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Abstract: Recently, Heptafluoroisobutyronitrile (C4F7N) has received widespread attention in replac-
ing one of the most greenhouse-insulating gas, SFs. However, gas leakage is incredibly harmful to
the health of operational personnel and the security of industry production, and developing C4FyN
detection technology is of great necessity. In this work, the adsorption properties, as well as the
sensing performance of C4F;N on 3d VIII atom-decorated y-graphyne (y-GY), were theoretically
discussed. The adsorption structures, adsorption energies, electron transfer, adsorption distance,
electron distribution, and electronic properties were compared. The results show that the introduc-
tion of Fe and Co atom enhance the chemisorption of C4F7N, and the adsorption of C4F;N brings
the maximum electron redistribution of Fe/y-GY among three TM/y-GY. Only the adsorption on
Fe/v-GY leads to the vanishing of the magnetic moment and creates a band gap. For three different
modifications of y-GY, the chemical interactions are highly related to the overlapping of transition
metal 3d and N 2p orbitals in the density of states. The adsorption on Co/y-GY causes the maximum
change in work function from 5.06 eV to 5.26 eV. In addition, based on the band structure, work
function, and desorption properties, the sensing properties of 3d VIII atom-decorated y-GY were
evaluated in order to promote the experimental exploration and development of high-performance
C4F7N gas sensors.

Keywords: density functional theory; C4F;N; 3d VIII atom; y-graphyne; gas sensor

1. Introduction

As one of the most widely used insulating gases in the fields of high voltage and
microelectronic etching, SF¢ has excellent dielectric strength and arc-extinguishing charac-
teristics [1,2]. However, SFg is one of the most harmful greenhouse gases. Its greenhouse
warm potential (GWP) value is about 23,500 times that of CO,, and the atmospheric life of
SFg reaches 3200 years [3]. In order to address these drawbacks, a novel insulation gas with
environmentally friendly characteristics should be considered and explored. Heptafluo-
roisobutyronitrile (C4F7N), one of the most promising SF¢ alternatives, has been widely
investigated as a kind of gas-insulating medium. The GWP of C4F;N is only about 2100
with an ozone depletion potential value of 0, and the dielectric strength of C4F;N is twice
that of SF¢ [4-6]. However, due to its high liquefaction temperature (—4.7 °C), C4F7N must
be mixed with buffer gas such as CO, or N [7]. If the content of C4F;N reaches about
18% to 20%, the dielectric strength of the mixed gas can be as high as that of pure SFg [6].
Based on the compatibility of insulation performance and environmental friendliness of
C4F7N mixed gases, they have been widely exploited in medium-voltage and high-voltage
gas-insulated equipment [8]. However, C4F7N has potential biological toxicity. During the
production, operation, and regular maintenance of the insulation equipment, it needs to be
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filled or replaced with C4F;N mixed gas. In the meantime, production and maintenance
staff inevitably come into contact with C4F7N. Cytotoxicity tests show that the lethal con-
centration 50 value (LC50) of C4F7N is 1.5%, and the occupational exposure limits derived
from the 28-day subacute inhalation toxicity study is only 0.0065% [9]. Based on the LC50
value, C4F7N can be classified as Category 4 of the Globally Harmonized System (GHS) of
Classification and Labelling of Chemicals [10].

Recently, two-dimensional (2D) materials have a large specific area and numerous
active sites, which benefit gas adsorption and sensing [11]. Among 2D carbon allotropies,
graphene was first synthesized in 2004 and has attracted a large amount of research
attention in various fields, including gas sensors [12-14]. However, due to its zero-band
gap property, adjusting the band structure of graphene is relatively difficult [15]. In recent
years, a notable carbon allotropy called graphyne (GY) has been predicted and synthesized.
GY exhibits remarkable mechanical, optical, and chemical properties due to its hexagonal
carbon rings with sp2 hybridization and triple bonds with sp hybridization [16]. Two kinds
of GY have been successfully synthesized, including y-GY and graphdiyne (GDY) [16].
GDY has shown great promise in energy, catalysis, environmental science, electron devices,
etc. Previous studies have indicated that y-GY has the maximum binding energy among
the members of the graphyne family and is the most stable structure [17]. However, y-
GY has received less attention due to the difficulty in experimental synthesis. Cui et al.
used a cross-coupling reaction through mechanochemistry to synthesize y-GY with p-type
semiconductor properties [18]. Zhang et al. reported a novel reversible dynamic alkyne
metathesis method to obtain stacked bulk y-GY [19]. These experimental reports have
inspired subsequent studies to discuss the physical and chemical properties of y-GY in
numerous fields. Due to the limited research on the experimental investigation of y-GY,
most of the studies have focused on theoretical research. The doping of transition metal
(TM) atoms or clusters has been proven to be a feasible strategy for controlling the physical
properties and surface activity [20-22].

