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HIGHLIGHTS GRAPHICAL ABSTRACT

e Aluminum-decorated phographene (Al-
d-PHOG) exhibits selective gas
adsorption.

e NH; and NO, induce partial chemi-
sorption, while CO and CO, remain
physisorbed.

e Recovery kinetics, charge transfer, and
electronic structure shifts establish Al-d-
PHOG as a high-response, nanosensor.
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ARTICLE INFO ABSTRACT

This study presents a comprehensive theoretical investigation of gas adsorption on aluminum-decorated Phog-

Keywords: raphene (Al-d-PHOG) nanosheets, focusing on CO, CO2, H20, NHs, NO, and NO,. Using DFT with B3LYP-D3/6-
Al-dopped phographene (Al-d-PHOG) L. . . . . .
Sensor 311G(d,p), optimized geometries, adsorption energies, charge transfer, and frontier molecular orbitals were

Hazardous gases analyzed alongside PDOS, RDG-NCI, ELF/LOL, and bond critical point evaluations. Results reveal a pronounced
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selectivity: NH3 and NO. induce strong electronic perturbations, localized orbital redistribution, and partial
chemisorptive interactions at Al sites, while H,0 exhibits moderate effects, and CO, CO5, and NO remain largely

physisorbed. Recovery times and structural changes further corroborate these distinctions, highlighting kinetic
and operational constraints for sensing applications. The study elucidates the mechanistic link between electron
density redistribution and sensor response, providing a predictive framework for adsorbate selection. These
insights demonstrate Al-d-PHOG as a selective, high-response nanosensor platform, emphasizing the importance
of electronic compatibility for designing efficient and reversible gas detection systems.

1. Introduction

Global atmospheric pollution has escalated into a pressing concern
for human health, environmental regulation, and scientific inquiry alike
[1]. This growing problem stems from the persistent emission of par-
ticulate matter and reactive gases into the troposphere, originating from
natural phenomena but driven predominantly by human industrial and
urban activities [2]. Major contributors to air degradation include
nitrogen-based oxidants [3], sulfurous pollutants [4], and
carbon-centered gaseous species [5], most of which are closely tied to
anthropogenic output [6]. Extensive studies now demonstrate that these
contaminants regardless of their specific origin significantly heighten
carcinogenic risks [7] and exacerbate chronic or acute respiratory dis-
orders [8]. Such findings underscore the immediate necessity of mini-
mizing human exposure to polluted air masses [9]. Consequently,
technologies capable of detecting, capturing, or breaking down haz-
ardous airborne species particularly through adsorption or catalytic
pathways have become a focal point of contemporary research efforts
[10-13].

Nowadays, nanomaterials play a vital role and have numerous ap-
plications in the fields of biotechnology, electronic, water treatment,
environmental pollution detection and control, food industries, catalyst,
medicine, and so on [14-17]. The accelerated advancement of nano-
technology has further strengthened the scientific pursuit of
high-performance materials capable of addressing the environmental
challenges, as evidenced by a wide array of recent investigations
[18-20]. Because of their unique structural and electronic characteris-
tics, numerous nanomaterials have been designed to sense, immobilize,
or neutralize toxic species [21-24]. This progress has stimulated the
creation of increasingly sophisticated nanostructures, especially those
tailored through heteroatom incorporation or other targeted modifica-
tions [25-27]. Common design routes include substitutional doping,
surface functionalization, and deliberate manipulation of nanoscale di-
mensions and morphology [28-30].

Computational approaches particularly Density Functional Theory
have become essential for predicting and rationalizing the behavior of
pristine and engineered nanomaterials, ranging from atomic clusters
[31-33] and fullerene-like species [34-36] to emerging
two-dimensional architectures [37-39]. A substantial body of
quantum-chemical evidence confirms that these methods reliably
characterize structural stability, electronic response, and adsorption
behavior across diverse material platforms [40,41]. Within this scien-
tific landscape, PHOG-based nanosheets have recently attracted notable
interest due to their unusual bonding framework and favorable elec-
tronic attributes [42,43]. Aluminum was selected as the decorating atom
due to its low atomic mass, high abundance, low toxicity, and strong
interaction with polar gas molecules. Compared to many transition
metals, Al induces significant electronic modulation while avoiding
excessive chemisorption or magnetic complexity, which is advantageous
for achieving reversible and selective gas sensing [44,45]. The stability
of Al decoration is supported by the short Al-C bond length, significant
charge transfer, and strong localization of electron density at the
anchoring site, indicating robust binding and a low tendency for
migration or clustering.

Building on this foundation, the present work investigates the
adsorption characteristics of Al-d-PHOG toward several major

atmospheric pollutants (CO2, CO, Hy0, NHs, NO, and NO3) using DFT
calculations complemented by critical-point analysis as well as RDG,
NCIL, ELF, and LOL tools to elucidate the detailed molecular mechanisms
governing gas—surface interactions.

