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Design scheme

Porous graphitic carbon nitride (PGCN) monolayers are typically synthesized by pyrolytic
elimination of ammonia from molecular building blocks of planar hexagonal rings with pendant amino
substituents. The nitrogen atoms remaining from some of the original amino substituents after the
ammonia elimination become the linkers between the building blocks in the 2D PGCN monolayer.
Three-fold symmetry of the building blocks is necessary for an infinite graphite-like structure. The
synthesized CNs are C;Ns, C3Ny, C3N3, and C3N. Interestingly, we found the ratio of CsN; can forms
the C3N,,, family (m=5, 4, 3, 2, 1) with the above mentioned CNs. In order to obtain a PGCN monolayer
of a carbon-richer carbon nitride, such as C;N, of interest in this paper, suitable building blocks with
graphitic and pyridinic nitrogen atoms need to have carbon-richer hexagonal rings while retaining

three-fold overall symmetry.

HoN N NH N
Y L
NYN '\i N \N
)\ )\
NH; HoN N N NH,
1,3,5-Triaminotrazine Triamino-s-heptazine

Figure S1. Symmetrical building blocks with C;Nj triazine rings for synthesizing C;N, allotropes.

The most common building blocks for PGCN monolayers are constructed from hexagonal triazine
rings consisting of alternating carbon and nitrogen atoms as exemplified by the triazine and heptazine
systems in Figure S1. The C: N ratio in these building blocks leads to the stoichiometry CsNy for the
final polymeric carbon nitride monolayer after the elimination of all of the hydrogen atoms on the
pendant amino groups as part of ammonia. This approach to the synthesis of carbon nitride monolayers
leads to porous systems with porosity dependent on the choice of the building block. The carbon-
nitrogen balance in building blocks for the synthesis of carbon nitride monolayers consisting
exclusively of triazine rings symmetrically substituted with amino groups necessarily leads to the

stoichiometry C;Ny for the resulting carbon nitride after pyrolytic elimination of ammonia.
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Figure S2. Schematic representation of the synthesis of C,N-h2D, aza-COF-2, FA-PON, and a possible

synthesis path of H-C3N,.

For g-C;N,4, we learn that it can be synthesized by the thermal condensation of several low-cost
nitrogen-rich precursors with about 550 °C such as cyanamide!, dicyandiamide?, melamine?, thiourea®,
urea’, or mixtures thereof®. Similar to g-C3;Ny, so far, there are two reported routes with different
nitrogen-rich precursors to prepare C,N-h2D in the experiment. One is the reaction between
hexaaminobenzene (HAB) trihydrochloride (Figure 2a) and hexaketocyclohexane (HKH) octahydrate,
the other is direct carbonization of the hexaazatriphenylene (HAT) precursor.” Besides, we know that
the reaction between organic molecules with the same terminal functional groups could occur via a
similar reaction path, which can be seen in the preparation of 2D porous structures.® For example, the
combination between amino (e.g. HAB) and carbonyl (e.g. HKH) usually results in the dehydration
reaction in the synthesis of PGCNs and covalent organic frameworks(COFs), such as C,N-h2D?12,
aza-COF-213-16 . FA-PON'3: 17. 18/ TQBQ-COF'°, and F-COF?°. Though solvents and catalysts are
sometimes different, primary monomers are unchanged.

Therefore, analogous to HAB and 2,3,6,7,10,11-Hexaaminotriphenylene (HATP) with the same
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edge functional group(i.e. amino) in the synthesis of the 2D metal-organic frameworks (MOFs)
Co3(HAB),2!23 and Co3(HATP)**23, 2,3,6,7,10,1 1-hexamine dipyrazino quinoxaline (HADQ), which
was first synthesized in 2021 and used to prepare the 2D MOF Co;(HADQ),%%, is used to design and
propose a possible synthesis scheme for a-C;N,?7 (designated as H-C3N,). According to the synthesis
of C,N-h2D,!% 28 aza-COF-2!3 14 and FA-PON!7> 18 2%(Figure S2) and their similar structural
characteristics, we propose that using the main organic reactants (i.e. HADQ and HKH) and N-methyl-
2-pyrrolidone (NMP) in the presence of a few drops of sulfuric acid (H,SO,) as catalysts could produce
preliminary materials via a bottom-up wet-chemical reaction. The reaction mixture needs to be heated
175°C ~185 °C under argon or N, atmosphere for a period of time, which will be possibly hours or
days. Then, the resultant solid can be filtered and Soxhlet extracted with water and methanol after
being dried,'? 1317 when it also needs likely to be freeze-dried at -120 °C under reduced pressure (0.05