In the realm of gas adsorption and surface reactions, pristine y-GY shows small
adsorption energies for most hazardous molecules (<0.20 eV), such as NH3, NO, and CO.
Therefore, surface modification needs to be considered [23]. To enhance the interactions
between y-GY and small molecules, the introduction of adatoms or substitutional atoms
can create active adsorption sites for sensing or catalysis. For example, dispersed TM
atoms on y-GY (also called TM sites) provide adsorption sites and enhance the adsorption
strength of CO, thereby facilitating further oxidizing reactions [24]. Moreover, different TM
sites lead to different adsorption and catalytic behaviors. Fu et al. compared the adsorption
of CO, on different TM atoms embedded y-GY. The adsorption strength is influenced
by the type of element and the charge regulation of the system. Additionally, non-noble
TMs are more suitable for CO, capture and storage applications, which sheds light on the
design of TM/vy-GY for gas adsorption [25]. Gan conducted a systematic investigation
of different TM atom embedded y-GY for oxygen reduction and evolution reactions and
identified the most promising candidate for bifunctional catalyst [26]. The aforementioned
researches provide novel and practical insights for designing high-performance TM/y-GY
for detecting C4F7N leaking gas.

Dispersed VIII atoms exhibit excellent adsorption and catalytic performance [26,27].
Furthermore, they have considerable binding energy with substrate materials. Among
them, 3d VIII atoms have lower costs and are easy to industrialize. Therefore, in this
study, we conducted a theoretical investigation of different 3d VIII atom-decorated y-GY
as sensing materials to adsorb and detect C4F7N based on density functional theory (DFT).
The optimal adsorption structures of C4F7N on Fe, Co, and Ni embedded y-GY were
obtained, and the adsorption behavior was explored by comparing the adsorption energies,
electron transfer, adsorption distance, and magnetic properties. Additionally, the electron
distribution, band structure, and density of states (DOS) were discussed. To further explore
the sensing properties, the work function and desorption behavior were calculated. We
believe that our study provides guidance for the design and develop C4F;N semiconductor
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gas sensors applied in the electric power industry to guarantee the bio-safety of technicist
and operations.

2. Methods

All the spin-polarized DFT calculations were performed using the DMol® code [28].
The generalized gradient approximation (GGA) method of the Perdew—Burke-Ernzerhof
(PBE) approach was chosen to describe the exchange-correlation function [29,30]. In order
to account for the weak interactions of C4F;N adsorption arising from the Van der Waals
force, the long-range interactions were corrected with DFT-D2 proposed by Grimme [31].
The cutoff radii were set to 5.0 A with the application of double numerical polarization
(DNP) basis set realized by DFT semi-core pseudopotential (DSSP). The Monkhorst-Pack
k point was set to 3 x 3 x 1 for geometric optimization, while a more accurate grid of
5 x 5 x 1 was used for electronic properties [32]. The convergence criteria between the
two steps of geometric optimization were set as follows: an energy difference of 10~ Ha
(1 Ha =27.21 V), a maximum force of 0.001 Ha/A, and a maximum displacement of
0.005 A. The structure of y-GY was constructed using a 2 x 2 single unit cell, and in order
to evaluate the binding strength between a single 3d VIII TM atom and y-GY, the binding
energy was as follows:

Eg = Erm/y-Gy — Eq-GY — ETM atom 1)

where Etn /-Gy, Ey-Gy, and ETum atom are the calculated total energy of a single 3d VIII TM
atom embedded y-GY, pristine y-GY, and single 3d VIII TM atom.

