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A B S T R A C T

In this study, utilizing density functional theory, the C3N1 monolayer modified by Ir, Pd, Pt, and Rh atoms (Ir/ 
Pd/Pt/Rh-C2N1) was chosen for selective adsorption of C2H2 amidst multiple gases (H2O, C2H2, and C4H10O2). 
According to the results of cohesive energy and ab initio molecular dynamics simulations, it is indicated that 
precious metal atoms can be stably anchored on the monolayer while enhancing the conductivity of the material 
The analysis of the electrostatic potential and work function determined the highly active sites and electron 
release capacity. In addition, the adsorption energy and distance disclosed the gas-solid interface structure of 
multiple gases on the Ir/Pd/Pt/Rh-C2N1 monolayer. Importantly, C2H2 exhibits strong responses to p-type 
semiconductor Pt-C2N1 and n-type semiconductor Ir-C2N1, respectively. Crystal Orbital Hamilton Population 
reveals the difference in adsorption energy due to modifications involving four precious metals. Interestingly, for 
the first time, the density of states calculation reveals that under the coexistence of multiple gases, the Pt/Ir-C2N1 
monolayer effectively eliminates the interference of other gases and has a unique response only to C2H2. In real 
situations, with the basis of Gibbs free energy and Einstein’s law of diffusion, it was determined that Pt-C2N1 and 
Ir-C2N1 showed excellent hydrophobicity, a wider temperature range, and a low diffusion activation energy 
barrier. In summary, Pt-C2N1 and Ir-C2N1 detect C2H2 without interference, maintaining fundamental principles, 
responsiveness, stability, and versatility unaffected by external factors.

1. Introduction

With the widespread adoption of batteries, their safety has garnered 
considerable attention [1-5]. Thermal runaway in batteries, often trig-
gered by aging or improper use, can lead to increased internal pressure 
and volume expansion, culminating in combustion and explosion. Given 
the complex composition of electrolytes, battery thermal runaway can 
release various harmful gases, including acetylene (C2H2) and other 
flammable substances [6-10]. Leaks of these gases may cause equipment 
corrosion, short circuits, and even explosions. Thus, monitoring battery 
stability and developing sensors capable of rapidly detecting gases 
emitted during battery instability are paramount. Early detection of 
vaporization products from battery thermal instability, such as those 
released by dimethyl carbonate (C4H10O2) [1] and C2H2 [11], is essen-
tial for sensors capable of issuing warnings to the battery management 

system, disconnecting the battery from the system to prevent damage or 
explosion.

At present, there are a large number of two-dimensional (2D) 
nanomaterials. The reason is that they have a very large specific surface 
area, thermal conductivity, excellent photoelectric characteristics and 
catalytic activity, thereby showing a very significant ability in gas 
sensing [12-17], such as the Sc2CO2 monolayer [18] and graphene [19]. 
Nevertheless, inherent drawbacks of 2D nanosheets, including low sta-
bility and excessive adsorption capacity, have constrained their prac-
tical utility in gas sensing materials [20-23]. Hence, the exploration of 
high-performance gas sensors is of paramount importance. As 
gas-sensitive materials, the shape, structure, and doping transition metal 
(TM) atoms of 2D nanomaterials significantly influence sensor perfor-
mance [24-26]. Modification through metal atoms doping has been 
pursued to enhance sensor performance [27-32]. Studies have revealed 
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that incorporating mixed transition precious metal atoms into 2D basal 
materials effectively enhances sensor performance, demonstrating 
promising potential in the field of gas sensing [33-35].

The density functional theory (DFT) calculation method integrates 
advanced approaches, including first-principles calculations and ab 
initio molecular dynamics simulations. This method enables more ac-
curate and comprehensive predictions of factors influencing two- 
dimensional material perception efficiency. By examining monolayer 
materials [36-40], it allows for an in-depth and exhaustive elucidation of 
the intrinsic principles and mechanisms governing the material 
perception process at the microscopic level. A novel two-dimensional 
layered C3N was theoretically designed through computational simula-
tions, investigate its intrinsic properties [41-44]. In the field of gas 
sensors, the C3N framework has broad application prospects and can 
serve as a good carrier of precious metals, showing excellent perfor-
mance in gas capture. [45-49]. As a chemical gas sensor, the C3N single 
layer exhibits richness, low cost, and ease of manufacture, playing a 
significant role in sensor technology.

