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CHAPTER 4

4.1.INTRODUCTION

In the past, researchers have explored 2D monolayer of a-CN as a potential candidate
for CO, NO and NHs sensing applications due to the lethality of these hazardous gases on the
living organisms!?2. However the results are not that appreciative in terms of adsorption
energies and distances.*® The underlying reason is perhaps the wide band gap of 3.8 eV in
case of pristine monolayer®, which is roughly three times the requisite 1.23 eV for gas
sensing applications. Nevertheless, doping serves to notably diminish this gap, rendering it
conducive to gas sensing purposes: a transition similar to the shift from intrinsic to extrinsic
behavior. Moreover, studies reveal that the impurity doping in the 2D monolayers leads to the
enhancement in the gas sensing performances. For instance, the doping of P-block elements
in MoTez!, doping of Ag, Au in HfS,’, and Au-doping in WSez® monolayers yield the
improved CO adsorption performance. A study by Luo et al explores enhancement of NO
adsorption by B, Al, Si, and S atoms on the BP monolayer and also capturing of NHz and
NO2 gas molecule by MoS, monolayer doped with Al, Si and P atoms 2. According to a work
by Ma et al, Au, Ni, Pd, and Pt doping improves adsorption performance of MoS, monolayer
towards CO and NO gases °. Yong et al. studied C.N monolayer for NHs and NO sensor and
they observed that CoN monolayer is a promising candidate with a small recovery time
(1.2ms and 23pus for NH3 and NO) at room temperature®. Hadi et al. reported the adsorption

energy of g-CN can be increased up to -4.47 eV through Ir-embedding *°.

Following the previous chapter, in this chapter we have revisited the monolayer a-CN
with different dopants. Here we have examined the adsorption of CO, NO, and NHs3
molecules over the monolayers doped with Beryllium (Be), Boron (B), and Aluminum (Al).
The impurity atoms were chosen because they are similar in size to C and N atoms. The
a-CN monolayer has two possible sites for substitutional doping: C-site and N-site, out of
which we employed the C-site for further calculations for Al atom as it is the trivalent
impurity. For B and Be atoms, we have chosen both C- and N-sites given the fact they are
similar in size as compared to both carbon and nitrogen. This vyields six potential
configurations for each gas molecule (C-site Be and B doped a-CN, N-site B doped a-CN,
and C-site Al doped a-CN)!2. Our objective is to identify the most suitable candidate for
gas sensing or removal applications among these configurations. In addition to analyzing the
structural properties of doped a-CN monolayers, such as lattice parameter; adsorption
properties such as adsorption energy, Léwdin population charge analysis, and electronic

properties such as band structure and projected density of states (PDOS) before and after CO,
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NO, and NHs gas adsorption, this study also explores sensing properties like work function

and recovery time.

4.2.METHODOLOGY

For the analysis of electronic and structural properties of a-CN, Quantum Espresso
simulation package ! was used employing first principles-based density functional theory
(DFT) calculation 4. Electron exchange and correlation energies were calculated using
generalized gradient approximation (GGA) in the form of Perdew-Burke-Erenzerhof (PBE)™
Van der Waals interactions were embedded between o-CN and gas molecules and for the
execution of precise results, the DFT-D2 method of Grimme has been employed. To perform
all the calculations at the lowest cutoff energy we used plan-wave ultrasoft pseudopotential®.
The value of kinetic energy cutoff for wave function was set to 80 Ry, which was sufficient
for the fully convergence of total energy and structural parameters within the specified
threshold criterion. The Brillouin zone integration was sampled by using the Monkhorst-pack
scheme!’” having 8x8x1 k-point mesh. The vacuum space between two consecutive layers
was set to 22 A in order to avoid interactions between layers in nearest neighbour unit cells.
The atomic structure symmetry was fixed and all atomic positions of an atoms were fully
relaxed until the maximum residual forces on each atom is less than 0.001 eV/A. For the

visualization of fully relaxed geometrical structure Xcrysden software was used?®,

We have taken into account 3x3x1 supercell of a- CN containing 36 atoms for the
investigation of adsorption properties. For the calculation of adsorption energy, we have used
the following equation®®

