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Abstract

The experimental discovery of two-dimensional penta-materials PdSes and PdPSe has
boosted interest in their potential applications. In this work, we present a systematic
ab initio study of the electronic properties of penta-PdSe; and penta-PdPSe as sensors
of molecules such as Ho, CO, and NO, which are potentially dangerous gases. We find
that Pd-based penta-materials are excellent sensors for NO molecules according to the
adsorption energies and recovery times. Most importantly, they present a change from
semiconducting to metallic behavior upon NO adsorption which points to their potential

application for optoelectronic gas sensors

Keywords: DFT, 2D, Penta, Sensor, NO

1. Introduction

Since the obtention of graphene by Geim and Novoselov [1], the experimental and
theoretical characterization of two-dimensional (2D) materials is a tremendously active
research topic due to diverse reasons; among them, the great number of potential applications,
the emergence of new physical phenomena and, very importantly, the easiness to tune
their properties as compared to their bulk counterparts [2, 3, 4, 5, 6, 7, 8, 9, 10]. These
2D materials can be obtained by top-down approaches, such as liquid or mechanical
exfoliation of 3D layered crystals, or bottom-up techniques, such as molecular beam
epitaxy (MBE), chemical vapor deposition (CVD), and physical vapor deposition (PVD)
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among other methods. Their composition is quite varied; some of the most studied
2D materials are transition metal chalcogenides, hexagonal boron nitride (h-BN), boron
phosphide (BP), phosphorene, silicene, germanene, and a long list that increases from
year to year [11, 12]. Motivated by a large number of synthesized and theoretically
proposed 2D materials, computational 2D materials databases (C2DMDB) arise as alternatives
to classify the stability and their basic physicochemical properties [2, 4, 5]. The C2DMDB
contain several not-yet-synthesized materials that are either theoretically proposed for
the first time or that have been put forward previously and have been verified to be
thermally and dynamically stable. One example of this is penta-graphene (PG), a new
allotrope of carbon composed by pentagons. Penta-graphene was first proposed in 2014
by Tang et al. [13] and later by Zhang et al. [14]. Although PG has not been synthesized
so far, its physicochemical properties have been widely explored through first-principles
calculations, showing its possibilities as gas sensors, the development of Li-ion batteries
and other new optoelectronic devices [15, 16, 17, 18, 19].

Due to the excellent possibilities of PG for the development of new devices as well as
its interesting basic properties, which stimulates the exploration of fundamental physical
phenomena, other pentagonal structures based on a combination of different atomic
species have been explored. Standing out, penta-silicene [20], a family of X,C, with
X = (P, As, Sb)[21], a binary family of MX, with (M=Ni, Pd, Pt; X=P, As), PtaNy4 [22],
pentagonal transition-metal (group X) chalcogenide monolayers [23], and the palladium
family of pentamaterials, penta-PdSes; and penta-PdPSe, recently obtained by mechanical
exfoliation of crystal bulk [24, 25]. Palladium diselenide (PdSez) is a 2D-pentagonal
layered noble transition-metal dichalcogenide with a puckered morphology that is stable
in air and exhibits a widely tunable bandgap that varies from zero (metallic bulk) to ~ 1.3
eV (semiconductor monolayer) [24]. Atomically thin penta-PdPSe has an orthorhombic
structure and belongs to space group no. 60. It is composed of two pentagonal layers with
a separation of 0.7 A coupled by comparatively weak van der Waals interactions. The

bandgap of penta-PdPSe varies from 1.46 eV in bulk to 1.92 €V for thinner penta-PdPSe
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samples [25].

Penta-materials have potential applications in the development of new sensors for
harmful gases. Recently, it has been shown via first-principles calculations that penta-
PdPS and penta-PdPSe are suitable candidates for NO and NOy sensors [26]. Also,
theoretical studies show that penta-PdSe, is an excellent option to develop water-splitting
applications [27].