To calculate the adsorption of C4F7N on Fe, Co, and Ni embedded y-GY, the adsorption
energy was defined as follows:

Esi = Ec,;;N on TM/4-GY — ETM/q-Gy — Eq,EN ()

where Ec4r7n on TM/y-Gy and Ecgpyn are the total energy of C4F;N molecule adsorbed
on TM/v-GY, C4FyN molecule before adsorption. To evaluate the electron transfer of
TM adsorbed on pristine y-GY and C4F;N on TM/vy-GY, the charge of every atom of
all the systems was obtained based on Hirshfeld analysis [33]. Moreover, to make a
deeper investigation of electron transfer between C4F7N and TM/vy-GY, the charge density
difference (CDD) was calculated as follows:

AP = PC,EN on TM/4-GY — PTM/4-GY — PCiEN 3)

where pc4r7N on TM/v-GY, PTM/y-GY, and pcaryn are the total electron density of the C4F;N
molecule adsorbed on TM/vy-GY, TM/v-GY, and C4F;N molecules before adsorption.

3. Results
3.1. Structure of C4F7N, Pristine and 3d VIII Atom-Decorated v-GY

The structures of C4F7N, pristine, and modified y-GY are shown in Figure 1. The color
recognition of different atoms is displayed in Figure 1a, and the optimized structure of
C4F7N is shown in Figure 1b. Based on the result of the Fukui function, the C=N bond is
identified as the most chemically active bond in C4F;N, with the active site located near the
top of the N atom, where C4F;N exhibits the highest chemical activity [34]. The calculated
bond length of C=N is 1.17 A, which is consistent with previous research [34,35]. Due
to the higher reactivity of the C=N bond compared to other bonds or groups, only one
orientation of C4F7N adsorption is considered, with C=N perpendicular to the adsorption
site. For pristine y-GY, the lattice parameter of 2 x 2 super cell of y-GY is optimized to
be 13.78 A (6.89 A for a single unit cell [36,37]), as shown in Figure 1c. To construct the
single 3d VIII TM atom decorated y-GY, one TM atom is placed in the hollow site of the
three C=C acetylenic bonds in one ring. This site has been proven to have the maximum
binding energy for Fe, Co, and Ni adatom [20]. The calculated absolute binding energies of
Fe, Co, and Ni adatom with pristine y-GY are 4.57 eV, 5.14 eV, and 5.23 eV, respectively, as
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shown in Table 1. These values are higher than the cohesive energies of the bulk phase of
these three TM elements (4.28 eV, 4.39 eV, and 4.44 eV), indicating that the single TM atoms
(Fe, Co, or Ni) are not likely to form aggregations [20]. The distance between the TM atom
and the closest C atom in the ring is 1.97 A, 1.94 A, and 1.95 A, respectively. Regarding the
charge analysis, the Fe adatom exhibits the highest positive charge, and Fe and Co display
magnetic moments of 2.13 and 1.03 on y-GY, respectively. This magnetism can be attributed
to the orbital mixing between the d orbitals of the TM atoms and the conduction band of
v-GY [38]. After the decoration of a single TM atom, the TM site demonstrates significant
adsorption and reaction activity, qualifying it as an active site on y-GY [26]. Consequently,
this study focused specifically on the adsorption of C4F;N on the TM site to investigate the
sensing performance.

w8 Eee o @ v

Figure 1. Geometric structures of C4F7N, pristine y-GY, and 3d VIII atom-decorated y-GY: (a) atom
specification; (b) C4F7N; (c) pristine y-GY; (d) Fe/y-GY; (e) Co/v-GY; (f) Ni/y-GY.

Table 1. Binding energy, distance, Hirshfeld charge, and magnetic moment of different TM adatom
on y-GY.

Magnetic Moment of

Element Binding Energy (eV) Distance (A) Hirshfeld Charge (e) TM Atom (11p)
Fe/vy-GY —4.57 1.97 +0.16 +2.13
Co/vy-GY —5.14 1.94 +0.07 +1.03
Ni/y-GY —5.23 1.95 +0.03 0.00

