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ABSTRACT ARTICLE HISTORY
In tropospheric hydrocarbon oxidation triggered by the OH radical, formaldehyde (H2CO) is an Received 18 April 2023
essential reactive intermediate product. because of its toxicity and volatility, formaldehyde is harm-  Accepted 20 August 2023

ful to human health. Therefore, formaldehyde removal is important for environmental pollution KEYWORDS

study. For multiple adsorption states, we present the adsorption energies, structures, energy gap H,CO; adsorption; Be1,01
(Eg), charge transfer, and electronic characteristics of formaldehyde (H,CO) on primary cations Lit, fullerene; charge transfer
Li-, and two Li-encapsulated fullerene-like beryllium oxides (Be1012, Lit@Be 2012, Li@Beq12012,

and 2Li@Be1,01,, respectively). By using DFT calculations, the results have been interpreted. The

results show that the H,CO molecule weakly adsorbs to fullerene-like Be1,015, resulting in an energy

release of around —0.38 to —0.14 eV and no substantial changes to its electrical characteristics. Com-

pared to pure fullerene-like Be;,015, the H,CO adsorption properties of Lit@Be1,013, Li@Be12012,

and 2Li@Be,01; are significantly improved. With the addition of H,CO, the most stable configu-

ration energy gaps (Eg) shrank from 3.49 to 2.96 eV in the Li@Be1,012 and 2Li@Be1,012 samples.

Additionally, it was demonstrated that following H,CO adsorption, the electrical conductance of

Li@Be1,01; and 2Li@Be1,012 may be enhanced. The presence of H,CO molecules affects Li@Be1,012

and 2Li@Be1,015.
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Introduction

Pollution has a profound economic, scientific, and social
influence on nations worldwide. Air pollution from traf-
fic is among the essential residual sources of exposure
for people in industrialised nations, where emissions are
tightly controlled. In tropospheric hydrocarbon oxida-
tion triggered by the OH radical, formaldehyde (H,CO)
is an essential reactive intermediate product. H,CO con-
centration in the atmosphere ranges between 1 and 10
parts per billion. It is also a well-known contaminant
released by incomplete combustion. Because of its solid
chemical reactivity and thermal stability, H,CO is fre-
quently employed in industrial production processes.
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Figure 1. Optimised pristine Be1,01; (fullerene-like) and DOS plot.

Formaldehyde is found in various construction mate-
rials, including foams, polymer goods, and consumer
paint [1-9]. Therefore, detecting hazardous molecules
is critical. Researchers have searched for nanostructures
containing no carbon, e.g. BeO, BP, ZnS, AlP, AIN, SiC,
and BN, since carbon nanotubes (CNTs) were devel-
oped [10-18]. Nanocage materials, e.g. endohedrals and
fullerenes, have been extensively evaluated [19-22]. BeO
is a vital alkaline-earth oxide. It could stem from an
essential covalent component of the Be-O bond (which
is initially ionic) [23,24]. The energy gap between the
HOMO and LUMO levels plays a crucial role in nanos-
tructure stability. BeO bonding determines the physic

Figure 2. HOMO and LUMO of pristine Be1,01;(fullerene-like).



mechanical properties of BeO with a high melting point,
excellent hardness, high elastic contents, and high ther-
mal conductivity [25,26]. The synthesis of BeO nanopar-
ticles provides insulation materials with a wide bandgap
(nearly 10.6 eV) [27,28]. Researchers have examined the
adSOI‘ptiOIl of H,, H,S, NH4, CHy, H,O, CO, and CH,0O
on BeO nanostructures [29-33]. The present work sub-
jects the fullerene-like Bej;0;, nanostructures to first
principle calculations to demonstrate the dependence
of their electronic properties on H,CO adsorption and
evaluate their gas-sensing potential.

MOLECULAR PHYSICS e 3

Computational details

The interaction between fullerene-like Bej;0;, and
H,CO molecules was theoretically investigated and esti-
mated through density functional theory (DFT) based
on the M062X functional [11,34]. 6-311G (d, p) basis
set was adopted to describe the atoms, and the GAMESS
code was employed to perform the contraction scheme
[35]. Density of state (DOS) analysis was conducted in
GaussSum [36]. The present work optimised the systems’
geometries in a constraint-free optimisation approach.

