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ARTICLE INFO ABSTRACT

Keywords: One of the commonly employed chemical feedstocks is formaldehyde (CH20), which has diverse applications in
Formaldehyde many fields. However, CH20 might have detrimental effects on human because of its toxicity. Hence, it is of
Graphdiyne

utmost significance to effectively monitor and detect CH20. Within this piece of research, the adhesion attributes
of the pristine graphdiyne (PGRD) and Pt-doped GRD (Pt@GRD) for CH,0O were examined through DFT calcu-
lations. Moreover, the HOMO-LUMO energy levels, electrostatic potentials, energy band structures, adhesion
structure parameters, and doping site optimizations of the Pt@GRD were investigated. Based on the results,
doping the Pt atom the optimal site (CII) dramatically reduced the energy gap and substantially enhanced the
electrical conductance. The PGRD was not suitable for the detection of CH20 with high sensitivity since it used
mainly physisorption. However, there was a robust chemical adsorption between Pt@GRD and CHO via the
chemical reaction and hybridization of the Pt-d orbital with the molecular orbital of CH20. The performance of
Pt@GRD as a novel 2D material in detecting CHO was extremely high. The current results can provide useful
insights into developing future sensors for the detection of various gasses.

Electrostatic potentials
Gas sensors

1. Introduction

In recent years, the emission of hazardous pollutants from soil, air
and water has been one the undesirable outcomes of industrial de-
velopments, which has negatively impacted on the human health as well
as the on climate. Formaldehyde (CH0) is one these pollutants, which
has a pungent smell and it is colorless [1]. In different chemical in-
dustries such as house detergents, cosmetics, food preservation, paints,
adhesives and textile industry, CH,O is used as an important reagent
[2-5]. Moreover, CH50 is liberated from furniture [9] and it can be
generated from a photochemical reaction [6,7]. There are common side
effects associated with CH,O as a toxic material [8], for example nasal
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tumors, nasopharyngeal cancer, harm to the endocrine and nervous
systems and inflammation of the eyes [9-11]. Considering the above-
mentioned facts, finding a suitable material capable of removing
CH>0 or being used as a CH20 sensors is of utmost significance.
Owing to their simple fabrication method, cost-effectiveness and
high sensitivity to diverse gasses, semiconducting gas sensors based on
metal oxides have been replaced with old technologies such as gas
chromatography and mass spectrometry, which is turn due to the de-
velopments made in nanotechnology [12-14]. Nevertheless, there are
several drawbacks to metal oxide-based gas sensors like long recovery-
response and high operating temperatures [15]. The above-mentioned
drawbacks were overcome after the advent of 2D materials [16]
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thanks to their unique attributes such high surface sensitivity to the
environment, superior optical properties, high surface activity, chemical
inertness and high specific surface area. These attributes have made 2D
materials ideal for different applications in the chemical sensing field
[17-21]. As an instance, one of sensing materials used for the detection
of NO was MoS; [22]. Moreover, graphene (Gr) was demonstrated to be
capable of sensing carbon dioxide, and the monolayer graphene had a
noticeable impact upon the adhesion strength and the charge transport
of NO molecules [23-27].

One of the newly discovered members of 2D carbon-based nano-
materials is graphdiyne (GRD), which is a diacetyl carbon isotope with
most stability [28-30]. In comparison to Gr, GRD has unique attributes
such as high physical stability and chemical activity because of its
unique C atom structure with sp- and sp? hybridization [31-36]. Such
unique properties are not only conducive to the transport of electrons,
but also provide it with great performance in catalysis and adhesion
[37]. GRD has the potential to be used for different purposes such as gas
separation, sensing, catalysis and energy storage. In a study by Kim and
Lee et al., GRD demonstrated a dramatic increase in the adhesion of SO,
after it was doped by nitrogen and after a single C atom defect was
introduced [38]. In a study by Lu et al., the Mn-doped GRD sensing
response towards different gasses like NH3 and CO was investigated
[39]. In a study by Zhang et al., Pd-doped GR was used for monitoring
dissolved gasses in the transformer oil [40]. In another study by Hussain
et al., nitride pore GRD, GRD as well as its heterogeneous structure were
used for analyzing the gas sensitiveness of volatile organic compounds
[41]. In a study by Zhao et al., the introduction of sp-N dopant was
demonstrated to be conducive to the adhesion and electron transport of
oxygen in GRD [42]. The above-mentioned pieces of research not only
demonstrate the suitableness of GRD as a gas sensor, but also show that
its modification through doping can enhance its attributes. Doping C-
based materials through metal and non-metal atoms can increase their
electrical conductance and their thermal stability. Also, it can increase
their mechanical response properties and optical index [43]. Platinum
(Pt) is a well-known and commonly used catalyst in various fields
because of its high catalytic activity and stability. Therefore, Pt doping
could enhance the catalytic performance of graphene-based materials.
The Pt atoms have unique electronic, structural, and surface properties
that make them suitable for enhancing chemical reactions. In addition,
Pt atoms have a high surface area, which can improve the efficiency of
charge transfer and enhance electrocatalytic performance. Furthermore,
Pt atom doping can lead to changes in the electronic structure of the
graphene-like materials, which can result in improved energy level
alignment. Hence, it was assumed that doping GRD with the Pt atom
could increase its adhesion performance as a gas sensor [44]. None-
theless, few research studies have investigated the adhesion attributes of
GRD and its modified materials for CH5O.

