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Atom-resolved observation of Na ensembles activating CO, adsorption
ona TiO,(110)-(1 x 1) surface as the genesis of basic sites
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We have succeeded in observing the structure-sensitive reaction of CO, with TiO»(110)-(1 x 1) surfaces modified with Na ada-
toms by scanning tunneling microscopy. At low coverages (0.4 atom/nm? or less) Na adatoms are ionized and adsorbed on the
exposed Ti-rows of the substrate. A p(4 x 2) order locally appears at 0.6 atom/nm?, and a c(4 x 2) order develops at 0.9 atom/
nm?. Those Na-modified surfaces are exposed to 10> L CO, at room temperature. Post-exposure observation finds chains of
bright particles on the c(4 x 2) surface. The asymmetric topography of the individual particles is assigned to the distribution of
the LUMO of the adsorbed carbonate. In contrast, dispersed Na adatoms at lower coverages are unable to react with CO; at all.
The genesis of strong basic sites is thus suggested not to be linearly correlated with Na quantity, but to be correlated with the

ordered structure of Na adatoms.
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1. Introduction

Alkali additives in metal-oxide catalysts have exten-
sively been attracting attention. The base strength of
doped catalysts are so remarkably enhanced that they
are often termed “super-base’ [1,2]. Acid-base reactiv-
ity is one of the important properties of metal-oxide cat-
alysts, and its control is of interest in surface chemistry
as well as in industrial applications [3,4]. In addition, the
oxidative coupling reaction of methane has been found
to proceed on oxide catalysts promoted by alkali addi-
tives [5,6]. To consider how the alkali additives promote
the basic character and activity of metal-oxide catalysts,
we have already studied Na-deposited TiO,(110) single
crystal surface by conventional photoelectron spectro-
scopic techniques [7]. Monolayer (ML) coverage was
determined on a break observed in Na(ls) emission
intensity plotted versus Na deposition time [7]. Chem-
isorption of CO4, a typical acid-base reaction at surface,
has further been tested to examine the reactivity of the
modified surface [8]. XPS and UPS results have shown
that submonolayer coverages of Na adatoms remark-
ably enhance the adsorption of carbon dioxide on the
TiO, surface forming carbonate,

CO, + 02~ — CO3~ (1)

where O2~ represents an oxygen ion of the substrate.
The enhanced adsorption is attributed to the promotion
in the base strength of the oxygen ions by Na adatoms.
The amount of carbonates thus formed varied with Na
coverage exhibiting an S-shaped dependence, as shown
in fig. 1 [8]. A critical coverage of 0.3 ML for carbonate
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formation coincided with the onset of a ¢(4 x 2) pattern
in low energy electron diffraction (LEED), suggesting a
strong structure-dependent character of the promotion.

In the present letter, we report the reaction of CO,
with Na-promoted TiO»(110) surface of different Na
coverages observed by scanning tunneling microscopy
(STM). This is an atomic-scale observation of the
mechanism producing structural sensitivity in a reaction
on ametal/metal-oxidemodel catalyst.

Rutile TiO, formally comprises Ti** and O?~ ions.
Each Ti** ion is coordinated to an octahedron of six 0%~
ions in the bulk crystal [9]. A TiO»(110) surface prepared
by argon ion sputtering and vacuum annealing exhibits
a (1 x 1)-ordered structure. A stoichiometric model
(fig. 2) is conceived for the (1 x 1) surface [10], where
rows of Tiions (Ti-rows) and ridges of O ions (O-ridges)
are alternatively exposed. In recent STM studies [11-
15] regular rows were found on the (1 x 1) surface and

1.5
(1x1)/c(4x2)/ (1x1)

5 L
g 1
> L
w
c
[5)
E
x 05+ ®
g
)
6 0 1 L '

0 0.5 1 1.5 2
Na coverage / ML

Fig. 1. The amount of adsorbed carbonate on the Na-modified
TiO,(110) surface as a function of Na coverage [8].
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Fig. 2. Stoichiometric model for TiO,(110)«(1 x 1) surface witha Ti, O3

added row. Small and large symbols represent Ti** and O%~ ions,

respectively. An oxygenion is removed from the added row for illustra-
tion. Top and side views are shown.

