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Abstract: The adsorption characteristics of Hy molecules on the surface of Pd-doped and Pd-
decorated graphene (G) have been investigated using density functional theory (DFT) calculations
to explore the sensing capabilities of Pd-doped/decorated graphene. In this analysis, electrostatic
potential, atomic charge distribution, 2D and 3D electron density contouring, and electron localization
function projection, were investigated. Studies have demonstrated the sensing potential of both
Pd-doped and Pd-decorated graphene to H, molecules and have found that the gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),
i.e., the HOMO-LUMO gap (HLG), decreases to 0.488 eV and 0.477eV for Pd-doped and Pd-decorated
graphene, respectively. When Hj is adsorbed on these structures, electrical conductivity increases
for both conditions. Furthermore, chemical activity and electrical conductivity are higher for Pd-
decorated G than Pd-doped G, whereas the charge transfer of Pd-doped graphene is far better than
that of Pd-decorated graphene. Also, studies have shown that the adsorption energy of Pd-doped
graphene (—4.3 eV) is lower than that of Pd-decorated graphene (—0.44 eV); a finding attributable to
the fact that the recovery time for Pd-decorated graphene is lower compared to Pd-doped graphene.
Therefore, the present analysis confirms that Pd-decorated graphene has a better H, gas sensing
platform than Pd-doped graphene and, as such, may assist the development of nanosensors in
the future.

