
Solid State Physics Revista Mexicana de Fı́sica72021603 1–7 MARCH-APRIL 2026

Tuning electronic properties of graphene nanoribbons for enhanced detection
of toxic gases (F2, AsH3, PH3 and HF): A density functional theory study
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This study investigates the potential of graphene nanoribbons (GNRs) with zigzag and armchair edge configurations as highly sensitive
sensors for toxic gases (F2, AsH3, PH3, and HF) using density functional theory (DFT) with the B3LYP/631G basis set to model and optimize
the geometric and electronic structures of pristine and gas-adsorbed GNR compounds. The electronic, structural, and adsorption properties of
these GNRs were analyzed to evaluate their gas-sensing performance. Results reveal that zigzag-edged GNRs exhibit superior sensitivity due
to their localized edge states, which significantly alter electronic properties upon gas adsorption, particularly for F2, as evidenced by a notable
reduction in the energy gap (from 1.22 eV to 0.97 eV). Meanwhile, armchair paradigms display stable electronic structures with smaller band
gap fluctuations (∼ 0.5 eV). This means that the armchair-edged GNRs demonstrate greater stability and selectivity, with minimal changes
in their electronic structure, suggesting robust sensor performance under ambient conditions. Adsorption energy calculations and infrared
spectra further highlight the distinct interactions between the gases and GNRs, with zigzag edges showing stronger responses. Additionally,
descriptors such as chemical hardness, softness, electronegativity, and dipole moment provide insights into the reactivity and polarizability
of the systems. The findings suggest that zigzag GNRs are promising candidates for high-sensitivity gas sensors, while armchair GNRs
may be better suited for robust and selective detection applications. This work contributes to the optimization of graphene-based sensors for
environmental and industrial toxic gas monitoring.
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1. Introduction

Graphene is a nanomaterial composed of a single atomic
layer of carbon atoms arranged in a two-dim nsional hexag-
onal (honeycomb) lattice. Each carbon atom in the graphene
sheet forms three strong covalentσ-bonds with neighbor-
ing carbon atoms throughsp2 hybridization, an overlap be-
tween one s and two p orbitals while the unhybridized p
orbital forms a delocalizedπ-bond system across the sur-
face [1,2] .This unique electronic configuration contributes to
graphene’s exceptional stability and conductivity [3]. Due to
its remarkable carbon-carbon bond strength(∼ 4.9 eV) [4],
graphene is not only mechanically robust but also exhibits
excellent chemical stability. The monolayer of graphene is
impermeable to all gases and liquids [5], making it an ideal
platform for sensing applications [6]. When a graphene sheet
is cut into finite pieces, two distinct edge geometries are
formed: zigzag and armchair. These edges play a crucial role
in defining the material’s electronic and magnetic properties,
zigzag edges can host localized [7], nonbonding edge states
that exhibit unusual electronic excitations. These excitations
can be tuned or manipulated via external electric or magnetic
fields or by modifying the sample geometry. In contrast, arm-
chair edges typically lack such edge states, although they do
introduce electron wave interference effects during scattering
processes [8]. Graphene’s unique properties such as ultra-
high electrical conductivity [9], excellent thermal conductiv-
ity [10], superior mechanical strength, large surface area-to-
volume ratio, and optical transparency make it a highly at-

tractive material for next-generation electronic devices [11].
Among its promising applications, graphene-based sensors
for detecting highly toxic gases have attracted growing in-
terest [12]. These gases, often released through industrial
processes, pose severe risks to environmental and human
health [13]. The core objective of modern sensor develop-
ment is to achieve ultrasensitive detection [14], ideally down
to the level of a single molecule. Graphene’s atomic thick-
ness and electronic responsiveness make it a powerful can-
didate for such highly sensitive detection technologies. Un-
like traditional solid-state gas sensors, graphene-based sen-
sors offer improved selectivity, faster response times, and su-
perior signal-to-noise ratios. In light of these characteristics,
graphene continues to play a central role in the evolution of
nanoscale sensing technologies. Further research is required
to optimize its functionalization, improve its selectivity for
specific toxic gases, and integrate it into commercial sensor
systems [14].

