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Abstract
Context Popgraphene (PopG) is a two-dimensional carbon-based material with fused pentagonal and octagonal rings. Like
graphene, it exhibits a metallic band gap and exceptional thermal, dynamic, and mechanical stability. Here, we theoretically
study the electronic and structural properties of PopG monolayers, including their doped and vacancy-endowed versions,
as O2 adsorbers. Our findings show that pristine and vacancy-endowed PopG sheets have a comparable ability to adsorb
O2 molecules, with adsorption energies ranging from −0.57 to −0.59 eV (physisorption). In these cases, octagonal rings
play a dominant role in the adsorption mechanism. Platinum and Silicon doping enhance the O2 adsorption in areas close
to the octagonal rings, resulting in adsorption energies ranging from −1.13 to −2.56 eV (chemisorption). Furthermore, we
computed the recovery time for the adsorbed O2 molecules. The results suggest that PopG/O2 interaction in pristine and
vacancy-endowed cases can change the PopG electronic properties before O2 diffusion.
Methods Density Functional Theory (DFT) simulations, with Van der Waals corrections (DFT-D, within the Grimme
scheme), were performed to study the structural and electronic properties of PopG/O2 systems using the DMol3 code within
the Biovia Materials Studio software. The exchange and correlation functions are treated within the generalized gradient
approximation (GGA) as parameterized by Perdew-Burke-Ernzerhof (PBE) functional. We used the double-zeta plus polar-
ization (DZP) for the basis set in these cases. We also considered the BSSE correction through the counterpoise method and
the nuclei-valence electron interactions by including semi-core DFT pseudopotentials.

Keywords 2D materials · Carbon allotrope · O2 Adsorption · Popgraphene · Density functional theory

Introduction

Carbon-based two-dimensional (2D)materials are an increas-
ingly popular area of study in scientific and technological
fields thanks to their remarkable thermal, mechanical, and
dynamic stability [1]. This interest can be traced back to
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the discovery of graphene in 2004 [2] and its revolutionary
impact on flat optoelectronics [3].

Theoretical predictions have identified several other note-
worthy carbon-based 2D materials, such as penta-graphene
[4], pha-graphene [5], ψ-graphene [6], and popgraphene
(PopG) [7, 8]. In recentyears, experimental successes in obtain-
ing new 2D carbon-based materials have included bipheny-
lene [9], γ -graphyne [10, 11], monolayer amorphous carbon
[12], and 2D (C60) fullerene network [13]. Numerous studies
have shown that carbon-based materials can act as sensors
and storage media for ions and small molecules [14–19].

PopG’s porous topology makes it a suitable active layer
for specific applications [7, 20, 21]. Density functional the-
ory (DFT) and Molecular Dynamics (MD) simulations were
conducted to investigate its hydrogen adsorption properties
[20]. The results revealed that at 77 K, PopG has moderately
higher H2 gravimetric absorption than graphene. Further-
more, through analysis of the heats of adsorption and H2
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density profiles near the carbon surface, it was found that
PopG’s superior absorption is primarily due to its higher sur-
face area per carbon atom, making it geometrically favorable
over graphene [20].

A separate DFT-based investigation also demonstrated
the PopG surface’s ability to adsorb H2 [21]. The study
explored PopG’s hydrogen storage capacity in the presence
of lithium-ion atoms trapped in the pentagonal rings of the
PopG structure. The results indicated that a Li-decorated
PopG sheet could bind up to four H2 molecules per unit
cell, with average adsorption energy between physisorption
and atomic chemisorption. These properties suggest that
reversible hydrogen storage at moderate temperatures and
pressures could be possible [21]. The findings reported in
the references [7, 20, 21] have sparked interest in investi-
gating the capacity of PopG systems to adsorb and store O2

molecules, a complex that has yet to be studied.
Incorporating dopants into the 2D carbon-based structures

aims to harness their synergistic effects [22]. This procedure
can further enhance the capture of small molecules compared
to related pristine lattices [23]. Among the dopants usually
considered in carbonaceous materials, platinum and silicon
atoms stand out [24–27]. Pt possesses excellent catalytic
properties and is widely known for its ability to facilitate
oxygen-related reactions [28]. Several studies have demon-
strated the efficacy of Pt in promoting oxygen adsorption and
facilitating oxygen reduction reactions [28–30]. Si atoms, in
turn, can introduce sp3 hybridization into the carbon lattices
[31, 32]. For instance, this alteration in the bond type con-
figuration can enhance its reactivity towards oxygen, leading
to improved oxygen capture efficiency [33]. In this way, the
high reactivity and affinity for oxygen species in Pt-/Si-doped
carbon-based materials make them attractive candidates for
enhancing oxygen sensing and capture.