B
2.01 /‘v

Figure 3. Configurations for stable adsorption of H,CO molecules on the Be1;015.
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The adsorption energy is given by:

Euq = E (H2CO/Be2012) - E (BenO12) — E (H,CO)
(1)
E (Be12012), E (H,CO), and E (H,CO/ Bej,013) denote
the fullerene-like Be;;0;; energy, H,CO molecule
energy, and total adsorbed H,CO energy, respectively.

Adsorption is exothermic when the adsorption energy is
negative and vice versa. The change in HOMO-LUMO
gap of Be1,01; fullerene-like after H,CO adsorption cal-
culated by:

AEg = (gapcomplex_gapBeuOlz)/gapBe12012)) (2)

Table 1. Calculated adsorption energy (Eads), HOMO energies (Eqomo), LUMO energies
(ELumo), HOMO-LUMO energy gap (Eg) for H,CO molecule adsorption of perfect Bej;013

fullerene-like systems in eV.

System Eags(eV) + BSSE Exomo Elumo Eg * AEg (%) **Qr(le])
Be12012 - —10.63 —0.48 10.11 - -

A —0.27 —10.42 —0.43 9.92 1.74 0.22

B —0.36 —10.34 —0.58 9.70 3.88 0.25

C —0.12 —10.51 —0.34 10.11 0.04 0.03
D —0.17 —10.45 —0.32 10.06 0.38 0.05

*The change in HOMO-LUMO gap of Be;04; fullerene-like after H,CO adsorption **QT is defined as the
average natural bond orbital (NBO) population analysis charge on the molecule.
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Figure 4. The DOS plot of H,CO adsorption structures on perfect Be;,01y(fullerene-like).



Results and discussion
Optimised Be1,01; fullerene-like

Pristine surfaces were examined before analyzing the
impacts of HyCO adsorption on the Be;;O;; surface.
In addition, we evaluated H,CO molecules undergo-
ing adsorption onto encapsulated Be;;0O1,. The present
work evaluated the adsorption of H,CO onto Bej;01,
and endohedral BeO (i.e. Lit@Be;3013, Li@Be12012,
and 2Li@Be;;0;2) through DFT. The fullerene-like

6 - - DOS spectrum
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= Virtual orbitals

: Eg=1008 ||| ||

-1 T T T
1 25
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Figure 5. Optimised cation Li into Be1,04; (fullerene-like) and

DOS plot.
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Be;201; consisted of 6 squares and eight hexagons. It
was employed to serve as a DFT model. The Bej;0;;
structure consisted of single-bonded B and O atoms.
Figure 1 depicts the optimised basic Be;30q; structure
and the corresponding DOS plot. As can be seen, three
Be-O bond types were detected, including tetragon-up
hexagons (1.51 A), hexagons bridged by another hexagon
(1.51 A), and hexagons bridged to squares (1.55 A); that
is consistent with earlier works (i.e. Be-O bond length
of 1.52 A) [37]. According to the natural bond orbital
(NBO) results, the cluster surface experienced 0.64 e of
charge transform from Be to the adjacent O atoms, imply-
ing that B-O bonds are ionic. According to Figure 1,
Be;»2012 had an excellent insulation capacity, and the
energy gap was 10.11 eV, agreeing with earlier works [38].
The harmonic frequencies were 112.87-1236.20 cm~L,
indicating structure stationarity on the potential energy
surface. Figure 2 plots the HOMO and LUMO of the
Be, 01, fullerene-like structure.

H>CO adsorption on the Be1,01, surface

Several initial configurations were assumed to evaluate
the H,CO adsorption behaviour on Be;,01;. The H,CO
molecules were situated at various locations (e.g. on top
of the porous site, hexagonal and tetragonal rings, and
above the O and B atoms) to identify the configurations
with the highest stability (local minima). Once reliably
identified, the H,CO-Be;, 01, distance was adjusted. The
highest stability distances were found to be 2.01-2.22 A.
Configurations A, B, C, and D were demonstrated to be
stable, and their vibrational frequencies were calculated
to be positive. Figure 3 indicates the stable configurations,
whereas Table 1 reports the corresponding electronic
properties.