Motivated by the possibilities of penta-materials in gas sensor applications, we have
performed a systematic study of the electronic properties of penta-PdSes and penta-
PdPSe as sensors of small hazardous molecules, such as Hy, CO, CO» and NO. Adsorption
energies, recovery times, and changes induced by the adsorption of the molecules on the
optoelectronic properties of the penta-PdSe; and penta-PdPSe are computed by means
of first-principles calculations. We verify the validity and robustness of our results by

using several exchange-correlation functionals, including van der Waals interactions.

2. Computational Methodology

We employ a first-principles methodology in the the framework of density functional
theory (DFT), as implemented in GPAW [28, 29] and SIESTA [30] packages. For the
basis set on GPAW we employed a plane wave with an energy cutoff of 650 eV. In STESTA
we employed a linear combination of atomic orbitals (LCAQO) with a double -¢ polarized
basis set. For the k-points, we used a grid of 15 x 15 x 1 for the unit cell and 7 x 7 x 1
for the supercell 2 x 2 x 1. All structures are fully relaxed until the atomic forces in
each atom were less than 0.02 eV/A. For the exchange-correlation functional we used
several approaches of the GGA family, namely, PBE [31], RPBE [32], and revPBE [33].
In order to include the van der Waals (vdW) interaction we employed the vdW-DF [34],
vdW-DF2 [34], and optB88-vdW [35] functionals.
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Figure 1: Schematic representation of the relaxed geometry of penta-PdSez and penta-PdPSe. The
results are obtained with the GPAW code employing the PBE exchange-correlation functional. The PX
labels indicate the initial adsorption position considered for molecules on penta-PdSeg and penta-PdPSe.

3. Results

3.1. Geometric Structure

The penta-PdSes; monolayer can be viewed as three atomic layers tightly bonded.
The central layer of the structure is composed of Pd atoms, situated between two layers
of Se atoms. This structure confers a buckled geometry to the penta-PdSes layer, as
it is shown in Fig. 1. The values of the lattice constants and the bandgap of penta-
PdSe; are reported in Table 1. Comparing the results for the lattice constants of bulk
PdSes computed with different exchange-correlation functionals with the experimental
values reported in [24], we observe that the PBE functional shows the largest difference,
0.05A, for the b lattice parameter. When vdW interactions are considered, the maximum
difference in the lattice constant is 0.26 A, obtained for the vdW-DF2 functional. This

agrees with a previous report of theoretical lattice parameters of bulk-PdSes.
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penta-PdSes

Exchange-correlation  a(A) b(A)  gap(eV)

PBE 5.74694 5.91884 1.338
LDA 5.60078 5.78370  1.444
RPBE 5.81061 5.97571  1.256
revPBE 5.79413 5.96133 1.281
vdW-DF 5.85769 6.05296 1.169
vdW-DF2 5.93773  6.12769 1.080
optPBE-vdW 5.7785  5.98201  1.269
SIESTA 5.7995 6.05096  1.211
C09-vdW 5.65705 5.87521  1.420
GLLBSC 2.050
exp-bulk [24] 5.7457  5.8679

penta-PdPSe

Exchange-correlation  a(A) b(A)  gap(eV)

PBE 5.84960 5.90720 1.108
LDA 5.73997  5.78863 1.171
RPBE 5.89355  5.95226 1.086
revPBE 5.88490  5.93966 1.094
vdW-DF 5.96822  6.04448 0.934
vdW-DF2 6.03519 6.03519 0.850
optPBE-vdW 5.90887  5.98340 0.976
SIESTA 6.00955 6.08469 0.693
C09-vdW 5.82330  5.89056 1.025
GLLBSC 1.880
exp-bulk [36] 5.7457  5.8679

Table 1: Lattice parameters and energy band gap for penta-PdSez and penta-PdPSe. Several exchange-
correlation functionals are considered. All results are obtained with the GPAW code.
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Figure 2: Band structures of penta-PdSez and penta-PdPSe monolayers obtained with SIESTA-optB88-
vdW and GPAW-optB-vdW. The lowest conduction bands and highest valence bands are highlighted
in red to emphasize their similarity, showing that both methods give equivalent results for the relevant
bands in optical calculations.

