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Abstract

Doping and surface engineering of zinc oxide (ZnO) nanostructures are the practical approach in
promoting the gas sensing capabilities. However, the mechanism and the factors that affect such
improvement are not well understood. We performed the first-principles based on density functional
theory (DFT) calculations to investigate palladium (Pd) decoration on the gas sensing properties of
ZnO (0001) surface. Various Pd loading contents on the ZnO surface have been simulated for the
resulting sensing capabilities towards a series of gas molecules. The simulations indicate that the
modified ZnO surfaces actively interact with the CO and NH; gas molecules with great adsorption
energies ranging from —1.02 eV to —5.56 eV. Moreover, the most stable structure of the decorated
ZnO surface by a three-Pd ring cluster has revealed the drastically enhanced selectivity towards NH3
gas. Hence, surface decoration by Pd atoms could be an effective approach in promoting gas selectivity
and sensitivity.

1. Introduction

Various types of hazardous gases, for example, H,S, CO, NO,, NH3, H,, and CH,, are routinely released from
industrial and agriculture sectors or emitted as vehicle exhaust gases. Using or producing these gases causes
health hazards and adverse impacts on humans and animals. Therefore fast and sensitive gas detection, as well as
quantification of environmentally hazardous gases, is crucial. Among gas sensing materials, metal oxide (MOX)
semiconductors have gained significant interests due to their high sensitivity to chemical environments, long
lifetime, fast response time, and relatively high sensitivity [ 1-3]. Besides the distinct properties, it also suffers
from several drawbacks, such as background gas effect, low selectivity, and power consumption in high-
temperature conditions. The gas sensitivity is associated with the change in the sensing layer’s resistance upon
adsorption and reaction with the target gas molecules. Doping or functionalizing the surface of different
nanostructures has been validated as an effective approach to enhance gas sensing performance [4—16].

Among the various MOXs, ZnO is the most widely used n-type semiconductor material for gas sensing due
to its excellent sensing characteristics and good chemical stability. Several ZnO structures have been investigated
from the bulk materials to different morphologies of nanostructures due to their intriguing properties at this
scale [17-21]. The improved sensing response of ZnO nanostructures is primarily ascribed to the high single
crystalline surface along with a large surface area [1, 22, 23]. The high-performance gas-sensing devices, using
ZnO nanostructures, were conducted at room temperature for H,, NH;, NO,, N,O and ethanol gas detection
[9,11,20,21,24-26]. The electronic conduction of ZnO-based gas sensors was reported to significantly increase

©2021 The Author(s). Published by IOP Publishing Ltd
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when exposed to ethanol; thus, it exhibited superior sensitivity and fast response to the gas [11, 12]. However, the
sensing performance of pristine nanostructured ZnO can be significantly improved by adding and dispersing
noble metal nanoparticles as dopants, impurities, sensitizers, or catalysts onto the surface [9, 11, 18,27, 28]. The
most commonly used metals consist of Au, Ag, Pt, and Pd. This strategic approach can effectively improve
MOX’s gas sensing characteristics, but it unavoidably increases the material cost to some extent. Among the
noble metals, Pd is electrochemically more stable than Fe, Co, and Ni, and it is cheaper than Pt [29]. The
previous theoretical study showed that Pd-decorated ZnO nanocluster demonstrates the enhanced gas
sensitivity towards H, detection [30], which agrees with the prior experimental results on Pd-decorated ZnO
nanorods [31]. Based on DFT investigations, transition metals such as Pd, Au, Fe, and Co-doped the hexagonal-
ZnO exhibited much higher adsorption capacity to H,S compared with their undoped counterparts [32].
Combined with the experimental and DFT studies, the Pd-loaded ZnO nanosheets prepared by a facile
hydrothermal method exhibited high gas sensing response and selectivity [33]. These enhanced properties are
primarily ascribed to the reduced band gaps due to the introduction of Pd atoms into the ZnO nanostructures.

However, despite the research progress made to demonstrate the hexagonal-ZnO nanosheets either by
mono-Pd doping or decorating for gas sensors, many challenges remain in terms of attaining the sensing
mechanisms, electronic and structural properties of multi-atom modification by Pd atoms. Besides, the studies
based on the application of such structure to various hazardous gases were rarely reported. In our previous work
[34], the first-principles density functional theory (DFT) calculations were employed to understand gas sensing
characteristics of the ZnO surface upon H, and C,HsOH gas adsorption by varying Pd loading contents. The
results have demonstrated that the Pd-decorated ZnO surface is a potential material for the gas sensor as it
introduces the band gap reduction and also favors the gas adsorption process. Based on such the modified
substrate, this present work investigates the gas sensitivity and selectivity of other gas molecules, using first-
principles calculations based on DFT. Of great interest are CH,, CO, CO,, NH3, N,0, and NO that are mainly
used for industrial, environmental, and medical applications. Our computational results could provide a better
understanding of the gas sensing characteristics and yield an atomistic insight into the adsorption process of the
gases toward the Pd-decorated ZnO surface at the different coverages.