The aim of this study is to simulate and investigate two
distinct edge configurations of graphene nano-ribbon (both
zigzag and armchair) and evaluate their effectiveness as sen-
sors for selected toxic gases, owing to the critical role these
pollutants play in environmental degradation and their harm-
ful effects on living organisms.

2. Computational details

Density functional theory (DFT) is a computational quan-
tum mechanical modeling technique practical to compute the
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FIGURE 1. Molecular structure for pristine a) AGNR and b) ZGNR
adsorption with high toxic gases (a1,b1) F2, (a2,b2) AsH3, (a3,b3)
PH3 and (a4, b4) HF.

electronic density at each point in space [15–17]. The quan-
tum chemical computation was performed using the6−31G.
The structure was treated with GNRs , which have zigzag and
armchair edges with hydrogen passivation to reduce bound-
ary effects [18], as shown in Fig. 1. The energy of the
Fermi level, highest occupied molecular orbital (HOMO) en-
ergies, lowest unoccupied molecular orbital (LUMO) ener-
gies, and energy gaps represent the electronic properties of
GNRs (ZGNR and AGNR) and GNR-X. (Where x symbol-
izes to toxic gases such as:F2, AsH3,PH3, and HF). To

evaluate adsorption parameters such as adsorbent strength be-
tween structure GNR and gas atoms energy[19], adsorption
distanced was calculated. Adsorption energy is defined by
(Ead = EGNR−GAS − EGNR − Egas). Three primary areas
in which adsorption energy studies are quite helpful are (1)
looking into adsorption mechanisms, (2) providing data for
chemical engineering, and (3) characterizing the energetic
heterogeneity of solid surfaces. The frontier orbital ener-
gies are determined under Koopman’s approximation. Elec-
tronegativity, hardness, softness, and electrophilicity were
determined based on the ionization potential (I.P.) and elec-
tron affinity (E.A.) values. Essential reactivity indices, in-
cluding electronegativityχ, chemical hardnessη, softnessσ,
and electrophilicityω, are described in this theory as deriva-
tives of electronic energyE concerning several electronsN
at a constant external potentialv(r).

3. Results and discussion

3.1. Molecular structure

DFT was used in computational chemistry programs included
in Gaussian 16 with a basis function of6 − 31G/B3LYP to
two types of graphene nanoribbons [16]: the first type, the
armchair, which consists of 45 atoms of carbon and 20 atoms
of hydrogen (m = 4 andn = 6); and the second type, the
zigzag, which consists of 45 atoms of carbon and 18 atoms
of hydrogen (m = 4 andn = 5). Both compounds consist
of carbon atoms in hexagonal rings, and hydrogen atoms are
bound to the compound at the outer edges to minimize exter-
nal influences. The best geometric optimization was achieved
until the compound reached its lowest energy, which is the
lowest energy, with no imaginary frequencies appearing, as
shown in Fig. 1. Both compounds were modeled with toxic
gas molecules:F2, AsH3, PH3, and HF, respectively. These
gases were chosen because of their high toxicity and dou-
ble effect (on humans) compared to other toxic gases. Mod-
els devoid of imaginary frequencies, which are at the lowest
energy, were also adopted. The distance between the gases
and the surface of the graphene ribbon was calculated. The
gases also showed different distances and angles between the
graphene surface and the toxic gas. This is attributed to the
interaction between the atoms of the graphene surface and the
toxic gas molecules.

