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The deposition of potassium onto TiO,(110) surface at 330K and the effects of post-annealing are
investigated by scanning tunneling microscopy (STM), thermal desorption spectroscopy (TDS) and Auger-
electron spectroscopy (AES). At lower K coverages (a few percentage of a monolayer), 3-4 nm long and
1-2 nm wide islands appear which can be identified with K covered regions. At higher K coverages, the
surface exhibits disordered structures. Depending on the initial K coverage, the annealing above 700 K
in UHV results in ordering of the surface. For app. 1/3 monolayer K and annealing at around 900K, the
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TiOy(110) eptlre surface reconstruct.s into a (1 x 2)' phase accqm!)amed by the appearance of pits with an average
K diameter of 20-30 nm. This morphology is characteristic up to 1000 K. Above this temperature, the recov-
STM-AES-TPD ery of the (1 x 1) phase was observed. At low K coverages (<0.2 ML) the annealing at 1000K resulted in

2D model catalyst the formation of protruding islands of approximately 2 x 2 nm? which were identified with a strongly
Alkali promotors

bonded surface compound containing K.
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1. Introduction

Alkali metal compounds are extensively applied as promoter
additives for the preparation of catalysts and gas sensors [1-3].
During the last decades, most of the studies in connection of the
effects of alkali metals have been focused on metal and semi-
conductor surfaces [4-6]. Much less attention has been given to
the interaction between alkali metals and oxide surfaces, although
this type of experimental and theoretical works are very impor-
tant for elucidating some important issues in the fine tuning
of catalytic performance. By the application of two-dimensional
metal-oxide model systems (planar catalysts), the complex effects
of the additives can be efficiently studied [7]. The effect of the
different additives can substantially be two-fold: an electronic
and/or a morphological one. These two phenomena are often diffi-
cult to separate, since there is usually a strong interplay between
them.

In a recent work, we studied the influence of the pre-adsorbed
potassium on the nanoscale morphology of Au deposited on a
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TiO,(110) surface [8]. It was found that the surface K sensitively
affects the particle formation of gold. At room temperature, gold
exhibits higher dispersity in the presence of K, however, at above
500-600K, especially for higher K coverages (1-2 monolayer ML),
a very intensive aggregation of the gold particles takes place. Since
the finding of the high activity of supported Au-catalysts in the
low temperature oxidation of CO, a tremendous work has been
done for the understanding of this reaction in detail and for the
development of more efficient gold catalysts [9-11]. Potassium
belongs to the so called reactive admetals on reducible oxide sub-
strates, like TiO,, where the formation of a strong K-O bond and
the reduction of the support were deduced from sophisticated
photoelectron spectroscopy measurements, like ARUPS, and SEX-
AFS [12-18]. Although a complete charge transfer was assumed
between K(2s) and Ti(4d) orbitals resulting in the reduction of
Ti%* to Ti3*, a clear experimental detection of this latter species
failed. This phenomenon was explained by the delocalization of
transferred charge among the adjacent Ti ions [16]. The screening
of surface phonon modes detected by HREELS also supports the
idea that potassium forms oxide species at room temperature at K
coverages above 1 ML [15]. These experimental observations were
studied and explained also by theoretical calculations [16,19-21].
The importance of the subsurface oxidation state was also shown
for K/TiO, system by proving that the formation of detectable
amount of Ti3* species in XPS spectra sensitively varies for stoichio-
metric and non-stoichiometric (bulk state) samples [17]. Thermal
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desorption of K and Cs on TiO,(110) surface was also investi-
gated in detail [22,23]. Moreover, atomic scale studies by STM
and AFM methods were also performed in several cases for alkali
metal atoms adsorbed on TiO,(110) surfaces [8,18]. In harmony
with the earlier SEXAFS measurements and theoretical calculations,
the main conclusion of these studies is that K adsorbs preferen-
tially in three-fold hollow sites formed by two bridging and one
in-plane oxygen atoms of the substrate. Furthermore, the increase
of the coverage results in a decrease of the bonding energy between
potassium and the substrate, as a consequence of the repulsive
interaction between the K ions. At the same time, this interaction
cannot prevent the formation of K-covered islands, especially at
lower coverages. All of these results strongly suggest that the elec-
tronic and morphological effects combine strongly and it should be
taken into account in the interpretation of any special phenomenon
related to alkali additives.

