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ABSTRACT: Poor selectivity is a common problem faced by gas sensors. In
particular, the contribution of each gas cannot be reasonably distributed when a
binary mixture gas is co-adsorbed. In this paper, taking CO, and N, as an example,
density functional theory is used to reveal the mechanism of selective adsorption of
a transition metal (Fe, Co, Ni, and Cu)-decorated InN monolayer. The results
show that Ni decoration can improve the conductivity of the InN monolayer while e, ‘

at the same time demonstrating an unexpected affinity for binding N, instead of - 51)—;8‘5:\:

CO,. Compared with the pristine InN monolayer, the adsorption energies of N, y

and CO, on the Ni-decorated InN are dramatically increased from —0.1 to —1.93

eV and from —0.2 to —0.66 eV, respectively. Interestingly, for the first time, the

density of states demonstrates that the Ni-decorated InN monolayer achieves a single electrical response to N,, eliminating the
interference of CO,. Furthermore, the d-band center theory explains the advantage of Ni decorated in gas adsorption over Fe, Co,
and Cu atoms. We also highlight the necessity of thermodynamic calculations in evaluating practical applications. Our theoretical

results provide new insights and opportunities for exploring N,-sensitive materials with high selectivity.
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1. INTRODUCTION

In contrast to conventional metal oxide semiconductors,”
two-dimensional (2D) materials’ have drawn tremendous
attention owing to their high specific surface area and high
electrical response to gas environments, which are the key
characteristics for applications in chemical sensing.*”'> After
discovering graphene and acquiring its extraordinary proper-
ties,"> 2D group III nitrides'* also show high thermal stability
and exceptional electron mobility, making them an archetypal
candidate in gas sensing applications.lsf21 In addition,
Mortazavi et al.”»*’ used machine learning interatomic
potentials to demonstrate that two-dimensional materials
have excellent mechanical properties.

Previous studies have shown that the chemical environment
of nitrogen atoms on the surface of group III nitrides is more
favorable for CO, adsorption,”* which can be attributed to the
electrostatic interaction between the O atom in CO, and the N
atom in the adsorbent.”® Thus, it has a clear affinity for the
selective adsorption of CO, over N,. For instance, the strong
adsorption of CO, on the AIN monolayer has a potential for
application in carbon capture and storage, compared with the
computed adsorption features of N,>**° In addition, h-BN
nanosheets also show preferential adsorption features of CO,
due to their greater adsorption energy of CO, than N, '&17
By comparison, the InN monolayer exhibits a more selective
adsorption capacity of CO, over N,, which indicates that N,
possesses weak interaction with the metal nitrides.”® However,
the selective adsorption of pure metal nitrides mentioned
above is achieved based on weak interactions.
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It is well known that the mechanism of gas sensing involves
the electron transfer or co-existence (electrical response)
between gas molecules and adsorbents.”**° Weak interactions
do not induce a significant electrical response.’’ ~** Transition
metal (TM) decoration as a cost-effective and facile method
can effectively enhance their electric conductivity’”> and
electrochemical performance due to the strong interactions
between gas molecules and adsorbents.**™*' Among them, the
InN monolayer is considered an excellent candidate for
decorating. Guo et al.*” reported that noble metal atom (Pd,
Pt, Ag, and Au)-decorated InN monolayers as a gas sensing
material could cause an obvious electrical response of NO,
adsorption.

Moreover, Cui et al.*® found that Ni-decorated InN
monolayers can be employed as resistive sensors for detecting
NO, CO,, and NH;, which is attributed to the trend of
electrical response changes. For the detection of hazardous gas
in the electric industry, Chen et al.** certified that Cu-
decorated InN monolayers remarkably improved the chemical
interplays with SF¢ decomposition products according to the
electronic features of all adsorption principles. Furthermore,
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since H, is a flammable and explosive gas,”””° Rh- and Cu-
decorated InN monolayers have been proven effective in
hydrogen adsorption and sensitive materials."”* In summary,
gas sensing in the above-mentioned studies is based on the
density of states (DOS) of TM-decorated InN (TM-InN)
monolayers, which obtain the change in electrical response
caused by gas adsorption. This is because the electrical
response is positively related to the height of DOS at the Fermi
level.*/—>°