assigned to the exposed Ti-rows. In those STM studies
also a protruding row-like species containing double
strands was found. When the double-strand reconstruc-
tion covered the surface, a (1 x 2) pattern accordingly
appeared in LEED. Quite recently, Murrey et al. have
observed p(4 x 2)-ordered Na adatoms deposited on the
TiO,(110)-(1 x 2) surface by STM [16]. The interpreta-
tion of the double-strand topography on the recon-
structed surface remains controversial: an added Ti, O3
row model (fig. 2) [12], and three types of missing-oxy-
genrow models [11,14,17] have been proposed. An STM
study of a DCOO-covered TiO»(110) surface [15], where
Tiions on the surface were titrated by imaging individual
formate ions, revealed the absence of Ti ions exposed
on the double-strand row. This gives strong evidence for
the added Ti, O3 row model as a surface-limited phase
of titanium oxide. In the present study on the unrecon-
structed TiO,(110)-(1 x 1) substrate, we have resolved
individual Na atoms in the c(4 x 2)-ordered adlayer
responsible for the CO, adsorption.

2. Experimental

The experiments were performed in a scanning tun-
neling microscope (JSTM4500VT, JEOL) with a base
pressure of 2 x 10~8 Pa. Constant current topography
was observed with a Pt-Ir tip. A polished TiO,(110)
wafer of 6.5x 1 x 0.25 mm?® (Earth Chemicals) was
cleaned with cycles of argon-ion sputtering (3 keV,
0.3 uA, 3 min) and vacuum annealing at 900 K [12,15].
An IR radiation thermometer (IR-FBP, Chino) moni-
tored surface temperature. The annealed crystal became
deep blue and gave a (1 x 1) LEED pattern. An oxygen
deficiency of 0.001% was estimated from electrical resis-
tivity of the crystal [18]. Sodium atoms were deposited
with a dispenser source (Saes Getters) resistively heated
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in the microscope. Sodium dosage was controlled by
deposition time. Sodium deposition, CO, exposure, and
STM observation were done on the (1 x 1) surface
cooled for 1 h after the annealing. Surface temperature
of the cooled crystal was below the lower limit of the
thermometer and estimated to be 300-350 K.

3. Results and discussion
3.1. Deposited Na adatoms

Fig. 3 shows constant current topography of Na ada-
toms deposited on a TiO,(110)-(1 x 1) surface. Regular
rows of contrast on the clean surface, shown in fig. 3a,
have been assigned to the exposed Ti-rows along the
[001] direction [12,15]. Individual Ti ions were resolved
as axial corrugations on the rows. When the substrate
was exposed to the Na flux for 90 s, bright spots of 0.1 nm
height randomly appeared on the Ti-rows. Sodium cov-
erage of the surface in fig. 3b corresponded to 0.1 ML in
the scale of fig. 1. Forty one spots were counted in
fig. 3b. The number of spots increased in proportion to
deposition time. Hence, we assume that a spot represents
a Naadatom. The absolute coverage of Na at the surface
in fig. 3b was 0.2 atom/nm? on this assumption. The dis-
persed geometry in the dilute adlayer indicates repulsive
force between the adatoms. The electrostatic repulsion
among ionized adatoms is responsible for the structure.
Indeed, an oxidation shift of 0.9 eV in Na(1s) XPS emis-
sion demonstrated that Na adatoms of 0.1 ML were
ionized to the Na™ state [7]. The resultant electron trans-
port from the adatoms to the substrate caused a substan-
tial decrease in work function of the Na-modified
surface[7].

