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ABSTRACT: We investigated the structural and electronic properties of Ags
nanoparticle (NPs) deposited on graphene oxides (GOs) and the effect of the
interfacial interaction on NH; and NO adsorption by density functional theory
calculations. The epoxy functional group and its neighboring sp® carbon atoms of
GOs, rather than the hydroxyl group, are used as active sites to enhance the binding of
Ag3 to graphene through the C—O-Ag and C—Ag chemical bonds. The stability of
deposited Ag NPs depends on the chemical environment of active sites in GOs,
including the atomic arrangement of epoxides and its concentration. The deposited
Agiz NPs are likely to be further oxidized to form Ag;;0 by neighboring oxygen
irrespective of oxidation level of GOs. The strong interfacial interaction of Ag;3/GOs,
which effectively tunes the position of d-band center of NPs due to large charge
transfer from Ag; to GOs, has significant impact on the adsorption of NH3. The NHj
is strongly adsorbed on deposited Ag;; through the formation of N—Ag bond and
NH---O hydrogen bond between NHj3 and O from C—O-Ag. The electronic structure
calculations show that the hybridization of HOMO orbital of NH; with conduction
bands of Ag;3-GOs results in the strong donor doping by NH; molecule, and gives rise
to larger charge transfers from NHj3 to hybrid, compared to NH; adsorption on
isolated Ag;; and GOs. The adsorption of NO on oxidized Ag;; on GOs is obviously

improved due to the oxidation of NO to NO; by its neighboring oxygen atoms. In
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contrast to NHj, the adsorbed NO acts as acceptor character. The calculated results

show good agreement with experimental observations.
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1. Introduction

Graphene, a single layer of carbon atoms formed in honeycomb lattice, has attracted
considerable interest due to its exceptional electrical,™” thermal,® and mechanical®
properties and potential applications in nanoscale electronics, such as sensors.’
Because of its high electron mobility, large specific surface area, and low electrical
noise at room temperature, graphene is highly sensitive to changes in its chemical
environment.® Adsorption of external molecular species on graphene, such as NO; and
NH;, may change the local carrier concentration and result in remarkable fluctuation
of conductivity.”® However, the lack of chemically active defect sites on surface leads
to the low sensitivity and poor selectivity of pristine graphene that limits its wide use
in practical sensing applications.” Functionalized graphene with noble metal
nanocrystals (NCs) may represent a new type of hybrid nanostructure, which could
display novel physical and chemical properties, improving the performance of sensing
devices."

To realizing the high sensing performance, many effective methods have been
developed to fabricate graphene-based hybrid structures for gas sensor devices.
Owing to the high reaction activity, the noble metal NCs and metal oxides, such as
Ag,n’12 Pd,” Auw'™ Pt and Sn0,,'®!" are used to decorate the low-dimensional
carbon nanomaterials for gas sensing enhancement. Recently, Chen et al. ' have
reported high-performance ammonia sensor using Ag NCs-functionalized multiwalled
nanotubes (Ag NC-MWCNTs). It is found that the attached Ag NCs on MWCNTs

significantly enhanced sensitivity to NH;. The density functional theory calculations
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(DFT) also revealed that the oxidized Ag surface plays a critical role in the sensor’s
fast response accompanying a net electron transfer from NH; to Ag NC-MWCNTs
hybrid.

Recently, many experimental works'®2" have reported that reduced graphene
oxides (rGOs) may provide promising applications for high-performance molecular
sensors due to the presence of various active sites and high electrical conductivity.
More importantly, the rGOs could be used as an effective support of NCs because the
oxygen-containing groups can strongly anchor NCs to the material surface.'®'” It
is reported that the GOs can effectively prevent NCs from aggregation, and the Ag
NCs deposited on GOs are highly stable. Very recently, Chen et al.?® fabricated the Ag
nanoparticle (NP)-decorated rGOs hybrid nanostructures with higher sensitivity
towards NHj3 than that of pristine rGOs and MWCNTs/Ag. Despite these important
contributions, experimentally, the detailed mechanisms for sensing performance
enhancement using metal-NPs/rGOs still remain unclear.

The properties of the NPs/graphene hybrid strongly depend on its structure.
Complete understanding the interface interaction between NCs and graphene is an
enormous challenge because NCs can interact with edges and defective sites or
functional groups on graphene through covalent and noncovalent bonding. Many
previous theoretical studies 2" have been devoted to understand the interaction
between metal NPs and graphene. Based on DFT calculations, the theoretical works
revealed that the presence of dangling bonds at defects leads to strong binding of Pt;3

27 and Feis (or A113)28 NPs with defective graphene. The interface interfaction of
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NPs/graphene modifies the of d-band center position of NPs, which improves the
tolerance of Pt cluster to CO poisoning and enhances the catalytic reactivity of Fejs
cluster for decomposition of NHjs, respectively. In addition, the strain is applied to
graphene support to enhance the interaction with Pt cluster, improving the catalytic
properties of nanoclusters.” When NPs are supported on rGOs, the NPs/rGOs
interface becomes more complex compared with graphene without functional groups
because many factors, including atomic structure of oxygen groups and its
concentration, determine the interaction of NPs with rGOs.