2. Computational details

To explore how Al-d-PHOG interacts with several major atmospheric
contaminants (CO,, CO, H20, NHs, NO, and NOy), each gas species was
initially generated as an isolated molecular model and used as the
starting point for independent geometry optimizations. These individual
structures, together with the pristine nanosheet, were fully optimized
using the B3LYP-D3 functional paired with the 6-311G(d,p) basis set,
ensuring that all resulting configurations correspond to true minima on
the potential energy surface. The B3LYP-D3/6-311G(d,p) method was
adopted to accurately describe local electronic and noncovalent in-
teractions governing gas adsorption on Al-d-PHOG. A finite cluster
model was used to enable detailed real-space analyses (ELF, LOL,
RDG-NCI), which are less accessible in periodic calculations. Previous
studies indicate that, for localized adsorption, such cluster-based ap-
proaches reproduce the qualitative trends of periodic DFT, and therefore
similar adsorption selectivity is expected [46]. Temperature effects were
considered through a thermally activated desorption model used to es-
timate recovery times. An increase in temperature is expected to weaken
adsorption strength and significantly reduce recovery times, particularly
for weakly physisorbed molecules such as CO, CO3, and NO. Under
humid conditions, H,O molecules exhibit moderate adsorption at the Al
active site and may compete with target gas molecules for available
binding sites, which can partially reduce sensing selectivity. This effect
may be alleviated through operating temperature optimization or sur-
face functionalization, and should be considered when evaluating sensor
performance under realistic environmental conditions. After establish-
ing the equilibrium geometries of the isolated components, adsorption
complexes were assembled and subjected to the same computational
treatment to obtain their relaxed structures and relevant electronic de-
scriptors. All quantum-chemical calculations were executed within the
Gaussian 16 suite [47].

The use of the B3LYP-D3/6-311G(d,p) framework provides a
dependable foundation for structural and electronic accuracy, a fact
supported by numerous earlier investigations employing identical or
comparable methodologies [48-50]. The BSSE was accounted for from
the initial calculations using the counterpoise method. To assess how
electron density is redistributed during the adsorption process, the
Global Electron Density Transfer (GEDT) parameter was evaluated
following the standard theoretical approach [51]. This quantity offers a
direct measure of the extent and direction of charge flow between the
Al-d-PHOG-based substrate and the adsorbed gas molecule, enabling a
clearer interpretation of the underlying electronic response.

GEDT = 5q, b}

Where; qa is the atoms' net Mulliken charges of each gas. Also, the Fermi
level (Ep) of each adsorption complex, was estimated by relation (2)
[52]:

Ep =-1*(Erumo + Enomo) / 2 (2

Where; E;ymo and Egomo, are the energy surfaces of LUMO, and HOMO,

o

.



iranpaper

=1 Downloaded from https://iranpaper.ir

B. Karki et al.

respectively. In addition, the Eg of each system was reached by formula
(3) [53]:

E; = (ELumo-Enomo) 3
Also, the adsorption energy (E,qs) was computed by relation 4:
Eags = Esys' (Es + Egs) (C)]

In this expression, E;ys denotes the total electronic energy of the opti-
mized adsorption complex, while E; refers to the energy of the isolated
Al-d-PHOG nanosheet and Eg, represents the computed energy of the
corresponding free gas molecule. To further substantiate the trends
obtained from the Global Electron Density Transfer (GEDT) analysis, a
Natural Bond Orbital (NBO) evaluation was carried out [54]. This
complementary approach provides a detailed description of
donor-acceptor interactions and charge redistribution within the sys-
tem, thereby offering an independent verification of the electronic
behavior inferred from GEDT.
The Global hardness

n=(I-A)/2 (5)
Softness
S=1/2q (6)

In this formulation, the electron affinity A is defined as the negative of
the LUMO energy (-Eruymo), while the ionization potential I corresponds
to the negative of the HOMO energy (-Egomo).- These parameters
establish the foundational electronic descriptors used for interpreting
reactivity and charge-transfer tendencies within the system.

Lastly, the electrical conductivity (o) of both the pristine nanosheet
and its gas-adsorption complexes was evaluated through relation 7,
enabling a direct correlation between the computed electronic-structure
variations and the anticipated sensing performance of the material.

6=AT"? exp(-E, / 2K,T) %)
Where, A is the Richardson's constant (6(10°) A/mz), Kp, refers the
(1.380649 x 1022 J/K) (the Boltzmann constant), Temperature is T
(K), and Eg (eV) is the value of the band gap [55,56]. Also, the recovery
time or the T parameter was computed by using equation (8) [57,58]:

T=0" exp(-Eaas / KpT) ®
where v™! is the attempt frequency. In these calculations, an attempt
frequency of 10'%~! has been considered.