3.2. Infrared spectra

Infrared spectra yield harmonic vibrational frequencies. Low
frequencies give torsion vibrations. The number of atomic
modes depend on the number of atoms in the molecule. Vi-
bration either elastic or inelastic. Obviously, in Fig. 2 the x
-axis is frequency (incm−1), representing vibrational modes
of bonds [20]. While the left of the Y-axis is molar absorp-
tivity ε, showing how strongly the compound absorbs IR at a
specific frequency. Also, the right of the Y -axis likely repre-
sents IR intensity (D, in esu2· cm2), tracking dipole moment
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FIGURE 2. Infrared spectra for Pristine a) AGNR and b) ZGNR
after adsorption with high toxic gases c), d) F2, e), f) AsH3, g), h)
PH3 and i), j) HF.

moment changes during vibration [21]. The first two images
represent infrared spectra of two different molecular struc-
tures, indicating the graphene compound in both the arm-
chair and zigzag states, without added impurities. A com-
plex aromatic carbon framework (such as the graphene edge)
is probably the cause of the wide range of vibrational modes
seen in these spectra. Generally, the vibrational modes in-
clude bending modes (∼ 650 − 900 cm−1), potential skele-
tal vibrations fromC − H or C − C, and in-planeC = C
stretching (∼ 1, 200 − 1, 600cm−1). Lastly, aromatic (sp2

carbon)C − H stretching modes (∼ 3, 000 − 3, 200 cm−1).
Both armchair and zigzag graphene nanoribbon configura-
tions respond to adsorption of toxic gases by analyzing their
IR spectra. Vibrational modes (especially shifts or new
peaks) reveal changes in bonding [22], charge distribution,
and molecular interactions. Particularly in the fingerprint
range (400 − 1600 cm−1), zigzag designs exhibit stronger
and more distinct peaks. This is probably because zigzag
edges have increased electronic activity, which can localize
charges and improve infrared sensitivity. Armchair edges, on
the other hand, have a somewhat weaker IR reaction because

they are often more symmetrical and chemically inert. The
toxic gas (likeH − F) stretching vibration is characterized
by the sharp peak in both spectra about3600 cm−1, which
verifies that HF is adsorbed on the graphene surface. Varia-
tions in position or intensity imply that the strength of inter-
action differs between armchair and zigzag edges. Modes of
HF-graphene interaction, like physisorption or weak hydro-
gen bonding, may be represented by new peaks in the low-
frequency region that are absent from pristine graphene.

3.3. Energy gap

The energy gap is an energy range that separates the conduc-
tion band and the valence band. It represents the difference
in energy between the two bands, where free electrons cannot
exist. This gap determines the type of material whether it is
a conductor, insulator, or semiconductor based on its width.
Conductors have overlapping conduction and valence bands,
resulting in no energy gap Insulators have a gap width of
approximately 9 electron volts (eV). Semiconductors have a
smaller gap than insulators. The energy gap in graphene is
calculated by taking the difference between the energy of the
highest occupied molecular orbital (HOMO)and the energy
of the lowest unoccupied molecular orbital (LUMO). The en-
ergy gap can be expressed mathematically:

The energy gap in material can be mathematically ex-
pressed byEg = ELUMO − EHomo.

Table I, II indicates that edge geometry (armchair and
zigzag) plays a crucial role in modulating the electronic
properties of graphene when interacting with toxic gases.
While armchair configurations show relatively stable elec-
tronic characteristics, zigzag edges exhibit greater respon-
siveness, especially in band gap variation, suggesting their

TABLE I. Energy of HOMO, LUMO, and energy gap for pristine
AGNR and with (F2, AsH3, PH3 and HF), in (electron Volt) unit.

System EHomo Elumo EGap

P.AGNR -3.8303 -3.3272 0.5031

AGNR-F2 -4.0067 -3.5136 0.4930

AGNR-AsH 3 -3.8366 -3.3327 0.5039

AGNR-PH3 -3.8238 -3.3213 0.5026

AGNR-HF -3.9229 -3.4208 0.5020

TABLE II. b. Energy of HOMO, LUMO, and energy gap for pris-
tine ZGNR and with (F2, AsH3, PH3 and HF), in (electron Volt)
unit.

