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Abstract 
Density functional theory (DFT) computations of phthalocyanine (MePc) monolayers. Utilizing the B3LYP functional alongside a 6-
311+G(d,p) basis set, we conducted comprehensive optimization of the molecular structures to evaluate their stability and electrical 
characteristics. The binding energy between the central metal and the phthalocyanine monolayer was computed, together with the 
adsorption energy of H₂S, to assess the feasibility for gas sensing applications. Our results demonstrate that the adsorption process is 
primarily spontaneous, with considerable charge transfer occurring during adsorption, as confirmed by Hirshfeld charge calculations. 
Furthermore, we examined the band-gap energy, global hardness, and electrophilicity index to further the characterization of the sensing 
capabilities of both pristine and metal-doped phthalocyanine structures. The findings indicate that metal doping improves the sensitivity 
and stability of phthalocyanine monolayers, making them viable candidates for H₂S detection across diverse applications. This study 
examines the adsorption characteristics of hydrogen sulfide (H₂S) on metal-doped materials. 
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Investigación teórica de la adsorción de sulfuro de hidrógeno en 
nanohojas de ftalocianina dopadas: cálculos DFT 

 
Resumen 
Cálculos de la teoría del funcional de la densidad (DFT) de monocapas de ftalocianina (MePc). Utilizando el funcional B3LYP junto con 
un conjunto de bases 6-311+G(d,p), realizamos una optimización exhaustiva de las estructuras moleculares para evaluar su estabilidad y 
características eléctricas. Se calculó la energía de enlace entre el metal central y la monocapa de ftalocianina, junto con la energía de 
adsorción de H₂S, para evaluar su viabilidad en aplicaciones de detección de gases. Nuestros resultados demuestran que el proceso de 
adsorción es principalmente espontáneo, con una considerable transferencia de carga durante la adsorción, como lo confirman los cálculos 
de carga de Hirshfeld. Además, examinamos la energía de banda prohibida, la dureza global y el índice de electrofilicidad para profundizar 
en la caracterización de las capacidades de detección de estructuras de ftalocianina, tanto prístinas como dopadas con metal. Los hallazgos 
indican que el dopaje con metal mejora la sensibilidad y la estabilidad de las monocapas de ftalocianina, lo que las convierte en candidatas 
viables para la detección de H₂S en diversas aplicaciones. Este estudio examina las características de adsorción del sulfuro de hidrógeno 
(H₂S) en materiales dopados con metal. 
 
Palabras clave: sulfuro de hidrógeno (H₂S); ftalocianina; Teoría del Funcional de la Densidad (DFT); detección de gases; dopaje de 
metales. 

 
 
 

