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Abstract

Alkali oxides are typically used as promoters of heterogenous catalysts for the water-gas shift
(WGS; H20 + CO - H2 + COy) reaction. On Au(111), CsOx exhibits diverse nanostructures at
varying coverages, as revealed by scanning tunneling microscopy. Clusters of cesium oxide
(Cs202) nucleate at elbow sites of the Au(111) herringbone when 6cs is less than 0.1 ML.
Subsequently, these clusters transform into two-dimensional (2D) islands (Cs20, Cs202, CsOz2) as
the cesium coverage increases (Ocs > 0.1 ML). Both types of CsOx nanostructures enable the WGS
process on Au(111). The highest activity was seen for the cesium oxide clusters which facilitated
the partial dissociation of water and binding of CO. The COads and OHads groups were not strongly
bound and probably reacted to yield a short-lived HOCO intermediate that led to gaseous H> and
COz. The 2D islands of CsOx also enabled the WGS but their efficiency was reduced due to the
formation of cesium hydroxide compounds (limiting mobility of OH groups) and the generation
of COs and C species (blocking of active centers). The fact that the performance of the
CsOx/Au(111) catalysts changed dramatically with variations in the chemical properties of the
CsOx nanostructures indicates that the alkali oxide was an integral part of the active phase, playing
a central role in the activation and conversion of the reactants. To attach the label of “promoter”
to CsOx is a simplification that does not help in the design and optimization of catalysts for C1
chemistry. To achieve a rational design, one must consider the structural and chemical properties

of the alkali oxide.

Keywords: Cesium oxide; Au(111); Carbon monoxide; Water ; Water-gas shift reaction;
Hydrogen.



I. Introduction

Cesium (Cs) and other alkali elements are typically added to metal/oxide catalysts to
enhance their activity or selectivity.}>3* Frequently, they are seen as promoters that modify the
chemical properties of the metal or oxide phase by direct bonding or through-space interations.'
In a plain metal-alkali bond, the metal center receives electrons from the alkali (an electropositive
element), and strong interactions can lead to a reconstruction of the metal surface or alloy
formation.>*® Alkali atoms bound to oxide surfaces undergo rapid reduction and can exhibit high
mobility.”#%1% They can exhibit a strong adsorption bond and a small barrier for surface diffusion
on an oxide surface.®

In the case of the water-gas shift (WGS, H.O + CO - H. + CO) reaction, it has been
shown that the addition of an alkali enhances the activity of Cu(111),1°%12 and Cu(110),1>13
Cu/Zn0O,** Cu/Alz0s3,*° Cu/SiO,, 181 PYTIOL®Y and Pt/Ce0,1%1" The alkali can help with the
most difficult step in the WGS process: The dissociation of water.%* Promotion with Cs has been
studied in detail.*31517 The alkali adopts a CsOx composition under reaction conditions, 1131517
The oxidation state of the Cs is +1 but the exact number of oxygen atoms around the alkali center
is usually unknown. This, and the fact that OH or carbonate groups could be bound to cesium
cations, make it very difficult to define in a precise way the role of the alkali in the catalytic
process.

In a recent study, we have used scanning tunneling microscopy (STM) and X-ray
photoelectron spectroscopy (XPS) to examine the growth of nanostructures of CsOx on an inert
support, Au(111).!® STM images showed that at small coverages of the alkali, 0.05 - 0.10
monolayer (ML), clusters of Cs;O2 nucleated at the elbows the Au(111) herringbone

reconstruction, with medium size two-dimensional (2D) islands appearing at cesium coverages



above 0.15 ML.*® The 2D islands “floated” on top of the gold terraces. XPS measurements revealed
the existence of a suboxide (CsyO; y > 2) species within the island structures.!® In this work, the
CsOx/Au(111) surfaces were used to test the intrinsic activity of the alkali oxide for the water-gas
shift reaction. Our results show that small CsOx clusters bind well to CO and are able to dissociate
the water molecule into active OH groups. The corresponding CsOx/Au(111) surfaces exhibit a
WGS activity that is significantly larger than that of Cu(111), a typical benchmark in WGS

studies.10-12.19

Il. Methods
A. Scanning tunneling microscopy (STM).