The subtle noncovalent forces governing the interaction between
each gas molecule and the Al-d-PHOG nanosheet were characterized
using the non-covalent interaction (NCI) framework [59], which relies
on the reduced density gradient (RDG) derived from the
quantum-mechanical electron density distribution. All NCI-related an-
alyses were conducted with Multiwfn 3.7 [60], where the RDG function
was evaluated in conjunction with the second eigenvalue of the
electron-density Hessian to distinguish attractive, weakly repulsive, and
steric regions. The resulting color-mapped RDG scatter diagrams were
generated with gnuplot 5.7, while three-dimensional RDG isosurfaces
were rendered in Visual Molecular Dynamics (VMD) [61], enabling
direct visualization of interaction domains around the nanosheet. To
accurately account for dispersion contributions, adsorption energies
(Eaqs) were re-evaluated using the same B3LYP-D3/6-311G(d,p)
computational framework [49,62,63].

To further refine the interpretation of interaction patterns, both the
Electron Localization Function (ELF) and the Localized Orbital Locator
(LOL) were calculated for each optimized adsorption system. These
complementary descriptors illuminate the distribution and confinement
of electron density, identifying regions of localized bonding, delocalized
charge, and weak intermolecular stabilization. When considered
together, the RDG, ELF, and LOL analyses establish a detailed and
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coherent understanding of how the Al-d-PHOG nanosheet engages
electronically and structurally with the examined gas molecules,
revealing the full spectrum of interaction strengths and bonding char-
acteristics across the adsorption complexes.

3. Results and discussion

For each gas molecule, several initial adsorption configurations were
considered, including different molecular orientations, approach di-
rections, and initial distances relative to the Al site. All structures were
fully optimized without constraints. The most stable configuration was
identified as the global minimum based on the lowest total energy and
the absence of imaginary vibrational frequencies. Each isolated system
was then subjected to an exhaustive structural optimization employing
the B3LYP-D3 method in combination with the 6-311G(d,p) basis set.
The D3 dispersion correction was applied to account for van der Waals
interactions and has been widely validated for gas adsorption on metal-
decorated and low-dimensional materials. Although direct experimental
data for Al-decorated phographene are not yet available, the computed
adsorption energies for CO, COy, and NO are consistent with values
reported for similar 2D systems. Comparative tests with alternative
dispersion schemes, such as D3(BJ), indicate that the relative adsorption
trends remain robust, supporting the reliability of the reported selec-
tivity. This level of theory provides a practical balance between the
accuracy needed to capture dispersion-driven effects and the numerical
stability required for reliable convergence. The optimization procedure
ensures that every final geometry corresponds to a genuine minimum on
the potential energy surface, avoiding artifacts such as higher-order
stationary points or partially converged structures. The Al-d-PHOG
nanosheet was modeled with the Al atom positioned at the cluster center
and all peripheral dangling bonds passivated with hydrogen atoms to
minimize edge effects. PDOS, FMO, and ELF/LOL analyses confirm that
adsorption-induced electronic perturbations are localized around the Al
site and do not extend to the cluster boundaries, ensuring reliable
evaluation of adsorption geometries and energetics. The resulting
equilibrium configurations for all standalone molecules and for the
pristine nanosheet are displayed in Fig. 1 and serve as the structural
benchmarks for the subsequent adsorption, charge-transfer, and
electronic-property evaluations. To reduce finite-size and edge effects,
the Al atom was placed at the central region of the phographene cluster,
while all peripheral dangling bonds were passivated with hydrogen
atoms. This strategy effectively suppresses artificial edge states near the
Fermi level. PDOS, FMO, and ELF/LOL analyses indicate that the elec-
tronic changes induced by gas adsorption are mainly localized around
the Al site and its nearest neighbors, with negligible contribution from
the cluster edges.

3.1. Geometrical analysis, absorption energies, and recovery times

For radical species (NO, NO3), geometry optimizations were per-
formed for multiple spin multiplicities. The reported structures corre-
spond to the lowest-energy spin state, verified by total energy
comparisons and the absence of imaginary vibrational frequencies,
ensuring that the optimized configurations represent the true ground
state. In the pristine Al-d-PHOG nanosheet (Table and Fig. 1), the
intramolecular C-Al bond of 1.88 A serves as the structural anchor
controlling how the electron density around Al responds to incoming
molecules. Once HyO and NHj approach the surface, the framework
deforms in a consistent and telling manner: the C-Al bond elongates to
1.90 A and the newly formed Al-O/N contacts tighten to 1.99-2.05 A,
indicating a shift from mere physisorption toward partial chemisorption.
Their adsorption energies, —1.22 eV for HoO and —1.53 eV for NHs,
confirm an interaction that is far too strong to be advantageous for fast-
cycle sensing. The recovery times t 1.43(10'°) s for H,0 and an extreme
2.52(10'°) s for NHj3 demonstrate a near-irreversible occupation of
active sites. Using the standard t ~ 1 relation, these t values imply

o
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Al-d-PHOG + NO2

‘% 2.17A

Al-d-PHOG + CO2

Fig. 1. The optimized structures of Al-d-PHOG nanosheet and its adsorption systems with each gas.

extraordinarily low desorption rates, driving the surface coverage
parameter 0 toward unity and effectively locking the system into a
saturated state. Charge transfer corroborates this: NH3 donates notice-
ably (GEDT = 0.19) whereas HyO remains neutral, yet both cause
enough stabilization to make detachment kinetically prohibitive. Thus,
while the optimized structures (Fig. 1) show Al engaging cleanly with
each adsorbate, these two gases over-stabilize the surface in a counter-
productive manner. If one seeks reversible sensing, both molecules push
Al-d-PHOG into a dead-end operational regime.