1 Introduction 
 
Hydrogen sulfide (H2S), also known as hydrosulfuric 

acid, is a colorless and highly toxic gas characterized by a 
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distinct rotten egg odor. It is primarily produced as a 
byproduct of industrial activities such as natural gas 
processing, petroleum refining, coal gasification, and biogas 
fermentation [1,2]. Exposure to H2S poses serious health 
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risks, affecting both the nervous system and respiratory tract 
[3]. At low concentrations, it can cause symptoms like 
dizziness, nausea, coughing, and chest discomfort [4]. 
However, higher concentrations may impair olfactory 
function, leading to a loss of smell and increasing the risk of 
prolonged exposure, which can result in severe consequences 
such as organ damage, respiratory failure, and even death [5]. 
Beyond its health hazards, H2S also has detrimental 
environmental and industrial effects. When oxidized to sulfur 
dioxide (SO2), it contributes to acid rain, damaging crops, 
infrastructure, and ecosystems. In industrial settings, H2S 
accelerates equipment corrosion, degrades catalyst 
efficiency, reduces product quality, and poses operational 
hazards [6]. Therefore, accurate and efficient detection of 
trace H2S is crucial for ensuring workplace safety, 
environmental protection, and industrial productivity. 
Conventional H2S sensors face limitations such as high 
energy consumption, low sensitivity, short lifespan, and strict 
operational conditions [6]. To overcome these challenges, 
researchers are exploring advanced materials for more 
reliable and cost-effective gas sensing. Among these, two-
dimensional phthalocyanine (Pc) compounds have gained 
attention due to their unique properties, including high 
surface area, excellent charge transfer capability, and optical 
performance [7]. These characteristics make them suitable 
for applications in photovoltaics [8], optoelectronics [9], 
electrocatalysis [10], and spintronics [11]. While resistive 
phthalocyanine-based gas sensors have shown promise in lab 
settings, their practical use is hindered by poor stability, 
selectivity, and sensitivity [12]. To enhance their 
performance, transition metal atoms can be incorporated into 
the Pc structure, improving their gas-sensing properties [13]. 
Previous studies using density functional theory (DFT) have 
demonstrated the effectiveness of metal-doped 
phthalocyanines—such as zinc phthalocyanine (ZnPc) and 
chromium phthalocyanine (CrPc)—in detecting gases like 
CO, NO, and formaldehyde [14,15]. Additionally, Mn-
phthalocyanine (MnPc) has been investigated for its 
interaction with XH3 gases (X = N, P, As) [16]. However, 
research on metal-doped phthalocyanines for H2S detection 
remains limited. This study employs DFT simulations to 
evaluate the H2S adsorption behavior on gallium (GaPc), 
scandium (ScPc), and titanium phthalocyanine (TiPc) 
monolayers. By analyzing structural configurations, 
adsorption energies, charge transfer mechanisms, electronic 
band gaps, and density of states, we assess the potential of 
these materials for H2S sensing applications. 

 
2 Modeling and computing 

 
Accurate determination of properties such as adsorption 

energy, dipole moment, and charge transfer necessitate the 
use of larger basis sets. A reliable approach for modeling 
molecular configurations involves employing a split-valence 
double-zeta basis set, exemplified by 6-311+G(d,p), which is 
a Pople-style basis set [17]. Full geometric optimizations 
were conducted with the B3LYP functional in conjunction 
with the 6-311+G(d,p) basis set [18,19]. The B3LYP method 
integrates Becke’s three-parameter hybrid exchange 
functional (B3) and the Lee-Yang-Parr correlation functional 
(LYP), making it a widely adopted choice for studying 

nanostructures, including III-V semiconductor systems [20]. 
To account for weak long-range interactions, Grimme’s D3 
dispersion correction with Becke-Johnson damping (DFT-
D3(BJ)) was applied [21]. All simulations were carried out 
using Gaussian 16 [22] within the framework of density 
functional theory (DFT) [23]. Input preparation and output 
visualization were facilitated by GaussView 5.0 [24], while 
density of states (DOS) plots were generated via GaussSum 
3.0 [25].  

The binding energy (BE) of the metal center within the 
phthalocyanine (Pc) monolayer was calculated as:  

 
𝐵𝐵𝐵𝐵 = (𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − (𝐸𝐸𝑀𝑀𝑀𝑀 + 𝐸𝐸𝑃𝑃𝑃𝑃)) (1) 

 
where EMePc and EPc   represent the total energies of the 

metal-doped and undoped Pc monolayers, respectively, while 
EMe corresponds to the energy of an isolated metal atom [26].  

The adsorption energy (Eads) of hydrogen sulfide (H₂S) 
on the Pc and MePc monolayers was computed to assess 
sensing performance: 

 
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔/𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀  – (𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔 + 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀) (2) 

 
where, 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔/𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is the total energy of the H₂S-adsorbed 

system, whereas 𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 and 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔 denote the energies of the 
isolated MePc monolayer and H₂S molecule, respectively. A 
negative Eads typically indicates exothermic adsorption, with 
greater negativity reflecting stronger stability [27]. Adsorption 
is classified as chemisorption if ∣Eads∣>0.5eV; otherwise, it is 
considered physisorption [28]. This investigation evaluated H₂S 
adsorption on Pc and MePc monolayers at 298.15 K. 
Additionally, key electronic parameters were analyzed, 
including the bandgap (Eg =ELUMO−EHOMO), global hardness 
(η=Eg/2), and electrophilicity index (ω=(EHOMO+ELUMO)2/8η), 
where EHOMO and ELUMO are the energies of the lowest 
unoccupied and highest occupied molecular orbitals, 
respectively [20]. The sensitivity of pristine and Me-doped Pc 
toward H₂S was quantified by the relative change in bandgap: 

