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Abstract

Volatile organic compounds (VOCs) are a major cause of leukemia, carcinoma, and other diseases.
However, removal technologies for VOCs cannot cope with the grim situation of VOC pollution. Two-
dimensional (2D) alkali metal nitrides Ca,N, Sr,N, and Ba,N have great potential as a new adsorption
material, and their application as a VOCs detector has not reported. Here, we study the sensing
performance of Ca,N, Sr,N, and Ba,N on benzene, styrene, xylene, methylbenzene, ethylbenzene, butyl

acetate, methanal, and n-undecane. We find that Ca,N, Sr,N, and Ba,N have outstanding adsorption

capabilities for VOCs. This strong adsorption is attributed to the free-electron layer on their surface.
When the isosurfaces are equal, there are more free electrons on the surface of Ca2N, followed by Sr2N,
and finally Ba2N. Moreover, electric fields could effectively improve their adsorption performance. The
perfect match of the electronic properties of VOCs with those of Ca2N, Sr2N, and Ba2N contributes to
this extraordinary adsorption capability. Therefore, this study will lead to a new round of technological
innovation in VOCs adsorption technology based on 2D alkali metal nitrides.

Introduction

Volatile organic compounds (VOCs) such as benzene, formaldehyde, and toluene usually accumulate
indoors”. In national environmental health surveys conducted in the United States, Canada, and South
Korea, over 90% participants had detected metabolites of benzene in their urine?~#. Long term exposure
to high concentrations of VOCs causes various hazards to the human body. Skin and eye contact with
methanal cause dryness and ulcers®. Long-term exposure to VOCs will not only damage the human
respiratory®, hematopoietic, immune, digestive and reproductive systems’, but also lead to pneumonia,
chronic obstructive pulmonary disease®, leukemia, lymphoma, bladder cancer and other diseases®. VOCs
also increase the risk of depression and other mental diseases'®'". Besides, a negative correlation

between VOCs exposure and adolescent growth indicators was found'. Moreover, elevated levels of
VOCs in urine were significantly and positively correlated with an increase in the plasma atherogenic

index'3. The urinary metabolites of ethylbenzene and styrene were significantly associated with

cardiovascular disease, respiratory disease, and cancer mortality”. In addition, the normal and
pathological states of human physiological processes can be characterized by the VOCs released during

respiration'>~1’. Therefore, the detection and removal of these pollutants is of great significance.

Numerous VOC control technologies have emerged, such as incineration, condensation, biological
degradation, absorption, adsorption, and catalytic oxidation, et al'®'?. Among them, the adsorption
technology has been recognized as an efficient and economical control strategy?°~22. In current research
on VOCs adsorption, traditional light absorption sensors?3, heat conduction sensors?* have insufficient
adsorption capacity?4. Carbon materials suffer from poor renewability, fire risks, high mass transfer
resistance, pore blockage, and hygroscopicity?>2®. Zeolites and metal organic frameworks materials are

costly, with numerous voids leading to weak dispersion forces and insufficient open metal sites?’-28.
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Organic polymers involve complex synthesis processes, making large-scale production challenging?®.
Adsorption and membrane separation processes have poor adsorption capacity and selectivity for
VOCs®C. The average specific surface area, pore volume and VOCs adsorption capacity of different
adsorption materials are metal organic frameworks > activated carbons > hypercrosslinked polymeric
resin > zeolites3'-32. However, the focus of these studies is on the specific surface area, adsorption pore
size, and number of functional groups of the adsorbent, without considering the electronic interaction
between the adsorbent and VOCs molecules®33*. Therefore, it is vital to explore the enormous potential
of two-dimensional (2D) electronic materials in the field of gas adsorption by utilizing their unique
structures and surface properties.

2D electronic compounds own the advantages of a large specific surface area, high mechanical strength,

35,36

as well as the high electron concentration, high active site density®>°°, and low work function of

electronic compounds®’~4'. Alkali metal nitrides Ca,N, Sr,N, and Ba,N are classical 2D electronic
compounds that can be separated into single-layer structures in the laboratory*?. They present M,N (M =

Ca, Ba, Sr), in which conduction electrons are confined between the M layers*2. The delocalized
homogeneous electrons in the 2D interlayer space are responsible for the excellent transport
characteristics, which are mainly conducted through the 2D space instead of the M,N layer1~43,
However, the application of 2D electronic compounds in the sensing and detection of VOCs molecules
has not been reported yet. In this work, we selected Ca,N, Sr,N, and Ba,N as substrate materials and
benzene, styrene, xylene, methylbenzene, ethylbenzene, butyl acetate, methanal, and n-undecane as
adsorption targets. Based on first principles study, the adsorption of VOCs on a single-layer 2D electronic
compound substrate was calculate. The adsorption capacity was adjusted by applying an electric field.
The surface free electron layer properties of Ca,N, Sr,N, and Ba,N endow them with powerful VOCs

sensing capability and provide new technology for indoor air quality detection.

