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Abstract
Chemical reactions of titanium-oxide ultrathin ﬁlms on Pt(1 0 0) and associated changes in the surface structure have
been studied by STM (scanning tunneling microscopy), LEED (low energy electron diﬀraction), AES (Auger electron
spectroscopy) and TPD (temperature programmed desorption). Such reactions and changes have important consequences for understanding and modeling of catalysis of related systems and the oxide structures formed have an additional signiﬁcance in their subsequent use as masks or templates on Pt(1 0 0) in studies relevant to nanotechnology. In a
previous paper [Matsumoto et al., Surf. Sci., submitted] we characterized a monolayer-oxide ﬁlm exhibiting a (3 · 5)
structure on Pt(1 0 0) as due to Ti2O3. Herein, we characterize changes that occur in this ﬁlm during subsequent oxidation and reduction reactions, and propose models for the structures of TiOx ﬁlms that are formed. O3 (ozone) or NO2
(nitrogen dioxide) oxidation of the (3 · 5)-Ti2O3 ﬁlm at 600 K and subsequent annealing to 700–950 K in vacuum
produced disordered oxide regions and domains of a (4 · 13) structure that we attribute to a TiO2 ﬁlm with a square
–Ti–O– net. This ﬁlm is transformed further after annealing at 1000–1100 K to (3 · 5)-Ti2O3 domains and domains
p
p
exhibiting a (2 2 · 2 2)R45 structure that we attribute to a Ti5O8 ﬁlm. Additional heating of this ﬁlm to 1200 K
forms primarily a (3 · 5)-Ti2O3 oxide ﬁlm. Three dimensional clusters of TiO2 are also produced by these oxidation
and annealing procedures. Initial oxidation of a ‘‘ﬂat’’ (3 · 5) oxide ﬁlm at 600 K reconstructs this surface to form a
multilayer, porous oxide ﬁlm, and more extensive oxidation eventually forms a much less porous oxide ﬁlm with pyramidal oxide crystallites. Oxidation of the (3 · 5) structure using NO (nitric oxide) diﬀers from that above in that the
p
p
(4 · 13) structure was not observed, but oxidation does produce the (2 2 · 2 2)R45 structure due to dissociation
of NO at Pt sites. The titanium oxide ﬁlms on Pt(1 0 0) described above block adsorption of CO at Pt sites at temperatures above 210 K, and also these surfaces do not oxidize CO. Exposure to a stronger reducing agent, HCOOH (formic
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acid), leads to molecular formic acid desorption at 371 K from a thick titanium oxide ﬁlm containing (3 · 5) domains
without a trace of surface reduction. However, formic acid exposures at low temperatures followed by heating in TPD
p
p
reduce the (4 · 13) oxide structure, which is inert to reduction by CO, to form (3 · 5) and (2 2 · 2 2)R45 domains.
Formic acid is also desorbed molecularly from clean Pt(1 0 0) at 330 K.
 2004 Elsevier B.V. All rights reserved.
Keywords: Low electron energy diﬀraction (LEED); Scanning tunneling microscopy; Oxidation; Surface chemical reaction; Platinum;
Titanium oxide

1. Introduction
Many ordered structures of oxide thin ﬁlms
have been produced on metal single crystal surfaces in order to study oxide-surface properties
and epitaxial growth mechanisms of oxides.
Understanding the structural and mechanical nature, along with the electronic and chemical properties, of oxide ﬁlms is important for a wide range of
applications, including those in electronic devices
and recording media [1], sensors, and heterogeneous catalysts. In particular, the migration of oxide
ﬁlms onto metal particles present in supported
metal catalysts has been reported for catalysts
showing SMSI (strong metal-support interaction).
Also, thin oxide ﬁlms formed on metal substrates
have been used as model surfaces to observe phenomena at the atomic level, including bifunctional
catalysis [2], special properties of oxide-metal
boundaries [2,3], and alloy formation [4]. These
ﬁlms have an advantage in fundamental studies
that electron- and ion-based spectroscopic methods, and STM (scanning tunneling microscopy),
can be utilized because of their higher conductivity
compared to bulk oxides. Also, the higher thermal
conductivity of these samples allows for the use of
simple heating systems [5].
Self-assembled oxide thin ﬁlms provide exquisite
capability for modifying surfaces at the nanoscale
or atomic level. Ultrathin ﬁlms can be used to
‘‘hide’’ the substrate partially [6] in order to limit
interactions between adsorbates and the substrate.
Another exciting application is to use such ﬁlms as
a ‘‘surface mesh’’, net, or structured template for
subsequent deposition. For example, the oxide template could be used to support metal clusters possessing a small size distribution that could be
produced by subsequent evaporation of an immisci-

