carbon and potassium and (g) evolution of Hg at the same place as a function of time.
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