Results and Discussion

Geometric and Electronic Structures of Ca2N, Sr2N, and
Ba2N

To investigate the properties of single-layer 2D electronic compounds Ca,N, Sr,N, and Ba,N, we present
the geometric and electronic structure of a single-layer 2D electronic compound in Fig. 1. Figure 1a
shows the top and side views of a single-layer 2D electronic compound, where X represents Ca, Sr, and
Ba*?44 The lattice structure of X,N electronic compounds is hexagonal, with optimized lattice constants
of a=b=3.62 A (Ca,N), a=b=3.81 A (Sr,N), and a = b=3.98 A (Ba,N). Each unit cell is composed of 2 X
atoms and 1 N atom. From a top-down view, each X atom bonds to three adjacent N atoms, and each N
atom is bonded to six adjacent X atoms. From a side view, X atoms construct the outer layers, and N
atoms are in the middle layer. Figure 1b shows the partial charge density (left) and band structure
diagram (right) of Ca,N. In order to investigate the distribution of active electrons on the material

Page 3/27



surface, the Fermi level was selected and the partial charge density of Ca,N was calculated from - 1 eV
to 1 eV, as shown in the left figure. The yellow areas (left) denote the charge density corresponding to the
yellow energy range in the band diagram (right). Most of the charges near the Fermi level are distributed
on the surface of the material. The distribution of free electrons on the material surface is mainly located
between adjacent Ca atoms. The purple circle in the band diagram represents the projected energy band
of free electrons in the surface space region of Ca,N. The energy of surface electrons of Ca,N is in the
range of -1.2 eV to 1.5 eV. Similarly, Fig. 1c & 1d show the partial charge densities (left) and band
structure diagrams (right) of Sr,N and Ba,N. The energy of surface electrons of Sr,N ranges from - 1.1
eV to 1.4 eV, and the energy of surface electrons of Ba,N ranges from - 0.8 eV to 1.5 eV. Comparing

Fig. 1b-d, the projection regions of their surface free electrons in the band are similar, all located in the
band near the Fermi level. The distribution of free electrons between adjacent Ca atoms is relatively
uniform, while the distribution of free electrons between adjacent Sr/Ba atoms tends to lean towards the
Sr/Ba atom on one side. During molecular adsorption, the electron-rich regions attract more molecules
and result in charge transfer and adsorption. When the isosurfaces are equal, there are more free
electrons on the surface of Ca,N, followed by Sr,N, and finally Ba,N. These differences in their surface

electrons result in their potential for molecular adsorption applications*. Collectively, Ca,N, Sr,N, and
Ba,N all have a hexagonal lattice structure and surface free electron distribution characteristics near the

Fermi level. The differences in these structures and electronic properties characterize their adsorption
applications.

Geometric and electronic structures of eight types of VOCs
molecules

To investigate the adsorption of VOCs molecules by single-layer 2D electronic compounds, we then
explore the geometric and electronic structures. We use m-xylene as a representative to calculate the
adsorption of xylene*®. Figure 2 shows the molecular structure of eight types of VOCs, presented in a top
view and a sideview. The molecular electrostatic potential of these eight molecules is shown in

Fig. 3*”.The blue area represents high energy and is prone to losing electrons. The red area indicates low
energy and easy access to electrons. Both the red and blue areas represent more active areas on the
surface of the molecule. In Fig. 3a, there is a portion of red area on the surface of the benzene molecule,
located on both sides of the six C atoms on the benzene ring structure. However, the color around the H
atom is not obvious. This indicates that the most active position of the benzene is located inside the
benzene ring and is easily accessible to electrons*®4°. The red area on the surface of the styrene

(Fig. 3b) can be mainly divided into two parts. One part is located on both sides of the benzene ring
structure, and the other part is around the C = C bond. Similarly, the alkyl functional groups in xylene