ble metal followed by slight annealing to drive clustering. Such an approach should be helpful for
studying quantum size eﬀects in metal cluster catalysts and the dramatic activity changes that have
been reported to depend on the metal cluster size [7].
Chemical properties of titanium oxide thin ﬁlms
are of particular interest. It has been reported for
catalysts exhibiting SMSI that TiOx (x  1) ﬁlms
encapsulate Pt clusters on the TiO2 support and
block adsorption sites of CO and H2 [11]. However, few reactions have been studied on model
systems composed of TiOx thin ﬁlms on Pt single
crystal surfaces. Adsorption and chemical reactions have been studied on TiO2(1 1 0) single crystal surfaces rather extensively. Decomposition of
HCOOH (formic acid) [12] and dissociative
adsorption of CH3OH (methanol) [13] were reported on TiO2(1 1 0) terraces. On defect sites with
bridging O vacancies, stronger adsorption of CO
[14], dissociative adsorption of H2 [15,16] and
H2O [17,18], and decomposition of NO [19] were
found, in addition to oxidation with O2 [20]. These
results suggest that the terraces, and especially the
perimeters, of titanium oxide ﬁlms could play
important roles in surface reactions.
In a previous paper, we produced a titaniumoxide monolayer ﬁlm exhibiting a (3 · 5) structure
by Ti evaporation in an O2 background on a
Pt(1 0 0) substrate and then annealing in O2 [8].
This structure was attributed to Ti2O3. This is different from the TiO2 thin ﬁlm with a structure similar to TiO2(1 1 0) [10] that was produced on
Pt(1 1 1) by using a similar procedure [9], and this
illustrates the importance of the substrate structure and chemistry. At the outset of these investigations, we proposed that new, ordered, TiO2
thin ﬁlms could be produced on Pt(1 0 0) by varying the deposition and growth conditions, and in
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particular by using oxidants stronger than O2,
such as O3 (ozone) and NO2 (nitrogen dioxide),
or perhaps NO (nitric oxide). We report here on
our investigations of the structure and chemical
properties of deeply oxidized titanium ﬁlms on
Pt(1 0 0) as characterized by STM, LEED (low
electron energy microscopy), AES (Auger electron
spectroscopy) and TPD (temperature programmed
desorption). While theoretical calculations are critically needed to properly elucidate these oxide
structures, tentative ‘‘net-like’’ models for two
new, ordered, titanium-oxide ﬁlm structures on
Pt(1 0 0) are proposed in hopes of stimulating such
calculations and further experiments.
2. Experimental methods
Experiments were carried out in a UHV (ultrahigh vacuum) chamber with capabilities for STM,
LEED, TPD, and AES [21]. Preparation of a clean
Pt(1 0 0) surface and the method of Ti evaporation
are described elsewhere [8]. The procedure to prepare high purity ozone is also described in a previous report [22].
CH3OH (methanol) and HCOOH (formic acid)
were used after several freeze-pump-thaw cycles
and checks of the purity using the mass spectrometer in the UHV chamber. Peak-to-peak height
ratios in AES were obtained using the Pt (237
eV), Ti (387 eV), O (510 eV) and C (272 eV)
signals. Sensitivities for those transitions are
1:2:2.4:1, respectively [23]. All STM images were
acquired in constant-current mode with the sample
at 300 K.
The coverage where one layer of a ﬁlm attributed to Ti2O3 covered the Pt(1 0 0) surface, as
determined by STM, and also where TiO2 assigned
to a second layer started to appear in XPS [8] was
deﬁned to be 1 ML (monolayer).
3. Results
3.1. Oxidation of a titanium oxide ﬁlm on Pt(1 0 0)
by using NO2 or O3
A titanium-oxide monolayer ﬁlm exhibiting a
(3 · 5) structure, attributed to Ti2O3, can be pro-