A p(4 x 2) order was locally formed on the surface
exposed to the Na flux for 420 s. A rectangular lattice of
the p(4 x 2) order was observed at the center of fig. 3c,
where Na coverage was determined as 0.6 atom/nm?
based on the surface density of imaged particle. This
p(4 x 2) order did not develop over the surface being
replaced by the c¢(4 x 2) order at higher coverages. The
instability of the p(4 x 2)-ordered ensemble is consistent
with the absence of the according pattern in LEED
observation [7]. A similar p(4 x 2)-ordering of Na ada-
toms has been observed on a (1 X 2)-reconstructed
TiO,(110) surface [16]. Fig. 3d shows a nearly completed
c(4 x 2)-ordered overlayer of 0.9 Na atom/nm?. The
structure of these dense overlayers fluctuated even at
room temperature. A model for the ordered structures is
illustrated in fig. 4. We assume in the model that a bright
spot in the images represents a Na adatom adsorbed on
a Ti-row, though the Ti-row could not be resolved under
the dense Na-layers shown in figs. 3c and 3d. Thus, our
previous model for the c(4 x 2) surface [7,8] should be
revised on the results by STM. We may have failed in the
accurate estimation of analyzer transmission character-
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Fig. 3. Constant current topography (14 x 14 nm?) of Na-modified TiO»(110)~(1 x 1) surfaces. (a) Clean surface (sample bias voltage
. = +1.0 V, tunneling current /; = 0.3 nA), (b) dispersed Na adatoms (V; = +2.0 V, I; = 0.1 nA), (c) p(4 x 2)-ordered surface (V; = 4-2.0V,
L = 0.3nA), and (d) c(4 x 2)-ordered surface (V; = —2.0V, I; = 0.5nA).

istics in XPS analysis, and overestimated the absolute
density of Na in our previous reports [7,8].

The minimal distance between Na adatoms is 1.18
and 0.88 nm in the p(4 x 2) and c(4 x 2) models, respec-
tively. The values are much larger than the nearest neigh-
bor distance in Na bcc metal, 0.37 nm. A (110)
truncation of a Na crystal is compared in the same scale
in fig. 4. This suggests that Na adatoms are non-metallic
in the ordered layers. Indeed, a scanning tunneling
spectroscopy (STS) measurement found a gap of 1.6 Vin

the band structure of the c(4 x 2) surface, proving non-
metallic states of the adatoms. On the other hand, the
ionic charge of the adatoms reduces with Na coverage
due to destabilization by the electrostatic repulsion, as
demonstrated by a shift in the binding energy of Na(1s)
emission [7]. The Na adatoms on the ¢(4 x 2) surface are
incompletely ionized to Na®* (§ < 1), and the direct
interaction of these adatoms is too weak to build a metal-
lic band structure. The reactivity of Na adatoms in two
different phases, the c(4 x 2) structure comprising Na®+
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Fig. 4. Models for p(4 x 2)-Na and c(4 x 2)-Na adlayers deposited on the TiO,(110)-(1 x 1) surface. A (110) truncation of a Na crystal is also
shown in the same scale.

atoms vs. randomly dispersed Na™, is compared in the
following section.

3.2. Reaction with CO,

The Na’t adatoms in the c(4 x 2) surface were reac-
tive to CO,. Fig. 5a shows the topography observed ona
c(4 x 2) surface exposed to 102 L CO, at the ambient
temperature. The ¢(4 x 2) order disappeared and chains
of spots appeared along the [001] direction. The chains
were locally ordered in a p(3x2) symmetry. In contrast
to the reaction on the c(4 x 2) surface, CO, was not
adsorbed on a surface with randomly dispersed Na™ ions

[170]

(001]

at all. Dispersed Na ions remain unchanged on the sur-
face after the exposure to 102 L CO,, as shown in fig. 5b.
The absence of reactivity of the surface modified with
dispersed Na ions is consistent with the threshold
observedinfig. 1[8].

Individual spots observed on the CO;-exposed
¢(4 x 2) surface gave rise to an asymmetric topography
elongated in the [110] direction. The asymmetry reflects
the intra-molecular structure of the imaged species. A
single atom of neither Na, Ti, nor O is responsible for the
asymmetric topography. We assign the observed spots
to the carbonate ions produced in reaction (1), as charac-
terized by XPS and UPS [8]. A CO, molecule adsorbed