Egas = Eq— cN+Gas — (Ea— ent Egas) (1)

Where E,_ cn+cas 1S the total energy of gas adsorbed a- CN monolayer, E,_ ¢y is the total
energy of a- CN monolayer and E,; is the total energy of isolated gas molecules. A negative
adsorption energy value signifies an exothermic process, indicating the stable adsorption of

the gas molecule onto the monolayer system.
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4.3. RESULTS AND DISCUSSION
4.3.1. Physical and Electronic Characteristics of Beryllium, Boron and Aluminium

doped a-CN Monolayer

Before delving into the adsorption investigation, the B, Be and Al doped o-CN
underwent geometry optimization. The illustration in Figure 4.1(a), 4.2(a) and 4.3(a) portrays
the optimized configuration of a-CN monolayer doped with Be, B and Al.

We have investigated the potential of using Beryllium (Be) as a dopant. As discussed
in Section 4.1, we identified two possible doping sites: the C site and the N site. Figures 4.1
(@) and (d) show the optimized structures of Be-doped a-CN at the C site and N site,
respectively. Doping with Be results in significant modifications to the lattice parameter of
a-CN, with an increase of 0.84% observed for Be doped at the C site and 1.26% for Be doped
at the N site. These structural changes have a profound impact on the electronic properties of
the material. Specifically, Be doping at the C site results in a decrease in the bandgap (Figure
4.1(b)). In the case of Be-doped a-CN at the N site, there is an observed overlap of C-2p, Be-

2p, and C-2s orbitals at the Fermi level.
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Figure 4.1: Optimized geometries, band structure and PDOS plots for Be doped a-CN at C site (a, b, c)
and Be doped a-CN at N site (d, e, f)
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To enhance the adsorption capabilities of pristine a-CN, Boron atoms were also doped
at two potential sites: the C site and the N site. Figures 4.2 (a) and (d) display the optimized
geometric structures of boron-doped a-CN at the C site and N site, respectively. This doping
results in changes to the lattice parameter, with an observed increase of 0.4% for boron doped
at the C site and 0.8% for boron doped at the N site, as shown in Table 4.1. These structural
modifications lead to alterations in the electronic properties of the material. For boron doping
at the C site, there is an overlap of bands at the Fermi level, as depicted in Figure 4.2(b), and
further confirmed by the partial density of states (PDOS) projections of C-2p, C-2s, and B-2s
orbitals, shown in Figure 4.2 (c). In the case of boron doping at the N site, a reduction in the
bandgap from 3.71 eV?° to 1.56 eV is observed. This decrease in bandgap value increases the
system's conductivity, which is crucial for gas sensing applications, as illustrated in Figures
4.2 (e) and (f).
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Figure 4.2: Optimized geometries, band structure and PDOS plots of B doped a-CN at C site (a, b, c) and B
doped o-CN at N site (d, e, ) respectively.
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Doping of Aluminium induces structural variations in the material as well. Minor
changes are observed in the C-C, C-N, and N-N bond lengths before and after
functionalization. In a-CN, the bond angles (C-C-N and C-N-C) decrease following Al-
doping. Additionally, the lattice parameters of a-CN slightly increase by 0.01 A after Al-
doping, attributed to the larger atomic radius of the Al atom. These structural changes lead to
alterations in the electronic properties of the system. Consequently, the material becomes an

extrinsic semiconductor with overlapping Al-3s, N-2p, N-2s, and Al-3p orbitals at the Fermi

level.
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Figure 4.3: Optimized geometries, band structure and PDOS plots of Al doped a-CN at C site (a, b, c)