In the present work, the effect of coverage and annealing tem-
perature on the morphology of K deposited TiO,(110) surface
are studied mainly by scanning tunneling microscopy (STM). In
addition, some thermal desorption spectroscopy (TDS) and Auger-
electron spectroscopy (AES) results are also presented.

2. Experimental

The experiments were carried out in an UHV chamber equipped
with a room temperature scanning tunneling microscope (WA-
Technology), a cylindrical mirror analyzer for Auger-electron
spectroscopy (AES) and a quadrupole mass spectrometer for gas
phase analysis (TDS).

TiO,(110) single crystals were directly fixed to a Ta filament by
oxide adhesive (ceramobond 571, AREMCO Products) and mounted
on atransferable sample holder. The probe was ohmically heated by
the current flowing through the Ta filament. The temperature was
measured by a chromel-alumel (K-type) thermocouple stuck to the
side of the sample. An initial cleaning procedure consisted of a slow
(0.1Ks™1) increase of the temperature up to 1050 K and of several
hours of Ar* bombardment at ion energy of 1-2keV and ion cur-
rent density of 5 wA cm~2. This procedure resulted in not only the
purification of the sample (mainly from Ca and K contamination)
but caused also some reduction in the subsurface layers, thus made
it possible to avoid charging problems during the spectroscopy and
microscopy measurements. From time to time (after an extended
use of the sample) the surface was reoxidized in 5 x 10~4 mbar oxy-
gen for 15min at 900K. The final treatment was usually a short
annealing at 1050K in UHV. The heating rate never exceeded the
value of 2 Ks~1, The surface of the TiO»(1 1 0) probe obtained in this
way exhibited mainly (1 x 1) ordered phase accompanied by some
(3-5% of the total surface area) protruding dots and 1D stripes in
the [00 1] orientation [24].

The cleanliness of the sample and the deposited metal layer
were checked by Auger-electron spectroscopy (AES). The surface
morphology was monitored by scanning tunneling microscopy
(STM). Commercial getter sources (SAES) were used for K-
deposition. The K coverage is expressed in monolayer equivalent
(ML), which corresponds to app. 5.2 x 1014 Katom/cm? by assum-
ing that each unit cell of the support lattice contains a single K
atom [8,18]. It should be remarked, however, that the definition
and the determination of K concentration is rather controver-
sial in the literature. For example Heise and Courth associated
2K atoms per unit cell with 1ML of K (10.4 x 1014 Katom/cm?)
[14]. Nevertheless, by taking into account the previous estima-
tions for the K coverage and considering the potassium surface
atom density (6.6 x 1014 Katom/cm?), the first definition for 1 ML
(5.2 x 10'* K atom/cm?) seems to be the most appropriate value for
our experiments where K was deposited at around 330 K.

For STM imaging, chemically edged W-tips were applied and
sharpened “in situ” over the TiO, surface by using 5-10V pulses.
Typical tunneling parameter of +3V (0.1 nA) was applied due to
the relatively high band gap of the overlayer. In the case of clean
surface, the imaging bias of +1.5V proved to be sufficient.

