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New Concepts 

Defect engineering has emerged as a cornerstone strategy for tuning the photocatalytic 

performance of graphitic carbon nitride (g-C3N4), yet the field has long lacked a unified 

microscopic picture connecting atomic-scale vacancy structures to measurable device-level 

outcomes. The prevailing approach - modelling defects in small, idealized flat supercells - 

misses a physically crucial ingredient: the long-range, collective out-of-plane buckling that 

is intrinsic to this two-dimensional material. This work introduces the concept that 

structural corrugation is not a minor geometric detail but a thermodynamic determinant of 

which nitrogen vacancy actually forms and dominates in real samples. By deploying hybrid 

density functional theory on supercells exceeding one thousand atoms, we demonstrate 

that neglecting long-range buckling can even invert the predicted stability ordering of 

competing defect configurations - a qualitative error with direct consequences for 

interpreting experiments. Beyond structural insights, the framework establishes, for the 

first time, a quantitative and self-consistent link between defect-induced electronic levels 

and three distinct classes of experimental observable: red-shifted optical absorption, 

photoluminescence quenching, and the asymmetric enhancement of photo-reduction 

versus suppression of photo-oxidation activity. This "defect-to-function" predictive 

protocol is transferable to other two-dimensional carbon nitrides and metal-free 

photocatalysts, offering the materials community a rigorous computational blueprint for 

rationally engineering defective semiconductors with precisely tailored optoelectronic and 

catalytic selectivity. 
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Data availability statement 

The data supporting this article have been included as part of the Supplementary 

Information. 
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Nitrogen Vacancies in Graphitic Carbon Nitride and their
Role in Heterogeneous Photocatalysis†

Alessandro Landi,∗a Francesco Ambrosio,∗b Nadia Bianchi,a Michele Loriso,b Lorenzo
Malavasi,c Antonella Profumo,d Julia Wiktor,e and Andrea Peluso,∗a

Graphitic carbon nitride (g-C3N4) is a promising metal-free pho-
tocatalyst whose activity is often enhanced by nitrogen vacancies,
though their microscopic role remains unclear. Using advanced
ab initio calculations with large periodic supercells, we show
that long-range buckling is essential to correctly evaluate defect
energetics and thus determine the stability of distinct vacancy
configurations. The most stable defects are found to introduce
localized in-gap states corresponding to shallow acceptor and deep
donor levels. These features explain (i) the experimental red-
shifted absorption and (ii) suppressed photoluminescence observed
in N-deficient g-C3N4 samples. Most importantly (iii) energy-level
alignment at the water-semiconductor interface explains the
enhanced photocatalytic reduction and reduced oxidation activity
reported experimentally. Overall, our results provide a unified
microscopic picture that quantitatively connects defect-induced
electronic structure changes and experimental observables, offering
concrete predictive strategy for designing defect engineered carbon
nitride and related metal-free photocatalysts.

Keywords: Graphitic carbon nitride; Nitrogen vacancies; Defect
engineering; Photocatalysis; Metal-free photocatalysts; Long-range
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buckling; Structure-property relationships

Introduction

Graphitic carbon nitride (g-C3N4) is a metal-free semiconductor
with remarkable potential for sustainable technologies.1–3 It is
constituted by fused heptazine (tri-s-triazine) units (see Figure
1) and can be synthesized cheaply by thermal condensation of
nitrogen-rich precursors (e.g. melamine or urea)4,5. This facile,
low-cost preparation yields a chemically and thermally stable lay-
ered network, that exhibits a moderate band gap (≈2.7–2.8 eV)
enabling visible-light absorption. These properties – together
with a tunable electronic structure – make g-C3N4 attractive for
a wide range of applications,3 such as energy storage devices,4

organic electronics,6,7 and sensors.8,9

In particular, g-C3N4 has been extensively studied5 for pho-
tocatalytic applications including solar-driven hydrogen evo-
lution,10,11 CO2 reduction,12 and organic pollutant degrada-
tion.13–19 In this framework, very recently, g-C3N4 has also been
investigated for its potential use in photocatalytic nitrogen fixa-
tion, i.e. reduction of gaseous N2 to ammonia (NH3) operated by
sunlight, one among the most arduous and rewarding task in the
field of heterogeneous photocatalysis.20,21