Previous research has combined experiments with complex compu-
tational studies on assess the suitability of precious structures doped 
with metal for uses of sensors [50-53]. These research efforts have 
provided visual insights into the gas sensing properties and thoroughly 
characterized the sorption properties of the gas detecting devices, 
enhancing their feasible applicability. The electrical response was 
generated on the sensing monolayer due to the cumulative effect of 
various gases. However, the current problem is that the existing tech-
nology is difficult to distinguish the contributions made by each gas. In 
the case where multiple gases are adsorbed together, in order to improve 
selectivity, the interference of electrical signals generated by redundant 
gases needs to be eliminated on the premise of only focusing on specific 
gases.

In this study, the responses of monolayers prepared with precious 
metals (Ir, Pd, Pt, and Rh) under various gases (H2O, C2H2, and 
C4H10O2) were calculated using the DFT method. The stability and ra-
tionality of the monolayer were confirmed from multiple perspectives 
such as bond length, cohesive energy, and ab initio molecular dynamics. 
The gas adsorption mechanism was clarified by calculating the Crystal 
Orbital Hamilton Population (COHP). The selective electrical response 
behavior generated during gas adsorption was evaluated by using the 
density of states (DOS) method. The calculations of Gibbs free energy 
and diffusion energy barrier can understand the thermodynamic feasi-
bility and spontaneity of related reactions or processes and the difficulty 
degree of substance diffusion, which is very important for understanding 
the response speed and sensitivity of the sensor. Our research provides a 
new perspective for improving the selectivity of sensors.

2. Experimental method

Employing DFT via the Dmol3 [54], we performed a thorough 
structural and electronic assessment on the TM-C2N1 monolayer and gas 
molecules. Utilizing the Perdew-Burke-Ernzerhof functional along with 
gradient-corrected approximation for correlation [55,56]. A double 
precision number basis set polarization function is utilized to handle 
atomic orbitals. The dispersion-corrected DFT method was chosen based 
on Grimme vdW correction [57], which can accurately describe the 
interaction in all weak calculations. The global cut-off radius of the real 
space reaches 4.9 Å. K-point sampling of the Brillouin zone, executed via 
the Monkhorst-Pack scheme with a 3 × 3 × 1 mesh, facilitated a theo-
retical analysis. Geometry optimization was refined with convergence 
criteria set to 1 × 10− 5 Ha for energy, 0.002 Ha/Å for atomic forces, and 
0.005 Å for displacement. The electron distribution and charge transfer 
were computed by using the Mulliken method [58]. A 20 Å vacuum 
layer is perpendicularly applied to the Pt/Pd/Ir/Rh-C2N1 monolayer to 
prevent interactions between periodic structures.

3. Results and discussions

3.1. Structural characterizations

The optimized structure of the Pt/Ir/Pd/Rh-C2N1 monolayer is 
depicted in Fig. 1a. It provides the top sight of the modified point of the 
precious metal-to-C2N1 monolayer and a main view of the modified TM- 
C2N1 monolayer. Clearly, based on earlier research observations [48,
59], the four doped precious metals are placed on the top of the 2D 
material, giving rise to the most stable configuration. By studying the 
different charge density distributions shown in Fig. 1b, we can gain a 
deeper understanding of how the doping of precious metal atoms affects 
the stability of monolayer materials. The dark red color significantly 
increases around the C and N atoms on the material surface, indicating a 
significant increase in the charge density of the electron wave function 
on the material surface, further confirming that the surface after metal 
doping has an excellent charge acceptance. The electron transfer process 
is governed by the valence electron configuration and Fermi energy 
levels of these metals. Therefore, after doping with precious metals, in 
order to ensure the stability of the structure, the precious metal atoms 
will protrude from the monolayer and be located at the top of the 
structure, resulting in structural deformation. This positioning leads to 
substantial substrate deformation, thereby inducing alterations in the 
electronic band structure and mechanical stress distribution of the entire 
system.