2. Computational details

AlIDFT calculations were done by using the Vienna ab initio simulation package (VASP) with a projector
augmented wave (PAW) method [35-38]. The electron exchange-correlation interactions were described with a
generalized gradient approximation (GGA) in the form of the Perdew—Burke—Ernzerhof (PBE) [39] functional.
The van der Waals (vdW) correction proposed by Grimme (DFT-D3) was adopted to take into account the long-
range vdW interactions [40, 41]. Throughout this study, we used the cut-off energy for the plane-wave basis
expansion of 450 eV, which was adequately high enough to converge the properties of all the pseudopotentials in
this work. During relaxations, all atoms’ positions were allowed to fully relax until the force on each atom was
less than 0.01 eV A~ between two ionic steps, and the convergence of the electronic self-consistent energy was
less than 10~° eV. The geometry optimization and electronic structure calculations were sampled using the
Monkhorst-Pack scheme with (5x5x1) and (9x9x1), respectively. The Bader charge analysis was computed using
VASP-VTST [42-44].

It should be noted that the ultrathin ZnO surface consisting of a few layers prefers a graphitic honeycomb as
proved by the experiments [45] and first-principles calculations [17, 46—48], in which the Zn and O atoms are
coplanar. The ZnO (0001) plane was therefore considered to be the reactive surface in this study. The geometry
structures of bare ZnO and Pd-decorated ZnO were optimized following our previous work [34] (see the details in
S1 of Supplementary Material available online at stacks.iop.org/MRX/8/045004/mmedia). The polar (0001) and
(0001 ) surfaces flatten out, forming a new ‘graphitic’-like structure as shown in Fig. S1(a). In the z-direction, the
vacuum slab of 20 A was used to avoid the interaction of the close periodical images. The bare ZnO surface was first
optimized. Then, the number of Pd atoms varied from one to three atoms as the adsorbates onto the surface, which
can be described as the surface coverages (0) as detailed in S1 of Supplementary Material. The increase in content of
Pd-atoms at ZnO [0001] is from 0 Monolayer (ML), 0.03 ML, 0.06 ML, and 0.09 ML, corresponding to the bare
ZnO, one, two, and three Pd atoms decorated on the ZnO surface. The binding energy per Pd atom to determine
the stability of the Pd-decorated ZnO layer was also shown in S1 of Supplementary Material.

For gas adsorption, various initial sites were employed, which the optimized one with the largest negative
E,4s was selected as the stable one. The adsorption energy E,,; is defined as:

Eous = sub/gas — (Egas + Esup), (1)

where E,,;and E,,; are energies of the free gas molecule and the substrate (bare ZnO surface or the Pd-decorated
ZnO surface, respectively). E,,;,q; denotes the total energy of the combined gas molecule-substrate system.
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Figure 1. Optimized configuration of various gases on the Pd-decorated ZnO surface at the different coverages () ranging from

0.03 ML (top), 0.06 ML (middle), and 0.09 ML (bottom) when exposed to (a) CHy, (b) CO, and (c) CO, gas molecules. Gray, red, blue,
light brown and cream spheres indicate the Zn, O, Pd, C and H atoms, respectively. The distances between atoms (d) are in the
Angstrom (&) unit.

Noting that stronger force exceeding 50 k] mol " or 0.52 eV are responsible for chemisorption while below that
is physical adsorption [49].

3. Results and discussion

The geometries of the bare ZnO and Pd-decorated ZnO surfaces as the substrates were investigated in terms of
structural properties. More detailed information on the binding energy (E,) of the Pd-decorated ZnO surface is
listed in S1 of Supplementary Material. E;, per Pd atom exhibits the negative values, ranging from —1.56 €V,
—1.74 eV, —2.19 eV for the surface coverages (£) of 0.03 ML, 0.06 ML, and 0.09 ML (corresponding to one, two,
and three decorating-Pd atoms, respectively). Thus, the simulation results ensure the favorable formation of the
Pd-decorated ZnO surface, which 8 = 0.09 ML exhibits the most stable structure due to the largest E;, of

—2.19 eV atom . The isolated gas molecules were optimized, which the adsorption lengths and bond angles
were listed in Fig. S.1(e) in Supplementary Material. The interactions of the single molecules including, CHy,
CO, CO,, NHj3, NO, and NO, to the modified ZnO surfaces, can be described regarding their structural
properties and adsorption energies (E, ) based on equation (1). Each gas molecule was initially aligned above
the Pd-modified ZnO surface with various orientations, in which the most stable configurations with the largest
negative E, 4 can be summarized in figures 1 and 3. The adsorption energy, the binding distance, the estimated
bandgap, the Fermi level, and the net charge transfer (AQ) from Bader charge analysis were listed in table 1.