Although nitrogen fixation is challenging due to the high sta-
bility of the N-N triple bond, the layered structure of g-C3N4 and
its nitrogen-rich framework make it amenable to defect engineer-
ing and heterojunction formation, which, in turn, enable its em-
ployment as photocatalyst for promoting N2 activation. Never-
theless, its photocatalytic performance is limited by poor intrin-
sic conductivity, rapid charge-carrier recombination, and a low
density of active sites for N2 adsorption and reduction.22,23 In
this context, strategies such as intrinsic defect engineering, het-
eroatom doping, and heterojunction formation, have proved to be
effective in the modulation of the electronic structure, by intro-
ducing in-gap states which extends visible-light absorption, en-
hance charge separation, and ultimately improve photocatalytic
efficiency.2,3,13–19,24–28

Journal Name, [year], [vol.],1–8 | 1
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Fig. 1 Pictorial representation of the P6/m2 heptazine-based network,
highlighting, by color code, the nitrogen sites where vacancies can occur.

Among intrinsic defects, nitrogen vacancies (VN) have received
particular attention: various methods have been developed to
control their concentration in the sample, either using precursors
yielding vacancy-rich structures29,30 or via post-synthesis thermal
treatments.31 From a microscopic perspective, nitrogen vacancies
are not all chemically equivalent, as they can be formed in three
distinct locations of the heptazine-based network, corresponding
to removal of a neutral nitrogen atom (i) at the center of hep-
tazine, V0

N(C), (ii) on the edge of the fused rings, V0
N(E), and (iii)

bridging two units in the periodic 2D lattice V0
N(B), see Figure 1.

These should be considered as different defects, possibly giving
distinct chemical behavior and electronic signatures.31–33

Since the nature of the probed defects at the atomistic level is
beyond reach for experimental characterization, theoretical and
computational efforts have been deployed to unveil the defect
physics underlying the measured properties.2,16,31,34,35 However,
current studies do not provide a microscopic physical picture al-
ways fully consistent with the experimental characterization. This
could be related to several factors, such as employing relatively
small supercells for the simulations, as it has been done in sev-
eral works,31,35often assuming an idealized, perfectly flat layer.
However, in two-dimensional materials, corrugation is known to
significantly affect the structural and electronic properties;36–38

such an effect may be extended over large distances, thus requir-
ing sufficiently large supercells to be properly accounted for.39

In particular, buckling in g-C3N4 is known to relieve electro-
static repulsion between lone pairs on adjacent nitrogen atoms,
thereby stabilizing the structure.40 Thus, a correct description
of corrugation in g-C3N4 is essential for an accurate prediction
of adiabatic and vertical charge-transition levels, together with
defect reorganization energies, all features required to provide
a reliable microscopic interpretation of the vast body of spec-
troscopic and photocatalytic studies conducted on N-deficient g-
C3N4.3,31,32,41–49

Motivated by these challenges, we here investigate the elec-
tronic structure of g-C3N4 containing N vacancies, using periodic
supercell calculations based on advanced hybrid density func-
tional theory (DFT). Our approach fully accounts for the effects
of corrugation and its size-dependence, to achieve both conver-
gence of electronic properties and a robust description of the de-
fects energetics, enabling identification of the most stable moi-

Fig. 2 (a) Comparison of the distribution of out-of-plane atomic dis-
tortions with respect to mean plane (see inset) for the three supercells
under study. (b) Contour plot visualizing the atomic z-coordinate vari-
ations across the (x,y) plane in the 4×4 relaxed g-C3N4 structure. See
also Figure S4 in the ESI.

eties. This framework allows us to connect the calculated proper-
ties with a plethora of experimental observations: first and most
important (i) we rationalize the activity of N-deficient g-C3N4 to-
wards photo-reduction and photo-oxidation in terms of the align-
ment between defect energy levels and relevant redox potentials.
Moreover, we attribute (ii) experimental red-shifted absorption
in N-deficient samples and (iii) the measured photoluminescence
quenching to deep in-gap donor levels, arising from charge local-
ization at the vacancy site.

To this end, we employ hybrid DFT including non-local elec-
tron correlation effects (see section S1, ESI) - a computational
approach previously applied to a broad range of π-conjugated
systems (including fullerenes, covalently bonded fullerene net-
works,50 and acenes51,52) - to investigate pristine and N-deficient
monolayer g-C3N4.