For the anchoring situation of precious metal atoms on the mono-
layer, this study analyzes it through cohesive energy (Ecoh). At the outset, 
the Ecoh was defined as [60,61]: 

Ecoh =
(n1ETM + n2EC + n3EN − EC2N1 )

(n1 + n2 + n3)
(1) 

here, ETM represents the energy (eV) of precious metal atoms such as Pt, 
Ir, Pd, and Rh. Different precious metal atoms may have different ETM 
values, which depend on their respective electronic structures and nu-
clear characteristics. EC represents the energy (eV) of carbon (C) atoms, 
which reflects the energy state of carbon in a specific environment or 
system. EN is the energy (eV) of nitrogen (N) atoms, which also reflects 
the energy characteristics of nitrogen atoms. And n1, n2, and n3 are the 
numbers of TM, C, and N atoms, respectively. Through the combination 
of these numbers and the energy values of their respective atoms (ETM, 
EC, and EN), various energy-related calculations and analyses can be 
carried out. It was calculated that the Ecoh of the initial C3N1 monolayer 
was 7.01 eV. After precious metal doping, the Ecoh reduced to 6.75 eV for 
Ir-C2N1, 6.75 eV for Rh-C2N1, 6.70 eV for Pd-C2N1, and 6.70 eV for Pt- 
C2N1, a change of 4 % is within the allowable range. This indicates a 
robust interaction between the noble metal and the monolayer, ensuring 
stable binding.

The ab initio molecular dynamics simulations, rooted in quantum 
mechanics, provide a precise depiction of molecular and atomic move-
ments and interactions. With a simulation comprising 5000 steps, each 
representing a 10 fs time interval, the total simulated timeframe spans 
50 ps. This meticulous approach facilitates a comprehensive analysis of 
the structure’s dynamic stability. The findings confirm the stability of 
the monolayer structure upon doping with precious metals, as depicted 
in Figure S1.

Analyzing the active sites and electron transport capabilities of ma-
terials for achieving the optimal performance of materials is a crucial 
step in the field of best-in-class gas sensing. As shown in Figure S2, the 
electrostatic potential is a physical quantity used to describe the charge 
distribution and electric field strength on the material surface. A higher 
electrostatic potential corresponds to a stronger electric field at that 
position, which will trigger more charge accumulation or a more active 
charge transfer process. The work function is the energy difference be-
tween the vacuum level and the Fermi level. For materials with a larger 
work function, electrons need to overcome a higher energy barrier to 
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escape from the material into a vacuum. The results indicate that Pt- 
C2N1 (3.70 eV), Pd-C2N1 (3.70 eV), Ir-C2N1 (3.46 eV), and Rh-C2N1 (3.43 
eV) exhibit comparable electron migration capabilities, suggesting 
similar electronic properties among these catalysts.

Fig. 1c it mainly describes the optimal structures of three molecules 
and the bond lengths of some of their bonds. For the H2O molecule, the 
H–O bond length is 0.98 Å. The bond length data reflects the distance 
and interaction strength between hydrogen atoms and oxygen atoms. In 
the C2H2 molecule, the C–H bond length is 1.07 Å, and the C–C bond 
length is 1.21 Å. The shorter C–C bond length indicates a strong double 
bond effect between carbon and carbon, and the C–H bond length also 
reflects the specific interaction between carbon and hydrogen. In the 

C4H10O2 molecule, the C–H bond length is 1.10 Å, the C–C bond length 
is 1.53 Å, and the C–O bond length is 1.42 Å. Different bond lengths 
reflect the bonding nature and interaction degree between different 
atoms. The longer C–C single bond has a significant difference from the 
double bond length, and the C–O bond length reflects the specific co-
valent bond characteristics between carbon and oxygen. The data ob-
tained through calculation in this paper agree with the previous data 
[11], suggesting that the chosen calculation parameters are rational and 
precise.

According to previous studies [62-66], the electrical conductivity 
characteristics of a substance are reflected at the Fermi level of the DOS 
curve, which is associated with the electronic states at the Fermi level. 

Fig. 1. (a) Configuration of the Pd/Ir/Pt/Rh-C2N1 monolayer. (b) Stable structure and charge density distribution of the TM-C2N1. (c) Structure of H2O, C2H2, and 
C4H10O2. (d) DOS of the TM-C2N1.
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Consequently, this study adopted this method to evaluate the effect of 
the introduction of doped precious metals on the conductivity of ma-
terials. In Fig. 1d, due to the doping of precious metals, the conductivity 
of the material surface is enhanced, causing a change in the DOS curve 
and presenting an upward trend at the Fermi level. The position of the 
Fermi level in the DOS curve is indeed a key factor in determining the 
type of material. When the Fermi level is within the valence band, it 
means that the concentration of holes in the material is relatively high, 
thus showing a p-type semiconductor.