According to the results, the H,CO atoms were
the donors. Charge transfer depends on the H,CO
molecule’s orientation. Once relaxation had been com-
pleted, stable complex systems had adsorption energy
values varying from —0.36 to —0.12¢eV, implying an
exothermic adsorption process. According to Figure 3(b),
the H,CO-Bej,01; interaction strength was maximised

Table 2. Calculated adsorption energy (Eads), HOMO energies (Enomo), LUMO energies
(ELumo), and HOMO-LUMO energy gap (Eg) for H,CO molecule adsorption of cation
lithium-encapsulated Be1,01; fullerene-like systems in eV.

System Ead Enomo ELumo Eq * AEg (%) *Qr(le])
Lit@Be;013 - —14.07 —3.68 10.08 - -

T1 —1.47 —13.77 —4.09 9.62 5.97 0.28
T2 —-1.57 —13.65 —-3.87 9.65 5.73 0.29
T3 —1.27 —13.82 —3.95 9.82 417 0.27
T4 —1.32 —13.64 —3.95 9.62 5.97 0.09

*The change in HOMO-LUMO gap of Be1,04; fullerene-like after H,CO adsorption **QT is defined as the
average natural bond orbital (NBO) population analysis charge on the molecule.
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in complex B at a distance of nearly 2.01 A (adsorption
energy = —0.36eV). The adsorption energy of com-
plexes D, C, and A was —0.17, —0.12, and 0.27¢€V,
respectively. Due to the NBO results, configurations A,
B, C, and D experienced a charge transfer of 0.22, 0.25,
0.03, and 0.05 e, respectively, suggesting configurations
C and D had low adsorption strength (physisorption),
whereas complexes A and B underwent chemisorption.
The H,CO orientation and Bej;Oj, sites determine
whether the adsorption mechanism is chemisorption
or physisorption. H,CO adsorption contributed to bare
Be,01; electrical properties were explored. As shown in
Figure 4, H,CO adsorption led to a small electronic alter-
nation of Be;301,. The EHOMO (valance level energy)

T1

and ELUMO (conduction level energy) of the H,CO-
Be;201; system were found to be somewhat different
from those of the pristine fullerene-like Be;,01,. There-
fore, Be;,O1; can be claimed to be an efficient detector of
H,CO. Moreover, it may not be an effective H,CO sen-
sor as the H,CO-Be;,01, system had a poor energy gap
difference from the pristine Be;,015.

Adsorption of H,CO on Li* @ Be1;012fullerene-like

Numerous researchers recently studied ions, molecules,
and atoms encapsulated within carbon and non-carbon
cages [39,40]. Many studies have been conducted on
substances encapsulated in Li and Lit [41,42]. The

T2

Figure 6. Configurations for stable adsorption of H,CO molecules on the cation Li-encapsulated Be1;015.



present work inspected the encapsulation of Bej;012
within Li (Li @Be,01,) to enhance the electronic prop-
erties and adsorption energy of the bare fullerene-like
Be;30q;. Figure 5 and Table 2 represent the stable
Lit @Be;,01; configuration and its electronic properties.
Several adsorbed Bej, 01, configurations were assumed,
e.g. the O or C atom of H,CO near the Be or O head of
the fullerene-like Bej;0;,. H,CO molecules on top of
the porous site as hexagonal and tetragonal rings were
analyzed.

Optimising the configurations indicated that four
assumed configurations had stability and positive vibra-
tional frequencies. As shown in Figure 6, the distances
of the highest stability varied in the range of 1.92-2.02 A
in systems T1, T2, T3, and T4. Table 2 provides the elec-
tronic properties of T1-T4. The Li* ion moved toward
the hexagonal ring upon the adsorption of the H,CO
molecule onto LiT @Be;;01,. The highest stability and

MOLECULAR PHYSICS e 7

smallest adsorption energy configurations were assessed
and evaluated electronically. Table 2 shows that T2 had
the highest stability and adsorption energy of —1.57 eV.
In configuration T2, the H,CO molecule is positioned
from its C head to the cluster surface. H,CO was found
to have been chemisorbed onto LiT@Be;;0;; as the
adsorption energy was obtained, varying from —1.27 to
—1.57eV.

