Available online at www.sciencedirect.com

SCIENCE@DIREOT@ JOURNAIJ OF
CATALYSIS

hs =S8
ELSEVIER Journal of Catalysis 222 (2004) 167-173
www.elsevier.com/locate/jcat

H> reduction of Ce@(111) surfaces via boundary Rh—O mediation

Jun Xu and S.H. Overbury

Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831, USA
Received 14 July 2003; revised 9 October 2003; accepted 14 October 2003

Abstract

One of the unique features of cerium oxide is its ability to be reversibly converted into oxygen-deficient structures when it is exposed
to a reducing atmosphere. Chemical processes on ceria surfaces serve as gateways in controlling such oxygen transfer. In this work, w
have prepared cerium oxide films on which Rh is vapor-deposited and measured the Ce oxidation state following sequential exposure to
oxygen and hydrogen. The difference between the fraction 8t Geate of a ceria film resulting from room temperaturg éposure and
the fraction following sequential $Hexposure at 400 K was measured for various conditions. Our results show that to achieve an observable
reduction by H exposure, @ preexposure of the Rh-deposited ceria surface is needed. Jtedhiction yield increases as the dose of Rh to
CeO surface increases. Although this reduction process is observed in as-grown Rh-deposited ceria films, ion sputtering of Rh-dosed ceria
surfaces enhances the yield o Feduction. The need of both Rh dose and oxygen preexposure for reduction of ceria by hydrogen suggests
that oxygen removal from ceria films is catalyzed by Rh—O. A mechanism is proposed in which Rh—0O in intimate contact with ceria transfers
hydrogen to ceria lattice oxygen, followed by oxygen removal from the ceria surface through water desorption.
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1. Introduction Redox processes in ceria have been studied for a variety
of reductants and oxidants [4,9]. Group VIII metals, such
as rhodium and Pt, impregnated into cerium oxide can ac-
tivate these reactions by adsorbing gaseous species on their
surfaces followed by transfer to the ceria support [10,11].
Indeed, much previous work has been done on the reduction
of Rh-loaded ceria by CO [12-14] and by IH 5-18]. De-
tailed mechanisms responsible for high-performance oxygen
removal are subject to further investigation. In this work, we
are interested in chemical species and processes that are as-
sociated with the interface between the metal and the cerium
oxide since the intimate contact is where hydrogen could be
activated to react with lattice oxygen of cerium oxide.

It has been documented that oxidized and reduced ce-
ria powders can be reduced by exposing Rh/Cp@wders
to gaseous bl [15-18], even at temperatures lower than
400 K [1,19]. In an effort to elucidate how interaction be-
tween CeQ@ and Rh affects catalytic performance, studies
of such model catalyst systems conducted in surface science
systems are desirable [20,21]. However, noreiduction of
Ce(111) surfaces has been reported. Our experience and
that of others [22] indicate that Rh/Ce11) surfaces can-

* Corresponding author. not be reduced by fHexposure at temperatures below 600 K
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Cerium oxide is well known for its oxygen-storage ca-
pacity, for which it and ceria-based mixed oxides have
found widespread use in automotive emission control sys-
tems [1-4]. Reduction and oxidation (redox) cycles in the
cerium Cé+/Ce*t couple are important for storing or re-
leasing oxygen during air/fuel fluctuations during operation
in a three-way catalyst (TWC). Ceria has also been shown
to promote steam-reforming and water—gas-shift (WGS) re-
actions when used as a support for precious metals [5,6].
The promotion effect is believed to be caused by a bifunc-
tional reaction pathway involving a Ce redox cycle. Because
of the favorable kinetics for WGS reactions in such cata-
lyst systems it is also of potential interest for use in fuel
cells to remove CO in the presence of excegdH. It has
been reported that deactivation may occur during WGS re-
action due to “over” reduction [7,8]. For these applications it
is therefore important to understand the processes by which
reduction and oxidation of cerium oxide occur.
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(UHV) system. For example, in the present experiments, 1500

H, exposure in excess of 50 L showed no*Ceeduc- 1 P ;‘“‘ﬁ“
tion at 400 K. It has been postulated that the reducibility ~ **°°7 ¢: 74% 3;4/‘“’ b ff‘ y

of ceria is related to a specific surface structure [23,24]. 25000 ,«f\ ; \a....ea-f‘ *'\_‘_;
For a highly ordered Cef0111) film, the structures that are
responsible for K reduction may be lacking. In this pa-
per, we have studied Hnteraction with Rh deposited onto
CeQ films using X-ray photoelectron spectroscopy (XPS).
Cerium oxide films were reduced by ldxposure if and only ]
if Rh/CeQ surfaces were preexposed to gaseoyds e 5000 + I\
amount of reduction was found to increase with the cover- 1a /4 o
age of Rh on the surface. These results suggest that Rh—C : :