 
∆𝐸𝐸𝑔𝑔% = [(𝐸𝐸𝑔𝑔2 − 𝐸𝐸𝑔𝑔1) 𝐸𝐸𝑔𝑔1

⁄ ] × 100 (3) 
 
Where, Eg2 and Eg1 are the bandgap values before and 

after H₂S adsorption. 
To elucidate substrate-gas interactions, Hirshfeld charge 

analysis was performed to determine charge transfer QCT: 
 

𝑄𝑄𝐶𝐶𝐶𝐶 = 𝑄𝑄(𝐻𝐻2𝑆𝑆)𝐴𝐴 − 𝑄𝑄(𝐻𝐻2𝑆𝑆)𝐵𝐵 (4) 
 
Here, Q(H2S)A and Q(H2S)B represent the net charges on H₂S 

after and before adsorption, respectively. A positive QCT 
implies electron donation from H₂S to the Pc surface, while 
a negative value suggests the opposite direction of transfer 
[29]. 

 
3 Results and discussion 

 
3.1 Structure and stability of pristine Pc, MePc, and H₂S 

 
Fig. 1 illustrates the optimized structures of (a) pristine 

phthalocyanine (Pc), (b) gallium-doped Pc (GaPc), (c) 
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scandium-doped Pc (ScPc), (d) titanium-doped Pc (TiPc), 
and (e) an isolated hydrogen sulfide (H₂S) molecule. The 
atomic color scheme is as follows: gray for carbon (C), white 
for hydrogen (H), blue for nitrogen (N), orange for gallium 
(Ga), pink for scandium (Sc), green for titanium (Ti), and 
yellow for sulfur (S). The coplanar configuration of the 
pristine Pc monolayer indicates a completely delocalized and 
conjugated π-electron system. Both GaPc and TiPc 
monolayers exhibit a stable "graphene-like" planar shape, 
signifying a robust connection between the metal atoms and 
the Pc nanosheet, consistent with previously reported values 
[30]. Conversely, the ScPc monolayer shows a pronounced 
out-of-plane displacement of the Sc atom, resulting in a non-
planar structure. The isolated H₂S molecule exhibits an H–S 
bond length of 1.35 Å and a bond angle of 92.73°, in 
accordance with previous studies [20]. Among the doped 
phthalocyanines, TiPc demonstrates the most substantial 
negative binding energy (BE), as illustrated in Fig. 1d, 
signifying a more robust link between the metal atom and the 
Pc monolayer relative to ScPc and GaPc. The possibility of 
metal atom aggregation inside the phthalocyanine monolayer 
was investigated by calculating the cohesive energy (Ecoh) 
using the formula: 

 
𝐸𝐸𝑐𝑐𝑐𝑐ℎ =

𝐸𝐸𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖−𝑀𝑀𝑀𝑀

𝑛𝑛  (5) 

 
Ecoh=(EMePc-Eiso-Me)/n, where Eiso-Me denotes the energy of 

an individual metal atom and n indicates the number of metal 
atoms. The findings demonstrate that TiPc and ScPc possess 
the greatest cohesive energies, succeeded by GaPc and pure 
Pc. Fig. 1 presents the EBE values for GaPc, ScPc, and TiPc 
monolayers as −7.33 eV, −9.67 eV, and −10.97 eV, 
respectively. All these values are below the cohesive energy 
of the respective metal bulk, so affirming its stability. Prior 
research suggests that the central location, particularly the 
vacancy in the center of Pc or directly above the doped metal 
atom in MePc, is the favored adsorption site [31]. The 
stability of an atom on an adsorbent can be defined by its 
diffusion activation barrier (Eact). Calculations in machine 
learning indicate that for individual atoms of diverse metal 
species on various two-dimensional materials, the energy 
barriers are proportional to (BE2⁄Ecoh). While 2D Pc is 
excluded from these computations, a preliminary estimation 
can be obtained from the subsequent equation: 