3. Results
3.1. AES and STM detection of K adsorption on TiO,(110)

Potassium was deposited on a clean TiO5(110)-(1 x 1) surface
exhibiting bulk terminated atomic positions (see STM imaging
below) and Auger peaks characteristic of Ti and O. During the
deposition, the temperature was kept slightly above room temper-
ature (330 K). The potassium deposition was followed by measuring
the peak-to-peak values of K(LMM) at 252eV and Ti(LMM) at
385eV on AES curves (dN/dE) and by determining their relative
intensities (Rg) (Fig. 1A). It can be seen that in the function of
the duration, Rk increases almost linearly up to 1 and asymptot-
ically reaches a saturation value of app. 2.80 after 120 s deposition.
This curve-shape depends naturally on the heating current used
for the K-source and this duration-dependence was fixed during
this work by tuning the heating current from time to time. As it
was mentioned above, the saturation amount of deposited potas-
sium at 330K can be assigned to the concentration of the unit
cells on a TiO,(1 1 0) surface (5.2 x 10'* K atom/cm?2), accordingly,
the value of Rg (~2.8) corresponds to one monolayer coverage
(®k =1ML). It can be assumed that the peak-to-peak Auger-signal
intensity is proportional to the surface concentration of K (at
least up to one monolayer) in a good approximation, however,
the relative intensities (Rg), mainly because of the shadowing
effect, correlate only roughly with the surface concentration of
potassium. Naturally, to measure the absolute intensity is exper-
imentally much more difficult than to determine the relative
intensities. By taking into account that due to the shadowing
effect of the K overlayer, the decrease of the absolute intensity
of the Ti signal is ca. 25-30%, the error of the coverage calcu-
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Fig. 1. (A) Change of the relative AES intensity (Rk = Ix-252ev/Iti-385ev) as a function
of the duration of K deposition at 330K. Characteristic STM images of 7 x 7 nm?
recorded on (B) clean TiO2(110)-(1 x 1) and covered by (C) 0.09 ML, (D) 0.55 ML of
potassium.
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Fig. 2. (A) Change of the relative AES intensity (Rx) as a function of the annealing
temperature for three initial K coverages; (B) thermal desorption curves (TDS) of K
recorded at m/e =39 for different initial K coverages (heating rate is 2Ks~1).

lation is max 20-30% in our case, when we use Rk as a linear
indicator for the coverage: 1ML (5.2 x 1014 K atom/cm?2) belongs
to Rx=2.80.

The saturation of the potassium adlayer was followed also
by recording STM images. Fig. 1 shows the characteristic images
(7 x 7nm?) of clean (B) and K covered surfaces of 0.09 ML (C)
and 0.55ML (D). The clean surface exhibits dark and bright
lines running in parallel with a distance of 6.5nm. This mor-
phology is characteristic for (1 x 1) bulk terminated arrangement
where the bright rows can be identified with five-fold coordi-
nated Ti%* sites (Fig. 1B). At ®k=0.09 ML, elongated dark islands
appear at the place of the bright rows (Fig. 1C). This behaviour
is in harmony with the earlier observations presented for low
K-coverage [18]. In the case of 0.55ML coverage the dark pits
and white dots constitute a rather unordered surface structure
(Fig. 1D), although larger scale images (not shown here) indi-
cate some ordering in the [001] direction. For even higher
K-coverages, the surface exhibited only strongly disordered struc-
tures.

3.2. Annealing of K/TiO»(1 10) surfaces: AES and TDS
measurements

In this series of experiments, TiO5(1 1 0) surfaces were initially
deposited by different amount of potassium at near room tem-
perature (330K) and were subsequently annealed for 2min at
elevated temperatures between 300K and 1100 K. Auger-electron

Fig. 3. STM images (50 x 50 nm?) recorded on K deposited (0.09 ML) TiO»(110)
surface annealed at (A) 900K, (B) 1000K and (C) 1100K for 2 min.
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Fig. 4. STM images (100 x 100nm?) recorded on TiO»(110)-(1x 1) surface
deposited by K of 0.36 ML at 330K and annealed at (A) 700K, (B) 900K and (D)
1100K for 2 min. The size of the STM images inserted in B and C (bottom middle) is
7 x 7nm?.

spectroscopy measurements plotted in Fig. 2A were performed
for three initial K coverages: ® =0.35 ML (Rg =1.00), ® =0.65 ML
(Rg=1.82) and 0.99 ML (R =2.77). The change of the relative AES
intensities indicates that after a slight decrease between 300 K and
500K, a significant and gradual loss of the K signal can be detected
between 500 K and 900K for each probe. The curves show that the
higher the coverage the lower the temperature where the maxi-
mum rate of the potassium loss appears. For example, in the case
of the lowest initial coverage (R =0.35), the decrease of the K sig-
nal begins only above 700K. It can also be seen that all the three
curves approach a similar value (~Rg =0.10) in the range between
900K and 1100 K. This means that it is impossible to entirely clean
the surface from K by a few minutes annealing at 1100K. It is
worth remarking that to remove all potassium, the surface had
to be bombarded by Ar* ions and annealed for a few minutes
at 1100K.