T T T T T
precursors mediate oxygen removal from GeO g0 alo apo 820 ean
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) Fig. 1. Ce 3d XPS spectra from cerium oxide in three different oxidation
2. Experimental states: (a) fully oxidized surface assumed 10094'Géb) highly reduced
surface, assumed 100% ¥e and (c) an intermediate oxidation state de-

. . termined by curve fitting to 74% G In curve (c) the crosses correspond
This work was performed in an UHV system at ORNL, to the data and the solid curve corresponds to the fitted linear superposition

with a base pressure of.6L.x 1071% Torr. The system of 0.26 times curve (a) and 0.74 times curve (b). All curves were back-
is equipped with Ce and Rh evaporative metal deposi- ground-subtracted and normalized to equal integrated intensity. Curves (b)
tion sources, X-ray photoelectron spectroscopy (XPS), aand (c) are offset vertically.
quadrupole mass analyzer (QMA), ion-sputtering gun, and
a directed gas doser. Surface composition was characterized XpsS measurements of the films generated by this pro-
by XPS with both Al and Mg anodes. X-ray incidence and cedure showed a highly oxidized ceria, shown in Fig. 1a
electron detection angles are°4ffom the sample surface.  after applying an integral background subtraction procedure.
The binding energy (BE) scale was calibrated using the Ru Thijs spectrum exhibits an intense, sharp peak at 918 eV and
3ds/2 and 3d,2 electron peaks at 280.0 and 284.1 eV. The s assumed to have all of the Ce in the*Cestate. Based
Ce (3d) spectrum was used for monitoring the oxidation state on the attenuation of the integrated Ru (3d) XPS peak in-
of ceria films [25]. tensity, typically around 80%, the thickness of the GeO
A Ru(0001) substrate disk (10 mm diameter) was mountedjayer was estimated to be a few nanometers. Highly reduced
on two heating tungsten wires (0.25 mm in diameter), with ceria films were produced by ion sputtering or by reduc-
which the sample can be heated with minimal heating of ing O, pressure during Ce deposition, leading to substantial
the sample holder. The Ru surface was cleaned by 1 keVchanges in the Ce 3d spectrum as shown in Fig. 1b [25].
Ar ion followed by annealing at 900 K for 2 min. CeO  The spectrum in Fig. 1b indicates, a complete loss of the
films were grown in situ using the following steps. Ce was 918 eV peak, a signature of a highly reduced ceria associ-
deposited onto the Ru(0001) surface by heating a Ta foil ated with complete conversion of teto C&t. The extent
envelope containing a strip of Ce metal. Ce vapor was con- of reduction of any ceria film of intermediate oxidation state
firmed by measuring mass 140 using QMA before exposing was obtained by comparison to these two spectra and using
to the substrate. Oxygen was introduced into the chamber tothe following curve-fitting procedure. Spectra of the inter-
3.0 x 1077 Torr at the start of Ce dosing. The substrate tem- mediate film and of the fully oxidized and highly reduced
perature was maintained at 700 K during Gegbowth [26]. spectra were corrected to remove the secondary electron tail
Ce deposition times of 5 to 20 min were used depending on using an integrated background procedure and then normal-
the desired thickness of ceria film, after which the Ce evap- ized to unit integrated intensity. A simple linear combination
orator was turned off while the Opressure maintained at  of the highly reduced and the fully oxidized spectra was op-
2.0 x 107 Torr. The substrate temperature was increased timized to give the best fit to the intermediate with a single
to 900 K for 30 s and then cooled down to 600 K at a rate parameter, the fraction of the fully oxidized spectrum. A typ-
of approximately 2 Ks. Then the oxygen was evacuated ical spectrum from a film of intermediate oxidation state is
while the surface cooled to room temperature. In previously shown in Fig. 1c along with the fitting results.
reported experiments we have demonstrated that growth un- Rhodium was deposited onto the ceria films at 300 K
der these conditions leads to films which primarily have a using a Rh wire wrapped around a 0.25-mm W filament.
(111) orientation [26], although in the present system con- After deposition the Rh/CeQfilm was heated to 900 K
firmation by LEED was not possible. To obtain a reduced for 30 s. Previous work suggests that the deposited Rh
ceria film the oxygen pressure was decreased to less thardoes not grow in a layer-by-layer fashion, but aggregates
1.0 x 10~/ Torr during the Ce deposition or the ceria sur- into islands [26,27]. Our measurements indicate that the
face could be sputter-reduced. Rh 3d intensity decreases and Ce increases after 900 K flash
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for 30 s, which suggests that Rh further aggregates upon an-
nealing, consistent with Volmer—Weber growth model [28]. 8000 4 a
XPS measurements showed that deposition of Rh causes al ]l —b
apparent slight reduction of fully oxidized Ce@ CeQ — || j
(x =1.995to 1.975) when Rh is deposited. » A i
H> exposure was performed through a doser tube with £ T i fi |
one open end, approximately the size of the substrate sur-3 <000 f\ [ TN
face, closely facing the substrate surface. Gas flow into the | [ ‘ :
tube is limited by a laser-drilled effusion hole with about i i |

