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Abstract: Dissolved gas analysis (DGA) is recognized as one of the most reliable methods in trans-
former fault diagnosis technology. In this paper, three characteristic gases of transformer oil (CO,
CyHy, and CHy) were used in conjunction with a Cr-decorated InN monolayer according to first
principle calculations. The adsorption performance of Cr-InN for these three gases were studied from
several perspectives such as adsorption structures, adsorption energy, electron density, density of
state, and band gap structure. The results revealed that the Cr-InN monolayer had good adsorption
performance with CO and C,Hy, while the band gap of the monolayer slightly changed after the
adsorption of CO and CpH,4. Additionally, the adsorption property of the Cr-InN monolayer on
CH, was acceptable and a significant response was simultaneously generated. This paper provides
the first insights regarding the possibility of Cr-doped InN monolayers for the detection of gases
dissolved in oil.
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1. Introduction

The power transformer is one of the most essential pieces of hinge equipment of an
electrical power system [1]. There are still a considerable number of large and medium-
sized transformers around the world that use transformer oil as a cooling and insulating
medium [2]. Effectively detecting the operating status of oil-immersed transformers to
discover insulation defects in advance and eliminate hidden troubles in time can help to
ensure the stable running of a power system [3,4].

Dissolved gas analysis (DGA) is considered to be a reliable method for monitoring the
operating status of transformers; the prevailing approach is to determine the content of
dissolved gases in the insulating oil through gas chromatography to find out whether there
are potential overheating and discharge faults in the running transformer equipment [5,6].
In addition, the gas sensor has attracted the attention of many scholars due to its low
cost, simple operation process, and many other advantages. The selection of gas-sensing
materials determines the performance of gas-sensing sensors, so it has always been a hot
topic to explore novel and excellent-performance gas-sensing materials.

Among the different kinds of gas-sensitive materials, two-dimensional (2D) materials
stand out for their excellent characteristics [7-13], such as large specific surface area,
extraordinary electronic mobility, and chemical activity, which meet the prerequisites for
the exploitation of high-sensitivity gas sensor based on 2D materials [14-16]. Indium
nitride (InN) is a new type IlI-nitride group compound material. It has excellent electronic
transport performance and a narrow energy band, and has received extensive attention in
the field of new optoelectronic device manufacturing. However, to our knowledge, only a
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few researchers have focused on 2D InN applications such as gas sensors. For example,
it was found by Peng et al. that an Au-InN monolayer acted as the gas adsorbent for
SFg, which needed to decompose components to guarantee the stable operation of SFg
insulation equipment [17]. Zhu et al. proved that an InN monolayer doped by the transition
metal Pd is an exceptional material for use in detecting NO and CO based on density
functional theory (DFT) [18]. It can be seen that 2D InN has potential in the development
of gas-sensitive materials. Here, we further explored the gas-sensing mechanism between
InN monolayers and other different gases, and we provide preliminary direction for the
exploration of InN monolayer gas sensors [19-21].

In this work, DFT calculations were adopted to investigate the adsorption behavior
of an InN monolayer to CHy, CO, and CyH; (three characteristic gases in transformer
oil). First, we constructed the optimal Cr-doped InN (Cr-InN) monolayer and carried
out adsorption calculations for the different gases based on this model. We collected data
on the adsorption parameters, including adsorption energy, the value of charge transfer,
and the electron density of each adsorption system, to analyze the changes in the total
energy and the charge transfer of the Cr—InN monolayer during the adsorption process.
Additionally, we employed total density states (DOS) and partial density states (PDOS) to
investigate the variation of the electron states around the Fermi level and the hybridization
states in the adsorption systems. Moreover, the band gap structures were identified to
qualitatively discuss the conductivity of the adsorption system compared to the isolated Cr—
InN monolayer. Through the above calculations and analyses, we were able to determine
whether an InN monolayer could be used for detecting these three dissolved gases in oil.