The thermal desorption curves recorded for m/e=39 mass
spectrometer (MS) signal (characteristic of atomic K) after the
deposition of different amount of K at near room temperature
(330K) are presented in Fig. 2B. The heating rate of 2Ks~! was
applied in each case. The temperature range of the plots is limited to
900K because the MS signal increases very intensively (especially
for higher K coverages) above this temperature. We assume that
this behaviour is due to the desorption from the sample holder or to
the appearance of K ions among the desorbing species. For 0.25 ML
(or less), the MS signal of m/e =39 shows a very small feature at
around 450 K and above 800 K. More pronounced desorption traces
appear for ®x=0.57 ML and ®g =0.97 ML initial coverages. These
latter curves are peaked at around 550 K and 900 K and smaller des-
orption features appear at 400K and 750 K. The wide temperature
range is a typical feature of alkali metal desorption from differ-
ent metal and oxide surfaces and can be explained by a gradual
decrease of the activation energy (bonding energy) with the cover-
age. It is worth to note that the region around 550K for the initial
K coverage higher than 0.5-0.6 ML can be ascribed to simultane-
ous desorption of CO, and K due to decomposition of some surface
K,CO3 contamination. Some C contamination of the K adlayer was
also detectable in the range of 0.5-1.0 ML by Auger-spectroscopy.
We have looked for other desorption species like KO, K, 0, KO,, O,
and K, TiOs. It was found that a weak intensity KO desorption can
be detected in the temperature range of 800-900K for higher K
coverages.

3.3. Annealing of K/TiO»(1 1 0) surfaces: morphological
characterization by STM

As mentioned above, in the case of low K coverages
(®k <0.2 ML), annealing up to 900 K causes only a moderate change
in the relative AES signal intensity of K. In contrast to this stabil-
ity, STM images indicate substantial morphological changes of the
atomic terraces: the terrace edges became lacy and small dots of
1-2nm appear on TiO,(110)-(1 x 1) surface exposed to 0.09 ML
potassium at 330K and annealed at 900K for 2 min (Fig. 3A). Fur-
ther annealing at 1000K for 2 min results in straight line edges,
at the same time the terraces are covered with quasi rectangu-
lar or slightly elongated clusters (Fig. 3B). The concentration of
latter species decreases on the effect of annealing at 1100K for
2 min (Fig. 3C). Supposing that these clusters can be identified with
nanoparticles containing K, their disappearance is in good harmony
with the gradual decrease of R (see Fig. 2A) in this temperature
range. From this fact it can be concluded that these nanoclusters
consist of some surface K compound, which - instead of agglomer-
ation into larger crystallites — disappears (desorb from the surface
or diffuse into the bulk) in a relatively slow process. The insert of
7 x 7nm? in Fig. 3C (top left) exhibits a typical island with a height
of 0.2 nm.
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A similar deposition/annealing experiment was also performed
for a K coverage of 0.36 ML (Fig. 4). The surface structures obtained
after different K depositions at near room temperature have already
been presented above (Fig. 1). The STM image of 50 x 50 nm? in
Fig. 4A shows a characteristic surface morphology appearing after
athermal treatment at 700 Kin UHV for 2 min. Some ordering of the
surface in the [0 0 1] direction can obviously be seen, nevertheless,
the general morphology of the surface refers to some “etching” pro-
cess. The average periodicity of the deep and the protruding rows
is approximately 5 (+0.5) nm and the variation of the height is
0.3-0.4 nm. Further annealing at 900 K results in agglomeration of
the islands without any significant change of the average surface
corrugation of 0.5 nm (the Z-distance between the lowest and the
highest point of the image) (Fig. 4B). It should be remarked that in
accordance with the AES measurements presented in Fig. 2A, this
is the temperature regime where the largest K loss appears. This
treatment results in the appearance of a completely new order-
ing: 1 atomic layer deep leaky terraces and almost fully periodic
arrangement of [00 1] direction on the atomic terraces decorated
by some outrising nanodots. The lateral distance between the rows
is 1.3nm measured on the 7 x 7nm? image which corresponds
unambiguously to a (1 x 2) reconstruction (bottom middle insert in
Fig. 4B). This structure is well known from earlier studies and it was
identified with the protruding Ti, O3 stripes running parallel to the
[001] direction [7]. The fact that the surface is almost completely
transformed into (1 x 2) reconstruction, suggests a stoichiometric
removal of oxygen of approximately 0.5 ML (one oxygen atom from
every second unit cell of the support: 2TiO, =Ti;03 +0O) from the
entire surface layer. The other surprising result is that one atomic
deep terrace pits are formed in 20-30% of the layer. This latter fea-
ture can tentatively be explained also by the removal of Ti from the
surface layer what suggests a desorption of both K-O and K-Ti-O
compounds. Note that only at this K coverage (~1/3 ML) was it pos-
sible to obtain an almost completely (1 x 2) reconstructed surface.
Further annealing (2 min) at 1100K resulted in a (1 x2)—(1x 1)
phase transition (Fig. 4C). The lateral distance between the rows
is 0.65nm measured on the 7 x 7nm? image inserted in Fig. 4C
(bottom middle). Note, that the bulk terminated (1 x 1) surface
thus obtained shows higher concentration of reduced 1D stripes
(presumably having a Ti; O3 composition) than that for the initial
surface (before the deposition of K at near room temperature). This
change in the surface morphology can easily be explained with
the oxidation of the reduced top layer by the subsurface oxygen
segregating to the surface.