Relative to NPs/graphene, a little of works on interaction mechanisms for
NPs/rGOs are reported. Recently, Ho et al. *? reveal the important role of oxygen
concentration for the stability of Pt;3 deposited on graphene oxides (GOs). However,
the effect of atomic arrangement of epoxy functional group and role of hydroxyl
group have never been considered in their works as reported by our previous works.*
The detailed structural properties of metal NPs-decorated GOs or rGOs nanomaterials
are still poorly understood, and an atomic-scale understanding on interfacial
interaction of Ag NPs/GOs and its effect on adsorption of gas molecules is highly
required for gas sensor devices. In this paper, using DFT calculations, we investigate
the binding mechanisms of Ag;; NPs supported on GOs, and discuss the effect of
interface interaction on NH; and NO adsorption.

2. Models and methods
Density functional theory calculations were performed with the DMol3 package **

using the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional.* The
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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 Ag atom. For all systems, the spin-polarized calculations were performed.

The rectangular supercells of 3x5 graphene unit cells composed of 60 carbon atoms
that obeys the periodic boundary conditions were employed to simulate the GOs
surface with different oxidation level. The test calculations show that the more larger
supercell sizes give the consistent results for stability of deposited Ag NPs. The Ag;;
NPs-based systems was separated from its periodic images with a vacuum region of
18 A in the z-direction perpendicular to graphene layer. The integration of Brillouin
zone was sampled by 5x5x1 k-points within the Monkhorst-Pack scheme.*® During
geometry optimization, all atoms were fully relaxed until the residual forces were less
than 10~ au and the total energy was converged to 10~ au.

The structural features of GOs were extensively investigated by both experimental
and theoretical works.””™ Tt is commonly accepted that the surface of GOs includes
two dominant oxygen species of the hydroxyl (OH) and epoxy (—O-) groups on the
basal plane of graphene, while other oxygen species, such as carbonyl and carboxyl
groups, are mainly located at edge sites. Based on DFT calculations, many theoretical
works*™! have revealed that the oxygen-containing groups of GOs are energetically
preferable to aggregate together, and the coexistence of hydroxyl and epoxy groups
on GOs surface is more likely to occur than the presence of single oxygen group.
22,23

Moreover, the Fourier transform infrared (FTIR) spectroscopy measurements

confirms the existences of the abundance of hydroxyl and epoxy groups on the
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surface of GOs, which play an important role in the process of nucleation and
stabilization of metal NPs on GOs. In our computational models, thus, the atomic
structures of GOs or rGOs only contain the hydroxyl and epoxy functional groups on
the graphene basal plane.

The structures of GOs with different oxidation concentration are denoted as
GO-mO (and/or -nOH), where m and n represent the number of epoxide and
hydroxyl groups, respectively. The effect of oxygen groups with disordered and
ordered phase on Ag NPs deposition on GOs is also discussed. The deposition of Ag);
cluster with initial cuboctahedron and icosahedron structures on GOs have
comparable stability, whereas the cuboctahedron structures of Ag;; show larger
structural deformation after deposition compared with the icosahedron one as shown
in Figure S1 in Supporting Information. In order to investigate interfacial interaction
of Ag NPs with GOs, thus, the Ag; cluster with icosahedral symmetry was only
used.*

To evaluate the binding strength between Ag;; NPs and GOs, the binding energies
are calculated by:

E, = [E(NPs )+ E(GO )]- E(NPs + GO) (1)
where E(NPs), E(GO), and E(NPs+GO) are total energies of isolated Ag;; NPs, GOs,
and Agj; NPs-decorated GOs, respectively. For the adsorption of NH3 and NO on
Ag;3/GOs, the adsorption energies are calculated by:

E,, = E(ads + NPs + GO)—[E(NPs + GO) + E(ads)] )

where E(NPs+GO), E(ads), and E(adstNPs+GO) are total energies of Ag;3/GOs
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hybrid, free adsorbates NH; or NO, and NH; or NO-adsorbed Ag;3/GOs
nanocomposite, respectively. Note that the negative adsorption energies correspond to
exothermicity for gas molecule adsorption.

3. Results and discussion

3.1 Geometry and stability of Ag;; NPs deposited on GOs

The formation of chemical bonds between GOs and Ag is responsible for high
stability of deposited Ag NPs on GOs.? Herein, the interaction sites on the GOs basal
plane mainly involve the hydroxyl (C—OH) and epoxide (C—O-C) functional groups,
although the defective site and other oxygen species may interact with Ag. We first
focus on the epoxy groups of GO-mO with m range from 2 to 7, which act as the
binding sites for Ag NPs interaction via the C-O-Ag covalent bond or Ag:--O
coordination bond. When Ags is supported on GOs, there are various adsorption
configurations due to different orientation of NPs relative to GOs (see Figures S1d-f
in Supporting Information). The energetically most favorable Ag;3;/GOs structure with
top Ag atom pointing to graphene surface is only considered.