The interactions with NO and NO, reveal a sharply divergent kinetic
character one beneficial, one destructive. NO exhibits a mild adsorption
energy (—0.26 eV) combined with a negative GEDT (—0.33), indicating
electron transfer from the gas to the surface but without structural over-
commitment. The AI-N distance of 2.01 A confirms a restrained inter-
action. This manifests kinetically as an exceptionally fast recovery time,
T = 8.33(1077) s, implying a very high desorption constant and a
correspondingly low steady-state coverage 6. In other words, NO
continuously binds and detaches, enabling high-frequency detection
cycles. NOo, in contrast, overwhelms the surface. Its adsorption energy
of —3.52 eV is effectively in the chemisorption regime; the Al-N distance
collapses to 1.95 A and charge transfer becomes strongly negative
(—0.57). The kinetic consequence is catastrophic: 7 rises to 1.44(1 0% s,

making the desorption process essentially zero. Under any realistic
model, 0 tends to full site occupation. Once bound, NO; is practically
permanent, disabling the material as a reusable sensor but marking it as
a potent molecular trap. This stark contrast between NO and NO; ex-
poses the limits of Al-d-PHOG's tunability and highlights which species
exploit its active site without destroying its reversibility.

With CO and CO,, Al-d-PHOG settles into a far more balanced
adsorption regime neither too weak to register nor too strong to release.
Their adsorption energies (—0.13 eV for CO, —0.33 eV for CO,) reflect
predominantly van der Waals stabilization. Charge transfer is modest
and consistent with this interpretation (—0.14 for CO and —0.32 for
CO»), indicating limited distortion of the Al electronic environment.
Structurally, the Al-O distances 2.42 A for CO and 2.17 A for CO5, place
these interactions well within the physisorption domain, reinforcing fast
kinetics. Indeed, t values of 5.27(10~%) s (CO) and 1.27(107°) s (CO9)
correspond to high t and therefore small equilibrium coverage 6. This
means the nanosheet rapidly frees its active sites after each interaction,
maintaining continuous sensing capability. These behaviors align
cleanly with first-order kinetic models, where adsorption and desorption
remain in dynamic balance without structural lock-in. Equation (8) was
employed as a comparative descriptor of adsorption kinetics rather than
a precise predictor of experimental recovery times. Extremely large t
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values indicate kinetically irreversible adsorption under ambient con-
ditions, but in practice, materials with t > 10'° s could be regenerated
via thermal annealing, UV illumination, or electrical biasing. Thus, t is
used here to rank reversibility rather than to provide absolute experi-
mental timescales. Among all systems examined, CO and CO; best match
the ideal sensor profile: reversible adsorption, minimal structural strain,
and recovery rates compatible with repeated detection cycles. As the
optimized structures in Fig. 1 already suggest, the Al site engages these
gases just enough to register their presence but not enough to compro-
mise operational autonomy. Although NHjs exhibits a stronger adsorp-
tion energy than NO, the electronic response induced by NO is more
pronounced due to its open-shell radical nature. The presence of an
unpaired electron in NO enables stronger orbital coupling with elec-
tronic states near the Fermi level of Al-d-PHOG, leading to more sig-
nificant modulation of the density of states and charge redistribution.
This indicates that sensing sensitivity is governed primarily by elec-
tronic coupling and Fermi-level perturbation rather than adsorption
energy alone (see Table 1).

3.2. FMO energy gaps and sensor applications

The frontier-orbital data make it painfully clear which gases genu-
inely reshape the electronic structure of Al-d-PHOG and which barely
nudge it. Start with the weak responders: CO and CO; barely alter the
HOMO-LUMO gap (1.70 and 1.68 eV versus 1.72 eV for the pristine
sheet). Their Fermi levels shift upward only modestly, and the dipole
moments remain low (1.67 and 2.76 D). Most importantly, their con-
ductivities remain essentially unchanged, staying in the 1071 § m™!
range functionally noise-level variation. These are hallmark signatures
of physisorption. HoO does somewhat more, reducing the gap to 1.64 eV
and increasing ¢ by roughly an order of magnitude, but even here the
conductivity stays at 10712 S m~!, which is still weak compared to the
stronger adsorbates. NHjz is more assertive: it lowers the gap to 1.61 eV
and induces a significantly larger dipole moment (5.97 D), resulting in a
notable but still moderate boost in conductivity (2.74(10’12) S m’l).
The shifts in HOMO and LUMO toward higher energies reflect electron
donation from NHj's lone pair into Al sites, consistent with moderate-
strength donor-acceptor interactions rather than outright chemisorp-
tion (Table 2).

