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oxides and their effects on the adsorption of nitrogen oxides:
insights from density functional calculations
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Normal University, Ganzhou 341000, China

Abstract

The structural and electronic properties of Pd-decorated reduced graphene oxides
(rGOs) and its effects on the adsorption of nitrogen oxides NOy (x=1,2,3) were
studied by the density functional theory calculations. Our results indicate that the Pd
atom and Pd4 and Pdg clusters can be strongly bound to the rGOs surface through the
Pd---O coordination bond or Pd—O covalent bond between Pd and the active sites
provided by the hydroxyl and epoxy functional groups. Generally, the Pd clusters
exhibit more stronger binding to rGO than single metal atom. The strong binding Pd
clusters to substrate effectively modifies the position of d-band center accompanied
by larger charge transfer from cluster to support. The decorated Pd on rGO improves
the adsorption of NOy with larger binding energy, compared to the pristine graphene
and rGO nanomaterials. The adsorption strength of gas molecule is well correlated
with the d-band center of Pd cluster. The electronic structure calculations show that
the strong hybridization of the frontier orbitals of free NO, and NO; with the d
electronic states of decorated Pd around the Fermi level is responsible for the large
charge transfers from molecules to Pd-GO complex, giving rise to the acceptor doping
by these molecule on this complex, whereas the adsorbed NO shows both donor and

acceptor doping character, depending on the adsorption sites of NO.
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1. Introduction

Graphene, a single layer of carbon atoms formed in honeycomb lattice, has
stimulated extensive research activities because of its novel electronic, optical, and
mechanical properties."® Controlling the type and the density of charge carriers by
doping is very important for the application of sp2 carbon-based electronics. Owing to
the high electron mobility and large specific surface area, the interactions of external
molecular species with graphene, such as NO, and NH3, may change the local carrier
concentration and result in remarkable fluctuation of conductivity, and thus provides
the promising applications in design of chemical detectors.”"® However, the lack of

chemically active defect sites on pristine graphene results in the weak adsorption of

molecular and atom species, which limits its wide use in practical sensing applications.

Covalent functionalization of graphene with foreign atom or small molecular groups
may provide the active sites for improving the interaction of gas molecule.

Graphene oxides (GO), a derivative of graphene, have emerged as a new class of
carbon-based nanoscale materials."™" By removal of oxygen groups on GO, recovery
of sp* carbon network can be realized, and thus the chemical reduced graphene oxides
(rGO) can present the high electrical conductivity. However, some oxygen groups still
remain even at large reducation level.'* These residual oxygen-containing groups on
rGO may provide the active defective sites, enhancing the interaction of molecules

1519 reveal that the rGOs or

with graphene. The recently experimental studies
chemically converted graphene can be served as high-performance molecular sensors,

such as NO, , NHs, and Cl,. It is reported that the electron transfer from the rGO to

Page 2 of 44



Page 3 of 44

RSC Advances

adsorbed molecules may be responsible for the high sensitivity, which enhanced the
electrical conduction of rGO sheet. Using the density functional theory calculations,

. 2021
our recent studies™”

show that the rGOs provide many active sites, which consist of
the oxygen groups and its neighboring carbon atoms for adsorption of gas molecules,
increasing the binding energies and enhancing charge transfers from molecules to
materials, consistent with experimental observations.'>"”

Graphene-nanocrystals (NCs) hybrid nanostructures have attracted wide
attention in energy storage/conversion devices and sensing divices due to the novel
physical and chemical properties.”> The rGO may be used as a well support of NCs or
metal atoms because the oxygen-containing groups can strongly anchor NCs to the

2325 show that the noble metal NCs and

material surface. Many experimental works
metal oxides, such as Ag, Pd, and SnO,, are used to decorate the low-dimensional
carbon nanomaterials for gas sensing enhancement. Recently, Li et al.*® used the
Pd-decorated rGO to fabricate the NO sensor devices, which show the high sensitivity.
Based on the density functional theory calculations, Wang et al.”” and Chen et al.*®
show that Mg and Ti atoms-doped rGO can improve the hydrogen storage capacity. It
is proposed that the metal atoms could be strongly bound to the oxygen sites,
preventing the metal atom from clustering. However, the metal-rGO (GO) hybrid
structures are complex because of various binding mechanisms. For example, in the
case of rGO, the types of oxygen functional group and arrangement of these groups as

well as the oxygen level may present different influence on the interaction of NCs

with surface.
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Despite these important contributions, the detailed structural properties of metal-
decorated rGO nanomaterials are less known, and an atomic-scale understanding on
adsorption of nitrogen oxides on metal-rGO hybrid is highly required for gas sensing
device. In this paper, using the density-functional theory calculations, we investigate
the structural properties of palladium atom-decorated rGOs. The mechanisms for the
interaction of nitrogen oxides NOy (x=1,2,3) with Pd-rGO hybrid structure and the

adsorption doping effect on their electronic properties were explored.

2. Computational details

All the calculations were performed by the density functional theory (DFT)
calculations using the DMol3 package.”” The generalized gradient approximation
(GGA) in the PW91 *form is employed to describe the exchange-correction potential.
The double numerical plus polarization function (DNP) basis set and a real-space
cutoff of 5.0 A were used. The DFT Semi-core Pseudopots (DSPP) were used for the
core treatment of Pd atom. The periodic boundary supercells of 4x4 hexagonal
graphene unit cells and 2x5 (or 2x6) rectangular graphene unit cells containing 40 (48)
carbon atoms were used to simulate the rGO surface with low and high oxidation
level, respectively. A vacuum region of 12 A was considered to separate the layer and
its images in the direction perpendicular to graphene layers. The 2D Brillouin zone
was sampled by 7x7x1 k-points for 4x4 supercell and by 5x3x1 k-points for 2x5 and
2x6 supercell within the Monkhorst-Pack scheme.*' During geometry optimization,

the whole configuration was allowed to relax until all of the force components on any
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atom were less than 10 au. The total energy was converged to 10” au with
spin-polarized calculation. 17x17x1  k-points chosen according to the
Monkhorst—Pack method along the periodic direction were used to acquire the
electronic structures. The linear/quadratic synchronous transit (LST/QST) 32 methods
was used to estimate the transition-state (TS) barriers. The charge transfer from
molecule to Pd-decorated GO complex was calculated based on the Mulliken
population analyses.