As an initial model for the pristine material, we adopt the ide-
alized flat P6/m2 heptazine-based network (Figure S1, ESI) pro-
posed by Teter and Hemley53, which is widely used as repeat-
ing unit for the fully condensed system.54 Supercells of the 2D
monolayer with increasing size are then constructed by replicat-
ing n times (where n = 2, 4, 6) the unit cell along the a and b
directions. In the following, these supercells are denoted as 2×2,
4× 4, and 6× 6, respectively. The latter comprises up to 1008
atoms (see Table S1 for details), a system size at the forefront of
the current state of the art.

Structural relaxation of initially planar g-C3N4 monolayers in-

2 | 1–8Journal Name, [year], [vol.],
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structure planar buckled 2×2 replicas
V0

N C E B C E B C E B

2×2 +0.79 0.00 +3.49 0.00 +0.54 +1.49 0.00 +0.03 +2.48
4×4 +0.80 0.00 +3.24 +0.57 0.00 +1.12 +0.02 0.00 +1.88
6×6 +1.01 0.00 +3.30 +0.60 0.00 +1.20 +0.01 0.00 +1.81

Table 1 Relative energy (in eV) for V0
N in central (C), edge (E) and bridge (B) position, as calculated for different supercell sizes of g-C3N4 monolayer

models and considering ideal planar, fully relaxed (buckled) and replicas of 2× 2 buckling structural configurations (vide infra). For each entry, the
most stable defect is highlighted in red font.

Fig. 3 Stick&ball top-view representation of the 4×4 g-C3N4 monolayer bearing a neutral N vacancy in different positions: central (left panel), edge
(middle panel) and bridge (right panel). C and N atoms are colored in grey and blue, respectively. The isodensity representations of the spin density
are given in green (isovalue 0.001 a.u.) in the left three panels, while isodensity representations of the singly-occupied molecular orbitals (SOMO) is
illustrated in magenta and yellow in the three panels on the right.

variably leads to buckled configurations, irrespective of supercell
size, accompanied by a substantial lowering of the total energy
relative to the planar geometry (Table S2, ESI). Although the Mer-
min–Wagner theorem predicts the instability of long-range planar
order at finite temperature,55,56 the emergence of buckling al-
ready at the DFT level (0 K) can be rationalized by partial relief
of angular strain in N-containing bonds and a reduction of lone-
pair repulsion.38,57,58 Analysis of the relaxed structures reveals a
pronounced supercell-size dependence of the out-of-plane distor-
tions. The 2×2 supercell exhibits only modest corrugation, with
a mean absolute height (MAH = 1

N ∑i |hi|, hi being the signed dis-
tance of each atom i from the plane, see ESI) of 0.23 Å, a largest
buckling amplitude (LBA =maxi(hi)−mini(hi)) of 1.08 Å (see ESI
for details), and a narrow distribution of atomic displacements
(Figure 2a). In contrast, the 4× 4 and 6× 6 supercells display
significantly larger and broadly distributed distortions, with MAH
= 0.33 Å and LBA = 1.79 Å (Figure 2a). Contour plots of the
atomic z coordinates across the (x,y) plane further reveal a pe-
riodic buckling pattern, indicative of a delocalized and ordered
corrugation rather than isolated protrusions (Figure 2b). In the
ESI (Fig. S4), we report the same contour plot with the projected
atomic positions overlayed to clarify which atoms are associated
with out-of-plane distortions. Comparison of different supercells
(Figures S3–S4) shows that the 2× 2 cell cannot fully accommo-
date the long-range nature of the buckling, as evidenced by its al-
tered corrugation periodicity, while the 4×4 supercell emerges as
the minimal size required to achieve reasonably converged struc-
tural properties.

Next, we move onto the characterization of the neutral N va-
cancy, V0

N, considering its possible different positions, see Figure
1. To evaluate how buckling affects the defect energy, we consider

removal of one N from 2×2, 4×4, and 6×6 supercell. Then, for
each defect in each supercell, we perform structural relaxations
in three different ways: either (i) enforcing the initial planarity
of the 2D system by constraining the position of the nuclei on the
z axis; (ii) fully relaxing the supercell, leading to buckled struc-
tures (much more stable than planar configurations, Table S2,
ESI); and (iii) building 4× 4 and 6× 6 models as replicas of the
corrugated pristine 2×2 supercell.