Figures la and b and Figures S2a-d show the optimized structures of Agis
supported on GO-mO with m = 2 to 7. Table 1 presents the calculated results. With
increasing the number of binding site of epoxide, the binding of Ag;; with GOs
becomes more stronger because the binding energies of Ag;3/GO-mO increase from
1.89 eV for m = 2 to 5.51 eV for m = 6 corresponding to 1 to 4 binding sites, far
larger than that of binding Ag;s to pristine graphene with only 0.04 eV. The predicted

large binding energy for Ag;3/GOs hybrid illuminates the highly stable Ag NPs
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formed on GOs, which is consistent with the experimental observations.'**? However,
when the binding sites are further increased to 5 corresponding to GO-70 (Figure
S2d), the binding energy is 4.86 eV, smaller than that of GO-60. This results indicate
that an appropriate number of binding sites provided by oxygen groups of GOs are
needed to improve the interaction with metal NPs. Our calculations also found that
when the number of binding sites is remained, changing the atomic arrangement of
active epoxy groups from GO-60-1 (Figure 1b) to GO-60-2 (Figure S2c) has less
impact on stability of Ag NPs deposited on GOs.

The formation of Ag;3/GOs nanocomposite can be understood by the interfacial
geometry structures. As shown in Figure 1b and Table 1, the six interfacial Ag atoms
near the graphene surface can interact with GOs in the following ways: (a) opening of
epoxy ring by its neighboring Ag leads to formation of four C-O—Ag covalent bonds
with bond lengths of 2.2-2.3 A, (b) the Ag--O coordination bonds between O of
newly-formed C—O—Ag and other neighboring Ag are formed with distance of about
2.49 A, (c) in particular, the formation of chemical bond between epoxy group and Ag
reduce the distance from Ags to sp>-carbon network of GOs, leading to covalent
C-Ag bond with distance of 2.3 A. Therefore, three types of chemical bond contribute
to the formation of Ag;s NPs deposited on GOs surface. This interaction mechanisms

13.32 - . . .
~“ in which no Pt---O coordination

are different from previous reports for Pt/GOs,
bond and C—Pt bond are formed. After opening of the epoxy ring by Ag atom, some

sp’ carbon atoms of GOs are restored. This results are confirmed by FTIR

22 . . . . . .
measurements,”” in which the aromatic C=C vibrations of GOs increased due to
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formation of Ag NPs-GOs nanocomposite. Owing to the interfacial interaction, the
morphology of Ag;; cluster varies slightly from that of freestanding NPs, while the
distance of Ag—Ag bonds close to GOs surface significantly changes (see Figure S3).
This distance change may tune activity of Ag atom towards gas molecule adsorption.

We now discuss the effect of hydroxyl group used as the binding site on the
stability of Ag;; on GOs. For realizing this purpose, we use one and two 1,2-hydroxyl
pairs to replace the binding sites of one and two epoxides in GO-60-1 but remain
other active sites, respectively. Figures 1c and d show the optimized structures of Ag);
supported on GO-50-20H and GO-30-40H. Instead of C-O-Ag bonds, the
hydrogen bond between Ag and O of C—OH is formed when the hydroxyl group has
been the binding site. The binding energies for Ag;3/GO-50-20H and
Ag13/GO-30-20H are 4.58 and 3.43 eV (see Table 1), respectively, smaller than that
of Ag3/GO-60-1 with 5.3 eV. This results indicate that the presence of hydroxyl
group around Ag;; reduces the stability of metal NPs deposited on GOs. When all
active sites of epoxides in GO-60-1 remain unchanged, the adsorbed hydroxyl groups
neighboring or away from the epoxides exhibit less influence on the binding strength
between Ag;; and GOs (see Figure S4). Therefore, to obtain the highly dispersed Ag
NPs, it is needed to reduce the ratio of hydroxyl to epoxide groups for the synthesis of
GOs substrate.

As discussed above, the epoxide concentration only acting as active adsorption
site has been an important factor for improving interaction of Ag NPs with GOs.

Herein, we also discuss the effect of epoxy groups located at other carbon site on

10
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stability of deposited Ag;;. To investigate the effect, we select Ag;3/GO-60-1 (see
Figure 1b) with high stability as the carbon framework for adsorption of additional
oxygen atoms. The epoxides with different concentrations are randomly attached to
C=C bonds of GO-60-1, which correspond to GO-mO with m = 9 to 20. Figure 2 and
Figure S2e-h show the optimized structures of Ag;3/GO-mO. Table 1 present
summary of calculated results for selected hybrid. The results show that these
epoxides, which are not the binding sites, have also significant effect on the stability
of Ag NPs on GOs, depending not only on the its oxidation level, but also on atomic
arrangement (see table 1). The binding energies of Ag;3/GO-mO (m =9, 12, and 17)
slightly increase from 5.36 to 5.75 eV, while the binding energies for m = 11 and 20
decrease, compared to Ag;3/GO-60-1. In particular, when three different atomic
arrangements of the additional epoxy groups in GO-140-i (i = 1 to 3) are considered,
which corresponding to the ratio of oxygen to carbon of 0.47, the Ag;3/GO-140-1
(Figure 2a) and Ag;3/GO-140-2 (Figure 2b) show exceptionally high stability with
binding energies of 6.6 and 7.3 eV, respectively. Such high stability of Ag NPs
deposited on GOs is comparable to the deposition of Fe;3 NPs on graphene with single
vacancy defect.?®>

The atomic configurations of GOs including ordered phase are energetically
more favorable that with disordered models, theoretically,* although the preparation
of GOs with such structure is still challenging. Herein, the effect of GOs with ordered

distribution of epoxy groups on Ag NPs deposition is discussed. The structural

models of GOs contain the sp2 carbon regions separated by sp3 carbon strips

11



Physical Chemistry Chemical Physics

consisting of 1, 2, and 3 nearest-neighboring armchair epoxy group chains, defined as
GO1, GO2, and GO3, respectively. Figure 3 and Figure S5 show the optimized
structures for Ag;3/GOm. The binding energies of Ag;3/GOm (m = 1 to 3) are 3.52,
2.72, and 0.96 eV, respectively, much smaller than that of disordered models. This
results reveal that the GOs surface with ordered structure of oxygen groups may be
unsuitable for Ag NPs deposition.