Keywords: density functional theory; hydrogen sensing; palladium

1. Introduction

Understanding the various kinds of interactions between metallic molecules and
graphene is of utmost importance if a number of scientific problems, associated with the
enhancement of sensing performance, are to be solved. Over the last few decades, semi-
conducting materials such as hydrogen sensing films have been extensively explored [1,2].
Carbon-based nanomaterials and their derivatives, viz., graphene, reduced graphene,
reduced graphene oxide, carbon nanotubes, and fullerene, play a vital role in gas sens-
ing, adsorption, and storage performance due to their interesting and beneficial chemical
and physical properties [3-6]. Carbon-based nanomaterials possess the largest mechan-
ical strength, high specific surface area, good conductivity, compatibility with surface
modification, and high electron mobility [7-10]. As such, they have found widespread
applications in the fields of electronics, chemistry, and medicine; as catalysts in gas sensors;
and as components in the pursuit of energy conversion, production, and storage [11-19].
Graphene and its oxide derivatives have numerous properties to choose from and, for
this reason, are an ideal gas sensor material. Some of these properties include: (1) large
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surface area, which provides better interaction with gas molecules; (2) charge transfer
capabilities; and (3) hybridization, which results in strong interaction between the elec-
tronic state of graphene and gas molecules [20,21]. Despite these advantages, the lack
of bandgap in graphene limits its use in electronic devices. Graphene nanoflakes and
graphene nanoribbons are Hy-passivated, graphene-based, materials of finite width [22].
Over recent decades, many transition materials have been explored to enhance sensing
capabilities, adsorbance, and storage properties. Additionally, the ability of graphene
and its oxides to sense various gases has been investigated. Previously, researchers used
transition metals to decorate graphene, thus enhancing its surface reactivity and facilitating
the separation of targeted gases. Cu [23], Au [24], Pd [25], Fe [26], Ru [27], and Mn [28] are
only some of the transition metals frequently reported on in the literature. The reason we
selected Pd in this work was because of Pd’s greater affinity towards hydrogen gas [29-31].
Alfano et al. [32] developed a fully eco-friendly, Pd-decorated, graphene device for fast
and selective detection of Hy within a 30 s timeframe and with a 26% response value
for exposure of 1% Hj. Singla et al. [33] studied the hydrogen sensing mechanism of a
copper-decorated, N-doped, defective graphene through DFT calculation and found that it
increased the binding energy of Cu atoms due to the deficiency of electrons in the N-doped
site preventing the aggregation of the metal in their graphene sheets. It was also found
that hydrogen adsorption intensity was much higher for the copper-decorated complex
system. In other work, Bakshi et al. [34] studied the hydrogen storage capabilities of
these new adsorbents by introducing Pd into co-doped, pristine and defective, graphene
sheets containing N, and boron as adatoms. They reported that Pd enhanced the hydro-
gen adsorption energy of the pristine graphene, whereas the defective sheets prevented
clustering, resulting in a reduction to hydrogen adsorption. Thus, hydrogen adsorption
can be enhanced by doping graphene sheets with N, and boron adatoms. Finally, results
concluded that Pd-decorated, N-B co-doped, graphene sheets behave as a novel material for
hydrogen adsorption. Zhou et al. [35] studied the adsorption of TCDF on vacancy-defective
graphene doped with Mn and Fe via DFT calculations and reported enhanced sensitivity
of the graphene towards the TCDF molecule due to the presence of vacancy and dopants.
From this investigation, Zhou et al. found that the hydrogen adsorption of Niy clusters
embedded in multi-vacancy defective graphene absorbed up to four hydrogen molecules in
circumstances conducive to hydrogen storage [36]. In another study, the hydrogen storage
of a graphene-Pd(T) graphene sandwich structure was studied, with findings suggesting
that the binding energy of the Pd atoms at the T-sites of the bilayer graphene is higher
than the experimental cohesion energy of the Pd atoms; this resulted in the elimination
of a metal cluster effect on the adsorption property, producing an outstanding H; storage
material [37]. Gecim et al.’s [38] work focused on the methanol sensing capabilities of Ga-
and Ge-doped graphene using DFT calculations and found that, during adsorption, Ga-
and Ge-doped graphene increased the positive charge of methanol transfer to graphene
as well as electrical conductivity. At the same time, the gap between HOMO and LUMO
decreases for the doped transition metals. It was also observed that Ge-doped graphene
had higher electrical conductivity, a shorter recovery time, and increased sensitivity for
methanol compared to Ga-doped graphene. Zheng et al. [39] studied the hydrogen storage
performance of pure graphene nanoribbon and Li-decorated graphene using a DFT calcula-
tion study. The results revealed that the Li atom contains high interaction energy towards
pure graphene ribbon with a high adsorption energy, and has little effect on geometry. At
the same time, Hy molecules interact strongly with Li-decorated graphene, suggesting
that Li-decorated graphene nanoribbon exhibits excellent hydrogen storage capability.
Ostad et al. [40] investigated the adsorption of transition metal clusters over a graphene
layer through DFT and identified the site between the two neighboring carbon atoms as the
most stable for Pt, Pd, and Ir adatoms. These authors determined that, as the number of
atoms increases, the binding energy of the cluster also increases. By contrast, the adsorption
energy of the cluster attached to the graphene lowered when the lowest energy configura-
tion for the graphene-transition metal was applied. The adsorption energy of the adatoms
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increases due to the Van der Waals correction applied in the DFT calculation. The charge
transmitted to the carbon atom via transition metal atoms was also investigated, showing
that the d orbital of the adatoms introduced a peak at the dirac point of the graphene.
In another study, Montejo-Alvaro et al. [41] investigated the properties and ground-state
structure of the Pdj, cluster (n = 3-10) using DFT calculation and found it was supported on
pristine, B-doped, and defective graphene quantum dots. They also reported that reactivity
towards oxygen reduction was partially improved. In another work, hydrogen adsorption
on Ni (111) surfaces, Nijs—graphene, and isolated Nij3 clusters through DFT calculation,
were studied. Through pseudo charge density difference calculation, a build-up of charge
density in the region of the Ni-graphene interfacial was observed. An activation barrier
that stabilizes Nij3-graphene was observed using hydrogen adsorption [42]. Cui et al. [43]
conducted a DFT calculation study to assess the sensing behavior of SOF, and SO,F,
molecules using the surface of Pt/Pd-decorated CNT and Pt,Pd,-decorated CNT. The
study found that decorated CNT had better adsorption ability for SOF, compared to SO, F»,
and that large charge transfer numbers were generated by enlarging the bandgap after
adsorption and redistribution of the total electrons in the adsorption system due to the
strong interaction between the surface and SOF, molecule. Cheng et al. [44] investigated
the sensitivity enhancement of a Pd-decorated ZnO nanocluster for H; sensing via DFT
calculation. They found that Pd released 42.1 kcal/mol energy and that it was located
above the center of the tetragonal ring. Furthermore, adsorption of the O, molecule on
the Pd atom weakened the O-O bond, resulting in a good site for H, attachment requiring
1.3 kcal/mol as an energy barrier at 325 K temperature. Response time also increased from
0.11 to 123.53 for the Pd-decorated ZnO nanocluster, and the prediction of recovery time
was 0.7 ms for H,O desorption in the case of the Pd-decorated ZnO nanocluster. Khodadadi
et al. [45] evaluated the sensing characteristics of H,S through doped and decorated metals
attached to graphene and found that doping of transition metals (Ni, Cu, and Zn) enhanced
the molecular adsorption of H,S among all tested metals. Cu showed the best adsorption
system due to low adsorption energy and a short distance. While, for metal decoration, Ni
showed the lowest distance between the metal and carbon atom best suited for electron
transfer from H,S to metal-decorated graphene.