Within this piece of research, atomic simulations were carried out to
investigate the structural attributes of Pt-doped GRD (Pt@GRD). A GRD
surface model and the Pt@GRD were optimized and developed using the
first-principles DFT. Several properties of CHyO such as the HOMO/
LUMO energy level difference, electrostatic potential, density of states
and adhesion energy, were investigated to understand its intrinsic
adhesion mechanism on the surface of pristine GRD (PGRD) and
Pt@GRD. The results can provide insights into the application of GRD as
a gas sensing material, as well as modification and use of 2D C-based
materials.

2. Computational details

The GAMESS software was applied for performing the calculations in
this work [45]. The B3LYP/6-31G* method was adopted in order to
perform NBO, electronic-energy analyses and structural optimizations.
For the sake of evaluating London and Van der Waals forces accurately,
we included the term “D3” [46]. According to the literature, B3LYP,
which has widespread applications, is incapable of calculating
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dispersion interactions [47-50]. After the full structural optimizations,
the harmonics were also computed to demonstrate that structures with a
positive frequency are true local minima. The binding energy (BE) was
computed as below to evaluate the stability of Pt@GRD:

Eu = EPt—GDY - EGDY - EPr (1)

where the energies of a single Pt atom, the PGRD and that of the system
after doping are designated by Ep;, Egpy and Ep¢.gpy [51]. The adhesion
energy of EGDY on the surface of PGRD and Pt@GRD was calculated as
follows:

Eml = EPt—GDY/g(m - EP:—GDY - Egzm (2)

where the total energy of a single CH,0 molecule, the energy of the
Pt@GRD prior to the adhesion of CH30, and the energy of Pt@GRD
following the adhesion of CH>O are designated by Egas, Ept.gpy and Epg.
GDY/gass [52]. The adhesion performance of substrate materials on ad-
sorbents can be assessed using the adhesion energy. The negative value
of adhesion energy demonstrates the spontaneous adhesion of gas
molecules the absolute adhesion energy value demonstrates the stability
of the adhesion process [53]. The energy values of HOMO and LUMO are
used to represent electron affinity (A) and ionization energy (I),
respectively. Specifically, IE is equivalent to the negative value of
HOMO, while EA is equivalent to the negative value of LUMO. The
stability and structural reactivity of a material can be determined by
utilizing its global chemical potential (), electronegativity ()), hardness
(1), and electrophilicity index (®). These properties can be calculated
through the following equations [54]:

p= — (11 A)2 3)
1= (1+A)/2 “)
n=(1-A)/2 ®)
0=p2/2 ®)

The following equation can calculate the amount of energy of sol-
vation (Eso}y) which is used to determine the complexes’ solubility in the
solvent phase [55]:

Esony = Ego1 — Egax (7)

where, Ego, and Eg,s denote the complex’s net energy in the solvent and
gas phase, respectively. A polarized continuum model (PCM) was used
to determine the effects of solvent (H,0) [56].