3.2. Adsorption of C4F;N on Different Single 3d VIII TM Atom-Decorated y-GY

The optimized adsorption structures of C4FyN on a single 3d VIII TM atom embedded
v-GY are displayed in Figure 2, and the corresponding adsorption parameters are listed
in Table 2. The electronic properties may be affected by the introduction of the U value if
using the DFT+U method, but the effect on the adsorption energy is relatively small [39].
Considering the limitations of the current DMol module, the U value is not included in
this study, and it does not change the tendency of properties of different TM atoms on
v-GY. When comparing the adsorption parameters of C4F7N on different TM atom sites,
the absolute adsorption energy of C4F7N on the Fe site is significantly higher than that on
the Co and Ni site, reaching 1.02 eV, while the adsorption on the Ni site is the lowest, with
only 0.28 eV. The adsorption on the Ni site is also compared to the adsorption on pristine
v-GY. The adsorption energy of C4F;N on the Ni site is very similar to the adsorption on
pristine y-GY, indicating that the Ni site has a limited effect on promoting the interactions
between C4F7N and y-GY. The effects of DFT-D2 dispersion corrections are also evaluated
and are listed in Table 2. For Fe/vy-GY, chemical interactions have the most significant
effect, while for Ni/v-GY, most of the interactions are attributed to the Van der Waals
force. Based on this observation, the adsorption on the Fe site exhibits evident chemical
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interactions, whereas the adsorption on the Co site involves a combination of chemisorption
and physisorption. On the other hand, physisorption predominantly contributes to the
adsorption on the Ni site. According to Hirshfeld analysis, the values for weak interactions
of adsorption are approximately +0.04 e for Ni/y-GY and pristine y-GY. For Co/vy-GY, this
value is slightly higher (+0.06 e), while it is even smaller for Fe/y-GY. This phenomenon
indicates that the electron transfer value is small for all three adsorptions. The reasons are
discussed below.
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Figure 2. Adsorption structures of C4F;N on 3d VIII atom-decorated y-GY: (a) Fe/v-GY; (b) Co/vy-GY;
(c) Ni/y-GY.

Table 2. Adsorption energy, electron transfer, and adsorption distance of C4F7N on pristine and 3d
VIII Atom-decorated y-GY.

E, ;. with Out DFT-D2 Magnetic Moment of

Adsorption Structure E i (eV) QT (e) TM Atom after
(eV) -
Adsorption (up)
Fe/v-GY —1.02 -0.77 +0.01 0
Co/y-GY —0.66 —0.35 +0.06 +0.75
Ni/vy-GY —0.28 —0.01 +0.04 0
Pristine y-GY —-0.27 —0.01 +0.04 /

CDD is a useful method for analyzing the charge distribution before and after gas ad-
sorption [40]. To further investigate the electron transfer, CDD configurations are calculated
and presented in Figure 3. Since chemisorption on the Fe and Co site is more pronounced,
the isosurface value is set to 0.01 e/A3, while for Ni/ v-GY, this value is only 0.002 e/ A3 In
the case of Fe/y-GY, the region between the Fe and N atoms exhibits an encapsulated struc-
ture with electron depletion at the center and accumulation surrounding it. The maximum
absolute electron density along the Z-axis can reach 40 e/A3. Therefore, even though the
electron transfer value is small, there is a significant redistribution of the electron cloud for
Fe/v-GY after C4F7N adsorption. It is important to note that the Hirshfeld analysis is based
on electron density [33], and while chemisorption can result in an obvious redistribution of
the electron cloud, it may not necessarily lead to a numerical electric charge. In the case of
adsorption on Co/v-GY, by comparing the maximum value of electron density change, the
absolute peak value is only about 15 e/A?, indicating a weaker degree of redistribution
compared to Fe/y-GY. Regarding Ni/y-GY, the redistribution is much less noticeable due
to the flat curve shown in Figure 3b. Therefore, stronger adsorption strength leads to more
pronounced electron redistribution, but the redistribution is not directly related to the value
of electron transfer.
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Figure 3. CDD of C4F;N on 3d VIII atom-decorated y-GY: (a) Fe/y-GY (the isosurface of 3D configu-
rations is 0.01 e/ A3); (b) Co/vy-GY (the isosurface of 3D configurations is 0.01 e/ A3); (¢) Ni/vy-GY
(the isosurface of 3D configurations is 0.002 e/A%); the blue region is electron accumulation while
yellow region is electron depletion.