3.1. CH, gas adsorption

Upon exposure to CH, on the bare ZnO (Fig. S2(a) in Supplementary Material), E, exhibits the value of

—0.30 eV with the bond distance, d(H-O), of 3.00 A. It is worth mentioning that the E, 4 basically consists of the
distortion energy of the molecule, distortion energy of the surface, and the interaction energy between the
molecule and the surface. Noticeably, the configuration result of Fig. S2(a) distinctly displays the surface
distortion, possibly resulting in the main contribution of the computed E,,;; = —0.30 eV. This explains the
conflicting results of d(H-O) = 3.00 A and the E,,;, of the bare ZnO exposed to the CH, gas molecule. In the case
of Pd coverage 0f 0.03 ML, the gas molecule adopts a small tilted angle of 13° to the Z-direction, as shown in
figure 1(a). The C atom of CH, is pointing to the Pd atom of the modified ZnO surface. The interaction between
the gas and substrate leads to a moderate E, ;s of —0.72 eV with the bond length between C of CH, and Pd, i.e.,
d(Pd-C) of 2.31 A, indicating that CH, is chemically adsorbed on the surface and the charge transfer (AQ) from
the gas molecule to the substrate is 0.0484 e. The largest E,;; = —0.88 eV of CH, on the modified surface is due
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Table 1. The calculated adsorption energies of various gases on the Pd-modified ZnO surfaces (E, ), adsorption length (d) defined as the length of nearest atoms of the substrate and the gas molecule, the band gap energy (E,), the charge
transfer (AQ), and Fermi energy level (Ef).

Configuration Eous d,A Eg, eV AQ,e Ep eV
bare ZnO

CH, ~0.30 d(H-O(Zn0)) = 3.00,d*(C-H) = 1.10 1.18 —0.0052 ~3.20
CO —0.55 d(C-Zn(Zn0O)) = 2.26,d"(C-0) = 1.14 1.21 0.0305 —3.26
CO, —0.42 d(C-0(Zn0)) = 2.94,d*(C-0) = 1.14 1.19 —0.0197 —3.28
N,O —0.34 d(N=Zn(ZnO)) = 2.54, d*(N-N) = 1.15,d*(N-O) = 1.19 1.20 ~0.0025 —3.21
NH; —1.06 d(N-Zn(Zn0O)) = 2.14,d"(N-H) = 1.02 1.18 0.1139 —3.10
NO —0.57 d(N-Zn(ZnO)) = 2.38,d*(N-0) = 1.17 0.18 —0.0702 —2.82
1 Pd atom (0.03 ML)

CH, —0.72 d(Pd-O(Zn0)) = 2.07,d(Pd—-C(CH,)) = 2.31,d*(C-H) = 1.09 0.81 0.0484 —2.81
CO —2.68 d(Pd-O(Zn0)) = 2.06,d(Pd—-C(CO)) = 1.83,d"(C-O) = 1.16 1.13 —0.1178 —3.32
Co, ~0.88 d(Pd-O(Zn0)) = 2.05,d(Pd—C) = 2.03, d(Pd—O(CO,)) = 2.11,d*(C-0) = 1.20 112 ~0.2929 335
N,O —1.36 d(Pd-O(ZnO)) = 2.04,d(Pd-N) = 1.91,d*(N-N) = 1.15,d*(N-O) = 1.21 0.98 —0.1463 —3.05
NH; —1.55 d(Pd—O(Zn0)) = 2.07,d(Pd-N) = 2.08,d"(N-H) = 1.02 0.79 0.1788 —2.57
NO 157 d(Pd-O(Zn0)) = 2.06, d(PA-N(NO)) = 1.97, d*(N-O) = 1.24 1.02 ~0.3367 234
2 Pd atoms (0.06 ML)

CH, —0.88 d(Pd-O(Zn0)) = 2.08, d(Pd-Pd) = 2.66, d(Pd-C) = 2.28,d"(C-H) = 1.09 0.15 0.0541 —2.30
Co ~3.66 d(Pd-0O(Zn0)) = 2.24, d(Pd—Pd) = 2.69, d(Pd-C) = 1.92, d*(C-0) = 1.19 0.77 ~0.2129 295
CO, —1.82 d(Pd-O(Zn0)) = 2.08, d(Pd-Pd) = 2.55, d(Pd-O(CO,)) = 2.02, d(Pd-C) = 1.96,d*(C-O) = 1.19 0.70 —0.4856 —-2.97
N,O —1.80 d(Pd—-O(Zn0)) = 2.21,d(Pd-Pd) = 2.76,d(Pd-N) = 1.95,d* (N-N) = 1.19,d* (N-O) = 1.23 0.57 —0.3656 —2.75
NH, ~5.56 d(Pd-O(Zn0)) = 2.04, d(Pd—Pd) = 2.59, d(Pd-N) = 2.06, d*(N-H) = 1.03 0.34 0.1670 220
NO —3.44 d(Pd-O(ZnO)) = 2.17,d(Pd—Pd) = 2.79, d(Pd—N) = 1.89,d*(N-0) = 1.21 1.12 —0.3270 —2.12
3 Pd atoms (0.09 ML)