In this study, we employed DFT calculations to exam-
ine how O2 adsorption affects the structural and electronic

properties of PopG. Specifically, we investigated the impact
of O2 adsorption on Pt-doped, Si-doped, and vacancy-
endowed PoPG monolayers. Pt and Si doping have been
widely studied in carbon-based 2Dmaterials for various pur-
poses, including sensing and capturing of small molecules
and multiple atoms [34–48].

Methodology

We employed DFT calculations, with Van der Waals cor-
rections (DFT-D, within the Grimme scheme [49]) as
implemented in the DMol3 code [50–52], to examine
how O2 adsorption affects the structural and electronic
properties of pristine, doped, and vacancy-endowed PopG
sheets. Our numerical approach considered the exchange-
correlation generalized gradient approximation (GGA) func-
tional, which takes into account the Perdew-Burle-Ernzerhof
(PBE) functional [49, 53, 54] with unrestricted spin (DNP).
A numerical basis set of atomic orbitals with polarized
functions [55, 56] was also used. We considered the BSSE
correction through the counterpoise method and the nuclei-
valence electron interactions by including semi-core DFT
pseudopotentials [57].

A 5×5×1Monkhorst-Park k-point mesh in the Brillouin
zone [58]was adopted to optimize the system’s geometry.We
performed several convergence tests for k-point meshes, vac-
uum region separation, and energy cutoff (results not shown
here). Based on these tests, we determined the following
parameters to use: a self-consistent field (SCF) tolerance of
1× 10−5 eV/atom, a maximum force on each atom of 0.002
Ha/Å, a maximum displacement of 0.005 Å, cutoff energy of
450 eV, and 2×1×1 lattices with a vacuum spacing of 30 Å
to avoid interactions between layer images. These parame-
ters have been previously employed to study small molecule

Fig. 1 The initial configuration of the simulations is schematically rep-
resented as follows: a the left panel shows a top view of the PopG
monolayer, while the right panel shows a side view of the complete sys-
tem; b the left and right panels depict the horizontal (H) and vertical (V)

orientations of the O2 molecule concerning the PopG monolayer. The
red and grey spheres represent the carbon and oxygen atoms, respec-
tively, and the grey sticks denote the C-C bonds
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adsorption on nanostructured surfaceswith successful results
[59–63].

Figure1 shows the starting configuration for all the cases
studied here. The following abbreviations were adopted
to refer to each case: PopG@O2-(H,V), PopG-C1/Pt@O2-
(H,V), PopG-C2/Si@O2-(H,V), and PopG-DEF@O2-(H,V).
Here, H and V refer to the horizontal and vertical alignments
of O2 concerning the PopG plane. The left panel in Fig. 1a
shows a top view of the PopG sheet, with carbon atoms
labeled as C1 (black) and C2 (blue). These carbon atoms
are either replaced with Pt and Si or removed to create a
vacancy.

There are many sites where the dopants can be placed
in the PopG lattice. For including a dopant atom and a
vacancy in this system, we chose the lattice site pointed
as the most reactive one in reference [20]. Due to the sig-
nificant computational costs involved, we have decided to
refrain from performing this study regarding the multiple
oxygen orientations on the popgraphene surface. To mitigate
this limitation, we studied the vertical and horizontal orien-
tations of the oxygen on the popgraphene surface. Moreover,
We specifically focused on the triplet state of oxygen to eval-
uate the PopG capacity to absorb/capture O2.

In Fig. 1a, the black rectangle highlights the PopG unit
cell, while the right panel shows the overall system config-
uration and lattice dimensions. Figure1b shows the initial
positions of the O2 molecule, with the left and right panels
indicating the horizontal (H) and vertical (V) orientations of
the molecule concerning the PopGmonolayer. The molecule
is placed 3.0 Å above the PopG plane in both cases. Note
that the PopG lattice is positioned 5Å above the bottom of
the simulation box.

The PopG structure consists of 12 atoms in its unit cell,
with the P2mg (group no.7) plane group and lattice param-
eters a = 3.68 Å and b = 9.11 Å. The carbon atoms occupy
two non-equivalent atomicWyckoff positions labeledC1 and
C2 [7]. The bond lengths C1 − C1, C1 − C2, and C2 − C2

are 1.41 Å, 1.44 Å, and 1.46 Å, respectively. The left panel
of Fig. 1a shows the 2 × 2 × 1 supercell with lattice param-
eters a = 7.38 Å, b = 9.14 Å, and c = 30.00 Å used in the
simulations. The lattice angles are α = β = γ = 90.00◦.

