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Activity of Ce0O, and TiO,
Nanoparticles Grown on Au(111) in the

Water-Gas Shift Reaction

]. A. Rodriguez,™* S. Ma,* P. Liu,? J. Hrbek," J. Evans,® M. Pérez®

The high performance of Au-CeO, and Au-TiO, catalysts in the water-gas shift (WGS) reaction

(H,0 + CO—H, + CO,) relies heavily on the direct participation of the oxide in the catalytic process.
Although clean Au(111) is not catalytically active for the WGS, gold surfaces that are 20 to 30%
covered by ceria or titania nanoparticles have activities comparable to those of good WGS catalysts
such as Cu(111) or Cu(100). In Ti0,.,/Au(111) and CeO,.,/Au(111), water dissociates on O
vacancies of the oxide nanoparticles, CO adsorbs on Au sites located nearby, and subsequent
reaction steps take place at the metal-oxide interface. In these inverse catalysts, the moderate
chemical activity of bulk gold is coupled to that of a more reactive oxide.

early 95% of the hydrogen supply is

| \ | produced from the reforming of crude oil,
coal, natural gas, wood, organic wastes,

and biomass (7)), but this reformed fuel contains 1 to
10% CO, the presence of which degrades the
performance of the Pt electrode in fuel cell systems
(2). To get clean hydrogen for fuel cells and other
industrial applications, the water-gas shift (WGS)
reaction (CO + H,O—CO, + H,) is critical. Cur-
rent industrial catalysts for the WGS (mixtures of
Fe-Cr or Zn-Al-Cu oxides) are pyrophoric and nor-
mally require lengthy and complex activation steps
before usage (3). Au-CeO, and Au-TiO, nano-
materials have recently been reported to be very
efficient catalysts for the WGS (3-5). This is re-
markable because neither bulk Au (6) nor bulk
ceria and titania are known as WGS catalysts (3, 4).
The nature of the active phase(s) in these
metal/oxide nanocatalysts and the WGS reaction
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mechanism are still unclear. For example, the
as-prepared Au-CeO, catalysts contain nano-
particles of pure gold and gold oxides (AuO,)
dispersed on a nanoceria support. Each of these
gold species could be in the active phase (3-5),
and the ceria support may not be a simple spec-
tator in these systems (7). Although pure ceria is
a very poor WGS catalyst, the properties of this
oxide were found to be crucial for the observed
activity of the Au-CeO, nanocatalysts (4, 6, 8).
Several studies dealing with metal/oxide pow-
der catalysts and the WGS reaction indicate
that the oxide plays a direct role in the reaction
(3, 4, 9, 10), but because of the complex nature of
these systems, there is no agreement on its role.
Thus, we performed a series of experiments to test
the chemical and catalytic properties of CeO, and
TiO, nanoparticles (NPs) dispersed on a Au(111)
template, as inverse model catalysts. Results of
density-functional calculations point to a very high
barrier for the dissociation of HO on Au(111) or
Au(100) (11), which leads to negligible activity for
the WGS process. Even gold NPs cannot dis-
sociate water and catalyze the WGS reaction (/7).

Part of the experiments described below were
carried out in ultrahigh-vacuum (UHV) chambers

that have attached a batch reactor (/2) or have
capabilities for scanning tunneling microscopy
(STM) (13). High-resolution x-ray photoelectron
spectroscopy (XPS) spectra, probing only the
near-surface region in the oxide/gold systems
(3, 14), were acquired at the U7A beamline of the
National Synchrotron Light Source. To prepare the
TiOy/Au(111) surfaces, Ti atoms were vapor de-
posited on a gold substrate covered with NO, at
100 K (75). The temperature was then raised to
700 K and the TiNO, particles were transformed
into TiO,. STM images indicated that this meth-
odology produces flat NPs of TiO, exhibiting a
combination of rutile and anatase phases (/5). The
NPs of ceria were prepared according to two dif-
ferent procedures. In the first one, labeled CeO,-1
here, alloys of CeAu,/Au(111) were exposed to O,
(~5 x 107 torr) at 500 to 700 K for 5 to 10 min
(13, 14). The CeO, NPs grew dispersed on the
herringbone structure of Au(111) (Fig. 1A) and
had a rough three-dimensional structure that did
not exhibit any particular face of ceria (Fig. 1B). In
the second procedure, labeled CeO,-II here, Ce was
vapor deposited onto Au(111) under an atmosphere
of O, (~5 x 1077 torr) at 550 K and then heated to
700 K. In these cases, the CeO, NPs grew pref-
erentially at the steps between the terraces in the
Au(111) substrate (Fig. 1C) and displayed regions
with a CeO,(111) orientation. When there was a
deficiency of oxygen, groups or clusters of O va-
cancies were seen in STM images (Fig. 1D). This
result is similar to that found for bulk CeO,_(111)
(16). High-resolution XPS showed that Au atoms
do not incorporate into the ceria lattice (/4).
Gold 4f spectra taken at photon energies of 240 to
380 eV, probing only two to three layers near the
surface, showed the absence of the features ex-
pected for Au cations incorporated into ceria (5).

