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Elucidating the doping of transition metals with different structural units on the catalyst surface is very
important for improving the catalytic performance of heterogeneous catalysts. In this work, the
adsorption performance of O, molecules on the surface of bimetallic catalysts doped with different
structural units was investigated using a density functional theory (DFT) method. The effects of different
structural units on O2 adsorption are clarified. It is concluded that among the four transition metal-doped
bimetallic catalysts, when TM=Ni, the performance of O» adsorption is stronger than that of the other
three metal-doped gold-based bimetallic catalysts. When the doped structure is a dimer, the adsorption
energy after O adsorption is greater than monomer and trimer doping. However, the bond length and the
number of transferred electrons are lower than those after trimer doping.
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1. INTRODUCTION

In the field of heterogeneous catalysis, research on the surface structure and composition of solid
material particles is a current hotspot[1]. Exploring the surface structure can improve the selectivity and
catalytic activity of heterogeneous catalysts more efficiently[2-4]. Bimetallic catalysts often have
significantly different physical and chemical properties than their parent metal due to their unique
composition, making them an important heterogeneous catalyst[5-11]. Since 1987, Haruta et al. have
made breakthroughs in the research of nanogold catalysts, and Au has attracted the attention of
researchers as a catalyst[12]. Although the Au catalyst exhibits a certain catalytic activity, there are still
limitations in the actual application process. To improve its catalytic activity and reuse rate[12-14], a
common method at this stage is to dope a second metal on its surface[16-19]. In current gold-based
bimetallic catalysts, most doping metals used are transition metals[20-27].
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02 molecules are essential reactants in many chemical reactions and can act as oxidants.
Activation of molecular oxygen is a critical step in many heterogeneous oxidation processes, including
electrocatalysis[28-31]. With the increasingly serious energy crisis, the research on new energy
materials has become very urgent, among which methanol fuel cells and their oxidation electrocatalysts
are the focus of research[29,32-35]. Many transition metal gold-based bimetallic catalysts participating
in catalyzed chemical reactions involve the participation of oxygen molecules[36-43], such as the
oxidation of CO, the selective oxidation of alcohols, and the preparation of water. The activation of
molecular Oz is also a key step in the aerobic oxidation reaction on Au-based catalysts. The activation of
oxygen is still a bottleneck in the entire catalytic process. Therefore, the adsorption and activation of
oxygen molecules on the catalyst surface is an critical part of exploring the catalytic mechanism of
gold-based bimetallic catalysts[44-47]. Pinto et al. studied the adsorption and decomposition of oxygen
on the surface of PdPt/Au(111) by density functional theory and concluded that the Fcc site on the
surface of the alloy is most conducive to the combination of Oz and the surface[48]. Chang et al. used
DFT theory to study the process of selective oxidation of formaldehyde to methanol by O, molecules on
the surface of Pd-Au bimetallic catalysts with different surface structural units[49]. The study showed
that the presence of Pd significantly improved the adsorption and activation of O, on the alloy surface.
Studying the unit structure on the surface of the bimetallic catalyst is necessary to understand the
catalytic performance.

Currently, DFT is an integral method for conducting theoretical research on multi-electron
systems[49-53]. The purpose of this article is to use a DFT calculation to study the adsorption of O
molecules on a transition metal (TM=Ni, Rh, Pd, Pt)-doped Au(111). We investigated various possible
adsorption sites of oxygen molecules on the surface of gold-based bimetallic catalysts, conducted further
structural and energy analyses on these stable adsorption configurations, and finally completed Bader
charge analysis. We believe that this work has certain guiding significance for the rational design of
heterogeneous catalysts for dissociation reactions.

2. METHODS AND MODELS

The calculation software used in this paper is the Vienna Ab-initio Software Package(VASP)
package, which the electron-ion interaction uses the projected enhanced wave (PAW) method, and the
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) is used to represent the
exchange correlation function. The surface Brillouin zone uses a (5x5x1) k-point mesh and selects a
plane wave cutoff energy of 400 eV. The convergence conditions of the structure is when the force
change is less than 0.02 eV-A™ and the energy difference is less than 1x10™* eV.