11-13, 33-46 . .
have investigated the

Many experimental and theoretical works
structural features of GO. It is commonly accepted that the hydroxyl (OH) and epoxy
(—O—) groups are the two dominant oxygen species on the graphene basal plane,
although some new oxidation species, such as the carbonyl pair and epoxy pair, have
also been found.>® ¥ 3% 4 Based on the theoretical calculations, various atomic
configurations of GO including disordered and ordered models were proposed. It is
found that the atomic structures of GO with the aggregation of epoxide and hydroxyl
groups on the graphene plane are energetically more favorable than that of other
structures.*® *+ 47 However, the complete structure and chemical composition of GO
still remain unclear due to different preparation condition and randomly distribution
of oxygen groups. In our computational models, thus, the local atomic structures of
rGO with disordered phase only containing the hydroxyl and epoxide functional
groups are simulated, and only the neutral Pd-rGO complexes are considered. When

several oxygen functional groups are considered, the initial structures are constructed

with these groups close to each other.
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Figure 1 shows the calculated models for rGOs. When two oxygen groups are
adsorbed on graphene, one epoxy (hydroxyl) group can be bound to the neighbor C—C
bond (carbon atom) at the same and opposite side relative to the other epoxide group,
denoted as G-20-1 and G-20-2 as shown in Figures la and b (G-O-OH-2 and
G-O-OH-1 in Figures 1f and e), respectively. The total energy calculations show that
the structure of GO with the these oxygen groups at the same side is only 0.16 eV
higher in energy than that the opposite side for two epoxy groups (0.27 eV for both
epoxy and hydroxyl groups), which are in agreement with previous results. ****

When the effect of two hydroxyl group on the interaction of Pd atom with GO is
considered, two adsorption models of these hydroxyl groups are constructed,
1,4-hydroxyl group pair (see Figure 1¢) and 1,2-hydroxyl group pair (Figure 1d),38’ 4
defined as G-20H-1 and G-20H-2, respectively. Although the GO structure with the
1,2-hydroxyl group pair is energetically the most favorable one for all adsorptions of
two OH groups on graphene surface, the G-20H-1 may be stable due to the formation
of hydrogen bonds. In the case of G-20-1 (Figure 1a) and G-20-2 (Figure 1b), we
also investigate the effect of other hydroxyl group on the Pd adsorption on GO. As
shown in Figures 1g and h, the atomic arrangement of OH and epoxy groups at the
opposite side relative to another epoxide (defined as G-20-OH-2) is energetically
more favorable than that of GO with the OH group at the opposite side with respect to
two epoxy groups (G-20-OH-1) by 0.51 eV.

To evaluate the binding strength between Pd and rGOs and the adsorption of

nitrogen oxides on Pd-decorated rGO, the binding energies (Ey) are calculated by
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E, =[E(Pd)+ E(GO)])- E(Pd - GO) (1)
E, =[E(g)+ E(Pd - GO)|- E(g — Pd - GO) )

respectively, where E(GO), E(Pd), E(Pd-GO), E(g),and E(g—Pd-GO) are
the total energies of isolated GO, free Pd atom (or Pd cluster), Pd-decorated GO
complexs, gas molecule g, and gas molecule adsorbed on complexs, respectively. The
gas molecules g represent nitrogen oxides NOyx (x=1,2,3). Note that the positive
binding energies correspond to exothermicity for the interaction of metal or gas
molecule with GO-based materials. The DFT implementation in DMOL3 may be
prone to significant Basis Set Superposition Error (BSSE). Using the counterpoise
correction suggested by Boys and Bernaedi,* we employed relaxed structure to
estimate the BSSE corrected binding energies for selected systems. The calculations
show that the BSSE correction to binding energy has less influence on the predicted

tendency for interaction of Pd with rGOs.

3. Results and discussion

3.1 Interaction of Pd with rGO only containing the epoxy group

We first investigate the structural properties of Pd-decorated GO. For comparison, the
adsorption of Pd atom on pristine graphene is calculated. Compared to the top and
hollow sites of graphene, the Pd atom is energetically preferable to be adsorbed at the
bridge site (Figure 2a) with the binding energy of 0.97 eV. When the local structure of
rGO surface contains one epoxy group, the Pd atom interacts with the oxygen group
through the epoxide ring opening, leading to formation of the covalent Pd-O and
Pd—C bonds (Figure 2c), denoted as Pd@G-O-b. This interaction is exothermic by

7
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1.33 eV (see Table 1), larger than adsorption of Pd on pristine graphene. Such
epoxide ring opening by metal atom is consistent with previous DFT studies.?”*® The
formation of covalent Pd—O bond between Pd and epoxy group is energetically more
favorable than the Pd---O coordination bond by 0.23 eV (Pd@G-0O-a shown in Figure
2b). The transition-state search shows that the transformation of the coordination

Pd---O to covalent Pd—O bond is kinetically facile with only energy barrier of 0.17 eV.

The presence of another epoxy group neighboring the existing epoxide may
impact on the interaction of Pd with GO. Figures 2d-h and Table 1 show the
optimized structures and calculated results for adsorption of Pd on G-20-1. Owing to
the adsorption of the second oxygen group, the binding of Pd to bridge site
neighboring two epoxy groups of G-20-1 (Figure 2d) is slightly stronger than that of
pristine graphene with binding energy of 1.1 eV. When one (two) epoxy rings on
G-20-1 are opened by the Pd atom leading to one (two) covalent Pd—O bonds, two
structural models are considered as shown in Figures 2e and h (Figures 2f and g). The
total energy calculations show that the metal atom could be more strongly bound to
two epoxy groups of GO surface than to one oxygen group.