The d orbitals of noble metal atoms and the p orbitals of non-metallic 
C/N in the monolayer play a role in bonding. The characteristics of the 
d orbitals enable them to form strong chemical bonds when overlapping 
with other atomic orbitals. The d orbitals of noble metals have a partially 
filled electronic structure, which enables them to have effective in-
teractions with the orbitals of other atoms, thereby affecting the prop-
erties and reactivity of substances. For the p orbitals of non-metallic C/ 
N, they can also participate in the formation of chemical bonds. The 
shape and directionality of the p orbitals enable them to overlap with 
other p orbitals or d orbitals, thereby forming covalent bonds or coor-
dination bonds.

According to the results, among these materials, there is an obvious 
alignment effect between the d orbitals of Pd and Rh and the p orbitals of 
C/N, which means that the electronic interaction between them is 
relatively strong. This will affect their selectivity because the transfer of 
electrons and the progress of the reaction are related to the position of 

the energy level and the degree of hybridization. In addition, the hy-
bridization of the d orbitals of Pt and Ir with the p orbitals of C/N is more 
significant and is located at a higher energy level. Specifically, a higher 
energy level may lead to differences in their adsorption and activation 
abilities for reactants, thereby affecting the rate and selectivity of the 
reaction. The results showed that Pt, Pd, Ir, and Rh could be firmly 
attached to the C2N1 monolayer.

3.2. Gas sensing performance

3.2.1. Gas adsorption behavior
Herein this section, the preliminary determination of the optimal gas 

adsorption configuration is made. Then, quantitative analysis was con-
ducted on the adsorption energy and distance. Eventually, the difference 
regarding the performance of gas adsorption is clarified with the 
application of COHP. The configurations of each adsorption site are 
shown in Figure S4-S15, and different locations of gas adsorption 
combined with configurations were investigated on Pt-C2N1, Pd-C2N1, 
Rh-C2N1, and Ir-C2N1. Initially, each gas molecule, positioned at a height 
of 2.5 Å from the monolayer, undergoes structural optimization to 
establish its equilibrium state. On the basis of the positive relationship 
involving the distance of adsorption and energy, the initial configuration 
that complied with this criterion was picked [67,68], as shown in 
Figure S16-S18. Fig. 2 presents the most steadfast adsorption patterns 
and the charge densities related to the three gases at Pt-C2N1, Pd-C2N1, 

Fig. 2. Stable configuration and charge density distribution of gas on the Ir-C2N1, Pd-C2N1, Pt-C2N1, and Rh-C2N1 monolayer. (a) C2H2, (b) C4H10O2, and (c) H2O.
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Rh-C2N1 and Ir-C2N1.
Fig. 2 reveals the least atomic distances that were observed on the 

surfaces of Ir-C2N1, Pd-C2N1, Pt-C2N1, and Rh-C2N1 for different gas 
molecules. Specifically, for C2H2 molecules, the adsorption distances on 
the Ir-C2N1, Pd-C2N1, Pt-C2N1, and Rh-C2N1 surfaces are 2.1 Å, 2.1 Å, 2.2 
Å, and 2.1 Å, respectively. For C4H10O2 molecules, the adsorption dis-
tances on the Ir-C2N1, Pd-C2N1, Pt-C2N1, and Rh-C2N1 surfaces are 2.4 Å, 
2.4 Å, 2.3 Å, and 2.3 Å, respectively. Lastly, for H2O molecules, the 
adsorption distances on the Ir-C2N1, Pd-C2N1, Pt-C2N1, and Rh-C2N1 
surfaces are 2.4 Å, 2.3 Å, 2.4 Å, and 2.4 Å, respectively.