(Fig. 3c), methylbenzene (Fig. 3d), and ethylbenzene (Fig. 3e) are not active, and the most active part is
the benzene ring structure, which is easy to obtain electrons. The region around the C = O bond in butyl
acetate (Fig. 3f) is the most active. In methanal (Fig. 3g), both the O atom side and the H atom side are
relatively active, with the O atom side easily gaining electrons and the H atom side easily losing
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electrons. The area around the H atom in n-undecane (Fig. 3h) is the most active and easily loses
electrons, which differs from other VOCs. Taken together, these active regions provide a theoretical basis
for subsequent research on adsorption interactions.

Adsorption of VOCs on Ca2N, Sr2N, and Ba2N Surface

We then calculate the adsorption of molecules at different angles and sites and select the structure with
the lowest energy as the most stable structure. Table 1 presents the quantitative results of the
equilibrium distance and adsorption energy of VOCs molecules. We find that methanol and butyl acetate
have the shortest equilibrium distance, followed by styrene, xylene, methylbenzene, and ethylbenzene.
Benzene has a longer distance and a significant decrease compared to the initial distance. N-undecane
has no significant change in equilibrium distance compared to the initial distance. Besides, methanol
and styrene have the highest adsorption energy, followed by xylene, methylbenzene, ethylbenzene, and
butyl acetate. However, benzene and n-undecane have the lowest adsorption energy. These data indicate
that Ca,N substrates have the strongest adsorption effect on molecules containing C = O bonds.
Molecules containing C = C, such as styrene, come next. Their adsorption energy is relatively high.
Although benzene molecules have a benzene ring structure, the equilibrium distance does not change
much from the initial distance. The n-undecane molecule shows no significant adsorption in terms of
geometric structure, equilibrium distance, and adsorption energy. The H atoms on the surface of the
molecule are prone to losing electrons, making it difficult to generate charge transfer with the free
electrons on the Ca,N substrate surface. These data demonstrate that the Ca,N substrate exhibits the

strongest adsorption of C = O bond-containing molecules and the weakest adsorption of n-undecane.

Figure 4 shows a side view of the combined structure of eight VOCs molecules and three electronic
compound substrates after structural relaxation. On the Ca,N substrate, benzene (Fig. 4a), styrene

(Fig. 4b), xylene (Fig. 4c), methylbenzene (Fig. 4d), and ethylbenzene (Fig. 4€) are adsorbed at a
horizontal angle. The position of the C = C bond in the styrene molecule is closest to the substrate,
followed by the benzene ring structure inside the molecule. These indicate that the C = C bond structure
is mainly adsorbed. Among the other four molecules, however, the benzene ring structure is closest to
the substrate, while the alkyl structure in the molecule is farther away. Hence, the benzene ring structure
is mainly adsorbed. Butyl acetate (Fig. 4f) is adsorbed at an inclined angle, with the O atoms that form
the C = 0 bond closest to the substrate. The length of the C = O bond has been extended from the initial
1.22 Ato 1.44 A, and some atoms are further away from the substrate than their initial position. This
indicates that the substrate has a stronger adsorption effect on the O atom in the C =0 bond and a
weaker adsorption effect on the remaining atoms. The O atom in the methanal (Fig. 4g) is closest to the
substrate, and the C = O bond is no longer in the same plane as the C and H atoms, implying that the O
atom is strongly adsorbed by the substrate, while the H atom is subjected to a repulsive force towards
the outside of the substrate. The n-undecane molecule did not undergo any deformation or change in
position during the reaction.
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The adsorption results of these VOCs molecules on Sr,N (Fig. 4i-p) and Ba,N (Fig. 4m-t) substrates are
basically consistent with those on Ca,N substrates. All three substrates have the strongest adsorption
ability for butyl acetate and methanol. Their adsorption for styrene and xylene is also quite strong. They
show weak adsorption performance for benzene molecules and no adsorption effect on n-undecane
molecules. Surprisingly, the molecular structure is completely destroyed due to the strong interaction
with Ba,N substrate (Fig. 4r). This significantly demonstrates that Ba,N is an ideal material for VOCs
adsorption. In addition, the equilibrium distance for the adsorption of benzene and n-undecane
molecules on the Ba2N substrate is larger than for the other two substrates. However, the adsorption
energy for these two molecules on Ba2N is larger than on Ca,N and Sr,N. This may result from the

higher mass of Ba atoms on the substrate surface. Collectively, these results demonstrate a clear
functional-group specificity in adsorption configuration and a strong substrate-dependent variation in
adsorption strength.