As shown in Table 1, in the case of two epoxy rings opening by the Pd atom, the
formation of 1,4 C—O bond pair connecting metal atom, defined as Pd@G-20-1c
shown (see Figure 2f), is energetically more favorable than that of 1,3 C—O bond pair
by 0.9 eV (see Figure 2g). Such interaction mechanism of Pd is similar to our
previous results for dissociation of NHs on GO.?' The energy barrier for the formation
of 1,4 C-O bond pair is predicted to be 0.3 eV relative to the initial state

Pd@G-20-1a (Figure 2d), suggesting the facile reactivity of GO towards two epoxy
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rings opening by the Pd atom.

More importantly, when another epoxy group is located at the opposite side of
graphene relative to existing epoxide (Figure 1b), the interaction of Pd with rGO
through the formation of Pd---O coordination bond or Pd—O covalent bond is
improved, leading to binding energy of 1.27 eV for in Pd@G-20-2a (Figure 3a) and
2.03 eV for Pd@G-20-2b (Figure 3b), larger than the case of only one epoxy group
(Table 1). The larger binding of Pd to surface may be attributed to the increased
reactivity of neighboring C atom toward the Pd adsorption by the oxygen group at the
opposite side.

3.2 Interaction of Pd with rGO only containing the hydroxyl group

We now focus on the interaction of Pd atom with rGO including two hydroxyl groups.
Figures 3c-h and Table 2 present the geometrical structures and calculated results.
Adsorption of two hydroxyl groups in the form of 1,4-OH pair at the same side of
graphene (see Figure 2c) result in the significant structural distortion of local carbon
network, thus, it may improve the reactivity of these carbon atoms toward Pd
interaction.

The total energy calculations show that the Pd atom energetically prefers to adsorb
at the hollow site of carbon ring at the opposite side relative to the nearest-neighbor
1,4-OH pair, defined as Pd@G-20H-1b shown in Figure 3d. This adsorption leads to
the binding energy of 1.52 eV, larger than the adsorption of Pd at the bridge site
(Pd@G-20H-1a in Figure 3c¢) and than the other adsorption structures with the

formation of Pd---O coordination bond (see Figures 3¢ and h). Such adsorption of Pd
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at the hollow site is similar with previous studies,50 in which the metal atoms on
graphene can be used as point contacts, such as Fe and Co, enhancing the adsorption
of oxygen-containing groups. The formation of Pd@G-20H-1b (Figure 3d) can be
easy achieved from the initial state of Pd@G-20H-1a (Figure 3c) because the Pd
diffusion is an energy barrier-free process with an exothermicity of 0.36 eV.

27,28

Many previous works show that the Mg and Ti atoms can abstract the H

atom of OH groups of GO to form the metal-O covalent bond. Herein, we discuss

such interaction mechanism for adsorption of Pd on rGO as shown in Figures 3f and g.

The total energy calculations show that the one and two H abstractions of OH by Pd
atom are slightly endothermic by 0.08 ¢V and exothermic by 0.13 eV, respectively,
suggesting that the formation of Pd—O covalent bond through the ineraction of Pd
with OH group is energetically less favorable, compared to the Pd---O coordination
bond between OH and the adsorbed Pd.
3.3 Interaction of Pd with rGO containing both the hydroxyl and epoxy groups
Generally, the atomic structures of GO with both epoxide and hydroxyl
functional groups on the graphene basal plane are energetically more stable than that
of single oxygen group. Herein, the effect of both epoxy and hydroxyl groups on
adsorption of Pd on GO is discussed. Figures 4 and Table S1 present the optimized
structures and calculated results. When the epoxy and hydroxyl groups in G-O-OH-1
(Figure le) are located at the opposite side of graphene surface each other, the
interaction of Pd with one oxygen group can be improved by the other oxygen group.

For example, the formation of Pd—O covalent bond of epoxy group with Pd atom

10
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(defined as Pd@G-0O-OH-1b in Figure 4b) and Pd---O coordination bond between OH
and Pd (Pd@G-O-OH-1a in Figure 4a) are exothermic by 2.25 and 1.45 eV,
respectively, larger than the 1.33 eV for Pd@G-O-b (Figure 2¢) and 1.23 eV for
Pd@G-20H-1c¢c (Figure 3e). In contrast, the added OH at the same side relative to
epoxide has less impact on the interaction of Pd with oxygen group (Figures 4c-e).
Similarly, in the case of G-20-1, when one OH group is added to GO surface at
the opposite side relative to the epoxy group (see Figure 1g), the reactivity of
neighboring epoxy groups towards the Pd adorption is increased. The optimized
structure and binding energy for Pd adsorption on G-20-OH-1 are shown in Figures
4f-i and Table S1. The interactions of Pd with G-20-OH-1 through one or two Pd-O
covalent bonds on (Figures 4g-i) are obviously more stronger than the
corresponding adsorption of Pd on G-20-1 without such OH (Figures 2d-h). This
strong binding of Pd with rGO is attributed to the local structural distortion induced
by the OH, improving the activity of neighboring epoxy group. For example, the
formation of the Pd--O coordination bond in Pd@G-20-OH-1a (Figure 4f) is
exothermic by 1.63 eV, obviously larger than 1.27 eV for Pd@G-20-2a (Figure 3a)
and 1.1 eV for Pd@G-O-a (Figure 2b) with the same Pd---O coordination bond. The
improved adsorptions of Pd are largely affected by the atomic arrangement of oxygen
groups (Figure 4j).
When GO is prepared or reduced at low level, the surface of materials may
include high ratio of oxygen to carbon. Herein, the effect of high oxidation level on

the adsorption of Pd on GO is investigated. Our structural models of GO contain the
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sp® carbon regions separated by sp® carbon strips, which are thermodynamically the
most favorable based on previous results.*®*** As shown in Figures 5a-c, the sp3
carbon strips in rectangular graphene supercell containing 40 carbon atoms consist of
one hydroxyl chain connecting two nearest-neighbor epoxy group chains (defined as
GO-1). In Figures 5d-f, both the hydroxyl chain and epoxy group chains in graphene
supercell with 48 carbon atoms are separated by sp” carbon regions each other
(denoted as GO-2).