The genuinely transformative interactions appear with NO and NO,,
and ignoring this would sabotage any serious analysis. NO produces the
most dramatic narrowing of the electronic gap from 1.72 to 0.98 eV a
collapse that signals substantial charge transfer and formation of new
hybrid orbitals. The conductivity skyrockets to 6.11(1077) S m™?, an
increase of six orders of magnitude. This is the unambiguous footprint of
strong electronic coupling, driven by the partially unpaired electron of

Table 1
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Table 2
The calculated values of FMO orbitals energies, Eg, the Fermi Level, and o (S
m™1). All energy values are in eV.

System HOMO LUMO Eg (eV) FL DM (S m’l)
Al-d-PHOG -5.03 -332 172 -417 1.45 3.48
(1079
Al-d-PHOG + —460 -2.97 1.64 -3.78 492 1.65
H,0 (10713
Al-d-PHOG + -4.47  -286 1.61 -366 597 274
NH; 1071
Al-d-PHOG + NO  —4.62 -3.64 0.98 —413 463 6.11(107)
Al-d-PHOG + -519  -3.95 1.24 —457 928  3.74(107%)
NO,
Al-d-PHOG + CO  -4.87 -3.17 170 —4.02  1.67 4.37
(1073
Al-d-PHOG + -477  -310 1.68 -393 276 7.59
CO, 10713

NO interacting with Al-d states. NO, behaves differently but is nearly as
impactful: although its gap narrows less drastically (1.24 eV), its dipole
moment jumps to 9.28 D, the largest in the entire dataset. This extreme
polarization, accompanied by a conductivity of 3.74(107°) S m™, sig-
nals a charge-withdrawing interaction consistent with NOs's strong
electron-acceptor character. The downward shift of both HOMO and
LUMO (—5.19 and —3.95 eV) also confirms its oxidizing influence on the
surface. In short, the ordering of electronic impact is unequivocal: NO >
NO3 > NH3 > Hy0 > CO = CO». Only NO and NO, reshape Al-d-PHOG
into a high-response, high-conductivity state, meaning any claim of
sensitivity must revolve around these gases not the weaker ones.
Among the adsorbates in Fig. 2, HoO and NO, induce the strongest
distortions in the sorbent's electronic landscape. In the H;O case, the
green curve shows a clear redistribution of states between —12 and —6
eV and a noticeable attenuation of the Al-dominated states approaching
the Fermi level. This broad restructuring indicates non-trivial orbital
hybridization likely involving Al-O interactions that slightly depress the
local density of states near the conduction edge. NO, goes even further:
its adsorption introduces sharper and more intense features between —9
and —3 eV, suggesting formation of localized states consistent with
charge-transfer-assisted chemisorption. The fact that these modifica-
tions are not limited to a narrow energy window but span the valence
region underscores that the gas is not merely physisorbed; it is per-
turbing the sorbent's bonding network. In contrast, NHz and NO exhibit
moderate yet undeniable PDOS shifts: NH3 enhances states near —2 to 1
eV, consistent with lone-pair donation into Al sites, while NO generates
additional mid-valence peaks reflecting its radical character. These
gases interact meaningfully, but their signatures are less extensive than
those of HyO and NO, pointing to weaker electronic coupling and more

The key structural, and energetic alternatives for Al-d-PHOG nanosheet and its adsorption systems with each gas.

Structure E,gs (eV) Mulliken charges Key Lengths (A) GEDT Recovery time 7 (s)

X (Sorbent) Z (Gas) Intramolecular Inter
X-Y Molecular
X 7

Al-d-PHOG - Al 1.88 - - -
0.78

Al-d-PHOG + H,0 -1.22 Al 0o C-Al Al---O 0.00 1.43(10'°)
0.89 —-0.49 1.90 1.99

Al-d-PHOG + NHj3 -1.53 Al N C-Al Al--N 0.19 2.52(10'%)
0.87 —0.62 1.90 2.05

Al-d-PHOG + NO —0.26 Al N C-Al Al---N —-0.33 8.33(1077)
0.92 -0.19 1.94 2.01

Al-d-PHOG + NO, -3.52 Al N C-Al Al--N -0.57 1.44(10%)
0.99 —0.02 1.94 1.95

Al-d-PHOG + CO -0.13 Al (0] C-Al Al---0 0.06 5.27(10’9)
0.84 —0.14 1.88 2.42

Al-d-PHOG + CO, —0.33 Al (0] C-Al Al---O 0.09 1.27(10°%)
0.85 —-0.32 1.86 2.17

o
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Fig. 2. The Projected density of state (PDOS) for each gas-Al-d-PHOG adsorption state.

reversible adsorption.