Mechanism of VOCs adsorption on CaN, SrN, and BaN Surface

Next, we calculate the electronic density of states (DOS) of the Ca,N substrate when adsorbing VOCs

molecules. Figure 5 shows the changes in DOS of VOCs molecules before and after adsorption on a
Ca,N substrate. Briefly, the electronic DOS of Ca,N has increased in energy compared to the initial

energy. However, the DOS of VOCs molecules has decreased in energy compared to the initial state. This
indicates that VOCs molecules gain electrons in the reaction, and the Fermi level is relatively higher.
Meanwhile, the Ca,N substrate loses electrons in the reaction, and the Fermi level is relatively lower.
Interestingly, the benzene and Ca,N substrate (Fig. 5a) undergo hybridization in the energy range of -0.5
eV to 2 eV, and the DOS overlaps in this region. Styrene (Fig. 5b), xylene (Fig. 5c), methylbenzene

(Fig. 5d), and ethylbenzene (Fig. 5e) exhibit similar orbital hybridization after adsorption on Ca,N
substrates due to their similar structures. The hybridization all occurs in the energy range of -0.5 eV to
2.5eV and - 4 eV to -3 eV, with some additional hybridization regions compared to benzene. The hybrid
orbitals of butyl acetate (Fig. 5f) and methanol (Fig. 5g) adsorbed on a Ca,N substrate are located in the
energy range of -4 eV to -3 eV below the Fermi level. The orbital hybridization of N-undecane (Fig. 5h)
after adsorption on the Ca,N substrate is not significant, indicating that the molecular effect is relatively
weak. Besides, the degree of orbital hybridization of VOCs molecules adsorbed on the Ca,N substrate is

consistent with the results of the adsorption energy analysis mentioned earlier. Moreover, the adsorption
results of these VOCs molecules on SryN (Fig. 6a-h) and Ba2N (Fig. 7a-h) substrates are similar to those

on Ca,N substrates. They are also consistent with the previous analysis results. Since the molecular
structure is completely destroyed, we obtain no DOS for Styrene on Ba,N (Fig. 7b).

To investigate the charge transfer between VOCs molecules adsorbed on single-layer Ca,N, Sr,N, and
Ba,N substrates, we calculate the differential charge density of the adsorbed structure and the amount

of charge transferred during the reaction, which is summarized in Table 1. Figure 8 shows the differential
charge density of the VOCs molecules adsorbed on a Ca,N substrate, including top and side views, with
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isosurfaces of 0.0015 e/A for all charge densities. When benzene is adsorbed on a Ca,N substrate

(Fig. 8a), there is a small but significant charge transfer. The substrate part loses electrons on the
surface, and the electron loss area is located directly opposite the Ca atom on the other side, slightly
higher than the Ca atom at the interface. There is charge accumulation on both sides of the C atom in
the benzene molecule, with more charge accumulation on the side closer to the substrate. Charge loss
occurs around the H atom, with the lost electrons located on the side farther from the substrate,
consistent with the active region in the molecular electrostatic potential. When styrene is adsorbed on
Ca,N substrates (Fig. 8b), there is a significant amount of charge transfer. The region where free
electrons accumulate on the substrate surface loses electrons, consistent with the adsorption of
benzene molecules. In styrene molecules, there is charge accumulation on both sides of the C atom and
charge loss around the H atom. Specifically, the C atom on the C = C bond receives more electrons than
the C atom on the benzene ring structure. This indicates that during the adsorption process, both
structures interact with electrons on the Ca,N substrate surface. Among them, the C = C bond undergoes