4.3.2. Adsorption performance of CO, NO and NHs gas molecules on Be doped a-CN

Following Be doping, three potential sites were considered for the adsorption of
gases, i.e. top of C, top of N and top of dopant. Subsequently, for further calculations, we
have taken into account a most stable structure with the minimum energy value. Adsorption
of CO gas molecules on Be-doped a-CN at C site, with the adsorption energy value (Eags) of
-0.49 eV results in slight diminution of energy band gap value, which indicates intensification
of electrical conductivity. The low adsorption energy value suggests predominantly Van der
Waals interactions between the CO gas molecule and the system. (See fig 4.4 (a), (b), (c)).
For Be doped a-CN at N site, formation of covalent bond takes place between the system and
CO gas molecules with the Eags = -1.38 eV. (See Table 4.1). It is also noticeable from the
hybridization of C-2p, Be-2p, and C-2s orbitals on Fermi level in partial density of states
(pdos). (See Fig 4.4 (f)).
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Figure 4.4: Minimum energetic configurations, band structure and PDOS plots of CO adsorbed on
Be doped a-CN at C site (a, b, ¢) and Be doped a-CN at N site (d, e, f)
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The interaction of NO gas molecules with Be-doped o-CN exhibits distinct
behaviours depending on whether the doping occurs at the carbon (C) or nitrogen (N) sites.
Specifically, when Be is doped at the C site, the NO gas molecules undergo physisorption
with the a-CN monolayer. This is characterized by a low adsorption energy value signifying a
weaker interaction, and a minimal charge transfer between the gas molecules and the
monolayer. These details can be observed in Table 4.2 and Table 4.4, which highlight the
adsorption energy and charge transfer values respectively. On the other hand, when Be is
doped at the N site, the adsorption of NO gas does not result in significant changes in the
electronic properties of the a-CN system. This is evidenced by the lack of observable
modifications in the energy band gap or electrical conductivity of the material. Consequently,
the system's overall nature remains unchanged despite the presence of the NO gas molecules.
This lack of significant interaction implies that doping Be at the N site does not enhance the
sensitivity or reactivity of a-CN towards NO gas molecules.

Table 4.1: Structural parameter, adsorption energy, adsorption distance, electronic bandgap of
Beryllium doped a-CN with gas molecule

Bond length (A) Angle (°) .
d Eads g
System (eV)
C-C | N-N | Be-N | Be-C A | V)
Before 74.89(C-Be-N) - -
(6} -
= | adsorption 2.64 1 153 | 302 | 419 ggeen-c)
O 68.02(C-BeN) 2.08
= co - | 265 | 158 | 319 | /) coenc) | 191 | -0.49
©
@ 67.76(CEeN) 1.06
-cé:l NO -- 2.69 | 158 3.20 121 96(BeN-C) 1.82 | -0.32
2 65.97(C-BeN) -
M|  NHs - | 270 | 160 | 325 | 0% genc) | 180 | -1.23
Bef 104.53(¢-BeC)
g| °OOTC 959 | o | 275 | 161 | 111.07CCE9 | . | .
‘% | adsorption
z
+- 100.02(C-Be-C) -
% CcO 1.62 -- 2.86 1.65 115.03(((:08013;) 1.72 | -1.38
o 98.42(~"¢ 3.30
S NO 163 | — | 292 | 169 | [)f7accee | 151 | -148
(3]
m 99.39(C-Be-C) -
NH3 162 == 287 166 11593(C—C—Be) 171 '218

Page | 63



CHAPTER 4

In the case where a-CN is doped with beryllium (Be) at the carbon (C) site, the
adsorption of an NH3z gas molecule occurs through physisorption, meaning there is no bond
formation and the adsorption distance is 1.80 A (as shown in Fig. 4.6(a)). This indicates that
Van der Waals forces are responsible for the interaction between the a-CN system and the
NHs gas molecule. Conversely, when o-CN is doped with Be at the N site, chemisorption
takes place. This involves the formation of a covalent bond between the system and the NH3
gas molecule, as illustrated in Fig. 4.6(d). The presence of this covalent bond signifies a
stronger and more specific interaction compared to physisorption. Furthermore, the projected
density of states (PDOS) analysis reveals significant hybridization between the N(NH3)-2p,
C-2p, Be-2p, N-2p, C-2s, and N-2s orbitals at the Fermi level (depicted in Fig. 4.6(f)). This
hybridization, along with a substantial charge transfer between the system and the NHz gas

molecules, supports the observation of chemisorption when Be is doped at the N site.
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Figure 4.6: Minimum energetic configurations, band structure and PDOS plots of NH3 adsorbed
on Be doped a-CN at C site (a, b, ¢) and Be doped a-CN at N site (d, e, T)
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4.3.3. Adsorption performance of CO, NO and NH3 gas molecules on B doped a-CN

