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Abstract. Structures and catalytic activities of CO molecule on monoclinic ZrO,(111)(M = Ce, Ca and Pr) surface has been studied by using
density functional theory (DFT). Calculations indicate that on the stoichiometric ZrO,(111) surface, the preferential adsorption structure is the
Zr-CO configuration. The adsorption energy of the Zr-CO configu-ration is larger for the M-doped ZrO,(111)(M = Ce, Ca and Pr) surface
than for the stoichiometric one. The adsorption energy of the Zr-CO configuration is -0.73eV for the Pr-doped surface, -0.67e¢V for the
Ce-doped surface, -0.41eV for the Ca-doped surface, -0.35¢V for the stoichiometric ZrO,(111) surface. Pr-doped enhances electron which
transfer from the monoclinic ZrO,(111) Surface to the antibonding states of CO, giving rise to strong ionic bonding between the adsorbed CO
and Zr cation. Carbon monoxide adsorbed on Pr-doped monoclinic ZrO,(111) surface is the most stable.The investigation on catalytic
behavior of M-doped monoclinic ZrO,(111) surface toward CO oxidation reveals that Pr doping largely enhanced catalytic activity.

1 Introduction

Adsorption and activation of carbon monoxide on the
surface of transition metal is important for many catalytic
processes involving carbon monoxide[1], such as carbon
monoxide methane, water gas shift reaction to prepare
hydrogen[2], synthetic methanol and other important
chemical processes. One of the most simple catalytic
reactions is the oxidation of carbon monoxide in the
vehicle exhaust emissions control, and it has a wide range
of applications. With the development of carbon
monoxide sensor, some of the metal oxide have been
found to have good gas sensing properties for carbon

monoxide,such as Ca-doped LaFeO3,ZrO, and LaFeO;[3].

Adsorption of CO on the zirconia is very important,
because it involves a lot of middle process of catalytic
reaction. And it is found that the adsorption capacity of
carbon monoxide on pure zirconia is very poor, doping is
an effective way to improve the adsorption capacity of
carbon monoxide on the zirconia[4]. There are theoretical
researchs show that the adsorption capacity of carbon
monoxide improved by using Ca doping LaFeO;[5].
Experimental studies show that Ce doping zirconia can
also increase the adsorption capacity of carbon monoxide
on the zirconia[6]. Many experiments studies have been
found that doping can improve the adsorption and
catalytic activity of carbon monoxide, such as Cu doping
Ce0,[7], Pt doping CeO,[8], Rh doping CeO,[9] and Ti
doping CeO,[10], Li doping MgO[11].

In this article, we studied the adsorption of carbon
monoxide molecules on the monoclinic ZrO,(111)
surface by using density functional theory. We mainly
considered the three positions, oxygen top, Zirconium
top, Zirconium Bridge, and found that the most stable
adsorption site is zirconium top. We also studied the
structural changes of doped zirconia(111) surface, the
adsorption of carbon monoxide on several metal ions( Ce,
Ca and Pr) doping can change. We modify zirconia(111)
surface by doping metal ions, trying to raise adsorption
capacity of carbon on monoxide zirconia(111) surface.
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2 Calculation methods

All of the calculations were performed with the density
functional theory (DFT) which provided by the pro-gram
with SIESTA.It were further checked by using the pseudo

potential plane-wave CASTEP code.
Perdew-Burke-Ernzerh of (PBE) generalized gradient
approach (GGA) has been wused to describe

exchange-correlation potential[12] . Cut off energy of
300eV was used in all our calculations.A Gaussian
smearing of 0.01eV was used for monoclinic ZrO,(111)
surface.The Mon-khorst-Pack k-point mesh for the
Brillouin zone sampling with a 3x3x1 mesh was used in
all our calculations. The energy of convergence criterion
was chosen as 1.0x107° eV/atom. The convergence
criterion of optimal geometry for the energy, force, and
displacement were 2.0x107° ¢eV,5.0x107 eV and
2.0x107 A.Charge transfer was calculated by Milliken
Population  Analysis (MPA)[13].We used three
monoclinic ZrO, layers in the model,the vacuum layer is
10A to avoid the atomic interaction between layers.In the
calculation process, the bottom layer is fixed, and other
layers allowed to relax. The optimized structure of
monoclinic ZrO, is shown in Fig.1(a). The unit cell is
optimized to be close to the experimental value of band
gap, the band gap we got through calculation is 4.021eV
as in Fig.2, this is in good agreement with