mmHg) for some time.!% 7
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Figure S3. (a-b) The synthetic process of mCQN and CQN-1. (c) A possible scheme for the synthesis
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of the T-C;Nj, lattice by the self-assembly of DDE.

For T-C;N,(Figure 3S), after comparing the cohesive energy difference between it and H-C;N,, we
find it has lower cohesive energy, which is beneficial to its realization due to the above-mentioned
possibility of the preparation for H-C;N,. Thus we also propose a possible synthesis scheme for T-
C;N, based on the synthetic route of CQNs*°. In the synthesis of mCQN and CQN-1, Zinc chloride
(ZnCl,) was always used as the solvent and catalyst and reacted with 2-aminobenzonitrile(ABN) and
2,5-Diamino-1,4-benzenedicarbonitrile (DBDN) for the condensation of aromatic ortho-aminonitriles
to produce tricycloquinazoline linkages (Figure 3Sa-b). Similarly, our scheme is to mix 1,2-Diamino-
1,2-dicyanoethylene (DDE) and anhydrous ZnCl, under 300~400 °C for a period of time. According
to the reaction time of mCQN and CQN-1, the reaction time could not be for a long time. Besides, we
also propose to use the derivative of TATP (TATP-d, Figure S3c) as an alternative through the same
route. The reaction mixture is initially ground into fine powder and washed with water, stirred in dilute
HCI solution. Again, it needs to be washed thoroughly with water, THF, and methanol, in sequence.
The final product is attained after being dried under vacuum. Apart from H-C3;N, and T-C;N,,
unexpectedly, the assembly of HAB and TATP could form another new C;N, allotrope (designated as
TH-C;N,, Figure 4Sa-b), and it also has a lower cohesive energy than H-C3;N,. Through the calculation
of the phonon dispersion, TH-C;N, is found to be stable (Figure 4Sc), which indicates it could be

synthesized in suitable experimental conditions.

(®)

TH-C,N,

Figure S4. (a) Two possible basic organic units to produce the TH-C;N, allotrope. (b-c) Structure and
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Phonon spectra of the TH-C3N2.

Computational Details

CALYPSO

The particle swarm optimization (PSO) method within the evolutionary algorithm as implemented
in the Crystal structure AnalYsis by Particle Swarm Optimization (PSO) code was employed to find
the lowest energy structures of (C;N,)n (n= 1, 2, 3, 4, 5, and 6) monolayers.3!-32 Unit cells containing
1,2,3,4,5, and 6 formula units (f.u.) were considered. In the first step, random structures with certain
symmetry are constructed in which atomic coordinates are generated by the crystallographic symmetry
operations. Local optimizations using the VASP code 33 were done with the conjugate gradients
method and stopped when Gibbs free energy changes became smaller than 1 x 1073 eV per cell. After
processing the first-generation structures, 60% of structures with lower Gibbs free energies are selected
to construct the next-generation structures by PSO. 40% of the structures in the new generation are
randomly generated. A structure fingerprinting technique of bond characterization matrix is applied to
the generated structures, so that identical structures are strictly forbidden. These procedures
significantly enhance the diversity of the structures, which is crucial for structural global search
efficiency. Structural searching for each calculation was stopped after generating 1000 ~ 1200

structures (e.g., about 20 ~ 30 generations).