Analogously, the penta-PdPSe monolayer can be considered as being composed of
two layers, which are covalently bonded via the P atom in each layer. Each one of these
two layers is in turn composed of three atomic layers, with a central Pd layer between
two layers of P and Se atoms, as it is shown in Fig. 1. The values of the lattice constants
and the bandgap of penta-PdPSe are reported in Table 1. As for PdSes, a comparison
of the numerical results obtained with different exchange-correlation functionals to the
reported experimental lattice constants for bulk-PdPSe, yields a maximum difference of
0.05A for the b lattice parameter with the PBE functional. If vdW interactions are
considered, the maximum difference in the lattice constant is 0.26A for the vdW-DF2
functional. This is in agreement with a previous report of theoretical lattice parameters
of bulk-PdPSe [36]. In general, vdW functionals overestimate the lattice parameters with

respect to the GGA approximation. This behavior is usual in vdW exchange-correlation
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functionals, as previously reported [25].

The geometric parameters of the penta-PdSe; and penta-PdPSe obtained with the
SIESTA code for the optB88-vdW exchange-correlation functional are similar to those
obtained with GPAW | particularly for PBE and optPBE-vdW. This suggests that different
exchange-correlation functionals along with various representations of the Kohn-Sham
states are equally adequate to study the electronic structure of penta-Pd families, showing
the robustness of our results. Therefore, we study the adsorption of small molecules onto
penta-PdSe; and penta-PdPSe surfaces with the SIESTA code employing the optB&8-
vdW exchange-correlation functional, since STESTA has a cheaper computational cost
than plane wave codes such as GPAW. Additionally, in Fig. 2 we show the band structures
of penta-PdSe; and penta-PdPSe monolayers obtained with GPAW and SIESTA. Red
shadows highlight the valence and conduction bands closest to the Fermi level. This zone
is the most relevant for the calculation of optical properties, such as the dielectric function
and their derivatives, i.e., macroscopic response functions. Therefore, similarly to what
we found with respect to the geometric parameters, we corroborate that the electronic
band structures are equally well described by GPAW and SIESTA, thus supporting the
election of SIESTA to obtain the optoelectronic properties of the adsorption of small

molecules onto penta-Pd families on the basis of its lower computational cost.

3.2. Adsorption of molecules

The adsorption of Hy, CO, and NO on penta-Pd families is studied considering several
initial positions, as shown in Fig. 1, and labeled as PX, where X is a number. For penta-
PdSes, we considered five of such positions: P1 and P2 are at the top of Se atoms, P3 is
at the top of the Pd atom, P4 is in the Pd-Se bridge, and P5 is in the pentagonal hollow
site. For penta-PdPSe, seven positions are considered: P1 is at the top of Pd, P2 is in
the Pd-Se bridge, P3 is at the top of Se, P4 is in the P-Se bridge, P5 is at the top of
the P atom, P6 is in the Pd-P bridge, and P7 is in the pentagonal hollow site. In the
Supplementary Material, Fig-S1 and Fig-S2 show all the final relaxed positions for the

NO molecule onto penta-PdSe; and penta-PdPSe.
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H, CO NO