After optimization, the C2H2 adsorption on Ir/Pd/Pt/Rh-C2N1 results 
in shorter atomic distances than C4H10O2 and H2O, consistently. In 
addition, the charge density was analyzed to examine the charge build- 
up and depletion throughout the interaction of the gas with Ir/Pd/Pt/ 
Rh-C2N1 more visually, and the results are shown in Fig. 2. Refer to 
Table S1 for specific charge transfer values. The charge density of the 
electron wave function indicates that Ir/Pd/Pt/Rh-C2N1 will deliver a 

large amount of charge during the process of gas adsorption. It is evident 
that the regions adjacent to the gas molecules exhibit a dark red hue, 
signifying electron transfer from Pt-C2N1, Pd-C2N1, Rh-C2N1, and Ir- 
C2N1 to the gas molecules. This observation indicates a robust interac-
tion between the gases and the C2N1 complexes, underscoring the sig-
nificant role of Ir, Pd, Pt, and Rh in this electron exchange process. The 
results demonstrate significant charge transfer to C2H2 on all four sur-
faces, indicating that TM-C2N1 exhibits strong adsorption effects on 
C2H2. This effect is particularly pronounced on the Pt-C2N1 and Ir-C2N1 
monolayers.

Fig. 3a shows the adsorption behavior of the gas more comprehen-
sively by comparing the adsorption energy and the adsorption distance, 
and quantitatively evaluates the interaction force between the gas and 
Ir/Pd/Pt/Rh-C2N1. Adsorption energy is specified as [64]: 

Eads = Etotal −
(
Emonolayer + Egas

)
(2) 

Fig. 3. (a) Adsorption energy and distance of gases on TM-C2N1. (b) ICOHP value of gases on TM-C2N1.
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where Eads represents the adsorption energy (eV), Etotal the total energy 
that the gas has after adsorption on the monolayer (eV), Emonolayer the 
energy that the two-dimensional monolayer has before gas adsorption 
(eV), and Egas the energy of the gas alone (eV).

Fig. 3a shows from the perspective of adsorption energy that the 
adsorption energy of C2H2 is much stronger than that of the other two 
gases, much stronger than that of C4H10O2 and H2O. This phenomenon 
indicates that C2H2 gas can achieve selective adsorption of monolayers 
in a multi-gas environment, regardless of the occurrence of other gases. 
Additionally, it is worthy of note that the energy of H2O adsorption on 
the TM-C2N1 is weak., indicating that Pt-C2N1, Pd-C2N1, Rh-C2N1, and 
Ir-C2N1 have almost no adsorption effect on H2O. Therefore, a humid 
environment does not affect the performance of Pt-C2N1, Pd-C2N1, and 
Ir-C2N1. On the whole, the adsorption distance of C2H2 was the smallest 
and the adsorption distance of H2O and C4H10O2 was the largest, indi-
cating that the Ir/Pd/Pt/Rh-C2N1 monolayer had the best adsorption 
performance for C2H2 gas among the three gases, and the most promi-
nent ones were Pd-C2N1 and Ir-C2N1.

It can be observed that the adsorption functions of the surfaces doped 
with four different precious metals for C2H2 exceed those of C4H10O2 
and H2O. Take for example, the energy of adsorption of Pt-C2N1–C2H2 is 
− 1.6 eV, which is stronger than the adsorption energy of Pt- 
C2N1–C4H10O2 of − 0.7 eV and the adsorption energy of Pt-C2N1–H2O of 
− 0.8 eV. In order to reveal the difference in the adsorption energy of Pt- 
C2N1, Pd-C2N1, Rh-C2N1, and Ir-C2N1 from the perspective of chemical 
bonding, the chemical bonds were divided into bonding bonds and anti- 
bonds, in which bonding played a decisive role. COHP analysis was 

employed to examine the interatomic forces in the process of gas 
adsorption more accurately. Figures S19-S22 is the result of the 
calculation. To obtain an accurate explanation, the integral COHP 
(ICOHP) values were calculated, this means that when the ICOHP value 
is more negative, the bonding between noble metal atoms and gas atoms 
is tighter and the interaction is stronger. This calculation and analysis 
are helpful for an in-depth understanding of the properties and reaction 
mechanisms of the materials, providing valuable information for further 
research and applications. In Fig. 3b, of all the gas molecules, C2H2 
presents the most remarkable ICOHP value on the Ir/Pt-C2N1 surface.

3.2.2. Electrical response behavior
The above results demonstrate the preferential adsorption behavior 

of C2H2 on the surfaces of the two materials (Ir/Pt-C2N1). To further 
verify whether these two promising candidate gas-sensitive materials 
can be utilized for the selective electrical response to C2H2, we investi-
gated its electrical response behavior. From the perspective of gas 
adsorption, the adsorption of C2H2 in the four surface systems exhibits 
distinct characteristics. To identify suitable sensing materials, conduc-
tivity analysis was conducted based on the DOS to select materials with 
the most favorable electrical response to C2H2.