the experimental results. The experimental value of
band gap is measured to be 4.2 eV [14], and 4.5 eV [15,
16]. We obtained the lattice constant that is
(a=5.1454A, b=5.2075A, ¢c=5.3107A and B=90.23") by
theoretical calculation. This is in accordance with the
experimental lattice parameters ( a=5.151A, b=5.212A,
c=5.317A and B=90.23")[17]. It can be seen that our
theoretical calculations are in good agreement with the
experiments studies. The next calculation is based on
the optimization structure.
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Fig.1 Optimized crystal structure: (a) pure monoclinic
ZrO, and (b) monoclinic ZrO,(111) surface. Red ball
indicates the O atom, and the silver ball represent Zr
atom. (c) Is the optimized of carbon monoxide
molecules adsorbed on the pure monoclinic ZrO,(111)
surface Zirconium top, Zirconium Bridge and oxygen
top, respectively. The most stable adsorption site is
zirconium top.

The adsorption energy can be expressed as the
following equation:

Eads= Eslab+co)-(Estab+Eco).
Where Ejapico 18 the total energy of the adsorbate-
substrate system , Egjq is the energy of clean monoclinic

ZrOy(111) surface, Eco is the energy of free CO.

3 Results and Discussions

The optimized structure of monoclinic ZrO, is shown
in Fig.1(a), Fig.1(b) is the optimized crystal structure for
monoclinic ZrO,(111) surface. Fig.3 is the optimized
adsorption structure that carbon monoxide adsorbed on the
monoclinic ZrO,(111) surface. The model contains 36
atoms, there are 12 Zr atoms and 24 O atoms. In this
paper, we studied the effect of doping on the oxidation of
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Fig.2 The band structure of monoclinic zirconia. The
band gap we got through the calculation is 4.021¢V, the
Fermi level is the position of zero energy.

carbon monoxide by replace the second layers atomic. We
first calculate the carbon monoxide molecules adsorbed on
the monoclinic ZrO,(111) surface, we mainly considered
three position: oxygen top, zirconium top, zirconium
bridge,it showed in fig.1(c). The adsorption energy are
-0.35 eV and is 0.46 eV for Zr top site and Zr bridge site,
respectively. When we put the carbon monoxide molecules
in oxygen top, we found that the carbon monoxide
molecules away from the oxygen top and ran to the place
that close to the zirconium top. It indicats that the oxygen
top is very unstable, the most stable adsorption site is
zirconium top. In the following, we only considered that
the carbon monoxide molecules adsorbed on zirconia top
site. The adsorption energy are -0.35¢V, -0.41eV, -0.67e¢V
and -0.73eV for pure monoclinic ZrO,(111) surface,
Ca-doped ZrO,(111) surface, Ce-doped ZrO,(111) surface
and Pr-doped ZrO,(111) surface, respectively. We found
that the Ca-doping is little effect on the adsorption energy,
on the contrary, doping noble metal(Ce, Pr) lead to the the
adsorption energy increase.
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Fig.3 The optimized structure: (a) carbon monoxide
adsorbed on the surface of monoclinic ZrO,(111), (b),
(c) and (d) are the optimized structure of carbon
monoxide on M-doped ZrO, (111)(M =Ca, Ce, and
Pr), respectively.

Table 1.The obtained results of adsorption energy E,qs and
Mulliken Charges Qg(e) for carbon monoxide adsorbed
undoped and doped monoclinic ZrO,(111) surface, Ca-doped,
Ce-doped and Pr-doped.

Eads Qco
V) [
Pure monoclinic ZrO, surface | -0.35 | +0.02
(Zr-CO)
Ca doping surface (Zr -CO) -041 | +0.04
Ce doping surface (Zr -CO) -0.67 | +0.03
Pr doping surface (Zr -CO) -0.73 | +0.03