In Fig. 2, the WGS activity of a series of
TiO,/Au(111), CeO,-1/Au(111), and CeO,-11/
Au(111) surfaces is shown. The fraction of the
Au(111) substrate covered by the TiO, or CeO,
particles was determined by means of ion-
scattering spectroscopy (3, 7). In the kinetics mea-
surements, the sample was transferred from the
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UHV chamber to the batch reactor at ~300 K,
then the reactant gases were introduced (20 torr
of CO and 10 torr of H,O) and the sample was
rapidly heated to the reaction temperature (575 K).
Product yields were analyzed by a gas chroma-
tograph (/7). The amount of product was normal-
ized by the active area exposed by the front of the
sample. The sample holder was passivated by ex-
tensive sulfur poisoning (exposure to H,S) and had
no catalytic activity (6). XPS spectra showed that
there was no migration of S from the sample holder
to the oxide/gold surfaces. The values reported in
Fig. 2 were acquired after 5 min of reaction. In our
batch reactor, a steady-state regime for the pro-
duction of H, and CO, was reached after 1 to 2
min of reaction time. The kinetics experiments
were done in the limit of low conversion (<5%).

The data in Fig. 2 show a substantial increase
in catalytic activity at small coverages of CeO,
and TiO,. Although clean Au(111) is not catalyt-
ically active, gold surfaces that are 20 to 30%
covered by the oxide NPs had activities per unit
geometric area similar to or larger than those of
Cu(111) or Cu(100) under similar conditions (6, 17),
noting that Cu is the best known metal catalyst for
the WGS (11, 17, 18).

In Fig. 2, the catalytic activity of the surface
reaches a maximum, then decreases and disap-
pears once there is no Au exposed and multi-
layers of ceria or titania cover the metal substrate
(13-15). As we discuss below, small oxide NPs
exhibit the highest chemical reactivity toward CO
and H,O. In general, the effects of ceria on the
catalytic activity are greater than those of titania,
with TiO»/Au(111) being as active as Cu(100). In
Fig. 2, we compare the relative WGS activities of the
CeOx-I/Au(111) and CeO-II/Au(111) surfaces. The
procedure followed to prepare the CeO,-I/Au(111)
surfaces yielded a greater dispersion for the oxide
NPs on the gold template (compare Fig. 1, A and
C), and the NPs had a more disordered structure
(compare Fig. 1, B and D). These morphological
differences could account for a superior catalytic
activity for the CeO,-I/Au(111) systems.

After collecting the kinetics data, the gases were
pumped out from the reaction cell and the surfaces
were characterized with XPS, which showed ad-
sorbed CO, groups with a C 1s binding energy of
289.6 to 289.9 eV. This binding energy matches
well those found for formate (HCOO) and car-
bonate (COs) groups bonded to oxides (79, 20).
The XPS data also indicated a lack of oxidation of
the Au substrate. The catalysts exhibited Au 4f
spectra that were practically identical to those of
Au(111) and very different from those expected
for AuOj species or Au incorporated into the ceria
lattice (4, 5). The lack of oxidation of the Au
substrate seen in the XPS data are consistent with
in situ measurements of near-edge x-ray absorp-
tion spectroscopy for high—surface area catalysts
(3, 5), which show that Au®" species are not sta-
ble under typical WGS conditions.

For the surfaces that have the highest activity
in Fig. 2 (the fraction of Au covered < 30%), the
Ce 3d and Ti 2p core-level XPS spectra showed a
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significant reduction of the oxides upon exposure
of CeO,/Au(111) and TiO-/Au(111) to the reac-
tants of the WGS. After curve-fitting (7, /4) the
corresponding Ce 3d and Ti 2p spectra, we found
that 14 to 17% of the O atoms in the CeO, and
TiO, NPs were removed to produce partially re-
duced ceria and titania. The degree of reduction of
the CeO, and TiO, NPs substantially decreased
when the fraction of gold covered by the oxide in-
creased above 35%. As an example, we show in
Fig. 3 the percentage of O vacancies in ceria after
performing the WGS on the CeO,-I/Au(111) cat-
alysts: The systems with a high catalytic activity
also have a significant concentration of O vacancies
and associated Ce®" cations.