Results

To begin our discussion, we present the optimized con-
figurations for all PopG@O2 systems investigated in this
study. Figure2a and b show the results obtained for the pris-
tine cases PopG@O2-V and PopG@O2-H, respectively. The
adsorption energy Eads was calculated using the expression
Eads = E(PopG+O2) − EPopG − EO2 , where EPopG, EO2 , and
E(PopG+O2) represent the total energies for isolated PopG,
isolated O2, and O2 adsorbed on the PopG surface, respec-
tively.

In both cases, the O2 molecule was displaced from its ini-
tial position, with adsorption distances of d = 3.03 Å and
d = 3.22 Å for PopG@O2-V (Fig. 2a) and PopG@O2-H
(Fig. 2b), respectively. The adsorption energies in the pristine
cases are similar, with Eads = −0.58 eV for PopG@O2-V
and Eads = −0.59 eV for PopG@O2-H. These adsorption
energies and distances indicate a physisorption mechanism.
Notably, the O2 molecule was adsorbed in the center of
the octagonal ring, suggesting that O2 adsorption in pristine
PopG is orientation-independent.

Figure3 displays the results of the geometry optimiza-
tion for a PopG monolayer doped with a platinum atom.
Specifically, Fig. 3a, b, c, and d depict the optimization
results for PopG-C1/Pt@O2-H, PopG-C2/Pt@O2-H, PopG-
C1/Pt@O2-V, and PopG-C2/Pt@O2-V, respectively. The
labels C1/Pt and C2/Pt indicate that the platinum dopant has
replaced the C1 and C2 atoms (see Fig. 1). The same color
code used in Fig. 2 is adopted, with the addition of yellow
spheres to represent platinum atoms. The red rectangle high-
lights the configuration with the lowest adsorption energy.
The calculated adsorption energies are −1.86 eV (PopG-
C1/Pt@O2-H), −1.13 eV (PopG-C2/Pt@O2-H), −1.85 eV
(PopG-C1/Pt@O2-V), and −1.70 eV (PopG-C2/Pt@O2-V).

The dependence of Eads on the orientation of the O2

molecule is relatively small for the PopG-C1/Pt@O2-H
(Fig. 3a) andPopG-C1/Pt@O2-V (Fig. 3c) cases.However, in
the PopG-C2/Pt@O2-H and PopG-C2/Pt@O2-V cases (see
Fig. 3b and d), the O2 orientation and the Pt doping at the C2

position can change the adsorption trend. This other adsorp-
tion pathway reduces the adsorption energy compared to the
cases shown in Fig. 3a, c. Later on, we will show that the

Fig. 2 The optimized
configuration for pristine cases
is schematically represented in a
for PopG@O2-V and in b for
PopG@O2-H. In the color code,
red and grey spheres represent
oxygen and carbon atoms. Grey
sticks denote the C-C bonds.
The configuration with lower
adsorption energy is highlighted
with a red rectangle
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Fig. 3 The optimized configurations for platinum-doped cases,
namely PopG-C1/Pt@O2-H, PopG-C2/Pt@O2-H, PopG-C1/Pt@O2-V,
and PopG-C2/Pt@O2-V, are schematically represented in (a–d). The
color code in the figure denotes oxygen, carbon, and platinum atoms

with red, grey, and blue spheres, respectively. The grey sticks show the
C-C bonds, while a red rectangle highlights the configuration with the
lowest adsorption energy

adsorption energies tend to be lower in the center of the octag-
onal rings of PopG.

The adsorptiondistances ared = 2.02Å,d = 2.11Å,d =
2.10 Å, and d = 2.04 Å for the PopG-C1/Pt@O2-H, PopG-
C2/Pt@O2-H, PopG-C1/Pt@O2-V, and PopG-C2/Pt@O2-V
cases, respectively. The final O2 configurations can present
angles between 0-90 concerning the a-axis. Generally, the
adsorption distances (Pt-O bond distances in these cases)
are independent of the initial O2 and doping configura-
tions. These results indicate that the dopant dominates the
adsorption mechanism. The adsorption energies and dis-
tances obtained for the Pt-doped PopGwhen interacting with
O2 indicate a chemisorption mechanism.