In this work, the sensing characteristics of H, on both Pd-doped and Pd-decorated
graphene were investigated using DFT calculations to analyze the effect of Pd-doping and
Pd-decoration upon graphene sensitivity towards these molecules.

2. Computational Method

The adsorption process of the H, molecule on Pd-doped and Pd-decorated graphene
was investigated via DFT calculations [46], using the Gaussian09 software [47]. The
graphene structures were optimized by employing the BBPW9 method with a basis set of
6-31 g*. To plot the density of states (DOS) the GaussSum package was used [48] and the
remaining 3D plots were plotted through Multiwfn. Adsorption energies and optimized
geometry were based on Equilibrium Geometry calculations.

E= Eelectronic + Zero'pOint energy (ZPE) + EVibrational +Erotationa1 + Etranslational (1)

All energy values were calculated at room temperature (298 K) and atmospheric
pressure, including zero-point energy and single-point energy. The Gaussian09 software
was used to obtain the total thermal energy, vibrational frequency, enthalpy, and thermal
free energy [49].

H=E+RT 2

where E stands for thermal energy, H for thermal enthalpy, R for ideal gas constant, and T
for temperature (298 K).

The electronic properties of the Hj, adsorbed on the Pd-doped and Pd-decorated
graphene, were investigated and compared. To evaluate the interaction between the Hj
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molecule and the Pd-doped graphene, their adsorption energy (E,4s) was calculated with
Equation (3).

Adsorption Energy; (AEqqs) = Esystem — (Ectuster+ Eadsorptive) 3)

where Egystem stands for the total energy of the H, on Pd-doped graphene geometry, Eqjyster
stands for the energy of optimized Pd-doped graphene geometry, and E,gsorptive Stands
for the energy of optimized H, geometry. To evaluate the interaction between the Hj
molecule and the Pd-decorated graphene, their adsorption energy (E.45) was calculated
with Equation (3), similar to the calculation for Pd-doped graphene.

Adsorption Energy (AEqgs) = Esystem — (Ectuster+ Eadsorptive)

where Egystem stands for the total energy of the H, on Pd-decorated graphene geometry,
Eluster stands for the energy of optimized Pd-decorated graphene geometry, and Eagsorptive
stands for the energy of optimized H) geometry. As per the results, a negative value for
the adsorption energy was obtained, indicating a stable structure and the occurrence of an
exothermic process. The difference between the energy of HOMO and LUMO (HLG) was
used to evaluate the chemical activity of Pd-doped and Pd-decorated graphene structures.
Low HLG values imply that chemical activity is high for that atomic condition, and vice
versa [50,51]. Furthermore, chemical hardness, electronegativity, electrophilicity, and
chemical potential were calculated [52-54] to investigate the activity of the clusters. These
values are based on Koopman's approach [55,56].

Chemical Potential (i) = —# 4)
I-A
Chemical Hardness (1) = — (5)
12
Electrophilicity (w) = 2 (6)
Electronegativity (A\) = — n (7)

where I = —e HOMO and A= —¢ LUMO, eHOMO-. To estimate net charge transfers
and atomic charges; natural bond orbital charges, i.e., NBO population analysis, was
applied [57]. The minimum electrophilicity principle [58] and maximum hardness princi-
ple [59] determined that the chemical stability of a system has a positive correlation with
hardness and a negative correlation with electrophilicity.