CO and COg, despite being commonly discussed in sensor literature,
show the weakest PDOS perturbations here something you must
acknowledge plainly if you want defensible conclusions. CO produces
only subtle modulations in the —10 to —5 eV region without shifting
dominant Al-centered peaks; this is typical of weak n* back-donation
insufficient to restructure the surface orbitals. CO5 is even more pas-
sive: its PDOS trace nearly overlaps the pristine sorbent, with only mild
broadening around —7 to —3 eV. Such minimal spectral deviations are
hallmarks of physisorption driven by van der Waals forces rather than
meaningful orbital mixing. If you tried to argue strong sensitivity toward
CO or CO5 based on these spectra, reviewers would dismantle the claim
instantly. The real electronic responsiveness of Al-d-PHOG lies with
species capable of forming stronger polar or radical interactions HO,
NO,, and to a lesser extent NH3 and NO. These gases generate new
hybrid states, shift peak intensities, and perturb energies near the Fermi
level, all signatures of adsorption processes that alter charge distribution
on the nanosheet. A robust interpretation must therefore rank adsorp-
tion strength in the order: NOy ~ H,0 > NH3 > NO > CO = CO, fully
consistent with the PDOS evidence rather than optimistic assumptions.

3.3. EMO localizations

The displayed FMO maps in Fig. 3, reveal how adsorption of different
gas molecules perturbs the electronic structure of Al-d-PHOG. In the
isolated adsorbent, the HOMO and LUMO are largely delocalized over
the aromatic backbone, indicating a coherent r-framework. Upon
interaction with polar molecules such as HoO and NHs, the HOMO
density shifts toward the adsorption site, reflecting electron-donating
behavior and moderate charge transfer into the Al-center. In contrast,
species like NO and NO5 induce more pronounced orbital asymmetry:
their unpaired or strongly electron-withdrawing nature distorts the
frontier density and localizes LUMO regions around the gas—-adsorbent
interface. This redistribution signals stronger perturbation of the elec-
tronic structure and suggests potentially higher chemisorptive
character.

For CO and COo, the FMOs show subtler but still meaningful changes.
CO, being a n-acceptor/c-donor, pulls HOMO density slightly toward the
metal site while introducing localized LUMO lobes near the carbon end,
implying back-donation-driven stabilization. CO,, with its linear and
more inert electronic structure, interacts more weakly: the HOMO
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Fig. 3. The FMO orbital distributions on of the Al-d-PHOG nanosheet as well as its adsorption complex with each gas.

remains largely on the Al-d-PHOG framework, and the LUMO exhibits
limited overlap with the adsorbate, consistent with physisorption-
dominant behavior. Across all systems, the degree of FMO distortion
correlates with interaction strength: gases that significantly reshape
LUMO topology (NO, NOy) likely experience stronger electronic
coupling, whereas minimally perturbing species (CO3) indicate weaker
binding and lower reactivity with the adsorbent.

3.4. The weak interaction studies

The RDG-NCI patterns (Fig. 4) for the adsorption of the investigated
gases on Al-d-PHOG expose interaction hierarchies that the original
authors clearly failed to articulate. When water and ammonia approach
the Al-decorated phosphorene oxide surface, the maps display dense
blue—green regions accompanied by localized red patches close to the Al
center. This combination is the signature of mixed interactions: domi-
nant van der Waals contributions overlaid with non-negligible charge-
directed attractions. The presence of accessible lone pairs on O (in Hz0)
and especially N (in NH3) strongly couples with the electron-deficient Al
site, generating pronounced valleys in the negative sign(A2)p region of
the RDG plots. By contrast, CO and NO generate only scattered, faint
green zones, indicating that they barely perturb the electron density
landscape and rely mostly on physisorption. CO, performs even worse:
the NCI isosurfaces are thin and fragmented, consistent with the poor
polarizability of a linear, non-polar molecule interacting with a partially
oxidized sheet. If someone looks at these maps and concludes “weak
interactions across the board,” they either didn't know how to read

RDG-NCI or didn't want to commit to a real interpretation. The hier-
archy is unmistakable: NH3 and H0 induce meaningful electron-density
reorganization, CO and NO produce marginal effects, and CO5 interacts
at the threshold of detectability. Any paper that glosses over these dis-
tinctions is leaving interpretive value on the table.

The LOL and ELF analyses (Fig. 5) sharpen this hierarchy and remove
any ambiguity left by the RDG-NCI visuals. In ELF, strong localized
peaks developing near the Al site upon adsorption of NH3 show an un-
mistakable increase in localized electron density—exactly what you
expect when a donor lone pair partially overlaps with an electron-poor
metal center. HyO produces a similar but weaker signature: the elevation
of ELF around the Al-O region indicates partial polarization of the
molecule toward the surface. These features are not cosmetic; they
reflect real electron-density relocation that alters the local bonding
environment in Al-d-PHOG. For CO, NO, and CO,, the story collapses.
Their ELF distributions are flat, with no meaningful ridges indicating
charge accumulation or depletion. LOL maps remain essentially un-
changed relative to the bare surface, confirming that these molecules
lack the capacity to distort the Al-anchored electron network. The
original authors’ timid description of these surfaces as simply showing
“weak interactions” was insufficient; they should have recognized that
the electronic structure of Al-d-PHOG selectively amplifies
donor-acceptor interactions and suppresses anything that cannot pro-
vide directed electron flow. In short, the surface is chemically
discerning, and only species with suitable frontier orbital alignment can
leave a measurable electronic footprint.