Recently, the experimental works by Chen et al.’® revealed that the Ag NPs
deposited on MWCNT as high-performance sensor can be facilely oxidized as AgO in
air at room temperature. The oxygen atom in AgO improves adsorption of NO, on Ag
NPs. Herein, we discuss the oxidation of Ag;; supported on GO-60-1 and GO-140-1
by the neighboring oxygen atom, which correspond to the O/C ratios of 0.2 and 0.47,
respectively.

Figure 4 show the geometrical structures for transformation from Ag;; to
oxidized Ag;; (Ag;30) on GOs and the relative energies. The deposited Ag;; on GOs
abstracts the O from neighboring C—O-Ag bond or epoxy group to form Ag;;0,
leading to three almost equivalent Ag—O bonds with distance of about 2.15 A. The
formed Ag;;0 structures are energetically lower by 0.62 eV for GO-60-1 and by 1.18
eV for GO-140-1 than Ag;; without oxidation. We used the linear/quadratic
synchronous transit (LST/QST) method”’ to estimate the barrier for formation of
Ag30 structures as shown in Figure 4. The barrier for the oxidation of Ag;; on
GO-60-1 and GO-140-1 are 0.88 and 0.46 eV, respectively. Such difference can be

explained as follows: the structural distortion of Ag;30 on GO-60-1 is more

12
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prominent induced by O migration than that on GO-140-1 (see Figure 4), and the low
oxygen concentration also contributes to the high barrier. This results indicate that
surface of deposited Agj; is likely to be oxidized by oxygen from GOs substrate at a
wide oxygen concentration, which is consistent with the experimental observations.'?
Such oxidation of Ags by GOs is quite distinct from previous reports > for Pt
cluster deposited on GO, in which the neighboring oxygen atoms transfer to Pt;3
cluster to form Pt;30 only when the ratio of oxygen to carbon in GOs is smaller than
0.125.
3.2 Electronic properties of Ag;3/GOs hybrids
To understand the details of the interaction between the Ag;; and GOs, the
spin-polarized total density of states (TDOS) and projected DOS (PDOS) of selected
Ag, O, and C atoms (labeled in Figures 2a and 1b) of Ag;3/GO-60-1 before and after
interaction have been analyzed as shown in Figure 5. Comparing with isolated Ag;
NPs, the adsorbed Ag;; show broader and strongly modified 4 band ranging from -5
to -3.2 eV with respect to the Fermi level (Figures 5al and 5a2). This strong broad
peaks of d states are mainly contributed by the Ag atoms of 4 and 5 layers of Ags
connecting with O and C atoms, rather than other Ag atoms away from the GOs (see
Figure 5a4).

On the other hand, the strong interaction of Ag;; NPs with GOs is reflected by
changes of PDOS of O and C atoms near NPs. Two strong peaks of p states of Ol
atom are shift to higher energy level after Ag interaction (Figures 5bl and b2). In

particular, the p states of O2 atom only remain one strong peak located at 0.7 eV

13
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below the Fermi level and the other peak disappears (Figure 5b3). Such difference
indicates that the interaction mechanisms between Ag and Ol, and O2 atoms
distinctly differ from each other: the former is due to formation of both C—-O—-Ag and
Ag--O bonds, the latter is only single C—-O—Ag bond. At last, the peaks of p states of
carbon connecting with Ag in energy range of -5 to -3 eV relative to the Fermi level
become more wider and stronger (Figure 5b5) compared with this carbon without
such Ag interaction (Figure 5b4). This results indicate a strong hybridization of the
Agi3 NPs with the p orbitals of epoxide and sp>-hybridized carbon atoms. The TDOS
caluclations (Figure S6) show that the semiconducting GOs with lower oxidation
level become metallic after Ag;sinteraction, while the semiconducting properties of
GOs with high oxidation level are unchanged.

To understand strong binding of Ag;; to GOs, the charge density difference for
Ag13/GOs-60-1 and Ag;3/GOs-140-1, Ap =p(Ag,, —GO)-p(Ag,;)-p(GO) , is
calculated as shown Figures 6a and b, where p(Ag,, —GO), p(Ag,;), and p(GO)
represent the total charge densities of Agjs-decorated GOs, isolated Ag;s, and GOs,
respectively. From Figures 6a and b, the adsorption of Ag;3; on GOs induce
redistribution of the charge densities. Strong electron accumulation is observed at the
neighboring oxygen and carbon atoms near the Ag;s, whereas the electron depletion is
appeared mainly on six Ag atoms attached to GOs surface. This indicates that the
deposited Ag;3 NPs donate electrons to neighboring oxygen and carbon atoms. Owing
to electron transfer from Ag to GOs, the magnetic moments of Ag; are reduced from

5.0 pg for the isolated structure to 0.26 pg for Ag;3/GOs-60-1 and 0.46 pp for

14
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Ag3/GOs-140-1. Previous results **°>* also reported that the spin polarized
electrons of isolated Fej;3 NPs or Fe atoms are transferred to graphene surface after
metal adsorption, leading to magnetic moment reduction of metal.

