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Density functional theory calculations are carried out to identify various configurations of oxygen molecules adsorbed
on the Au-doped RuO; (110) surface. The binding energy calculations indicate that O, molecules are chemically adsorbed
on the coordinatively unsaturated Ru (Rugys) sites and the bridge oxygen vacancies on the Au sites. Transition state
calculations show that O* can exist on the Rugys site by O7 dissociation and diffusion. The calculations of the reaction path
of CO indicate that the reaction energy barrier of CO adsorbed on Au with lattice oxygen decreases to 0.28 eV and requires

less energy than that on the undoped structure.
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PACS: 61.66.Dk, 61.72.J—, 61.72.Bb, 61.72.uj

1. Introduction

The physical and chemical properties of transition metal
oxides are of great interest and importance for efficiently us-
ing catalysis, electrochemistry, and gas sensors. Because the
surfaces of these oxides perform well compared with the bulk
state, the important goal in such studies is to reveal the sur-
face functionality, especially their interaction with a gas phase
species on anatomic scale. %!

In recent years, ruthenium dioxide (RuO;) has become
a popular and convenient model system for investigating cat-
alytic reactions. And CO oxidation has attracted much atten-
tion because it plays an important role in solving the exhaust
gas issues generated from auto-mobiles and industries. In CO
oxidation, the surface of metallic Ru is inactive, but after being
highly exposed to Oy, it displays excellent performance due to
the formation of a RuO; (110) film.!*%! A Mars—van Krevelen
mechanism and a Langmuir—Hinshelwood model were suc-
cessively proposed for the explaining of the CO catalytic oxi-
dation on the chemical surface.!”-8/In the Mars—van Krevelen
model, reductants react with metal oxide lattice oxygen, and
then the dissociative adsorption of O fills the resulting oxygen
vacancies. The Langmuir-Hinshelwood model suggests that
CO combines with dissociated O* into CO,. Therefore, O, ad-
sorption and dissociation are important processes for catalytic

(9.101 Recent studies have experimentally and theo-

reactivity.
retically reported that oxygen molecules are adsorbed on the
stoichiometric RuO, (110) surface.l'"-!2] On the other hand,
to improve the properties of a catalyst, an effective strategy
is to modify the metal oxides with other metal elements. For

example, the (111) surface of ceria can be made reactive to
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CO oxidation by doping the surface with Au theoretically. 3!
Because doped gold atoms become gold ions which play an
important role in determining the CO catalytic oxidation, gold
becomes a significant doping element. Therefore, it is inter-
esting to study the oxygen adsorption and CO oxidation on
Au-doped RuO; (110) surface.

In this study, O, adsorption, dissociation, and diffusion
on the Au-doped Ru (110) surface are investigated by using
density functional theory. First, the optimized configurations
of molecular O, adsorbed on the Au-doped RuO, (110) sur-
face are obtained. Then the adsorption energy and dissocia-
tion energy barrier are calculated. The reaction paths of CO
adsorbed onto Au with the O* atom are also determined.

2. Computational method

Calculations based on the density functional theory
(DFT) were analyzed in the generalized gradient approxima-
tion (GGA)!'* by using the Perdew—Burke—Emzerhof func-
tion for correlation energy. Plane-wave basis functions were
included with a kinetic energy cutoff of 450 eV. The calcula-
tions were carried out by using the Brillouim zone sampled
with 4 x4 x 6 and 2 x 2 x 1 Monkhorst—Pack mesh k-points
grid for bulk RuO, and surface calculations, respectively. The
structures were relaxed by using the BFGS algorithm until the
forces on all atoms were < 0.02 eV-A~!. The first-principles
calculations were performed by using the Cambridge Sequen-
tial Total Energy Package (CASTEP) code.!”!

Figure 1(a) shows the ball-and-stick model for the sto-
In the bulk RuO,, there
are six-fold coordinated Ru atoms and three-fold coordinated

ichiometric RuO, (110) surface.
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O atoms. However, two types of Ru atoms exist on the
RuO; (110) surface: one is the type of Ru atom, coordina-
tively unsaturated Ruc,s, which has a five-fold coordination
and is connected by a three-fold coordinated oxygen O3, and
the other is the type of Ru atom, Ruy;, which has a six-fold
coordination and is linked by a two-fold coordinated bridging
oxygen Oy,. Because the oxygen-binding energy is insensitive
to slab thickness, 0! two (RuOy)4 layer slabs were used for
the calculations. The slabs were separated by a 15-A vacuum
in the c-axis direction. In the present study, one of the Rugyg
atoms was replaced by one Au atom as illustrated in Fig. 1(b).

(a‘) Rubr OSf Obr

Fig. 1. (a) Structure of RuO;, (001) surface, showing ball-and-stick
representation of stoichiometric RuO; (001) surface with red ball rep-
resenting O atom and cyan balls denoting ruthenium. (b) Top-view of
Au-doped RuO, (001) surface.