In this latter case, the 2×2 buckling is preserved by fixing the
z coordinate during relaxation after removing one nitrogen atom
to create the vacancy. This system is used to separate the effects
on the total energy arising from different corrugation in different
supercells, from that of local defect relaxation, and from possible
electrostatic finite-size effects due to excitonic charge localization
at the defect.59

For each model, we compare the relative stability of V0
N(C),

V0
N(E), and V0

N(B). The results are collected in Table 1 and refer
to the doublet spin state of V0

N, which is always found to be lower
in energy by more than 1.5 eV, with respect to quartet state (Table
S3, ESI).

Inspection of Table 1 immediately reveals that V0
N(B) is consis-

tently the least stable defect. This instability arises from the sub-
stantial structural reorganization induced by this vacancy, which
involves significant distortion of the dangling heptazine units; no-
tably, one unit tilts almost perpendicular to the plane of the ma-
terial layer, see Figure 3. Such a pronounced relaxation comes at
a high elastic cost, thus explaining the poor stability of this de-
fect with respect to the other ones for all the considered systems,
particularly when planarity is forced. Therefore, in the following
discussion, we focus mainly on the competition between V0

N(C)
and V0

N(E).

Journal Name, [year], [vol.],1–8 | 3
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Our results indicate that the relative stability of these latter two
defects is highly dependent on the local structure around the N
vacancy. This, in turn, is connected with the degree of buckling
allowed by the supercell size. First, the results obtained for the
constrained planar structures show that the edge defect is by far
the most stable, with energy differences up to 1 eV with respect
to the central vacancy, see Table 1. Conversely, when consider-
ing the buckled structures, V0

N(C) is found to be the most stable
N vacancy in the 2× 2 supercell, see Table 1. However, we ob-
serve a remarkable inversion in relative stability when moving
to the 4× 4 supercell: the total energy of V0

N(E) is found to be
0.57 eV lower than that of V0

N(C). This trend appears to be fairly
converged for the 6× 6 supercell. Finally, V0

N(C) and V0
N(E) be-

come almost iso-energetic in both 4×4 and 6×6 supercells, when
keeping the corrugation fixed to that of the pristine 2 × 2 cell,
thus highlighting the importance of local structural relaxations in
conjunction with global corrugation of the material. Taken to-
gether, the results achieved for different models clearly indicate
that (i) out-of-plan distortions, both locally induced by the defect
and naturally ensuing from pristine g-C3N4, determine the rela-
tive stability of different defects and (ii) the reduced corrugation
available for small supercells may lead to an incorrect evaluation
of the defects relative stability.

By inspecting the local structure of the different defects in the
buckled supercells, we observe that the removal of the central
N atom in V0

N(C) yields to the formation of a 5-membered ring
fused with a larger 9-membered ring for the 2× 2 cell (Figure
S6, ESI), while an extended ring involving the whole heptazine
unit is found for both 4× 4 (Figure 3) and 6× 6 systems, thus
further proving how a small supercell may provide incorrect local
structures. In contrast, V0

N(E), for any supercell size, is always
found to feature reorganization of the local bonding into a small
5-membered ring upon formation of a bond between the dan-
gling C atoms, adjacent to the vacancy, see Figure 3. This ring,
comprising two carbon and two nitrogen atoms together with the
C–C bond formed at the defect site, is topologically analogous
to an imidazole-type heterocycle, and its formation reflects the
tendency of the unsaturated carbon centers to recover a locally
aromatic coordination environment.

The introduction of nitrogen vacancies leads to a reduction in
the degree of buckling of the g-C3N4 layer. In particular, for the
central defect, the two-dimensional height map (Figure S5) re-
veals that the characteristic periodic distortions observed in the
pristine structure are largely suppressed near the defect site, giv-
ing rise to a more planar morphology. This flattening effect sug-
gests that the removal of a nitrogen atom locally relieves inter-
nal strain, leading to an extended ring structure that is more
stabilized in absence of long-range out-of-plane distortions, Con-
versely, for the external defect, V0

N(E), this effect is lower as
the replacement of one 6-atoms ring with a 5-atoms ring has
a reduced impact on the global structure of g-C3N4. Therefore,
V0

N(E), with its more compact structure, better fits inside the nat-
ural distortions of the two-dimensional network, see Figure S5,
thus justifying its greater stability.