The adsorption of CO gas on B-doped o-CN at the C site exhibited an Eags value of
-0.10 eV, with an adsorption distance of 3.23 A, indicative of a weak interaction between the
CO molecule and the system. (Fig 4.7 (a),(b), (c)).Conversely, when CO gas adsorbed on B-
doped a-CN at the N site, a small adsorption distance of 1.56 A was observed alongside a
significantly higher Eags value of -1.38 eV. Formation of covalent bond between the gas
molecule and the system demonstrates chemisorption. (Fig 4.7(d),(e),(f)) Quantitative
analysis of charge transfer (Lowdin charge transfer) indicates a transfer of charge from the

CO gas molecule to the system, providing justification for this observation. (Table 4.4)
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Figure 4.7: Minimum energetic configurations, band structure and PDOS plots of CO adsorbed on
B doped a-CN at C site (a, b, ¢) and B doped a-CN at N site (d, e, T)
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In the scenario where NO gas molecules adsorb onto B-doped a-CN at the carbon (C)
site, the interaction between the gas molecule and the system is characterized by a lack of
bond formation. This results in a large adsorption distance, indicative of a weak interaction
between the NO gas and the a-CN monolayer. The considerable separation between the gas
molecule and the doped system highlights the minimal influence the gas has on the material
when doped at the C site. Conversely, when boron (B) is doped at the N site of a-CN, the
adsorption behaviour changes significantly. The adsorption energy (Eads) value is noted to be
~1.75 A, which suggests a much stronger interaction. Furthermore, the projected density of
states (PDOS) analysis reveals notable hybridization involving multiple orbitals: N(NO)-2p,
N(NO)-2s, B-2s, C-2p, B-2p, and C-2s at the Fermi level. This hybridization indicates a
substantial electronic interaction between the gas molecule and the doped a-CN system. As a
result of this significant orbital hybridization, the doped system undergoes a transition to
become an extrinsic semiconductor. This transformation is accompanied by chemisorption,
where a chemical bond forms between the NO gas molecule and the B-doped a-CN at the N
site. This chemisorption process highlights the strong and specific interaction between the gas
and the doped material, contrasting sharply with the weak physisorption observed at the C

site.
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In addition, the adsorption of NHsz gas on B-doped o-CN exhibits contrasting
behaviours depending on whether the doping occurs at the carbon (C) site or the nitrogen (N)
site. When NHz gas interacts with B-doped a-CN at the C site, the Eags value is notably low,
indicating a weak interaction. The NHs gas molecule acts as a charge acceptor in this
scenario, with a charge transfer of 0.35 electrons from the a-CN system to the gas molecule.
This minimal charge transfer and low adsorption energy highlight the weak physisorption
nature of the interaction at the C site. (Figure 4.9 (a),(b),(c)).In contrast, when B is doped at
the N site of o-CN, the interaction with NHz gas is markedly stronger, resulting in
chemisorption. This is evidenced by a significantly higher Eags value of -2.89 eV and a much
shorter adsorption distance of 1.58 A. The stronger interaction at the N site is further
corroborated by the projected density of states (PDOS) analysis. The PDOS reveals
substantial hybridization among the N(NHs)-2s, H-2s, N-2p, C-2p, and N-2s orbitals at the
Fermi level. This hybridization suggests a more significant electronic interaction and bond
formation between the gas molecule and the doped system. (See Fig 4.9 (f))
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Figure 4.9: Minimum energetic configuration, band structure and PDOS plots of NH3 adsorbed B-
doped (at C site) a-CN (a, b, ¢) and B-doped (at N site) a-CN (d, e, T)
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Table 4.2: Structural parameter, adsorption distance, adsorption energy, electronic bandgap of
Boron doped a-CN with gas molecule