The STM images were collected in an ultrahigh vacuum (UHV) system that has a base
pressure of 5x 10°2° Torr.18 The STM instrument was built by SPECS Aarhus and it can be operated
at variable temperature and near ambient pressure conditions.®*8 In addition to the STM, the UHV
chamber contained a quadrupole mass spectrometer, an ion gun for sputtering, and a Cs getter
source. Circular Au(111) crystals (8-10 mm in diameter), cut to isolate the (111) surface plane
within a tolerance of + 0.1° were used for the STM, XPS and catalytic studies. In general, sample
cleaning consisted of cycles of sputtering with 1000 eV Ar* ions at a surface temperature of 300
K, followed by annealing at 800 K in UHV.8 On clean Au(111), cesium was deposited using a
getter source at 300 K. The Cs/Au(111) systems were oxidized by exposing them to 5 x 10 Torr
of Oz at 525 K for 10 min. Test experiments with XPS showed that these conditions were enough
to reach saturation in the content of oxygen. A commercially etched tungsten tip was used for
scanning and the images were collected under constant current mode. A code was used to estimate

the CsOx coverage by calculating the area of protruding features on the gold surface.
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B. Ambient pressure X-ray photoelectron spectroscopy (AP-XPS).

The CsOx/Au(111) surfaces were prepared following the same methodology used in the
STM experiments.’® The behavior of the samples under different gases (O, H.O, CO) was
investigated using commercial SPECS AP-XPS chambers, equipped with a PHOIBOS 150 EP
MOD-9 analyzer and a Mg Ka source. Spectra were collected for the O 1s, C 1s and Cs 3d regions.
The binding energies were calibrated with respect to the position for the bulk 4f7» peak of gold
which was set at an energy of 84 eV.181° Cesium and oxygen coverages for the CsOx species were
estimate using the relative cross sections and sensitive factors of these elements and gold in XPS.2°
These coverages were used as a starting point to estimate the coverages of OH, CO and other C-
containing species. In atest, the accuracy of this approach was verified by depositing O on Au(111)
using ozone to generate an oxygen coverage of 1.2 ML'® and obtain the corresponding O 1s /Au

4f signal ratio and then calibrate coverages for CsOx, OH, CO and COz adsorbed species.

C. Catalytic tests

The catalytic activity of the CsOx/Au(111) surfaces for the WGS reaction was examined
using an apparatus that combines a main ultrahigh-vacuum (UHV) chamber (base pressure ~ 5 x
101° Torr) for surface characterization and a functional batch reactor for kinetic tests.®02
Employing this apparatus, it was possible to transfer the sample under study back and forward
between the reactor and UHV chamber without exposure to air.%1%1® The UHV chamber houses
instrumentation for regular XPS, valence photoelectron spectroscopy (UPS), low-energy electron
diffraction (LEED), ion scattering spectroscopy (ISS), and temperature programmed desorption
(TDS).10:2t

In the catalytic tests, the CsOx/Au(111) surfaces, after preparation and characterization,

were moved into the batch reactor at room temperature, then the two reactant gases were



introduced (10 Torr of water and 20 Torr of carbon monoxide),'%?1% and the sample was rapidly
heated to the desired reaction temperature (in the range of 550-625 K). Product buildup was
monitored by gas chromatography (GC). The amount of molecules produced was normalized by
the active area exposed by each sample.®1%?° Since Au(111) is not a catalyst for the WGS
reaction,?>?2 only the front of the sample that contained CsOx was active and used for the
normalization of the reaction rates. In our reactor a steady-state regime for the production of H>

and CO> was reached after 2-3 minutes of reaction time.

I11. Results and Discussion
A. Morphology and composition of the CsOx/Au(111) surfaces

Figure 1 displays images obtained with STM for 0.05 (A), 0.2 (B), and 0.6 ML (C) of CsOx
on Au(111). The morphological characteristics for the CsOx coverages of 0.05 and 0.2 ML were
analyzed in a previous work.'® For the smallest alkali coverage (Figure 1A), clusters of Cs,O;are
anchored on the elbows of the Au(111) herringbone, with a height of 1.5 A and a width of 2.5
nm.® When the alkali coverage is increased to 0.2 ML (Figure 1B), 2D islands that contain Cs20;
and a CsyO (y > 2) suboxide appear.'® These medium size islands (~ 60 nm long and ~ 20 nm
wide) seem to be floating on top of the gold herringbone and the CsOx clusters.8