 
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 0.63(𝐸𝐸𝐵𝐵𝐵𝐵

2 𝐸𝐸𝑐𝑐𝑐𝑐ℎ) − 0.203⁄  (6) 
 
In this context, BE denotes the binding energy, while 

Ecoh signifies the cohesive energy of the metal atoms 
adsorbed on 2D Pc, as depicted in Fig. 1. It is vital that BE 
exceeds Ecoh to avert the formation of metal clusters on 2D 
Pc, since this may impair its capacity to interact with other 
molecules by decreasing the number of accessible adsorption 
sites. Numerical calculations indicate that Ga, Sc, and Ti 
exhibit higher BE values than their cohesive energies. 
Moreover, the activation energy exhibits the subsequent 
trend: Exact: Ti > Sc > Ga. All atomic metals demonstrate 
binding energies more than 1 eV, signifying substantial 
interactions with the 2D Pc [32]. 
 

 
 
Figure 1. Optimized structures of (a) pristine phthalocyanine (Pc), (b) 
gallium-doped Pc (GaPc), (c) scandium-doped Pc (ScPc), (d) titanium-
doped Pc (TiPc), and (e) hydrogen sulfide (H₂S). Color code: gray (C), white 
(H), blue (N), orange (Ga), pink (Sc), green (Ti), yellow (S). 
Source: Authors. 

 
 

3.2 Adsorption properties of H₂S on pristine and metal-
doped phthalocyanine 

 
The optimized adsorption configurations of H₂S on 

pristine phthalocyanine (Pc) and metal-doped Pc (MePc, 
where Me = Ga, Sc, Ti) are depicted in Fig. 2. For pure Pc, 
the calculated adsorption energy (Eads) is −7.21 kcal/mol, 
accompanied by a charge transfer (QCT) of −0.171 e from Pc 
to H₂S (Fig. 3). This weak interaction indicates primarily 
physical adsorption, consistent with previous studies [27], 
and suggests limited H₂S capture capability. 

In contrast, doping with Sc and Ti significantly enhances 
H₂S adsorption. The most stable configurations, H₂S+ScPc 
and H₂S+TiPc, exhibit Eads values of −17.22 and −22.70 
kcal/mol, respectively, confirming chemisorption [30]. Ga 
doping, however, does not improve adsorption performance, 
as reflected in its lower Eads compared to ScPc and TiPc. 
Structural analysis reveals minimal distortion in H₂S 
adsorbed on ScPc and TiPc, with adsorption distances of 2.80 
Å (QCT = 0.267 e) and 2.50 Å (QCT = 0.216 e), respectively. 
These results demonstrate superior H₂S adsorption on ScPc 
and TiPc relative to GaPc and pristine Pc. Electronic 
structure analysis further supports these findings. The 
HOMO-LUMO gap (Eg) of pristine Pc decreases only 
slightly (2.55 eV → 2.34 eV) upon H₂S adsorption (Fig. 3), 
indicating low sensitivity for detection. In contrast, Ga, Sc,  
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Figure 2. Top and side views of H₂S adsorbed on (a) Pc, (b) GaPc, (c) ScPc, and (d) 
TiPc. Atom colors: gray (C), white (H), blue (N), orange (Ga), pink (Sc), green (Ti), 
yellow (S). 
Source: Authors. 

 
 

 
Figure 3. HOMO-LUMO energy levels for H₂S adsorbed on Pc, GaPc, ScPc, and TiPc. 
Black lines represent systems before adsorption; red lines show post-adsorption states. 
Source: Authors. 