Bond length (A) q Eae g,
System cC | yun | BN | BC Angle (°) A | @) | @V
% adlig:cp)):?on - | 265 1451201 ﬂgg;gf‘g ) ) )
° co ~ | 265 145 | 1.99 }g’gﬁﬁ‘;ﬁﬁi 323 | 010 | -
% NO ~ | 269|150 | 1.65 182??232 267 | 026 | -
@ 74.28CEN
NHs ~ 270 | 149 | 285 | [+ gy | 173 | 043 | -
e, disf_g:fon 172 | -~ | 250 | 148 1919§i27‘t(c(ff_;) ~ |~ | 156
| co |1e2| - |267] 154 18;;‘;&2 156 | -1.79 | 1.69
:;!). NO | 1.63| - | 269 154 1882?2?2 158 | -1.75 | 046
@ NH; | 162 - | 267|154 ﬂgggﬁiig 158 | -2.89 | -

4.3.4. Adsorption performance of CO, NO and NHs gas molecules on Al doped a-CN

For Aluminium doped o-CN, the most stable configuration is when a CO gas
molecule adsorbs atop the Al atom. This adsorption process is characterized by Eags of -0.88
eV and an adsorption distance of 2 A, (See Table 4.3)which signifies the formation of a
covalent bond, indicative of chemisorption. The projected density of states (PDOS) analysis
provides clear evidence of this bonding interaction. It reveals overlapping orbitals at the
Fermi level, specifically the C(CO)-2p, Al-3p, O-2p, and C-2s orbitals, which collectively
demonstrate the bonding between the CO gas molecule and the o-CN surface. This

comprehensive analysis is detailed in Figure 4.10 (a), (b), and (c).

Here, NO gas molecule is observed to adsorb on Al doped a-CN atom with even
greater energy. The adsorption energy in this case is -1.89 eV, and the adsorption distance is
measured at 1.77 A. The optimized structure of this adsorption configuration, depicted in
Figure 4.10 (a), clearly shows chemisorption, characterized by the formation of a covalent
bond between the NO gas molecule and the Al-doped a-CN. This conclusion is further
corroborated by the PDOS analysis, which reveals significant orbital overlapping at the Fermi
level. The involved orbitals include O-2p, Al-3p, N-2p, N(NO)-2p, N(NO)-2s, and Al-3s,
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underscoring the strong electronic interaction and bond formation. Additionally, the NO gas
molecule acts as a charge acceptor, with a charge transfer (Aq) of -0.121 e. This indicates a
notable transfer of electron density from the a-CN surface to the NO molecule, enhancing the

stability of the adsorption configuration. (See Table 4.4)
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Figure 4.10: Minimum energetic configuration (a, d, g), band structure (b, e, h) and PDOS plots (c,
f, i) of CO, NO and NHs gas molecules adsorbed on Al doped a-CN (at C site) respectively
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NH3 gas molecule adsorbs onto Al doped a-CN with an adsorption energy of -1.24 eV
and an adsorption distance of 1.96 A. This interaction leads to the formation of a covalent
bond between the Al atom and NHz gas molecule. Additionally, PDOS plot reveals significant
overlapping of Al-3p, H-1s and N(NHs)-2s orbitals at the Fermi level. (See fig 4.10(i))This
observation underscores the strong interaction and bond formation at the electronic level,
contributing to the overall stability and electronic characteristics of the adsorbed system. The
adsorption process is energetically favourable, as indicated by the negative adsorption energy.
The relatively short adsorption distance suggests a strong interaction between the adsorbent
and the adsorbate. The formation of a covalent bond between the Al atom in the doped a-CN
and gas molecule is critical, as it affects the electronic properties of the material. The PDOS
plot further illustrates the intricate electronic interactions taking place, showing how the
orbitals of Al, H, and N contribute to the bonding and overall stability of the system.

Table 4.3: Structural parameter, adsorption energy, adsorption distance, electronic bandgap of
Aluminium doped a-CN with gas molecule

Bond length (A) g c c
System Angle (° ads g
Y cClaun | an | ac | 20 1@ | v | e
Before 101.86CAN) | -- -
£ adsorption | 262 | 186 | 286 | 155 p70an0) )
O 100.56(CAN)
= co - | 262 | 180 | 282 | [ooqmnc | 2 | 088 | -
©
D 103.87CAN)
_g,— NO -- 2.63 1.83 2.84 123'42(CAI-T-C)) 1.77 | -1.89 -
=z 109.34C-AN
< NH3 - | 262 | 177 | 279 | Sitanc | 196 | 124 | -