Selectivity is paramount for gas sensors. Building upon prior research 
[62-64], the fluctuations of the Fermi level DOS curve can provide an 
in-depth understanding of the internal mechanism of the change in the 
conductivity of materials and provide a theoretical basis for the design 
and optimization of materials. The Fermi level is an important physical 
concept, which represents the dividing line between the occupied and 

Fig. 4. Selectivity of gases on the (a) Pt-C2N1, (b) Pd-C2N1, (c) Ir-C2N1, and (d) Rh-C2N1 monolayer.
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unoccupied energy levels of electrons at absolute zero. When the con-
ductivity of the material changes, it means that the transmission char-
acteristics of electrons in the material have changed, affecting the 
energy state distribution of electrons. This change will have an impact 
on the energy state distribution of electrons, and this impact will be 
reflected in the fluctuations of the DOS curve at the Fermi level. The 
differences in the electrical response of the three gases on the TM-C2N1 
monolayer are analyzed in Figures S23-S26.

Fig. 4 optimizes the electrical response data to delineate the selec-
tivity index of the surface towards various gases, highlighting the dif-
ferential selectivity of 2D surfaces with distinct metal doping. This index 
is determined by comparing the conductivity of gases before and after 
adsorption. Unchanged conductivity signifies no material impact, while 
changes denote sensitivity to the gas. In Fig. 4a and 4b, the conductivity 
of C2H2 adsorbed on Pt-C2N1 and Pd-C2N1 surfaces significantly sur-
passes background conductivity, resulting in increased electron con-
centration near this level, thereby enhancing conductivity. In particular, 
in Fig. 4a, Pt-C2N1 exhibits robust conductivity to C2H2 with negligible 
changes upon adsorption of C4H10O2 and H2O, indicating selective 
responsiveness to C2H2. Conversely, in Fig. 4b, although Pd-C2N1 
demonstrates conductivity to C2H2, it also exhibits substantial conduc-
tivity alterations upon adsorption of C4H10O2 and H2O, suggesting a lack 
of selective electrical response to C2H2.

In Fig. 4c and d, the Ir-C2N1 and Rh-C2N1 surfaces have a strong 
conductivity change after C2H2 adsorption. In Fig. 4c, after the 
adsorption of C2H2 gas on the Ir-C2N1 surface, its electrical conductivity 
changes, and the position of the Fermi level also undergoes a significant 
shift, but no significant change for C4H10O2 and H2O, indicating that it 

can achieve a selective response to C2H2. In Fig. 4d, although Rh-C2N1 
has a certain conductivity change for C2H2, it also has a significant 
conductivity change for the adsorption of C4H10O2 and H2O, which in-
dicates that Rh-C2N1 cannot achieve selective electrical response to 
C2H2. Thus, the C2N1 monolayer modified with precious metal atoms Pt 
and Ir exhibits selective response to C2H2 gas among other gases (C2H2 
and H2O). It is worth noting that the conductivity of Pt/Ir-C2N1 after 
adsorption of H2O does not change, it indicates that the Pt/Ir-C2N1 
monolayer is not water-affinitive.

The redistribution of charge after C2H2 adsorption is the main cause 
of conductivity change, and the analysis of DOS and PDOS is visualized 
in Figures S23-S30. The results show that the n-type semiconductor Ir- 
C2N1 and p-type semiconductor Pt-C2N1 have the ability to form selec-
tive electrical signal response to C2H2 gas and have good hydropho-
bicity. PDOS analysis showed that C atoms played a key role in the 
adsorption process of Pt/Ir/Pd/Rh-C2N1 gas. The Supporting Infor-
mation contains detailed analyses.