Position E,(meV) AQ d(A) E,(meV) AQ d(A) E,(meV) AQ d(A)

penta-PdSe,

P1 -39.4 0.008 3.185 -54.2 0.034 2.536 -181 0.020 2.308
P2 -49.0 0.018 1.985 -69.1 0.036 2.057 -285 0.055 1.475
P3 -58.6 0.026 1.714 -22.7 0.097 1.776 -263 0.075 1.812
P4 -389 0.014 2.462 -71.9  0.025 2.458 -202  0.052 2.028
P5 -45.7 0.013 2.534 -66.4 0.029 2.329 -354 0.041 1.817

penta-PdPSe

P1 -56.2 0.024 1.838 -169 0.066 1.918 -516  0.056 1.505
P2 -49.8 0.146 2.417 -156  0.065 1.987 -238 -0.009 1.989
P3 -42.2  0.008 3.313 -64 0.030 2.813 -310 0.003 2.042
P4 -95.2  0.008 2.639 -77 0.030 2.092 -298 0.006 1.774
P5 -49.1 0.022 1.904 -100 0.04 2.103 -297 -0.007 1.572
P6 -49.6 0.021 1.932 -173  0.05 2.007 -393 0.007 1.509
P7 -54.6 0.021 1.764 -81 0.029 2.038 -538 0.043 1.273

Table 2: Values of the adsorption energy (Eq), charge transfer (AQ), and minimal distance between
molecule and penta-material (d). Three molecules are considered, namely, Ho, CO, and NO. The
adsorption surfaces are penta-PdSes and penta-PdPSe.

In order to identify the most likely absorption site, we calculate the adsorption energy,

given by

Ea = Epenta-‘rmol - (Epenta + Emol)a (1)

where Epentat+mot i the energy of the penta-material plus the adsorbed molecule, Epenta
is the energy of the pristine 2D penta-material, and FE,,, is the energy of the isolated
molecule. The adsorption energies are shown in Table 2 for all the molecules considered
in this work. Starting with Hs, the largest adsorption energy for both penta-monolayers
occurs at the top of the Pd atom; however, the obtained values, —58.6 meV for penta-
PdSe; and —56.2 meV for penta-PdPSe, are low for sensing or storage of hydrogen
molecules: Note that for storage applications, the adsorption energy of a single molecule
must be in the range of 0.2 to 0.6 eV [37].

These values contrast with that reported in previous work for pristine pentagraphene,



which indicates adsorption energy of —92 meV, that could be increased by doping the
system with transition-metal atoms [38]. It is also at variance with previous studies in
which Pd atoms are used for decorating nanomaterials with the aim to increase their
H, adsorption capacity [39, 40, 41]. These comparisons suggest that the efficiency of Pd
atoms to adsorb Hy molecules depends on the chemical environment.

With respect to the CO molecule, both pentamaterials show significant adsorption
energy in the Pd-Se bridge if the molecule is oriented with the C atom pointing to
the surface. The adsorption energies are larger than those obtained for the Hy molecule.
Notwithstanding, our maximal adsorption energy is —175 meV, smaller than the reported
value for PG, being —520 meV [42]. These results indicate that Pd atoms do not
constitute a favorable chemical environment for the adsorption of CO molecules, based
on the comparison to pentagraphene without any adsorbed metals.

Remarkably, the adsorption of NO molecules contrasts with that of Hy and CO
molecules: NO on penta-Pd families shows an adsorption energy higher than on pentagraphene
and other 2D-materials [43]. In this case, the adsorption energy is maximum for the
hollow position of both penta-Pd materials, being the largest for penta-PdPSe with
a value of —538 meV. These results are in concordance with a previous report that
suggests that penta-PdPSe and penta-PdPS are excellent candidates for adsorption of
NO [26]. However, the adsorption energy we find in our calculation is around half the
value reported previously, in which they employed the Grimme correction DFT-D3 [44].

Likewise, three different orientations of the molecules were considered: perpendicular
to the surface with the O atom pointing to the surface, perpendicular to the surface with
the C/N atom pointing to the surface, and parallel to the surface. We find that the
oxygen atom experiments a repulsion by the surface, so the adsorption with the oxygen
atom pointing to the surface is the configuration with the lowest adsorption energy (—57
meV for NO onto penta-PdSe; in position P5, and —92 meV for NO onto penta-PdPSe
in position P7). Due to this repulsion, when the NO molecule is placed parallel to the

penta-PdSes surface, it undergoes a reorientation, reaching the same configuration as
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that obtained when the molecule is placed perpendicularly to the surface with the N
atom pointing towards it. However, if the NO molecule is set parallel to the penta-
PdPSe surface, it keeps this configuration, but with an adsorption energy of —208 meV.
This suggests that the preferred configuration for the molecules is effectively vertical,
with the C or N atoms pointing at the surface. An example illustrating these results is
included in the supplementary material, Fig-S3.