O> molecules were adsorbed on the constructed TMisinge-Au(111), TMadimer-Au(111),
TMuimer-Au(111)(TM=Ni, Rh, Pd, Pt) gold base bimetal surfaces, and various possible adsorption sites
were simulated, this can refer to our previous work[54], as shown in Figure 1. After optimizing the
structure, the most stable adsorption configuration was obtained and the adsorption energy was
calculated. After the structure optimization, the most stable adsorption configuration was obtained and
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the adsorption energy (Eadss) was calculated. The adsorption energy was calculated according to the
following formula:

Euss = Eaassoae ~ Esao ~ Easonne (1)

Where Esian/adsorbate 1S the total energy of the catalyst surface after adsorbing Oz, Esiap is the total
energy of Au(111) on the pure surface, and Eadsorbate IS the energy of a single oxygen molecule.

ads

TMgipger-Au(111) TMgimer-Au(111) TMimer-Au(111)
Figure 1. Surface structure and possible doping sites of gold based bimetallic catalysts with different
doping structure units. Au atoms are shown in yellow; the doped metals are indicated in
blue[54]

3. RESULTS AND DISCUSSION

3.1 TM-Au(111) bimetallic structural analysis and charge analyses

The distance between Au and Au on the pure surface of Au(111) is 2.938 A. When the surface is
doped with transition metals (TM=Ni, Rh, Pd, Pt) of different structural units, the distance between
TM-Au decreases, but the change is not significant. On the Ni-doped Au(111) surfaces, the distance
between Ni-Au changes the most compared with the original Au-Au distance. The distance between
Pd-Au on the Pd-doped Au(111) surfaces has the smallest change compared with the initial Au-Au
distance, as shown in Table. 1.

According to the state density diagram analysis, as shown in Figure 2, the surface of TM-Au(111)
exhibits metal properties. There is a certain electron region near the Fermi level (energy is zero),
indicating that TM-Au(111) has good electron conductivity, and there is orbital hybridization between
TM and Au near the Fermi level. On the Ni-Au(111) bimetallic surface, DOS is mainly the hybridization
of the Au and Ni d orbitals for the part just below the Fermi level. While for the part just above the Fermi
level, DOS is mainly the hybridization of the Au sp and d orbitals. However, when the TM is Pd, Pt, or
Rh and doped in the form of a monomer, the part just below the Fermi level is mainly the Au d orbital
contribution, and the Au sp orbital also has a small contribution. Just above the Fermi level, DOS is
mainly a hybridization of Au sp and d orbitals. When doped in the form of dimers and trimers, DOS is
mainly a hybridization of Au sp and d orbitals just below the Fermi level, while Pd d orbitals also
contribute. For the part just above the Fermi level, DOS is mainly a hybridization of Au sp and d orbitals,
with a small Pd d orbital contribution. By increasing the number of doping metals, the contribution of the
TM d orbital is enhanced, and the interaction with Au is also increased.
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Table 1. Distance between TM-Au and Bader charge analysis of different structural units of
TM-Au(111)(TM=Ni, Rh, Pd, Pt) bimetals

TM Parameters TMsingIe'AU TMdimer'AU TMtrimer'AU

Ni-Au distance (A) 2.876 2.833 2.869
Bader charge/Ni (e) 0.33 0.32 0.27
Pd-Au distance (A) 2.923 2.916 2.904
Bader charge/Pd (e) 0.06 0.06 0.04
Pt-Au distance (A) 2.908 2.904 2.880
Bader charge/Pt (e) -0.12 -0.11 -0.09
Rh-Au distance (A) 2.892 2.912 2.932
Bader charge/Rh (e) 0.13 0.13 0.11
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Figure 2. Density diagram of DOS states on the TM-Au (111)(TM =Ni, Rh, Pd, Pt) bimetal surfaces

To better analyze the surface charge transfer of the TM-Au(111) bimetal, we carried out Bader
charge analysis for these gold-based bimetal catalysts with different structural units. Bader charge
analysis can quantitatively calculate the charge transfer of surface atoms. In general, the more
electronegative an element is, the easier it is to gain electrons. In contrast, the less electronegative an
element is, the easier it is to lose electrons. Therefore, the charge is transferred from less
electronegative elements to more electronegative elements. According to Pauling, the electronegativity
of Auis 2.40, Ni 1.91, Rh 2.28, Pd 2.20, and Pt 2.20. As seen in Table 1, the electron transfer direction
on the TM-Au(111)(TM=Ni, Rh, Pd, Pt) bimetal surface is from the transition metal (TM=Ni, Rh, Pd,
Pt) to the Au atom. The exception is for Ptyimer-Au(111) bimetallic surfaces. The transfer of charge
between atoms depends not only on electronegativity but also on the distance between atoms. The
distance between Pd-Au and Au-Au in the Pd-Au(111) bimetallic catalyst is the smallest. There is little
difference in electronegativity, so there is almost no charge transfer.