duced by Ti evaporation in an O2 background
on Pt(1 0 0) and annealing in O2 [8]. We attempted
to carry out a deeper oxidation of this oxide ﬁlm
on Pt(1 0 0) by using stronger oxidants, NO2 and
O3. NO2 or O3 exposures of 1–100 L on the
(3 · 5) oxide ﬁlm at a coverage above 1 ML at
200 K were carried out. TPD spectra following
these exposures showed no clear desorption product peaks in signals monitored at 14 (N), 16 (O), 28
(N2 and CO), 30 (NO), 32 (O2), 44 (N2O), and 46
(NO2) amu. However, after heating to 600–1000 K
during TPD, an additional LEED pattern was observed. Yet another, diﬀerent structure could be
obtained by deeper oxidation using 1–100-L NO2
or O3 exposures on the (3 · 5) oxide ﬁlm on
Pt(1 0 0) at 600 K and subsequently annealing to
even higher temperatures in vacuum. Both of these
new structures are described below.
3.1.1. Formation of a titanium oxide ﬁlm on
Pt(1 0 0) with a (4 · 13) structure
Oxidation of a (3 · 5) oxide ﬁlm [8] by exposures of NO2 or O3 on the surface at 600 K and
subsequent annealing at 700–950 K produced a
new, ordered structure in LEED. The observed
LEED pattern, along with a simple simulation of
the LEED pattern corresponding to a (4 · 13)
structure, are shown in Fig. 1(a) and (b), respectively. The ellipses in the two ﬁgures encircle corresponding spots. Only some of the simulated LEED
spots were observed in the measured LEED pattern because of dynamical eﬀects and small domain sizes. This structural change was associated
with a change in the Pt:Ti:O AES ratio from
1:3:3.5 to 1:3:4. XPS studies reported elsewhere
[8] were used to attribute the (4 · 13) structure to
a TiO2 ﬁlm.
Fig. 2(a) is an STM image of the (4 · 13) oxide
ﬁlm. Five diﬀerent types of domains labeled as A
and G–J were observed. G domains have a row
structure with a periodicity that is 13 times larger
than the width of a (1 · 1)-Pt(1 0 0) unit cell. We
assign these domains to the (4 · 13) oxide structure.
are due to an oxide ﬁlm with a
p H domains
p
(2 2 · 2 2)R45 structure (as discussed in detail
below), and I domains are due to a disordered
oxide ﬁlm. J domains are due to one layer of Pt
clusters with a height of 0.2 nm, and A domains
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Fig. 1. (a) LEED pattern of the (4 · 13) structure produced by
6-L NO2 oxidation of the (3 · 5) oxide ﬁlm on Pt(1 0 0) at 600 K
and annealing at 950 K in vacuum. (b) Simulated LEED
pattern for a (4 · 13) unit cell. The rectangle given in (b)
indicates the unit cell, and the superimposed ellipses in each
ﬁgure encircle corresponding spots. The open circles indicate
the primary beams for the (1 · 1)-Pt(1 0 0) surface.

are due to (5 · 20)-Pt(1 0 0) patches on the substrate. The structure of the A domains was conﬁrmed by expanded images obtained for these
domains (not shown). Fig. 2(b) shows an expanded
image from a G domain, which additionally reveals that the Moiré pattern contains ordered,
bright spots. The line scan indicated in this STM
image gives a cross-section that is displayed below
the image, and this shows an apparent corrugation
of 0.07 nm for the Moiré structure.
Repeating the NO2 or O3 oxidation of these
ﬁlms at 600 K and annealing at 700–900 K increased the area of domains labeled as I and J,
and also caused the appearance of TiO2 clusters
as identiﬁed elsewhere [8].
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Fig. 2. STM topographs from a titanium-oxide ﬁlm on Pt(1 0 0)
exhibiting a (4 · 13) structure. (a) Surface region manifesting
the (4 · 13) structure (Vs = 0.11V, It = 1.85 nA). Domains
labeled A, G, H, I and J are assigned respectively to bare
p
p
(5 · 20)-Pt(1 0 0), (4 · 13) oxide structure, (2 2 · 2 2)R45
oxide structure (seen more clearly in Fig. 4), disordered oxide
domains and Pt clusters. (b) High-resolution image (Vs = 0.54
V, It = 1.5 nA) showing the Moiré pattern from the (4 · 13)
oxide structure. The cross-section of the line scan indicated in
the bottom image is shown directly below the image.

3.1.2. Formation p
of a p
titanium oxide ﬁlm on
Pt(1 0 0)
with
a
(2
2
·
2
2)R45 structure
p
p
A (2 2 · 2 2)R45 structure was obtained by
annealing the (4 · 13) surface to 1000–1100 K in
vacuum. This structure was observed locally after
the (3 · 5) surface was exposed to NO2 or O3 with
the sample below 300 K and then annealed at 800–
1100 K.
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observed LEED pattern from the
pThe p
(2 2 · 2 2)R45 structure is shown in Fig. 3(a)
and the corresponding simulation is shown in
Fig. 3(b). The STM
in Fig. 4(a) rep topogragh
p
vealed that the (2 2 · 2 2)R45 ﬁlm is built with
a square net or ‘‘surface mesh’’. An expanded view
of this structure is shown in Fig. 4(b). The brightest and darkest dots were observed at the corners
and center of the unit cell, respectively. A crosssection along the straight line superimposed on
the image is shown directly below and indicates
that the corrugation of this structure is 0.07 nm.
Three types of defects,
p denoted
p as H1–H3 in
Fig. 5, were found in (2 2 · 2 2)R45 domains