The recovery time is an important parameter for gas sensing analysis and depends
dramatically on the the adsorption energy. Using the transition state theory, they are

related by the following expression [45]:

E

T=A"le FT, (2)

where A is the attempt frequency, taken as 10'2s~!; kp is the Boltzmann constant, and
T is the temperature. With these values, we find the following recovery times: For Hs
on penta-PdSe; is 9.7 x 107!2 s, while on penta-PdPSe is 8.8 x 107!2 s. For CO, the
recovery times found are 1.5 x 10~!'s and 8.1 x 10~ s for penta-PdSe, and penta-PdPSe,
respectively. Finally, for NO adsorption, we obtained 8.8 x 10~ "s for penta-PdSe; and
1.1 x 1073s for penta-PdPSe. These values suggest that NO is the best molecule to
be sensed in the penta-Pd materials studied, with the largest recovery times — recall
that small values of recovery time indicate that it is impossible to sense the molecule
before its desorption occurs. Therefore, in spite of the numerical difference in the energy
adsorptions reported here and those presented in Ref. [44], we agree on the suitability
of these materials for NO detection.

Another important aspect of molecule adsorption is the type of the interaction occurring
between the molecules and the surface, and whether the bonding is of physical or
chemical character. This has been previously studied for multiple systems employing
the deformation electron densities or the electronic localization function (ELF) [46, 47].

Fig. 3 displays the ELF for each NO molecule in the position of maximal adsorption
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Figure 3: ELF for Hy, CO, and NO molecules adsorbed at the highest energy position on both penta-
PdSe2 and penta-PdPSe. The plane used to plot the ELF is the one that connects the molecule axis
with the surface atom closest to the molecule.

energy for the penta-PdPSe and penta-PdSes surfaces. The ELF is an accepted method
to determine the formation of covalent bonds in molecules and solids, independent of the
theory level used [48]. If the ELF is near 1, the atoms form covalent bonds; if it is around
0.5, the atoms form ionic bonds. In our case, the ELF between the atoms and the surface

is near 0, suggesting a physical bonding between the molecules and the surface, which

favors the adsorption-desorption process essential in a sensor.

3.8. Effects on electronic structure

The effects on the electronic structure of the surface due to the adsorption of the
molecules are other crucial features to define the sensing behavior of one surface. In this
case, we studied the modification of the electronic structure via the total density of states
(DOS). For both penta-materials the NO molecules produce the most important change
in the electronic structure: the NO molecule changes the behavior of penta-PdSes and
penta-PdPSe from semiconductor to conductor, showing Van Hove singularities (VHS)

just in the Fermi level. There are additionally other VHS in the conduction bands,
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with a localization depending on the molecule position, as it is observed in Fig. 4.
In contrast, for Hy and CO molecules penta-PdSe; and penta-PdPSe surfaces conserve
their semiconductor nature. Nonetheless, the minimum of the conduction band and the
maximum of the valence band are shifted depending on the position of the molecule, that
we attribute to the difference in the charge transfer in each adsorbed position (see Fig-S4

and Fig-S5 in the Supplementary Material).

PdSez-NO

— Pl
— P2
— P3
— P4
— P5

DOS

PdPSe-NO

— P1
— P2
— P3
— P4
— P5
— P6
— P7

=2 -1 0 1 2
E-EF(eV)

Figure 4: Total density of states for NO molecules adsorbed on penta-PdSez and penta-PdPSe. The
blue line in each panel represents the DOS of pristine penta-PdSes and penta-PdPSe, respectively.