We next focus on the electronic properties, calculated for the
4×4 supercell, which showed fairly converged structure and en-

ergetics. First, from inspection of the spin density as well as from
the frontier orbitals (Figure 3 and S6-S7), we observe that (i)
all the three types of vacancies show spin localization on the de-
fective heptazine unit (ii) V0

N(C) and V0
N(E) also present a local-

ized Kohn-Sham energy level in the band gap of the material (see
also Figure S2 in the ESI). Therefore, from an electronic-structure
perspective, all three defects could be in principle related with
the observed EPR spectra.60 However, only V0

N(C) and V0
N(E)

may provide the charge localization which can be responsible for
boosting photocatalytic activity of g-C3N4 samples.61 Therefore,
in the following, we focus on the electronic structure and the en-
ergy levels associated only with V0

N(E) and V0
N(C). It is important

to mention that, although the calculated energetics would suggest
dismissing the central vacancy as a relevant defect in isolated g-
C3N4, the extent of buckling may depend on interactions between
g-C3N4 and an underlying substrate when forming a heterojunc-
tion. Such interfacial interactions in experimentally realized het-
erostructures or chemically modified samples could, in principle,
alter the corrugation pattern and thereby modify the relative de-
fect stability.

Fig. 4 Stick&ball representation of the local structure for central and
edge N vacancies in monolayer g-C3N4 at varying charge states. Red
arrows in top panels indicate the breathing motion of the 12-atoms ring
of the central defect, while in the bottom panels we report the variation
of the relevant C-C distance (in Å) for the edge defect.

Starting from the neutral defects, we next determine whether
they can accept and/or donate electrons. To this end, we con-
sider both positively and negatively charged vacancies, V+

N and
V−

N , respectively, for central and edge defects. For VN(C), we ob-
serve sizable reconstruction of the 9-membered ring, upon oxida-
tion/reduction, see Figure 4. In particular, injection of an electron
brings to a tightening of the honeycomb-like structure, closer to
that of the original pristine heptazine unit. At variance with this,
electron detachment is found to further enhance the reconstruc-
tion of the 9-atoms ring, observed for the neutral defect, towards
a swollen and rounder moiety. For VN(E), on the other hand, the
reorganization of the edge defect upon variation of charge state
is much more localized, involving mainly the C-C bond observed
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for the neutral system, Figure 4. This bond is found to be short-
ened from 1.61 to 1.49 Å, upon reduction, while it breaks in the
oxidized defect.

Spin-polarized calculations show that singlet configurations are
strongly favored over triplets, by ≈1 eV in the +1 state and ≈0.6
eV in the −1 state, see Table S3. These large singlet–triplet split-
tings preclude thermal population of triplet states. These results
are still compatible with experimental reports of triplet involve-
ment inferred under photo-excitation, which must originate from
non-equilibrium excited-state processes.62 It is also worth not-
ing that, while the relative stability of VN(C) and VN(E) defects
estimated for the neutral vacancy is preserved for the reduced
species, an opposite trend is observed for the oxidized defect, for
which the VN(C) structure is found to be favored by as much
as 0.35 eV (Table S4). However, under typical synthesis condi-
tions, g-C3N4 is intrinsically n-type, favoring neutral or negatively
charged nitrogen vacancies.63 The positively charged central va-
cancy would become thermodynamically favorable only under
strongly p-type conditions, which are not commonly realized in
as-grown materials.28 The possibility of V+

N(E) → V+
N(C) inter-

conversion upon photo-excitation should also be ruled out as a
sizable barrier is expected for the migration of a tri-coordinated
N atom. This implies that, once formed, each defect configuration
is indeed kinetically frozen.

We now turn to the calculation of the charge transition levels
(CTL) associated with the investigated nitrogen vacancies, em-
ploying the grand-canonical formalism for defects in crystalline
semiconductors64–66 (see Section S2 of the ESI). The resulting
values, reported in Table 2 and Figures 5-6, define the thermody-
namic stability of the different charge states and provide the basis
for interpreting the photocatalytic and spectroscopic behavior of
defective g-C3N4.