Figure 1C displays the morphology for a coverage of 0.6 ML of CsOx. The CsOx islands
grow into a continuous film, covering most of the gold surface. Under these conditions, the tip of
the STM cannot resolve well the underlying herringbone structure of Au(111). This structure may
no longer exist at such a high coverage of CsOx. In Figure 1C, two different growth patterns (Zones
A and B) can be observed on the surface. The atomic resolution of the STM image in Zone A is

shown in Figure 1D, where a rectangular growth pattern is observed. By measuring the surface



corrugation (Figure 1E), the size of one bright dot appears to be ~ 1.2 nm with an average height
of ~ 0.7 A. A similar measurement was conducted on the hexagonal pattern in Zone B, as shown
in Figure 1F,G, where the average size of one bright feature is also ~ 1.2 nm with an average height
~ 0.7 A. The size (~ 1.2 nm) of one bright dot in these ordered patterns is consistent with the

existence of (CsOx)n clusters within the film.
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Figure 1 STM images of CsO,/Au(111) (A) 0.05 ML, 100 nmx100 nm; (B) 0.2 ML, 100 nmx100 nm; (C)
0.6 ML, 50 nmx50 nm; (D) Atomic resolution image of zone A in panel C, 6 nmx6 nm; (E) Line profile
along the line in (D); (F) Atomic resolution image of zone B in panel C, 6 nmx6 nm; (G) Line profile
along the line in (F), Vt=-1.8 V, It = 0.2 nA for (A-C, D and F)

Figure 2 compares O 1s XPS spectra collected for surfaces with 0.08 and 0.6 ML of CsOx.
02 does not dissociate on Au(111).1° O adtoms deposited on the gold substrate using ozone exhibit

an O 1s peak at ~ 530 eV.2° In the past, photoelectron spectroscopy has been used to examine the
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Figure 2 O 1s XPS spectra collected after dosing O, at 300 K to a Au(111) surface pre-covered with 0.08
(bottom panel) or 0.6 ML (top panel) of cesium. The pressure of O, was varied from 1 x 10 to 1 Torr.

oxidation of cesium multilayers, pointing to the formation of O-O-Cs, Cs-O-O-Cs, Cs-O, Cs-O-
Cs and other suboxides.?>?® Each one of these species was a well-defined position in the O 1s
XPS region.?>% In the bottom of Figure 2, the surface with only 0.08 ML of cesium was rapidly
saturated with oxygen and exhibits an O 1s peak at a binding energy of ~530.2 eV which indicates
that the system has a Cs/O ratio close to 1/1 and Cs-O-O-Cs groups.?? No other oxide or oxygen
species was observed at O pressures from 10 to 1 Torr. The surface with a large coverage of Cs
in the top panel of Figure 2 exhibits a behavior that resembles that of cesium multilayers:?? Cs-O-
O-Cs and a CsyO (y > 2) suboxide (at ~ 528 eV) are seen upon exposure to limited amounts of O
and the alkali is not fully oxidized, with O-O-Cs (at ~ 533 eV) and Cs-O-O-Cs (at ~ 530.2 eV)
present when the system is saturated with oxygen.

An analysis of the Cs 3d core levels for these oxides showed a binding energy that was
more than 1 eV smaller than that of metallic Cs (Fig. 3 and ref'®). This negative shift agrees well
with the trend seen for metallic cesium?? and it reflects a big change in final state relaxation
associated with a variation in the ionic Madelung field around the Cs species when is fully
oxidized.??2* At the same time, there is a reduction of 10-15% in the intensity of the Cs core levels
(Fig 3) that has been seen before®®?? and comes from complex variations of the photoemission

cross-section with the ionicity of the system.?%24



0O, on Cs/Au(111) Cs 3dg)»

Intensity (arb. units)

0.6 ML Cs

— T
732 730 728 726 724 722

Binding Energy (eV)

2 O, on Cs/Au(111) Cs 3d5)p
[
:? + 0o
2
8
2
2 | 0.08MLCs
9
£
I i T T T T T T T

732 730 728 726 724 722
Binding Energy (eV)

Figure 3 Cs 3ds;z XPS spectra collected after dosing O at 300 K to a Au(111) surface pre-covered with
0.08 (bottom panel) or 0.6 ML (top panel) of cesium. The pressure of O, was 5 x 107 Torr.

B. Reaction with water: AP-XPS studies

The dissociation of water is usually seen as the rate determining step in the WGS
reaction.'®! Au(111) is not able to dissociate the H,O molecule.?>?® Figure 4 shows O 1s AP-XPS
spectra collected while exposing CsOx/Au(111) surfaces to water at 300 or 400 K. The surfaces
with 0.05 and 0.6 ML of CsOx initially contained different oxygen species but reaction with water
in both cases led to formation of Cs-OH (signal at ~ 531.3 eV).?"% These hydroxyl groups did not

disappear from the surface after evacuation of water from the gas phase at 300 or 400 K.