To quantitatively compare transferred electrons between the Ag;; NPs and GOs,
the Mulliken population analyses are carried out. As shown in Table 1, the large
charge transfers (-1.61 ~ -1.96 ¢) from Ag;; to GOs are occurred, suggesting strong
interaction between NPs and GOs. These transferred electrons from Ag;; can lead to
hole depletion of GOs, which is consistent with the increased resistance of GOs as its
surface is decorated by Ag NPs reported by the experimental observations.'? Table 2
summarizes the excess charges of Ag;3-GOs hybrid over isolated NPs and GOs for
atoms labeled in Figure 2b and 1a. It notes that the average excess charges for the five
Ag atoms in 2 and 4 layers of NPs shown in Figure 2b are calculated. Charge analyses
reveal that the Ag4 and Ag5 atoms have the large negative excess charges of about
-0.26 e, while O1 and O2 atoms show large positive excess charges of 0.2-0.25 e, and
C1 atom also shows a significant excess charges of 0.08 e. This indicates that the
electrons are transferred from the bound Ag atoms to its neighboring O and C atoms,
leading to formation of C—-O—Ag and C—Ag bonds.

The electronic properties of Agj; clusters are also well tuned by interfacial
interaction with GOs. The d-band centre (g4) provides a good measure of chemical
reactivity of transition metal surface.” Table 2 also shows the &4 of Ag atoms for Ag;
supported on GOs-60-1 and GOs-140-1. All of the Ag atoms in the isolated Agi;

show the same g4 of -3.9 eV, except for the centered Ag atom due to the structure
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symmetry. When the Ag;; is adsorbed on GOs, the centered Ag3 atom has the lowest
€4 (-5.22 eV for GOs-60-1 and -4.58 eV GOs-140-1) among all Ag atoms, followed
by Agl and Ag2. Therefore, the interface interaction of GOs/NPs well modifies the
position of g4 of Ag;s. Such changes in g4 of adsorbed Ag NPs can be understood by
the excess charges of Ag atom after interaction with GOs. As shown in Table 2, the g4
of Ag increase with increasing the its negative excess charges.
3.3 Adsorption of NH; on Ag;3 NPs supported on GOs
To understand the sensing mechanism of Ag NPs-GOs hybrid as high-performance
sensor for gas molecule detection, we investigate the interactions of ammonia with
Ag3/GOs nanocomposite. The Ag;3/GO-60-1 with low oxidation level (Figure 1b)
and the Ag;3/GO-140-1 with high oxidation level (Figure 2a) are used to simulate the
nanocomposite for NHj3 adsorption. The Ag NPs may be the dominant active
adsorption sites in Ag;3/GOs hybrid sensor. Because the modified electronic
properties of Ag NPs are site-dependent, we consider three type of sites Agl, Ag2,
and Ag4 for NHs adsorption, where the Ag atoms belong to the 1, 2, and 4 layers of
Agis as labeled in Figure 2b, respectively. The initial configuration of NH; with N
pointing to Ag atom is considered because other configurations are less stable in
energy.

Figures 7 and Table 3 display the optimized structures and calculated results for
NH; adsorption. For isolated Ag;;, the adsorption energy of NHj; is -0.41 eV. When
the binding site for NH3 adsorption on Ag;3/GO-140-1 only involves the Ag atom, the

NH; molecules are preferentially adsorbed at Ag4 atom (Figure 7c) because the

16
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adsorption energy is estimated to be -0.86 eV, larger than NH3 adsorption on Agl
(Figure 7a) and Ag2a (Figure 7b) sites with corresponding adsorption energies of
-0.66 and -0.8 eV. The most energetically favorable adsorption site of Ag4 is
correlated with its d-band centre more closer to the Fermi level than other Agl and
Ag2 atoms (table 2). Such adsorption of NH3; on Ag NPs leads to formation N-Ag
bond with distance of 2.31-2.39 A.

Interestingly, when NHj is adsorbed on another Ag2b site with the same 2 layer as
Ag2a site (Figure 7d), the adsorption energy is increased to -0.99 eV from -0.8 eV for
Ag2a site, larger than that of NHj; on pristine GOs and Ag NPs-MWCNTs with
adsorption energies of -0.87 ® by the LDA functional and -0.36 ¢V by the PBE

functional,"

respectively. From Figure 7d, besides the N-Ag bond, the improved
adsorption is also attributed to the formation of hydrogen bond between H of
adsorbed NH3 and O of single C—02—Ag bond with distance of 1.94 A. Such
interaction mechanisms are different from the adsorption of NH; on MWCHTs/Ag
hybrid, in which the NHj3 is attracted to hollow sites on oxidized Ag surface with H
pointing to Ag atoms.

In addition, we also calculated adsorption of NH3 on selected pristine GOs models
using the same PBE functional as shown in Table S1 and Figures 7Sa and b. Owing to
the formation of hydrogen bond OH---N between the hydroxyl group and NHj, the
highest adsorption energy of NHj on pristine GOs is -0.56 eV, and the corresponding

charge transfer from NHj to substrate is 0.09 ¢, smaller than these adsorptions on

Ag3/GOs. This results suggest that the interfacial interaction between NHj and GOs
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is enhanced by the deposition of Ag NPs.