It is significant to observe that the conductivity of H2O adsorbed on 
the Pt/Ir-C2N1 monolayer undergoes very slight changes, as shown in 
Fig. 4, and no notable change was witnessed. This result confirmed that 
Pt/Ir-C2N1 can selectively detect C2H2 without being affected by hu-
midity and can give a good selective electrical signal response to C2H2. 
To probe the influence of humidity on the C2H2 sensor’s electrical 
response, adsorption energy and DOS calculations were performed 
under conditions with varying H2O:C2H2 ratios. By incrementally 
raising H2O levels, while holding C2H2 constant, this study determined 
the maximum humidity tolerance of the Ir/Pt-C2N1 sensor to C2H2, 
ensuring reliable detection without performance compromise. Fig. 5a 

Fig. 5. Adsorption energy of different amounts of H2O with C2H2 on (a) Ir-C2N1, (c) Pt-C2N1, and electrical response of C2H2 on (b) Ir-C2N1, (d) Pt-C2N1.
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illustrates that the adsorption of six H2O molecules on the Ir-C2N1 is 
endothermic, indicating no adsorption occurs. Consequently, Ir-C2N1 is 
capable of adsorbing C2H2 at its maximum capacity coexisting with five 
H2O molecules. The change in the DOS at the Fermi level, as depicted in 
Fig. 5b, suggests that there is still a detectable response to C2H2 even in 
the presence of five H2O molecules. Additionally, Fig. 5c demonstrates 
that C2H2 can be adsorbed onto Pt-C2N1 when five H2O molecules are 
present. However, as shown in Fig. 5d, the electrical response in this 
case is significantly reduced, indicating that Pt-C2N1 is capable of 
generating a maximum response to C2H2 under this condition.

3.3. Applications of gas sensors

To delineate the optimal temperature range for high-performance 
gas sensing, this study assessed the operational milieu, with a spot-
light on the gas diffusion properties of sensor materials. Molecular dy-
namics simulations were employed to check the diffusion profiles of 
three target gases. Given the temperature-dependent nature of material 
properties, pinpointing the temperature sweet spot for peak material 
performance is crucial. Calculating Gibbs free energy was fundamental 
to this endeavor, offering insights into the thermodynamic viability of 
material processes across various temperatures. This calculation is vital 
for ascertaining the spontaneity and extent of material-involved re-
actions at specific temperatures, thereby providing a robust theoretical 

framework for optimizing the operational temperature window. 
Detailed computational details are presented in the Supporting 
Information.

The propensity for spontaneous adsorption is directly correlated with 
the negativity of the Gibbs free energy. The Gibbs free energy at various 
temperatures was meticulously calculated so as to identify the temper-
ature ranges in which the free energy remained negative, indicating 
spontaneous adsorption. Consequently, the practical temperature 
applicability for gas-sensitive materials TM-C2N1 was established. 
Fig. 6a and c illustrate the direct correlation concerning the Gibbs free 
energy for the adsorption of three distinct gases at Ir/Pt-C2N1 and the 
corresponding temperatures. The linear relationship established in 
Figure S31 can be obtained through theoretical calculations. In Fig. 6, 
ΔG < 0 is evident for the p-type semiconductor Pt-C2N1 at 600 K, as well 
as for the n-type semiconductor Ir-C2N1 at the same temperature. This 
observation suggests that Pt/Ir-C2N1 fails to adsorb certain gases above 
600 K. Figure S31 reveals ΔG < 0 for the p-type semiconductor Pd-C2N1 
and the n-type semiconductor Rh-C2N1 below 550 K, indicating that the 
optimal operating range for Pd/Rh-C2N1 is below 500 K. Therefore, Pt/ 
Ir-C2N1 exhibits superior high-temperature resistance for gas adsorption 
compared to Pd/Rh-C2N1, suggesting that Pt/Ir-C2N1 is more effective 
for the selective detection of C2H2 in elevated temperature environ-
ments. It is worth noting that the maximum applicable temperature for 
Pt/Ir-C2N1 is 600 K, which is the upper limit of H2O adsorption. 

Fig. 6. Gibbs free energy of the three gases on (a) Pt-C2N1 and (c) Ir-C2N1 depending on temperature. Diffusion and mean-squared displacement of C2H2 on (b) Pt- 
C2N1 and (d) Ir-C2N1 at diverse temperatures.
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Humidity does not affect selective adsorption, which is confirmed in the 
DOS diagram. The Pt/Ir-C2N1–C2H2 should determine the actual 
response temperature of Pd/Ir-C2N1. Temperature and humidity do not 
affect the response of Pt/Ir-C2N1 to C2H2. Therefore, Pt/Ir-C2N1 is suit-
able as a gas sensing material in various environments.