3. Results and discussion
3.1. Structural optimizations of PGRD and Pt@GRD

We established the GRD crystal structure with a lattice parameter of
a=b=19.15A, a = =90° and y = 120°. As depicted in Fig. 1, after the
geometric structure was optimized, 4 different C—C bond types of GRD
(Csp>-Csp?, Csp?-Csp, Csp-Csp’, Csp’-Csp’) had a length of 1.45 A, 1.42
A,1.24 &, 1.36 A respectively [57]. Three doping sites could be replaced
according to the different hybridization types of C atoms in GRD, namely
CI, CII, and CIII. Fig. 2 shows their structures [58]. As shown in Table 1,
based on the energy computations, CII had the lowest BE, so it was
selected as the best site for doping the Pt atom. After doping the Pt atom,
the Pt atom was replaced with the C atom in the optimized structure of
GRD at site CIL. As shown in Fig. 3, after doping the Pt atom, there was
no noticeable deformation in the structure of Pt@GRD and it changed
slightly. For example, the length of Pt-CI bond changed from 1.42 A to
1.96 A in comparison with the initial CI-CII bond and Pt-CIII bond length
changed from 1.24 A t0 1.87 A in comparison with the initial CII-CIIT
bond, which was due to the fact that the Pt atom had larger atomic
radius than the C atom and its electronegativity was different, thereby
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Fig. 2. Schematic plot of the structure of the three doping regions.

Table 1
Binding energies (E,), bond lengths (D), and bandgap (Eg) of various doping
regions in GRD.

Doping site E, (eV) D) Eg (eV)
I —4.217 1.96 2.32
I —7.046 1.87 1.95
11 —5.128 1.92 2.18

causing a negligible alteration in the structure of Pt@-GRD. This alter-
ation provided an empty space for the adhesion of CH,0 molecules [59].
The charge distribution of PGRD and Pt@GRD were obtained by per-
forming the Mulliken population analysis. In the PGRD, sp® hybridized C
atoms had a negative charge, whereas the sp. hybridized one had a
positive charge. Pt@GRD underwent noticeable charge transport, which
indicated the impact of doping the Pt atom on changing the electronic
reactivity of PGRD.

Fig. 4 demonstrates the DOS and the electronic band structures of
PGRD and Pt@GRD. By comparing the energy bands, we can see the
bandgap of PGRD was 2.46 eV, whereas that of the Pt@GRD decreased
to 1.95 eV the Pt atom was doped. This shows that doping the Pt atom
facilitated the transmission of electrons on the surface of doped GRD,
which allowed an easy jumping from the valence band (VB) to the
conduction band (CB) and thus leading to a rise in conductance. There
was perfect symmetry in the DOS diagrams of the spin-down and self-
selected rising images of PGRD and Pt@GRD, which confirmed that
they were not magnetic and that there was a noticeable rise in the DOS at
the Fermi level energy, which reconfirms that doping the Pt atom is
capable of increasing the conductance of GRD, showing that there is a
robust orbital interaction between the surface of GRD and the Pt atoms.
This shows the stability of Pt@GRD-doped GDY and the fact that it
improves the conductance of GRD, which lead to superior attributes for
the adhesion of gas molecules.

The study investigated the interaction of CH,0 with Pt@GRD in the
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Fig. 3. The optimized geometry of the GRD following the Pt atom doping.
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Fig. 4. The density of states plots of (a) GRD and (b) Pt@GRD.

presence of solvents. The difference between the calculated E,q in gas
and solution phases indicated stronger interactions in the solution
phase, with more negative E,q values confirming this. The E,q of CH0 in
the gas phase was —1.57 kcal/mol, which increased to —2.32 kcal/mol
in a water medium. This suggests that in a solvent medium, the solubility
of CH,0 molecules increases, leading to an increased value of adsorption
energy.

3.2. The adhesion of CH20 onto PGRD
The adhesion parameters and configurations (CFGs) related to the

Table 2
Adhesion energies (E.qs), adhesion distance (D), and bandgap (Eg) of the CH20
adhered onto the PGRD.

Systems Eads (eV) DA Eg (eV)
GRD - - 2.46
GRD-CH,O —0.417 2.04 2.39

adhesion of CH20 by GRD are demonstrated in Table 2 and Fig. 5, which
were computed using rational structural optimization and computa-
tions. Based on the findings, the adhesion of CH20 molecules did not
deform the geometry of GRD significantly and CH»O molecules
remained mainly in their initial structure. Moreover, as shown in
Table 2, the absolute adhesion energy value was less than 0.5 eV for the
CH50 adsorbed system [60], which indicated the amount of energy
exchange between CH>0 and GRD was negligible and the adhesion na-
ture was physical. Based on the results, CH,O had a physical adhesion on
the PGRD. Despite the interaction between atomic orbitals, it was not
strong enough, so the PGRD can be used a suitable sensing material to
monitor gasses. Hence, improving the adhesion attributes by doping the
Pt tom is necessary.

