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S1 Computational details

All density functional theory (DFT) calculations presented in this article are performed with

the freely available cp2k-quickstep suite of codes1–3 and are carried out on large supercell

(cf. Table S1) constructed from the unit cell of g-C3N4 reported in Figure S1.

We employ Goedecker-Teter-Hutter pseudopotentials4 for core electrons, with a cut-off

of 600 Ry set for the plane waves and the MOLOPT double-zeta polarized basis set2 used

for valence electrons. Hybrid functionals calculations are carried out at an affordable com-

putational cost and time, even for the largest systems considered here (up to 1008 atoms,

cf. Table S1), by employing the auxiliary matrix method, conceived by cp2k-quickstep

developers,5–7 allowing for fast evaluation of exchange integrals on an auxiliary basis set.

In particular, we use cFIT set7, which was found to provide a good compromise between

accuracy and affordable computational time (e.g. Ref. 8). Calculations involving unpaired

electrons are performed adopting the unrestricted Kohn-Sham formalism and, in some cases,

specifying the desired system multiplicity (vide infra).

Figure S1: Idealized 2x2x1 flat P6/m2 heptazine-based network (see Figure 1 in main text)
used as repetitive unit for the fully condensed system. The cell axes are: a=24.5380 Å and
b=14.1660 Å.

Our choice of the density functional is guided by the need to alleviate the self-interaction

error, typical of standard DFT methods, which would cause an incorrect description of

charge localization in semiconductors.9,10 To this end, we employ the functional already
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Table S1: Number of atoms (N) and lattice parameters a, b, c for the supercells studied in
this work

Cell N a b c

2× 2 112 24.538 14.166 40.0
4× 4 448 49.076 28.332 40.0
6× 6 1008 73.614 42.498 40.0

used in Ref. 11, belonging to the PBE0 family of global hybrid functionals. In particular,

it was shown in Ref. 11 that a fraction of Fock exchange equal to 18% fairly reproduce the

electronic properties of g-C3N4. Non-local electron correlation is included in the functional

via the scheme developed by Vydrov and Van Voorhis,12,13 preserving the original value of

6.3 for the parameter b, which regulates the extent of dispersion interactions. The particular

Figure S2: Valence band maximum (VBM) and conduction band minimum (CBM) of g-C3N4,
along with adiabatic charge transition levels of VN(C) in the constrained planar geometry,
as a function of the fraction of Fock exchange α included in the hybrid functional. All values
are given in eV and are referred to the valence band maximum for each system.

nature of two-dimensional materials, whose reduced dimensionality cause the band edges to

experience a reduced screening while the localized defects are subject to bulk-like screening,14

demands further inspection of the associated defect levels. For this reason, we here further

show that, for the vacancies considered in this work, the position of charge transition levels
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is robust against the fraction of Fock exchange α included in the functional, in line with

what has been observed for solid and liquid condensed-phase systems.

This is proven in Figure S2, where we show, as a meaningful example, the valence and

conduction band edges of g-C3N4, along with the adiabatic charge transition of the central

nitrogen vacancy (cf. main text), as a function of the fraction of Fock exchange α incor-

porated in the global hybrid functional. The position of the defect levels are found to be

fairly constant vs. α, when aligned with respect to a physical reference (in this case, the

average electrostatic potential), as previously observed for three-dimensional materials and

liquids.15–17

In all geometry optimizations, the in-plane lattice parameters (a, b) were kept fixed at

the values optimized for the pristine g-C3N4 unit cell, scaled by the appropriate supercell

dimensions (n = 2, 4, 6). The out-of-plane lattice parameter c (vacuum gap) was also kept

fixed and equal to 40 Å.