Fig. 4. STM topographs from a titanium-oxide ﬁlm on Pt(1 0 0)
p
p
exhibiting a (2 2 · 2 2)R45 structure. (a) Surface region
manifesting an ordered domain (Vs = 0.11 V, It = 1.85 nA). (b)
High-resolution image (Vs = 0.14 V, It = 0.84 nA). A defect
(denoted as H1 in Fig. 5) is highlighted with a circle. The crosssection of the line scan indicated in the bottom image is shown
directly below the image. Superimposed squares indicate the
p
p
(2 2 · 2 2)R45 unit cell.

p
p
Fig. 3. (a) LEED pattern of the (2 2 · 2 2)R45 structure
produced by annealing a (4 · 13) oxide structure at 1000 K in
p
p
vacuum. (b) Simulated LEED pattern for a (2 2 · 2 2)R45
unit cell. The rectangle given in (b) indicates the unit cell, and
the open circles indicate the primary beams for the (1 · 1)Pt(1 0 0) surface.

at a concentration of 10–15%. The apparent height
of these defects, H1–H3, from bright corners of the
net are 0.10 ± 0.02 nm, 0.00 ± 0.01 nm, 0.07 ±
0.01 nm, respectively.
p
pA submonolayer coverage of the (2 2 ·
2 2)R45 structure could be reduced to the
(3 · 5) structure by annealing at 1200 K in vacuum. This surface could be reoxidized by O3 or
NO2 to form the (4 · 13) structure, but this reoxidation was accompanied by the formation of TiO2
clusters and bare Pt domains.
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Fig. 5. STM topograph showing defect sites on a titaniump
p
oxide ﬁlm on Pt(1 0 0) exhibiting a (2 2 · 2 2)R45 structure
(Vs = 0.39 V, It = 0.87 nA). We attribute the defects labeled
H1–3 as due to population of a second layer, Ti atoms in the
p
p
center of the unit cell, and rotated (2 2 · 2 2)R45 nets,
respectively.

3.1.3. Deep oxidation of a titanium oxide ﬁlm on
Pt(1 0 0) with a (3 · 5) structure
Deep oxidation of the (3 · 5)-Ti2O3 ﬁlm on
Pt(1 0 0) carried out with NO2 and O3 was observed by using STM to reveal the mechanism of
TiO2 cluster formation. Fig. 6(a) shows an STM
image after oxidation using 3-L O3 with the substrate at 300 K carried out on the homogeneous
(3 · 5) surface (as seen in Fig. 4 of Part I [8]). Oxidation started mainly from step edges as highlighted by the superimposed black ellipse. The
magniﬁed view shown in Fig. 6(b) revealed row
structures that are similar to those in the (4 · 13)
structure. About 90% of the area was recovered
as the homogeneous (3 · 5) surface after annealing
to 900 K. However, this was accompanied by formation of (5 · 20)-Pt(1 0 0) domains and TiO2
islands.
After dosing 3-L O3 on the surface at 600 K,
Fig. 7 shows that the deeply oxidized domains expanded only from step edges. The image showed a
mixture of (3 · 5) domains B and new domains K.
Most of the surface area was recovered as (3 · 5)
domains after annealing at 900 K.
Further oxidation using 9-L O3 on the surface
at 600 K caused the deeply oxidized area to reach
the opposite step edge. On this surface, ‘‘holes’’
were produced with an apparent depth of 0.25

Fig. 6. STM topographs of the (3 · 5) oxide ﬁlm on Pt(1 0 0)
after further oxidation using 3-L O3 with the substrate at 300 K.
(a) Oxidation occurs principally at step edges (as highlighted by
the superimposed black ellipse) (Vs = 0.47 V, It = 0.47 nA). The
cross-section of the line scan indicated in the image is shown
directly below. (b) Expanded view of a deeply oxidized domain
(Vs = 1 V, It = 0.48 nA).

nm as shown in the cross-section a1–a2 in Fig. 8.
This indicates a depth of a few layers. The crosssection b1–b2 indicates that the apparent corrugation of
p smaller
p holes is 0.07 nm, and so the
pseudo-(2 2 · 2 2)R45 nets, indicated at c1 for
example, were produced on a three-layer thick
ﬁlm. When this surface was annealed at 900 K in
vacuum,
the LEED pattern was a mixture of the
p
p
(2 2 · 2 2)R45 and (3 · 5) structures.
Fig. 9(a) shows an STM image obtained after
oxidation using 15-L O3 on the surface at 600 K.
Trigonal prism clusters were observed, and most
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Fig. 7. STM topograph of the (3 · 5) oxide ﬁlm on Pt(1 0 0)
after further oxidation using 3-L O3 with the substrate at 600 K
(Vs = 1 V, It = 0.16 nA). Domains B and K are assigned to the
(3 · 5) oxide ﬁlm and more deeply oxidized regions, respectively. The cross-section of the line scan indicated in the image
is shown directly below.