The results of the geometry optimization for PopG-
C1/Si@O2-H, PopG-C2/Si@O2-H, PopG-C1/Si@O2-V, and
PopG-C2/Si@O2-V are shown in Fig. 4a–d, following a sim-
ilar approach to the cases discussed earlier. The labels C1/Si
and C2/Si indicate that the silicon dopant replaces the C1

and C2 atoms (refer to Fig. 1). The color code used is the
same as in Fig. 3, except for silicon atoms represented by yel-
low spheres. The red rectangle highlights the configuration
with the lowest adsorption energy. The calculated adsorp-
tion energies are −2.38 eV (PopG-C1/Si@O2-H), −2.50 eV
(PopG-C2/Si@O2-H), −2.26 eV (PopG-C1/Si@O2-V), and
−2.52 eV (PopG-C2/Si@O2-V).As previously observed, the
adsorption energies tend not to depend on the O2 molecule
orientation for the same lattice configurations, as depicted in
Fig. 4a, c and b, d.

In contrast to what was observed in the pristine case, the
O2 molecule tends to be positioned nearly horizontally con-
cerning the PopG surface in the case of silicon-doped PopG.
The final O2 configurations can have angles between 0 and
90 degrees for the a-axis, and the adsorption distances are
d = 1.59 Å, d = 1.57 Å, d = 1.60 Å, and d = 1.58
Å for the PopG-C1/Si@O2-H, PopG-C2/Si@O2-H, PopG-
C1/Si@O2-V, and PopG-C2/Si@O2-V cases, respectively.
Generally, the adsorption distances (Si-O bond distances in
these cases) are also independent of the initial O2 and dop-
ing configurations. As previously noted for Pt-doped PopG
cases, these results suggest that the dopant dominates the
adsorption mechanism. The adsorption energies and dis-
tances obtained for the Si-doped PopG interacting with O2

suggest a chemisorption mechanism.
Figure5 illustrates the O2 adsorption mechanism in

vacancy-endowed (PopG-DEF) lattices. In Fig. 5a and b,
we present the cases where the vacancy was generated by
removing the C2 atom (see Fig. 1), and the O2 molecule
was placed horizontally and vertically relative to the PopG
monolayer, respectively. Since the C1 vacancy results are
similar, we show only the C2 vacancy case. The calcu-
lated adsorption energies for both cases are about −0.57 eV.
The adsorption distances are d = 2.52 Å and d = 2.91
Å for PopG-DEF@O2-H (Fig. 5a) and PopG-DEF@O2-V
(Fig. 5b), respectively. The O2 orientation on the PopG sur-
face is also similar for these cases. These features suggest
that the vacancy region dominates the adsorptionmechanism.
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Fig. 4 a–d show schematic representations of the optimized con-
figurations for the silicon-doped cases: PopG-C1/Si@O2-H, PopG-
C2/Si@O2-H, PopG-C1/Si@O2-V, and PopG-C2/Si@O2-V, respec-
tively. In the color code, oxygen, carbon, and silicon atoms are

represented by red, grey, and yellow spheres, respectively, while the
C-C bonds are shown as grey sticks. A red rectangle highlights the
configuration with the lowest adsorption energy

Fig. 5 a and b show schematic
representations of the optimized
configurations for the
vacancy-doped cases:
PopG-DEF/@O2-H and
PopG-DEF@O2-V, respectively.
In the color code used, oxygen
and carbon atoms are
represented by red and grey,
respectively, while the C-C
bonds are depicted as grey sticks

Fig. 6 The electronic band
structure and its related
projected density of states
(PDOS) are displayed for the
following cases: a
PopG@O2-H, b
PopG-C1/Pt@O2-H, c
PopG-C2/Si@O2-V, and d
PopG-DEF@O2-V. The valence
atomic orbitals considered in
each case are indicated on the
panel label, and a dashed red
line represents the Fermi level
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Fig. 7 Schematic representation
of the charge spatial distribution
of the HOMO and LUMO for
the four cases: a PopG@O2-H,
b PopG-C1/Pt@O2-H, c
PopG-C2/Si@O2-V, and d
PopG-DEF@O2-V. The color
scheme uses green and red to
represent HOMO and LUMO,
respectively, while silver depicts
the carbon atoms/carbon-carbon
bonds. The red rectangles in this
figure show all the cases with
smaller adsorption energies

Moreover, these adsorption energies and distances indicate a
physisorption mechanism.