3.2 Energy analysis and structural analyses of O2 molecule adsorption

In order to better describe the different adsorption sites on the gold-based bimetallic surface, in
this paper, T1(Toptm) and T2(Topau) are used to represent two top adsorption sites, B1(Bridgetm-au),
B2(Bridgeauv-au), and B3(Bridgerm-tm) are used to represent three bridge adsorption sites, and
H1(Hcpau-tv-au), H2(Hepau-au-au), H3(HepTtv-au-t™m), and H4(Heptm-tm-tv) are used in this paper. Four
Hcp sites are represented, and F1(Fccau-tm-au), F2(FCCau-au-au), F3(Fcetm-au-tv), and F4(Fcerm-tm-tiv)
are used to represent four Fcc sites, as shown in Figure 1. The stable adsorption configuration and
corresponding adsorption energy are described below.

As shown in Figure 3 and Table 2, the stable adsorption of O> molecules on the surface of
Nisingle-AU(111) occurs at the F1 site; the stable adsorption of O molecules on the surfaces of
Pdsingle-AU(111), Ptsingle-Au(111), and Rhsingle-Au(111) occurs at the H1 site. Our calculations indicate
that O molecules preferably adsorb on TM sites of mentioned TM-Au surfaces, which consistent with
previous theoretical studies[55-58]. When O molecules are adsorbed on the surfaces of
TMisingle-AU(111)(TM=Ni, Rh, Pd, Pt) bimetal in a stable configuration, the adsorption energies are
-78.15, -33.77, -10.16, and -40.52 kJ/mol, respectively. The stable adsorption of O, molecules on the
surface of TMaimer-Au(111)(TM=Ni, Rh, Pd, Pt) bimetal are all at the B3 site. When O2 molecules are
adsorbed on the surfaces of the TMgimer-Au(111)(TM=Ni, Rh, Pd, Pt) bimetal in a stable configuration,
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the adsorption energies are -189.11, -205.51, -66.57, and -85.87 kJ/mol, respectively. The stable
structures of the Niwimer-Au(111), Pdirimer-Au(111), and Ptuimer-Au(111) gold-based bimetallic surfaces
doped with O2 molecules in the trimeric structural unit are all O> molecules adsorbed on the F4 position.
Only on the surface of Rhegimer-Au(111) is the O> molecule adsorbed on the bridge position of Rh-Rh,
which is the B3 position. When O2 molecules are adsorbed on the surfaces of TMimer-Au(111) (TM=Ni,
Rh, Pd, Pt) bimetal in a stable configuration, the adsorption energies are -180.43, -183.32, -75.26, and
-59.82 kJ/mol, respectively. Compared with surface of pure gold [59,60], the addition of the second
metal increase the adsorption energy of O molecule, which is consistent with the result on
Pd-Au(111)[49].
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Figure 3. Adsorption configurations of O> molecular on the TMisinger-Au(111), TMgimer-Au(111) and
TMuimer-Au(111)(TM=NIi, Rh, Pd, Pt) surfaces

Table 2 shows that when the O> molecule is in the stable adsorption structure on the surface of
TMsingle-Au(111)(TM=Ni, Rh, Pd, Pt), the distances between O-O are 1.383, 1.334, 1.341 and 1.359 A,
respectively. On the surface of TMdimer-Au(111)(TM=Ni, Rh, Pd, Pt) with stable O, adsorption, the
0-O distances are 1.413, 1.370, 1.336 and 1.374 A, respectively. On the surface of TMrime-Au(111)
(TM=Ni, Rh, Pd, Pt) with stable O adsorption, the distances between O-O are 1.455, 1.373, 1.369 and
1.412 A, respectively. The distance of O-O in gas is 1.24 A. The comparison shows that after O
molecules are adsorbed on the surfaces of TM-Au(111)(TM=Ni, Rh, Pd, Pt), the bond length between
0-O becomes larger, which is close to peroxide O,> (O-O bond length: 1.30-1.55 A[61]). Similarly,
the O-O bond lengths of Pd-Au(111) surface were 1.31-1.35 A[49].
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Table 2. The bond length, adsorption energy, and Bader charge of O> molecules adsorbed on the
surface of TM-Au(111) with different structural units