Page | 70



CHAPTER 4

Table 4.4: Lowdin charge transfer analysis

Gas System Doping site Lowdin charge (e)
molecule on atoms
CO Isolated gas molecule 9.8307
B doped a-CN C site 9.8314
N site 9.3767
Be doped a-CN C site 9.5462
N site 9.4882
Al doped a-CN C site 9.8125
NO Isolated gas molecule 10.8408
B doped a-CN C site 10.5149
N site 10.7767
Be doped o-CN C site 10.6968
N site 10.6119
Al doped o-CN C site 11.037
NH3 Isolated gas molecule 7.8456
B doped a-CN C site 7.493
N site 7.3974
Be doped a-CN C site 7.5977
N site 7.5723
Al doped o-CN C site 7.8874

4.3.5. Work function Analysis

In the study of gas adsorption, it becomes imperative to examine the impact on crucial
parameters such as the Fermi level and work function (¢) of the material. This is particularly
significant in the context of ¢-type sensors, where the estimation of work function values
before and after gas adsorption operations is essential. A Kelvin oscillator instrument is
commonly employed in these sensors to gauge ¢-values. The gate voltage is modulated in
response to changes in the work function induced by gas adsorption, generating an electrical
signal. Defined as the minimum energy required to transfer an electron from a material to a
location just outside its surface in a vacuum?!, the work function (¢) is a critical parameter
in understanding material behaviour in gas sensing applications?

@ = Evac - EF 2

In equation (2), where Evac represents the vacuum energy level and Er denotes the Fermi
energy, it is observed that when Evac equals 0, ¢ can be expressed as -Er. The alteration in ¢
value within an adsorbent system due to gas adsorption significantly impacts its field
emission properties, a relationship that can be elucidated through the classical Richardson-
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Dushman equation. This equation provides a means to correlate the field emission current

density for electrons in a vacuum?®
j= AT%exp(-p/KT) (3)

where A stands for Richardson constant (A/m?) and T is the temperature.

Equation (3) indicates that the field emission current varies in inverse exponential proportion
with respect to the work function. Which implies that the system which has considerable
change in ¢ upon adsorption, will make a good candidate for work function based (¢- type)
sensor. Table 4.5 presents the calculated work function values before and after adsorption.
The work function plots?*,provide a parallel narrative to the interpretation presented in Table
4.5. Figure 4.11 illustrates the work function variations pre- and post-gas adsorption for both
doping sites in the case of Be-doping. Likewise, Figures 4.12 and 4.13 showcases work
function plots for B-doping, and Al doping, delineating changes before and after adsorption
respectively. These visual representations help us understand how the work function values
change with the adsorption of gas molecule on the system, giving us important information
about the surface behaviour of the system and electronic properties of the doped material

when exposed to gases.

Table 4.5: Work function analysis of Be, B and Al doped a-CN upon CO, NO and NH3

adsorption
After adsorption )
Before A¢ for adsorption
Doping . ¢ (V)
System adsorption
Site
¢ (eV) CO | NO | NHs CO NO NHs
B doped C-site 5.72 568 [6.08 |3.99 |-069% |6.29% -30.24 %
a-CN N-site 5.22 556 |6.20 | 6.82 | 6.51% 18.77 % | 30.65 %
C-site 541 472 1516 |543 |-1275% | -4.62% | 0.36 %
Be doped
a-CN N-site 6.22 490 | 472 |6.03 |-21.22% |-24.11% | -3.05%
Al doped )
N C site 4.27 3.71 | 423 | 341 |1311% |0.93% 20.14 %
a_
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Figure 4.11: Work function plot of (a) Be doped a-CN at C side, adsorbed (b) CO gas (c) NO gas
(d)NHs3 gas on Be doped a-CN at C site (e) Be doped a-CN at N site, adsorbed (f) CO gas (g) NO
gas (h) NH; gas on Be doped o-CN at N site
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Figure 4.12: Work function plot of (a) B doped a-CN at C side, adsorbed (b) CO gas (c) NO gas (d)
NHs gas on B doped a-CN at C site (e) B doped a-CN at N site, adsorbed (f ) CO gas (g) NO gas (h)
NHs gas on B doped a-CN at N site
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Figure 4.13: Work function plot of (a) Al doped a-CN at C side, adsorbed (b) CO
gas (c) NO gas (d) NH; gas on Al doped a-CN at C site