5 um diameter through a VCR blank gaskes. Was intro- 20004 | § J‘_J‘J K Lo ‘
duced through the tube by setting iressure behind the | _J?‘ Lo E, ,--.‘J" il
aperture at 0.4 Torr, fixing the dose rate. Total dose was ad- ol wt W _ L 'y,
justed by varying the dose time. For a given doseehfitted 920 910 900 890 880
from the aperture was varied in range of 0«40 mole- Binding Energy (eV)

cules, ass'umed to impinge once on the front surface of theFig. 3. Ce 3d XPS spectra forg0H, cycle for a flat as-grown Rh-deposited
sample with surface area of 0.8 €nD, exposure was per-  ceria film, (a) @ exposure, and (b) Hexposure.

formed by backfilling the UHV.

Predosing the surface with oxygen enhances the reduc-

tion of the ceria as demonstrated by the experiments in
3. Results Fig. 3. Rh-loaded CeQsurface, 96% oxidized or = 1.98,
was exposed to at a pressure of.Q x 10~/ Torr for
10 min at room temperature. The surface was 9995 Gd-

ter O, exposure, as shown in Fig. 3a. Then the surface was

Ana-{ exposed to about & 10'® H, molecules at 400 K and the
Rh/CeQ surface. As shown in Fig. 2a and 2b, exposure proportion of Cé+ state was reduced to be 88%, as shown

. . 6
of a fully oxidized CeQ surface to 3 x 10'® molecules Fig. 3b. Such a reduction of Ce must be related to the

of Hz at 600 K does not induce reduction. About @ mono- , yreexposure because everything else was the same as for
layer equivalent of Rh was deposited onto the surface of i, case without the £preexposure where no reduction was

a fully oxidized ceria film, followed by annealing at 900 K oqeed. This experiment suggests that the oxygen is medi-
for 30 s. The fraction of C¥ state is decreased from 100% ating the reduction of the ceria by hydrogen.

to approximately 96% as a result of the Rh deposition. The | separate experiment, the Rh-loaded CeDrface
percentage of C¥ state was not changed after the same /5 preconditioned by Ar ion sputtering before initiating the

amount of i exposure to the Rh/CeGsurface at 600 K. o, ) exposure cycle described above. The sputtering dose
These results are in contrast to Rh-loaded ceria powders,

> ) ~=">of 5 YA for 1.5 min caused reduction leaving a surface that
where the ceria is dramatically reduced by presence of high-js 5704, oxidized. This sputter-reduced surface was exposed
pressure H[1,15-19].

to O, at a pressure of.8 x 10~ Torr for 10 min at room
. ; : ' ! ' ; . ‘ temperature. The surface is 83% oxidized after this oxygen

Fig. 2 shows XPS spectra of Ce 3d electrons for (a) fully
oxidized CeQ surface, (b) H exposure to the surface in (a),
(c) Rh-doped Ce® surface, and (d) K exposure to the