CH, —0.01 d(Pd-O(Zn0)) = 2.19, d(Pd—Pd) = 2.50, d(Pd—C) = 3.69, d(Pd-H) = 3.34, d*(C-H) = 1.10 0.31 ~0.0152 282
CO —3.27 d(Pd-O(Zn0)) = 2.28, d(Pd-Pd) = 2.70, d(Pd-C) = 1.99,d*(C-O) = 1.21 0.59 —0.2789 —2.64
CO, —0.82 d(Pd-O(Zn0)) = 2.11,d(Pd-Pd) = 2.55, d(Pd-C) = 2.08, d(Pd-O) = 2.00,d*(C-O) = 1.24 0.38 —0.5964 —2.85
N,O ~1.01 d(Pd-O(Zn0)) = 2.25, d(Pd—Pd) = 2.77, d(Pd-N) = 1.98, d*(N-N) = 1.23, d*(N-O) = 1.23 0.51 —0.4821 —2.64
NH; —1.02 d(Pd-O(Zn0)) = 2.11,d(Pd-Pd) = 2.66,d(Pd-N) = 2.05,d"(N-H) = 1.02 0.05 0.1994 —2.26
NO —2.48 d(Pd-O(Zn0)) = 2.14,d(Pd-Pd) = 2.66, d(Pd-N) = 1.89, d*(N-0) = 1.21 0.20 —0.3255 —2.52

Note: d* denotes the bond length of the gas molecule, and d(Pd-O(ZnO)) means the adsorption length between the Pd atom and O atom of the ZnO surface.
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Figure 2. The total density of states (DOS) and partial density of states (PDOS) of Pd-decorated ZnO surface at the surface coverage (6)
0f0.03 ML (a), 0.06 ML (b), and 0.09 ML (c) before (black line) and after CH,, CO, and CO, gas adsorption (red line). The PDOS is
projected on Pd-4d, C-2p, O-2p, and H-1s orbitals of the gas molecules.

to the adsorption on the 0.06 ML surface, displaying the d(Pd-C) = 2.28 A (See the middle panel of figure 1(a)).
So the gas molecule is anchored with the Pd atom and tilted with an angle of 79° acting to the y-axis, and

AQ = 0.0541 etransferred from the CH, molecule to the substrate. Next, the adsorption mechanism of the
CH, gas molecule on 0.09 ML reveals the relatively weak interaction of E,;; = —0.01 eV and d(Pd-C) = 3.69 A,
as shown in figure 1(a) at the below panel and listed in table 1. Therefore, the simulation results obviously suggest
that the CH, molecule energetically interacts with the ZnO surface coverage of 0.06 ML.

Furthermore, the total density of states (DOS) and partial density of states (PDOS) of CH, on the
Pd-modified ZnO surface were calculated for comparisons, as shown in figure 2. The contribution of CH, is
significantly observed in the Pd coverage of 0.06 ML the DOS shifted downward to lower energy levels, resulting
in the peaks around the Fermi level and a hybridization between C-2p orbital of CH, molecule and Pd-4d
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orbitals around —7 eV as shown in PDOS (data not shown). The levels become partially occupied due to some
electrons transferred from the gas to the substrate (AQ = 0.0541 e). Meanwhile, the DOS of CH, on

6 = 0.03 ML and 0.09 ML are barely altered from the bare ZnO; thus, these surfaces are not sensitive to the
presence of CH, gas molecule. Additionally, the estimated bandgap (E,) of = 0.06 ML exhibits the smallest
value of 0.15 eV, compared to that of bare ZnO (E, = 1.18 eV), ) = 0.03 ML (E,= 0.81eV),and # = 0.09 ML
(Eg= 0.31 eV) upon CH, gas adsorption as listed in table 1. It should be noted that Eg s a crucial factor
determining the electrical conductivity (o) of a material, which can be written as follows [50]:

s @)
0 X €X] N
P\ 2k T

So, 0 is exponentially dependent on the negative value of E,, where k denotes the Boltzmann’s constant, and
Tis the temperature. The sensitivity S can be defined as S = R/R, where R, is the resistance in ambient air, and
Rgis the resistance in the air-mixed gas. This can also be written as:

E,o, — E
S =R,;/R;o0r$S o exp (u), 3)
kg T

where Eg, is the bandgap of the ZnO surface or the Pd-modified ZnO surface upon gas adsorption, and Ey is the
bandgap of the bare ZnO surface or the Pd -decorated ZnO surface without gas adsorption. Hence, the sensitivity
will grow exponentially with a decrease in the bandgap energy (E,o > E,) when exposed to the gas molecule.
Based on equations (2) and (3), it can be expected that the Pd coverage of 0.06 ML could convert the presence of
CH, to the electrical signal better than other surfaces.