Figure 5 and Table 2 show the optimized structures and calculated results for the
adsorption of Pd on GO-1 and GO-2. Comparing with rGO, the weak interaction of
Pd with GO is found because the binding energies for Pd@GO-1(2)i (i = a-c) are
obviously smaller than that of low oxidation level. The weak adsorption may be due
to the reduction of the number of the delocalized n electrons and the number of the
available active sites caused by the high sp® carbon concentration. Generally, the
adsorption of Pd on GO-2 including larger sp* carbon regions with binding energies
of 1.06-1.58 eV is much stronger than GO-1 with the values of 0.75-1.03 eV.
Therefore, the rGO with low oxidation level may be more suitable for the support of
metal-based nanocrystals.

3.4 Electronic properties of Pd adsorbed on rGO

To have an insight into the interaction of Pd with rGO, the spin-polarized total density
of state (TDOS), the partial density of states (PDOS) of binding site O atom before
and after Pd adsorption and adsorbed Pd atom, and the band structures for selected

Pd-adsorbed GO systems are calculated as shown in Figure 6 and Figure S1. The

12
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TDOS and band structure calculations show that the electronic properties of rGO are
effectively tuned by the Pd insertion. The semiconducting G-20-1 with band gap of
0.1 eV (Figure 6a) becomes metallic behavior (Figure 6c) as the Pd atom interacts
with two epoxy group through 1,4-Pd—O bond pair, whereas the interaction of Pd with
one epoxy group through the Pd—O and Pd—C covalent bonds increases the band gap
to 0.31 eV (Figure 6d). The adsorption of Pd at the bridge site near epoxy group lead
to less change in band gap of GO with 0.15 eV (Figure 6b). Similarly, the zero or
small semiconducting band gaps of G-20-2 (Figure 6g), G-20H-2 with 0.07 eV
(Figure 6e), and G-20H-1 with 0.04 eV are increased to 0.32 eV for Pd@G-20-2b
(Figure 6h), to 0.32 eV for Pd@G-20H-2 (Figure 6f), and to 0.14 eV for
Pd@G-20H-1b (Figure 6i) due to the formation the Pd—C covalent bond or Pd---O
coordination bond, respectively. The increased band gaps of GO may play an
important role in improving the gas molecule detection.

The interaction mechanisms of Pd with GO can be understood by the PDOS of
Pd and O atoms. When the Pd atom is adsorbed at the bridge site neighboring the
epoxides (see Figure 2d), the PDOS of epoxy group located at the energy level around
the Fermi level (Figure S1b) is less changed in comparison to the electronic states
before Pd adsorption (Figure S1a), suggesting no interaction of Pd with oxygen group.
In contrast, the formations of Pd—C covalent bond and Pd---O coordination bond
between Pd and epoxy or hydroxyl group lead to larger change in PDOS of Pd and
oxygen group compared with isolated systems (Figures S1c-i). The strong sharp peaks

close to the Fermi level for PDOS of Pd and binding site O atoms are introduced,
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which are mainly contributed by the d orbital of Pd and p orbital of O. The large
charge transfers of 0.13-0.46 e from d electronic states of Pd to O atom are occurred,
which result in the positively charged Pd. Therefore, the orbital hybridization between
Pd d orbital and O p orbital plays an important role in improving the binding of Pd

with GO nanomaterials.

3.5 Adsorption of nitrogen oxides on Pd-decorated rGOs

Recently, the experiment work 2 reveals that the highly sensitive, recoverable and
reliable detection of NO gas can be achieved by Pd-decorated rGO devices. Herein we
investigate the interactions of nitrogen oxides with Pd atom-decorated rGO. We select
Pd@G-20-1¢c (Figure 2f), Pd@G-20-1d (Figure 2g), Pd@G-20-1e (Figure 2h),
Pd@G-20H-2 (Figure 3h), and Pd@G-O-OH-1b (Figure 4b) as the structural models
of Pd-decorated GO for nitrogen oxides NOy (x = 1-3) adsorption. In light of previous

. 50-52
studies,

two initial configurations for the NO, interaction with Pd, the nitro and
nitrite modes, were considered in calculation. In the nitro conformation, the NO,
molecule is bound to the adsorbed Pd atom with the N-down orientation, whereas the
oxygen atom of NO; is pointed to the Pd in the nitrite configuration. Similarly, two

initial configurations with N and O binding sites for NO adsorption are constructed. In

the case of NO3, we only discuss the adsorption of molecule with O binding site.
Figure 7 and Table 3 display the optimized structures and calculated results for

NO, adsorption. The calculated binding energies show that the interaction of NO;

with Pd-decorated GO depends not only on the molecule adsorption orientation, but

also on the structures of rGO. Owing to decoration of Pd on rGO surface, the

predicted adsorption energies of 1.05-2.08 eV are notably larger than that of the NO,

14
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molecule on perfect graphene,” GO,** and single-wall carbon nanotubes (SWNTs) **>2,

suggesting a novel method for GO-based gas sensor device. The stronger adsorption
of NO; on Pd-decorated GO may be attributed to the formation of Pd—N bond with
the distance of 1.97-2.0 A for the nitro mode and the Pd—O bond with the distance of
2-2.14 A for the nitrite mode (Figure 7). Comparing with gas molecule adsorbed on
all other Pd-decorated systems, it is found that the adsorption of NO, on
Pd@G-0O-OH-1b containing both epoxy and OH groups (Figures 7i and j) is
energetically the most favorable with binding energies of 2.08 eV for the nitro
configuration and 2.04 eV for the nitrite configuration.

As shown in Table 3, Charge population analyses show that the adsorptions of
NO, gas molecule on Pd@G-20-1c, Pd@G-20-1d, and Pd@G-20-1e for all
adsorption configurations give rise to the large charge transfers of -0.22 — -0.35 e
from gas molecule to the Pd-GO hybrid, suggesting that NO, behaves as an acceptor
to induce hole charge carriers on nanomaterials. The NO,-induced hole doping on GO
may result in the remarkable fluctuation of conductivity, enhancing the sensor
response.