Impact on photocatalysis. The V0
N(C) and V0

N(E) defects fea-
ture (0/−) CTL at 2.63 and 2.59 eV above the valence band max-
imum (VBM), respectively. Considering the calculated and exper-
imental gap of 2.7 eV17, these are shallow acceptor levels at ≈
0.1 eV below the conduction band minimum (CBM) of g-C3N4

(see Figure 6). Such levels are consistent with the improved vis-
ible absorption and moderate carrier trapping, observed for g-
C3N4 samples with mild concentrations of N vacancies.31,32 At
variance, the adiabatic (+/0) levels are found at 1.70 and 0.82
eV above the VBM of g-C3N4, for VN(C) and VN(E), respectively,
both representing deep donor defects in the band gap.

To assess the implications for photocatalysis, in Figure 6 we
also report the alignment of these adiabatic defect levels at the
semiconductor-water interface, taking advantage of the band
alignment from Ref. 17. The redox potential of reactions typi-
cally targeted by photocatalysis, i.e. H2 production, N2 fixation,
and water oxidation are included for comparison. That alignment
evidences that acceptor levels for both central and edge defects
are favorably positioned against H+/H2 and N2/NH3 potentials.
This, coupled with the shallow trapping of electrons, is expected
to promote electron transfer toward reduction reactions, thereby
enhancing photo-reduction yields.

Conversely, holes trapped at the vacancy site are associated
with deep donor levels that lie far above the H2O/O2 oxida-

tion potential, deteriorating the otherwise favorable alignment
between the pristine VBM and the water oxidation level. The
overall picture is in full agreement with the available experimen-
tal evidence that N-deficient g-C3N4 increases the yield of photo-
reduction reactions but worsens performances towards photo-
oxidation processes.42–49

Interpretation of UV absorption spectra. We now analyze
the vertical energy levels, to rationalize defect-mediated UV–Vis
transitions. As shown in the configurational coordinate diagrams
(Figure 5) two excitation channels can be considered: (i) for
acceptor-like defects, we consider excitation of an electron from
the valence band of g-C3N4 to the defect level, VBM → (0/−)
CTL. Conversely, for donor-like defects, we consider excitation
from the defect level to the conduction band: (0/+) → CBM.

The VBM → (0/−) vertical transition fall at ∆E of 3.3 eV and
2.8 eV for the central and edge defects, respectively, very close
to the experimental gap of pristine g-C3N4 (2.7–2.9 eV4,5). Thus,
that transition does not introduce a significantly lower-energy ab-
sorption channel and cannot account for the experimentally ob-
served reduction of the optical gap (2.0–2.5 eV)31,32,41 in defec-
tive samples. In contrast, vertical excitation of an electron from
the oxidized defect (0/+) to the CBM (after inclusion of excitonic
effects, which decrease the gap by 0.32 eV, cf. ESI) yields ∆E of
1.73 eV for the central defect and 2.09 eV for the edge defect, this
latter in excellent agreement with the gap of defective g-C3N4.

In other words, among the four charge-transition levels consid-
ered, only the (+/0) → CBM transition associated with the edge
vacancy remains consistent with the experimentally observed ab-
sorption range for defective samples e g-C3N4; therefore, we con-
clude that (i) the spectroscopic signatures of N vacancies in g-
C3N4 originate from donor-type transitions, and (ii) these experi-
mental absorption features can be attributed to the edge vacancy
VN(E), thus corroborating our previous analysis of defect ener-
getics.

Photoluminescence quenching. Finally, both vertical and
adiabatic quantities provides insight into the experimentally
observed photoluminescence quenching in N-deficient carbon
nitride.31,32,41 First of all, as discussed above, donor levels
are located deep into the band gap, possibly enhancing non-
radiative recombination channels and thus reducing photolumi-
nescence.31,32,41