To test the effect of the adsorption molecules onto penta-Pd surfaces, we calculate
the optical response of the system via the imaginary part of the dielectric function and
the changes induced in the refractive index. We focus on the NO molecule since it shows

the most significant changes in the electronic structure of the penta-Pd surfaces. The
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imaginary part of the dielectric function for both penta-Pd are shown in Figs. 5 and 6 for
two linear polarizations. The polarization directions x and y are specified in Fig. 1. The
surface changes from semiconductor to metallic, as observed in the DOS, is the reason
for the multiple transitions in the infrared region observed, along with the differences
in the optical response around a photon energy of 2 eV. The details of the shape of the
spectrum in the infrared region and around 2 eV depending on the adsorption position
of the NO molecule. These changes cause a modification in the refractive index and the
other optical response functions that can be quantified. A zoom of these specific regions

is shown in the Supplementary Material.

—_ — P1
S — P2
© — P3
N
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0 2 4 6
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Figure 5: Imaginary part of the dielectric function as a function of the photon energy for the NO molecule
onto penta-PdSes. Several positions of the molecule over the surface are considered and labeled as PX.
Two linear polarizations of the incident light are taken into account, namely, along = and y.

3.4. Effects of the concentration of NO molecules

The effects of increasing the concentration of NO molecules on penta-Pd surfaces
are also examined. For this purpose, we choose for both surfaces the most probable

adsorption position, defined by the adsorption energy. Therefore, for both, penta-PdSe,
13
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Figure 6: Imaginary part of the dielectric function as a function of the photon energy for the NO molecule
onto penta-PdPSe. Several positions of the molecule over the surface are considered and labeled as PX.
Two linear polarizations of the incident light are taken into account, namely, along = and y.
and penta-PdPSe, we considered the hole position (P5 and P7, respectively). In these
locations, we randomly put from one to five molecules in the supercell chosen for this work
(see Sec. 2) and then perform a full relaxation of the system. The electronic structure is
re-evaluated via the total density of states. In Fig. 7 the DOS for both penta-Pd with
different concentrations of the NO molecules is shown. For all concentrations considered,
both materials change from semiconducting to a metallic behavior. Additionally, VHSs
close to Fermi level in conduction states are present on both surfaces, and their number
and structure increase as NO concentration increases. These results also indicate a more
intense interaction between the surface and the adsorbed molecule.

The linear optical response is analyzed to evaluate the change in the physical properties
induced by the adsorption of NO molecules and by the increase of the concentration.
The dielectric function (real and imaginary parts) is present in Figs. 8 and 9 for two

linear polarizations of the incident light (z and y). The results show that the dielectric
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Figure 7: Total density of states for NO molecule adsorbed on penta-PdSes and penta-PdPSe. Different
concentrations of molecules are considered. Filled blue line: pristine monolayers.
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Figure 8: Dielectric function of NO molecules adsorbed on PdSey. Several concentrations of NO
molecules are considered. Color lines are for light polarization in the z direction, and black dashed
lines are for light polarization in the y direction.

function for both surfaces is anisotropic, with clearly different peak structures for each
polarization of the incident light. Also, the shape of the dielectric function is affected
by the increase in the concentration of NO molecules. This effect is especially observed
in the infrared region and around a photon energy of 2 eV. Changes in the refractive
index can be the basis for low-cost optical gas sensors, [49], so we report this variation
of magnitude for penta-Pd surfaces upon the adsorption of NO molecules, considering
different polarizations of the incident light and concentrations of the adsorbed molecule.