10



0.05 ML on+ 300K 0.6 ML r"“'-l 300 K
H,0 ; H,0 .
Evac 2= gas : ?_I gas ! D|:|’i\1l
et ! Evac 1 J [N
_ '1‘ I T Y = Cs-0-0 J“}\.,—'L L e ]
o[ +H,0 [0 | H T
g et Y I o r I Al
1 g VNN, W SN . o 1" A0 1 .\
o ] AT 1 \-LLJ uli | H - )
= I | ; ' CIS-G'-—ﬂ“.‘ .
- Cs-0 P L
= | {ony i
3 I Yy N'*-\
a +OZ ., I ".02 i i 1 W,
£ M OV ATV N AN
! e g =
+C§ : "‘Cs
M ey " Y N A,
B s e e TR A ]
T T T T T T T T T T T T T T T |' T T I T T I T T |' T
540 537 534 531 528 540 537 534 531 528
Binding Energy (eV) Binding Energy (eV)
*
0.05 ML 400K 0.6 ML O 400 K
Evac HEIOE“ .-"I | \
W, 1 DH* ,"ll H '.II
o 'H‘—H""».n_.,.. HH_}\L Evac K I \
! T Y] [ T~ LN
p— H D ;‘IIF}L I J‘l 1I T
£ L0 i 00 [
> . T -Jr‘-_ W = '|'H20 _H—‘f i J’:‘ IL"-
e " el ey = o T e \“-\.\_‘m .
= Cs-0 j C!‘.;-U
E sl- rr“l‘I \ ';:'L
4 | N AR
E "‘0)_ = N = +°2 # : X, _IJ". ] ",
g '-\-'\_—'\_Urh,,_,_;”_,_v_rf‘—}"—u_‘_l.- . dhien Py o, A —
; (7 o
+Cs
‘\'rmd\'mv"—\.#'\.h - '-tcs e
‘“-_"\'”‘”—'"\"“’\*'-_..;'L\-_,. [ B e P H‘hﬁ'lﬂn.-.u_-.\___,-.
T I T T I T T T T T Ay T T T T T T T T T T T T T T
540 537 534 531 528 540 537 534 531 528
Binding Energy (eV) Binding Energy (eV)

Figure 4 O 1s XPS spectra for the exposure of CsOx/Au(111) surfaces, 0.05 and 0.6 ML of CsOy, to water
at 300 (top panels) and 400 K (bottom panels). After depositing the Cs on the Au(111) substrate, the samples
were oxidized under 5 x 107 Torr of O, at 300 K. Then, AP-XPS spectra were collected under 50 mTorr of
H,O at 300 K (top panels), and the gas was removed in the final step. The panels at the bottom show a

similar experiment with the exposure to water done at 400 K.
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Figure 5 compares the stability of OH groups on 0.08 (nanoclusters in Figure 1A) and 0.6
ML (film in Figure 1C) of CsOx on Au(111). For the surface with a low coverage of the alkali
oxide, the OH groups started to disappear when the temperature of the sample was raised above

400 K. Most of the OH were labile but at 500-550 K some of these species still remained on the 0.08 ML
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Figure 5 O 1s XPS spectra collected after exposing clean Au(111), and CsO,/Au(111) surfaces with 0.08
and 0.6 ML of CsOx to 10 Torr of water at 300 K (top panel). Under vacuum the surfaces were heated from
300 to 600 K (bottom panel).

CsOx/Au(111) system. In the case of a high coverage of the alkali oxide, the removal of OH with increasing

temperature was also seen. However, at 600 K, ~ 70% of the OH groups were still present. This is probably
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a consequence of the formation of a bulk-like cesium hydroxide,?® a compound that is commonly seen when
water interacts with big chunks of cesium or cesium oxide. The removal of OH from CsxOH compounds is

not easy.?® On the other hand, labile OH groups are a key factor for the formation of a HOCO
intermediate,?%%3! which eventually leads to CO, and Hz evolution, during the WGS process.
Figure 6 illustrates the effects of water adsorption on the Cs 3d core levels. The

hydroxylation of the alkali oxide induced a positive binding energy shift (corresponding peak
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Figure 6 Cs 3ds» XPS spectra collected after exposing Au(111) surfaces pre-covered with 0.08 (bottom
panel) and 0.6 ML (top panel) of CsOx to 10 Torr of water or 20 Torr of CO at 300 K. The gases were
removed before collecting the spectra.