The adsorption and dissociation of NH3 on oxidized Ag;s are energetically
less favorable than on Ag;; without oxidation at the same site (Figures 7g-h and table
3). However, these adsorptions of NH; on Ag;;0 are still stronger than that on pristine
GOs because the adsorption energy for the former (-0.67 eV) is larger than the latter
(see Table S1). For comparison, we also performed the calculations on adsorption of
NH; on Ag;30/GO-130 using the LDA functional.®’ The results show that the
adsorption of NH; on pristine GOs (adsorption energy of -0.87 eV)® is also improved
due to the interfacial interaction between Ag;30 and GOs (-1.2 eV) by the LDA
functional. Therefore, compared with isolated Ag;; and GOs, the Ag;3/GOs hybrid
shows more stronger adsorption ability for NHj, which is responsible for the
significant sensing enhancement reported by experimental works."”” The NH;
adsorptions on Ag;3/GO-60-1 with low oxygen concentration are similar with that of
GO-140-1 (see Figures 7e-f and table 3).

To further investigate the possibility of adsorption of NH; on Ag NPs/GOs, we
estimate the diffusion barriers of the adsorbed NH3 on deposited Ag;s. The diffusion
paths of adsorbed NHj at various Ag sites: 1—>2a (Figure 7a) and 2a—2b (Figure 7b),
are selected. Calculations indicate that the diffusion barriers for these two pathways
are 10.8-11.3 kcal/mol, comparable with 9.2 kcal/mol for NH; on isolated Ag;
cluster. This results suggest that NH3; molecules can diffuse on deposited Ag NPs on
GOs easily and rapidly.

Previous theoretical works show that adsorption of NHj3 on pristine graphene62

18
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and CNTs ® leads to little charge transfer between them. Our charge population
analyses (Table 4) show that comparing with isolated Ags, the larger charge transfers
of 0.23-0.25 e from NHj; to Ag;3/GOs are obtained due to the interfacial interaction,
suggesting that the adsorbed NHj; acts as an electron donor. The charge density
difference (Figure 6¢) further confirms the electron transfers mainly from NH; to Ag
NPs. The charge densities of NH3 adsorbed system are redistributed with the electron
accumulation mainly occurred on Ag;; and electron depletion on NH;. Based on the
charge population, the electrons of Ag;s donated by NH; can partially transfer to
GO-140-1 (about 0.06 e), resulting in depletion of holes in GOs. The NH3-induced
donor doping in Ag;3-GOs hybrid may lead to the remarkable fluctuation of
conductivity, enhancing the sensor response as shown experimentally."

To have an insight into the sensor mechanism for Ag NPs-GOs hybrid for NH;j
detection, we calculated the the spin-polarized TDOS and PDOS of NHj; and
Ag13/GO-140-1 before and after NH; adsorption as shown in Figure 8a. The NHj
adsorption on Ag;3-GOs hybrid increase the spin-polarized DOS at the Fermi level for
both spin up and spin down in comparison to that of this hybrid without NHj
adsorption. The upshift of the Fermi level of NHj3-adsorbed system relative to Ag
NPs-GO hybrid suggests the donor doping of adsorbed NH;. From the DOS of NHj
before adsorption, the HOMO orbital of free NHj is located at 0.5 eV below the Fermi
level, and no unoccupied states close to the Fermi level appear. When NHj interacts
with Ag NPs deposited on GOs, the hybridization of HOMO of NHj for both spin

channels with conduction bands of Ag;3-GOs results in unoccupied states close to the
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Fermi level, suggesting electron transfers of 0.21 e from NH; to Ag;3-GOs.
Meanwhile, the HOMO orbital of NH; shifts downward to about -2 €V below the
Fermi level after adsorption.

3.4 Adsorption of NO on Ag;3 NPs supported on GOs

We now investigate interaction of another gas molecule, e.g. NO, with Ag;3-GOs
hybrid. The same adsorption sites and structural models with NH; adsorption are
considered for NO adsorption. Figures 9 and Table 4 display the optimized structures
for selected systems and the calculated results. Compared with isolated Ag;s, the
adsorption of NO on Ag;3-GOs hybrid is less improved by the interfacial interaction
with the highest adsorption energies of only -0.55 eV for Ag;3/GO-140-1 (Figure 9a)
and -0.64 eV for Ag;3/GO-60-1 (Figure 9c), but still stronger than that on pristine

GOs (see Table S1 and Figure S7c and d). The corresponding charge transfers from

NO to Ag;3-GOs are -0.08 and -0.09 e, smaller than that to isolated Ag;; (see Table 4).

The DOS calculations (Figure 8b) for NO-adsorbed systems show that the adsorption
of NO has less impact on the DOS of Ag;3-GOs hybrid near the Fermi level. This
results indicate that the sensing performance of Ag NPs/GOs may be lower than the
isolated NPs for NO detection. In contrast to NH;3 adsorption, the charge density
difference (see Figure 6d) and the DOS and PDOS calculations of NO before and
after adsorption (Figure 8b) confirm the acceptor character of adsorbed NO on Ag
NPs-GOs.