more charge transfer, which is consistent with the results of the geometric structure. Xylene (Fig. 8c),
methylbenzene (Fig. 8d), and ethylbenzene (Fig. 8e) all exhibit similar differential charge results when
adsorbed on Ca,N substrates. Overall, they all transfer charges from the Ca,N substrate to VOCs
molecules. Charge loss occurs at the locations where free electrons accumulate on the surface of the
Ca,N substrate, with charge accumulation around Ca atoms at the substrate interface that adsorb xylene
and ethylbenzene molecules on the side away from the interface. This arises from charge redistribution
caused by charge transfer. The charge gain and loss in molecules mainly occur in the benzene ring
structure region. Only a small amount occurs in the alkyl structure region. In addition, when xylene is
adsorbed on the Ca,N substrate, the position of the benzene ring is consistent with that of the benzene
molecule. However, for methylbenzene and ethylbenzene, the position of the benzene ring is located
directly opposite the Ca atom at the interface. When butyl acetate (Fig. 8f) and methanol (Fig. 8g) are
adsorbed on a Ca,N, there is a significant amount of charge transfer from the substrate to the molecule.
The region where free electrons gather in the Ca,N substrate loses charge. The C and O atoms in the C =

O bond of the molecule are charged, and other parts of the molecule also experience charge gain and
loss due to charge redistribution. Charge accumulation occurs around Ca atoms on the Ca,N substrate
surface that adsorbs methanal molecules. In the differential charge results of n-undecane adsorption
(Fig. 8h), no charge loss occurred at the substrate, indicating that there was no charge transfer between
the molecule and the substrate. Collectively, there is no charge transfer between the n-undecane
molecule and the Ca,N substrate. However, other gases have undergone significant charge transfer.

Figure 9 shows the top and side views of the differential charge density after adsorbing VOCs molecules
on Sr,N substrate, with an isosurface of 0.0015 e/A. Overall, the adsorption results of Sr,N and Ca,N
substrates are similar, with charges transferred from the substrate to VOCs molecules. The charge
transfer amount of benzene (Fig. 9a) and styrene (Fig. 9b) adsorbed on the Sr2N substrate is reduced
compared to the Ca2N substrate. In addition, the positions where charges are lost in the substrate are
consistent. The charge transfer amount of xylene (Fig. 9c) and methylbenzene (Fig. 9d) molecules
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adsorbed on the Sr,N substrate shows no significant change compared to the Ca,N substrate. However,
the benzene ring structure in the molecules is located directly opposite the Sr atom at the interface.
Thus, the position where the charge is lost mainly centered around the Sr atom. The charge transfer
amount of ethylbenzene adsorbed on the Sr,N substrate (Fig. 9e) is significantly reduced compared to
the Ca,N substrate. Besides, the adsorption site also changes. The charge transfer amount of butyl
acetate (Fig. 9f) and methanal (Fig. 9g) adsorbed on Sr,N substrate is similar to that on Ca2N substrate,
and the positions of gain and loss electrons are consistent. In Fig. 9h, n-undecane shows no significant
charge transfer on the Sr,N substrate. Concisely, except for changes in the adsorption sites of toluene,
xylene, and ethylbenzene, the adsorption characteristics of other molecules on Sry)N substrates are
basically consistent with those on Ca,N.

Figure 10 shows the top and side views of the differential charge density after adsorbing VOCs
molecules on a Ba,N substrate, with an iso surface of 0.0015 e/A. Overall, the adsorption results of Ba,N
and Ca,N substrates are similar, with charges transferred from the substrate to VOCs molecules. The
charge transfer amount of benzene (Fig. 10a), xylene (Fig. 10c), methylbenzene (Fig. 10d), and
ethylbenzene (Fig. 10e) adsorbed on Ba,N substrate is reduced compared to the Ca,N substrate. The
adsorption sites of the four molecules are consistent, and the benzene ring structure is located directly
above the Ba atoms. Surprisingly, there is a large amount of charge transfer distributed around the
scattered atoms after the molecular structure is disrupted (Fig. 10b). The charge transfer amount of
butyl acetate (Fig. 10f) and methanal (Fig. 10g) adsorbed on Ba,N substrate is similar to that on Ca,N
substrate. The n-undecane shows no significant charge transfer on the Ba,N substrate (Fig. 10h).
Collectively, the adsorption of other molecules on the Ba2N substrate is basically the same as that on
Ca,N, except for the structural damage of styrene molecules during adsorption. Based on Table 1 and
Figs. 8,9, and 10, the adsorption of n-undecane molecules on Ca,N, Sr,N, and Ba,N substrates is not
significant. Molecules such as xylene, methylbenzene, and ethylbenzene, which are composed of a
benzene ring and alkyl structures, have a stronger adsorption capacity. The adsorption of styrene is
extremely strong, especially on Ba,N substrates, which have the ability to damage the molecular
structure during the adsorption process.