™ Parameters single atom dimer atoms trimer atoms
0-0 distance (A) 1.383 1.413 1.455
Ni-O distance (A) 1.803 1.831 1.857
Ni Eads (kd/mol) -78.15 -189.11 -180.43
Bader charge/Ni (e) 0.54 0.51 0.47
Bader charge/O: (e) -0.68 -0.77 -0.80
0-0 distance (A) 1.334 1.370 1.373
Rh-O distance (A) 1.904 1.928 1.929
Rh Eads (kJ/mol) -33.77 -205.51 -183.32
Bader charge/Rh (e) 0.37 0.35 0.28
Bader charge/O- (e) -0.48 -0.52 -0.53
0-0 distance (A) 1.341 1.336 1.369
Pd-O distance (A) 2.025 2.045 2.135
Pd Eads (kd/mol) -10.61 -66.57 -75.26
Bader charge/Pd (e) 0.28 0.26 0.23
Bader charge/O: (e) -0.53 -0.46 -0.59
0-0 distance (A) 1.359 1.374 1.412
Pt-O distance (A) 2.007 2.027 2.137
Pt Eads (kJ/mol) -40.52 -85.87 -59.82
Bader charge/Pt (e) 0.16 0.15 0.11
Bader charge/O- (e) -0.57 -0.52 -0.64

3.3 State density analysis on O molecule adsorption

Compared with the DOS of the Ni-Au monomer before and after oxygen adsorption, as shown

in Figure 4, it can be seen that the DOS of the Ni-Au monomer just above the Fermi level basically
does not change. However, for DOS just below the Fermi level, the contribution of the Ni d orbital is
obviously weakened. The decreasing part mainly corresponds to the contribution of the O sp orbital,
indicating a strong interaction between O and Ni. Similarly, by comparing the DOS of Pd-Au, Pt-Au
and Rh-Au monomers before and after oxygen adsorption, it can be seen that the DOS just above the
Fermi level basically do not change. However, for DOS just below the Fermi level, the contribution of
the Au d orbital is obviously weakened. The decreasing part mainly corresponds to the contribution of
the O sp orbital, indicating a strong interaction between O and Au. Similarly, by comparing the DOS of
Pt-Au and Rh-Au monomers before and after oxygen adsorption, it can be seen that the DOS of Pt-Au
and Rh-Au monomers just above the Fermi level basically do not change. However, for DOS just
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below the Fermi level, the contribution of the Au d orbital is obviously weakened. The decreasing part

mainly corresponds to the contribution of the O sp orbital, indicating a strong interaction between O

and Au.
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Figure 4. DOS diagram of the TMsingle-Au(111)(TM=Ni, Rh, Pd, Pt) bimetal surface-adsorbed O:
molecule stable configuration

By comparing the DOS of the Ni-Au dimer before and after oxygen adsorption, as shown in
Figure 5, it can be seen that the DOS of the Ni-Au dimer greater than and near the Fermi level

basically does not change. However, for DOS smaller than and near the Fermi level, the contribution of

Ni d and Au d orbitals is obviously weakened. The decreasing part mainly corresponds to the

contribution of the O sp orbital, indicating a strong interaction between O and Ni and Au. Similarly, the
comparison of DOS before and after oxygen adsorption by Pd-Au, Pt-Au and Rh-Au dimers shows
that the variation rule is the same as that of Ni, indicating that there is a strong interaction between O,

Au and TM.
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Compared with the DOS of the Ni-Au trimer before and after oxygen adsorption, as shown in
Figure 6, the DOS of the Ni-Au trimer just above the Fermi level basically does not change. However,
for DOS just below the Fermi level, the contributions of the Ni d and Au sp and d orbitals are obviously
weakened. The decreasing part mainly corresponds to the contribution of the O sp orbital, indicating a
strong interaction between O, Ni, and Au. Similarly, by comparing the DOS of Pd-Au, Pt-Au and Rh-Au
trimers before and after oxygen adsorption, it can be seen that the DOS just above the Fermi level
basically do not change. However, for DOS just below the Fermi level, the contributions of Au sp and d
and TM d orbitals are obviously weakened. The decreasing part mainly corresponds to the contribution
of the O sp orbital, indicating a strong interaction between O, Au, and TM.