The effect of the variation of the initial K coverage can be seen
on the images presented in Fig. 5. The disturbed atomic terraces
formed after annealing at 900K can be compared. In the case of
a low K coverage (0.09 ML), the surface exhibits the formation
of flat terraces decorated by small nanoparticles described above
(Figs. 5A and 3). At approximately 1/3 ML coverage, the same treat-
ment results in the formation of pits and a reconstruction into

(1 x 2) arrangement (Fig. 5B). By further increasing the initial K
coverage, the extension of the pits becomes sufficiently large for
the appearance of protruding islands (Fig. 5C). The different ter-
race composition developed suggests that the removal (“etching”)
of the upper plane of the support is certainly connected to the initial
K concentration.

4. Discussion

In the former electron and photoelectron spectroscopy studies,
it was clearly shown that K atom adsorbs on oxygen sites through
forming ionic bond [16,18]. Some works argued for the formation
of KO surface compound, although the spectral features of this
species cannot be identified with bulk potassium-oxides [15]. It
was calculated that the charge of K(4s) orbital is transferred to
the Ti(3d) level through the bond formed between oxygen and
K, however, this process is probably not localized only on a sin-
gle neighbouring Ti ion but spreads out to several surface and
subsurface Ti ions [16,18]. By this assumption, it was possible to
explain the absence of an intensive Ti3* XPS signal. Pang et al.
have shown that the STM images recorded on a TiO5(110) sur-
face deposited by 0.03 ML of K at room temperature suggest a
formation of [0 0 1] oriented alternate-row islands of K atoms [18].
In our case, the appearance of elongated dark regions along the
[001] orientation can also be assigned to this structure (Fig. 1C,
Ok =0.09 ML). At the same time, by further increasing the K cover-
age, our STM images indicated the presence of disordered phases.
The appearance of a disordered surface structure suggests that dif-
ferent chemical reactions proceed at the K-TiO, interface at around
room temperature. On the effect of the adsorption of K atoms, the
bond strength between an O ion and a Ti ion decreases by the for-
mation of more reduced Ti ions. It means also that the oxygen ions
located around the adsorbed K atoms become more reactive. We
may assume that ordering of the K atoms into islands at very low
K coverages is governed by this process. By increasing the surface
concentration of K, it can be assumed that a given portion of K
atoms have the ability to form more localized bond with the sur-
face oxygen resulting in KO or K,TiO, (potassium metatitanate)
toplayer complexes. These latter reactions (probably exoterm ones)
can contribute to a dramatic restructuring of the upper atomic lay-
ers and can cause a disordering of the surface already at near room
temperature.