The high catalytic activity for low coverages of
ceria and titania can be attributed to special chem-
ical properties of the oxide NPs and cooperative
effects at oxide-metal interfaces. However, it is
very difficult to quantify the number of active sites
in the oxide/gold catalysts of Figs. 1 and 2. The

Fig. 1. (A) STM image taken
after oxidizing a Ce-Au(111)
alloy in O, at 550 K and
subsequent annealing to
690 K. Size: 200 nm by
200 nm; imaging parameters:
—1.970 V and 0.03182 nA.
(B) STM image also taken
after oxidizing a Ce-Au(111)
alloy in O,. Size: 30 nm x
25 nm; imaging parameters:
-1.709 V and 0.02761 nA.
(C) STM image acquired after
depositing Ce in an atmo-
sphere of 1.5 x 107 torr
of 0, at 550 K followed by
annealing to 700 K. Size:
200 nm by 200 nm; imaging
parameters: 2.463 V and
0.02597 nA. (D) STM image
also recorded after deposit-
ing Ce in an atmosphere
of 1.5 x 1077 torr of O, at
550 K followed by anneal-
ing to 700 K. Size: 15 nm by
15 nm; imaging parameters:
0.806 V and 0.04404 nA

reaction likely involves O vacancies that are near
oxide-gold interfaces. Because O vacancies tend to
form groups or ensembles (Fig. 1D) (16, 21), un-
covering in this way the metal substrate, oxide-
gold interfaces can exist within the oxide NPs. We
estimate that the best catalysts in Fig. 2 have a
turnover frequency (TOF) that is 40 to 50 times as
large as that of Cu(100) (22).

Using density-functional theory (DFT)
(11, 23, 24), we investigated the WGS reaction
on Au(100) or Au(111), a free Ti,O4 cluster [see
structure in (25)], a free TiO, single chain, and
over a model TiOy/Au(111) catalyst that contains
chains of TiO, over the gold substrate in a (3 x 1)
array (Fig. 4). This model catalyst exposes not
fully coordinated Ti centers, as expected for a TiO,
NP, and allows the study of the oxide-metal inter-
face. A very high barrier for the dissociation of
water on Au(111) or Au(100) was seen (Fig. 4), but
once OH formed, subsequent steps for the WGS
process occurred readily on the gold substrate.

Fig. 2. Production of hydrogen 5
during the WGS reaction on a lE
Au(111) surface partially covered ~ © CeOyl
with ceria or titania. The ceria % 41
NPs were prepared according to 8
two different methodologies Q ]
denoted as CeO,-1 and CeO,-lI !:E 8 To Cu(100)
(see text). Each surface was 9 *q 2
exposed to a mixture of 20 torr >~ 2 ff %
of CO and 10 torr of H,0 at g / \o
573 K for 5 min. 2 / e

o 1 CeO,Il

IN

0% ; ; - -
0.0 0.2 0.4 0.6 0.8 1.0
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Fraction of Au(111) covered
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Fig. 3. (Left) Ce 3d
XPS spectra taken be-
fore (trace a) and after
(trace b) exposing a
Ce0,-I/Au(111) surface
to the WGS reaction.
The fraction of the Au
surface covered by ceria
was ~30%. For compar-
ison, we show the corre-
sponding spectrum for a
Ce,03/Au(111) system.
(Right) Percentage of O
vacancies in the CeO,-
I/Au(111) catalysts af-

| CeO/Au(111)

' CeO,/Au(111) + WGS

Intensity (arb. units)

Ce,0/Au(111)

u

REPORTS

Ce 3d XPS

Percentage of O vacancies in CeO,

After WGS
reaction

ter the WGS reaction 920 910
(20 torr of CO, 10 torr of

H,0 at 573 K for 5 min).

900 890 880

Binding Energy (eV)

0.2

0.4 0.6

Fraction of Au(111) covered

The amount of oxygen removed from the ceria was calculated by curve-fitting (5, 7, 14) the corresponding Ce 3d spectra and obtaining the ratio of Ce**/Ce** cations.