The refractive index can be obtained from the dielectric function as:

\/62+62+6
po YY1 277 3)

V2

where €; and €5 are the real and imaginary parts of the dielectric function. We define

the change in the refractive index as:

An = Npenta—Pd — MNpenta—Pd+XNO (4)
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Figure 9: Dielectric function of NO molecules adsorbed on PdPSe. Several concentrations of NO
molecules are considered. Color lines are for light polarization in the z direction, and black dashed
lines are for light polarization in the y direction.

with npentq— pq the refractive index of the surface and npentqa— Pa+xvo the refractive
index of the surface plus molecules, and X represents the number of NO molecules in
the supercell. The results are shown in Figs 10 and 11. Each line represents a different
NO concentration. They are vertically shifted to clarify the observation, and z and y
polarization of the incident light are considered. Similar to the previous discussion about
the dielectric function, the refractive index significantly changes in the infrared region and
around a photon energy of 2 €V (details of these regions are shown in the Supplementary
Material). The changes induced in the refraction index (An) are presented in Fig. 12 as a
function of the NO concentration and polarization of the incident light for both penta-Pd
surfaces. As previously, two linear polarizations, x and y, are considered. Negative values
of An indicate an increase in the refractive index; using the information provided by Fig.
12, we have chosen a wavelength of 588 nm because of the substantial and systematic
changes in the optical response for this value. Specifically, we have observed a quasi-
linear increase of the refractive index with the NO concentration for the x-polarization

of the incident light, with penta-PdSes standing out. These changes in the refractive
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Figure 10: Change of the refractive indices of NO molecules adsorbed on PdSes as a function of the
photon energy. Several concentrations of NO molecules are considered. Two polarizations of the incident
light are considered = and y directions.

index depend on the wavelength of the incident light and can be effectively utilized in
developing fiber optical gas sensors, similar to those previously reported. In fact, a

MoSs /graphene composite was employed in a fiber-optic NO5 gas sensor to enhance its

selectivity [50].

4. Summary and Conclusions

In summary, we have calculated the electronic and optical properties of small molecules
(Hy, CO, and NO) adsorbed on several positions of penta-PdSes and penta-PdPSe. We
have performed a systematic study combining several exchange-correlation functionals
with two different representations of Kohn-Sham states. Our results suggest that all
exchange-correlation functionals employed provide an adequate description of the geometric
and electronic structure of penta-Pd materials. Therefore, for the choice of the specific
functional computational time is a determinant factor. When small molecules are adsorbed
onto the surfaces of penta-Pd, the opto-electronic responses of these surfaces change

depending on the type of molecule, its position, and the surface. For Hy and CO
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Figure 11: Change of the refractive indices of NO molecules adsorbed on PdPSe as a function of the
photon energy. Several concentrations of NO molecules are considered. Two polarizations of the incident
light are considered = and y directions.

0.251 ,__,///

0.00
€ -0.251
&
® —0.50
Il
=< —0.751
c
< -1.00+

—e— PdSe,-XNO-X
—1.254 — PdSez-XNO-Y
—e— PdPSe-XNO-X
—— PdPSe-XNO-Y

—-1.501 , . ; :
1 2 3 4 5

Number of NO molecules

Figure 12: Change of the refractive indices of NO molecules adsorbed on penta-Pd surfaces as a function
of the number of NO molecules adsorbed in the supercell. Two linear polarizations of the incident light
are considered in the z and y directions.
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molecules, our results indicate that the adsorption is weak and the electronic structure
modification is too small to use these surfaces as sensors. However, for the NO molecule,
our results show that adsorption energy is sufficient for the molecule to be sensed by
penta-Pd surfaces. This is corroborated by the estimate of the recovery time from
dynamic transition theory. Additionally, the NO molecule induces significant changes in
the electronic structure of the Pd penta-surfaces, producing states around the Fermi level
that render the system metallic. This amounts to a dramatic change in the conductivity
of the complex. Finally, we explore variations on the refractive index to evaluate the
potential of penta-Pd materials as sensors of NO molecules. Our results show significant
changes in the refractive index as a function of the frequency and the polarization of
the incident light, pointing to the use of penta-Pd materials as the main component for

optical NO sensors.
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