Fig. 9. STM topographs of the (3 · 5) oxide ﬁlm on Pt(1 0 0)
after further oxidation using 15-L O3 with the substrate at 600
K. (a) Titania clusters (Vs = 1.1 V, It = 0.78 nA). (b) Expanded
view of the region indicated by the superimposed dashed box in
(a) (Vs = 0.2 V, It = 0.74 nA). The cross-section of the line scan
indicated in the image is shown directly below.

Fig. 8. STM topograph of the (3 · 5) oxide ﬁlm on Pt(1 0 0)
after further oxidation using 9-L O3 with the substrate at 600 K
(Vs = 1.1 V, It = 0.47 nA). Cross-sections along the lines a1–a2
and b1–b2 indicated in the image are shown directly below. A
p
p
(2 2 · 2 2)R45-like structure is observed (denoted as c1).

step edges of these clusters were along the [0 1 1]
and equivalent directions. The area highlighted

by the superimposed black box in Fig. 9(a) is
shown on an expanded scale in Fig. 9(b). The
heights of the clusters are 0.14, 0.21 or 0.28 nm
as the cross-section along the indicated
black
p
p line
shows. A mixture of (4 · 13), (2 2 · 2 2)R45
and (3 · 5) domains and TiO2 clusters were produced after annealing this surface in vacuum at
900 K.
Another set of experiments were carried out in
which the Ti deposition on Pt(1 0 0) was performed
in a partial pressure of O3 (rather than O2) with the
substrate at 700–900 K. This procedure, or anneal-
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ing the (3 · 5) ﬁlm in O3 to near 900 K gave LEED
patterns corresponding to the (4 · 13) and ‘‘24structure’’ [8] ﬁlms. The best LEED patterns
were obtained after annealing these ﬁlms at the
lowest
temperature
of 1000 K. While (4 · 13),
p
p
(2 2 · 2 2)R45 and (3 · 5) domains and TiO2
clusters were observed on these surfaces after
annealing to 1000 K in vacuum, a ‘‘ﬂat’’ oxide ﬁlm
was never observed.
3.2. NO adsorption and reduction via oxidation of a
titanium oxide ﬁlm on Pt(1 0 0)
A submonolayer, (3 · 5) oxide ﬁlm on Pt(1 0 0)
at 300–1000 K was not oxidized by 100-L O2 exposure [8], presumably due to the low sticking
probability on Pt(1 0 0) estimated at 103 [31].
Another potential oxidant, NO, was used to examine the stability of titanium oxide ﬁlms on Pt(1 0 0)
to oxidation reactions. NO TPD spectra were acquired following NO exposures on the (5 · 20)Pt(1 0 0) surface, a submonolayer (3 · 5) oxide ﬁlm
surface (Pt/Ti/O AES ratio of 1/1/1), and a several
monolayer thick (3 · 5) oxide ﬁlm surface (Pt/Ti/O
AES ratio of 1/3.2/3.2). A 6-L NO exposure was
given on each these surfaces at 200 K and then
the TPD spectra were obtained. This entailed heating the surfaces to 800 K. On Pt(1 0 0), TPD peaks
at 450–500 K were observed for signals at 28 (N2),
30 (NO) and 44 (N2O) amu, and at 700 K for 32
(O2) amu. This behavior is similar to that described in a previous report [2]. The submonolayer
(3 · 5) oxide ﬁlm surface gave smaller TPD peaks
for N2, NO and N2O, but no O2 peak was detected. Also,
p anpadditional LEED pattern indicating a (2 2 · 2 2)R45 structure appeared after
the TPD measurements. For the (3 · 5) oxide ﬁlm
that was several monolayer thick, no desorption
peaks and no change in the LEED pattern were
observed during or after TPD measurements.
3.3. CO adsorption on titanium oxide ﬁlms on
Pt(1 0 0)
CO adsorption on several substrates at 210 K
was used to probe aspects of the surface chemistry
of titanium oxide ﬁlms on Pt(1 0 0). Fig. 10 shows
CO TPD spectra following 6-L CO adsorption

Fig. 10. CO TPD spectra after 6-L CO exposures on the clean
(5 · 20)-Pt(1 0 0) surface, a surface characterized by the presence
p
p
of a mixture of (3 · 5), (4 · 13), (2 2 · 2 2)R45 oxide
domains along with bare Pt(1 0 0), and thick titania ﬁlms with
(3 · 5) oxide domains on the Pt(1 0 0) surface. Exposures were
carried out with the surfaces at 210 K. CO TPD spectra from
TiO2(1 1 0) [14] are reproduced as an inset in the upper left hand
corner. No desorption peak at 44 amu (CO2) was observed in
these experiments.