Electric field improves the adsorption of VOCs to 2D electronic
compounds

Given that Ca,N, SryN, and Ba,N exhibit weak adsorption toward benzene and n-undecane molecules,
they are not readily applicable directly in sensing applications. Therefore, we next introduce regulatory
strategies to enhance the adsorption performance of these three substrates. The poor adsorbability of n-
undecane molecules arises from the tendency of their surface H atoms to lose electrons, which is
incompatible with the abundant free and mobile electrons on the surface of single-layer 2D electronic
compounds. For benzene molecules, their weak adsorption performance is attributed to the relatively
stable internal structure of the benzene ring. In contrast, its analogous molecules possess additional
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functional groups that disrupt the internal stability of the benzene ring. This significantly improves the
adsorption efficiency. Among the three substrate materials, Ba,N demonstrates the weakest overall
adsorption performance. Thus, we select benzene as a representative molecule and Ba2N as the
substrate to investigate the effect of external regulation on the adsorption capacity.

Common strategies for regulating the adsorption performance of 2D materials include defect

engineering, doping modification, electric field regulation, and pressure regulation®C. Since electric fields
can directly modulate the free electrons on the substrate surface, we employ an electric field applied
along the z-axis for regulation. We simulate an external electric field and calculate the adsorption
behavior of benzene molecules on the substrate under electric fields ranging from - 0.8 eV/A to 0.8 eV/A
along the z-axis, with an interval of 0.2 eV/A. Figure 11a&b show the differential charge density maps of
benzene adsorbed on the substrate under electric fields of varying intensities. Figure 11c depicts the
variation curves of charge transfer and equilibrium distance for benzene adsorption on the substrate
under different electric field conditions. As shown in Fig. 11b, when an electric field of - 0.2 to - 0.8 eV/A
is applied, the electrons in the system experience a downward electric field force, which hinders the
transfer of free electrons from the substrate surface to the molecule and also impedes the redistribution
of charge within the molecule, resulting in a reduction in charge transfer. When an electric field of 0.2 to
1.0 eV/A is applied, the electrons in the system are subjected to an upward electric field force, which
facilitates the transfer of free electrons from the substrate surface to the molecule. Meanwhile, the
direction of charge redistribution within the molecule aligns with the direction of the electric field force,
promoting the formation of a new equilibrium and thus increasing charge transfer. Figure 11c visualizes
the variation patterns of charge transfer and equilibrium distance. Within the range of 0.8 eV/A, as the
intensity of the electric field applied downward along the z-axis increases, the charge transfer increases
while the equilibrium distance decreases. This indicates a linear relationship between the electric field
and the sensing performance of the substrate. However, beyond 0.8 eV/A, increasing the electric field
intensity leads to a decrease in charge transfer and an increase in equilibrium distance. These results
collectively indicate that the electric field modulates the adsorption interaction between VOCs molecules
and the substrate material by altering the distribution and movement tendency of electrons.

Conclusion

We show that Ca,N, Sr,N, and Ba,N provide effective adsorption for VOCs. Ca,N, Sr,N, and Ba,N have
adsorption effects on benzene, styrene, xylene, methylbenzene, ethylbenzene, butyl acetate, and
methanal. All adsorption processes do not damage the structure of the substrate materials. Thus, the
substrate can be reused. Surprisingly, the molecular structure of styrene adsorbs on Ba,N is destroyed

due to strong interactions. Benzene and n-undecane adsorb mainly through van der Waals forces due to
their low charge transfer. The adsorption energy and charge transfer amount of styrene containinga C =
C bond and a benzene ring structure are the highest. Xylene, methylbenzene, and ethylbenzene, which
contain benzene ring structures or C = O bonds, follow closely behind. The adsorption effect of benzene
still exhibits significant adsorption energy and charge transfer. The adsorption effect of N-undecane is
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the worst. Especially, the application of an electric field in the z-direction significantly improves the ability
of Ba,N to adsorb benzene. Our research can be used to effectively adsorb VOCs and control air
pollution. In addition, the alkali metal nitrides used in the experiment and the method of applying an
electric field provide new ideas for exploring other adsorption materials. Subsequent research can use
doping, defects, and other methods to compare their adsorption effects, and it is worthwhile to make
VOCs sensors based on Ca,N, Sr,N, and Ba,N.