S2 Charge transition levels calculations

The energy level associated with the adiabatic transition of a defect from the charge state

q to q′, µ[X(Rq, q)/X(Rq′ , q
′)], is formally defined as the value of the electron chemical

potential at which the formation free energy of the defect in the two charge states is equal,

i.e. Ef [X
q(Rq)] = Ef [X

q′(Rq′)],18,19 and can be evaluated from quantities computed from

DFT calculations:8,20

µad(Xq/Xq′) =
E[Xq(Rq)]− E[Xq′(Rq′)]

q′ − q

+
Ecorr(Rq, q)− Ecorr(R

′
q, q

′)

q′ − q
− ϵv

(S1)

where E[Xq(Rq)] and E[Xq′(Rq′)] are the total energies of the defective systems with charge

q and q′ at their respective geometries, Rq and Rq′ , and ϵv is the valence band maximum

(VBM) of the neutral pristine g-C3N4 monolayer.
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Ecorr[X(Rq, q)] and Ecorr[X(R′
q, q

′)] represent electrostatic finite-size corrections account-

ing for the spurious interactions due to the presence of a charged periodic supercell. This

correction is here evaluated for relaxed V−
N and V+

N defects using the sxdefectalign2d com-

putational tool,21 expressly designed to correct the total energy of two-dimensional systems

bearing a localized charge. This approach solves the Poisson equation for a Gaussian charge

distribution within a position-dependent dielectric medium under both periodic and open

boundary conditions and computes the energy difference ∆Ecorr = Eisolated − Eperiodic to ex-

trapolate the physically relevant limit of the isolated defect. Corrections up to 0.36 eV for the

systems considered in this study. Similarly, when dealing with vertical transitions, such as

those that can be probed via optical measurements, we can define a vertical transition level

in which the nuclear coordinates of the defect are kept frozen i.e. Ef [X
q(Rq)] = Ef [X

q′(Rq)]:

µopt
q→q′(X

q/Xq′) =
E[Xq(Rq)]− E[Xq′(Rq)]

q′ − q

+
Ecorr(Rq, q)− Ecorr(Rq, q

′)

q′ − q
− ϵv,

(S2)

where µopt
q→q′ denotes a vertical transition from q to q′, while keeping the geometry Rq fixed.

Ecorr(Rq, q
′) is the finite-size correction of the supercell upon vertical variation of charge state,

defined in Refs. 22,23, and consequently evaluated. Finally, we can define the reorganization

energy of the defect upon charge injection/detachment as the absolute difference between

the vertical and adiabatic energy levels:

λq→q′ = |µopt
q→q′(X

q/Xq′)− µad(Xq/Xq′)| (S3)

S3 Structural and energetic analysis of buckling

Table S2 summarizes the calculated energy difference (∆Ebuckling) between the buckled and

planar configurations for pristine g-C3N4 and for the three defective structures studied in

the main text, using the computational set-up, as presented in Section S1.
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Table S2: Energy difference per atom (∆Ebuckling, in eV) between buckled and planar con-
figurations for pristine g-C3N4 and for the three defects, using different cell sizes.

Cell type 2× 2 4× 4 6× 6

Pristine 0.027 0.032 0.032
V0

N(C) 0.034 0.030 0.032
V0

N(E) 0.022 0.029 0.035
V0

N(B) 0.045 0.034 0.034

The structural corrugation of the 2D layers is quantified by fitting a best–fit reference

plane to the atomic coordinates obtained from the optimized or equilibrated geometries.

Given the atomic positions {ri = (xi, yi, zi)}, the plane is defined by its centroid r0 and

normal vector n, obtained by singular value decomposition (SVD) of the centered coordinate

matrix. The signed distance of each atom i from the plane, corresponding to its out-of-plane

displacement, is then

hi = (ri − r0) · n. (S4)

From these heights, three statistical descriptors of buckling are defined:

1. The root-mean-square height deviation (RMSz),

RMSz =

√
1

N

∑
i

h2
i , (S5)

which measures the overall roughness of the layer and is sensitive to large local distor-

tions.

2. The mean absolute height (MAH),

MAH =
1

N

∑
i

|hi| (S6)

3. The largest buckling amplitude (LBA),

LBA = max
i

(hi)−min
i
(hi), (S7)
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corresponding to the maximum buckling height difference within the layer.