Besides the inserted Pd atom, we also compare other adsorption sites for NO,
interaction. The calculated results show that the inserted Pd atom is energetically the
most favorable adsorption site compared with other sites. For example, in the case of
Pd@G-20-1c¢ (Figure 2f), the binding of NO; to the carbon atom away from the Pd—O
bond and to the neighboring carbon atom at the opposite side relative to the Pd—O

bond is endothermic by 0.38 eV and exothermic by 0.17 eV, respectively. The

15
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noncovalent interaction of NO, with Pd@G-20-1c in the direction parallel to the
graphene plane is more stronger than that of pristine graphene with binding energy of
0.71 eV.

We now discuss the adsorption of NO3 and NO on Pd-decorated rGO surface.
Figure 8 and Table 4 present the optimized structures and calculated results. The
interaction of NO3 with Pd-decorated GO, which leads to two equivalent Pd—O bonds
with separation of 2.12-2.18 A (see Figures 9a and d), is exothermic by 2.76 eV for
Pd@G-20-1¢ and by 3.14 eV for Pd@G-O-OH-1b, remarkably larger than NO,
adsorption on GO-based surface. Similar to the NO; interaction, the NO; adsorption
induces a relatively notable charge transfer (about -0.36 e¢) from NO; to Pd-GO
complex (Table 5), suggesting that NO; behaves as a acceptor.

For the adsorption of NO, the calculated results (see Figures 8b-c and e-f and
Table 4) show that interaction of NO with Pd-decorated GO is determined by the
Pd-GO structures, and especially by the adsorption orientation. The NO adsorptions in
N-down orientation with binding energy of 1.83 eV for Pd@G-20-1c¢ and 2.32 eV for
Pd@G-0O-OH-1b are energetically more favorable than the adsorption in O-down
orientation by 1.11 and 1.36 eV, respectively. In contrast to NO; and NOs adsorption,
the charge transfers of 0.01-0.05 e from NO to Pd-decorated GO surface (Table 5)
indicate a donor character of NO regardless of the adsorption configurations,
consistent with experimental observations.?® Comparing with the previous results for
NO adsorption on pristine GO*’ and graphene,’ the decorated Pd atom improves the

adsorption of NO due to the formation of Pd—N or Pd—O bond.

16
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3.6 Electronic properties of nitrogen oxides adsorbed on Pd-rGO complex

To understand the interaction mechanism for the adsorption of gas molecule on
Pd-decorated GO, we perform the calculations on the spin-polarized TDOS for
selected systems, PDOS of Pd and adsorbed sites N or O atoms, and DOS of gas
molecule in the adsorbed and free states (see Figure 9). The TDOS calculations show
that the number of electronic states at the Fermi level for spin-up and spin-down
channels of Pd@G-20-1¢ is significantly increased by the NO, or NO; adsorption
(Figures 9d, f, and k) compared with that of complex without gas molecules (Figure
6¢) regardless of the adsorption orientation, suggesting the enhanced conductivity of
Pd-decorated GO upon exposure to these gas molecules, whereas the metallic
electronic property of Pd@G-O-OH-1b (Figure 9c) becomes as the semiconducting
one after the NO; adsorption (Figure 9h). Based on the TDOS, it is found that the NO,
and NOj; adsorptions on Pd-GO complex result in the downshift of the Fermi level
relative to this complex without molecule interaction, acting as a p-type doping.

When NO; and NO; molecules are adsorbed at Pd@G-20-1c and
Pd@G-0O-OH-1b in the nitro (see Figures 7a and i) and nitrite constructions (Figures
7b and j) and at Pd@G-20-1c (Figure 8a), respectively, the PDOS of Pd and gas
molecules (Figures 9e, g, i, j, and 1) are obviously changed in comparison to the free
states (Figures Slc and Figures 10a-c), suggesting the strong binding of gas molecules
with Pd-decorated GO materials. According to the PDOS of gas molecules and Pd, the
spin-up HOMO orbitals of free NO, and NOs are still occupied after adsorption,

whereas the hybridization of LUMO for spin down with the d electron states of Pd

17
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near the Fermi level results in the fully occupied LUMO orbital. This strong orbital
hybridization between Pd and adsobed gas molecules gives rise to the net large charge
transfers of 0.22-0.35 and 0.36 e from Pd-GO complex to NO, and NO:s.

We carefully compare the PDOS of NO, adsorbed on Pd-rGO hybrid in the
nitro and nitrite configurations, as shown in Figures 9e, g, i, and j, and find the large
differences in PDOS between the four adsorption structures. The electrons from
HOMO orbtials of NO, adsorbed on Pd@G-20-1c¢ in nitro configuration for both spin
channels are in wide energy range between ~-1.2 and 0 eV below the Fermi level
(Figure 9¢), while these PDOS peaks for other three structures (Figures 9g, i, and j)
are mainly located at about -0.2, -1.2, and -0.5 eV below the Fermi level, respectively.
Further calculations show that the difference of PDOS near the Fermi level is caused
by adsorption orientation. The HOMO orbtials of adsorbed NO, are mainly
contributed by N or O atoms of NO,, depending on the nitro (Figure 91) and nitrite
model (Figures 9g and j).

The spin-polarized DOS calculations (Figures 9d-g and 9k-1) and spin densities
(Figures 10a-c) show that the NO, and NO; adsorptions induce the magnetic
properties on Pd-decorated rGO materials. The magnetic moments of complex are
estimated to be 0.29 ug for NO; adsorption in the nitro configuration, 0.46 pg for the
nitrite configuration, and 0.38 pg for NO; adsorption. However, the magnetic
properties of pristine Pd@G-O-OH-1b (Figure 9c) can be quenched upon the NO,
adsorption due to the spin degeneracy of electron states (see Figures 9h-j). This results

provide a novel pathway to high-temperature magnetic order in graphene-based
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materials.”

