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X M E E R

Abstract: Cerium dioxide (CeO., ceria), has attracted a large attention due to its applications in automotive
technology and various industrial processes like automotive exhaust catalysis, water-gas shift (WGS) reactions,
fuel cells etc”. The wide range of applications is originated from the ability of cerium ions to change the oxi-
dation states from Ce* to Ce™ in a reversible way”. Since in many catalytic processes ceria may come in
contact with hydrogen, study of the reduction of the ceria is of great technological importance. Hydroxyls on
oxide surfaces have attracted attention of intensive experimental and theoretical research>. However, none of
the reported study provided an atomic scale characterization of the defects and hydroxyl species on ceria sur-
face after exposed to molecular or atomic hydrogen.

All experiments were carried out in the ultra-high vacuum (UHV) condition (base pressure below 1X10°Pa)
equipped with variable temperature STM (Omicron LT-STM), low-energy electron diffraction (LEED) optics,
a hemispherical analyzer (Omicron EA125HR), and a Mg/Al twin anode x-ray source (Omicron DAR400) and
standard facility for surface cleaning. The Ru(0001) single crystal (8 mm diameter and 2 mm thick, Mateck),
used as substrate for CeO(111) thin film, was cleaned by repetitive cycles of Ar" sputtering (1 KeV) followed
by annealing (1073 K) in O, (5X10°Pa) to remove hydrocarbons and finally flashing to 1423 K to remove
the oxides. Clean Ru(0001) was confirmed by LEED, XPS and STM. CeO(111) thin film was prepared by
evaporating Ce to the heated Ru substrate (1060 K) at 0.22 - 0.35A/min in O, environment (5.5X 10*Pa) by
EB heating of the Ta crucible containing pieces of Ce metal (Ce foil from Alfa Aesar, 99.9%).

A reduction of CeO,(111)/Ru(0001) surface by atomic hydrogen has been investigated using scanning tun-
neling microscopy (STM) and X-ray photoelectron spectroscopy (XPS). We observed a formation of oxygen
hydroxyl trimers (Figure 1) and vacancy trimers (figure 2) on the stoichiometric CeO(111) surface when it
was exposed to atomic hydrogen at room temperature. The interaction of atomic hydrogen with the surface
oxygen atom results the formation of hydroxyl species which diffuse on the surface as hydrogen diffusion
until they are stabilized by formation of trimers. The trimers were located atop sites of the oxygen atoms in
the top most surface layer. Mobile hydrogen (means hydrogen hopping from one oxygen site to another oxy-
gen site) interacts with hydroxyl (hydrogen bonded with oxygen atom of topmost surface) to be desorbed as
H.O leaving vacancy on the surface. Vacancy trimer is the result of the desorption of three H.O molecules
which is shown in Figure 2. Vacancy trimers and hydroxyl trimers on the surface were not same in numbers
and not observed in close vicinity. Hence, our STM observation supports that active atomic hydrogen make
bond with surface oxygen to form hydroxyl which diffuses over the surface (as H diffusion) and some hy-
droxyls interact with mobile hydrogen to be desorbed as H.O leaving the vacancy on the surface at room tem-
perature (Figure 3).

XPS data shows an increase of Ce*/Ce* ratio and hydroxyl species with the increasing amount of atomic
hydrogen. After flash annealing at 645 K Ce*/Ce* ratio and hydroxyl species on the surface shows the de-
crease with the repetition of the flash annealing cycle. The decrease of Ce/Ce™ ratio and the number of hy-
droxyl species after flash annealing indicate the desorption as molecular hydrogen through the interaction

between mobile hydrogen and hydroxyls.
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Figure 1 Figure 2 Figure 3

Fig 1: STM image of OH trimer on CeO:(111) Fig. 2: STM image of the vacancy trimer on CeO(111), and
Fig 3: Schematic model of the reduction reaction of atom- H on CeO,(111).

Hydroxyl trimers and vacancy trimers were found to be stable products. It can be speculated that an atomic
hydrogen impinges on the surface and makes bond with an oxygen atom at the top most surface to form hy-
droxyl which diffuses over the surface (as H diffusion). Actually, in the STM image, no monomers or dimers
were observed. It means that a hydroxyl diffuses over the surface and makes a hydroxyl trimer to be stabi-
lized. This process might be quite faster than scanning speed of STM at room temperature. Since STM visu-
alized only hydroxyl trimers in image obtained at 150 K, we conclude that the stable state of the hydroxyls
over the oxide layer of CeO.(111) surface is achieved by the formation of trimers. Adsorbates can be
trimerized by the interaction between them or by hydrogen bonding though the detail inner structure of hy-
droxyl trimer is yet to be understood. On the other hand, as known very well, the surface vacancy plays a
key role in the surface chemistry of oxides. The vacancy site assumes to be preferred for additional reaction
of hydroxyl formation. As a result, vacancy trimer would be created which was the most dominant defect on
CeO,(111) surface after atomic hydrogen dosing.

Since surface hydroxyls are believed to be a key ingredient for catalytic reaction on metal oxide surface,
hydroxylated reduced CeQO,(111) surface will be intriguing for catalytic reaction study. Hence, our study will
create a new insight of the surface hydroxyls for future catalytic study on CeO,(111) surface.
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CeO:(t ) 7) REBEABARICHVWSNEMMETH B0, ZORRKOBEHIZ. v v ARFOMESE
RARGZ AT 510, BERTOME - SBOMANTRERC ETH S, 207w, BIb - BTom
ARicERINS, LALENSZOETFLNLVCOMBEROSEMITEKRIZESMINTVEY, 20
HHIciZ, BIFSBEERSEMBAF LIS, REUANY FFE v o 7E2F > LYBEERTHVEFEHAVS
DHFENEARSETH 2 1 EBBT SN 5,

KB/ TR, BV 7RV F =T A (0001) BRELCIESFY e VEERESE3FFHICER L. BERE
DEMERBLT 2 &Ik > THEMICRTOENALERE U TR E - -5 oFIcEZh U,
NS DIERFEOFHE IS CFMs N b, ZoREHE, HERSRIC B U TREEE L S TR
WEAET I TR, EBR L v 2 VEEME (STM) PXELBFtE XPS) HEDFEEH VL
Rt R TREE Lic, Z0EREHVT, v ) TEETOXRMEEICEHEE L, HEEED = 2 V¥ -LEM
Doz OEREEEREPEOI M L, ) 7 (111) EEAOKEEEERM L, 6 L 3 AFORKR
Mt EA2ET LNV L, 72 STM ® XPS ZHVTKERERELFE T LAV THS M L,
IKEWRE IBTFRORBREEEL S, FORFL NV TOMRIFIE. ME/ER O BB ICLETH
3, )7 (11) EEAEKERTFICEBHT A2 L&D, OHD 3 BESER SN, ENBEEBL L=y
NELTEREEHT 2L, TNOBEETE LD, BREETHERED 55| XIKLNKRIESE L
BT EEHLMIT LI, F XPSHIET Ce/Ce” DIBERET S LItk >Ty &) v AETOME
ZAEDORIBICHEIILTWB, 2O LIckD OH D 3 BEs7kE L Thiltd 2 8B A2HEICR LI, Ch
S OHFFL I A ELAE O BRI B ICNATH D, BIRXELTOMEEET5LEL 5, ChbDE
BRiE. BILTHABIZT O CSERNSEONAELANEEBEZHE TSI LERL TV S, Syed
Mohammad Fakuruddin Shahed f2HH OB LR IE, L (%) OXMRYXELTAKEED 3,
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