3. Results and Discussion

A DFT optimized geometry of Pd-doped/decorated graphene before, and after, ad-
sorption of Hy molecules is shown in Figure 1.

In this process, a carbon atom of pristine graphene was substituted with a dopant atom
(Pd) for the doped condition. The Pd atom was attached to the carbon atom by forming
an external bond without affecting the electron density of the Pd-decorated graphene
surface. This demonstrates that, after doping/decorating the Pd atom to the graphene, the
intermolecular bond between the C-C atom increases in comparison to pristine graphene.
The estimated lengths between the three carbon atoms and the Pd atom were 1.80 A, 1814,
and 1.82 A for the doped condition (Figure 1a). For the decorated state, the length between
the Pd atom and the carbon atom was 2.13 A (Figure 1c). In addition, after adsorption
of Hy gas, the lengths between the three carbon atoms and Pd increased to 1.97 A, 2.0 A,
and 2.0 A for the doped condition, whereas molecular distance between the H, and Pd
molecules measured up to 2.34 A (Figure 1b). There was no change in the bond length of
the carbon and Pd atoms for the decorated condition; however, the H, molecule attached
to the Pd atom directly at a bond length of 1.85 A (Figure 1d).
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1.85 A

2.13A

Figure 1. DFT optimized geometries of (a) Pd-doped graphene, (b) Pd-doped graphene-Hj, (c) Pd-decorated graphene,
(d) Pd-decorated graphene-Hj.

The electrostatic potential behavior of Pd-doped and Pd-decorated graphene clusters
before, and after, adsorption of Hj is shown in Figure 2.

(b)

T

Figure 2. Electrostatic potential of (a) Pd-doped graphene, (b) Pd-doped graphene-H,, (c) Pd-
decorated graphene, (d) Pd-decorated graphene-Hj;. The charge accumulation regions are in red.

It is clearly demonstrated that the charge accumulation in the doped region is less in
comparison to Pd-decorated graphene, and that charge accumulation increases for both
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conditions following adsorption of the H; molecules. The charge accumulation regions are
depicted in red.

To determine the stability of configurations, the hydrogen molecule was located above the
Pd-doped/decorated graphene cluster. To determine the characteristic behaviour of hydrogen
adsorption over the Pd-doped/decorated graphene cluster, the calculation was computed for
adsorption energies and adsorption enthalpies. This is shown in Tables 1 and 2.

Table 1. Properties of the Pd-doped graphene cluster before and after H; interaction.

H, Adsorbed on Pd-Doped

Properties Pd-Doped Graphene Graphene
Pd-C 1.80, 1.81,1.82A 197A,20A,20A
Distances (A) Pd-H 234 A
H-H 0.74 0.759
Pd atom 1.214 1.006
NBO charges (e) (bongef‘it‘v’vrﬁi Pa) —0.274, —0.274, —0.274 —0.215, —0.174, —0.191
Adsorbed H; molecule —_ 0, 0.067
Adsorption energies (eV) AE — —4.3
HOMO —4171 —3.999
LUMO —3.611 —3.511
HLG 0.56 0.488
a MOs (eV) Chemical Hardness 0.28 0.244
Chemical Potential —3.891 —3.755
Electronegativity 3.891 3.755
Electrophilicity 27.035 28.893

Table 2. Properties of the Pd-decorated graphene cluster before and after H; interaction.