position of CsOH at ~ 726 eV)? that may reflect a decrease in the ionicity of the system.?>?* At
the same time, there was an enhancement (~ 10%) in the intensity of the Cs 3d features. These
changes are consistent with a change in the structure of the alkali oxide nanostructures to allow
direct bonding of the Cs cations to the OH groups. A similar phenomenon has been observed after
doing CO; or Hz to CsOx/Au(111) surfaces.'® The geometry of the CsOx nanostructures is fluxional

and varies with the chemical environment.18

C. Reaction with CO: AP-XPS studies

Figure 7 displays C 1s XPS spectra recorded while exposing CsOx/Au(111) surfaces exposed to
CO at 300 and 400 K. At temperatures above 200K, Au(111) does not bind CO?2632 put the
addition of cesium oxide produces systems that interact well with this molecule. On the surface
with 0.08 ML of CsOy, the peak for chemisorbed CO appears at 286.4 eV.*® It remains on the
surface at 400 K when the gas is removed from the chamber and is gone by 500 K. This CO is
bound stronger than on copper surfaces'>*33* put weaker than on late transition metals.>® For a
higher coverage of the alkali, in addition to adsorbed CO, one finds a strong peak for a carbonate,
produced by the reaction of the adsorbate with O centers, and atomic carbon, coming from the full
decomposition of the adsorbate. Thus, the film in Figure 1C exhibits chemical properties very

different from those of the small clusters in Figure 1A.
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Figure 7 C 1s XPS spectra collected while exposing CsOx/Au(111) surfaces with 0.08 (top panel) and 0.6
ML (bottom panel) of CsOx to 50 mTorr of CO at 300 or 400 K. In the final step, CO was removed from

the chamber and spectra were collected at 400 and 500 K.

Figure 8 compares the thermal stability of the different C-containing species seen in Figure
7. On both CsOx/Au(111) surfaces, the binding of CO is reasonable if one is interested in
performing the WGS reaction. Unfortunately, the CO3z and C species present on the 0.6 ML
CsOx/Au(111) system are problematic. Their concentration grows at high temperatures (> 450 K)

and they can poison the WGS process. ! The onset for the appearance of the medium-size islands
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of CsOx in Figure 1B was also the onset for the generation of CO3z and C on the samples. After that
point, the larger the amount of alkali dispersed on the sample, the faster the generation of C-

spurious species.
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Figure 8 C 1s XPS spectra collected after exposing clean Au(111), and CsO./Au(111) surfaces with 0.08
and 0.6 ML of CsO to 20 Torr of CO at 300 K (top panel). Under vacuum the surfaces were heated from
300 to 600 K (bottom panel).
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In Figure 6, exposure to CO reduces the binding energy and increases the intensity of the
Cs 3ds/2 core level. As happened in the case of H20 adsorption, here, there is also a geometrical
change in the CsOx nanostructures that facilitates binding of the Cs cations to CO, or the formed
COs and C products. The XPS results in Figure 4-8 indicate that alkali centers can be quite active

for bonding and activating the reactants of the WGS reaction.

D. Catalytic activity of CsOx/Au(111) for the WGS

Au(111) is inert as a catalyst for the WGS reaction.?>? The addition of a small coverage
of CsOx (0.08 ML) to the gold substrate facilitates the dissociation of water and binding of CO,
producing a very good WGS catalyst. Figure 9 shows an Arrhenius plot displaying the activity of
this CsOx/Au(111) catalyst at temperatures between 575 and 650 K. The CsOx/Au(111) surface

is always more active than Cu(111), a typical benchmark catalyst for the WGS process. %123 The
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Figure 9 Arrhenius plots for the WGS reaction on Cu(111) and on a Au(111) surface pre-covered with
0.08 ML of CsOx (Pco= 20 Torr; Pr2o = 10 Torr).

apparent activation energy goes from 18 kcal/mol on Cu(111) to 11 kcal/mol on CsOx/Au(111).
This decrease probably reflects a better interaction with the reactants in the case of the alkali
containing catalyst.

