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Figure 1 Top and side views of the geometric structures of pristine and modified C3N monolayers.
(a) Pristine C3N; (b) band structure and density of states (DOS) of pristine C3N; (c) V¢, the red
circle marks the C vacancy site; (d) Vx, the red circle marks the N vacancy site; (e) Tc-V, the red
circles mark the C vacancy and Tc doping sites; (f) Tc-Vn, the red circles mark the N vacancy and

Tc doping sites.
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Figure 2 Optimized configurations of NO; adsorption on the five systems (top and side views): (a)
C3N/NO; (b) Vc/NO2; (¢) VN/NO3; (d) Te-Ve/NO2; (e) Te-VN/NO». The red dashed lines
indicate the adsorption distances.

1 AR R NOFIWR IS4 WIS EERS (dini) « ACSEIRBERES (dop) « WRFH
BE (Buws) « BB E (Q, TUERNH T CN IR E NO2 /- 1) MEHFE (W) .
Table 1 Adsorption parameters of NO: on pristine and modified CsN monolayers: initial distance
(dinit), optimized distance (dopt), adsorption energy (Eads), charge transfer (Q), and total magnetic

moment (). Negative Q values denote electron transfer from the substrate to the NO2 molecule.

System dinie(A) dop(A) Eaas(eV) Q(e) u(uB)
CsN/NO; 3. 000 2.960 -1.793 -0.46 0.635
Vc/NO, 3. 000 1.432 -2.300 -0.45 0.111
Vn/NO, 3. 000 1.409 -4.268 -0.48 0
Te-V/NO, 3. 000 1.950 -4.443 0.57 0
Te-VN/NO, 3. 000 2.024 -5.942 -0.56 0.555
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Figure 3 Band structures of the five systems after NO; adsorption: (a) C3N/NO3; (b) Vc¢/NO2; (¢)
VN/NO2; (d) Te-Ve/NO2; (e) Te-Vn/NO»; (f) band gap values of the five adsorption systems. The

gray dashed line indicates the Fermi level (Er =0 eV).
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Figure 4 Projected density of states (PDOS) for NO: adsorbed on pristine and modified C:N

monolayers: (a)CsN/NO; (b) Vo/NO; (¢) Vi/NO; (d) Te-Ve/NO2; (e) Te-Va/NO».
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Figure 5 (a) Top-view and (b) side-view charge density difference (CDD) maps, and (c) electron
density difference (ECD) maps of the five systems after NO; adsorption. The isosurface value is
set to 0.02 e/A? for CDD, where blue and yellow regions represent charge accumulation and
depletion, respectively. In ECD maps, blue and red regions denote charge accumulation and
depletion, respectively. The arrows in ECD maps indicate the direction of electron transfer, and the
numerical values are the absolute values of charge transfer, which are consistent with the physical

meaning of Q in Table 1 (negative values indicate that NO» gains electrons).
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Figure 6 Work functions of the five systems after NO» adsorption.
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adsorption.
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First—-principles study of NO. adsorption on Tc—doped

CsN monolayers with vacancy defects’

XU Fengxia? WANG Ziyang) ZHOU Xiaoke?) MA Jiaqi”? TAN Tianjia"

LI Yingjie? YUE Yuanxia”? FENG Qing"” ZHU Hongqiangl)T

1) (College of Physics and Electronic Engineering, Chongqing Normal University, Chongqing 401331,
China)

Abstract

Objective Nitrogen dioxide (NO») is a major atmospheric pollutant, causing acid rain,
photochemical smog, and severe harm to the human respiratory system. Developing
highly sensitive NO» gas sensors is therefore crucial. Two-dimensional materials show
great potential in gas sensing. C3N, a graphene-like 2D material, possesses a moderate
band gap, good stability, and high carrier mobility, but pristine C3N weakly adsorbs
NO». Modification strategies include defect engineering and transition metal doping.
Vacancy defects introduce localized states and magnetic moments and act as active
sites, while 4d transition metal Tc doping provides active adsorption sites by
modulating electronic and optical properties. However, combining vacancy defects
with Tc doping for synergistic modification remains scarce. Here, we investigate the
synergistic effect of vacancy defects and Tc doping on NO» adsorption, electronic
structure, and optical properties of C3N monolayers, providing theoretical support for
high-performance NO» sensors and optoelectronic devices.

Methods Calculations use first-principles DFT in the CASTEP module of Materials
Studio. Exchange-correlation is treated with GGA-PBE and DFT-D dispersion
correction. Ultrasoft pseudopotentials are used with a plane-wave cutoff of 500 eV
and self-consistent convergence of 1.0x1075 eV/atom. A 2x2x1 CsN supercell with a
20 A vacuum layer is constructed, and the Brillouin zone K-point mesh is 9x9x1.
Geometry optimization convergence criteria: atomic force < 0.03 eV/A, total energy
change < 1.0x10~° eV/atom, internal stress < 0.05 GPa. Five systems are built: pristine
CsN, Ve, Vn, Te-Ve, and Te-Vn. Adsorption energy, charge transfer, vacancy
formation energy, and total formation energy are calculated.