A one-dimensional histogram of the height distribution P (h) is then generated to visualize

the statistical distribution of atomic displacements (e.g. Figure S3), while a two-dimensional

interpolated height map z(x, y) is constructed by cubic interpolation of the {xi, yi, hi} triplets

over a regular grid. The resulting colormap (e.g. Figure S4) provides a spatial representation

of ripples and local deformations across the 2D sheet.
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Figure S3: Distribution of atomic heights (z-coordinates relative to the mean plane) in the
relaxed g-C3N4 structures for 2× 2 (top), 4× 4 (middle), and 6× 6 (bottom) supercells.
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Figure S4: Two-dimensional height maps of the relaxed g-C3N4 structures for 2 × 2 (top),
4×4 (middle), and 6×6 (bottom) supercells. The color scale represents deviations from the
mean plane. The emergence of smooth, periodic undulations in the larger cells points toward
a delocalized distortion, as expected. On the right, we show the same two-dimensional height
maps but with the molecular structure overlayed.
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Figure S5: Distribution of atomic heights (z-coordinates relative to the mean plane) (top)
and two-dimensional height maps (middle) in the relaxed 4×4 g-C3N4 structures for central
(left) and edge (right) N vacancy, respectively. In the two bottom panels we show the same
two-dimensional height maps but with the molecular structure overlayed.
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S4 Total-energy differences between different spin states

for neutral and charged defects

Table S3 summarizes the energy differences between doublet and quartet spin states [∆E(D−

Q)] for the neutral defect and between singlet and triplet spin states [∆E(S−T )] for charged

systems, respectively. Different defective g-C3N4 structures, at varying supercell size, are

reported where available. Inspection of this table shows that the lowest spin state is always

the more stable, for all the studied systems.

In Table S4, we report the total-energy differences between the edge and central N va-

cancies in the differently charged states (q = ±1), which evidences an interesting inversion

in stability between edge and central defect, upon oxidation/reduction.

Table S3: Total energy difference (eV) between doublet and quartet states, ∆E(D−Q), for
V0

N(C), V0
N(E), and V0

N(B) and between singlet and triplet states, ∆E(S − T ), for V±
N(C)

and V±
N(E). Negative (positive) values indicate that the lowest (highest) spin state is more

stable.

Defect 2× 2 4× 4

V0
N(C) -2.51 -3.16

V0
N(E) -1.96 -2.65

V0
N(B) -1.41 -1.84

V−
N(C) -0.67

V−
N(E) -0.73

V+
N(C) -0.94

V+
N(E) -1.08

Table S4: Total energy difference (eV) between Vq
N(E) and Vq

N(C) for q = +1,−1, ∆E(q)
in the singlet state for the 4× 4 supercell. Negative (positive) values indicate that the edge
(central) defect is more stable.

q = −1 q = +1

−0.59 +0.35
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S5 Structure and spin density of neutral vacancies for

2× 2 and 6× 6 supercells

Figure S6: Stick & ball representation of 2×2 optimized structures for monolayer g-C3N4 for
the different neutral defects. Isodensity representation of the spin density is given in green
(isovalue = 0.001 a.u.).
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Figure S7: Stick & ball representation of 6×6 optimized structures for monolayer g-C3N4 for
the different neutral defects. Isodensity representation of the spin density is given in green
(isovalue = 0.001 a.u.).
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S6 Electronic density of states for bulk and neutral N

vacancies

In this section we report the density of states (DOS) for three structures, in Fig. S8

• Pristine g-C3N4 (top panel): The DOS shows the expected semiconductor character

with a clear band gap. The valence band is dominated by N 2p states (blue), consistent

with the nitrogen lone-pair character of the VBM, while both C and N contribute to

the conduction band. The gap appears to be approximately 2.7–2.8 eV, consistent with

what is reported in the literature (see main text).

• V0
N(C) (middle panel): A very narrow, spin-polarized in-gap state just below the Fermi

level (set to 0 eV), appears. Importantly, the in-gap state appears to sit very close to

mid-gap, consistent with the deep donor (+/0) level at 1.70 eV above the VBM reported

in Table 2 in the main text.

