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Abstract

This study uses first-principles DFT to investigate the regulatory mechanism of Cr doping on CsN, monolayer adsorption of CH,,
CO,, and C,N,. Results show Cr atoms stably incorporate into CsN, pore sites (binding energy: -4.26 eV), altering electronic
properties via Cr-3d/N-2p hybridization. Adsorption analyses reveal selective capture: C,N, shows strong chemisorption via
Cr-N covalent bonding (E,gs: -2.148 eV, AQ: -0.034 ), CO, moderate adsorption via Cr-O polar interactions (-0.866 eV, -0.082
e), and CH, physical adsorption (-0.305 eV, 0.004 e). Density of states analysis clarifies hybridization mechanisms, while work
function calculations show a 9.2% increase upon C,N, adsorption, confirming its potential as a gas sensor. This work provides a
novel 2D nitride design for insulation fault gas detection and advances understanding of gas-sensitive interfacial interactions.

Keywords

Cr-C3N,, Insulating Decomposition Gases, Selective Adsorption, DFT

1. Introduction

With the development of power systems towards high
voltage and large capacity, the safety of gas-insulated
equipment (e.g. GIS, GIL) has become a key issue [1, 2]. The
internal insulating materials of the equipment may decompose
under high voltage or partial discharge conditions to produce
characteristic gases such as CH,4, CO,, C;N,, etc [3, 4]. The
accumulation of these gases not only accelerates the aging of
the insulation, but also triggers equipment failure [5, 6]. The
development of highly sensitive and selective gas adsorption
materials is of great significance in realizing early failure
warning and condition monitoring. Two-dimensional materi-

als (e.g., graphene, CsN, monolayer) show potential in the
field of gas sensing and adsorption due to their large specific
surface area and tunable electronic properties [7]. However,
the original C3N, monolayer has limited adsorption capacity
for some non-polar or weakly polar gases, and modulation of
its surface active sites by transition metal doping can signif-
icantly enhance the gas adsorption performance and provide a
novel solution for gas monitoring in high-voltage insulating
equipment [8, 9].

In recent years, two-dimensional carbon nitride materials
(CsN, C3Ng4) have been widely investigated due to their
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unique semiconducting properties [10], but relatively few
theoretical explorations have been carried out for C3N, mon-
olayers. It has been shown that metal doping (Fe, Co) can
enhance the interaction between the material and gas mole-
cules by introducing localized density of states and charge
transfer [11]. However, most of the existing studies focus on
common gases (e.g., NO,, NH3), and the adsorption mecha-
nism of high-pressure insulating decomposition gases (espe-
cially C,Ny) is not clear. In addition, how to balance the ad-
sorption strength and selectivity by precisely tuning the dop-
ing sites and concentrations remains a challenge [12-14].

Chromium atoms, with their diverse electronic structures,
adsorption control capabilities, structural compatibility, and
cost advantages, have emerged as “multifunctional atoms” in
material doping and modification. From electronic devices to
catalytic systems, and from structural materials to functional
coatings, chromium doping not only optimizes the intrinsic
properties of the substrate but also endows materials with new
physical and chemical characteristics, making it indispensable
in fields such as energy, electronics, and aerospace. For ex-
ample, Zhao et al [15]. utilized Cr atom doping in WS, for the
adsorption treatment of harmful gases in agricultural green-
houses, highlighting the electronic property regulation
mechanism of Cr atoms on intrinsic WS,.

In this study;, first-principle density functional theory (DFT)
is employed to systematically investigate the effects of Cr
atom doping on the electronic structure and gas adsorption
properties of CsN, monolayers. The interaction mechanisms
of Cr doping sites with CH4, CO,, and C,N, molecules are
revealed by calculating the adsorption energy, charge transfer,
density of states (DOS), and work function. To explore the
differences in the adsorption configurations of the three gases
on the Cr-C3N, surface and how Cr doping alters the surface
charge distribution and active site properties of the C3N,
monolayer. The theoretical basis for the selective adsorption
of multi-component gases is provided by the electronic
structure modulation strategy. The results can provide theo-
retical guidance for the design of new gas sensors or adsor-
bents, and promote the development of intelligent monitoring
technology for high-voltage electrical equipment.