Fig. 4. (A) Calculated A

reaction profile for the 2r
WGS on Au(100), a
free Ti,O,4 cluster, and
TiO»/Au(111) model
catalysts. Transitions
states are denoted as
TS1, TS2, and TS3. (B)
Optimized structures for
the different steps of the
WGS on TiO,/Au(111). TiO,/Au(111)
Large yellow spheres, [ Ti,0,

Au; large gray spheres, e oy

Energy (eV)

Au(100)

HOCO*+H* /

-——:'I

Uofe A,

HOCO*+H*

Ti; small red spheres, O;
small white spheres, H;
small dark gray spheres,
C. Adsorbed species are
denoted by asterisks (*).

Indeed, experimental studies show that CO ad-
sorbs and is chemically active on gold surfaces first
covered with oxygen or other chemical species
(26, 27). On a fiee Ti,O4 cluster or on a nonsup-
ported TiO, single chain, the dissociation of water
is not difficult, and is even easier than on Cu(100)
(Fig. 4), but the reaction of the formed OH with
CO leads to the formation of a stable formate spe-
cies that prevents the production of H, and CO..

The DFT calculations for the model TiO,/
Au(111) catalyst show a system that can readily
perform the WGS process (Fig. 4). The reaction
pathway with the minimum-energy barriers in-
volves the following steps:

COyys — COyys (1)
HyO4gss — HaOugs (2)
HyOads — OHags + Hags 3)
COpugs + OHpgs — HOCO s (4)
HOCO,qs — CO2,g5 + Hags (5)
2Hads — Ho,gas (6)

The adsorption and dissociation of water take place
on the oxide, whereas CO adsorbs on sites of the

www.sciencemag.org SCIENCE VOL 318

gold substrate located nearby (bifunctional catalyst).
All of the subsequent steps occur at an oxide-metal
interface. The DF calculations show that the activa-
tion energy for the dissociation of water on TiO,/
Au(111), ~0.6 eV, is also much smaller than on
Cu(100), ~1.1 eV (11), so TiO»/Au(111) should
be a better WGS catalyst than Au(100) and Cu(100),
as found above. The intermediate that precedes the
formation of CO, and H, in the WGS process is a
HOCO species. CO, species were observed experi-
mentally on the surface of the catalysts after the
WGS, and they could be simple spectators when
strongly bound to the oxide nanoparticles.

Our results imply that the high performance of
Au-CeO, and Au-TiO, catalysts in the WGS (4, 6)
relies heavily on the direct participation of the
oxide-metal interface in the catalytic process. The
oxide helps in the dissociation of water, a reaction
that extended surfaces and NPs of gold cannot
perform (/7). Experiments in our laboratories have
verified that TiO,,/Au(111) and CeO,_/Au(111)
easily dissociate water, and no decomposition of
this adsorbate is seen when no O vacancies exist
in the oxide nanoparticles (/4). Exposure of small
coverages of TiO, and CeO, to CO at 575 K leads
to the appearance of O vacancies in the oxide NPs,
and these systems become active for the dissoci-
ation of water. For the WGS, it is critical that the

e e ]

For8 ot e

e

*CO+H*+*OH

*CO,+2H*

properties of the oxide facilitate H,O dissociation,
and we have found that this is the case for NPs of
CeO,.,, TiO,.,, M0Os_,, and ZnOy.,.

Previous studies indicate that overlayers of Au

can be catalytically active for the oxidation of CO,
if they are nanosized in one dimension or interact
strongly with an oxide support (28). In contrast,
the situation for the WGS on TiO,_/Au(111) and
CeO,_/Au(111) takes advantage of the moderate
chemical activity of bulk gold by coupling it to
that of a more reactive oxide material.
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Accretion of Mudstone Beds from
Migrating Floccule Ripples

Juergen Schieber,™* John Southard,? Kevin Thaisen®

Mudstones make up the majority of the geological record. However, it is difficult to reconstruct the
complex processes of mud deposition in the laboratory, such as the clumping of particles into floccules.
Using flume experiments, we have investigated the bedload transport and deposition of clay
floccules and find that this occurs at flow velocities that transport and deposit sand. Deposition-prone
floccules form over a wide range of experimental conditions, which suggests an underlying universal
process. Floccule ripples develop into low-angle foresets and mud beds that appear laminated after
postdepositional compaction, but the layers retain signs of floccule ripple bedding that would be
detectable in the rock record. Because mudstones were long thought to record low-energy conditions of
offshore and deeper water environments, our results call for reevaluation of published interpretations of
ancient mudstone successions and derived paleoceanographic conditions.