Table 2 shows charge transfer occurred from H,CO
to the endohedral as it was positive. T2 had the highest
charge transfer, which could explain the high T2-H,CO
interaction strength. Figure 7 shows the DOS plot of
H,CO adsorption onto Lit @Be;,01,. As can be seen, the
Lit@Be 01, system in T2 experienced a slight reduc-
tion in the energy gap to 9.68 eV after H,CO adsorp-
tion (the energy gap of pristine the Lit@Be;201, was
10.08 eV). Thus, the LiT@Be;,01, can be claimed to be
insensitive to H,CO.

w— DOS spectrum
= QOccupied orbitals
= Virtual orbitals

*1T1

1| Eg=9.65 \J\f
I ]||\N||I| UL

-5.0 25 5.0
Energy (eV)

—10 0 =7

w— DOS spectrum
- Occupied orbitals
= Virtual orbitals

*1T2

\

-100 -75

L1

25
Energy (eV)

5.0

6 —— DOS spectrum

I 3 = Occupied orbitals

= Virtual orbitals
24
1 g

= DOS spectrum
= Occupied orbitals
= Virtual orbitals

Eg=9.64

h
i — j}w |

-10.0 =75 25

-5.0 —2 5 5.0

Energy (eV)

A
L

25 5.0

—2:5 0.0

Energy (eV)

-5.0

-12.5

—100 =75

Figure 7. The DOS plot of H,CO adsorption on structures of cation Li-encapsulated Be;,01; surface.
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Figure 8. Optimised Li into Be;;01; fullerene-like (endohedral)
and DOS plot.

Adsorption of H,CO on one lithium
atom-encapsulated Be1, 01, fullerene-like

Another possibility was examined to enhance H,CO
detection. The adsorption of H,CO onto endohedral
nanoclusters was theoretically analyzed [19]. A single Li
atom was brought to Be;;01; to enable a dramatic elec-
tronic alternation of Li@Be;,01,. Figure 8 and Table 3
represent the highest stability and Li@Be;,01; electronic
properties structure.

In the systems with encapsulation within a single Li
atom, the HOMO level upshifted to —3.62eV. In con-
trast, the HOMO level of pristine Be;,01, was —10.64 eV.
Also, the fullerene-like Be;,01, showed a small LUMO
upshift, with the Be;30;; energy gap declining to
3.51eV. Therefore, the Li-encapsulated Be;;0;, can
be considered a semiconductor. There are local states
within Li@Be;,01,’s energy gap, which could enhance
Bej,01,’s reactivity. It underwent a 65.42% energy gap
decline to 3.51 eV upon encapsulation in Li. It can be said
that the Be, 01, insulator became a semiconductor due
to Li encapsulation.

To examine the interaction between Li@Be;,0;;, and
H,CO, the H,CO molecule was situated on the endo-
hedral surface. Some initial H,CO/Li@Be;,0;, config-
urations were assumed to identify H,CO adsorption
behaviour. Therefore, the present work positioned H,CO
molecules at various locations, e.g. above the O and Be
atoms from the O head and on top of the porous sites
as hexagonal and tetragonal rings, so that the configu-
ration of the highest stability (local minima) could be
found.

Once the configuration of the highest stability had
been ensured, the initial H,CO-endohedral distance
was adjusted. The most stable H,CO-endohedral dis-
tance varied from 2.01 to 2.11 A. Configurations SI
and S2 showed stability (positive vibrational frequen-
cies), as depicted in Figure 9. Table 3 reports S1 and
§2’s electronic properties. Figure 10 depicts the adsorp-
tion energy through the shortest H,CO-Li@Be;,01, dis-
tance for S1. The lowest adsorption energy represents
the optimal adsorption distance. According to Table 3,
the adsorption energy of S1 was calculated at —1.09 eV,
whereas S2 was calculated to have adsorption energy of
—1.03eV.

Furthermore, S1 underwent a charge transfer of 0.12
e, while S2’s charge transfer was 0.09 e, explaining the
stronger binding of S1 than S2. As the charge transfers
are positive, it can be inferred that it was transferred from
H,CO to Li@Be;,01;. Figure 9 illustrates the DOS plot
of H,CO/Li@Be;,01,. As can be seen, S1 had an energy
gap of 2.84 eV, which is significantly lower than that of

Table 3. Calculated adsorption energy (Eads), HOMO energies (Eyomo), LUMO ener-
gies (ELymo), and HOMO-LUMO energy gap (Eg) for HCO molecule adsorption on
Li-encapsulated Be1,01; fullerene-like systems in eV.