2. Experimental Methods

All calculations on DFT are based on the MS software
Dmol3 module, and the calculations are performed using a
128-core processor. The system structure optimization is per-
formed using the PBE generalization in the generalized gradi-
ent approximation [16, 17], the weak interaction correction is
performed using DFT-D3 [18-20], and the bi-numerical basis
group DNP with file version 3.5 is chosen to improve the ac-
curacy of the calculations [21, 22]. The SCF convergence is
set to 1.0 x 107, the specific number of loops is set to 500, the
hot-tail smearing effect smeaning is set to 0.005 [23, 24], and
the size of the DIIS is set to 6 in order to accelerate the effi-
ciency of electronic structure calculation. A 2 <2 =1 super-
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cellular C3N, monolayer structure was constructed, and the
vacuum layer was set to 25 A to avoid cyclic effects [25-27].

The magnitude of adsorption energy between gas mole-
cules and adsorption substrate is calculated as shown in
Equation (1).

Eags = Etotal — (Esurface + Egas) (1)

In In Equation (1) E,q4s is the adsorption energy, Eioca iS
the total energy of the system after adsorption, Egyrface IS
the energy of the adsorbent [28], and Eg,s is the energy of
the adsorbed target gas. The adsorption energy is similar to
the binding energy, and the larger the absolute value is, the
stronger the interaction between the two systems is when it is
negative [29]. We expect the adsorption energy to have a
suitable size to meet the subsequent sensing requirements.

In gas adsorption, transfer of charge (AQ) refers to the
phenomenon of transfer and rearrangement of electrons be-
tween a gas molecule and a solid surface [30, 31]. The size
of the transferred charge often determines the bonding be-
tween the adsorbed molecule and the adsorbent, and the
formula for calculating the transferred charge is as follows:

Q"M = [ pyorar (MImi (X)dr — Z; @)
7 1

l{\/lulllken — ENi + Zj#:i Pij 3)

Qeransfer = 2i (Qifinar — Qiinitiar) (4)

Equations (2) and (3) are the Milligan and Hashfield charge
calculations, respectively. In Equation (2), QM“!ken N, and
P;; denote the charge of atom i, the number of atoms i and the
Overlap integral between atoms i and j, respectively, and the
calculation depends on the orbital overlap between them. In
Equation (3) Q"*™*'* denotes the charge of atom i,
Protar(T) is the total electron density, m;(r) is the electron
distribution function of atom i, and Z; is the atomic number
of the nucleus. Equation (4) shows the calculation formula
before and after transfer charge adsorption, where Q; jnitiq; 1S
the total number of charges before adsorption of the system
and Q; rina: 1S the total number of charges after adsorption of
the system, and the number of transferred charges is obtained
by doing the difference. Where the positive and negative of the
transfer charge represents the transfer direction.

Work function (W) is the minimum energy required to
move an electron from the Fermi level of a solid material
into a vacuum [32, 33]. It is an important parameter to char-
acterize the electron energy level on the surface of a material,
and is calculated as:

E
Wy = Ep — Eo = —= [J7 g(E)dE )

where Ep is the Fermi energy level, E, is the vacuum en-
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ergy level, and Wy is the work function. In the integral ex-
pression, e is the charge of a single electron (about
1.602x10™ C) [34], and g(E) is the energy density of
states, which indicates the number of available electronic
states per unit energy range, depending on the structure of
the material and the distribution of electronic states.

3. Results and Discussion

3.1. Effect of Cr Doping on the Structure and
Electronic Properties of C3N,

The introduction of Cr atoms causes large changes to the
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microscopic surface structure as well as the electronic struc-
ture of the system. Figures 1(a) and (b) show the schematic
structures of C3N, and Cr-C3N, monolayers, respectively.
Observation reveals that C3N, as a whole exhibits a symmet-
ric circular pore-like structure, and interestingly, we find that
this symmetry is not broken when Cr atoms are introduced
into the system. In addition, in order to find the optimal dop-
ing sites, we have tested the doping of common alternative
doping sites (N and C), both top and bridge sites, and the
results show that the pore doping system has the optimal
performance with a binding energy of -4.26 eV, which is also
in agreement with the previous studies of many scholars [35,
36].

Top view

Top view !

A 2aa a0 aa 4

| Side view ;

Figure 1. Density of states and structure schematic. (a) Schematic structure of C3N,; (b) Schematic structure of Cr-C3N,; (c) C3N, and
Cr-C;sN, total density of states; (d) Cr and N projected density of states.