It is worth noting that the value of the electrical response is
used to judge the gas sensing of the TM-InN monolayer in the
above-mentioned studies. However, when a mixture of gases is
co-adsorbed, their electrical responses show the same trend,
either enhanced or weakened. Meanwhile, the electrical
response of the TM-InN monolayer is derived from the sum
of the contributions of each gas. The critical scientific problem
is that there is no effective way to rationally distribute each
gas’s contribution. Therefore, when two gases are co-adsorbed,
the way to improve selectivity is to eliminate the electrical
response of one of them.'”™*' Taking the chemical inert gases
CO, and N, as an example, if the activation of N, chemical
bonds or the elimination of the electrical response to CO, is
broken through, the N, sensor will have great significance for
monitoring the process of gas se?aration, synthesis, and
nitrogen reduction reaction (NRR).*'~%°

In this study, density functional theory (DFT) with
dispersion-corrections was used to investigate the gas
selectivity of CO, and N, on the TM-InN monolayer. At
first, the stability of TM (Fe, Co, Ni, and Cu)-decorated InN
monolayers was determined by calculating their binding
energy. Then, the adsorption behaviors of CO, and N, on
TM-InN monolayers were systematically discussed compared
with the pristine InN monolayer according to the gas—solid
interface interaction parameters. Notably, the Ni-decorated
InN monolayer achieves a single electrical response to N,
which is characterized by the accompanied DOS analysis. In
addition, the d-band center theory was used to reveal the
underlying mechanism of advantages of Ni atom decorating,
Finally, the practical application environment of the TM-InN
monolayer as a N, sensor is evaluated by thermodynamic
calculations. Our theoretical research provides new insights
into the design of highly selective gas sensors.

2. METHODS

For the pristine InN monolayer, TM-InN monolayer, CO,, and N,, all
of the calculations on structure optimization and electronic properties
were performed using DFT, based on Dmol® code.®’ Under the
Perdew—Burke—Ernzerhof functional, the method of the generalized
gradient approximation was utilized to define the exchange—
correlation interaction.””®> The double numerical basis set with
polarization function was used to deal with the atomic orbital. A
dispersion-corrected DFT (DFT-D) method was selected based on
the Grimme vdW correction,®* which can accurately describe weak
interactions in all calculations. The radius of real-space global cutoff
was 4.9 A, and the Brillouin zone was sampled by 3 X 2 X 1 k-points
utilizing the Monkhorst—Pack scheme to accomplish high-quality
theoretical evaluations. Moreover, the convergence tolerances of
geometry optimizations were 1 X 107> Ha for the total energy, 0.002
Ha/A for atomic forces, and 0.005 A for the highest displacement,
respectively. The electron distribution and charge transfer were
calculated by the Mulliken method.®® The InN crystal structure was
optimized to construct the pristine InN monolayer. The lattice
parameter of the InN crystal is 3.55 A, which agrees with the previous
reports.”***®” To eliminate the interaction between periodic images, a
20 A vacuum layer was used vertically to the InN monolayer.

3. RESULTS AND DISCUSSION

3.1. Pristine InN Monolayer. In this section, the accuracy
of the pristine structure of the InN monolayer was initially
confirmed. Then, the gas adsorption properties on the as-
prepared InN monolayer were thoroughly evaluated. Since
there are few related studies, discussing the gas adsorption
behavior of the pristine InN monolayer is necessary. Figure 1
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Figure 1. Pristine InN monolayer, N,, and CO, structures and
parameters.

shows the as-prepared InN monolayer with an optimal bond
length of 2.09 A between In and N. This result is consistent
with previous studies. In addition, the optimized bond lengths
of CO, and N, molecules are also uniform with reports in the
literature.>*~>*

Figures S1 and S2 show that the horizontal and vertical
adsorption configurations of CO, and N, are established at two
adsorption sites (In and N) of the InN surface, according to
previous studies.”® Then, the charge density distribution is
calculated based on the most stable adsorption configurations.
The results show that CO, and N, all maintain weak
physisorption for whatever the adsorption configuration,
which can be attributed to the noncontact electron cloud
between gas molecules and the adsorption site. Further, the
adsorption energy and adsorption distance of CO, and N, are
calculated precisely. The results are displayed in Figure S3,
where it can be seen that the adsorption energy of CO, is more
negative than N,. Hence, CO, has the shortest adsorption
distance. Significantly, the results confirm that the selective
adsorption of CO, and N, by the pure InN monolayer is due
to weak interactions and will not cause an electrical response.