To further understand the charge transfer mechanism between Pd-GO complex
and adsorbed gas molecule, the charge density difference,
Ap = p(g —Pd - GO)— p(Pd - GO)— p(g) , is calculated, where p(g —Pd - GO) ,
p(Pd —GO), and p(g) represent the total charge densities of Pd-decorated GO with
gas molecule adsorption, pristine Pd-GO complex, and free gas molecule, respectively.
It is clearly shown from Figures 10d-f that the NO, and NO; adsorptions on
Pd@G-20-1¢ complex induce redistribution of the charge densities with electron
accumulation on the adsorbed molecule and with electron depletion on the Pd atom.
The inserted Pd atoms transfer large charges to the adsobed NO, or NO3; molecules,
which is independent of adsoprtion orientation.

3.7 Adsorption of NO on Pd nanoclusters deposited on rGO

As discussed above, the Pd atoms are able to easily diffuse on rGO surface due to the
lower diffusion energy barrier, suggesting the facile formation of clusters of
nanoparticles (NPs). Present calculated results are consistent with the experimental

23-26
work,

in which the metal NPs are effectively coupled with rGOs with the
improved sensing performance compared with isolated NPs and rGOs. Herein, the
structural and electronic properties of Pds and Pdg nanoclusters adsorbed on rGO and
are discussed. The tetrahedral and octahedral configurations are used to simulate the
Pd, and Pdg, respectively, and only the structure of rGO with G-20-1 (Figure 1a) is

considered for deposition of Pd clusters.

Figures 11a-d and Figure S2 show the optimized structures for adsoprtion of Pd,4
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and Pdg on G-20-1. Various geometry structures are obtained due to the different sites
of cluster relative to the graphene plane. Similar to adsorption of isolated metal atom,
one Pd atom of clusters can be bound to one (see Figures 11a and Figure S2b) or two
(Figure 11c and d) epoxy groups through Pd-O covalent bond. Interestingly, the
optimized structures show that Pd—Pd bond of Pd clusters is able to open the epoxy
group of rGO (Figure 11b and Figure S2a), leading to oxygen species located at
bridge site of cluster with separation of 2.07-2.26 A.

From Figures 1la-d, the structures of Pd cluster almost remain the same with
isolated one after interaction with rGO, although the Pd—Pd bonds neighboring the
bound O and C atom are elongated. In addition, the small distances of 2.28-2.45 A
between Pd and graphene carbon network, which lead to the significative Pd—C bond,
may play an important role in improving interaction of cluster with rGOs. The binding
energies of clusters are estimated to be 2.54-2.65 eV for Pdg and 2.13-2.27 eV for Pdy,
suggesting strong binding of Pd systems to rGO and size-dependent interfacial
interaction. The strong interaction between Pd cluster and rGO is also confirmed by
the TDOS of Pd-rGO complex and PDOS of Pd before and after Pd adsorption as
shown in Figure S3.

The electronic and magnetic properties of Pd clusters are well tuned by
interfacial interaction with rGO. As shown in Figures 11c and d, the formation of
bonds between Pd atoms and oxygen of rGO decreases the magnetic moment of
isolated nanoclusters from 1.9 to 1.32 pg and to 1.68 pp based on the spin density

calculations (see Figure 10i), respectively. The d-band centre (g4) provides a good
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measure of chemical reactivity of transition metal surface.® Comparing with the
freestanding Pd clusters, it is clearly shown (Table 5) that the position of & of Pd
particles deposited on rGO is well tuned. All Pd atoms of the isolated Pdg have the
same gg of -1.37 eV each other because of the symmetry of structure. The Pd1 atom
has the lowest g4 (-2.23 V) among all Pd atoms, followed by Pd3 and PdS (-1.83 eV),
which are further away from the Fermi level than the isolated cluster. The formation
of covalent bond of these Pd with oxygen and carbon atoms may be responsible for
downshift of ;.

The change in g4 of Pd atoms can be explained by the excess charge of Pdg
system over the isolated Pd cluster and rGO. The large positive excess charges on the
adsorbed Pdg system suggest that the electrons of 0.45 ¢ from rGO are transferred to
the Pd cluster, consistent with the isolated Pd atom, further demonstrating strong
binding of Pd cluster on rGO. To further understand the charge transfer between Pd
clusters and rGO, the charge density difference is calculated, where the yellow and
blue regions indicate the areas of charge accumulation and depletion, respectively. It
is obvious from Figures 10g and h that the charge densities are redistributed with
electron accumulation on O atoms and with electron depletion mainly on Pdx atoms
(x =1, 3, 5) of cluster after deposition. The induced large charge transfers from these
bound Pd atoms to rGO (0.28 e for Pd1 and 0.08 e for Pd3 and Pd5) explain the more
prominent change in g4 than other Pd atoms.

To understand the reactive activity of particles deposited on rGO, the adsorption

of NO on Pd cluster with N-down orientation is discussed. We use the models shown
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in Figures 11c and d to simulate the interaction with gas molecule, defined as Pd6@
G-20-1-a and Pd6@ G-20-1-b, respectively, and two types of adsorption site marked
by Figures 11c and d, top 1-6 and bridge a-c sites, are considered. Figures 11e-h and
Figures S2c-f and Table 4 display the optimized structures and calculated results. The
large adsorption energies of 1.84-2.06 eV for top site and 1.74-2.0 eV for bridge site
reveal strong interaction between NO and Pd cluster, consistent with the experimental
observations *°, in which the effective detection of NO is achieved by Pd-rGO hybrid
sensor devices.

The most energetically favorable adsorption site of NO is Pd4, followed by Pd2
or Pd6 because their d-band centres are more closer to the Fermi level than other Pd
atoms.>® During geometry optimization, no adsorption of NO at Pdl is found
because of the lowest g4 of this atom. As a result, the NO is adsorbed at the adjacent
bridge site a instead of Pdl (Figure 11g). However, the complex structure with NO

located at PdS (or Pd3) with the next lowest g4 is obtained (Figure S2¢) beacuse the

significative bond between these Pd and graphene is broken, improving the value of &;.

Similarly, the well correlation of binding strength of gas molecule to the g4 may also
be applied to the case of isolated Pd atom adsorbed on rGO.