Comparing the density of states before and after doping,
the DOS near the Fermi energy level (0 eV) is significantly
enhanced (with a pronounced peak), suggesting that doping
of Cr atoms has led to the emergence of new electronic states
of the material at the Fermi energy level. This may lead to a
reduced band gap, easier electronic excitation of the material,
and enhanced conductivity [37], suggesting a possible transi-
tion of the material from a wide band gap semiconductor to a
narrow band gap semiconductor. -7.5 ~0 eV region (near the
top of the valence band), after Cr doping, the DOS is more
localized near the top of the valence band, and it is not diffi-
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cult to find out by observing the density of the fraction-
al-wave states that this phenomenon originates from the hy-
bridization of the 3d orbitals of Cr with the N-2p orbitals. In
addition, the strong peaks near the Fermi energy level in the
PDOS diagram indicate that the Cr-3d orbitals are directly
involved in the electron transport in their vicinity, which is
the main source of the enhanced conductivity of the material
[38]. Moreover, in the valence band from -7.5 to -3 eV and
the conduction band from 2.5 to 6 eV, hybridization between
the N-2p orbitals and the Cr-3d orbitals occurs, suggesting
the formation of N-Cr bonds.
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3.2. Exploration of CH,, CO, and C;N;
Adsorption on Cr-C3N; Surface

In order to analyze the adsorption properties of the three
gases on the surface of Cr-C3N, monolayer membrane struc-
ture, the adsorption model of each gas was firstly established
as shown in Figure 2. The calculated results show that there
are significant differences in the adsorption capacities of
Cr-C3N, for the three gases, with the adsorption strengths in
the order of C,N, > CO, > CH,, corresponding to adsorption
energies of -2.148 eV, -0.866 eV, and -0.3045 eV, respective-
ly. mong them, the adsorption distance of C,N, was the
shortest (1.933 A) with the strongest adsorption energy,
which suggesting the formation of a strong chemical interac-

tion with the Cr active site, possibly originating from the
hybridization of the N atoms in the C,N, molecule with the
Cr-3d orbitals (the tight adsorption configuration in the top
view further supports this conclusion). In contrast, CH, has a
larger adsorption distance (4.138 A) and a weaker adsorption
energy, suggesting that its adsorption mode is dominated by
physical adsorption related to van der Waals interactions on
the surface of the Cr-C3sN, [39]. The adsorption behavior of
CO, is intermediate between the two (adsorption distance of
2.302 A), which is presumed to achieve a moderate strength
of adsorption through partial charge transfer between the O
atoms and the Cr sites. adsorption. In addition, the adsorption
data were recorded in Table 1.

Table 1. Comparison of various calculated data for Cr-C;N,@X.

System (doping modification) Wy (Ha) Eads (V)
Cr-C;3N,gCO; 0.187 -0.866
Cr-C3N,gCH4 0.196 -0.305
Cr-C3N,gC:2N; 0.213 -2.148

Top view

E,q=-2.148eV

AQ (e) Distance (&) Structure

-0.047 2.302 Figure 2(c)
-0.004 4138 Figure 2(b)
-0.034 1.933 Figure 2(a)

E,q=-0.3045¢V

E.q,=-0.866eV
Side view A E
e 1384
1.933A t L 2.302,?\?
(a) (b) (©)

Figure 2. Schematic diagram of CH,, CO,, C,N, adsorption structure.

Differential electron density can better analyze the nature
of interfaces or interatomic interactions [40], for which we
plotted the total and differential electron density maps of the
three adsorption models (Figure 3), in which the isosurfaces
in the total electron density map are more uniformly distrib-
uted, and do not have a large color difference, and the three
adsorption systems transfer charges of C,N, (-0.034 ¢), CH,
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(-0.004 ¢) and CO, (-0.082 ¢). The differential electron den-
sities show that in C,N,, the yellow region (electron accu-
mulation) is concentrated between Cr and N atoms, and the
blue region (electron depletion) is located around Cr atoms,
suggesting that the charge is transferred from Cr to the ad-
sorbed molecules, which may form partial ionic bonds. For
CHy, the region between the gas and the substrate has almost
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no significant yellow/blue region and the charge transfer is
negligible, corroborating its physical adsorption properties.
In the CO, adsorption system, the red region surrounds the
lowermost C atom while the blue region extends up to the Cr
atom, suggesting that Cr serves as an electron donor and the
electrons are transferred from the substrate to the gas. Inter-
estingly, however, a region with no obvious color intermin-

(2)
e

W

(b)

0.034e g

AQ

AQ =
@

F

ﬁ.