Furthermore, for all considered defects, the peak energies of
the optical transitions differ markedly from the corresponding
adiabatic charge transition levels (Table 2 and Figure 5). This
difference originates from the pronounced structural relaxation
upon oxidation or reduction (Figure 4), which results in sizable
reorganization energies (Table 2). The effect is particularly pro-
nounced for the (+/0) transition, where λq→q′ reaches 1.05 eV
for the central defect, but in general, except for the reduction
of the edge defect where the λ is comparatively small (0.21
eV), all charge-state changes involve substantial lattice rearrange-
ments. The resulting wide separation of the potential-energy sur-
faces favors non-radiative multi-phonon relaxation over radiative
recombination, providing a natural explanation for the experi-
mentally reported photoluminescence quenching in N-deficient g-
C3N4.31,32,41 In this regard, we note that reorganization energies
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defect µad µ
opt
q→q′ λq→q′

position (0/−) (+/0) 0 →− −→ 0 0 →+ +→ 0 0 →− −→ 0 0 →+ +→ 0

central 2.63 1.70 3.33 2.20 0.65 2.32 0.70 0.43 1.05 0.62
edge 2.59 0.82 2.80 1.87 0.29 1.51 0.21 0.62 0.53 0.69

Table 2 Calculated adiabatic (µad) and optical vertical (µ
opt
q→q′ ) CTL for central and edge VN defects, along with corresponding reorganization energies,

λq→q′ . q and q′ denote the initial and final charge states. Adiabatic CTLs refer to fully relaxed initial and final geometries, whereas vertical CTLs are
evaluated at fixed geometry (see ESI). All values are given in eV relative to the VBM (set to 0 eV).

Fig. 5 Calculated configuration coordinate diagrams for central and edge N vacancies in g-C3N4. The two left panels refer to recombination of a hole
with the reduced defect (via acceptor levels), while the two right panels to recombination of an electron with the oxidized vacancy (via donor levels).

Fig. 6 VBM and CBM of g-C3N4 aligned with (i) the band edges of
liquid water (ℓ-H2O) and (ii) the redox levels associated with aqueous
proton reduction, nitrogen fixation, and water oxidation. Energies are
reported relative both to the vacuum level and the computational stan-
dard hydrogen electrode (SHE) of Refs. 67,68. The VBM and CBM of
g-C3N4 lie 6.00 and 3.30 eV below the vacuum level, respectively. 17 The
corresponding band-edge positions of liquid water (9.97 and 0.97 eV vs.
vacuum) are taken from Ref. 68. Adiabatic charge transition levels of
defects (0/+) and (0/−) in the band gap of g-C3N4 are aligned to the
VBM of g-C3N4 as reported in Table 2; red and green lines correspond
to VN(C) and VN(E) vacancies, respectively.

below 0.1 eV are calculated for the relaxation of charge carriers in
the pristine material, as a consequence of a larger delocalization
of both holes and electrons, cf. Figure S10 and Section S8 of the
ESI. Therefore, we predict a small difference between the verti-
cal and adiabatic band gap of pristine g-C3N4, which is consistent
with the red shifts below 0.1-0.2 eV observed in emission spec-

tra and the small separation between potential energy surfaces
agrees with the absence of PL quenching in pristine samples.17

In conclusion, we carried out a systematic ab-initio study es-
tablishing a comprehensive framework for understanding nitro-
gen vacancies in g-C3N4. By performing advanced DFT calcula-
tions on systems exceeding a thousand atoms, we showed that
convergence of long-range buckling is essential for correctly pre-
dicting both the relative stability and electronic properties of de-
fects, as small supercells fail to capture the collective out-of-plane
distortions that stabilize pristine and defective systems, an effect
often overlooked in prior studies. Calculated adiabatic and op-
tical charge transition levels enable direct comparison with ex-
periments, reproducing the red-shifted absorption (2.0–2.5 eV)
and connecting large reorganization energies (up to 1.05 eV)
with photoluminescence quenching and shortened emission life-
times in N-deficient samples. Most importantly, band alignment at
the semiconductor-water interface rationalizes the observed en-
hancement of photo-reduction reactions alongside deteriorated
photo-oxidation performance, linking defect energetics to cat-
alytic selectivity. To our knowledge, this is the first theoretical
study to comprehensively correlate calculated defect properties of
g-C3N4 with multiple important experimental observables, such
as absorption spectra, photoluminescence behavior, and photo-
catalytic efficiency. By connecting atomic-scale defect structure
with macroscopic performance, our work provides a predictive
framework protocol for rational design of defect-engineered g-
C3N4 with tailored optoelectronic and catalytic properties. Fur-
thermore, our computational methodology can be extended both
to (i) other defect types (carbon vacancies, dopants) and (ii) re-
lated two-dimensional carbon nitride materials, making it a gen-
eral and transferable tool for predictive modeling and targeted
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optimization of (metal-free) photocatalysts.
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