According to our best knowledge, this is the first systematic STM
study on the thermal behaviour of a K-deposited TiO, single crystal
surface. The thermally induced morphological changes studied for
lower K coverage (app. 0.1 ML) clearly indicate that in spite of the
very slight change of the relative K Auger-signal and the lack of des-
orbing species detectable by TPD measurements, the STM indicates
a huge material transport in the surface layers even below 900K
(Figs. 2 and 3). The splitting of terraces is especially an interesting

Fig. 5. STM images (100 x 100 nm?) taken up after different K depositions at 330K and annealing at 900K for 2 min: (A) 0.09 ML, (B) 0.35 ML and (C) 0.66 ML.
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feature suggesting that Ti ions become also mobile in the presence
of surface K at this low concentration. Above 900K, the nanocrys-
tallites distributed on the reordered (1 x 1) terraces can be ascribed
to strongly bonded K-O or K-Ti-O phases. Taking into account the
low intensity of the AES signal and the relatively large coverage of
islands found by STM (Fig. 3B), it can be assumed that the K atom
is immerged in the interface (subsurface) layer [25]. For larger K
coverages (~1/3 ML) we have found even more dramatic rearrange-
ments in the surface layers (Fig. 4). The disordered surface at room
temperature exhibits a gradual ordering on the effect of increas-
ing the temperature and at 900 K a complete (1 x 2) reconstruction
takes place. This result contradicts somehow to LEED patterns
obtained earlier by Hayden and Nicholson where a TiO,(1 1 0) sur-
face covered by 3 ML of K at 140 K and heated up to 700 K exhibited
a c(2 x 2) ordered phase [22]. These authors associated this phase
to the formation of a strongly bonded potassium monolayer which
is not really reasonable in the light of the present study. Although
the presence of K is evidenced by AES measurements for the (1 x 2)
reconstructed surface (Figs. 2A and 4B), the contribution of this
element to the structure is probably negligible. Accordingly, we
have to assume that this phase consists of Ti; O3 stripes running in
parallel with the [001] orientation and this structure is the well
known (1 x 2) reconstructed phase of the TiO,(110) surface. In
other words, the TiO, surface is completely reduced on the effect of
annealing in the presence of surface potassium. This feature is quite
similar to that described for the Cs/TiO»(110) system [23]. In this
work, it was assumed that the partial reduction of TiO, by adsorbed
K or Cs and the formation of a mixed alkali-metal-Ti oxide may be
thermodynamically preferred. From experimental aspects, a weak
point of this argument could be that, in our case, no other desorbed
species, but potassium and a very low intensity KO signal, were
detected. In an earlier paper, the bulk to surface diffusion of Ti ions
was studied and it was concluded that below 900 K the segregation
of Ti to the surface is strongly retarded [26]. In this way, only the
pits appeared on the TiO,(110) atomic terraces (Fig. 4B) suggest
that a compound containing Ti was also desorbed.

5. Conclusion

At very low coverages (<0.05 ML), the potassium deposited on
a bulk terminated TiO,(110)-(1 x 1) surface at room temperature
forms 1D-like islands in harmony with the previous observations,
however, at higher K coverages (up to 1ML), only disordered
structures were detected by scanning tunneling microscopy. The
annealing of the K covered TiO,(110) surfaces caused a gradual
decrease of the amount of potassium in the range of 400 and
1000K, as it was shown by AES and TDS measurements. The
strong interaction of the surface potassium with the support oxide
showed itself in a complete reordering of the terrace structure
and the splitting of the terraces (etching-like behaviour) as an
effect of the annealing at elevated temperatures. Moreover, at
around 1/3 ML potassium coverage, the thermal treatment at 900 K
resulted in a complete reordering of the bulk terminated surface

into a (1 x 2) reconstructed arrangement indicating that the oxide
surface became strongly reduced. The appearance of pits in the
terraces detected by STM imaging, suggests the formation and
the desorption of some Ti-K-O surface compound, although, we
could not detect any species of this type by thermal desorption
mass spectrometry. The annealing at even higher (1050K) tem-
peratures resulted in the reappearance of the (1 x 1) registry of
the TiO,(110) surface (re-oxidation of the support surface). This
latter process may be connected to the segregation of oxygen from
the subsurface region. Furthermore, nanocrystalline 2D species of
approximately 2 nm lateral extension containing K and Ti atoms
were observed by STM for 0.10-0.15 ML K initial coverages at room
temperature followed by annealing at 950-1050 K.
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