 
 

and Ti doping induces notable shifts in the HOMO level, 
reducing Eg and enhancing H₂S interaction. Global hardness 
(η) measurements reveal minimal changes for GaPc and ScPc 
after adsorption, whereas TiPc shows significant variations. 
The electrophilicity index (ω) also undergoes marked shifts, 
particularly for TiPc+H₂S, suggesting TiPc’s stronger 
affinity for H₂S. Thermodynamic calculations reveal 

spontaneous adsorption (ΔG < 0) for all MePc systems, with 
ScPc (−47.10 kcal/mol) and TiPc (−42.69 kcal/mol) exhibiting 
the strongest interactions, followed by GaPc (−13.07 kcal/mol). 
Pristine Pc, however, shows a positive ΔG (6.68 kcal/mol), 
indicating non-spontaneous adsorption (Fig. 2). 

Density of states (DOS) analysis provides additional 
insights. For pristine Pc (Fig. 4), H₂S exhibits delocalized 
states with no significant resonance peaks, indicating weak 
van der Waals interactions [34] and poor gas-sensing 
potential. In contrast, ScPc (Fig. 5) and TiPc (Fig. 7) display 
strong resonance peaks (highlighted by dashed rectangles), 
confirming robust orbital hybridization. The Sc and Ti atoms 
act as electron bridges, facilitating charge transfer and 
strengthening H₂S adsorption. GaPc (Fig. 6) also shows 
enhanced orbital overlap, though to a lesser extent than ScPc 
and TiPc. These findings highlight TiPc as a promising 
candidate for H₂S sensing applications. 

 

 
Figure 4. Density of states (DOS) for H₂S, Pc, and their combined system. 
The Fermi level (orange line) is set at zero energy. 
Source: Authors. 
 
 

 
Figure 5. DOS for H₂S, ScPc, and their combined system. The Fermi level 
(orange line) is at zero energy.  
Source: Authors. 
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Figure 6. DOS for H₂S, GaPc, and their combined system. The Fermi level 
(orange line) is at zero energy.  
Source: Authors. 
 
 

 
Figure 7. DOS for H₂S, TiPc, and their combined system. The Fermi level 
(orange line) is at zero energy. Source: Authors. 
 
3.3 Sensing mechanism analysis 

 
 
The preceding sections established the durability and strong 

adsorption capacity of ScPc and TiPc monolayers, confirming 
their suitability for H₂S gas sensing. To gain deeper insight into 
the sensing mechanism, we evaluated the sensitivity and 
desorption behavior of these monolayers upon H₂S exposure. 

The energy gap (Eg) serves as an indicator of molecular 
excitability—a smaller gap corresponds to higher excitation 
likelihood, reflecting changes in conductivity. As shown in Fig. 
3, GaPc and ScPc monolayers exhibit semimetallic behavior, 
with negligible shifts in their electronic band gaps after H₂S 
adsorption. This suggests minimal electrical response, indicating 
low sensitivity. In contrast, the TiPc monolayer undergoes a 
significant band gap increase from 1.188 eV to 1.425 eV (ΔEg = 
19.92%) upon H₂S adsorption, transitioning from semimetallic 
to semiconducting properties. This shift highlights TiPc’s 
superior sensitivity to H₂S. 

The sensitivity can be quantified by changes in electrical 
conductivity (σ), expressed as: σ ∝ exp(-Eg/2kBT), where Eg is 
the band gap, kB is the Boltzmann constant (8.62 × 10⁻⁵ eV/K), 

and T the operating temperature. The negligible band gap shift in 
H₂S-ScPc systems results in minimal resistivity changes (σScPc = 
0.059), confirming low sensitivity. Conversely, ScPc and TiPc 
exhibit notable electronic perturbations upon H₂S exposure, with 
σ values of 0.059 and 99.28, respectively. The substantial change 
in TiPc underscores its potential as an H₂S sensor. 

We further investigated the influence of H₂S on Fermi levels 
(EF) and work function (ϕ), defined as: ϕ=−EF= (ELUMO+EHOMO)/2. 
The work function shift (Δϕ) is critical for ϕ-type sensors, which 
measure this parameter via Kelvin oscillation. Post-adsorption, 
Ga-, Sc-, and Ti-decorated 2D Pc exhibit Δϕ values of -3.96%, -
4.93%, and -8.00%, respectively, while pristine Pc shows a slight 
increase (Δϕ = 1.32%). The most pronounced change occurs in 
TiPc, followed by ScPc, confirming work function as a key metric 
for sensor performance. 