In order to understand the microstructure,we
analyzed the density of states(DOS). We found that the
density of states of carbon monoxide move to the left
after adsorption on pure ZrO,(111) surface in Fig.4. A
similar phenomenon has been found in the study of
carbon monoxide adsorbed on LaFeO;(010) surface [3].
The 46 , In and 56 orbits of carbon monoxide all
decreased after CO adsorbed on the pure
ZrO,(111)surface. The energy of each orbital of carbon
monoxide are reduced, and it becomes more stable. This
is quite consistent with the density of states of carbon
monoxide on Pd-doped -Fe,0;(001) surface.The biggest
change we found was the 5o orbits of carbon monoxide.
The 5o orbits reduce a lot, and the width increase is
very obvious. This means that outer electrons of carbon
monoxide have a strong interaction with the
zirconia(111) surface, and carbon monoxide is activated

on the monoclinic ZrO,(111) surface. Through the Fig.4
and Fig.5, we found that for the most stable adsorption of
carbon monoxide the density of states move to the left is
more obvious. It can be seen that the density of states of
carbon monoxide the outermost electron orbits on Ca-dope
zirconia(111) surface is the highest, and farthest from
Fermi level, on Pr-dope zirconia(111) surface is the
lowest, closest Fermi level in fig.4. By comparing fig.4
and fig.5, we found the trend is in agreement with the
adsorption energy in Table 1, indicates that the density of
states shifts toward to lower energy level.
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Fig.4 Total density of states (TDOS) of (a) the free CO, and (b)

CO adsorbed on undoped monoclinic ZrO,(111) surface, the
position of zero energy is Fermi level.
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Fig.5 Density of states of CO adsorbed on doped
monoclinic ZrO,(111) surface, Respectively, black line
represent the Ca-doped ZrO,(111) surface, red line
represent the Ce-doped and blue line represent the
Ca-doped ZrO,(111) surface.

In order to have the further insight into the bonding
mechanism of the Zr-CO configuration, we analyse the
density of the state (DOS) of the adsorbed CO.In fig.6(a),
it shows the total density of states of Zr site at three
situations. CO is absorbed with the Zr-CO configuration
and CO adsorption for pure and Pr-doped monoclinic
ZrO,(111) surface, respectively. The density of states of
Zr-4d, the band of Zr on Pr-doped monoclinic ZrO,(111)
surface shift toward lower energy comparing with
un-doped monoclinic ZrO,(111) surface in fig.6(b). The
Zr-4d orbitals is the mainly contribution to density of
states of the Zr. Fig.7(a) shows the density of states of
Zr-4p (a) and Zr-5s (b), the band of Zr-4p on Pr-doped
monoclinic Zr(111) surface also shift toward lower energy.
This is the reason that the DOS of CO and Zr-4d, Zr-4p
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have a strong hybridization between them. But the rule
of Zr-5s is very poor, it indicats that adsorption and
doping have little effect on the inner electron layer.
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Fig.6 Total and partial density of states of Zr site on
which CO is adsorbed with the Zr-CO conguration
before and after CO adsorption for the pure and
Pr-doped monoclinic ZrO,(111).
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Fig.7 Partial density of states of Zr site on which CO is
adsorbed with the Zr-CO conguration before and after
CO adsorption for the pure and Pr-doped monoclinic
Z1O,(111) surface.
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4 Conclusion

In this paper, the detailed geometrical and
orbital-decomposed electronic structures of CO adsorbed
on un-doped and doped monoclinic ZrO,(111) surface
have been investigated by using the first-principle. The
band gap we got through the calculation is 4.021eV as in
Fig.2, which is in good agreement with the experimental
results. The ad-sorption energy of CO on pure monoclinic
ZrOy(111) surface is -0.35eV, -0.41eV for Ca-doped
ZrOy(111) surface, -0.67eV for the Ce-doped ZrO,(111)
surface and -0.73eV for Pr-doped ZrO,(111) surface. The
most stable adsorption of carbon monoxide is on Pr-doped
ZrOy(111) surface. By comparing the density of states
(DOS) of the free CO with CO adsorbed on un-doped
monoclinic ZrO,(111) surface. We found that the density
of states shifts toward lower energy level after adsorption.
A similar phenomenon has been found in the study of
carbon monoxide adsorbed on LaFeO;(010) surface[3]. By
analysising the density of states (DOS) of Zr site at three
situation. The band of Zr on Pr-doped monoclinic
ZrOy(111) surface shift toward lower energy compare to
un-doped monoclinic ZrO,(111) surface. Comparing to the
DOS of CO adsorbed on doped monoclinic ZrO,(111)
surface, The energy of carbon monoxide on Pr-doped
monoclinic ZrO,(111) surface is the lowest. This is in
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good agreement with the results that carbon monox-ide
adsorbed on Pr-doped monoclinic ZrO,(111) surface is
the most stable. The investigation on catalytic behavior
of M-doped monoclinic ZrO,(111) surface toward CO
oxidation reveals that Pr doping largely enhanced
catalytic activity.
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