\J/

—0.004e g

@

ool

e

gling remains between the two atoms, suggesting that CO,
adsorption may be an interaction between chemisorption and
physisorption [41]. Based on the above analysis, the unique
electron-donor property of Cr atoms makes them exhibit
selective adsorption on C,N,, which provides a theoretical
basis for the design of efficient gas separation and sensing
materials.

) @ '
& | AQ=-0.082e
®
- -
& -o Bi-oWBo»

I— 0.01

- 0.005

-0.01

aorison

1SO-value = 0.05(e/A%)

Figure 3. Electron cloud density in adsorption systems. (a) C,N,; (b) CHy; (c) CO..

3.3. Electronic Structure Reconstruction and
Work Function Regulation Mechanism of
Cr-CsN, Gas-sensitive Interfaces

The PDOS and TDOS of Cr-C3N,@X (X = CO,, CH,4, and
C,N,) are shown in Figure 4. It should be noted that the ad-
sorbed gases (CH,4, C,N,, and CO,) significantly altered the
density of states on the right-hand side of the Fermi energy
level (Figure 4a-c) for Cr-C,N,, and the different gases in-
duced a unique TDOS response. the TDOS peaks near the
Fermi energy level for Cr-CsN ,@C,N2 TDOS peaks near
the Fermi energy level are significantly enhanced and new
localized states appear from -2 to 0 eV, indicating that C,N,
adsorption induces a strong hybridization of Cr-3d with N-2p.
The TDOS peaks at the Cr-C,N,@CO, Fermi energy level
are slightly decreased, but new peaks appear from 2.5to 1 eV,
which corresponds to the hybridization of O-2p with Cr-3d
and leads to partial charge transfer (Cr — 0O). A
non-negligible point is that the TDOS of the system does not
show symmetry after adsorption of CO, and CH,, which may
be related to the fact that the adsorption leads to different
density distributions of spin-up (1) and spin-down (|) states
of the Cr-3d orbitals (e.g., the spin-up?t state is more local-
ized near the Fermi energy level), which results in the
breaking of the positive and negative symmetry of the TDOS.
This asymmetry not only reflects the reconfiguration of the
electronic structure, but may also suggest that the material

22

has new functional properties (e.g., catalytically active sites
or selective adsorption capacity) upon adsorption [42].

PDOS further reveals the orbital hybridization mechanism
and charge transfer pathways. In the Cr-CsN,@C,N, system,
Cr-3d, N-2p, and C-2p show strong hybridization peaks (>60%
of the integral area of the overlap region) at -7.5 to -2.5 eV,
suggesting that the gas strongly interacts with the substrate at-
oms, which is in agreement with the previous analysis. In the
Cr-C3N,@CO, (Figure 4d), the O-2p orbitals and the Cr-3d
orbitals show overlap phenomena in the conduction band region
2.5 t0 5 eV, emphasizing the obvious charge transfer and pos-
sessing weak chemisorption characteristics. In the CH, system,
the PDOS of H-1s (green) appears as a weak peak at -6 to -4 eV,
and the overlap region with Cr-3d has a smaller area, indicating
that the H atoms are not directly involved in the bonding of Cr,
and may act as surface protons or adsorption sites to bridge
molecules, and the gas-substrate interaction mainly The
gas-substrate interaction is mainly characterized by physical
adsorption [43]. In addition, the Cr-3d orbital PDOS of the CO,
and CH, systems show asymmetric features that match those in
TDOS. This suggests that after adsorption of these two gases on
the substrate, there are unpaired electrons in the 3d orbitals of
Cr= (d=electronic configuration), and the density responses of
the spin-up (1) and spin-down (|) states are different after ad-
sorption, with the spin 1 state of the Cr atom localized at 2 eV in
Cr-C3N,@CO; and the peaks are more acute. The spin | state is
dispersed in a wider energy range (-2.5~0 eV) with a lower peak
intensity, resulting in an asymmetric total PDOS.
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CrC,N,
Cr-C,N,@C0,

TDOS(/eV)
(=]
TDOS(/eV)

E¢f
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-20 -15 -10 -5 0 5 -20 -15 -10 5 0 5
Energy(eV
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Energy(eV) Energy(eV) Energy(eV)

Figure 4. TDOS and PDOS for each adsorption system. (a, d) CO,; (b, ) CHy; (c, f) C,N..