on a (i) (5 · 20)-Pt(1 0 0) surface, (ii) partially covered Pt(1p
0 0) surface
containing a mixture of
p
(3 · 5), (2 2 · 2 2)R45, and (4 · 13) oxide domains and bare, Pt(1 0 0) domains, and (iii) thick
titanium oxide ﬁlm with (3 · 5) domains on
Pt(1 0 0) (as shown in Fig. 12 of Ref. [8]). CO
TPD spectra from oxidized and reduced
TiO2(1 1 0) surfaces are also displayed as a reference. CO TPD peaks were observed at 506 K from
both clean Pt(1 0 0) and the partially oxide-covered
Pt(1 0 0) surface. The Pt(1 0 0) results were similar
to those in a previous study [24]. The mixture of
oxide domains that partially covered the Pt(1 0 0)
surface only served to reduce the CO TPD peak
area, i.e., reduce the amount of adsorbed CO,
from that on the oxide-free Pt(1 0 0) surface. Thick
titanium oxide ﬁlms essentially eliminated CO
adsorption on the substrate surface at 210 K, but
a small (0.02 ML) TPD peak was seen at 534
K. Identical CO TPD spectra were obtained from
a 2-ML thick (3 · 5) oxide ﬁlm on Pt(1 0 0). No
CO2 TPD peak was observed from any of these
surfaces after CO adsorption.
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p
p
In addition, the (2 2 · 2 2)R45 domains on a
partially covered Pt(1 0 0) surface containing a
mixture of domains at 300 K were observed by
STM in a ﬂow of CO at 6.7 · 105 Pa. No changes
in structure were observed. Also, the (3 · 5) oxide
ﬁlm on Pt(1 0 0) was not reduced in a CO ﬂow at
105 Pa with the substrate 750 K as checked by
LEED and AES. Furthermore, no carbon was detected by AES after all of the experiments involving CO adsorption and TPD, which included
heating to 700 K.
3.4. HCOOH adsorption and decomposition on
titanium oxide ﬁlms on Pt(1 0 0)
TPD spectra of HCOOH following adsorption
of HCOOH on a (5 · 20)-Pt(1 0 0) surface and
(3 · 5) titanium oxide ﬁlm on Pt(1 0 0) are shown
in Fig. 11. A HCOOH TPD spectrum after
HCOOH adsorption on a reduced TiO2(0 0 1) surface that was produced by Ar+-ion sputtering is
also displayed [25]. In our experiments, a 30-L
HCOOH exposure was made on the samples at
150 K, and then TPD curves were obtained during
heating to 800 K. Signals in TPD were monitored
at 46 (HCOOH), 2 (H2), 18 (H2O), 28 (CO), and
44 (CO2) amu. TPD peaks appropriate for
HCOOH desorption, including the cracking fractions at other masses, appeared at 189 and 330 K
on Pt(1 0 0). The low- and high-temperature peaks
are attributed to molecular desorption of HCOOH
from the physisorbed multilayer and chemisorbed
layer, respectively. No desorption of other decomposition products was observed, and no signals
due to C or O on the surface were detected by
AES after the TPD scan. Because HCOOH
adsorption and desorption from Pt(1 0 0) has not
been reported previously, we took extra care to insure that our TPD results reproducible, and the
Pt(1 0 0) surface order and cleanliness were
checked by AES, LEED and CO TPD before
and after the HCOOH experiments.
The HCOOH TPD spectrum after HCOOH
adsorption on a (3 · 5) oxide ﬁlm on Pt(1 0 0),
which contained some TiO2 clusters and 2%
bare-Pt sites, gave two HCOOH desorption peaks
at 189 and 371 K. These can be attributed to the
same origins as above. No desorption of other

Fig. 11. HCOOH TPD spectra after 30-L HCOOH exposures
on the clean (5 · 20)-Pt(1 0 0) surface and thick titania ﬁlms with
(3 · 5) oxide domains on the Pt(1 0 0) surface. Exposures were
carried out with the surfaces at 150 K. A HCOOH TPD
spectrum from a reduced TiO2(0 0 1) surface [25] is reproduced
as an inset in the upper right hand corner. No desorption peaks
at 2, 18, 28 and 44 amu were observed in these experiments
other than the expected cracking fragments of HCOOH in the
mass spectrometer.