century ago, Henry Clifton Sorby, one of
Athe pioneers of geology, pointed to the
study of muds as one of the most chal-
lenging topics in sedimentary geology (/). Today,
with our knowledge clearly expanded, muddy
sediments are still considered highly complex sys-
tems that may require as many as 32 variables and
parameters for a satisfactory physicochemical
characterization (2). More research may clarify
interdependencies between a number of these pa-
rameters and may allow us to consider a smaller
number of variables, but the fundamental com-
plexity of muddy sediments is likely to remain. A
key issue in mudstone sedimentation is floccula-
tion, a phenomenon in which a number of these
parameters, such as settling velocity, floccule size,
grain-size distribution, ion exchange behavior, and
organic content “come together.”” A joining of
smaller particles to form larger aggregates, floccula-
tion enhances the deposition rate of fine-grained se-
diments, and its understanding is critical for modeling
the behavior of mud in sedimentary environments.
Flocculation is affected by particle concentra-
tion within the fluid and intensity of turbulence
(3, 4). Over time, floccules enlarge to a maximum
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equilibrium diameter that is related to the intensity
of turbulence (5). Floccule deposition is influenced
by turbulence, bed shear stress, sediment concen-
tration, and settling velocity. We currently still miss
critical data on floccule formation and on the in-
fluence of floccule structure and turbulence on the
formation of muddy sediments (6). We will collect
data conceming these issues with new instrumen-
tation in the near future, although the importance of
our observations will not be affected. The notion is
widely held that slow-moving currents or still water
are a prerequisite for substantial mud deposition
(7, 8) because shear stress in swift-moving currents
disrupts previously formed fragile floccules and
prevents their deposition, but our observations sug-
gest an alternative mode of mud deposition that
apparently left its imprint in the rock record.

Mudstones constitute up to two-thirds of the
sedimentary record and are arguably the most
poorly understood type of sedimentary rocks (9).
Mudstone successions contain a wealth of sedi-
mentary features that provide information about
depositional conditions and sedimentary history
(10~13), but presently we lack the information that
would allow us to link features observed in the
rock record to measurable sets of physical variables
in modemn environments.

Although various small-scale sedimentary
structures have been described from modern muds,
these have not been observed in the making. This
forces us to infer controlling parameters (e.g., cur-

rent velocity and density of suspension) from tem-
porally and spatially very limited measurements in
the overlying water column (/4-17). Such mea-
surements (e.g., flow velocity, sediment concen-
tration) in modem environments are commonly
considered representative of depositional conditions
for the uppermost millimeters to decimeters of the
accumulating deposits. However, upon close exam-
ination, modem sediments show considerable het-
erogeneity at the millimeter to centimeter scale
(16), an indication that what we observe in sur-
ficial sediments is not a direct response to mea-
sured conditions in the overlying water column.
To improve on this situation, it is essential to
conduct experiments that replicate natural con-
ditions and to compare the experimental sedi-
ments to the rock record.

Here, we report experimental insights into the
sedimentology of mudstones. In past experimental
studies, centrifugal pumps were used to recirculate
mud suspensions (/8-20), destroying the clay
floccules that are of such key importance in mud
transport and deposition. Therefore, to minimize
the risk of shredding clay floccules once formed,
we built a racetrack flume that uses a paddle belt
(21) for moving the mud suspension.

The racetrack flume (fig. S1) used for these
experiments (2/) has a 25-cm-wide channel. The
effective flow depth was 5 cm. Powdered kaolinite
clay (Fig. 1A) was mixed with water and added
into the flume, running at 50 cm/s velocity (27).
Sediment concentrations ranging from 0.03 g/
to 2 g/l were explored, and suspended sediment
concentrations were monitored with an optical
turbidity sensor. Experiments were conducted in
distilled water, fresh (tap) water, and salt water
(35 per mil salinity). In a few experiments, Ca-
montmorillonite and natural lake mud (sieved to
63 um) was used.

Addition of clay to the flume resulted within
minutes in the formation of “floccule streamers”
that mark boundary-layer streaks (22). Floccules
range in size from 0.1 mm to almost 1 mm (Fig. 1,
B to D) and were sampled and examined with a
scanning electron microscope (SEM). After estab-
lishment of a stable suspended clay concentration,
the velocity was stepwise reduced (Fig. 2) until the
critical velocity of sedimentation was reached (23).
At that point, a linear decline of sediment concen-
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