H, Adsorbed on

Properties Pd-Decorated Graphene Pd-Decorated Graphene

Pd-C 2.13 2.13
Distances (A) Pd-H - 1.85
H-H 0.74 0.803

Pd atom 0.599 0.484

NBO charges (e) C atoms (bonded with Pd) 0.006 —0.073

Absorbed H, molecule - 0.023, 0.027

Adsorption energies (eV) AE —0.44

HOMO —4.008 —3.937

LUMO —3.499 —3.414

& MOs (eV) HLG 0.509 0.477
Chemical Hardness 0.254 0.238

Chemical Potential —3.754 —3.676

Electronegativity 3.754 3.676

Electrophilicity 27.741 28.388
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The bond length between Pd-C atoms increases after the adsorption of H, molecules
for both the Pd-doped/decorated graphene clusters. The new estimated bond lengths
following H, adsorption were 1.97 A, 2.0 A, and 2.0 A for the Pd-doped graphene clusters.
No change in bond length between Pd-C for the Pd-decorated graphene occurred, as
shown in Figure 1. The adsorption of hydrogen on both Pd-doped and Pd-decorated
graphene structures is an exothermic process. Adsorption energies for the Pd-doped, and
Pd-decorated, graphene clusters were calculated as —4.3 eV and —0.44 eV, respectively.
The H-H bond length for the adsorbed hydrogen molecule was calculated as 0.759 A for the
Pd-doped graphene, and as 0.803 A for the Pd-decorated graphene clusters. Both values
were more significant than that of the free hydrogen molecule (0.74 A).

To estimate the atomic charge and total charge transfer, the natural bond orbital
population was applied [57], as shown in the Figure 3.

(b)

Figure 3. NBO atomic charge distributions for the optimised structures of (a) Pd-doped graphene, (b) Pd-decorated
graphene, (c) Pd-doped graphene-Hj, and (d) Pd-decorated graphene-H,.

While performing calculations for Pd-doped graphene and Pd-decorated graphene
clusters, Hy was adsorbed on both Pd-doped and Pd-decorated graphene clusters. The
highest positive charges were observed for Pd atoms in both conditions (+1.214e for Pd-
doped graphene and +0.599e for Pd-decorated graphene) and charges after H, adsorption
(+1.006e for Pd-doped graphene and +0.484e for Pd-decorated graphene). To determine
the electronic behavior of both clusters, the net charge transfers of adsorbed H, onto
both Pd-doped graphene and Pd-decorated graphene clusters, were examined. Prior
to adsorption, Hy molecules had no charge; the net charge transferred to adsorbed H,
molecules on Pd-doped and Pd-decorated graphene was calculated as (0, +0.067) and
(+0.023, +0.027), respectively. The results suggest that the charge was transferred from Hp
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to Pd-doped/decorated-graphene. With respect to the charge transfer comparisons, results
suggest that the charge transferred from H, to Pd-doped graphene far quicker than to
Pd-decorated graphene. This clearly demonstrates the difference in the adsorption energy
for Pd-doped and Pd-decorated graphene clusters.

The molecular orbital (HOMO and LUMO) representation for both Pd-doped and
Pd-decorated graphene is shown in Figure 4.

(a) HOMO LUMO (b) HOMO LUMO
82305 %05 9% 2%2v9% 20 %
P ' W@ 20 @0 "‘ ’ 20 @9
a MOs ‘aa‘ Q’ a; .a‘. J"oa @ MOs ‘-’: u" 9 ‘J‘.“J“J
\ Y 8 5 9
:00:\0.‘ 2‘~a J:JO, 2%}”, 30::03::0.‘
20329 %9 9d TR IBT Uetld
,JJ"; .J“JJ‘J 4 v 9 s 9
.:.4;03 g‘; ;ao.o e":..::, ’?*.5;;.;?.
) ) v 0 PP g o MOs * P9I v 29 . e 9o
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Figure 4. HOMO and LUMO representations of « and MOs for the optimised structures of (a) Pd-doped graphene,
(b) Pd-doped graphene-Hj, (c) Pd-decorated graphene, and (d) Pd-decorated graphene-Hj.