System EHomo Elumo EGap

P. ZGNR -4.1713 -2.9523 1.2190

ZGNR-F2 -4.3675 -3.3999 0.9676

ZGNR-AsH3 -4.1844 -2.9659 1.2185

ZGNR-PH3 -4.1688 -2.9507 1.2182

ZGNR-HF -4.3040 -3.0802 1.2239

Rev. Mex. Fis.72021603



4 R. H. KHALAF AND M. L. JABBAR

superior suitability for chemoreceptive or field effect gas
sensors. The zigzag graphene shows a significantly larger
band gap than the armchair configuration (∼ 1.22 eV vs.
∼ 0.50 eV), suggesting stronger localization or edge-state
effects. Upon adsorption ofF2, the band gap decreases no-
tably to 0.9676 eV , suggesting a stronger interaction, possi-
bly due to charge transfer or orbital hybridization. HF and As
slightly shift the HOMO and LUMO but do not significantly
affect the gap, indicating weaker interaction or physisorption.
Harvesting: Zigzag edges are more responsive in terms of or-
bital energy shifts, especially for electronegative species like
F2 and HF.

3.4. Ionization potential and electron affinity, hardness
and softness

The higher IP means the structure is less likely to lose elec-
trons. In the context of sensors, a lower IP can enhance
charge transfer to the substrate, increasing sensitivity, while
the ability of system to accept electrons. Higher EA values
are indicative of better electron capturing behavior, essential
for detecting electron donating gases, while the system’s ca-
pacity to take in electrons. Better electron-capturing activ-
ity, which is necessary for identifying gases that donate elec-
trons, is indicated by higher EA values. The reactive, while a
soft molecule is more polarizable and chemically active. The
softness (σ = 1/η) is given by the inverse of hardness. Soft
systems are more responsive to external perturbations critical
in sensor applications.

Table III, shows the chemical hardnessη for armchair
systems occurs within a narrow band (∼ 0.246 − 0.252eV),
regardless of the gas. This indicates structural and electronic

TABLE III. Ionization potential in (eV), Electron Affinity in (eV),
Hardnessη in (eV) and Softnessσ in (eV−1) for pristine AGNR
and with (F2, AsH3, PH3 and HF).

System I.P. E.A. η σ

P.AGNR 3.8304 3.3272 0.2516 1.9876

AGNR-F2 4.0067 3.5136 0.2465 2.0282

AGNR-AsH3 3.8366 3.3327 0.2520 1.9844

AGNR-PH3 3.8238 3.3213 0.2513 1.9898

AGNR-HF 3.9229 3.4208 0.2510 1.9919

TABLE IV. b. Ionization potential (IP) in (eV), electron affinity
(EA) in (eV), Hardnessη(eV) and Softnessσ (eV−1) for ZGNR
and ZGNR with (F2, AsH3, PH3 and HF).

System I.P. E.A. η σ

P.ZGNR 4.1713 2.9523 0.6095 0.8203

ZGNR-F2 4.3675 3.3999 0.4838 1.0335

ZGNR-AsH 3 4.1844 2.9659 0.6092 0.8207

ZGNR-PH3 4.1688 2.9507 0.6091 0.8209

ZGNR-HF 4.3041 3.0802 0.6120 0.8170

robustness of the armchair edge under perturbation. Softness
σ remains close to2.0eV−1, indicating these structures are
inherently soft but less variable upon gas adsorption. Thus,
zigzag edges are known for their localized electronic edge
states. These states contribute to higher baseline hardness
(∼ 0.61eV) in the undoped system implying less polariz-
ability and more inert character initially. UponF2 adsorp-
tion, η drops significantly from 0.6095 to 0.4838 eV , and
σ increases to 1.0335eV −1. This means thatF2 substan-
tially activates the zigzag edge, promoting charge redistribu-
tion. Similarly, EA increases to 3.3999 eV, showing enhanced
electron-accepting character Table IV. Harvesting,F2 trig-
gers the largest shift in both types due to its high electroneg-
ativity, confirming that F- containing species (e.g., HF) are
ideal targets for graphene-based gas sensors. While, other
toxic gases such as AsH3 andPH3 produce minimal elec-
tronic changes, suggesting low affinity or weak interaction,
and therefore may require functionalization to improve sen-
sitivity.