System Ead Enomo Eg * AEg (%) **Qr(le|)
Li@Be1,013 - —3.34 —0.10 3.49 65.40 -

S1 —1.09 —3.45 —0.57 2.84 17.90 0.12
S2 —1.03 —3.47 —0.03 3.48 0.09 0.09

*The change in HOMO-LUMO gap of Be1;04; fullerene-like after H,CO adsorption **QT is defined as
the average natural bond orbital (NBO) population analysis charge on the molecule.
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Figure 9. Configuration for stable adsorption of H,CO on the Li@ Be;,01; (fullerene-like) and DOS plot.

Be;201;. Furthermore, S2 showed a slight energy gap
difference. Li@Be,01, is inferred to be a semiconduc-
tor based on DOS (energy gap = 2.84 eV). The electronic
alternations suggest that Li@Be;,01, is a semiconduc-
tor. As a result, the Li@Be;, 01, structure appears to have
H,CO sensitivity. A significant change is observed in the
DOS plot of H,CO/Li@Be 1,013, implying the potential
electronic sensitivity of Li@Be;,01, to H,CO.

Adsorption of H,CO on two lithium
atom-encapsulated Be1, 01, fullerene-like

Figure 11 plots the optimised Bej,01, structure encap-
sulated within two Li atoms and the corresponding
DOS plot. The 2Li@Be,0;, structures underwent a
HOMO upshift to —3.34 eV (the HOMO level of pristine

Be;;012 was —10.63eV). Moreover, the LUMO level
was upshifted to —0.35eV (the LUMO level of pristine
Be;012 was —0.48eV). As a result, 2Li@Be12,0;, had
an energy gap of 2.96eV (69.44% lower than pristine
Be;2012). Encapsulation into two Li atoms led to a dra-
matic electronic alternation of Be;,01, compared to one
Li-capsulated Be;201;. 2Li@Be;»,01, was calculated to
be a 15.09% lower energy gap than Li@Be;,01,. Thus,
local states exist in the energy gap range of 2Li@Be;,012,
potentially enhancing Be;;01,’s reactivity. It is worth
mentioning that Li atoms moved toward the octagonal
rings during the Be;»01; reaction (Figure 11). Then, the
H,CO molecule was situated above the O and Be atoms
and on top of the porous sites of the tetragonal and hexag-
onal rings of Be;;0;, to examine its adsorption onto
2Li@Be2013.



10 S.CHOTO ET AL.

3
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Figure 10. Adsorption energy as a function of adsorption dis-
tance of H,CO/Li@ Be1,01; complex, stable model (S1).

Three stable HCO/2Li@Be;,0;, configurations were
derived after relaxation. Table 4 shows the adsorption
energy values and electronic properties. According to
Figure 12, Z3 had the highest stability. In Z3, the H,CO
molecule adsorbed from the C head onto the octagonal
ring above the Be atom (~1.97 A). It was measured to
have an adsorption energy of approximately —0.42 eV,
suggesting exothermic H,CO adsorption. Complexes Z1,
72, and Z3 had H,CO molecule charges of 0.114, 0.068,
and 0.323 e, respectively. The NBO results revealed a rel-
ative charge transfer from H,CO to 2Li@Be;,01,. Figure
12 depicts the DOS plot of the H,CO/2Li@Be 013 sys-
tem. As can be seen, Z3 underwent a 23.14% energy gap

decline to 2.71 eV upon H,CO adsorption. Based on the
DOS results, H,CO/2Li@Be;;0;, remains a semicon-
ductor. Thus, it can be said that H,CO/2Li@Be 1,01, is
electronically sensitive to HyCO adsorption. The energy
gap is indeed a determinant of electrical conductivity.
The energy gap and electrical conductivity are classically
related [34]:

o « exp(—Eg/2KT) (3)

In which K is the Boltzmann constant, while o denotes
electrical conductivity. As can be seen, electrical conduc-
tivity is lower at a more significant energy gap at a given
temperature. Be;;01; is expected to change in electrical
conductivity due to H,CO adsorption onto Li@Be; 201,
and 2Li@Be1;013.