decomposition products was observed, and the
Pt:Ti:O AES ratio characterizing this surface was
unchanged at 1:3:3 after the TPD scan.
HCOOH adsorption and desorption from a
(4 · 13) oxide ﬁlm on Pt(1 0 0) was also examined
by TPD during which the sample was heated to
800 K. No clear HCOOH (or other product)
desorption peaks were observed during TPD, however, small, ambiguous desorption features for
H2O and CO2 were observed around 280–330
and 330 K, respectively. This indicates that the
surface was nearly inert for HCOOH adsorption.
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However, the LEED pattern
to indicate a
p changed
p
mixture of (3 · 5) and (2 2 · 2 2)R45 domains
after HCOOH exposure and heating in TPD,
and the Pt/Ti/O AES ratio changed from
1:2.5:3.8 before HCOOH exposure to 1:2.5:2.8
after TPD.
3.5. H2 exposures on titanium oxide ﬁlms on
Pt(1 0 0)
Adsorption of H2 and possible reduction of a
(3 · 5) oxide ﬁlm on Pt(1 0 0), characterized by a
Pt/Ti/O AES ratio of 1:3:3, was investigated. The
(3 · 5) surface at 300 K was exposed to
1.3 · 105 Pa H2 and to a combined mixture of
CO and H2 gases, each at a partial pressure of
1.3 · 105 Pa, with the sample at 300–750 K. During and subsequent to these experiments, no
change was observed in the LEED patterns or
AES spectra. These observations are consistent
with previous results on TiO2(1 1 0) surfaces indicating that either H2 does not dissociatively adsorb
at fully oxidized sites or H2 rapidly dissociatively
adsorbs and recombines at defect sites with O
vacancies [15,16].

4. Discussion
In a previous paper [8], we characterized
a monolayer titanium-oxide ﬁlm exhibiting a
(3 · 5) structure on Pt(1 0 0) as due to Ti2O3. Herein, we characterized changes that occur in this ﬁlm
during subsequent oxidation and reduction reactions. A variety of ordered-ﬁlm structures were observed. A (4 · 13) structure was produced locally
by O3 or NO2 oxidation of the (3 · 5)-Ti2O3 ﬁlm
at 600
p K and
p annealing at 700–950 K in vacuum.
A (2 2 · 2 2)R45 structure was formed locally
by annealing of the (4 · 13) structure at 1000–
1100 K in vacuum, and this structure decomposed
to the (3 · 5) structure after annealing above 1200
K in vacuum. Also, the reactivity of these ﬁlms depended on their structure. The (3 · 5) domains
were oxidized with strong oxidizing agents, but inert against several reducing agents under UHV
conditions. O3 oxidation of the (3 · 5)-Ti2O3 ﬁlm
at 600 K caused crystallization in the titanium
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oxide ﬁlm. These crystals decomposed at 900 K
and agglomerated
to form TiO2 clusters and
p
(4 · 13), (2 2 · 2 · 2)R45, and (3 · 5) structures.
NO was reduced on the (3 · 5)-Ti2O3 ﬁlm because
of NO decomposition at Pt sites and this oxidized
p
the
p (3 · 5) ﬁlm surface to form the (2 2 ·
2 2)R45 structure. HCOOH adsorbed reversibly
on (3 · 5) terraces, but the (4 · 13) domains were
reduced
p
pby HCOOH to form (3 · 5) and
(2 2 · 2 2)R45 domains. No reduction with
H2 was observed on the (3 · 5) domains, and titanium oxide ﬁlms blocked CO adsorption sites
above 210 K.
It is imperative to determine the atomic composition and structure of these titanium oxide ﬁlms if
we are to develop structure-property relationships
and better understand the origin of their chemical
properties. Theoretical calculations, along with
additional experimental studies, are critically
needed to properly elucidate these oxide structures. However, it is useful to propose at this
time tentative models for the two new, ordered,
titanium-oxide ﬁlm structures on Pt(1 0 0) in hopes
of stimulating such calculations and further
experiments.