3.2. CO gas adsorption

On the bare ZnO, the most stable adsorption site for CO is located above the Zn atom of the ZnO surface and tilted
to the substrate surface (See Fig. S2(b) of Supplementary Material). From table 1, E, 4 is calculated to be a moderate
value of —0.55 eV, while the adsorption length between C atom of CO and Zn atom of ZnO or d(C—Zn) is 2.26 A.
The charge transferred from CO to the ZnO surface is 0.0305 e. This indicates that the interaction of CO with the
ZnO surface involves chemisorption. Similar behaviors are also presented in the Pd-decorated ZnO surface upon
CO exposure but with a relatively more robust interaction. On § = 0.03 ML, the adsorption site of the CO
molecule is shown in figure 1(b). The C-O bond is tilted toward the surface, forming an angle of <78° to the Y-axis
with E, 5= —2.68 eV,d(Pd-C) = 1.83 A, AQ = —0.1178 e. Meanwhile, the interaction of COwith § = 0.09 ML
also shows the relatively stable chemisorption with E, ;= —3.27 eV, d(Pd-C) = 1.99 A, AQ = —0.2789 .
Among these, the CO molecule undergoes the most considerable chemical interaction with § = 0.06 ML, yielding
E,4= —3.66eV,d(Pd-C) = 1.92 A, AQ = —0.2129 e. Noting that the negative sign of AQ represents the charge
transferred from the Pd-modified ZnO or pure ZnO surfaces towards the gas molecule.

AIIDOS levels of = 0.03 ML and 0.06 ML slightly move towards higher energy after CO adsorption, as
illustrated in figure 2. As a result, their DOS alter around the Fermi levels, and the Egvalues diminish to 1.13 and
0.77 eV, respectively. However, the DOS levels of CO adsorbed on 0.09 ML shift towards lower energy, in which
the E, drastically decreases to 0.59 eV. Obviously, the Pd-modified ZnO surface upon CO gas adsorption could
convert to the electrical signal according to the reduced E,; thereby increasing the S in equation (3). In terms of
PDOS, the hybridization between Pd-4d and C-2p orbitals of CO molecule is observed for all the modified ZnO
surfaces, indicating the strong chemical bonds (See PDOS in figure 2).

3.3. CO, gas adsorption

The most energetically favorable configurations for CO, adsorption on the bare ZnO and the Pd-decorated ZnO
surfaces are shown in Fig. S2(c) in Supplementary Material and figure 1(c). The bare ZnO surface demonstrates
d(C-0) = 2.94 A between the C atom of CO, and O atom of ZnO, and AQ is —0.0197 e, even if the E,, is
—0.42 eV. Like the bare ZnO upon CH, gas adsorption, the main contribution of E,, is perhaps derived from
the structural deformation energy, which can be obviously seen from figure S2(c). Thus, the bare ZnO surface is
not sensitive to the CO, gas molecule based on the far d(C-0O). On the other hand, CO, exhibits robust
interaction with @ = 0.06 ML due to the relative large E,;, = —1.82 eV, d(Pd-C) = 1.96 A,and AQ = —
0.4856 ¢, indicating that CO, molecule acts as an electron acceptor. The optimized configuration in figure 1(c) of
6 = 0.06 ML with CO, adsorption clearly shows that CO, is anchored with the two decorated Pd atoms, which
one Pd atom binds with C of CO, and the other Pd atom binds with O of CO,. While the coverages of 0.03 ML
and 0.09 ML demonstrate the relatively weaker chemical interaction with the CO, molecule with E,,;;= —0.88
and —0.82 eV, respectively. The corresponding d(Pd-C) = 2.03 Aand2.08 A,and AQ = —0.2929 eand
—0.5964 ¢, representing the charge transferred from the 0.03 ML and 0.09 ML substrates to the gas molecule,
accordingly.
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Figure 3. Optimized configurations of various gases adsorbed on the Pd-decorated ZnO surfaces at the different coverages ranging
from 6 = 0.03 ML (top), 0.06 ML (middle), and 0.09 ML (bottom) when exposed to (a) N,O, (b) NH3, and (c) NO gas molecules.
Gray, red, blue, yellow and cream spheres indicate the Zn, O, Pd, N and H atoms, respectively. The distances between atoms (d) are in
the Angstrom (A) unit.