: Project supported by the National Natural Science Foundation of China (Grant No.12104076), the
Natural Science Foundation of Chongqing, China (Grant Nos.CSTB2023NSCQ-MSX0207,
CSTB2023NSCQ-MSX0425), and the Science and Technology Research Program of Chongqing
Municipal Education Commission, China (Grant Nos. KIQN202300513, KJZD-K202300516).
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Results and Discussions The adsorption energies follow: C3N/NO» (-1.793 eV) <
Vc/NO; (-2.300 eV) < Vi/NO» (-4.268 eV) < Tc-V/NO» (-4.443 eV) < Te-V/NO»
(-5.942 eV). Both vacancy defects and Tc doping enhance NO» adsorption, with Tc
doping dominating the synergistic effect. Compared with Pt-doped CsN (-2.25 ¢V)
and Tc-doped C3;N without vacancies (-3.734 eV), Tc-V¢/NO»_and Te-Vn/NO, show
significantly improved adsorption energies, demonstrating the synergistic effect is
superior to single doping. The Tc-V/NO, system exhibits the narrowest band gap of
0.264 eV, indicating enhanced electrical conductivity, while Tc-VN/NO, shows
pronounced spin polarization with a magnetic moment of 0.555 uB. Projected density
of states reveals that Tc-4d orbitals hybridize strongly with C-2p, N-2p, and NO»-2p
orbitals near -1 ¢V, forming occupied hybridized states; meanwhile, unoccupied
impurity states appear in the 0-5 eV range, providing channels for electron transitions
and suggesting enhanced optical response. Charge density difference analysis shows
that electrons transfer from the Cs;N substrate to the NO> molecule, with more
concentrated charge accumulation in Tc-doped systems, consistent with the higher
charge transfer values. Work function analysis indicates that vacancy and Tc doping
effectively reduce the surface electron escape barrier, promoting electron emission. In
terms of optical properties, the Tc-Vc/NO, system demonstrates the most significant
enhancement in the near-infrared to ultraviolet region (0-5 eV): its static dielectric
constant increases from 5.66 (pristine) to 16.43, the imaginary part of the dielectric
function exhibits a prominent peak at approximately 0.47 eV with an intensity about
6.00 times that of the pristine system, and the absorption edge undergoes a noticeable
redshift with substantially enhanced infrared absorption coefficient. The reflectance at
0 eV increases from 0.17 to 0.37, approximately 2.18 times higher. These results
indicate that the synergistic modification by vacancy defects and Tc doping
effectively improves both the adsorption capacity and optical response of C3N toward
NOa.

Conclusions In summary, the adsorption behavior, electronic_structure, and optical
properties of NO, on pristine CsN, V¢, Vn, Te-Ve, and Te-Vn C3N monolayers were
systematically investigated using first-principles calculations. Both vacancy defects
and Tc doping significantly enhance the adsorption energy of NO,, with Tc doping
contributing more than vacancy defects and playing a dominant role in the synergistic
effect. The Tc-V/NO» system exhibits the narrowest band gap of 0.264 ¢V, while the
Tc-VN/NO» system shows pronounced spin polarization with a magnetic moment of
0.555 uB. The Tc-4d orbitals hybridize strongly with C-2p, N-2p, and NO»-2p orbitals,
strengthening the substrate-adsorbate interaction. In the near-infrared to ultraviolet
region (0-5 eV), the Tc-V/NO» system demonstrates the most significant optical
enhancement, with the static dielectric constant increasing from 5.66 to 16.43, the
dielectric function imaginary part peak intensity about 6.00 times that of the pristine
system, and the absorption edge showing a noticeable redshift with substantially
enhanced infrared absorption. These findings demonstrate that the synergistic
modification by vacancy defects and Tc doping effectively improves both the
adsorption capacity and optical response of CsN toward NO,, providing a theoretical
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433  foundation for the design of high-performance Ci;N-based NO; gas sensors and
434  optoelectronic devices.
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Figure S2. Schematic diagram of six high-symmetry adsorption sites for NO; on the pristine CsN
monolayer. The gray and blue balls denote the C and N atoms, respectively. The green balls

labeled with letters (Tc, Tn, Ben, Bee, Hen, Hee) indicate the adsorption sites.
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Table S1. Adsorption energies of NO> on the six high-symmetry sites of the

pristine CsN monolayer.

WS B A 1 Eags(eV)
Tc -1.3109
Tn -1.7928
Ben -1.7474
Bcc -1.7920
Hen -1.7914
Hcc -1.7133
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Figure S3. Schematic diagrams of adsorption sites on the V¢ and Vn vacancy systems. The gray
and blue balls represent C and N atoms, respectively. The red dashed circles mark the vacancy

sites, and the green balls labeled with letters (H, Tc, Tn) indicate the adsorption sites.
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Table S2. Adsorption energies of Vc and Vx vacancy systems at different adsorption sites.

(L3 W PR A 5 Eags(eV)
V/NO; H —2. 9989
V/NO» Tc -2.9986
V/NO» Tn -2.9988
VN/NO; H —2.9558
VN/NO; Tc -2.9185
VN/NO2 Tn —1. 3284
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