3.2. TM-InN Monolayer. To study the eventual electrical
response of the TM-InN membrane to CO, and N,, we first
constructed the InN monolayer decorated with four TM atoms
(Fe, Co, Ni, and Cu). Then, the stability of the decorating
structure is assessed by both the binding energy and the
cohesive energy. Finally, the effect of TM decoration on
structural conductivity is evaluated by DOS analysis.

Figure 2 shows the stable TM-InN structures and the
calculated charge density distribution. The results show that
the TM-InN monolayer structure is not significantly altered
after TM decoration, implying that the TM-InN system is
stable. Not only that, from the charge density, it is found that
the electronic wavefunction of the TM atoms overlaps
significantly with the electronic states of the InN monolayer,
displaying the charge accumulation of TM atoms and the
charge depletion of the InN monolayer. In addition, the N
atoms show the charge accumulation against the In atoms. An
apparent decrease in the charge accumulation occurs on the
nearest N atom of the TM atoms. These results suggest that
the TM atoms can be anchored on the InN monolayer.
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Cu-InN

Figure 2. Stable structures and electron density distribution of TM-
InN (a) Fe-InN, (b) Co-InN, (c) Ni-InN, and (d) Cu-InN. Densities
are displayed with an isosurface and the interval of isovalue is between
—0.2 and 0.2 e/A%.

To confirm that the TM atoms bind strongly to the InN
. 3 .1
monolayer, rather than undergo aggregation,” the binding
energy (E,) is used to quantitatively describe the stability of
TM-InN, defined as

E, = Erp—ian — Ern — Eum (1)

where Ery _ oy is the energy (eV) of TM-InN, E is the
energy (eV) of the pure InN monolayer, Epy, is the energy
(eV) of TM. Figure S4a shows the minimum binding energy
guaranteed for the chemisorption (about —0.52 eV ”). The
calculation results prove that the binding energy of the TM
atoms to the InN monolayer is much larger than the minimum
of chemisorption. It strongly suggests that the four TM atoms
form strong bonds to the InN monolayer and would not
aggregate. Moreover, the stability of the TM-InN monolayer is
another essential indicator and is usually expressed by cohesive
energy (E.y,), defined as

_ (mEqy + nyEy, + nEy — Epn)
L=
o (ny + ny + ny) 2)

where Ej, and Ey represent the energies (eV) of In and N
atoms, respectively; ny, n,, and n; are the numbers of TM, In,
and N atoms. In Figure S4b, the cohesive energy of the pristine
InN monolayer is —3.46 eV/atom. In contrast, the effect of
TM decoration on the InN monolayer stability is almost
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Figure 3. DOS of (a) Fe-InN, (b) Co-InN, (c) Ni-InN, and (d) Cu-InN. Fermi energy was set zero indicated by the vertical dashed line.
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negligible. In addition, Figure SS shows that the TM-InN
monolayers are thermodynamically stable based on the results
of the ab initio molecular dynamics simulation (AIMD).
Therefore, the above results prove that the TM-InN
monolayers are stable.

Excellent electron conduction capability is an essential
indicator of gas sensors. It is necessary to analyze the DOS of
the TM-InN monolayer because the DOS can be used to
describe the electrical conductivity of materials.*”*° Figure 3
shows the DOS of the pristine and TM-decorated InN
monolayer. For the Fe-InN, Co-InN, and Cu-InN systems, the
heights of their total DOS are lower than that of pristine InN
at the Femi level. It suggests that Fe, Co, and Cu decoration
reduces the surface conductivity of InN. On the contrary,
decorating Ni atom causes a slight increase in the conductivity
of InN. Further, there is a significant overlap between the TM
atoms’ d orbitals and the N atom’s p orbital, confirming strong
hybridization. Therefore, these results demonstrate that
decorating Ni atom is more beneficial in improving the surface
conductivity of the InN monolayer.