Oxygen dissociation and diffusion barriers were calcu-
lated by using the Climbing Image Nudged Elastic Band (CI-
NEB) method.!!7-!8] Five intermediate images were generated
between the geometry-optimized initial and final state by lin-
ear interpolation. Minimum energy reaction paths were ob-
tained by simultaneously relaxing each image. Vibrational
frequencies were calculated through the diagonalization of the
Hessian matrix by displacing the atoms by 0.01 A from their
equilibrium positions. The adsorption energy of molecular O,
the oxygen vacancy formation energy, and the charge density
difference were calculated below.

The adsorption energy was evaluated from

Ead = Emol-+surf — (Esurf + Emol) )a (1)

where Enodtsurf represents the total energy of the surface com-
bined with the adsorption molecules, Eg; is the total energy
of the substrate, and Ey,q is the total energy of molecules in
the gas phase.

The oxygen vacancy formation is described by the reac-
tion Ruj_,Au, O, — Ruj_;Au,O,_ 5+ %02.“9] The oxygen
vacancy formation energy Er, was computed from the follow-
ing equation

Er = E(Ruj_,Au,0,_g)

1
+5E(02) — E(Rui_xAu,0,), )

where E(Ruj_,Au,O,_s) indicates that the energy of the bulk
or Ruj_,Au,O; surface, E (O,) is the energy of gas-phase Oy,
and E (Ru;_,Au,0;) is the energy of the bulk or surface in the
presence of one oxygen vacancy.

The charge density difference pgisr was obtained from the
following expression

Pdiff = Pmol+surf — Psurf — Pmol, (3)

where Pmol+surf 1S the charge density of the adsorbed species
on the surface, and pg,r and ppo are the charge densities of
the bare surface and the adsorbate, respectively.

3. Results and discussion
3.1. Au-doped Ruy g75Au 1250, bulk and surface

RuO; crystallizes into a rutile structure with lattice pa-
rameters a and c. To ensure the reliability of the computational
results, the bulk lattice constants are predicted and compared
with the experimental value. The calculated lattice parame-
ters of the pure RuO, are a = 4.53 A and ¢ = 3.13 A, which
accord with the results of Sun (¢ = 4.52 A and ¢ = 3.13 A)
obtained through a DFT-GGA pseudopotential study.?”) The
theoretical values are similar to the experimental values of
4.492 and 3.306.21:22] The geometries of stoichiometric and
reduced-bulk Au-doped RuO; are optimized until the external
and internal degree of freedom can relax to the force and stress
vanished in the bulk calculations. The lattice constants change
after the Au atoms have been doped into the bulk RuO,, the
predicted lattice constants of bulk 12.5% Au-doped RuO; are
a=4.58 A and c = 3.20 A, which are slightly larger than those
of pure RuO; because of larger radius of the Au atom. The op-
timized Rug g75Aug 1250, presents geometric distortion with
an average length of the Ru—O bonds, 1.988 A, while that of
Au-O bonds is 2.163 A. The RuO, (110) surface that is built
below will use these lattice constants.

The relaxed structure of the Au-doped RuO, (110) sur-
face in which one Ru atom is replaced by one Au atom is
shown in Fig. 1(b). The bond length between Ru-cus and the O
atom below it decreases from 1.962 A in the bulk to 1.865 A,
which are similar to the values calculated by Hong et al..[*’]
On the contrary, the bond-length between Au-cus and the O
atom below it increases from 2.049 A in the bulk to 2.331 A.
Therefore, the Au atom is located at the position above the
plane with the Ru-cus and Oss.

3.2. Structures of molecular O, adsorption

As is well known, O can bind to the transition metal cen-
ter. In the present study, there are four sites for O, adsorption:
Rugys, Au, and O vacancies A and B as shown in Fig. 1(b).
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The A site is formed by the vacancy of Oy, near Rug, and the
B site is related to the vacancy of O, near the Au atom on the
surface. Moreover, the formation energy E; of the oxygen va-
cancy is calculated. The Oy, vacancy on the A site has much
smaller formation energy (Efa = 2.41 eV) than the undoped
RuO; (110) surface (2.89 eV), indicating that the O vacancy
formation is very much facilitated by Au doping. However,
the formation energy for the B site (Esp = 3.06 eV) is bigger
than that in the undoped case. Therefore, the Au dopant may
make the oxygen vacancy formed easier at A site than at B
site.