3.3. Electronic Properties of Single 3d VIII TM Atom-Decorated v-GY before and after
Adsorbing C4F;N

To evaluate the sensing properties, a comparison of the electronic properties of TM
atom decorated y-GY before and after C4F7N adsorption was conducted, including the band
structure, DOS, and work function. The band structures before and after C4F;N adsorption
are depicted in Figure 4. Due to the non-zero magnetic moment of Fe/y-GY and Co/y-GY,
the band structure is split into spin-up and spin-down parts (represented by blue and red
curves). Prior to adsorption, Fe/y-GY and Co/y-GY both exhibit a zero-band gap, whereas
Ni/v-GY has a small band gap of approximately 0.31 eV, indicating its semiconductor
properties. After C4F;N adsorption, strong adsorption strength and significant electron
redistribution lead to the vanishing of the magnetic moment of Fe/y-GY and the emergence
of a 0.31 eV band gap. The adsorption of C4F;yN induces substantial changes in the electron
configuration of Fe’s 3d orbitals, eliminating the presence of unpaired electrons. For
Co/v-GY, the adsorption results in changes in some bands near +1 eV and the Fermi-level.
Additionally, the magnetic moment of the Co atom undergoes a minor decrease from
+1.03 pp to +0.75 pp while the structure still exhibits no band gap. Thus, the adsorption
of C4F;N also modifies the electron configuration of Co’s 3d orbitals, although Co still
remains a magnetic moment with unpaired electrons. In the case of Ni/y-GY, the band
structure and band gap undergo minimal change, indicating weak effects on the electron
configurations of Ni/y-GY after C4F7N adsorption.

To further explore the chemical interactions between adsorbed C4F;N and TM atom
decorated y-GY, the total DOS (TDOS), partial DOS (PDOS) of the adsorbed molecules, and
DOS of atomic orbitals were calculated and are shown in Figure 5. Before adsorption, due to
the non-zero magnetic moment of Fe/y-GY and Co/vy-GY, their DOS exhibits asymmetrical
structures. The PDOSs of the 3d orbitals are depicted in a green shade. The Fe 3d and Co
3d orbitals have some unoccupied states located above 0 eV. In contrast, all Ni 3d orbitals
are occupied. After C4F;N adsorption, the states of the adsorbed C4F7N are shown in
Figure 5d—f with orange curves. Since only Co/y-GY retains a magnetic moment after
adsorption, the states of the adsorbed C4F;N exhibit an asymmetric structure. Furthermore,
for C4F7N adsorption on the Fe and Co site, some states appear near 0 eV, indicating
orbital interactions between C4F;N and TM decorated y-GY. To further investigate these
interactions, the atomic orbitals are presented in Figure 5g—i. For Fe/y-GY, there are
overlapping states between the Fe 3d and N 2p orbitals near —8 eV, ranging from —7 eV to
—4 eV, and above 0 eV, at around +1.5 eV, +2 eV, and +3 eV. Similarly, overlapping between
the Co 3d and N 2p orbitals is observed near —8 eV, within the range of —7 eV to —4.5 €V,
near 0 eV, and from +2 eV to +3 eV. However, Ni/y-GY exhibits minimal overlapping peaks.
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Although there may be some overlapping states from —6 eV to —4 eV, the peak points do
not coincide at the same energy value. Additionally, after adsorption, the magnetic moment
of Fe/vy-GY vanishes, resulting in the PDOS of the Fe 3d adopting a symmetrical structure.
The Co 3d orbitals experience changes near 0 eV after C4F;N adsorption. However, because
the adsorption on the Ni site is weak, the DOS of the Ni 3d orbitals hardly changes. This
phenomenon indicates much weaker chemical interactions between C4F;N and the Ni
atom. Therefore, when comparing the adsorption of C4F;N on different TM decorated
v-GY, Fe and Co atoms contribute to stronger chemical interactions to some extent, while
the Ni atom does not enhance the adsorption ability of C4F7N on y-GY.

Energy (eV)
(]
Energy (eV)

Energy (eV)

r M K r

Figure 4. Band structures of 3d VIII atom-decorated y-GY before and after adsorbing C4F;N: (a) Fe/y-
GY before adsorption; (b) Co/vy-GY before adsorption; (c) Ni/y-GY before adsorption; (d) Fe/v-GY
after adsorption; (e) Co/y-GY after adsorption; (f) Ni/y-GY after adsorption. (If the system has
magnetic moment, the blue and red lines denote the spin-up and spin-down bands, respectively.)

3.4. Sensing Properties of Single 3d VIII TM Atom-Decorated y-GY to Detect C4F;N

In this section, the sensing properties are evaluated based on the adsorption behavior.
If TM/v-GY is utilized as a resistance-type gas sensor, the resistance change reflects the
response and sensitivity. A smaller band gap corresponds to better conductivity of the
sensing material. This is because a smaller band gap indicates a smaller energy difference
between the valence and conduction bands, making it easier for electrons to be excited into
the conduction band and facilitate the flow of electric current. The relative conductivity o
of TM/vy-GY can be estimated as [41,42]:

where Eg, kp, and T are the bandgap, Boltzmann'’s constant (8.62 x 1075 eV/ K), and Kelvin
scale, respectively. Before adsorption, Fe/y-GY and Co/vy-GY exhibit zero band gaps.
However, the disappearance of the magnetic moment of Fe/y-GY leads to the appearance
of a band gap (0.31 eV), resulting in a significant decrease in the conductivity of Fe/y-GY
after C4F;N adsorption. On the other hand, Co/y-GY still shows no band gap, indicating a
much smaller response to C4F7N compared to Fe/y-GY. In the case of Ni/vy-GY, the change
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in the band gap can be neglected (0.31 eV and 0.30 eV). Therefore, the pronounced change
in the band gap of Fe/y-GY demonstrates its high sensitivity to C4F7N as a resistance-type

gas sensor.
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Figure 5. DOS of 3d VIII atom-decorated y-GY before and after adsorbing C4F;N: (a) Fe/y-GY before
adsorption; (b) Co/y-GY before adsorption; (c) Ni/y-GY before adsorption (the purple lines are the
TDOS of TM/v-GY before adsorption, and the green shade is the TM 3d orbitals); (d) Fe/y-GY after
adsorption; (e) Co/y-GY after adsorption; (f) Ni/y-GY after adsorption (the blue lines are the TDOS
of TM/v-GY after adsorption, and the orange shade is the PDOS of adsorbed C4F;N); (g) Fe 3d and
N 2p orbitals; (h) Co 3d and N 2p orbitals; (i) Ni 3d and N 2p orbitals.

Another effective method for a gas sensor is to measure the change in the work
function of the sensing substrate. The value of the work function is the difference between
the value of the Fermi energy and that of the electrostatic potential in a vacuum away from
the surface. The work function can be calculated as [43]:

® = U(c0) — Ep (5)

where & is the work function, U(co) and Ey are the electrostatic potentials at the vacuum
level and the Fermi energy of the sensing material. The traditional method to measure the
work function is through Kelvin probe measurements. However, due to the inconvenience
of the equipment and the complexity of operations, an alternative and feasible method
to determine the work function change is by using metal-insulator-semiconductor (MIS)
capacitors. The work function value is highly related to the drain current of the field effect
transistors (FET) of MIS [44,45]. The work function values of different TM/vy-GY before
and after C4F7N adsorption are shown in Figure 6. Prior to adsorption, the work functions
of Fe/vy-GY, Co/v-GY, and Ni/y-GY are 5.17 eV, 5.06 eV, and 5.18 eV, respectively. After
C4F7N adsorption, Co/y-GY experiences the maximum increase in work function to 5.26 eV,
indicating the highest response with the same adsorbing capacity. Fe/y-GY and Ni/y-GY
exhibit smaller changes in work function, with values of 0.06 eV and 0.08 eV, respectively,
indicating a lower response. Hence, if TM/y-GY is utilized as an MIS-based work function-
type gas sensor, Co/vy-GY is the most suitable sensing material for detecting C4F;N.
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Figure 6. Work function comparison (the left three columns are the work function of TM/y-GY after
C4FyN adsorption while the right three columns are the work function of bare TM/y-GY).

As a gas sensor, the recovery property is also crucial for the sensing performance. The
recovery property is determined by the desorption process [46]. The desorption process
can be seen as the reversed process of adsorption. The adsorption is an exothermic process,
so the desorption is endothermic. Thus, desorption should overcome the energy barrier.
The calculation of desorption time is inversely proportional to the desorption rate. If
the adsorption energy is small, it becomes difficult for the molecule to interact with the
sensing material, resulting in a weak response. On the other hand, the overlarge adsorption
energy can lead to the intoxicating phenomenon of the sensing material, making desorption
and repeated detection challenging. To obtain the acceptable recovery property, both the
adsorption energy and the desorption energy barrier should be within a reasonable range.
The desorption time can be evaluated using Van 't Hoff Arrhenius expression, which is
based on the transition state theory [47,48]:

T = A~ Le(—Eads/kBT) (6)
where A and E,;; are the apparent frequency and adsorption energy. The value of A is

approximated to be 10'2 s~! [47,48]. The desorption time evaluation of C4F7N on TM/v-GY
at different temperature are shown in Figure 7.