10000 | exposure, as shown in Fig. 4a. Sequentially the surface was
, S a 7000 L L I L 1 L 1 L I
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Fig. 2. Ce 3d XPS spectra are shown for (a) an as-grown oxidize@ CeO 920 910 900 880 880
surface, (b) surface in (a) after exposure of the surface30<3.0'6 Ho Binding Energy (eV)

molecules af = 600 K, (c) a Ce® surface deposited with.1 x 101> Rh
atom$’cm2, and (d) the surface in (c) following exposure of the surface to Fig. 4. Ce 3d XPS spectra for,©H, cycle for Rh-deposited ceria films that
3.1 x 108 H, molecules at 600 K. were sputtered before the cycle, (s €posure, (b) H exposure.
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exposed to & x 106 H, at 400 K, causing reduction to 1:2_-' L L I I I LML ]
64% oxidized as shown in Fig. 4b. The difference between N .
the percentage of C& of the ceria film resulting from the £ gl 1
O2 exposure and the percentage following the sequential H 5§, ]
exposure is typically 20%, a bigger difference than the 10% E g6l ]
difference which is typically seen for the unsputtered sur- = =, 1| o— With O, pre-exposure ]
face. Clearly, presputtering of the Rh-loaded GeDrface @ ] } ~-o-- Without O, Pre-exposure
further enhances reduction of Ce@uring the Q—H> cy- & s i
cle. iad e ]

It is interesting to note that the Rh 3d electron peak 30 e ]
position, measured by XPS, is consistently shifted by the 78 ] e ]
presence of oxygen. Before;@xposure, the XPS Rh 3@ IR P A T R A T S R T T ';{)-5-1 g
peak is at a BE of 307.0 eV, thereafter referred as Rh metal H, Dose (10" Molecules)

state. After Q@ exposure, the Rh peak is shifted to a higher

BE by 0.3 eV, indicating chemisorption of oxygen on the Rh. Fig. 6. Change of C¥ fraction from that for @-preconditioned Rh/CeQ

The oxygen exposure is not sufficient to completely oxidize surface asa function ofj—lexppsure. Exposure is expressed as the amount

the Rh particles, since complete oxidation should result in °f H2 flowing through the dosing aperture.

a 1.0 to 1.3 eV shift in the peak position depending upon

Rh oxidation state [29,30]. After the subsequentéxpo- 2 x 10 atomgcm? where it saturates or even decreases.

sure, the peak shifts back to the position of the Rh metal Such an increase in the low deposition range may be related

state, indicating removal of oxygen from the surface of the t0 an increase in the numbers of boundary sites between the

Rh particles. Rhislands and the ceria, which are necessary for the oxygen-
Fig. 5 shows the extent of @& reduction induced by the ~ Mediated reduction. _

0,—Hj reduction cycle as a function of the amountof Rhon  Fig- 6 shows reduction of the € state as a function

the surface. A Ce@surface was dosed with Rh for a cer- Of Hz exposing time. The CeQOsurface was loaded with

tain deposition time, followed by the,OH, exposure cycle. ~ Rh estimated to be.2 x 10'° atoms. The surface was sput-

In this case, the surface was not sputtered. After reductiont€red by Arions and then exposed tec20~7 Torr or O, at

by extended H exposure at 400 K the fraction of €ede- room temperature for 10 min. quuenually the sqrface was

creases compared to its value after the pripti@atmentat ~ €XPosed to doser for variable times, corresponding to the

300 K (1x 107 Torr for 10 min). This decrease is plotted €XPosures shpwn in the figure. The majority of the reduc-

in Fig. 5 as a function of Rh dose. The amount of deposited tion occurs with a dose of less than the first@molecules '

Rh was estimated from the ratio of integrated Rh 3d peak °f Hz. In the absence of the oxygeg predose, no reduction

intensity after a certain disposition time to the (Ru 3d) in- occurs for b doses as large as510'.

tensity measured for the clean Ru substrate. (The intensity

of the Ru 3d peaks approximates the intensity of the Rh 3d . .

peaks for a thick Rh film to within about 12% [31].) It is 4 Discussion

seen in Fig. 5, that increasing Rh deposition causes an in-

crease in the oxygen mediated reduction of ceria up to about  EXperimental results show that to reduce Rh-deposited
ceria films by B exposure, @ preexposure is needed. In

this two-stage process, the amount of reduction increases
: ] with the dose of Rh and as a function of Exposure time.
10 4 i O—___ . Such a reduction by the two-stage-®, cycle is enhanced
0 | for by presputtering of the Rh-loaded ceria surfaces. These
i results suggest that formation of an Rh—O species on Rh-
loaded CeQ®(111) surfaces is necessarily an intermediate
. step for ceria film reduction when the surfaces are exposed
to gaseous bl The following steps are postulated to describe
4 : . such a Rh—O-mediated process.
T ; l Stage 1: During the first stage of the cycle, it is ex-
27 0 i 7 pected that @ exposure of a Rh-loaded CeGurface at
1.2 i ] room temperature forms chemisorbed oxygen on surface and
0?;' e a5 | 15 o o | ap | is boundaries of the Rh islands, (Rh—0) and (Rhs;@) well
as induces oxidation of the ceria. It has been reported that
molecular oxygen, weakly bound peroxide, or superoxide, is
Fig. 5. Reduction of C&" resulting from H—0O; cycles as a function of ~ formed by @ chemisorption on reduced ceria [32,33]. How-
Rh load. ever, these cannot play arole in the present oxygen-mediated