3.3. The adhesion of CH20 onto Pt@GRD

Based on previously performed structural optimizations and BE
computations, Pt doping at site CII had the highest stability. To compare
the performance of Pt@GRD and PGRD in adsorbing CH20, the adhesion
site above the Pt atom was selected as the only initial adhesion site.
Fig. 6 shows the final adhesion CFG after the structure was optimized.
Following the full relaxation, the Pt@GRD whose atoms were in the
same plane bend noticeably following the adhesion of CH5O at the Pt-
doped side. Moreover, there was a considerable change in the ener-
getic and structural parameters following the adhesion of CH5O (see
Table). As an instance, the Pt—C1 bond increased from 1.93 A to 2.08 A
following the adhesion of CH20. The structural changes indicated that
there were robust interactions between the surface of Pt@GRD and
CH20. As shown in Table 3, the absolute adhesion energy values for
Pt@GRd for CH,0 was more than 1.57 eV. This indicated the chemical
adsorption of CH20 on the Pt@GRD.

The energy band structures for the adhesion of CH;0 were analyzed
computationally for carefully investigating the relationship between the
adsorption mechanism and the electronic attributes. As shown in
Table 3, the bandgap of the original Pt@GRD was 1.95 eV, whereas the
bandgap after the adhesion of CH20 decreased noticeably to 1.19 eV,
which demonstrates a noticeable change prior to the adhesion. The
decreased distance between the VB and the CB resulted in an easier
electron excitation for electron jumping, thereby enhancing the
conductance of the system. This demonstrated that CH,O adhesion at-
tributes of modified GRD after doping the Pt atom were better. A com-
parison of the earlier energy band structure analysis, doping the Pt atom
noticeably increased the adhesion performance of CH2O.
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Fig. 5. The schematic of optimized structure for PGRD with CH,O complex.

3.4. Electrostatic potential analysis (EPA)

Taking into account the electrostatic impacts throughout the process
of adhesion is important to examine the intermolecular adhesion
behavior. The computed electrostatic potential (EP) on the Pt@GRD can
be seen in Fig. 7. The EP diagram is green in color at all sites in the
changed GRD apart from the Pt atom, and it shows a negligible charge
transport. The red or yellow color is the Pt atom, and it shows the
likelihood of a reaction at this site [42]. After the adhesion of CH,0 onto
the changed GRD, the C atoms surrounding the Pt atom donated

electrons to the region between CH,0 and the Pt atom for increasing the
attractions between CH20 and the surface and the O atom gained elec-
trons throughout the adhesion process.

3.5. Analysis of inductive attributes and frontier molecular orbital (FMO)
theory

One of the important parameters in monitoring gasses is the sensi-
tivity of gas sensors. Safety hazards can be eliminated by using highly
sensitive gas sensors. By carefully analyzing the adhesion energies,
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Fig. 6. The schematic of optimized structure for Pt@GRD with CH;0 complex.

Table 3
adhesion energies (E,q,), adhesion distance (D), and bandgap (Eg) of the CH,0
adhered onto the Pt@GRD.

Systems Eags (€V) DA Eg (eV)
Pt@GRD - - 1.95
Pt@GRD/CH,0 -1.57 1.83 119

adhesion distances, DOSs, and electrostatic potentials theoretically, we
found that CH20 had a stable adhesion on the Pt@GRD. The FMO theory
was used for predicting the conductance of Pt@GRD theoretically to
show the possibility of employing it as a novel 2D material in practical
electrical installations since the bandgap of a 2D material and its
sensitivity are related based on the equation below [61]:

Scxexp (|AEg| ) 8)

2kT
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Fig. 7. The electrostatic potential of CH,O adhesion onto Pt@GRD.

where AEg, K and T, respectively, are the difference in bandgap prior to
and following the adhesion, the temperature, and the Boltzmann con-
stant (8.62 x 107° eV K’l). Hence, the AEg value can be used to assess
the sensitivity of the CH20 adhesion system.

As shown in Fig. 8 and Table 4, there was a decrease in the bandgap
of the CH,0 adhesion system, which demonstrated a strong chemical
adhesion of CH,O molecules on the P@GRD and the viable use of
Pt@GRD as an appropriate sensing material for CHO. There was no
significant change in the HOMO distribution in the CH,O adsorbed
system in comparison with Pt@GRD, whereas there was a significant
change in the HOMO distribution, which was line with the previously
computed obtained bandgap values. In short, the chemical response of
Pt@GRD towards CH20 was good, which shows its potential as a sensing
material.