3.3. Gas Sensing Behavior on the TM-InN Monolayer.
3.3.1. Gas Adsorption Behavior. In this part, we first confirm
the most stable adsorption configuration of CO, and N, on the
TM-InN monolayer. Then, the electron density distribution of
the optimal adsorption configuration is calculated. Lastly, the
adsorption nature of CO, and N, on the TM-InN monolayer
was thoroughly investigated based on adsorption energy,
adsorption distance, charge transfer, bond length, and bond
order of gas.

As shown in Figure S6, CO, horizontally adsorbed on the
TM atom sites is constructed. It can be found that there is a
weak adsorption between CO, and the TM-InN monolayer,
which is attributed to no significant charge accumulation or
depletion. In contrast, Figure 4 shows a more stable vertical
adsorption configuration of CO,. A distinct electronic overlap
between CO, and TM atoms can represent a stronger charge
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Figure 4. Most stable gas—solid adsorption interface and electron
density distribution. (a) Fe-InN-CO,, (b) Co-InN-CO,, (c) Ni-InN-
CO,, and (d) Cu-InN-CO,.

accumulation and depletion than horizontal configurations.
Therefore, CO, prefers the vertical adsorption configuration
on the TM-InN monolayer.

Furthermore, Figure S7 shows N, horizontally adsorbed on
the TM sites. A distinct overlap of electrons can be found
between the gas and surface, indicating that the TM-InN has
an apparent affinity toward N,. Notably, N, shows a more
stable vertical adsorption configuration as shown in Figure S.

®) 2 J\:ﬁ\‘«‘ 41 "
i

Co-InN-N,

Ni-InN-N,

Figure 5. Most stable gas—solid adsorption interface and electron
density distribution. (a) Fe-InN-N,, (b) Co-InN-N,, (¢) Ni-InN-N,,
and (d) Cu-InN-N,.

Stronger adsorption exists between the vertical N, and the
TM-InN monolayer, according to the charge density
distribution. It indicates that the vertical N, is the optimal
adsorption configuration.

To accurately compare the adsorption behavior of CO, and
N, mentioned above, adsorption energy and distance are
calculated. The adsorption energy (E,4,) is defined as

E.4 = Eroral — (Esurface + Egas) (3)

where Ey, and Eg, are the total energy (eV) of the monolayer
and isolated gas molecule, respectively, and E,. is the total
energy (eV) of the monolayer surface. Figures S8 and 6a show
the results of calculations corresponding to the horizontal and
vertical configurations. It can be found that the TM-InN
monolayer has a stronger affinity toward N, than CO,,
regardless of configurations. Furthermore, both CO, and N,
prefer vertical adsorption, due to shorter adsorption distances
and greater adsorption energy. In detail, the order of CO,
adsorption energy is as follows: Ni-InN > Cu-InN > Co-InN >
Fe-InN. The order of N, adsorption energy is as follows: Ni-
InN > Co-InN > Cu-InN > Fe-InN. In addition, these trends
can be proved by crystal orbital Hamilton population (COHP)
analysis as shown in Figures 9 and S10. For CO, and N,, Ni-
InN and Fe-InN have the highest and the lowest adsorption
energy, respectively. However, the adsorption energy of CO,
on Cu-InN is more negative than that of Co-InN, with the
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Figure 6. Adsorption properties of CO, and N, on the TM-InN monolayer. (a) Adsorption energy and adsorption distance, (b) charge transfer, (c)

rate of bond length change, and (d) rate of bond order change.

opposite of N,. It shows that Ni is the best decorated atom due
to the optimal adsorption performance.

Moreover, the amount of charge transfer of CO, and N, on
the Ni-InN monolayer is also the largest as shown in Figure 6b.
The 0.094 electrons are injected into the N,, while CO, loses
the 0.036 electrons on the Ni-InN monolayer. To
quantitatively characterize the effect of TM decorating on
gas molecules, we calculate their bond length and the Mayer
bond order. According to our calculations, the bond lengths of
free CO, and N, are 1.176 and 1.108 A, respectively. The
Mayer bond orders of free CO, and N, are 1.286 and 1.539,
respectively. Since CO, has a vertical adsorption configuration,
we define two bonds of a and b according to Figure 1. In
addition, the rate of bond length and the Mayer bond order
change are calculated to make it more intuitive (Figure 6¢,d).