4+ Fraction Decrease
[s>]
1

Rh deposition (‘!015 atomsicmz)
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reduction since they do not seem to persist up to the temper- In the above, Q refers to an oxygen anion in the cerium
ature where we have performed the subsequent reduction®xide lattice, and ¥ is a vacancy generated on the cerium
and they do not occur on fully oxidized ceria [32,33]. tmay oxide. As indicated in Eqg. (5), Rh-O at the boundary,
also be possible that oxygen induces increased dispersion o{Rh—O), forms rhodium hydroxyl, (Rh—OH) with ad-
the Rh. Such redispersion cannot alone be responsible forsorbed hydrogen resulting from,Hexposure. Hydrogen
the oxygen-induced reduction since even prior to the oxygen transfer produces hydroxyl, HQat the lattice oxygen of ce-
exposure the Rh is well dispersed, but hydrogen reductionria. This transfer in step (6) occurs in competition with water

does not occur. formation on Rh in step (3). A subsequent transfer gftéd
Stage 2a: During the second stage of the cycleexpo-  the hydroxyl on the ceria occurs, (7a), and then desorption
sure on the O-covered Rh islands results in water formation of water leads to the formation of a ceria oxygen vacancy.
by the following reactions: A possibly competing process, step (7b), is the transfer of
H from (Rh—OH} to the ceria hydroxyl, HO. Note that al-
Hz + 2RI — 2Rh-H, (1) though hydroxyls are formed on the ceria, it is assumed that
Rh—H, + Rh-O— Rh-OH+ Rh", (2) these do not react with each other to form water at 400 K.
Rh—OH+ Rh—Hy — H»0(ga9 + 2RH, (3) This assumption is based upon previous work that showed
that hydroxyls on ceria react to evolve only, ldnd only
H2 4+ Rh—O— H>O(ga9 + Rh*. (4) above 500 K [21]. Reduction of @& measured by XPS is

In the above, empty sites on the Rh islands are indi- prpof of ggneration of\y_S.. Rgactioq (8) is the total result of
cated as Rh The presence of ceria is expected to have this reduction CyC|e,.Wthh is medla'ted by bounQary Rh—'o.
little effect on these steps. There is considerable evidence The 0xygen mediation as described above is specific to
for this Langmuir-Hinshelwood mechanism on Rh(111) Hz reduction since it involves H transfer through hydrox-
and Rh(100) single-crystal surfaces [34—36]. Early work Y!S- Itis possible that a similar mechanism could occur for
by Yates et al. indicates that on Rh(111), preadsorption "eéduction by CO, involving transfer of oxygen or of CO
of oxygen does not eliminate Subsequent adsorption of between Rh bOUndary and cerium oxide. Additional exper-
H, and reaction to form water at 335 K, especially if the iments would be required to determine if there is evidence
oxygen overlayer is well ordered [34]. Their isotope stud- for such a pathway.
ies provide evidence that water formation occurs by the  Enhancement of the Hreduction of CeQ film by ion
Langmuir—Hinshelwood mechanism in steps (1)—(3). Sim- sputtering suggests that sputtering induces an increase in the
ilarly, significant amounts of bican be adsorbed on ordered number of boundary sites. This may occur because sputter-
oxygen overlayers on Rh(100) at 200 K [36]. Water and H ing further disperses the Rh atoms. Of course an increased
is desorbed near room temperature in subsequent TPD, reamount of boundary sites increases the yield of step (8).
moving O from the Rh surface. The formation of hydroxyls, Our previous work has shown that hydroxyls, formed
step (2), is further supported by detection of OH by HREELS by water adsorption onto a reduced and Rh-loaded cerium
on Rh(100) [35]. oxide, decompose above 500 K during TPD to form hy-