The study on the gas diffusion performance of various gases on the 
Pt/Ir-C2N1 material, the diffusion coefficient was computed through 
molecular dynamics simulation. The Supporting Information contains 
detailed calculation results. The coefficient of diffusion acts as a 
parameter utilized to express the diffusion capacity of a molecule. The 
larger the diffusion coefficient, the quicker the rate of diffusion, indi-
cating that the lower the energy barrier necessary for the process of 
diffusion [69-71]. The diffusion behavior of gases is judged through the 
calculation results of the diffusion coefficient. Figures S32-S35 show 
the stable configurations before and after the calculation. The diffusion 
coefficients for Pt-C2N1–C2H2 are observed to be the lowest among 
p-type semiconductors, while those for Ir-C2N1–C2H2 are the least 
within n-type semiconductors, as detailed in Table S2. This distinction 
substantiates the capability of the Pt/Ir-C2N1 monolayer to selectively 
adsorb C2H2 gas.

Interestingly, it is water that has the largest diffusion coefficient, 
indicating that the monolayer has a limited attraction for water. The 
diffusion rate of C2H2 on the monolayer is the lowest. In order to un-
derstand the C2H2 diffusion activation energy from a physicochemical 
viewpoint, the Arrhenius equation was fitted in accordance with the 
diffusion coefficient to attain the C2H2 diffusion activation energy. For 
detailed calculations, please refer to the Supporting Information and 
Table S3. The stable structure of Pt/Ir-C2N1–C2H2 at different temper-
atures is shown in Figure S36 and S37. The energy required in the 
adsorption process is represented by the activation energy, which has a 
definite influence on the difficulty of the process and the adsorption rate. 
As shown in Fig. 6b and 6d, the mean square displacement of C2H2 on 
Pt/Ir-C2N1 indicates that the diffusion activation energies of Pt-C2N1 and 
Ir-C2N1 are 2.6 kJ/mol and 2.7 kJ/mol, respectively. It has been 
confirmed that Pt-C2N1 holds an advantage over Pd-C2N1 in the detec-
tion of C2H2 in p-type semiconductors, and Ir-C2N1 has a superiority 
over Rh-C2N1 in the detection of C2H2 in n-type semiconductors.

The gas recovery time is one of the very important performance 
parameters in the practical application of sensors. When the gas is 
removed, the time (τ) consumed by the sensor to recover from the 
response state to the gas to the initial state is the response recovery time 
[50]. In accordance with the transition state theory, τ is calculated as: 

τ = A− 1e− Ea/kT (3) 

Here, A is defined as the attempt frequency, and its value is determined 
to be 1012 per second (s-1). Ea (eV) is the absolute value of adsorption 
energy as well as the potential barriers of desorption process. The k 
represents the Boltzmann constant. T represents the temperature. 
Table S4-S7 provide details about the τ of three gases adsorbed on gas- 
sensitive materials at different temperatures. Overall, with the increase 
in temperature, τ decreases, which indicates a quicker desorption rate of 
the gas. It is necessary to point out that the Pt/Ir-C2N1 monolayer 
maintains high selectivity for C2H2 even in scenarios related to battery 
impairment and elevated gaseous temperature emissions, highlighting 
its superior performance.

4. Conclusions

In summary, the dispersion-corrected DFT calculation clarifies the 
gas sensing behavior of TM-C2N1. The cohesion energy and ab initio 
molecular dynamics simulations indicate the stability of the monolayer. 
DOS shows that Pt/Pd-C2N1 is a p-type semiconductor, while Ir/Rh-C2N1 
is an n-type semiconductor. The interaction between the metal d orbitals 
and the p orbitals of C2N1 changes the electron distribution, making Pt/ 
Ir-C2N1 have a high affinity for C2H2. This results in an obvious electrical 

response and reduces the interference of other gases at the same time. 
Pt/Ir-C2N1 has a wide application temperature range and is not affected 
by humidity. Molecular dynamics simulations provide physicochemical 
insights into the diffusion behavior of gases. The diffusion energy barrier 
of C2H2 is 1.1 kJ/mol for Pt-C2N1 and 1.0 kJ/mol for Ir-C2N1. The study 
confirms that the p-type semiconductor Pt-C2N1 and the n-type semi-
conductor Ir-C2N1 have obvious advantages in selective adsorption and 
response to C2H2, increasing the possibility of creating a new safety 
monitoring prototype.
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