One can find that the effect of Ni decoration on CO, and N,
is also the most prominent. Among these, the a-bond of CO, is
compressed and the b-bond is elongated. It means that the b-
bond close to the TM site is activated, enhancing of the a-
bond. Importantly, the bond length of N, changes dramatically
(from 1.108 to 1.133 A), indicating that the chemically inert
triple bond between N atoms is activated. In contrast to the
reported superior NRR catalysts, such as the bond length of N,
on a Janus Fe-Sn0O, is 1.136 A, that of Fe introduced S-doped
carbon is 1.14 A,°° that of Mo-doped borophene is 1.125 A,
and that of the boron nanosheet is 1.132 A%’; the Ni-InN
monolayer shows an excellent activation capacity to N,.
Meanwhile, the rate of the Mayer bond order change also
proves that N, is activated, which causes a considerable
decrease in the bond strength of the triple bond in N,. Thus,

12538

these reasons cause the Ni-InN monolayer to maintain the
affinity toward N,.

3.3.2. Electrical Response Behavior. To clarify the electrical
response of TM-InN to CO, and N, adsorption, DOS is used
to describe the changes in electrical conductivity. Figure 7
shows the change in DOS of the TM-InN monolayer after CO,
adsorption. The higher the height of the DOS curve at the
Fermi level, the stronger the conductivity. Except for the Ni-
InN, the electrical responses caused by CO, adsorption on the
surface of Fe-InN, Co-InN, and Cu-InN are reduced (left-
shifted). The adsorbed CO, contributes substantially to the
DOS deformation of TM-InN. At the same time, hybridization
appears between the p orbital of gas and the d orbital of TM
atoms, which indicates that CO, interacts with the TM-InN
monolayer. Importantly, the adsorption of CO, does not
change the conductivity of the Ni-InN monolayer (height
overlap at the Fermi level). This strong evidence suggests that
the Ni-InN monolayer can achieve the elimination of electrical
response to CO,.

Figure 8 shows the DOS of the N, adsorbed TM-InN
monolayer. The surface conductivities of Fe-InN, Co-InN, and
Cu-InN are reduced with N, adsorption. Interestingly, the
surface conductivity of the Ni-InN monolayer is enhanced
when N, is adsorbed. Meanwhile, the results also demonstrate
the contribution of the d orbital of TM to the deformation of
the whole DOS curve. The hybridization of the p and d orbitals
of the N and the TM atoms ameliorates N, adsorption.
Compared with Figure 7c, the Ni-InN monolayer achieves an
electrical response only to N, (conductivity enhanced), when
CO, and N, are co-adsorbed.
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Figure 7. DOS of (a) Fe-InN-CO,, (b) Co-InN-CO,, (c) Ni-InN-CO,, and (d) Cu-InN-CO,.

It is easy to perform a quantitative analysis for a single gas
based on our previous study.” Since the adsorption of CO,
and N, causes a change in the conductivity of TM-InN, for the
InN decorating of Fe, Co, and Cu atoms, the trends of change
in conductivity are the same, whether CO, or N,. It proves that
there is no way to distinguish between the respective
contributions of CO, or N,. For the Ni-InN monolayer, the
surface conductivity does not change after CO, adsorption, but
it increases during N, adsorption. It strongly suggests that the
Ni-InN monolayer can distinguish between the two gases by
changes in electrical conductivity, thus achieving a unique
response to N,.

3.3.3. Mechanism of Gas Sensing. To reveal the underlying
mechanism of the different adsorption behaviors induced by
the TM atoms decorating, the d-band center of the TM-InN is
calculated to describe the gas adsorption properties of the TM
atoms. The hybridization of the p and d orbitals of the N and
the TM atoms, respectively, promotes the binding of adsorbate
and adsorbent,*® which leads to the formation of the filled
bonding and antibonding states. According to previous
research,’® the d-band center (&4) can be described as

A 0; ny(e)ede

/_o; f’ld(E)dS (4)
where ¢ is the energy and n4(¢) is the density. Figure 9a shows
the projected DOS (PDOS) as well as &4 of the TM-InN

monolayer. Results illustrate that &4 of TM-InN shifts toward
higher energy, in an order of Ni-InN > Co-InN > Cu-InN >

€d=
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Fe-InN. Notably, the order of &4 coincides with the order of N,
adsorption energy on the TM-InN (Figure 6a). In light of the
d-band center theory, &4 is positively correlated to metal-
adsorbent interactions. As shown in Figure 9b, £, of Ni-InN is
the closest to the Fermi level, proving that the proportion of
unoccupied antibonding states is increased, leading to the
strongest interaction between N, and Ni-InN. Similar results
are suitable for the adsorption of CO, on the Ni-InN
monolayer.