Figure 2 depict DOS and PDOS of the Pd-modified surface upon the CO, exposure, while that of the bare
ZnOis presented in Fig. S3. It is found that the states of § = 0.03 ML are shifted to higher energy levels on
account of the relatively strong interaction with the gas molecule. The hybridization of Pd-4d, C-2p, and O-2p
orbitals is found between —2 eV to —6 eV in the valence band (See figure 2(a)). Additionally, there are no large
shifts observed in the case of @ = 0.06 ML under the gas adsorption except the small peaks around the Fermi
level. However, the hybridization of such orbitals can be noticed around —6 eV (data not shown). The DOS of
CO, adsorbed on § = 0.09 ML have distinct changes in comparison with that of the bare ZnO (See figure 2(c)).
Its bandgap is reduced to 0.38 eV due to the small peaks around the Fermi level. The orbital hybridization of
Pd-4d and C-2p and O-2p of PDOS can be seen, suggesting the chemical bonding between the gas molecule and
substrate.

3.4.N,0 gas adsorption

The most stable adsorption configurations of N,O on the bare ZnO and Pd-decorated ZnO surfaces are
illustrated in Fig. S2(d) of Supplementary Material and figure 3. The adsorbed molecule aligns straight and is
tilted toward the substrate in the x-direction with an angle around 36°. The N atom of N, O is anchored with the
Zn atom of the bare ZnO, while it is adsorbed to the Pd atom for the modified ZnO surface. The simulation
results further suggest that the N,O molecule is physisorbed on the bare ZnO surface according to the E,, ;=
—0.34eV,d(N-Zn) = 2.54 A,and AQ = —0.0025 ¢, indicating the charge transferred from the surface to the
gas molecule. On various surface coverages by Pd atoms, it is found that the gas molecule is strongly bonded with
the surface according to the computed E, in the range of —1.02 eV to —1.80 eV and d(Pd-N) from 1.91 A to
1.98 A. Meanwhile, the charge transfer is from the substrate to the N,O molecule with the most extensive

AQ = —0.4821 eforthe § = 0.09 ML.

The DOS of N,O adsorbed on the bare ZnO surface in Fig. S3 of Supplementary Material has altered near the
Fermilevel, and the E, decreases to 1.20 eV (See table 1), resulting in the electrical conductivity change. The
hybridization between N-2p orbitals of N,O molecule and Zn-4s orbital of the ZnO surface is observed around
—5eVand —8 eV, as shown in Fig. S3(b). The DOS levels of § = 0.03 ML slightly move toward the higher energy
after N,O adsorption owing to the charge transfer from the substrate to the gas molecule (see figure 4). On the
other hand, the shape of DOS after the adsorption of N,O on § = 0.06 ML is not changed from that without the
gas adsorption as shown in figure 4, except the small peaks around —1 eV below the Fermi level. As f increases to
0.09 ML depicted in figure 4, the DOS levels shift to the lower energy. The E, diminishes to 0.51 eV, which could
tremendously affect the electrical conductivity and the resulting gas sensing properties.
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Figure 4. The total density of states (DOS) and partial density of states (PDOS) of Pd-decorated ZnO surface at the surface coverage of
0.03 ML (a), 0.06 ML (b), and 0.09 ML (c) before (black line) and after N,O, NH; and NO gas adsorption (red line). The PDOS is
projected on Pd-4d, N-2p, O-2p, and H-Is orbitals of the gas molecules.

3.5.NH; gas adsorption

On the bare ZnO, the NH; molecule is tilted with an angle around 32° to the z-direction and bonded to Zn atom
of ZnOwith E,;, = —1.06 eV, and d(Zn-N) = 2.14 A. This indicates the chemical interaction with alarge

AQ = 0.1139 e from the NH; gas molecule to the surface. Also, the NH; molecule is chemically adsorbed on the
Pd-decorated ZnO surface, exhibiting the E,;; = —1.55 eV, —5.56 ¢V, and —1.02 eV for § = 0.03 ML, 0.06 ML,
and 0.09 ML, respectively. The corresponding d(Pd-N)is 2.08 A, 2.06 A, and 2.05 A, accordingly. Similarly, the
N atom of NHj prefers to anchor on the Pd-decorating atom with the tilted orientation, as shown in figure 3(b).
The direction of charge transfer is from the NH; toward the modified ZnO substrate, in which the dramatic