2. Materials and Methods

All DFT spin-unrestricted calculations in this work were performed by Dmol® package
of Material Studio software [22,23]. The Perdew—Burke-Ernzerhof (PBE) with the gener-
alized gradient approximation (GGA) function was employed to deal with the exchange-
correlation between electrons. Double numerical polarization (DNP) was adopted as the
basis function set of linear combination of atomic orbitals (LCAQO). In order to solve the
problem of transition metal in the system, DFT semi-core pseudopotential (DSSP) has been
adopted [24-26]. When the energy difference between the two geometric optimizations
is extremely small (less than 1.0 x 10~° Ha), the force on each atom is extremely small
(less than 0.002 Ha/A), or the maximum displacement distance of each atom is extremely
small (less than 0.005 A), geometric optimization relaxation can be used to meet the conver-
gence criterion. Additionally, in order to correct for the influence of van der Waals force,
the Grimme method was used in all models. For geometric optimization calculations, a
5 x 5 x 1 k-point was adopted, and a more accurate k-point of 7 x 7 x 1 was used for
electronic structure calculations [17]. Moreover, for electron orbit calculation in Dmol3,
only 1 x1 x 1k points were available for selection [27].

Adsorption energy (E,qs) is the most intuitive parameter of adsorption behavior, and
in this paper, the E 45 of gas adsorption processes was defined as:

Eags= Eads system Egas - Emonolayer @

where Egas and Eponolayer Tepresent the energy of the intrinsic monolayer and gas molecule,
respectively, and E,gs system 1S the total energy of adsorption system.

The Hirschfeld charge method was employed to analyze the charge distribution to
obtain the charge transfer (Qr) because it has been reported that there are many errors in
Mulliken charge analysis [28].

3. Results
3.1. Structure of Cr—InN Monolayer
Firstly, we established a two-dimensional InN unit cell, and then we builta4 x 4 x 1 InN

supercell based on the unit cell to obtain the InN monolayer, as exhibited in Figure 1.
After optimization, the In-N chemical bond in the InN monolayer was 2.092 A and the
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lattice parameter value was 3.62 A, which both corresponded with the results of previous
reports [29].

e———————————m—m—m—mmmmmm—m—m—mmmm—m————F

Figure 1. (a) Top view and (b) side view for geometric construction of the pristine InN monolayer.

There are four possible doping sites on an InN monolayer—the Ty, Tg, Tr,, and
Ty sites [17]. In order to determine the most stable construction of a Cr-doped InN
monolayer, four kinds of Cr-decorated InN monolayers based on the abovementioned four
doping sites were established; their formation energy and charge transfer were calculated
and comprehensively compared to select the most stable doped structure with the best
parameters as the basic model for subsequent adsorption calculation. The most stable
structure of Cr-InN is exhibited in Figure 2a, which shows that the Cr atom is located
at the Ty, site and the InN monolayer accepts 0.053 e electrons from Cr atoms and forms
bonds with Cr atoms, releasing 0.64 eV of energy and indicating that the reaction can
spontaneously proceed.
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Figure 2. (a) Geometric structure, (b) TDOS, and (c) PDOS of Pd-doped InN monolayer.
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DOS analysis was used to explore the effect of Cr atom doping on electronic distri-
bution. It is believed that TDOS can reflect the electron density distribution of a system;
as shown in Figure 2b, the electrons of the Cr-InN monolayer moved to a slightly lower
energy direction compared to those of the intrinsic InN monolayer. Moreover, some new
states were added to the Cr-InN monolayer, which narrowed the intercept near the Fermi
level of the TDOS curve of Cr-InN. These phenomena indicate that the introduction of a
Cr dopant reduced the intrinsic band gap of InN and improved the electronic activity of
the InN monolayer. Regarding PDOS, the overlap between the curves representing the
atomic orbitals indicates the orbital hybridization of atoms, which is usually used to explain
the bonding between a dopant and intrinsic material (shown in Figure 2c); the overlap
between the 5s orbital (In-5s) of the In atom and the Cr-3d orbital at -7 eV and the overlap
between the In-5p orbital and the Cr-4s orbital in the range from 1 to 4 eV indicate strong
orbital hybridization between these two atoms, thus demonstrating that Cr atoms have
been successfully incorporated into the InN monolayer system.

3.2. Geometric Structures and Adsorption Energy Analysis for Adsorption System

We established and optimized the molecular models of CHy, CO, and C;Hy in Dmol3,
and we carried out adsorption calculations based on the Cr-InN model constructed above.
It is obvious that there were many possible ways for each gas to adsorb on the Cr-InN
monolayer. In order to figure out the optimal adsorption structure of each gas, different
approaching atoms and adsorption angles were used to obtain all possible adsorption
structures, the E 45 and Q; of which were compared. The selected adsorption structures for
the three gases with the optimal parameters in the system are shown in Figure 3, and the
E.qs and adsorption distance corresponding to each structure are shown in Figure 4.