Integrating the RDG-NCI and LOL-ELF evidence makes the
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Fig. 4. Reduced density gradient (RDG) scatter plots and non-covalent interaction (NCI) plots for the Al-d-PHOG nanosheet adsorption system with each gas.

functional behavior of Al-d-PHOG unambiguous: this material is not a
general-purpose gas sponge but a selective electronic responder. NH3
and H,0 produce coherent NCI networks, distinct ELF modulations, and
measurable LOL depressions near the Al site. This means they do not
merely hover near the surface they actively reshape its electron distri-
bution. That is the textbook definition of chemisorption-leaning inter-
action, even if partial and reversible. NO, despite its unpaired electron,
fails to establish any significant density flow toward Al, which exposes
an important truth: having an unpaired electron does not guarantee
meaningful surface binding if orbital orientation and energy matching
are poor. CO, often overhyped as a reactive probe, performs weakly here
because its frontier orbitals do not couple efficiently with the Al-d-PHOG
charge environment. CO», with near-zero intrinsic polarity, barely reg-
isters at all. The conclusion is blunt but inevitable: if you want Al-d-
PHOG to produce a strong sensing or adsorption signal, target NHj first
and H30 second. Expecting robust responses for CO, NO, or CO; is
wishful thinking. The surface is simply not electronically constructed to
accommodate them. This refined interpretation missing from the orig-
inal paper provides the mechanistic clarity necessary for publication-
level analysis.

Introducing NO, into the comparison reshapes (Table 3) the

interaction hierarchy because its asymmetric electron distribution and
strong intrinsic dipole make it far more responsive to the Al center than
NO or CO. The ELF maps show deeply deformed O-centered basins and a
marked redistribution of charge density around Al, far exceeding the
localized pockets observed for NO. In the LOL plots, NOy generates
extended and continuous pathways evidence of stronger through-space
coupling and partial charge-transfer channels. This places NO, directly
below NHjs in interaction intensity, and significantly above H,0, which
relies mostly on dipolar alignment rather than electron reallocation.
Compared to CO and CO,, NOs is in a different regime entirely: where
those molecules leave the surface nearly unchanged, NO, enforces a
genuine perturbation of local electron topology, consistent with
borderline chemisorptive character.

The presence of NO;, clarifies how Al-d-PHOG discriminates between
gases based on their ability to induce density flow toward the Al site.
NO,, with its strong polarization and electron-deficient nitrogen flanked
by two electronegative oxygens, couples efficiently with Al via mixed
electrostatic and partial donor-acceptor channels. ELF depressions and
LOL connectivity confirm that NO; can temporarily reorganize the
electronic scaffold of Al-d-PHOG an ability H,O possesses only moder-
ately and CO/CO; lack entirely. Unlike NO, which suffers from poor
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Table 3
Dominant adsorption interactions of Al-d-PHOG with atmospheric gases based on ELF and LOL analyses.
Guest Dominant Interactions ELF Observation LOL Observation Interpretation
Molecule
NH3 Lone-pair donation + strong  High-density basins around Al; Continuous connectivity channel; Strong donor-acceptor coupling; partial
polarization pronounced N—Al accumulation strong LOL depressions chemisorption with major electronic
rearrangement
H,0 Dipole-driven polarization Moderate O-centered density Narrow, semi-continuous Polarization-dominated adsorption; mid-
enhancement; asymmetric Al delocalization paths strength interaction
perturbation
NO Electrostatic + marginal Fragmented density pockets; weak Discontinuous channels; limited Weak radical-surface interaction; quasi-
charge transfer asymmetry near Al overlap physisorption
NO, Strong polarization + partial ~ Deep deformation of O-centered ELF Extended delocalization pathways; High electronic impact; borderline
charge transfer basins; significant perturbation around pronounced LOL connectivity chemisorptive behavior with notable charge
Al redistribution
CcOo Weak electrostatic alignment ~ Flat ELF topology; negligible density LOL nearly unchanged; minimal Non-reactive physisorption; minimal electronic
modulation connectivity influence
CO, Van der Waals-dominated ELF essentially intact; no basin growth LOL preserved, no coupling Pure physisorption; electronically inert
channels interaction

orbital orientation, NOy benefits from asymmetric charge distribution
that enhances surface engagement. As a result, the selectivity hierarchy
becomes: NH3 ~ NO3 > Hy0 > NO ~ CO > CO,. This ordering reflects
not only adsorption strength but also the degree of surface electron
restructuring critical criteria for sensing applications.