Figure 4a shows HOMO and LUMO representations of « and MOs for the optimized
structure of Pd-doped graphene. Figure 4c shows optimised structure representations for
Pd-decorated graphene. The term o MOs is used for the spin-up, and fMOs for spin-
down. The HLG is used to determine the chemical activity of Pd-doped and Pd-decorated
graphene clusters HLG cxWACﬁmy ; the lower the value of HLG, the higher the chemi-
cal activity [50,51]. The value of electrophilicity, electronegativity, HLG, HOMO, LUMO,
chemical hardness, and chemical potential for Pd-doped and Pd-decorated graphene, is
given in Tables 1 and 2. Adsorption energy is a dependent term for chemical potential; if
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the chemical potential is low, then the adsorption energy for H; is also low [60,61]. HLG for
Pd-doped graphene (0.56) is comparatively higher than Pd-decorated graphene (0.509), i.e.,
chemical activity of Pd-decorated graphene is higher than Pd-doped graphene. While, after
the hydrogen adsorption, HLG for Pd-doped graphene decreased up to 0.488, meaning
that chemical activity increased for Pd-decorated HLG value and decreases up to 0.477, the
results demonstrate that chemical activity is higher for Pd-decorated graphene in compar-
ison to Pd-doped graphene when all these conditions are met. For Pd-doped graphene,
chemical hardness and electronegativity decreased following H;, adsorption, whereas the
amount of chemical potential and electrophilicity increased. For Pd-decorated graphene,
chemical hardness and electronegativity decreases as the amount of chemical potential and
electrophilicity increases. In comparison to Pd-doped and Pd-decorated graphene, the Hy
adsorption value of chemical hardness, electronegativity, and electrophilicity decreased as
the value of chemical potential increased.

Figure 5 represents the DOS plots for Pd-doped and Pd-decorated graphene before
and after Hydrogen adsorption, resulting in both Pd-doped and Pd-decorated graphene
enhancing electrical conductivity due to decreased HLG following the adsorption of the
Hydrogen molecule.

DOS spectrum

(=]

-

(a)

-4

30 Occupied orbitals

Virtual orbitals

al

)1 1A

2.5

2.0

&

1
-
o

- 2
-2

~

Energy (eV)

(=]

L

-

T

-6 -4

-2
Energy (eV)

0

~

Enerqy (ev)

3.0 q

2.51

2.01

1.5

1.0 4

0.5 1

0.0 4

o

-0.5

w

DOS spectrum
Occupied orbitals
Virtual orbitals

(d)

-1.

o

fill

0

2
Energy (eV)

Figure 5. DOS plots shown in (a,c) for Pd doped graphene and (b,d) for Pd decorated graphene before and after adsorption

of H2. Blue color indicates the DOS spectrum, green color indicates occupied orbitals and red color indicates virtual orbitals.



Energies 2021, 14, 5738

10 of 15

The Pd-decorated graphene shows a much lower HLG value in comparison to Pd-
doped graphene given the changes in DOS plot gaps suggesting greater electrical conduc-
tivity for Pd-decorated graphene than Pd-doped graphene. The electrical conductivity
depends on temperature and the value of HLG as shown in Equation (8) [62-64].

—E
o= AT¥2exp (21("]% > ®)

As the value of HLG (Eg) increases, the value of electrical conductivity (o) decreases
due to the negative exponential in the expression and vice versa. In both Pd-doped and
Pd-decorated graphene conditions, the value of HLG decreased. However, a comparison
between Pd-doped and Pd-decorated graphene following hydrogen adsorption showed
that the value of HLG decreased from 0.488 to 0.477 for Pd-doped and Pd-decorated
graphene, respectively. Thus, as per Equation (8), electrical conductivity was higher for the
Pd-decorated graphene. This shows that the Pd-decorated graphene is a better sensor for
H; detection. Also, recovery time appears to play an essential role in the detection of gases
and indicates the time consumption for the desorption of gases following adsorption. It is
the desirable short recovery time for better gas sensor capabilities which can be obtained
through the lowest value of the adsorption energy, as mentioned in the Equation (9) [62,65].

T=1v, exp < _E;ds> 9)

where T stands for the recovery time, E, 4 for the adsorption energy, vy for the attempt
frequency, T for temperature, and k for Boltzmann constant. As per the equation, the
lower the value of adsorption energy, the lower the recovery time will be; this is one of
the sensor’s desirable attributes. As per the results, adsorption energy for the Pd-doped
graphene was —4.3 eV and, for the Pd-decorated graphene, it was —0.44 eV. This is far lower
than Pd-doped graphene, meaning that recovery time for the Pd-decorated graphene was
much lower than Pd-decorated graphene. We can conclude, therefore, that Pd-decorated
graphene is a better gas sensor than Pd-decorated graphene.