CO and CyHjy all were found to be quite close to the Cr atoms of the Cr-InN mono-
layer; the adsorption distance were 1.85 and 1.794 A, respectively. At the same time, the
absolute values of E, 45 of these two adsorption systems were quite large, reaching —5.074
and —6.093 eV, respectively. These phenomena preliminarily indicate that the Cr—InN
monolayer exhibits an extremely strong absorbability of CO and C,Hy4 gases. However, the
adsorption ability of InN on CHy, with an adsorption energy of 0.652 eV, was found to be
relatively high, and its adsorption distance was also the largest of the three systems. An
additionally interesting phenomenon is that here, the adsorption distance was relatively
small in the system with large absolute value of adsorption energy, which might indicate
that for an adsorption system, the greater the adsorption energy value, the stronger the
interaction force.

Figure 3. Geometric construction of (a) Cr-InN/CHy, (b) Cr-InN/CO, and (¢) Cr-InN/CyHy
adsorption systems.
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Figure 4. The adsorption energy and adsorption distance of CHy, CO, and C;Hy on the Cr-InN monolayer.

3.3. Electron Density Analysis for Adsorption System

Electron density reveals the probability that electrons are distributed in a particular
location surrounding an atom or molecule. By calculating the deformation charge density
(DCD), bond formation can intuitively observed and charge transfer can be qualitatively
analyzed in an adsorption system [30]. The charge transfer values of CHy, CO, and CoHy
are shown in Table 1, and the deformation charge density is shown in Figure 5.

Table 1. The charge-transfer capacity of CHy, CO, and C;H, on the Cr-InN monolayer.

Adsorption System Q¢ (eV)
Pd-SnP5;/CO 0.199
Pd-SnP3;/CHy 0.052
Pd—SI'lP3 /C2H4 0.204

Figure 5. DCD of (a) Cr-InN/CHy, (b) Cr-InN/C;Hy, and (c) Cr-InN/CO adsorption systems.
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In each adsorption system, gas molecules acted as reducing agents to transport elec-
trons to the Cr-InN monolayer, that is to say, their charge transfer Q was greater than zero.
Among them, CO molecules transferred 0.199 e electrons to the Cr-InN monolayer and
C,H, molecules transferred 0.204 e electrons to the Cr—-InN monolayer. In Figure 5b,c, the
red color where the Cr atom is located represents the electron accumulation area, which
was almost directly connected to the electron depletion area where the gas molecules were
located. This phenomenon shows that there were extremely close charge transfers from
gas molecules to the Cr-InN monolayer in the two abovementioned adsorption systems,
and strong chemical bonds were formed between C;H,4, CO molecules and the Cr—InN
monolayer. The electron exchange between CHy4 and the Cr-InN monolayer was found to
be extremely scarce, and it can be considered that the interaction between the gas molecules
and the monolayer was only weak physical adsorption.

3.4. DOS Analysis for Adsorption System

To further strengthen the persuasiveness of the occurred interaction between the
Cr-InN monolayer and three gas molecules, TDOS and PDOS (as shown in Figure 6)
analyses of each system were conducted to explore the impact of adsorption behavior on
the electronic structure of the Cr-InN system. In the TDOS plots, the red curve signals
the TDOS of the initial Cr—-InN monolayer and the blue displays the system after gas
adsorption [10]. In the PDOS plots, several atomic orbitals are represented by areas with
different colors.
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Figure 6. TDOS of (a) Cr-InN/CHy, (c) Cr-InN/CO, and (e) Cr-InN/CyHy; PDOS of (b) Cr-InN/CHy,
(d) Cr-InN/CO, and (f) Cr-InN/C,H, adsorption systems.