However, Figure 6a shows the opposite conclusions
regarding the adsorption energy of CO, and N, on Cu-InN
and Co-InN. Because N, exhibits strong chemisorption on the
TM decorating surface, thus satisfying the law of the d-band
center theory. Significantly, the adsorption of CO, on TM-InN
is at the edge of physical and chemical adsorption, so it has a
weak interaction. Meanwhile, it is found from the charge
density distribution map that the charge transfer of CO, on Fe-
InN and Co-InN is almost negligible, and that of Ni-InN and
Cu-InN has significant electron overlap to form chemisorption.
Hence, the adsorption energy of CO, only on Ni-InN and Cu-
InN satisfies the law of &4 as shown in Figure 9a. These results
prove that &4 of the TM site is one of the significant factors
impacting the gas activation.

3.4. Applications of the N, Sensor. Different materials
have their own optimal operating temperature intervals.”””® As
everyone knows, the DFT calculation is performed under the
ideal condition of 0 K to obtain the feasibility of reaction. With
rising of temperature, the thermodynamic advantage of gas
adsorption will disappear. However, few studies have focused
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Figure 9. Illustration of the adsorption mechanism. (a) PDOS and d-band center of TM-InN and (b) metal—adsorbate interaction by altering the

metal d-band center.

on the thermodynamic spontaneity of the adsorption behavior
as a function of temperatures. Therefore, it is necessary to
compute the thermodynamics of TM-InN sensitivity to CO,
and N, at different temperatures to evaluate its application.
Thermodynamic properties are calculated from 0 to 1000 K by
the atomic vibration frequency. The details of thermodynamic
calculation are provided in the Supporting Information.
Changes in the Gibbs free energy (AG) (Figure 10) can be
obtained based on the enthalpy changes (AH) and entropy
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changes (AS) (Figures S11—S14). Figure 10 displays that AG
of CO, and N, is linearly associated with temperatures. It can
be found that the upper limit temperature for the
thermodynamic spontaneity of CO, adsorption on the TM-
InN is approximately 700 K (Ni-InN). However, N, on the
TM-InN is approximately 950 K (Ni-InN). It demonstrates
that the Ni-decorated InN monolayer significantly outperforms
the other three TM atoms. Therefore, the Ni-InN monolayer
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Figure 10. Thermodynamic property of (a) CO, and (b) N, adsorbed on the TM-InN monolayer as a function of temperatures.

senses N, in a wide temperature range due to high
thermodynamic spontaneity.

4. CONCLUSIONS

In summary, DFT calculation with dispersion-corrections is
performed to clarify the gas sensitive behavior of CO, and N,
on the TM-InN monolayer. The findings of this research
demonstrate that CO, and N, are physically adsorbed on the
neat InN monolayer. After decorating TM atoms, binding and
cohesive energy are compared to illustrate the surface stability.
Based on DOS analysis, the Ni decorating InN monolayer can
improve the conductivity more than the other three TM
atoms. In addition, CO, and N, prefer the vertical adsorption
configuration on the Ni-InN monolayer due to the obvious
electronic overlap. The adsorption energy of N, on Ni-InN is
dramatically enhanced from —0.1 to —1.93 eV, and that of
CO, is from —0.2 to —0.66 V. Charge transfer, bond length,
and the Mayer bond order also prove that N, is significantly
activated over CO,, so the Ni-InN monolayer has a stronger
affinity toward N,. Noticeably, we clearly show for the first
time that the Ni-InN monolayer achieves a single electrical
response to N, according to DOS analysis, while removing the
interference of CO,. Additionally, the d-band center theory
was utilized to understand the underlying mechanism of gas
adsorption on the Ni-InN monolayer with &4 upshift. Finally,
we highlight the advantages of the Ni-InN monolayer in
practical applications based on thermodynamic calculations
from 0 to 950 K. Therefore, the Ni-InN monolayer can act as a
potential highly selective N, sensor.
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