The charge population calculations (Table 4) show that the adsorbed NO on Pd
nanocluster supported on rGO exhibit both donor and, more unexpectedly, acceptor
character, depending on adsorption sites, qualitatively different from the isolated Pd
atom. The electrons of 0.035-0.04 e from NO for top site are transferred to Pd-rGO

hybrid, suggesting donor doping character of gas molecule, whereas NO accept
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0.04-0.7 e from this hybrid as gas molecule is adsorbed at bridge site of Pd—Pd bond.
Therefore, the Pd cluster deposited on rGO provides a promising way for gas sensor
device.

4. Conclusions

The first-principles calculations have been used to investigate the structural properties
of Pd-decorated rGOs and its effects on the interaction of nitrogen oxides NOy (x=1, 2,
and 3) with rGOs. Our calculations reveal that the Pd atom and clusters can strongly
bind to the rGOs surface due to the presence of diverse active defect sites provided by
the hydroxyl and epoxy functional groups and the carbon atoms near these groups.
The Pd decoration on surface effectively modifies the electronic properties of the rGO
nanomaterials, and even increases the semiconducting band gap of rGO. The strong
binding of Pd NPs to rGO leads to large change in the d-band centre accompanied by
larger charge transfer from cluster to support.

The nitrogen oxides NOy (x=1, 2, and 3) are strongly chemisorbed on the
Pd-decorated GO with the larger binding energy, compared to pristine graphene and
rGO nanomaterials. Generally, the adsorption interaction of NO3; on Pd-GO complex
is relatively stronger than other nitrogen oxides, and the NO adsorption can be
comparable to that of NO,. The strong hybridization of frontier orbitals of NO; and
NO; with the d electronic states of decorated Pd atom around the Fermi level leads to
the large charge transfers from molecules to Pd-GO complex, giving rise to the
acceptor doping by these molecule on complex, whereas the adsorbed NO acts as the

donor or acceptor doping character. Therefore, the Pd-decorated GO with various
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active sites of the oxygen functional groups may provide the promising applications

for design of novel chemical sensor devices.
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Table 1: Summary of calculated results for the adsorption of Pd on graphene and
rGOs with only epoxy group: the binding energy (Ep), the distance between Pd
and its nearest-neighboring C (d;), and O (d,) atoms.

Structure* binding site Ey(eV) di (A) d> (A)
Pd@G C 0.97 2.21

Pd@G-O-a C 1.1 2.12 2.7
Pd@G-O-b Cand O 1.33 2.18 2.14
Pd@G-20-1a C 1.1 2.19
Pd@G-20-1b Cand O 0.83 2.03 2.2
Pd@G-20-1¢ 0] 2.4 1.97
Pd@G-20-1d 0] 1.5 1.97
Pd@G-20-1e Cand O 1.44 2.11 2.03
Pd@G-20-2a Cand O 1.27 2.1 2.73
Pd@G-20-2b Cand O 2.03 2.15 2.09

* The corresponding structures are shown in Figures 2 and 3a-3b.

Table 2: Summary of calculated results for the adsorption of Pd on GOs with two
hydroxyl groups and with high oxidation level: the binding energy (E)), the
distance between Pd and its neighboring C (d4;), and O (d,) atoms.

Structure* binding site Ey(eV) di (A) d> (A)
Pd@G-20H-1a C 1.16 2.22
Pd@G-20H-1b C 1.52 2.36
Pd@G-20H-1¢ C 1.23 2.14 2.54
Pd@G-20H-1d O -0.08 2
Pd@G-20H-1e 0] 0.13 1.96
Pd@G-20H-2 C 1.32 2.1 2.46
Pd@GO-1a C 1.03 2.23
Pd@GO-1b Cand O 0.86 2.13 2.1
Pd@GO-1c 0) 0.75 2.02 (2.36)
Pd@GO-2a C 1.58 2.1(2.25)
Pd@GO-2b 0] 1.06 2.03 (2.26)
Pd@GO-2c O 1.1 1.99

* The corresponding structures are shown Figures 3¢c-3h and 5.
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Table 3: Summary of calculated results for the adsorption of NO; on
Pd-decorated rGOs: the binding energy (Ep), the distance (d;) between binding
sites N or O from NO; and Pd, two N-O bond lengths of NO; (d; and d5), and the
charge transfers from the molecule to Pd-GO complex (AQ).

Structure” orientation Eyp(eV) d; (A) dy(A)  di(A)  AQ(e)
Pd@G-20-1c¢ N down 1.65 1.97 1.25 1.21 -0.22
Pd@G-20-1c¢ Odownl 1.05 2 1.31 1.21 -0.25
Pd@G-20-1c¢ Odown2 1.68 2.1 1.28  1.28 -0.35
Pd@G-20-1d N down 1.88 1.97 1.27  1.21 -0.23
Pd@G-20-1d O down 1.24 2 1.33 1.21 -0.28
Pd@G-20-1e N down 1.84 2 1.27 1.2 -0.23
Pd@G-20H-2 O down 1.59 2.14(2.23) 1.28 1.28 -0.39
Pd@G-20H-2 N down 1.72 1.99 1.25  1.21 -0.23
Pd@G-0O-OH-1b N down 2.08 1.99 1.26  1.22 -0.23

Pd@G-0O-OH-1b O down 2.04 2.1(2.17) 1.27 1.29 -0.36

* The corresponding structures are shown Figure 7.

Table 4: Summary of calculated results for the adsorption of NO; and NO on Pd-
decorated rGOs: the binding energy (Eyp), the distance (d;) between gas molecule
and Pd, the N-O bond lengths of NO; or NO (d,), and the charge transfers from
the molecule to Pd-decorated rGO (AQ).