The calculation of elastic constants

The conventional rectangular lattice requires independent elastic constants and strain energy to

_ 2
E¢=-Ci¢,

1
1 1 +5C gbzb + Ciy¢ Epb + 2C € Zb
satisfy the relation: 2 al 522 128aa 4484

, where Es is the strain energy (the total

energy of the strained state minus that of the equilibrium state) per unit area, €,, and &y, are the small
strains along the a and b directions in the harmonic regime, and &, is the shear strain. C;;, Cy,, Cy2,

and Cy4 are the independent elastic constants, corresponding to the second partial derivative of strain
energy with respect to the applied strain. the strain € parallel to 0 ( 0 is the angle with respect to a
direction) direction € and the strain ¢ perpendicular to the 0 direction ¢L induced by the unit stress
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0 ( 0') can be expressed as

2
C11C5 - Cp3 Ceo

€
, respectively. Thus, the orientation-dependent Young’s modulus (Y(0)) and Poisson’s ratio (v(0))
can
be obtained via the following equations:

2
C11C22 - C12

y(@):%: — (s1)
C,,sin*ii6 + C,,cos"iif +( ne i ZClz)si Ziiigcos?i
C66 ,
C,,(sin*i + cosiig) - (cu +Cpy - C“CZ,Z - Clz)sinziﬁﬂacosziﬁii
V) = e (52)
C,yinii + C,,cos"ig + ( g 22 2 ZClz)sinZEEEEHcosziZEEE
66

, respectively.

e Atomic configurations for C;N, C,N, and T-C;N,.
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Fig. S5 Atomic configurations for (a) C;N, (b) C,N-h2D, and (c¢) T-C;sN,. The blue and black balls

indicate nitrogen and carbon atoms, respectively. The unit cell is shown by black solid lines.
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Figure S6. The graphitic N concentration of C3Ns, g-C3Ny, T-C3N, and C;N.
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Figure S7. (a) a slice (crossing the monatomic thick structure) of the electron localization function
(ELF) of the T-C5N, monolayer. (b) Phonon spectra of the T-C;N, monolayer. (c-¢) The final snapshot

frame of the T-C5;N, monolayer during the AIMD simulation at 500K, 750K, and 1000 K.
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Figure S8. Electronic structures under HSE06 method and the DOS under PBE method of (a-b) C,N-
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h2D monolayer and (e-f) H-C3;N,. The transverse dotted line is the Fermi energy. Partial charge

densities (top view) of the CBM and VBM of (c-d) C,N-h2D monolayer and (g-h) H-C;N, (isovalue
0.004 e bohr3).
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Figure S9. The band structure of H-C;N, relative to the vacuum level. The cyan and red dotted lines

indicate the reduction force of hydrogen and the oxidation force of oxygen, respectively.

+0.87 eV

0eV
=00 >
A=B;=12.29 A d,I 362A A=B=1228 A dzI 2.99 A
Q= -

sl


javascript:;
javascript:;

Figure S10. The different stacking bilayers of H-C3N, and T-C;N,. (a-d) Configurations of AA, AB,
AA', and AB' T-C5N; on top views (upper panel) and side views (lower panel) (e-f) Configurations of
AA (AA") and AB (AB') H-C;3N, on top views (upper panel) and side views (lower panel). The energy
is the energy difference between the most favorable bilayer H-C;N, (T-C;N;) and the others. (g-h)
Configurations of AC and AD bilayers of T-C;N, on top views (upper panel) and side views (lower
panel). (i) Configurations of AC bilayer of H-C5N; on top views (upper panel) and side views (lower
panel). A, By, Ay, By-, As, and B;- are the corresponding lattice parameters. d;, dy, d;-, d,-, d; and d4

are the interlayer spacing.
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Figure S11. Top and side views of the differential charge density of (a) AA and (b) AA’ stacking

bilayers T-C;N, with an isosurface value of 0.0004 e Bohr.
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Figure S12. (a-b) Total energy shift E-E, on the per surface as a function of lattice deformation Al/l
along a and b directions in T-C5N; and H-C3N,. (c-d) The effective mass of T-C5N; and H-C3N; in
a(b) direction in CBM and VBM. (e-f) Relationship between energy shift of the band edge position
and the dilation Al/1.
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