Now, we discuss the electronic properties of the model
PopG/O2 cases with lower adsorption energies. Figure6
displays the electronic band structure and projected density
of states (PDOS) for four cases: PopG@O2-H (Fig. 6a, e),
PopG-C1/Pt@O2-H (Fig. 6b, f), PopG-C2/Si@O2-V (Fig. 6c,
g), and PopG-DEF@O2-V (Fig. 6d, h). The previous pristine
and defective PopG studies can be found in references [7, 64].
Doped and vacancy-endowed PopG exhibit a bandgap open-
ing of approximately 100 meV. As expected, the adsorption,
doping, and vacancy perturbations introduce flat intraband
levels. In the case of PopG@O2-H, these flat levels occur
within the conductionbanddue toO2 adsorption (seeFig. 6a).
In contrast, the doped and vacancy-endowed cases feature flat
intraband levels in valence and conduction bands, as shown
in Fig. 6b–d.

According to reference, [7], the general band profile
of pristine PopG is not affected by defects or adsorption.
The flat intraband levels observed in the band structure of
PopG@O2-H, PopG-C1/Pt@O2-H, and PopG-C2/Si@O2-V
are attributed to d (blue) and f (pink) valence atomic orbitals,
as shown in Fig. 6e, f, and g, respectively. In the PopG-
C1/Pt@O2-H case, the flat levels are mainly due to the d
orbital, as depicted in Fig. 6f. For PopG-DEF@O2-V, the flat
intraband levels near the Fermi level arise from the dangling
bonds in the vicinity of the defect, leading to flat p levels
(see Fig. 6h).

Figure7 illustrates the localization of the Highest Occu-
pied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO), also only for cases with lower
adsorption energies. Generally, HOCO is distributed over
PopG, while LUMO tends to be localized on O2, as shown
in Fig. 7a, b, and d. In the doped case of PopG-C1/Pt@O2-
H (Fig. 7b), a small portion of LUMO is distributed over

PopG, indicating a slight charge transfer from O2 to PopG.
In the case with higher charge transfer, PopG-C2/Si@O2-
V (Fig. 7c), LUMO tends to be localized over PopG. For the
defective case of PopG-DEF@O2-V,HOMOandLUMOcan
be found over PopG and O2, as depicted in Fig. 7d. In this
delocalized pattern, a portion of LUMO is distributed over
O2 and PopG, greatly enhancing their interaction when com-
pared to the pristine case of PopG@O2-H (Fig. 7a).

To extend the description of the O2 adsorption capability
of pristine, doped, andvacancy-endowedPopG,wepresent in
Fig. 8 adsorption energy maps for the minimum energy con-

Fig. 8 This figure shows adsorption energy maps for four cases:
a PopG@O2-H, b PopG-DEF@O2-V, c PopG-C1/Pt@O2-H, and d
PopG-C1/Si@O2-V. The colors indicate the adsorption energy values,
with black and white representing higher and lower values, respectively
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figurations discussed above. The color scheme in this figure
indicates adsorption energies, with higher and lower values
represented by black and white colors, respectively. To con-
struct these maps, we fixed the molecule’s z-position (at 3.0
Å) and varied its x and y positions (with a 0.5Å step) between
0–8 and 0–10 Å, respectively, on the PopG surface. These
intervalswere chosen to centralize the defects in themaps.As
shown in Fig. 8a, in the pristine and vacancy-endowed cases
(refer to Figs. 8a, b), the PopG regions with lower adsorption
energies are those at the center of the octagons, pentagons,
and vacancy, with adsorption energies varying from −0.04
to −0.18 eV. In contrast, in the doped cases, the lower inter-
action energies are found within and around the defective
regions, as shown in Fig. 8c and d for the PopG-C1/Pt@O2-
H, PopG-C2/Si@O2-V cases, respectively. In these cases, the
adsorption energies vary from −0.09 to −0.75 eV.

It is worth mentioning that the electronic properties of
pristine PopG demonstrate sensitivity to O2 adsorption, sim-
ilar to graphene [46]. However, when doped with Pt and
Si, PopG and graphene [35, 45] exhibit increased reactivity
towards O2 adsorption. The presence of Pt in doped graphene
induces local gas molecule polarization upon O2 adsorption
[45]. Interestingly, this polarization trend was not observed
in the case of PopG. Regarding vacancy-endowed lattices,
both PopG and graphene [65] exhibit strong interactions with
O2 molecules within the vacancy region. Furthermore, their
metallic behavior is characterized by a large density of states
near the Fermi level, indicating enhanced conductivity.