Figure 10 displays the catalytic activity of CsOx/Au(111) surfaces as a function of alkali
oxide coverage. As CsOx is added to the gold substrate, there is an increase in the rate of H»
production until a maximum is found near 0.1 ML. At these small alkali coverages, CsOx clusters
occupy the elbows of the gold herringbone (Figure 1A) and there are no strong bonds with CO
(Figure 8) or the OH generated by water dissociation (Figure 5). The COads and OHags could react

to yield a short-lived HOCO intermediate that would lead to gaseous Hz and CO,.2430:31:35
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Figure 10 Production of H. through the WGS reaction on CsO,/Au(111) surfaces as a function of alkali
oxide coverage (T= 600 K; Pco= 20 Torr; Puzo= 10 Torr).

At CsOx coverages above 0.1 ML, 2D islands of the alkali oxide start to grow (Figure 1B
and ref. 1), and there is a change in the chemical properties of the system that leads to the drop in
activity seen in Figure 8. The OH groups of a cesium hydroxide are not labile (Figure 5) and COs
and C (Figure 8) block active sites on the surface. Figure 11 shows C 1s XPS spectra measured
after performing the WGS on three CsOx/Au(111) surfaces. In the spectrum for 0.08 ML of CsOy, the

maximum of activity in Figure 10, the surface is essentially clean of C-containing species. There is a very
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Figure 11 C 1s XPS spectra recorded after carrying out the WGS reaction on three different CsO,/Au(111)
surfaces (T= 600 K; Pco= 20 Torr; Pu2o= 10 Torr). At 600 K, the gases were pumped out from the reactor

and the samples were cooled down (T < 400 K) before collecting the C 1s spectra.
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small feature near 288.5 eV that could be attributed to a trace (< 0.05 ML) of COa. This feature
grows in intensity and dominates the C 1s spectra for 0.2 and 0.6 ML of CsOx. It is known that
carbonates bound to alkali cations deactivate WGS catalysts, %!

In experiments of AP-XPS performed with moderate pressures of the WGS reactants (25
mTorr of H20; 25 mTorr of CO), we found that CO was adsorbed on the surface at 450 K but no
trace was found for the molecule at 600 K (see Figure 12). At this high temperature the residence
time of CO on the surface is very small but the activation barrier for the COads + OHads — CO2 gas
+ 0.5H2,gas reaction®3! is probably overcome faster. The surface with 0.08 ML of CsOx was free
of CO3 and C species, but they were present on the surface with 0.6 ML of CsOx (top of Figure
12). This agrees well with the XPS spectra collected after performing the WGS reaction at larger
reactant pressure (Figure 11).

The chemistry and catalysis observed in Figures 4-12 could take place on the CsOx
nanostructures or on the CsOx-Au interface. The trends seen in Figure 6 for changes in the Cs 3dsy2
core level indicate that the alkali interacts well with CO and water. Au(111) and Au(100) do not
dissociate water but can perform other steps associated with the WGS reaction.?¢*>% The addition
of nanoparticles of CeOx,?® TiOx,2°> SnOx,*” and InOx® to Au(111) produces active oxide-metal
interfaces for the WGS and C1 chemistry. The same could be happening in the case of the CsOx
nanostructures. The significant variation in the performance of the CsOx/Au(111) catalysts with
changes in the chemical properties of the CsOx nanostructures underscores the vital role of the
alkali oxide in the activation and conversion of the reactants. Characterizing CsOx simply as a
"promoter” oversimplifies its contribution and does not aid in the design and optimization of
catalysts for C1 chemistry. Any approach for a rational design must consider the structural and

chemical properties of the alkali oxide.
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Figure 12 C 1s (top panels) and O 1s (bottom panels) AP-XPS spectra collected while exposing
CsOx/Au(111) surfaces to 25 mTorr of CO and 25 mTorr of H,O at 450 and 600 K. The Au(111) surface
was pre-covered with 0.08 and 0.6 ML of CsOy.

4. Conclusions

CsOx nanostructures enable the WGS process on Au(111). The highest catalytic activity is
seen for surfaces with small cesium oxide clusters (~ 2.5 nm in size) which facilitate the partial
dissociation of water and binding of CO. The COags and OHags generated are not strongly bound
and probably react to yield a short-lived HOCO intermediate that leads to gaseous H, and COx.
2D islands of CsOx (> 20 nm in size) also enable the WGS but their efficiency is reduced due to
the formation of cesium hydroxide compounds (limiting mobility of OH groups) and the
generation of COs and C species (blocking of active centers). Our results indicate that cesium
oxide is not a plain “promoter.” It is an integral part of the catalyst active phase. Its structural and
chemical properties must be considered when doing a rational design or optimization of catalysts

for the WGS and C1 chemistry.
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