AQ = 0.1994 is found on the Pd coverage of 0.09 ML (see table 1).
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Figure 4 depicts the DOS and PDOS of the Pd-decorated ZnO surface upon the gas adsorption. In the case of
0 =0.03 ML (figure 4(a)), the DOS with and without NH3 gas adsorption indicate negligible changes. Unlike, the
DOSlevels of 8 = 0.06 ML (figure 4(b)) and 0.09 ML (figure 4(c)) upon NH; adsorption are shifted downward
to lower energy levels, inferring NHj acts as an electron donor. Some peaks occur around the Fermi level, mainly
caused by Pd-4d and N-2p of NH; orbital hybridization. As a result, the E, of the modified surface upon the gas
adsorption decreases from that of bare ZnO surface, i.e., 0.79 ¢V, 0.34 ¢V, and 0.05 eV for § = 0.03 ML,
0.06 ML, and 0.09 ML, respectively. These changes in DOS strongly affect the corresponding electronic
properties and can be beneficial for sensing applications. Based on these facts, it is evident that the NHj; gas
molecule is sensitive to all the modified surfaces and the bare ZnO surface, owing to the relatively large E .,
small E,, and large AQ.

3.6.NO gas adsorption

Figure S2(f) of Supplementary Material depicts the optimized of NO molecule on the bare ZnO surface. The E 4
is computed to be —0.57 eV with d(Zn-N) is 2.38 A, suggesting the moderate interaction. The gas adsorption on
the modified ZnO surface is illustrated in figure 3(c). Among these, NO is located on top of Pd with the N-O
bond nearly parallel to the 0.03 ML surface with the E,;; = —1.02 eV and the d(Pd-N) = 1.97 A, indicating the
strong interaction (See figure 3(c) and table 1). Meanwhile, N of NO molecule prefers to anchor with Pd and
align upward to the 0.06 ML and 0.09 ML surfaces, as shown in figure 3(c), where their corresponding E, ;s values
are —3.44 eV with d(Pd-N) = 1.89 A and —2.48 eV with d(Pd-N) = 1.89 A, respectively. It should be noted that
the dramatic AQis from the modified ZnO surface to the gas (NO), ~0.3 e, demonstrating the changes in the
local electronic structure. To further confirm the electrical property, the DOS and PDOS of the modified ZnO
surfaces are computed and plotted in figure 4 and S4 of Supplementary Material. Similarly, it is found that NO
adsorption haslargely modified DOS’s shape, in which all the levels are shifted to the lower energy. This can be
referred to as that NO is an electron acceptor, receiving the charges from the substrate. Additionally, the values
AQ intable 1 for NO adsorption ensure the charge transfer direction and amount. There is a peak occurring
below the Fermi level, about —7 eV and —8 eV (data not shown), mainly caused by Pd-4d orbitals and N-2p
orbitals of NO. The peaks observed around the Fermi level due to the level shift bring about considerable
changes in electronic properties and the subsequent sensing properties.

Figure 5 depicts E, 4 of the bare ZnO and Pd-decorated ZnO surfaces upon various gas exposure, including
CH,, CO, CO,,NHj3, NO, and N,O. As a result, there is no doubt that the Pd-decorated ZnO surface exhibits a
relatively higher adsorption tendency than the pure ZnO surface. In the case of pure ZnO, the most stable
configuration is due to NH; adsorption (E ;s = —1.06 eV). Meanwhile, the other five gases are weakly adsorbed
on the surface with the lower E,; ranging from —0.30 eV to —0.57 eV. Besides, simulation results suggest that
CO and NHj; are chemisorbed on the Pd-modified ZnO surface. CO exhibits the largest negative E,sto interact
with the Pd coverages 0£0.03 ML (E,;; = —2.68 eV)and 0.09 ML (E,4s= —3.27 eV). Meanwhile, NH; shows
the largest E,, 4 with the 0.06 ML surface (E, ;= —5.56 eV). Based on this fact, it can be noticed that the
6 = 0.06 ML is the most reactive surface to the NH; gas molecules owing to the most substantial negative E,,4in
comparison with other surfaces. However, too high E, ; is not desired for an efficient sensing mechanism for a
reusable sensor. Instead, the gas adsorption should be between physical and weak chemisorption. Moreover, the
critical factor affecting the sensitivity (S) is E, as listed in equation (3) and figure 5. Therefore, the bare ZnO
would be suggested for NO, § = 0.03 ML for NH3;, 8 = 0.06 ML for CHy, N,0, CO,, and § = 0.09 ML for NH;
gas adsorption. Based on the structural stability, the 0.09 ML surface shows the most stable formation in terms of
the largest negative Ej, per atom, as shown in the S.1 of the Supplementary Material. This can conclude that this
surface is suitable to detect the NH; gas molecule because of the Ej, E, 4, and small E,. The highly sensitive
surfaces to the gas molecules in terms of large E, 4, and small E, as illustrated in figure 5(e), are suitable for
disposable gas sensors. Because the modified ZnO surface at varied coverages can respond to the gases
differently, it is possible to apply it for a smart gas sensing device to characterize a unique set of signals from gases
by machine learning techniques.