First of all, for the CO and C,H4 system (identical except for some new states brought
about by the introduction of CO and C,Hy4 molecules), the degree of overlap of the TDOS
curve before and after adsorption was found to be quite high—the curve near the Fermi
level, especially, was almost completely fitted. In PDOS, the O-2p orbital of the CO molecule
and the Cr-3d and Cr-4s orbitals of the Cr atom overlapped around —6 eV and between 1
and 4 eV; similarly, there was also overlap between the C-2p orbital of the C;H, molecule
and the outer orbital of the Cr atom, manifesting the hybridization phenomenon between
the O, C, and Cr atoms. In light of the aforementioned discussion of adsorption energy and
electron density, it is believed that CO and C;H, molecules were firmly captured by the
Cr-InN monolayer, which was also verified by PDOS analysis. However, the adsorption
behaviors of CO and CHj did not cause drastic changes in the electronic structure near
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the Fermi level of the Cr—InN monolayer. That is to say, although the Cr-InN monolayer
can adsorb CO and CyH, molecules, it may not produce a remarkable response.

As for the Cr-InN/CH,4 adsorption system, we first paid attention to its PDOS distribu-
tion. Similarly to the conclusions obtained from the adsorption energy and charge-transfer
analysis, we found that the H-1s atomic orbital in the CHy molecule had a slight overlap
with the Cr-4s orbital in the range from —8 to —6eV, which again suggests that the CHy
molecule was present in the Cr-InN monolayer. The chemical bond that was formed was
relatively weak. However, the change in TDOS distribution shows that the electronic
distribution of the Cr-InN monolayer was remarkably changed by the adsorption of CHy
molecules. Figure 6a directly shows that the overall state in the adsorption system was low.
The energy direction moved, and its energy band seemed to significantly change, that is,
the conductivity of Cr-InN may have been reduced due to the adsorption of CHy.

3.5. Band Structure Analysis

It is widely believed that there is a classic relation between band gap and electrical
conductivity [31,32], that is, at a certain temperature, the conductivity is inversely propor-
tional to the band gap. Here, band structure was used to qualitatively analyze the influence
of gas adsorption on the band gap of the Cr-doped InN monolayer.

We can further explore the response of the intrinsic Cr—InN monolayer to the ad-
sorption behavior of the three gases through the band structure of the Cr-InN monolayer
system shown in Figure 7. Before adsorption, the band gap of the Cr-InN monolayer was
0.683 eV, and after the adsorption of CHy, CO, and C,Hy gas, it dropped to 0.560, 0.598,
and 0.615 eV, respectively. This phenomenon is consistent with the conclusion obtained
from the analysis of the density of states; the Cr-InN monolayer, that is, the response of the
Cr-InN monolayer to CHy, far exceeded that of the other two gases. Accordingly, a gas
sensor based on a Cr-InN monolayer could be developed to achieve the selective detection
of CHy gas. Additionally, considering the excellent adsorption capacity of the Cr-InN
monolayer for CO and C,;H4 molecules and the harmfulness of CO and C;Hy, a Cr-InN
monolayer could also be developed as an adsorbent for clearing these two gases.

0.560 eV

~——
~.

~~~~~
~~ ~~

-~

' *

I M K
(b) (d)

Figure 7. The band structures of the (a) Cr-InN monolayer, (b) Cr-InN/CHy, (¢) Cr-InN/CO, and (d)
Cr-InN/C,H, adsorption systems at the PBE level in the first Brillouin zone. The first Brillouin zone
with high-symmetry k points: I" (0, 0, 0), M (0.5, 0, 0), and K (0.333, 0.333, 0).
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4. Discussion and Conclusions

For this paper, a Cr-doped InN monolayer model was constructed, and based on this
model, the adsorption performance of the three characteristic dissolved gases CO, CHy, and
CoHy were calculated. Through the calculation and analysis of adsorption energy, electron
density, density of state, and energy band, the following conclusions were obtained:

(1) The Cr-InN monolayer was found to have an excellent adsorption performance to
CyH4 and CO, while its adsorption effect for CH4 was found to be relatively ordinary.

(2) Despite the excellent adsorption properties of the Cr-InN monolayer for CO and
C,Hy, the response of the Cr—InN monolayer to these two gases was found to be far
from satisfactory. In contrast, the adsorption behavior of CH4 molecule was found to
lead to a more sensitive response.

(38) We advise that the Cr-InN monolayer be exploited as a substrate material of a selective
detector for CH4 and a new type of adsorbing material for treating CO and C,Hy4 gases.
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