The distribution map for electron density with the projection of Pd-doped graphene
and Pd-decorated graphene is shown in Figures 6a and 6b,c, respectively.

These maps showed that, for both Pd-doped graphene and Pd-decorated graphene,
conditions electron density concentrated at the Pd atom. Pd-decorated graphene, however,
showed a concentration of electron density at Pd (above the surface of graphene) when
visualized using only 3D projection.

In addition to that, Figure 6d—f shows a projection map with the distribution of an
electronic localisation function shown later [66-69] for both Pd-doped and Pd-decorated
graphene. To determine the location of electron pairs, electron localisation function is
a vital phenomenon [69]. As shown in the ELF graph, Figure 6d shows the location of
electron pairs for Pd-doped conditions. It shows that, for Pd-doped graphene, electron
pairs localised at the place where the Pd atom attached while, for Pd-decorated graphene,
electron pairs are evenly distributed at the corner atoms, as depicted in Figure 6.

The condition for electron density contour plots, and electron localisation function
plots with the projection of Pd-doped/decorated graphene after adsorption H, molecule,
is shown in Figure 7.

Figure 7 shows that, for Pd-doped graphene after H, adsorption, the concentration
of electron density shifted from the Pd atom to the H, molecule (Figure 7a,b), while there
was no effect of electron density concentration over Pd-decorated graphene (Figure 7c,d).
Because Pd atoms, unlike the doped condition, are not on the surface of the graphene in
the decorated condition, the Pd atom localised at the surface of the graphene. Additionally,
Figure 7e—h shows electron localisation function for Pd-doped/decorated graphene after
H, adsorption. It shows that, following Hj adsorption, the concentrated electron pairs
in Pd-doped graphene are evenly distributed at the atom’s corners. It also shows that, at
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the point where the Pd atom was doped, no charge localisation occurred (Figure 7e,f). In
contrast, for Pd-decorated graphene after H, adsorption, electron pairs were concentrated
on the corner, at the location where H, was attached to a Pd atom (Figure 7g,h).

Figure 6. 2D and 3D Electron density contour plots of (a) Pd-doped graphene (b,c) Pd-decorated
graphene and Electron localization function projections of (d) Pd-doped graphene (e,f) Pd-decorated
graphene. The charge accumulation regions are in red, while the charge depletion regions are in blue.
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Figure 7. 2D and 3D Electron density contour plots and projections of: (a,b) Pd-doped graphene-H,,
(c,d) Pd-decorated graphene (G)-Hj, 2D and 3D Electron localization function plots, and projections
of (e,f) Pd-decorated graphene (G)-H; and (g,h) Pd-decorated graphene-H;. The charge accumulation
regions are in red, while the charge depletion regions are in blue.
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4. Conclusions

In the present work, the sensing capabilities of Pd-doped graphene and Pd-decorated
graphene were investigated through DFT calculations of hydrogen molecules. Properties
of these clusters were analysed by using the value of bond distance, adsorption energy, and
NBO population analysis. During the adsorption of the H, molecule, charge transfer from
the Hy molecule to the Pd-doped and Pd-decorated graphene clusters occurred. This shows
that Pd-doped/decorated graphene behaves as an electron acceptor. Further results show
that decreases to the HLG values of Pd-doped and Pd-decorated graphene increases the
electrical conductivity for both Pd-doped and Pd-decorated graphene following adsorption
of Hy. While analysing a comparison between Pd-doped and Pd-decorated graphene
for the adsorption of Hy molecule, the chemical activity and electrical conductivity are
higher for Pd-decorated graphene in comparison to Pd-doped graphene. In contrast, the
charge transfer of Pd-doped graphene is better than Pd-decorated graphene. Furthermore,
recovery time is much lower for Pd-decorated graphene compared to Pd-doped graphene.
It can be concluded, therefore, that the Pd-decorated graphene has much better sensing
capabilities compared to Pd-doped graphene and, therefore, the analysed sensing film can
be envisioned as a potential nanosensor platform.
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