Notably, significant alterations in the work function are observed upon CO gas

molecule adsorption in the case of Be-doped a-CN at the N site, indicating a discernible
impact on the system's conductivity after the adsorption. Furthermore, considering the NO
gas molecule, the most substantial change in work function is detected in Be-doped a-CN at
the N site, suggesting its potential suitability for ¢-type sensors of NO gas molecules.
Similarly, for NHs gas molecules, the highest change in work function occurs in B-doped
a-CN at the C site, indicating its candidacy for NHsz gas molecule detection. Therefore, Be-
doped a-CN at the N site and B-doped a-CN at the N site are most suitable candidates for ¢-
type sensors of CO, NO gas and NHs gas respectively.
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4.3.6. Recovery Time Analysis

For a gas sensor, the recovery time (t) stands as a crucial parameter, representing the
duration anticipated for the adsorbate to undergo self-desorption. Essentially, T serves to
outline the simplicity or complexity of the desorption process. Ideally, a sensor should exhibit
a swift recovery time [34]. It is imperative for gas sensors to evade strong interactions with
gases, as such interactions hinder the dissociation of gas molecules, thereby prolonging the
desorption process and leading to longer recovery times. The formula governing t is

expressed as follows?
- Eqgs
T:UIeXp(_ K;i") )

To calculate 7, we have taken attempt frequency v = 10%? s (for IR radiation) and
absolute temperature T = 300 K (see table 4.6).

In the case of NO gas molecule, for both B doping at the C site and Be doping at the
N site, the computed recovery time is determined to be 10 seconds, which aligns optimally
with the requirements for gas sensing applications but in the case of Al doped a-CN, the
computed recovery time is notably prolonged, extending to several hours. Such extended
recovery times renders it is suitable for NO gas removal applications from environment. In
contrast, for CO and NHz gas molecules for Be doping at the N site and B doping at the N
site, respectively again the long recovery time suggests it’s application as a removal of toxic
gas from the environment. On the contrary, B doped a-CN at both the C and N sites exhibits
very small recovery times for CO adsorption, yet due to their minimal adsorption energies

and substantial adsorption distances, they are unsuitable candidates for gas sensors.
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Table 4.6. Recovery time for different gas adsorptions.

System Gas molecule | Doping site | T (s)
C-site 47.8x101?
CO
N-site 1.17x10'8
C-site 2.31x10°8
B-doped o-CN NO i
N-site 2.4x10%7
C-site 1.67x10°
NH3
N-site 3.54x10%
C site 1.7x10*
(6{0)
N site 1.52x10"!
C site 2.37x1077
Be-doped a-CN NO
N site 7.30x10%?
C-site 4.61x108
NH;s
N-site 4.19x10%
Al doped a-CN CO C site 06.30 x 10%?
NO 08.11 x 10%°
NH3 6.78 x10°8

4.4. Conclusion

In this chapter, we have calculated the structural, electronic, and sensing properties of
Beryllium, Boron and Aluminium doped o-CN monolayers upon the adsorption of CO, NO,
and NHsz gas molecules. The substitutional doping of Be, B and Al atoms, causes some
geometrical and electronic structure variations in the pristine a-CN monolayer. a-CN with
Boron doping at C site is unsuitable for CO adsorption due to the large adsorption distance
exceeding 3 A. However, it proves suitable for NO and NHj3 sensing, as evidenced by optimal
adsorption energies and distances. Conversely, for B doping at the N site and Al doping at C
site are more suitable for removal applications, owing to highly negative adsorption energies
and prolonged recovery times. Similarly, for Be doping at the C-site, a-CN demonstrates
efficacy in removing all three gas molecules. The recovery time for NO adsorption over B
doped a-CN at C site is on the order of nanoseconds, which registers its candidature for an
“ultra-fast” sensor. From the work function analysis, we can conclude that B-doped o-CN at

C-site as well at N-site is most suitable for a ¢-type sensor in the case of NHs adsorption.
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