Structure” adsorbate adsorbed E, d; (A) d(A) AQ(e)
site (eV)
Pd@G-20-1c¢ NO; 0] 2776  2.12 1.3(1.21) -0.36
Pd@G-20-1c¢ NO N 1.83 1.83 1.17 0.02
Pd@G-20-1c¢ NO O 0.72 2.06 1.18 0.02
Pd@G-O-OH-1b  NO; 0] 3.14 2.18 1.3(1.21) -0.36
Pd@G-O-OH-1b NO N 232 1.83 1.17 0.05
Pd@G-O-OH-1b NO 0] 0.96 1.98 1.17 0.01
Pde@G-20-1a NO Nat2 1.84 1.86 1.17 0.04
Pde@G-20-1a NO N at4 206 1.84 1.17 0.04
Pde@G-20-1a NO Nat5s 2.05 1.85 1.17 0.037
Pd¢@G-20-1a NO Nata 1.74 2.13(1.99) 1.19 -0.04
Pde@G-20-1a NO Natb 20 202199 1.2 -0.07

* The corresponding structures are shown Figures 8 and 11.
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Table 5: The d-band center g; (in eV) and excess charge AQ (in e) over the
isolated Pd cluster and rGO for atoms labeled in Figure 11.
Property Pdl Pd2 Pd3 Pd4 Pd5 Pd6é Pd/Pdg* O1 O2

€ -2.23 -1.55 -1.83 -1.23 1.83 -1.53 -1.37

AQ -0.28 0.01 -0.08 -0.02 -0.08 0.0 0.12 0.12

* All atoms of isolated Pg cluster have the same g4 due to the symmetry of structure.
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Figure captions

Figure 1. Geometrical structures of rGO with different atomic arrangement of
hydroxyl and epoxide groups. (a) G-20-1, (b) G-20-2, (c) G-20H-1, (d) G-20H-2, (e)
G-O-OH-1, (f) G-O-OH-2, (g) G-20-OH-1, and (h) G-20-OH-2. The number in (c)
denotes the site of carbon atom.

Figure 2. Top and side views of optimized structure (distance in A) of Pd adsorbed on
graphene (a) and on rGO with one (b-c) and two (d-h) epoxide groups. (a) Pd@G, (b)
Pd@G-0O-a, (¢) PdAd@G-O-b, and (d)-(h) Pd@G-20-1i with i = a, b, ¢, d, and e,
respectively. The number in (f) and (g) marks the site of carbon atom.

Figure 3. Top and side views of optimized structure (distance in A) of Pd adsorbed on
rGO with two epoxide groups located at the opposite side each other (a-b) and with
two hydroxyl groups (c-h). (a) Pd@G-20-2a, (b) Pd@G-20-2b, (c)-(g)
Pd@G-20H-1i withi=a, b, c, d, and e, respectively, and (h) Pd@G-20H-2.

Figure 4. Top and side views of optimized structure (distance in A) of Pd adsorbed on
GOs with both epoxide and hydroxyl functional groups. (a) Pd@G-O-OH-1a, (b)
Pd@G-0-OH-1b, (c)-(e) Pd@G-O-OH-2i and (f)-(h) Pd@G-20-OH-1i with i = a, b,
and c, respectively, (i) Pd@G-20-OH-1d, and (j) Pd@G-20-OH-2.

Figure 5. Top and side views of optimized structure (distance in A) of Pd adsorbed on
GOs containing sp” carbon regions separated by sp” carbon strips with high oxidation
level. (a)-(c) Pd@GO-1i and (d)-(f) Pd@GO-2i with i = a, b, and, c, respectively.

Figure 6. The spin-polarized total density of states (TDOS) of GO with and without
the Pd insertion. (a) G-20-1 (the structure shown in Figure la), (b) Pd@G-20-1a
(Figure 2d), (¢) Pd@G-20-1c (Figure 2f), (d) Pd@G-20-1e (Figure 2h), (e) G-20H-2
(Figure 1d), (f) Pd@G-20H-2 (Figure 3h), (g) G-20-2 (Figure 1b), (h) Pd@G-20-2b
(Figure 3b), and (i) Pd@G-20H-1b (Figure 3d). The Fermi level is set to 0.
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Figure 7. Top and side views of optimized structure (distance in A) of NO, adsorbed
on Pd-decorated rGO with O or N-down adsorption orientation. (a)-(c) Pd@G-20-1c,
(d)-(e) Pd@G-20-1d, (f) Pd@G-20-le, (g)-(h) Pd@G-20H-2, and (i)-(j)
Pd@G-0O-OH-1b.

Figure 8. Top and side views of optimized structure (distance in A) of NO; and NO
adsorbed on Pd-decorated rGO. (a)-(c) Pd@G-20-1c¢ and (d)-(f) Pd@G-O-OH-1b.

Figure 9. The spin-polarized TDOS and PDOS for free (a) NO,, (b) NOs, and (c) the
Pd and its binding site O for Pd@G-O-OH-1b. The TDOS (d, f) and PDOS (e, g) of
Pd, NO,, and adsorbed sites N or O atoms for NO, adsorbed on Pd@G-20-1¢ with
N-down (d)-(e¢) and O-down (f)-(g) adsorption orientations. The (h)-(j) for NO,
adsorbed on Pd@G-O-OH-1b are similar with (d), (e), and (g), respectively. The
TDOS (k) and PDOS (1) of Pd, NOs3, and binding site O atom of Pd for NO; adsorbed
on Pd@G-20-1c¢. The Fermi level is set to 0.

Figure 10. (a)-(c) and (i) The spin densities and (d)-(h) charge density difference for
Pd atom and Pd cluster deposited rGO with and without NO, and NO; adsorption.
(a)-(f) NO, and NO; adsorbed on Pd@G-20-1¢, (g) and (i) Pd¢@ G-20-1-a, and (h)
Pd¢@ G-20-1-b. The blue and yellow areas in (a)-(c) and (i) with isosurfaces of 0.02
e/A’ denote the spin up and spin down, while these areas in (d)-(h) with isosurfaces of
0.05 e/A° present electron accumulation and depletion, respectively.

Figure 11. Top and side views of optimized structure (distance in A) for Pd, and Pdg
deposited on G-20-1 (a)-(d) and NO adsorbed on Pds-rGO hybrid (e)-(h). (a) Pds@
G-20-1-a and (b) Pds@ G-20-1-b, and (c) Pde@ G-20-1-a and (d) Pds@ G-20-1-b.
The Pd and O atom sites and bridge sites are indicated in (c) and (d). Adsorption of
NO at (e) Pd2, (f) Pd4, (g) a, and (h) b sites of Pd¢@ G-20-1-a.
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