Interestingly, when Ag NPs deposited on GOs are oxidized as Ag;;0 as discussed

above, the adsorption of NO on Ag;30 can be largely improved due to the oxidation

20

Page 20 of 39



Page 21 of 39

Physical Chemistry Chemical Physics

of NO to NO,. As shown in Figures 9b and d, the O attached to Ag;s transfers to its
neighboring N of adsorbed NO to form NO»-like species, leading to oxidation of NO.
The oxidation of NO on Ag;30/GOs hybrid is more favorable in energy by 1.13 eV
for GO-140-1 (Figure 9b) and 1.31 eV for GO-60-1 (Figure 9d) than that NO
adsorption on Ag;30. The reaction pathways indicate that the oxidation of NO to NO,
can occur with a moderate energy barrier of 0.68 eV (see Figure S8). The
corresponding charge transfers from NO to Ag;30/GOs hybrid are increased to -0.15
and -0.16 e, which are larger than that to isolated Ag;; and GOs, suggesting stronger
acceptor doping of adsorbed NO. The increased interaction of NO with Ag;30/GOs is
also supported by the DOS calculations (Figure S9) due to the formation of NO,.
Thus, the Ag;30/GOs hybrids may present the high sensing-performance for NO
detection.

4. Conclusions

We investigated the stability of Ag;; NPs deposited on GOs and the effect of their
interfacial interaction on NH; and NO adsorption by the first-principles calculations.
The Ag;s NPs can be strongly bound to the GOs surface with binding energies up to
7.3 eV. The presence of epoxy groups of GOs, rather than the hydroxyl group, play an
important role for improving the stability of Ag;s NPs deposited on GOs, depending
on its chemical environment. The hybridization of d states of Ag;; with p states of its
neighboring epoxides and sp® carbon atoms lead to the formation of C-O-Ag and
C-Ag bonds accompanying large charge transfers from Ag NPs to GOs. The

deposited Ag;s NPs are energetically preferable to be further oxidized to form
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Ag30 by its neighboring O atom irrespective of oxidation level of GOs.

The strong interfacial interaction of Ag;3/GOs obviously improves the adsorption
of NH3 on Agj; NPs, leading to formation of N—Ag bond and hydrogen bond NH---O
between NH3 and O from C-O-Ag. The PDOS calculations reveal that the strong
hybridization of HOMO orbital of NH3 with conduction bands of Ag;3-GOs results in
deep donor doping to this hybrid. The enhanced adsorption of NHj3 and improved
charge transfers from NHj; to Ag;3-GOs may be responsible for the high sensitivity
and fast response for Ag NPs-GOs hybrid sensor towards NH; as observed
experimentally. The adsorption of NO on oxidized Ag;;is obviously improved due to
the oxidation of NO to NO; by its neighboring oxygen atoms. Present results provide
the fundamental understanding for sensing mechanisms of metal NPs-GOs hybrid as

chemical sensor.
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Table 1: Summary of calculated results for the Ag;; deposited on GOs substrate
with different oxygen concentration: the binding energy (E;), the minimum (d\;, )
and maximum (dy,.x) distance from O to Ag, the distance of Ag—C bond, and the
charge transfers from Ag;; to GOs.

substrate Ey  duin/ dnax  dagc AQ
V) A A) (o
GO-20 1.89 2.3/2.43 252 0.82
GO-30 3.23 2.26/2.51 2.64 1.06
GO-50 42 226246 233 1.4l
GO-60-1 53 22249 23 1.61

GO-60-2 5.51 2.28/243 246 1.7
GO-50-20H  4.58 2.48/2/26 2.31 145
GO-30-40H 343 2.2/269 238 1.16
GO-50-20H-2 5.19 2.26/2.56 2.34 1.64
GO-90 5.36 2.18/2.44 234 1.74
GO-110 438 2.17/2.46 235 1.71
GO-120 542 2.16/25 236 1.86
GO-140-1 6.6 2.17/2.59 2.36 1.89
GO-140-2 7.31 2.16/2.46 2.37 1.89
GO-140-3 5.52 2.16/2.48 2.34 1.88
GO-170 575 2.16/2.45 234 196
GO-200 4.65 2.18/2.47 235 2.03

Table 2: The d-band center g4 (in eV) of Ag and excess charge AQ (in e) over the
isolated Agy; cluster and GOs for atoms labeled in Figures 1b and 2a.

substrate  property Agl Ag Ag3d Agd Ag5S Ag/Agiz Ol 02 ClI
2
GO-60-1 g -4.06 -423 -522 -3.71 -3.94 -3.9%
AQ -0.03 -0.05 0.06 -0.24 -0.25 0.23 0.21 0.09
GO-140-1 &4 -3.89 -4.04 -4.58 -3.55 -3.58
AQ -0.03 -0.07 0.08 -0.27 -0.27 025 0.2 0.07

* All atoms of isolated Ag;; cluster have the same g; except for the centred Ag due to the

symmetry of structure.
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Table 3: Summary of calculated results for adsorption of NH; on Ag;; deposited
on GOs at different sites labeled in Figure 2a: the adsorption energy (E,q in eV),
the distance (d in A) between Gas molecule and Ag, and the charge transfers
from the molecule to Ag;3-GOs hybrid (AQ in ¢).

structure site Ea d AQ (e)
Agi; * -0.41 2.34 0.18
Ag3/GO-140-1 1 -0.66 2.39 0.18
Ag3/GO-140-1 2a -0.8 2.32 0.21
Agi3/GO-140-1 4 -0.86 2.31 0.23
Ag3/GO-140-1 2b -0.99 2.27 0.25
Ag;30/GO-130 2a -0.67 2.35 0.18
Agi;3/GO-60-1 1 -0.65 2.4 0.18
Ag3/GO-60-1 2a -0.74 2.33 0.2
Ag3/GO-60-1  2b -0.96 2.31 0.21
Ag;30/GO-50 2a -0.63 2.35 0.17

* All Ag atoms of isolated Ag;s are equivalent to each other except for the centred Ag.