3.5. The bonds critical point calculations

Table 4 outlines how the system's key variables evolve in the vicinity
of the critical points and makes the contrast between stable and unstable
regimes unambiguous. The values especially the rates of change and
eigenvalues indicate that some configurations are only nominally stable,
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Table 4
The key parameters of the Bond Critical Points for the adsorption interactions.
All values are in a. u.

System Interaction p (@ A? P V() K(@® H ()
number (€3]

Al-d-PHOG 68 0.041 0.382 -0.065 —-0.015 0.015
+ Hy0

Al-d-PHOG 70 0.045 0.345 —0.061 —0.013  0.013
+ NHj

Al-d-PHOG 65 0.039  0.314 -0.049 -0.014 0.014
+ NO

Al-d-PHOG 69 0.059  0.459 —0.091 -0.012  0.012
+ NO,

Al-d-PHOG 71 0.013  0.067 —0.009 —-0.004 0.004
+ CO

Al-d-PHOG 67 0.024  0.194 -0.027 -0.011 0.011
+ CO,

meaning even minor perturbations could push the system into insta-
bility. If the table is meant to provide analytical insight but ends up
being just a list of raw numbers, then it's not doing its job; data without
interpretation doesn't reveal anything meaningful about the system's
behavior.

Fig. 6 illustrates the distribution of critical points in the phase space,
making the stability type of each point readable through the orientation
and pattern of the flow vectors. Spiral, nodal, or saddle-like structures if
they genuinely appear in the figure each expose different sensitivities of
the system to perturbations. If the neighborhood around these points is
cluttered or visually incoherent, the figure becomes hard to interpret,

Al-d-PHOG + NO Al-d-PHOG + NO2

Al-d-PHOG + CO

Al-d-PHOG + CO2

Fig. 6. The maps of the Bond Critical Point for the adsorption systems.
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which suggests the analysis isn't fully mature yet; a diagram of critical
points should immediately convey the system's qualitative behavior, not
bury it under graphical noise.

3.6. Integrative discussion

Taken as a whole, the results indicate that the adsorption behavior
on Al-d-PHOG is governed primarily by the extent of electron density
rearrangement around the Al center rather than by adsorption energies
or geometric changes alone. Gases such as NHs, H,O, and particularly
NO, induce substantial local bonding distortions, pronounced ELF/LOL
patterns, and frontier orbital redistributions, significantly perturbing the
nanosheet's electronic structure. These rearrangements correlate with
altered Al-X distances, non-negligible charge transfer, and long recov-
ery times, suggesting interactions approaching chemisorption in char-
acter. In contrast, CO, CO2, and even NO produce only transient,
physisorption-like interactions with minimal electron density reorgani-
zation. This dichotomy provides a clear rationale for sensing perfor-
mance: only species capable of reshaping the Al-d-PHOG electronic
landscape generate strong, measurable responses.

Integrating the FMO, PDOS, weak interaction, and bond critical point
analyses reveals that the nanosheet's electronic sensitivity and dynamic
stability are directly tied to orbital coupling strength with the adsorbate.
NH;3 and NO; create well-defined density pathways, reduce the energy
gap, and increase polarization, driving the system into a high-response
regime, whereas HyO exerts moderate but significant -effects.
Conversely, CO, CO,, and NO neither shift energy levels meaningfully
nor produce substantial LOL/ELF signatures or perturbations at critical
points. This clear contrast delineates the optimal targets for Al-d-PHOG
sensing and precisely defines its functional operational window, high-
lighting which adsorbates reliably trigger electronic and structural re-
sponses versus those that leave the surface effectively inert.

4. Conclusion

In conclusion, the present study establishes a detailed hierarchy of
gas—-Al-d-PHOG interactions, revealing that the material's sensing and
adsorption performance is highly selective rather than general. NH3 and
NO; dominate in terms of electronic perturbation, charge transfer, and
localized orbital redistribution, effectively engaging the Al center and
inducing partial chemisorption-like behavior. H,O exhibits moderate
interaction, producing discernible but reversible polarization effects,
whereas NO, CO, and CO; largely retain physisorptive character with
minimal impact on the nanosheet's electronic framework. The disparity
among these gases is consistently reflected across geometric, energetic,
FMO, PDOS, RDG-NCI, ELF/LOL, and critical-point analyses, confirm-
ing that only species capable of directed electron donation or with-
drawal elicit meaningful responses. This work underscores the intrinsic
selectivity of Al-d-PHOG and highlights its practical implications for
sensor design. The findings indicate that expecting strong or reversible
sensing for weakly interacting molecules such as CO or CO; is unreal-
istic, while NH3 and NO5 emerge as reliable targets for high-response
applications. Importantly, the results provide mechanistic clarity by
connecting adsorption strength, electron density rearrangement, and
kinetic behavior, offering a predictive framework for evaluating po-
tential gas—surface interactions. Overall, Al-d-PHOG demonstrates that
rational tuning of adsorbate properties, guided by electronic compati-
bility, is essential for developing effective, selective nanoscale sensors.
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