Based on the electronic density analysis discussed earlier,
it is evident that the hybridization effect between the Cr-3d
orbital and the N atomic orbital in the C,N, gas is the most
significant. This is essentially the result of the synergistic
interaction between their electronic structures, energy
matching, and bonding requirements. The multi-valent orbit-

als of Cr and the lone pair electrons of N form efficient
overlap through hybridization. Additionally, the difference in
electronegativity and the diversity of coordination numbers
further promote the formation of hybridized orbitals. This
characteristic holds significant application value in fields
such as coordination chemistry.
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Figure 5. Rates of change of work function, electrostatic potential and work function before and after Cr-C3N, adsorption. (a,) Cr-C3N,; (b)
Cr-C3N,@COy; (c) Cr-C3N,@CHy; (d) Cr-C3N,@C,N,; (e) Rates of change of work function.
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The electrostatic potential (EP) distribution and work
function (W) calculations systematically reveal the regula-
tion laws of surface electron escape behavior in the Cr-C3N,
material after adsorbing CO,, CH,, and C,N, gas molecules.
As shown in Figures 5(a)-(d), the difference between the
vacuum level and the Fermi level of the pristine Cr-CsN,
corresponds to a work function WF of 0.195 Ha (=5.30 eV).
After gas adsorption, the work function exhibits significant
evolutionary differences: the work function of the C,N, ad-
sorption system increases substantially to 0.213 Ha (=5.80
eV, AWF=+9.2%), enhancing the surface electron escape
barrier. Additionally, the work functions of the CO, and CH,
adsorption systems change from 0.195 Ha to 0.187 Ha
(-4.2%) and 0.196 Ha (+0.51%), respectively. Notably, in the
CO, system, O acts as an electron acceptor to acquire a small
amount of electrons from Cr, which reduces the surface po-
tential (the vacuum level rises relatively, but the amplitude is
smaller than that of the Fermi level rise) [44], leading to a
decrease in the system work function. The slight increase in
the work function of the CH, system may be due to the fact
that the weak polarization of the gas induces an instantane-
ous dipole on the surface [45], slightly reducing the electron
density at the Cr sites, but there is no significant charge
transfer (AQ=0). The Fermi level rises slightly due to the
minor perturbation of the substrate's electronic structure,
resulting in a small increase in the work function. Based on
the above comprehensive analysis, the work function en-
hancement effect induced by C,N, adsorption indicates that
Cr-C3Nj; can serve as a work function-type sensing device for
C,N,, as well as an oxidation-resistant coating or electro-
chemical catalytic interface suitable for inhibiting electron
migration. This study provides a theoretical framework and
design strategy for precisely regulating the electron escape
characteristics of low-dimensional nitrides through molecu-
lar adsorption.

Table 2. Comparison with previous work.

Gas type Sensing material E.qs (V) Ref.
CO, Cr-C3N, -0.866

Our
C:N, Cr-C3N, -2.148 work
CH, Cr-C3N, -0.305
CO, Pt-C3N, -0.214
CzNZ Pt-C3N2 -0.1 [46]
CH, Pt-C3N, -0.096

Table 2 provides a detailed comparison with previous
work. It is not difficult to see that after doping with Cr atoms,
the adsorption characteristics of C3N2 for the three gases
have undergone significant changes, and the adsorption per-
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formance of the system has increased. This also validates the
necessity of our work.

4. Conclusion

This work systematically investigates the adsorption be-
haviors and interfacial interaction mechanisms of three typi-
cal insulation decomposition gases (CH,, C,N,, and CO,) on
the surface of Cr-decorated C3N, monolayer materials based
on Density Functional Theory (DFT). Results show that
Cr-C3N, exhibits significant adsorption selectivity differ-
ences toward the three types of gases: strong chemisorption
for C,N, (-2.148 eV), weak chemisorption for CO, (-0.866
eV), and predominantly physisorption for CH, (-0.305 eV).
By integrating charge transfer analysis, differential electron
density calculations, and work function evolution studies, the
bonding characteristics and electron transfer rules between
gas molecules and the substrate are revealed. Specifically,
C,N, induces significant charge transfer (AQ=0.034 ¢)
through Cr-N covalent bonding, while CO, adsorption pri-
marily relies on Cr-O polar interactions. Density of states
(DOS) analysis further clarifies the hybridization mechanism
between Cr-3d orbitals and gas molecular orbitals, confirm-
ing strong orbital coupling in the C,N, adsorption system.
This research provides theoretical support for the application
of novel two-dimensional nitride materials in the field of
insulation fault gas detection and processing in power
equipment, while deepening the understanding of microscale
gas-sensing mechanisms.
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