Desorption kinetics (τ) are equally vital for sensor 
reusability. Moderate gas-substrate interactions facilitate 
rapid desorption, ensuring sustained operation. Using 
transition state theory, we calculated τ as: τ 
=(f0)−1exp(−Eabs/kBT), where the attempt frequency f0 is taken 
as 1×1012 s-1. For ScPc, τ values are 3.54 s (298 K) and 2.49 
ms (398 K), while TiPc shows slower recovery (34.8 ks at 
298 K, 2.43 s at 398 K). ScPc’s short recovery time at 
ambient temperature, combined with adequate sensitivity, 
makes it a promising candidate for H₂S detection. 
Comparative studies reveal that hydroxyl-modified ZGNRs 
exhibit weak H₂S adsorption (Eads = -0.17 eV) [35], while 
PdAs monolayers show physical adsorption (Eads = -0.49 eV) 
with a 179 s recovery time [36]. Zinc-doped SnP₁ 
demonstrates faster recovery (64 ms at 298 K) but lower 
adsorption strength (Eads = -0.639 eV) [37]. In contrast, ScPc 
offers optimal adsorption and rapid desorption, positioning it 
as a highly effective H₂S sensor. 

 
3.4. Dipole moments of adsorbates and substrates 

 
The dipole moment (μ) of a molecule plays a crucial role 

in adsorption behavior by influencing electrostatic forces 
between the adsorbate and substrate [37]. To analyze these 
interactions, we computed the dipole moments of H₂S gas, 
pristine nanosheets, and doped nanosheets. Our results show 
that H₂S possesses a dipole moment of 1.399 Debye (Fig. 1). 
Notably, the doped nanosheets exhibit slightly higher μ 
values compared to their undoped counterparts (Fig. 2). 
Among these, the H₂S+TiPc system shows the most 
pronounced increase in dipole moment. This enhancement 
correlates with stronger adsorption energies, suggesting that 
doping improves H₂S adsorption via intensified electrostatic 
interactions. 

 
4 Conclusion 

 
This study employed density functional theory (DFT) 

calculations to systematically investigate the structural, 
electronic, and adsorption properties of pristine and metal-
doped phthalocyanine (Pc) monolayers for hydrogen sulfide 
(H₂S) sensing applications. 

The results demonstrate that doping with transition metals 
significantly enhances the stability and gas adsorption 
performance of Pc nanosheets compared to the pristine 
structure. Among the studied dopants (Ga, Sc, Ti), Sc and Ti 



Hameed & Al-Anber / Revista DYNA, (93)240, pp. 46-52, January - March, 2026. 

51 

incorporation proved most effective, yielding strong binding 
energies and spontaneous, exothermic H₂S adsorption 
indicative of chemisorption. In contrast, Ga doping and the 
pristine Pc monolayer showed only weak, physisorptive 
interactions with H₂S. 

Electronic structure analysis revealed that ScPc and TiPc 
undergo substantial charge transfer and orbital hybridization 
upon H₂S exposure. A critical finding is the pronounced 
change in the electronic band gap of TiPc, which shifts from 
semimetallic to semiconducting character after adsorption. 
This significant alteration in electronic properties, coupled 
with a notable change in work function, suggests a strong 
electrical response to the target gas, which is essential for 
resistive and work-function-based sensing mechanisms. 
Furthermore, analysis of recovery times indicates that ScPc 
offers an optimal balance between adequate adsorption 
strength and rapid desorption at ambient temperature, 
promoting sensor reusability. 

In summary, while both ScPc and TiPc monolayers 
exhibit superior H₂S adsorption and electronic sensitivity, 
TiPc emerges as the most promising candidate due to its 
strongest adsorption energy and the most significant 
modulation of its electronic properties. These characteristics 
recommend TiPc-doped phthalocyanine nanosheets as highly 
suitable materials for the development of efficient, sensitive, 
and reusable H₂S gas sensors. 
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