It should also be worth mentioning the underestimation of computed E, values by the PBE method.
Alternatively, hybrid density functional, Heyd-Scuseria-Ernzerhof, or HSE06 based on a screened Coulomb
potential for the nonlocal Hartree—Fock-type exchange interaction was usually adopted to obtain a good
approximated E,. For example, the HSEO6 bandgap of the single-layer-T1,O is larger than that calculated value
using the PBE by 0.65 eV [51]. Therefore, although the predicted Eby PBE method is lower than the actual
values and HSEO6, it should not significantly affect the relative comparison of E,and their corresponding
sensitivity.

To further understand the bonding of this adsorption, the electronic charge density difference is computed
to illustrate how the charge change during the adsorption process. The isosurfaces of the charge density
differences of the potential gas detection can be calculated using: Ap = p,11 — s, qas — Peas> where

9



10P Publishing Mater. Res. Express 8 (2021) 045004

M Liangruksa et al
-0.2 T T T T T T -0.5 T T T T T T
(a) B S G S PR C) e I
" e ———
0.4 _— N 1.0 F1.1
/ L0.9
" [ ]
%_ -0.64 % % 1.5 .\u 1.0 %
8 06 = 3 )
u-'lv w Lum- w
08 . E 2.01 0.9
ads P
C 0.3 25l
1.0 —eo— .
g 4 e Y 0.8
T T T T T T 0.0 -3.0 v
CH4 CcO CO2 N20 NH3 NO

CH4 CO CO2 N20 NH3 NO

Bare ZnO surface

() | =
-2
D °
3 s :
u.|g 4]
-5
-6 r
CH4

0.06 ML: NH; 0.09 ML: CO

Figure 5. The adsorption energies (Eq4;) and the band gap values (Eg) upon various gas exposure including CH,, CO, CO,, NH3, NO,
and N,O of the Pd-decorated ZnO surface with the different Pd surface coverages (a) 0 ML, (b) 0.03 ML, (c) 0.06 ML, and (d) 0.09 ML,
corresponding to zero, one, two, and three Pd atom decorated ZnO surface. (e) Plots of electron density differences: Bare ZnO with
NH3;, 6§ = 0.03 ML with CO, § = 0.06 ML with NH3,and # = 0.09 ML with CO, which the insets are top views. Electron enrichment

is represented by yellow, while electron loss is indicated in cyan. The isosurface is given as 0.0005 e/ag, where a, denotes the Bohr’s
radius.

Protal> Poub/ gas> and Pgas AT€ the charge densities of the whole system, the substrate with gas adsorption, and the gas
molecule, respectively. The corresponding electron density differences of the optimized configurations with the
largest E,, 4 from figures 5(a)—(d) on each surface are selected and plotted in figure 5(e), including = 0 ML,
0.03 ML, 0.06 ML, and 0.09 ML. The simulations suggest that the surfaces are susceptible to NH; and CO gas
adsorption. It can be seen that Pd-decorating atoms act as the electron acceptor illustrated in yellow (electron
enrichment), receiving electrons from the gas molecules. While H atoms of NH; exhibit the charge depletion
region, and O atom of CO shows the charge accumulation region. Noticeably, the electrons are mainly localized
within the bonds rather than around the interface, demonstrating the strong chemical bonding.
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4. Conclusions

The first-principles calculations based on DFT have been performed to study the gas sensitivity and selectivity of the
Pd-decorated ZnO surface under various gas exposure. The influence of surface coverages (¢) by Pd loading is found
to significantly promote the gas response, compared to the bare ZnO. The gas sensitivity characteristics are primarily
ascribed to the surface modification and its resulting electron transfer mechanism, DOS, bandgap, and gas
adsorption. Based on the simulations, CO and NH; show considerable gas adsorption to the modified ZnO surfaces,
indicating that the surface is significantly sensitive to these gas molecules. A potential gas sensing material should also
exhibit a weak chemisorption so that the gas is easily desorbed for the reusable purpose. Thus, each surface variedly
interacts with the gas molecules in terms of the crucial factors of band gap reduction and the favorable gas adsorption
process. Among the various gas types, the favorable structural formation (f = 0.09 ML) indicates the enhanced
sensing properties for NH; gas detection. The present study’s calculations could provide a basic understanding and
atomistic insight on the influence of surface modification of ZnO regarding the sensing characteristics and
mechanisms upon various hazardous gas exposure. Moreover, the findings could make a prominent contribution to
the design of state-of-the-art gas sensing materials with exceptional selectivity and sensitivity.
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