The substantial energy gap alternations suggest that
Bej,01; is electronically sensitive to H,CO adsorption.
This is a practical approach to enhance the H,CO sensi-
tivity of BeO since bare Be1,01; clusters may not detect
H,CO. Hence, it is possible to detect H,CO through the
pre- and post-adsorption electrical conductivity levels of
Li-encapsulated Be;201;. Li@Be ;01 and 2Li@Be1, 012
are potential alternatives for H,CO detection applica-
tions. H,CO molecules tend to be adsorbed onto Be1,012
on top of the Be atom. The primary localisation of LUMO
on the Be atom explains H,CO adsorption above the
Be head (Figure 2). The NBO results suggest a change
transfer from Be to the adjacent O atoms on Be;,012,
implying that the Be-O bond is ionic. The adsorption
mechanism includes the polarisation of the H,CO elec-
tron clouds by the positive charge on Be, leading to
electrostatic interactions. The adsorption sites for H,CO
were the Be atoms of positive charge on the surface.
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Figure 11. Structure of optimised 2Li into Be1,01(fullerene-like) and DOS plot.
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Figure 12. Configurations for stable adsorption of H,CO on the 2Li@ Be;,04; (fullerene-like) and (DOS) plot.
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Table 4. Calculated adsorption energy (Eads), HOMO energies (Eqomo), LUMO ener-
gies (ELumo), and HOMO-LUMO energy gap (Eg) for H,CO molecule adsorption on 2
Li-encapsulated Be1,04; fullerene-like systems in eV.

System Eag Evomo Elumo Eg *AEg (%) **Qr(le|)
2 Li@Beq,013 - —3.34 —0.35 2.96 69.44 -

Z1 —0.20 —3.21 —0.40 2.79 13.64 0.11
72 —0.16 —3.24 —0.04 3.01 —6.32 0.06
Z3 —0.42 —3.17 —0.91 2.71 23.14 0.32

*The change in HOMO-LUMO gap of Beq,01; fullerene-like after H,CO adsorption **QT is defined as the
average natural bond orbital (NBO) population analysis charge on the molecule.

The H,CO-Lit@Be;;01; interaction is stronger than
the HCO-Be;20;, interaction. The adsorption energy
of H,CO/Lit @Be;,0;, was obtained at —1.57 eV, while
that of HyCO/Be;20;2 was —0.4eV at the highest sta-
bility levels, which may have arisen from the charge
transfer; the charge transfers from H;CO to Bej2012
and Lit @Be;,01, were quantified to be 0.25 and 0.291 e,
respectively, at the highest stability levels. It can be con-
cluded that Li@Be;201; and 2Li@Be;;0;, are more
desirable than LiT @Be ;01 and bare Be;, 01, for H,CO
detection purposes. Furthermore, a rise in the num-
ber of Li atoms reduced and weakened H,CO adsorp-
tion; Li@Be;20;2 had an absorption energy of —1.09
eV, whereas that of 2Li@Be;;01, was —0.42 eV, imply-
ing that the encapsulation of Be;,0;; into one and two
Li atoms would require higher sensitivity in general.

Conclusion

Because of its toxicity and volatility, formaldehyde is
harmful to human health. Therefore, formaldehyde
removal is important for environmental pollution study.
This work performed DFT to evaluate H,CO adsorp-
tion onto bare Be;2012, Lit@Be;2012, Li@Be;2012,
and 2Li@Be;;01, through adsorption energy, charge
transfer, and HOMO-LUMO energy gap. The H,CO
molecules were observed to undergo weak adsorp-
tion unto the bare fullerene-like Be;;01; as it experi-
enced slight electronic alternation due to the adsorption.
HzCO/Li+@B612012, H,CO /Li@Be;,013, and H,CO
/2Li@Be;,01, were found to have higher adsorption
energy than H,CO/Be;2012. The DOS plots demon-
strated that H,CO adsorption diminished the energy
gap of Li@Be;;01; from 3.49 to 2.84eV and that
of 2Li@Be;,012 from 2.96 to 2.71eV at the highest
stability levels. Hence, Li@Be;,012 and 2Li@Be;2012
have sufficient HCO sensitivity. According to the DOS
results, Li@Be;,01, and 2Li@Be;, 01, can be considered
favourable detectors of H,CO.
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