Table 5 displays the quantum molecular descriptors of all the sam-
ples that were computed, showcasing their electronic properties and
chemical reactivities. A material having smaller values of p, n, and Eg
generally indicates a higher level of chemical reactivity and simpler
charge transport. Additionally, a molecule possessing a higher electro-
philicity index (w) is deemed to have superior electrophilic properties.
The ionization potential (I) of a Pt@GRD can impact its hole injection
ability. A reduced I typically suggests an improved hole injection
capability. The Pt-doped GRD has the smallest I value of 3.56 eV
compared to the undoped GRD. This suggests that the Pt-doped GRD
might hold the greatest potential to be used in sensors due to its superior
hole injection capability. The chemical stability of a material is often
associated with its hardness (), which is a measure of its resistance to

reactivity. Hence based on the n the tendency to interact with Pt@GRD
with CH20 is more than pristine GRD.

3.6. Recovery time

The time needed for gas desorption from the surface of a material is a
crucial indicator in evaluating the sensing capability of sensor material
and is referred to as recovery time. The recovery time can be calculated
as follows:

1 —E4
T=A""exp (ﬁ) 9

Herein, A is attempt frequency constant, which is 10" 571 [62].
Furthermore, the energy barrier that must be overcome during the
desorption process is often substituted by the adsorption energy and the
test temperature, represented by E,q and T, respectively. At 298 K and
598 K, the desorption time of CH20 in the Pt@GRD monolayer has been
computed. At a temperature of 298 K, CH50 release from Pt@GRD
monolayer is basically inaccessible. Thus, it can be inferred that CHyO
gas is capable of maintaining a stable existence within Pt@GRD mono-
layer. However, it exhibits a relatively short desorption time on the
material surface up to 598 K, averaging about 0.76 s.

4. Conclusion

The adhesion mechanism of CH;O was carefully investigated on the
PGRD and Pt@GRD through DFT calculations. Also, several properties of
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Fig. 8. The schematic of HOMO and LUMO distributions for (a Pt@GRD (a) and (b) Pt@GRD/CH30.

Table 4
Computed parameters of the frontier orbitals in the system prior to and
following the adhesion of by PGRD and Pt@GRD.

Systems Exomo (eV) Erumo (eV) Eg (eV)

GRD —4.90 —2.44 2.46

GRD-CH,0O —4.80 —2.41 2.39

Pt@GRD -3.56 -1.61 1.95

Pt@GRD/CH,0 —2.78 -1.59 1.19
Table 5

The value of quantum molecular descriptors for PGRD and Pt@GRD.

Systems I(eV) A (eV) u(ev) x(eV) n(ev) w(eV)
GRD 4.90 2.44 -3.67 3.67 1.23 5.48
GRD-CH0 4.80 2.41 -3.61 3.61 1.20 5.44
Pt@GRD 3.56 1.61 —-2.59 2.59 0.98 3.43
Pt@GRD/CH>0 2.78 1.59 -2.19 2.19 0.60 4.01

CH30 such as the HOMO/LUMO energy level difference, electrostatic
potential, density of states and adhesion energy were investigated.
Based on the results, CII was the most suitable site for doping the Pt atom
on the acetylene chain, which was the most stable CFG with the smallest

BE. Furthermore, doping the Pt atom decreased the bandgap from 2.46
eV to 1.95 eV in the PGRD, and there was an enhancement in the
conductance and electrochemical reaction attributes. Additionally,
CH,0 did not have a satisfactory adhesion on the PGRD, but Pt@GRD
dramatically improved the chemical adhesion, which was due to the
overlapping between the molecular orbitals of CH,O and the Pt-
d orbitals. This allowed the occurrence of chemical reactions and hy-
bridization between the orbitals, which was conducive to forming new
bonds and the stable occurrence of the adhesion. So, Pt@GRD can be
considered an appropriate 2D sensing material for CH;0O. Based on the
HOMO/LUMO of the adhesion system, Pt@GRD was capable of chang-
ing conductance, rearranging charges and inducing hybridization effects
during the adhesion of CH,0. Hence, Pt@GRD is capable of monitoring
CH,0 with adequate sensitivity, and it could be considered a suitable
sensing material for gasses. The current study can provide a theoretical
basis for designing 2D materials such as GDY for sensing toxic gasses.
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