Methods

DFT-based first-principles calculations were performed with a plane-wave basis set as implemented in

the Vienna ab initio simulation package (VASP)>'. The projector augmented wave method was employed

to describe the ion—electron interaction®2. The exchange correlation functional used in the calculation is
PBE functional in GGA®3, and the pseudopotential is PAW. The truncation energy based on plane waves
is set to 400 eV. During the modeling process, a 25 A vacuum layer is added to eliminate the mutual
influence between periodic unit cells in the z-direction, in order to simulate the structure of a single layer.
The initial structure is a 1 x 1 single-layer structure on the xy plane. In order to prevent mutual influence
between adjacent unit cells in the plane and maintain sufficient distance between each molecule, the
substrate structure was expanded to 3 x 3 x T when constructing the adsorption model. In the structural
optimization, the total energy was set to converge to 10 - 5 eV, and the force on each atom converged to
0.01 eV/A before stopping relaxation. The K-point sampling grid was set to 7 x 7 x 1. In electronic
structure calculation, the accuracy of K-point sampling grid is improved to 9 x 9 x 1. In addition, in order
to eliminate the influence of van der Waals forces in the calculation, the DFT-D3 method was used for
van der Waals force correction in each step of the calculation.

The adsorption energy (Ea) of different molecules on Ca2N, Sr2N, and Ba2N surfaces was computed, in
which Ea can be expressed by,

Ea = Etotal - (Em + Esur)
where Etotal is the total energy of the adsorbed system. Em and Esur are the

energies of relaxed molecules in the gas phase and on the Ca2N, Sr2N, and Ba2N surfaces, respectively.
By this definition, larger negative values of Ea denote stronger interaction between the molecule and the
surface.
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Tables

Table.1 Adsorption energy, charge transfer amount and equilibrium distance of benzene, styrene, xylene,
methylbenzene, ethylbenzene, butyl acetate, methanal, and n-undecane adsorbed by Ca2N, Sr2N, and
Ba2N.

CayN SroN Ba,N

d/A AE/leN  Agle dIA AE/leV  Agle dIA AE/leV  Agle

Benzene 2.66 -0.83 0.95 2.70  -0.71 0.77 293 -0.79 0.79
Styrene 1.78 -2.75 2.11 1.86 -2.53 1.80 0.87 217 5.11
Xylene 2.00 -1.54 1.81 1.85 -1.41 1.72 2.54 -0.89 0.91

Methylbenzene 1.89 -1.67 1.74 1.88 -1.36 1.70 2.89 -0.87 0.87
Ethylbenzene 1.90 -1.59 1.84 225 -0.83 1.00 251 -0.95 0.96
Butyl acetate 1.14 -2.07 1.73 1.25 -1.66 1.63 1.47 -1.25 1.38

Methanal 1.07 -3.21 1.60 1.14 -2.89 1.61 1.32 -2.52 1.48
N-undecane 297 -0.60 0.64 296 -0.62 0.67 296 -0.75 0.61
Figures

Page 16/27



Energy (eV)

Energy (eV)
Energy (eV)

y P ] P
Sr,N r M K r Ba.N r M K r

2

Figure 1

(a) Geometric structures of 2D electronic compounds Ca2N, Sr2N, and Ba2N.X represents Ca, Sr, and Ba.
Each X atom is bonded to three adjacent N atoms, and each N atom is bonded to six adjacent X atoms.
(b) Ca2N local charge density map and projected energy band. (c) Sr2N local charge density map and
projected energy band. (d) Ba2N local charge density map and projected energy band. The purple circle
in the band diagram represents the projected band of free electrons, and the yellow area represents the
range corresponding to the local charge density map. The Fermi level is set to 0. The isosurface is set to
0.01e/A.
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Figure 2

(a)~(h) Top view and side view of benzene, styrene, xylene, methylbenzene, ethylbenzene, butyl acetate,
methanal, and n-undecane. The gray ball represents C, the red ball represents O, and the white ball
represents H.
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Figure 3

Molecular electrostatic potential of benzene (a), styrene (b), xylene (c), methylbenzene (d), ethylbenzene
(e), butyl acetate (f), methanal (g), and n-undecane (h). The red area indicates low energy and easy
access to electrons, while both the red and blue areas represent more active areas on the surface of the
molecule.
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Figure 4