• V0
N(E) (bottom panel): Similarly, to the central defect, a sharp spin-polarized in-gap

state is visible, again with dominant N character. However, compared to V0
N(C), the

in-gap feature appears slightly closer to the valence band edge, which is qualitatively

consistent with the (+/0) donor level of 0.82 eV above the VBM for the edge vacancy

(Table 2). The conduction band onset appears similar to the pristine case, with a small

peak right before the CBM consistent with the shallow (0/-) acceptor level lying just

below the CBM.

Qualitatively, these shallow (0/-) acceptor levels near the CBM are indicative of rela-

tively low electron effective masses and thus favorable electron mobility toward reduction

reactions. In contrast, the deep (+/0) donor levels act as hole traps, hindering hole transport

to oxidation sites and potentially limiting overall photocatalytic efficiency, in line with the

analysis provided in the main text.
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Figure S8: Electronic density of states (e-DOS) (including both spin populations) calculated
for pristine g-C3N4 (top), V0

N(C) (middle) and V0
N(E) (bottom). Color codes: C contribution

to the e-DOS in gray, N contribution in blue. Energies are given with respect to the Fermi
Energy.
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S7 Detailed description of optical energy levels associ-

ated with N vacancies

Figure S9: Adiabatic and vertical charge transition levels. The arrows indicates the vertical
absorption transitions, together with the transition energy (in eV), without considering the
exciton correction (see section S2).

The optical excitation gap associated with defective configurations is evaluated from the

vertical charge transition level (CTL) energies reported in Table 2, main text. Since all CTL

values are given relative to the valence-band maximum (set to 0 eV), the 0/− levels directly

represent the excitation energy for VBM → defect transitions. The defect → CBM excitation

energies associated with the 0/+ transition are obtained by subtracting the corresponding

CTL energy from the conduction-band minimum energy (2.7 eV for g-C3N4, as discussed in

main text), see also Figure S9.

For example, from Table 2 in the main text and Figure S9 it is evident that vertical exci-

tation of an electron from the defect to the CBM of the material leads to a transition energy

differences of 2.05 and 2.41 eV for the central and edge vacancies. However, as discussed in

main text, when accounting for excitonic effects via time-dependent DFT calculations (see

section S2 for details) on the neutral defect, these energy gaps are reduced by 0.32 eV, thus

leading to the values of 1.73 eV for the central defect and 2.09 eV for the edge defect, as
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discussed in the main text.
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S8 Reorganization energy of charge carriers in pristine

g-C3N4

In this Section, we calculate the reorganization energy of charge carriers in pristine g-C3N4.

We first address the non-interacting hole and electron pair: to this end, we separately in-

jected a hole and an electron in pristine g-C3N4 and relax the structures. We defined the

hole/electron reorganization energy λ± as the energy difference between the charged system

(±) in its relaxed geometry (R±) and in the initial neutral ground-state geometryR0:

λ± = E(±, R0)− E(±, R±) (S8)

We calculate exiguous values of 0.07 and 0.08 eV for the hole and the electron respec-

tively (see Table S5), clearly indicating small separation of the potential energy surfaces,

resulting from larger delocalization of charge carriers, see Figure S10. Further, we simulate

the interacting hole-electron pair considering the lowest-lying triplet exciton and, similarly,

we estimate the reorganization energy as the energy difference between the triplet in its

optimized geometry and in the initial singlet ground state:

λT1 = E(T1, RS0)− E(T1,RT1) (S9)

Table S5: Calculated values (eV) of λ+, λ−, and λT1 , as defined in Equations S8 and S9.

λi Value

λ+ 0.07
λ− 0.08
λT1 0.10

In this case, we calculate a reorganization energy of 0.1 eV, again consistent with a semi-

localized charge state, cf. Figure S10, even if excitonic interaction between charge carriers

produce a somewhat more pronounced localization. All these calculated values point to small
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differences between the vertical and adiabatic band gap of pristine g-C3N4 and ensure that

reduced PL observed for N-poor samples is not related with band-to-band transitions

Figure S10: Stick & ball representation of 4× 4 optimized structures for monolayer g-C3N4

bearing an extra hole (top), an extra electron (middle), the lowest triplet exciton (bottom).
Isodensity representation of the spin density is given in green (isovalue = 0.001 a.u.).
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