Figure 2 illustrates the DFT-optimized O3 bound on the
Au-doped RuO; (110) surface and density for O; adsorbed at
the Ruc,s and the Au sites. Binding energy values, O-O bond
lengths, Bader charges, and O-O stretching frequencies are

(a) Oz adsorbed on

Rueys along Rucys
and Au row

(d) Oz adsorbed

on O vacancy A
L. BV

(b) O2 adsorbed on Rucys
across Ojzf row

summarized in Table 1. First, we consider that O} binds at
a single Rugy site in a bent fashion. There are two configu-
rations in this case. The first situation is that O is adsorbed
vertically on one Rug,s across the coordinatively unsaturated
row with Ru—O-0 at an angle of approximately 122.8°, and
the O-O bond length is 1.284 A, slightly greater than the O—
O bond length of gas-phase molecular O,. The O-O stretch-
ing vibrational frequency is 1229.4 cm~! red-shifted by about
352 cm™! from molecular 0,.1*1 The Bader charge analy-
sis shows a 0.22-e™ charge transfer from the Ru., cation to
the O3 . The charge transfer is illustrated in the density plot
marked as the blue area between O and Ru atoms. These fea-
tures are all consistent with those of a superoxo-like O, which
is characterized by vibrational frequencies near 1140 cm™!
and O-O bond lengths of 1.33 A.[%]

(c) O2 adsorbed on Au
across Ogzf row

(e) O2 adsorbed —0.2
on O vacancy B I
o 2
" - Q‘
0.2

Fig. 2. Representative configurations and charge density differences of molecular oxygen adsorption involving a br vacancy, cus and Au sites.

Table 1. Values of adsorption energy (AEo,), bond length (do_o),
Bader charge of O, (Q62 ), and O-O stretching vibrational frequency
(V).

Fig. 2 AEo,/eV do-ol/A 05, viem™!
(a) -1.78 1.31 -0.40 1165.8
(b -1.42 1.28 -0.22 1229.4
(©) -0.44 1.26 -0.29 1317.7
(d) -7.45 1.41 -0.77 740.7
(® -6.98 1.33 -0.62 1078.7

[16

According to Wang et al.’s study,['®) O, can be adsorbed
molecularly across two adjacent coordinatively unsaturated
vacancies. In the present study, O, is adsorbed molecularly
across Rug,s and Au as shown in Fig. 2(b). However, the
bond length of O-Au is 2.626 A, larger than that of O—Ru,yg
at 1.927 A. Additionally, the density plots of this configura-
tion show that more charges transfer from Rug,s to O* than
those from Au to O*, which indicates that O is chemically ad-

sorbed onto the Rug,s stronger than onto the Au atom. The

calculated Au—Rug,s—O3 binding energy is —1.78 eV, larger
than that of the adsorption at a single Rug,s site. The fea-
tures of O3 with a bond length of 1.31 A and O-O stretch-
ing vibrational frequency of 1165.8 cm™! are consistent with
those of a superoxo-like O, state. Figure 2(c) shows that the
DFT-optimized O3 is bound at a single Au site. The O-O dis-
tance and stretching vibrational frequency are 1.267 A and
1317.7 cm™!, respectively. In this case, the O} binding en-
ergy is only —0.44 eV and the density plot in Fig. 2(c) also
illustrates that less charges transfer from Au to Oy, so this ad-
sorption maybe physical adsorption.

Next, we consider O, adsorbed across adjacent vacant
bridge A or B and Rug,s or Au site as shown in Figs. 2(d) and
2(e). The binding energy of O3 adsorbed across O vacancy
B and Rugy site is calculated to be —7.45 eV. Bader analysis
indicates the bridge-RucusOj3 to be reduced by 0.77 e~. Fur-
thermore, the O—O bond is lengthened to 1.413 A, and O-O

stretching vibrational frequency is red-shifted to 740.7 cm™".
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These features are consistent with those of peroxide, which
typically exhibits vibrational frequency closer to 850 cm™!
and a bond length of 1.49 A. By contrast, the O3 adsorbed
across O vacancy B and Au site is superoxo-like O, with an
0-0 bond length of 1.33 A and a vibrational frequency of

1078.7 cm ™!,

3.3. Dissociation of O and diffusion of O*

The minimum energy path from molecular O} to disso-
ciated oxygen O*, calculated by CI-NEB method, is illus-
trated in Fig. 3. When the adsorbed O} across vacant bridge
B and Au sites dissociates into two O* atoms, the O—O bond
is stretched to 2.05 A at the transition state (TS) as shown in
Fig. 3(a). The calculated dissociation barrier for this case is

Q
-%,@.
.
1.2} @) /(TS)
/ T—
> ! ?
2 08 / »é*o—
gﬁ “/ vO-O-&-o
5 / (FS)
5 0a4f” ‘g"
*0-0-o vacancy B—Au
(IS) dissociation
0l—
0 0.5 1.0 1.5 2.0 2.5
ot s
L X3
0 H//L* ) diffusion from Au(c)
aQ e to Rucus
>
° X 3
5 —-1.0 )
-
5} E
LE V4
—-2.0 X 3
*-0-9-0-90
,(,5,5)1
-3.0
0 1.0 2.0 3.0 4.0

Reaction coordinate

1.22 eV, much less than the desorption energy. By contrast, the
dissociation barrier of O3 across vacant bridge A and Rucy is
only 0.13 eV, which implies that dissociation is energetically
more facile.