3.5. Electronegativity χ, electrophilicity ω, polarizabil-
ity α and dipole momentµ

Significant changes in the electronic characteristics of AGNR
and ZGNR following the adsorption ofF2, AsH3, PH3, and
HF are shown by the findings in Table V. When compared
to the pristine ribbons, the electronegativityχ generally ex-
hibits a modest increase. The most noticeable boost is shown
for HF adsorption, namely in ZGNR-HF. This suggests that
the adsorbed systems have a greater propensity to draw elec-
trons. Likewise, upon adsorption, the electrophilicity indexω
rises, indicating enhanced electron-accepting capacity, with
ZGNR-HF once more displaying the greatest value. In con-
trast, the polarisabilityα values stay within a small range
≈ 770 − 885 a.u., suggesting that adsorption has a little im-
pact on the sensitivity to external electric fields and total elec-
tronic delocalisation. The dipole momentµ exhibits the most
notable variation.

TABLE V. Electronegativityχ, electrophilicity(ω), polarizability
α and Dipole momentµ for pristine AGNR and ZGNR with (F2,
AsH3, PH3 and HF).

System χ(eV) ω(eV) α (a.u) µ(D)

P. AGNR -3.579 25.457 836.7 0.0

AGNR-F2 -3.760 28.676 885.9 4.790

AGNR-AsH3 -3.585 25.499 854.5 0.345

AGNR-PH3 -3.573 25.396 860.9 1.159

AGNR-HF -3.672 26.856 839.6 2.445

P. ZGNR -3.562 10.407 775.7 0.0

ZGNR-F2 -3.884 15.588 796.8 4.011

ZGNR-AsH3 -3.575 10.490 795.0 0.693

ZGNR-PH3 -3.560 10.402 794.6 1.237

ZGNR-HF -3.692 11.138 778.3 2.914
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Pure AGNR and ZGNR have very little dipole moments,
however adsorption adds a lot of polarity. Strong charge
redistribution within the systems is reflected in the great-
est dipole moments (4.79 Debye for AGNR-HF and 2.91
Debye for ZGNR-HF) caused by HF adsorption. Overall,
the findings show that while polarisability is essentially un-
altered, adsorption, particularly with HF, significantly in-
creases the electronegativity, electrophilicity, and dipole mo-
ment of nanoribbons.

3.6. Density of states DOS

In quantum mechanics, the waves of a system (particles) can
occupy specific states and configurations permitted by the
system, with quantized wavelengths determined by the sys-
tem [23]. The direction of wave propagation is constrained in
certain systems. Thus, some systems only allow wave prop-
agation in a single direction, which is attributed to the crys-
talline structure of the materials. The DOS for a system is
a critical property in material physics [24]. When an energy
level is permitted for electron occupation in the system, the
density of states refers to the number of available states per
energy unit at each level.

FIGURE 3. Density of states for a) AGNR and b) ZGNR after ad-
sorption with high toxic gases c), d) F2, e), f) AsH3, g), h) PH3,
and i), j) HF.

In Fig. 3, it can be seen that the vertical axis represents
the density of states (DOS),i.e., the number of orbitals avail-
able for each energy level. The horizontal axis indicates the
energy levels, measured in eV . The green lines represent oc-
cupied orbitals, while the red lines represent unoccupied or-
bitals. The blue line represents the final electron probability,
which is used to understand the electronic behavior of a ma-
terial by displaying the number of available electronic states
at each energy. The armchair compound has a noticeable en-
ergy gap, a consistent electron distribution, and serves as a
perfect model for semiconductors, making it great for detect-
ing gases, especially AsH3 or pH3. however, are strongly
edgedependent and exhibit greater DOS disturbances, mak-
ing them more reactive but relatively less stable.