Side view of the combined structure of benzene, styrene, xylene, methylbenzene, ethylbenzene, butyl
acetate, methanal, n-undecane with three electrides (Ca2N, Sr2N, Ba2N) substrates after structural
relaxation. The gray ball represents C, the red ball represents O, and the white ball represents H. The light
green, green and dark green balls represent Ca, Sr, and Ba, respectively. The blue ball represents N.
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Figure 5

The partial wave electron state density of the combination of benzene (a), styrene (b), xylene (c),
methylbenzene (d), ethylbenzene (e), butyl acetate (f), methanal (g), and n-undecane (h) on the Ca,N
substrate after structural relaxation. The gray shadow represents the state density of the Ca,N substrate

after adsorption. The green line represents the state density of VOCs molecules after adsorption, and the
purple line represents the state density of VOCs molecules before adsorption.

Page 21/27



@  pos@u) ®  pos@u)  © pos@u (d)

DOS (a.u.)
2 2 24 2
3 0 3 0 307 3 0
S & S S
s P o) s 71 s 7
< (= c
L (i} L Ll
2 i 2 2 -2
Pi—
-4 4 -4 -4 -4
>
0 25 0 25 0 25 0 25
Benzene@Sr,N Styrene@Sr,N Xylene@Sr,N Methylbenzene@Sr,N
(e) DOS (a.u.) (F) DOS (a.u.) (9) DOS (a.u) (h) DOS(au)
2-L 24 2 2 -
= = = s
o o 0 0
> 0‘? = o; 03 =
= = = 2 B
e P 2 2 g b
I b L P w | w p
_ZE -2- _2— ; _2-‘
-4-; -4 -4 -4
— —
0 25 0 25 0 25 0 25
Ethylbenzene@$Sr,N Butyl acetate@Sr,N Methanal@Sr,N N-undecane@Sr,N
Figure 6

The partial wave electron state density of the combination of benzene (a), styrene (b), xylene (c),
methylbenzene (d), ethylbenzene (e), butyl acetate (f), methanal (g), and n-undecane (h) on Sr,N

substrate after structural relaxation. The gray shadow represents the state density of the Sr,N substrate
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after adsorption. The green line represents the state density of VOCs molecules after adsorption, and the
purple line represents the state density of VOCs molecules before adsorption.
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The partial wave electron state density of the combination of benzene (a), styrene (b), xylene (c),
methylbenzene (d), ethylbenzene (e), butyl acetate (f), methanal (g), and n-undecane (h) on Ba,N

substrate after structural relaxation. The gray shadow represents the state density of the Ba,N substrate

after adsorption. The green line represents the state density of VOCs molecules after adsorption, and the
purple line represents the state density of VOCs molecules before adsorption.

Ethylbenzene@Ca,N Butyl acetate@Ca,N Methanal@Ca,N N-undecane@Ca,N

Figure 8

Top view and side view of differential charge density diagram of benzene (a), styrene (b), xylene (c),
methylbenzene (d), ethylbenzene (e), butyl acetate (f), methanal (g), and n-undecane (h) combined with
Ca,N substrate. The isosurface is set to 0.0015e/A. The yellow area represents charge accumulation

and the blue area represents charge depletion.
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Figure 9

Top view and side view of differential charge density diagram of benzene (a), styrene (b), xylene (c),
methylbenzene (d), ethylbenzene (e), butyl acetate (f), methanal (g), and n-undecane (h) combined with
Sr,N substrate. The isosurface is set to 0.0015e/A. The yellow area represents charge accumulation and

the blue area represents charge depletion.
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Figure 10

Top view and side view of differential charge density diagram of benzene (a), styrene (b), xylene (c),
methylbenzene (d), ethylbenzene (e), butyl acetate (f), methanal (g), and n-undecane (h) combined with
Ba,N substrate. The isosurface is set to 0.0015e/A. The yellow area represents charge accumulation

and the blue area represents charge depletion.
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(a) The differential charge density maps of benzene molecules adsorbed on the Ba,N substrate. (b) The
differential charge density maps of benzene molecules adsorbed on the Ba,N substrate after applying
electric fields of varying intensities along the z-axis direction. The isosurface value is uniformly set to
0.0015 e/A, where the yellow regions represent charge accumulation, and the blue regions correspond to
charge depletion. (c)The variation of charge transfer and equilibrium distance with the magnitude of the
applied electric field, in which the blue curve denotes charge transfer and the yellow curve represents the
equilibrium distance.
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