The dissociation of molecular O causes a single oxygen
O* to be adsorbed on Au or Rugy site. Furthermore, O* can
diffuse from Au to Rugys or in the reverse direction. The min-
imum energy paths of diffusion are calculated and shown in
Figs. 3(c) and 3(d), respectively. The diffusion barrier of O*
from Au to Rugy is only 0.19 eV, much less than the diffusion
barrier (2.84 eV) of O* from Rug,s to Au. The difference in
diffusion barrier shows that O* is easier to diffuse from Au to
Rugys. Therefore, single oxygen O* is adsorbed on the Ruyg
with greater probability.

e

[ *0e0O-«
ol NT) (b)
\ vacancy A—Rucys
. o4 T o dissociation
o . é
; *Qo-Q-o
&0 (IS) "
g —08 ..%A}-
. 8
- OO
—1.2 —._(FS)
0 0.4 0.8 1.2 1.6 2.0
N
X 3
30 *~-0-90-90-(TS)
) P s |
diff:sion from Rug, o X »
.. 2.0ptc Au X 3
0 nyo-,
> (FS)
% X
= 1.0t 0090
a
62|
ob——
0 1.0 2.0 3.0 4.0

Reaction coordinate

Fig. 3. Minimum energy path for O, dissociation at br vacancy B-Au and A-Ru,s and diffusion of O* between Ru,s and Au. Cross-sectional
structures are shown for initial state (IS), transition state, and final state (FS), with gray balls representing Ru, golden balls Au, and red balls oxygen.

3.4. CO oxidation on Au-doped RuQ, (110) surface

The experimental study indicates that CO oxidizes read-
ily into CO, on the RuO, (110) surface, 28! which is also
corroborated by many theoretical investigations. > Previ-
ous studies show that CO is first adsorbed on the stoichiomet-
ric RuO; (110) surface, then reacts with the O-bridge atom.
Finally, the CO, is desorbed with an O-bridge vacancy remain-
ing. In the present study, two CO oxidation processes happen-
ing on the Au-doped RuO; (110) are considered. One is that
the CO adsorbed on Au reacts with O-bridge to form CO,, and
the other is that the CO on Au combines with the O* adsorbed
on the neighboring Ru.,s. The calculated relevant energy val-

ues and reaction paths are summarized in Fig. 4. There are two

stable configurations for CO to be adsorbed on the Au atom.
The molecular CO is adsorbed on the Au atom obliquely to-
ward the O-bridge as shown in Fig. 4(a), which is chosen as
an initial state to calculate the reaction path. Along the reac-
tion coordinates, the C atoms from CO and the neighboring
O-bridge move towards each other, reducing the distance from
3.57 A to 1.98 A at the transition state (TS). At the TS, the
product-like OCO is formed with the ZOCO = 132.6°. This
conversion of CO to CO, has an energy barrier of 0.28 V, less
than the value for the undoped case (E, = 0.7 eV).?! In addi-
tion, The reaction of CO adsorbed vertically on Au atom with
O* on the Rug is considered as shown in Fig. 4(b). During
the transition of the C atom from CO to O*, the O and Ru s
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together move close to the C atom. And the distance between
C and O* is reduced from 3.38 A to 1.64 A at TS. This reaction

is much more exothermic than reaction in Fig. 4(a).

(a) %
% Q
&"‘(%/ 2.26 es\ .
1.61 eV
TS

FS

IS
(b) A
: By Bog-
324 0.28 eV e .
\ Se®e |0.26 eV
1S TS FS

Fig. 4. Calculated potential energy diagram for CO oxidation on a gold
atom doped in RuO, (110) surface.

4. Conclusions

The DFT calculation is carried out to describe the molec-
ular oxygen adsorption and reaction chemistry of CO on the
Au-doped RuO, (110) surface. The O, can be adsorbed on
Ruys, Au, and oxygen bridge vacancies with different config-
urations. In comparison, the O, binding energy at the oxy-
gen bridge vacancies is the largest, exceeding —6.98 eV, while
the binding energy at the Au atom is only —0.44 eV. And it
is found that the configurations can all dissociate at available
neighboring vacant sites, which leaves a single O* adsorbed at
the Ru.,s and Au site. The calculation results indicate that the
dissociated O™ is easier to diffuse from Au to Rugys site than
from Rug,s to Au. Finally, the CO reaction paths are obtained
by DFT. The results show that the reaction energy barrier of
CO adsorbed at Au with lattice oxygen decreases to 0.28 eV.
However, the reaction of CO with O* at Rugys site requires

more energy.
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