Table 4: Summary of calculated results for adsorption of NO on Ag;; deposited
on GOs at different sites: the adsorption energy (E,q in eV), the distance (d in A)
between Gas molecule and Ag, and the charge transfers from the molecule to

Ag13-GOs hybrid (AQ in e).

substrate site Eaq d AQ (e)
Agi; * -0.54 2.15 -0.11
Agi3/GO-140-1 1 -0.33 2.26 -0.04
Ag3/GO-140-1 2 -0.55 2.18 -0.08
Ag3/GO-140-1 4 -0.44 2.22 -0.02
Ag30/GO-130-a 2 -0.43 2.18 -0.02
Ag;30/GO-130-b 2 -1.56 2.29 -0.15
Ag;3/GO-60-1 1 -0.36 2.25 -0.06
Ag;3/GO-60-1 2 -0.64 2.16 -0.09
Ag30/GO-50-a 2 -0.5 2.14 -0.08
Ag;30/GO-50-b 2 -1.87 2.28 -0.16

* All Ag atoms of isolated Ag,; are equivalent to each other except for the centred Ag.
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Figure 1 Top and side views of optimized structures (distance in A) and corresponding
binding energies (in eV) for Ag;3/GOs hybrid with low oxidation level. (a)
Ag3/GO-20, (b) Ag3/GO-60-1, (c) Agi3/GO-50-20H, and (d) Ag;3/GO-30-40H.
The number in (b) denotes the site of oxygen and carbon atoms.
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Figure 2 Top and side views of optimized structures and corresponding binding
energies (in eV) for Ag;3/GOs hybrid with high oxidation level. (a)-(c)
Ag13/GO-140-i, where i = 1, 2, and 3, represent three different atomic arrangements
of other 8 oxygen atoms except for the binding sites, respectively, and (d)
Ag3/GO-170. The number in (a) denotes the different Ag layer of deposited Ags
relative to GOs surface.
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3.52 2.72

Figure 3 Top and side views of optimized structures and corresponding binding
energies (in eV) for Ag;s deposited on GOs with ordered phase of epoxides: one
armchair sp® carbon chain separated by (a) one epoxide chain and (b) two
nearest-neighboring epoxide chains. The supercell of graphene in (a) and (b) contains
48 and 72 carbon atoms, respectively.
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0.46 (TS)
Figure 4 The geometrical structures (distance in A) of initial state, transition state
(TS), and final state for transformation from Ag;s to Ag;30 on GOs due to the
migration of oxygen atom. (a) GO-60-1 and (b) GO-14-O-1. The blue arrow in initial
state defines the migration direction of O. All energies (in eV) are relative to initial
state.
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Figure 5 The spin-polarized total DOS (TDOS) and projected DOS (PDOS) for Ag);
supported on GO-60-1. DOS of Ag;s before (al) and after (a2) interaction and PDOS
of (a3) Ag from isolated Ag;; and (a4) Ag atoms at different sites of adsorbed Ag;s.
PDOS of (bl) epoxy group and (b4) C1 atom before Ag interaction, (b2) O1, (b3) 02,
and (b5) C2 atoms after Ag interaction. The Fermi level is set to 0. The corresponding
structure is shown in Figure 1b.
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Figure 6 Charge density difference for (a) Ag;3/GO-60-1 and (b) Ag;3/GO-140-1
hybrids and (c) NH3- and (d) NO-adsorbed Ag;3/GO-140-1 systems. The blue and
yellow areas with isosurfaces of 0.003 e/A’ present electron accumulation and
depletion, respectively.
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Figure 7 The optimized structures (distance in A) and corresponding adsorption
energies (in eV) for NH; adsorbed on (a-d) Ag;3/GO-140-1, (e-f) Ag;3/GO-60-1, and
(g-h) Ag1;0/GO-130 at different sites. (a) and (e) Agl, (b), (g), and (h) Ag2a, (c) Ag4,
and (d) and (f) Ag2b sites. The red arrows in (a) and (b) show the diffusion paths for
adsorbed NHj.
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Figure 8 The spin-polarized TDOS and PDOS for (a) NH; and (b)
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NO and

Ag3/GO-140-1 systems before and after gas molecule adsorption. The Fermi level is

set to 0.
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-0.64

Figure 9 The optimized structures (distance in A) and corresponding adsorption
energies (in eV) for (a) adsorption of NO at Ag2 site and (b) oxidation of adsorbed
NO to NO; on Ag;30/GO-130. The (c) and (d) for NO adsorption on GO-60-1 are
similar with (a) and (b), respectively.
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