3.7. Adsorption energy (Eads ) and percentage of energy
gap change

The adsorption energy (Eads) and the energy difference (∆E)
associated with the interaction of functionalized graphene
structures specifically Armchair and Zigzag edge configu-
rations with various toxic gas [25] molecules such as, F2,
AsH3, PH3 and HF. Where adsorption energy is a critical
parameter in assessing the strength of interaction between
a gas molecule and a material surface. A more negative
value of Eads represents stronger binding and often suggests
a chemisorption process, whereas less negative values repre-
sent physisorption [26].

∆E = EGNR − EGNR-gas ∗ 100% . . . .2.

In general, Armchair graphene consistently shows
slightly higher (more negative) adsorption energies, suggest-
ing stronger binding due to favorable local orbital over-
lap at the edge structure. While Zigzag graphene displays
nearly equivalent performance, enhanced the conclusion that
both edge types are viable platforms for adsorptionbased
sensing applications. Table VI presents both Armchair and
Zigzag graphene, the weakest interaction is observed with HF
molecules, with Eads values around−0.13 eV, indicat-

TABLE VI. Adsorption energy and percentage of energy gap
change for pristine AGNR and ZGNR with (F2, AsH3, PH3 and
HF).

System Eads(eV) ∆E(eV)

P.AGNR ..... ....

AGNR-F2 -0.3094 10.015

AGNR-AsH3 -1.9281 112.14

AGNR-PH3 -1.3025 17.213

AGNR-HF -0.1315 5.0372

P.ZGNR .... ....

ZGNR- F2 -0.3011 11.312

ZGNR-AsH3 -1.8420 126.75

ZGNR-PH3 -1.2661 19.455

ZGNR-HF -0.1395 5.6936
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ing weak physisorption. Adsorption becomes significantly
stronger with PH3 (Eads≈ −1.3 eV) and is most pronounced
with AsH3 (Eads≈ −1.9 eV), demonstrating chemisorp-
tion behavior likely due to the lone-pair interactions and the
larger atomic radii of as atoms, which facilitate overlap with
grapheneπ-orbitals. The∆E values reflect the total energy
change in the system as a result of gas adsorption. This
includes structural relaxation and electronic redistribution,
serving as an indicator of system stability post-adsorption.
For instance, the molecules ofAsH3-functionalized systems
exhibit the highest∆E(∼ 112.14, 126.75 eV), suggesting
significant stabilization and strong molecule (toxic gas) sur-
face interactions. This makes these systems excellent can-
didates for sensing As-containing compounds. The struc-
tures interacting withPH3 also exhibit a substantial energy
change (∼ 17.213, 19.455 eV), reinforcing their potential
as sensitive sensors. Comparatively, HF causes only modest
changes in energy (∼ 5 eV), indicating minimal disturbance
to the structure, which may result in lower sensor respon-
siveness. Harvesting Pristine AGNRs and ZGNRs are stable
with low dipole moments and distinct band gaps (∼ 0.5 eV
and∼ 1.22 eV, respectively). Gas adsorption leaves AGNRs
mostly unchanged, showing robustness and selectivity, while
ZGNRs undergo stronger electronic and vibrational pertur-
bations, especially withF2, which notably reduces the band
gap. Adsorption energies reveal weak HF binding but strong
chemisorption withAsH3 andPH3. Thus, AGNRs are stable
and selective, whereas ZGNRs are more reactive and highly
sensitive, making them superior for toxic gas sensing.

4. Conclusions

Zigzag configurations are better suited for highsensitivity
sensing applications, while armchair systems may be prefer-
able for robust and selective detection in integrated sensor

platforms. In contrast to AGNRs, ZGNRs exhibit substan-
tial sensitivity toF2, as evidenced by distinct changes in both
η andσ. The little alterations forAsH3, PH3, and HF in-
dicate the possibility of selective detection, especially for
halogenated toxic gases. The high adsorption energies and
∆E values underscore the potential of these structures for
toxic gas sensing applications, particularly for the detection
of toxic gases such asAsH3. Furthermore, the similarity
in performance between armchair and zigzag edges provides
flexibility in structural design, allowing optimization based
on fabrication constraints without sacrificing sensitivity.
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