3.4 Bader charge analysis on Oz molecule adsorption

To better analyze the charge transfer of the TM-Au(111)(TM=Ni, Rh, Pd, Pt) bimetallic surface
after adsorbing oxygen molecules, we conducted a Bader charge analysis, as shown in Table 2. The
oxygen atom forms a bond with the transition metal doped on the surface, and electrons are mainly
transferred from the transition metal atom to the oxygen molecule. Among the four different
metal-doped catalysts, Nisingle-AU(111), Rhsingle-Au(111), Pdsingle-Au(111) and Ptsinge-Au(111), the
number of electrons lost by TM is 0.54, 0.37, 0.28 and 0.16 e, respectively. The number of electrons
obtained by the O> molecule is -0.68, -0.48, -0.53 and -0.57 e, respectively. Among the four bimetallic
catalyst surfaces of dimer structural units, Nigimer-Au(111), Rhgimer-Au(111), Pddimer-Au(111) and
Ptgimer-Au(111), the number of electrons lost by TM is 0.51, 0.35, 0.26 and 0.15 e, respectively.
However, the number of electrons obtained by the O, molecule is -0.77, -0.52, -0.46 and -0.52 e,
respectively. Among the four bimetallic catalyst surfaces of the trimer structural units, Niimer-Au(111),
Rhtrimer-Au(111), Pdirimer-Au(111) and Ptuimer-Au(111), the number of electrons lost by TM is 0.47,
0.28, 0.23 and 0.11 e, and the number of electrons obtained by the O2 molecule is -0.80, -0.53, -0.59
and -0.64 e, respectively.

Nigipge-Au(111) Nigimer-Au(111) Nigime~Au(111)
Figure 7. Differential charge density diagram of the stable configuration of O> molecules adsorbed on
the surface of different structural units of Ni-Au(111) bimetal (green means losing electrons,
yellow means gaining electrons)

Analyzing the above Bader charge data, it can be concluded that when TM=Ni, the number of
charge transfers between the O molecule and the bimetallic surface is the largest. To more intuitively
observe the charge distribution of the Ni-Au(111) bimetallic surface after O, molecules are adsorbed,
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this paper analyzes the differential charge density of the structures of Nisingie-Au(111), Nidimer-Au(111),
and Niwimer-Au(111) after O, adsorption.

Combined with Table 2 and Figure 7, it can be seen that the change in bond length between O-O
is consistent with the change in charge transfer number between O and the bimetallic surface. The more
charge an O> molecule receives from the surface, the longer the O-O bond becomes. When Ni is doped
on the Au(111) surface in the form of a trimer, the number of charge transfers between O> molecules and
the bimetal surface is the largest. The O> molecules obtain a charge of 0.80e from the surface. At the
same time, the length of the bond between O-O in the adsorbed configuration also stretched to the
maximum, which is 1.455 A. The more electrons oxygen molecules gain from the surface, the stronger
the interaction with the surface, which leads to weakening of the forces between oxygen atoms..

4. CONCLUSIONS

In this work, DFT calculations were used to study the adsorption of Oz molecules on
TM-Au(111)(TM=Ni, Rh, Pd, Pt) surfaces doped with different structural units, such as single atoms,
dimers, and trimers. First, four different transition metals were doped with different structural units on
the Au(111) surface to obtain a gold-based bimetallic catalyst. Then, O2 molecules were adsorbed on the
surface of these 12 gold-based bimetallic catalysts, and various structures were investigated to achieve a
stable configuration. The adsorption configuration was analyzed from the adsorption energy, the bond
length between O-0O, state density analysis, and Bader charge transfer. It was concluded that after these
four doped metals were doped on the Au surface with a monomer structure, their adsorption and
activation of O, were poor. The stability of the trimeric structural unit doped with Oz was less than that
of the dimer, but the bond length of oxygen and the number of charge transfer were larger than those of
the dimer. When TM=NIi, the stability, O-O bond length and number of charge transfer after oxygen
adsorption were greater than those of other metals with the same structure. When Ni was doped in the
form of a trimer to obtain a Niwimer-Au(111) bimetallic surface, its adsorption energy after adsorbing
oxygen was -180.43 kJ/mol, the bond length between O-O was 1.455 A, and the Oz molecule obtained
0.80 e electrons from the surface. Therefore, the Ni-Au bimetallic catalyst doped on the surface of
Au(111) in an aggregated state had a better effect on the adsorption and activation of oxygen. This
research will have a particular reference value for the design of gold-based bimetallic catalysts and the
study of their catalytic mechanism in reactions involving oxygen.
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