(s) sy wondaosda(q

Figure 7. Desorption time of C4F;yN on 3d VIII atom decorated y-GY at different temperatures.
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At 300K, the desorption time of C4F;N on Fe/y-GY is approximately 1.3 x 10° s, much
longer than that of Co/vy-GY, which is only about 0.1 s. The difference in desorption times
indicates that Co/vy-GY exhibits satisfactory recovery properties at 300 K. Furthermore,
considering the work function change in Co/y-GY, it holds great promise for the detection
of C4F7N as a work function-type gas sensor at normal ambient temperature. As the
temperature increases, the desorption time of Fe/y-GY decreases to about 7 s at 400 K
and 2 x 1072 s at 500 K, indicating that Fe/y-GY is more suitable for operation at higher
temperatures. Considering the change in the band structure of Fe/y-GY before and after
adsorption, Fe/y-GY performs well as a resistance-type gas sensor at higher temperatures.
However, in the case of Ni/y-GY, the desorption time is on the order of 108, and given the
weak interactions between C4F;N and Ni/y-GY, the detection of C4F7N using Ni/vy-GY is
technically unfeasible.

3.5. Thermodynamic Analysis of Adsorption Behavior

Regarding the effect of temperature on the adsorption, the adsorption free energy was
calculated. The Gibbs free energy of an isolated gas molecule and adsorption system can
be obtained as [49]:

Ggas = Eele + Ezpg + nRT — TS @)

Gsub = Eete + Ezpe + Ec, — TS 8)

where Gggs and Gy, are the Gibbs free energy of the isolated gas molecule, and TM/y-GY
before or after gas adsorption. E.., Ezpr, and Ec, are the electronic energy, zero-point
energy (ZPE), and capacity correction. R and S signify the ideal gas constant (8.31 ]/ (mol-K))
and entropy of the system. The adsorption free energy is obtained as follows:

AGuy = Ge, ;N on TM/7-GY — GTM/-6y — GoEN )

Where Gegprn on TM/v-GY GTM/y-GY, and Gegpyn are the Gibbs free energy of TM/y-
GY after adsorption, before adsorption, and isolated C4F7N. Thus, if AG,q is more negative,
the adsorption system is more stable. It should be noted that only the partial Hessian matrix
of adsorbed C4F7N is calculated to obtain the vibration frequency in order to improve
computing efficiency.

The relationship between temperature (300 K to 600 K) and adsorption free energy
is shown in Figure 8. As the temperature increases, the adsorption free energy also in-
creases. If the value of AG,q is smaller than 0, the adsorption of C4F;N can be considered
a spontaneous process. As shown in Figure 8, the intersection point of Fe/y-GY at 0 eV
is approximately 430 K, while for Co/vy-GY, it is around 330 K. On the other hand, the
adsorption of Ni/y-GY cannot occur spontaneously at room temperature. Therefore, the
working temperature of TM/y-GY should not exceed the temperature at which the ad-
sorption process becomes spontaneous. These analyses indicate the need to evaluate the
working temperature of TM/y-GY-based gas sensors.

2

Adsorption free energy (eV)

. .
300 400 500 600
Temperature (K)

Figure 8. The adsorption free energy as a function of temperature of different TM/y-GY systems.
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4. Conclusions

In this research, the interactions between C4F7N and 3d VIII TM/vy-GY, as well as the
sensing properties, were explored using periodic DFT calculations. Different elements of the
3d VIII TM atom were considered (Fe, Co, and Ni), and several parameters were analyzed
and compared, including adsorption energy, electron transfer, and adsorption distance. The
electron distribution, band structure, DOS, and work function were investigated. It was
found that there is little chemical interaction between C4F;N and Ni atoms. However, the
introduction of Fe and Co atoms enhances the chemisorption of C4F;N, with the Fe atom
showing a greater degree of interaction. After adsorption, the magnetic moment of Fe/y-
GY vanishes, and a band gap appears. The degree of charge density difference in Fe/y-GY
is the highest, resulting in maximum electron redistribution. The chemical interactions are
observed in the overlapping of TM 3d and N 2p orbitals in the DOS. Co/y-GY exhibits the
greatest change in work function after adsorbing C4F7IN.

This research demonstrates that Fe/y-GY has the potential to be a resistance-type gas
sensor for detecting C4F;N, while Co/vy-GY shows promise as a work function-type sensor.
Co/v-GY is suitable for operation at room temperature, while Fe/y-GY is more suitable
for higher temperatures. Our study offers a theoretical reference for the development of
C4F7N sensing materials and provides guidance for exploring different types of gas sensors
to detect C4F7N and other novel insulating gases.
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