()&

Fig. 5. Constant current topography (20 x 20 nm?) of Na-modified TiO2(110)-(1 x 1) surfaces exposed to 102 L. CO;. (a) Carbonate chains formed

onac(4 x 2)-Nasurface (V; =

+2.0V, I; = 0.1nA), and (b) a dispersed-Na adlayer (V; =

+2.0V, 1 = 0.1nA).
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at the on-top site of an O?~ ion in the O-ridge yields a car-
bonate ion, CO3~, as illustrated in fig. 6a. The observed
topography is reproduced by tunneling to the lowest
unoccupied molecular orbital (LUMO) of the carbonate
ion. The image in fig. 5a was observed with a positive
sample bias voltage of 2.0 V, being generated by tunnel-
ing to vacant states on the surface. Tunneling from occu-
pied states could not be observed, because reversing the
bias polarity led to an unstable tunneling junction. The
LUMO of a free carbonate ion, 2aj, is an anti-bonding
7* combination of 2p, orbitals of the carbon and three
oxygen atoms in the carbonate ion [19]. Assuming the
on-top geometry, the distribution of the LUMO along
the lifted O—C-O bonding reproduces the observed topo-
graphy of the spots, as illustrated in fig. 6b. Na adatoms
are located between the adsorbed CO, and the substrate
in the model of fig. 6a, to stabilize the large and poorly-
coordinated carbonate ions. It is interesting that the
adsorbed carbonate ions form chains. Carbonate ions
form a similar one-dimensional array in the bulk crystal
of Na,CO-H,0[20].

Finally, it is considered how Na ensembles on the
c(4 x 2) surface promote the reaction of CO, molecules
with the TiO; substrate. The formation of a CO; radical
anion is known on polycrystalline Na-film [21], Na-
deposited Pd(111) [22], K-deposited Pt(111) [23], and K-
deposited Pd(100) [24] surfaces. On those surfaces, alkali
atoms in metallic states give an electron to a CO; mole-
cule toyield a CO; ion,

CO; + alkali metal — CO3; (2)

We assume a similar CO; -mediated mechanism on the
c(4 x 2)-Na surface; electron attachment to an imping-
ing CO; molecule, reaction (2), takes place at the incom-
pletely ionized Na®* adatoms on the c(4 x 2) surface.
The postulated CO; radical intermediates can be imme-
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diately trapped by the oxygen ions in the protruding O-
ridges to form the carbonate ions. Highly ionized Na™
adatoms in the dispersed phase are unable to transfer
their valence electron to CO,. The atomic-scale structure
of Na ensembles dominates the energy position and elec-
tron population of the ionized states localized on the
individual Na adatoms, since the electrostatic repulsion
strongly depends on adatom-adatom distance.

Two CO; ions might couple to an oxalate ion,
C,07%~, and then disproportionate to a carbonate ion
and a CO molecule, as reported on poly-Na [21], K/
Pt(111)[23]and K /Pd(100)[24] surfaces and also in inert
gas matrices containing Li atoms [25]:

2C0; — G073~ 3)

C,0} - CO¥ +CO 1 (4)

The coupling and disproportionation reactions were
not observed on the c(4 x 2)-Na surface. No CO produc-
tion was detected during CO, exposure in gas phase
analysis by a mass spectrometer. The coupling product,
oxalate ion, was not detected on the CO,-exposed sur-
faces by XPS and UPS [8].

In summary, we have visualized the mechanism pro-
ducing structural sensitivity in the reaction of CO, with
Na-modified TiO(110) model catalyst by atom-
resolved STM observation. Ionized Na adatoms are ran-
domly adsorbed on the exposed Ti-rows of the substrate
at a low coverage (0.4 atom/nm?) . A p(4 x 2) order
locally appears at 0.6 atom/nm?, and a c(4 x 2) order
develops at 0.9 atom/nm?. Ordered carbonate jons are
observed as asymmetric particles on the ¢(4 x 2)-Na sur-
face upon CO; exposure, whereas dispersed Na adatoms
at lower coverages are unable to react with CO,. A
COj3 -mediated mechanism is assumed for the reaction.
The genesis of strong basic sites is thus demonstrated not

(b)

Fig. 6. Model for the p(3 x 2)-ordered carbonate ions formed on the CO,-exposed c(4 x 2)-Na surface. (a) Geometry of the p(3 x 2)-ordered car-
bonateions, and (b) on-top view of the LUMO of the adsorbed carbonateion.
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to be linearly correlated with Na quantity, but to be cor-
related with the atomic-scale structure of Na ensembles.
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