In our experiments the shift in the Rh 3d XPS peak pro- drogen instead of water [21]. The result is oxidation of
vides evidence that oxygen removal is induced by the sub-the ceria. This seemingly contradicts the reduction of ceria
sequent hydrogen exposure. Aftes @&xposure, the Rh 3d-  and the water desorption described in steps (7a) and (7b).
binding energy is shifted 0.3 eV due to the chemisorption However, in those water adsorption experiments, neither ad-
of oxygen and then after sequentiad Eixposure, the bind-  sorbed hydrogen atoms nor hydroxyls on Rh were available.
ing energy returns to the Rh metal state. It is noted that theseAccording to step (7), formation of water on ceria requires
reactions occurring on the Rh islands do not affegtétiuc-  both oxygen-mediated formation of hydroxyls on ceria and
tion of the ceria film. their reaction with hydrogen atoms or hydroxyls adsorbed at

Stage 2b: In the boundary sites between the oxygen-the Rh boundaries. Desorption of this water, carrying away
covered Rh islands and the ceria support, (Ris-@pcts  a lattice oxygen anion, results in reduction of the cerium ox-
with H2 and transfers H to ceria, as described by the follow- jde.
ing steps: This work therefore provides an explanation for why
cerium oxide single-crystal surfaces and films, even when

Hz + 2RIT — 2Rh—H, (1) loaded with Rh, are not readily reduced by hydrogen under
(Rh-Op + Rh—H; — (Rh—OHg + RN, ) UHV conditions. In the absence of Rh, there is no surface for
(Rh—OHg + O, — (Rh—-Og + HO, (6) H.2 to adsorb and dissogiate upon. The presence of Rh.pro-
HOL + Rh—H, — Vo + Rh* + H20(gas. (7a) vides a source of atomic hydrogen available for reduction,

but evidently hydrogen transfer from the Rh to the ceria is
HOL + (Rh—OHg — Vo + (Rh-Op +H20(gas,  (7b) not facile. Chemisorption of oxygen on the Rh oxygen or at
the Rh boundaries provides an alternate pathway to transfer
Hz +OL — Vo + H20(gas. (8) H to the ceria that evidently has a lower activation barrier.
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These results have various implications. The occurrenceduction. It is found that K is ineffective in reducing ceria
of the oxygen-mediated reduction implies that isotopically or Rh-dosed ceria. However preexposure to oxygen medi-
labeled oxygen could be exchanged into the surface of Rh-ates the reduction during a subsequent exposure to hydrogen.
loaded and fully oxidized ceria surface by exposure to a The amount of reduction resulting from the-@, expo-
mixture of hydrogen and oxygen. Hydrogen would reduce sure cycle increases as the dose of Rh on the;Ge@face
the ceria through oxygen-mediated reduction, which would increases. lon sputtering of the Rh/ceria surface enhances
then be followed by reoxidation by the isotopically labeled the amounts of reduction during the-@H, exposure cycle.
oxygen, a facile process which occurs even in the absenceThese results are interpreted by formation of an interfacial
of Rh. Such exchange would not be expected for exposureRh—OH species, which permits more effective transfer of
to the oxygen alone. Another prediction is that following the hydrogen to ceria, thereby activating oxygen removal from
formation of OH on ceria by other means, such as exposurethe CeQ.
to water, reduction should occur by subsequent exposure to
hydrogen. Such reduction should be observable b9 He-
sorption or direct measurement of the’te

Although the oxygen-mediated reduction is postulated to
occur at the boundaries of the Rh islands, reduction is not Research sponsored by the Division of Chemical Sci-
limited to those sites. The amount of reduction measured ences, Geosciences, and Biosciences, Office of Basic Energy
by XPS implies that 10-20% of the top several layers of Sciences, U.S. Department of Energy, under Contract DE-
the cerium oxide are reduced. Our experiments show thatAC05-000R22725 with Oak Ridge National Laboratory,
observable oxygen migration occurs at temperatures as lowmanaged and operated by UT-Battelle, LLC. The authors ac-
a 300 K. Migration of oxygen anions and vacancies could knowledge contributions from D.R. Mullins.
lead to reduction throughout a zone surrounding the Rh is-
lands. Since oxygen on the Rh boundary is not consumed
during the oxygen-mediated transfer then a considerableReferences
amount of H can be transferred to the ceria support leading
to substantial reduction. At 400 K, the temperature at which
the Q—H, cycles were run, hydroxyls formed on ceria do
not react to evolve b or Hy [21], thereby preventing loss
of the HQ_ reactant necessary for step (7).

The oxygen-mediated mechanism provides a means by
which reduction of ceria can be enhanced on highly oriented
cerium oxide films prepared and loaded with Rh under UHV
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