Generally, increasing the concentration of dopants with
metal atoms in 2D carbon-based materials can lead to a sub-
stantial increase in the adsorption energies and the capacity
to capture a higher number of small molecules. This phe-
nomenon is primarily attributed to two key factors: electronic
doping and the creation of active sites. The Supplementary
Material shows the PopG-Pt and PopG-Si lattice structures
upon doping with four metal atoms. Moreover, the number
of O2 molecules was also increased.

Finally, Table 1 summarizes the values obtained for the
adsorption energies and distances, along with the recovery
time (τ ) [66] and charge transfer values. τ is the tran-
sient time for the molecule adsorption, with systems having
higher τ values indicating better adsorption performance.
The recovery time is calculated using the formula τ =
ν−1 × exp(−Eads/kBT ), where ν is the molecule oscillation
frequency (1012 s−1 [67]), kB is the Boltzmann constant, and
T is the temperature (298 K). In Table 1, it can be observed
that τ and Qt are directly proportional to Eads. For the sys-
tems that showed chemisorption, τ was not calculated. In this
sense, the system with a higher recovery time is PopG@O2

(about 9.50×10−3 s). However, all the recovery times for the
pristine and vacancy-endowed cases are in the same order of
magnitude (10−3 s, refer to Table 1). The τ values are large
enough to facilitate the PopG/O2 interaction, which can alter

Table 1 This table summarizes the calculations for adsorption energies
(Eads in eV), recovery time (τ in seconds), equilibrium distance (d in
Å), and charge transfer (Qt ) of O2 adsorption on pristine, doped, and
vacancy-endowed PopG monolayers

Structures Eads (eV) τ (s) d (Å) Qt (e)

PopG@O2-H −0.59 9.50 × 10−3 3.22 −0.11

PopG@O2-V −0.58 6.40 × 10−3 3.03 −0.11

PopG@Pt/C1-O2-H −1.86 — 2.02 −0.45

PopG@Pt/C1-O2-V −1.85 — 2.11 −0.45

PopG@Pt/C2-O2-H −1.13 — 2.10 −0.33

PopG@Pt/C2-O2-V −1.70 — 2.04 −0.42

PopG@Si/C1-O2-H −2.38 — 1.59 −0.70

PopG@Si/C1-O2-V −2.26 — 1.57 −0.70

PopG@Si/C2-O2-H −2.52 — 1.60 −0.71

PopG@Si/C2-O2-V −2.50 — 1.58 −0.70

PopG-DEF@O2-H −0.57 4.40 × 10−3 2.52 −0.10

PopG-DEF@O2-V −0.57 4.40 × 10−3 2.91 −0.11

the PopG electronic properties discussed above before O2

diffusion.

Conclusions

In summary, we employed DFT calculations to examine how
O2 adsorption affects the structural and electronic properties
of PopG. We investigated the impact of O2 adsorption on
Pt-doped, Si-doped, and vacancy-endowed PoPG monolay-
ers. Generally, our findings revealed that O2 could undergo
physisorption (in pristine and vacancy-endowedmonolayers)
or chemisorption (in doped monolayers), which can alter the
electronic properties of PopG.

The adsorption energies for both pristine and vacancy-
endowed cases are approximately −0.58 eV. In the pristine
and defective cases, the O2 molecule was adsorbed in the
center of the octagonal ring and the vacancy region, respec-
tively. This trend implies that O2 adsorption is not dependent
on orientation in these PopG structures. These observations
suggest that the octagonal ring and the vacancy region sig-
nificantly influence their respective adsorption mechanisms.
Furthermore, these cases’ adsorption energies and distances
indicate a physisorption mechanism.

In the (Pt,Si)-doped cases, the presence of a dopant domi-
nates the adsorptionmechanism.The adsorption energies and
distances obtained for the (Pt,Si)-doped PopGwhen interact-
ing with O2 indicate a chemisorption mechanism.

Doped and vacancy-endowed PopG exhibit a bandgap
opening of approximately 100meV.As expected, the adsorp-
tion, doping, and vacancy perturbations introduce flat intra-
band levels. In the pristine cases, these flat levels occurwithin
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the conduction band due to O2 adsorption. In contrast, the
doped and vacancy-endowed cases feature flat intraband lev-
els in valence and conduction bands.

We also determined the recovery time for the adsorbed O2

molecules. Our results suggest that PopG’s electronic prop-
erties can be influenced by its interaction with O2 in pristine
and vacancy-endowed cases before O2 diffusion.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00894-023-05692-
4.
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