4.1. Proposed model of a titanium oxide ﬁlm on
Pt(1 0 0) with a (4 · 13) structure
Fig. 12(a) provides a high-resolution STM
image of a titanium oxide ﬁlm on Pt(1 0 0) with a
(4 · 13) structure. Two domains can be observed
in Fig. 12(a), one showing bright dots along the
y1–y3 rows and the other showing bright dots
along the y4–y5 rows. The Moiré pattern can be
explained by a mismatch between the –Ti–O– nets
in the oxide ﬁlm and the Pt(1 0 0) substrate. Very
bright spots might originate from Ti atoms ‘‘lifted
up’’ on top of Pt atoms such as that which occurs
at a crossing of x1 and y1.
A schematic drawing of our proposed model
for this oxide structure is given in Fig. 12(b).
The superimposed white rectangles indicate the
unit cell of the (4 · 13) structure. The smaller,
‘‘square-net’’ sub-structures have atomic positions for Ti and O that are similar to the superimposed ﬁrst and second layers of the TiO2(0 0 1)
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4.2. Proposed model
p of aptitanium oxide ﬁlm on
Pt(1 0 0) with a (2 2 · 2 2)R45 structure
A high-resolution STM imagepof a p
titanium
oxide ﬁlm on Pt(1 0 0) with a (2 2 · 2 2)R45
structure is given in Fig. 13(a). Our proposed model for this oxide structure is provided schematically
in Fig. 13(b). This structure consists of one on-top
Ti atom (T1), four Ti atoms near four-foldsubstrate sites (T2), four O atoms near four-foldsubstrate sites (O1), and four O atoms near
two-fold-substrate bridge sites (O2). The brightest
spots in STM topographs are assigned to T1, and
the two T2 atoms appear to be observed as bright
lines. The darkest spots are assigned to the Pt substrate because the apparent corrugation of 0.07 nm

Fig. 12. (a) STM topograph from a titanium-oxide ﬁlm on
Pt(1 0 0) exhibiting a (4 · 13) structure. (b) Tentative model of
the (4 · 13) structure. The superimposed white rectangle indicates the (4 · 13) unit cell. The rows x1–5 and y1–3 correspond
to each other in each ﬁgure.

surface [26]. A similar, square structure was also
observed on a SrTiO3(0 0 1) surface [27]. The
numbers of Ti and O atoms in a (1 · 1) unit cell
within this model are 27/52 = 0.52 and 54/
52 = 1.04, respectively. The Ti density was measured to be almost the same as that for the (3 · 5)
ﬁlm [8], and the model is consistent with XPS
spectra which indicate that the composition in
this ﬁlm corresponds to TiO2 [8]. Thus, the titanium oxide ﬁlm on Pt(1 0 0) with a (4 · 13) structure consists of one layer of a TiO2 ﬁlm. It is
possible that screening eﬀects by the Pt substrate
cause the observed lower binding energies of the
Ti 2p and O 1s peaks in XPS from this monolayer ﬁlm compared to those of two-layer TiOx
ﬁlms on Pt(1 0 0) [8,28].

Fig. 13. (a) STM topograph from a titanium-oxide ﬁlm on
p
p
Pt(1 0 0) exhibiting a (2 2 · 2 2)R45 structure. (b) Tentative
p
p
model of the (2 2 · 2 2)R45 structure. The superimposed
p
p
black squares indicate the (2 2 · 2 2)R45 unit cell. This
structure presents two diﬀerent environments for Ti atoms (T1
and T2) and O atoms (O1 and O2).
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is close to the 0.06–0.07-nm apparent thickness of
single layers of oxide in the (3 · 5)-Ti2O3 ﬁlm or
TiO2 islands (see Fig. 9 in this report and Figs. 5
and 9 of Ref. [8]). This structure can be explained
as arising from a crossing of short, TiO2 rows
which creates a local structure reminiscent of the
5-fold Ti atoms and their neighboring O atoms
on the TiO2(1 1 0) surface [10]. One Ti and four
O atoms are shared by two crossing rows. The
densities of Ti and O atoms in a (1 · 1) unit cell
in this model are 5/8 = 0.625 and 8/8 = 1, respectively. This Ti density is higher than those for
the (3 · 5) and (4 · 13) structures and lower than
that for the ‘‘24-structure’’ [8]. The ideal composition within this model is Ti5O8, which is consistent
with the range of TiO2–1.5 indicated by XPS spectra [8]. A lower binding energy than expected in
XPS was observed for Ti 2p peaks corresponding
to Ti4+ and Ti3+ states and O 1s peaks from this
one-layer thick oxide structure and this can be explained in the same manner as above for the
(4 · 13) oxide ﬁlm [28].
p
p
Submonolayer coverages of (2 2 · 2 2)R45
oxide ﬁlms were transformed to (3 · 5) structures
by annealing
atp1200 K in vacuum, while the comp
plete (2 2 · 2 2)R45-Ti5O8 ﬁlm was produced
by decomposition of thick titanium-oxide ﬁlms at
1300
in vacuum [8]. This indicates that the
p Kp
(2 2 · 2 2)R45 structure was formed below
1200 K by agglomeration of diﬀusing Ti and O
atoms created by the decomposition of TiO2 clusters. The (4 · 13)-TiO2 structure could not be produced by high-temperature annealing of thick
titanium-oxide ﬁlms. This
p result
p is consistent with
our proposal that the (2 2 · 2 2)R45-Ti5O8 ﬁlm
is less oxidized than the (4 · 13)-TiO2 ﬁlm.
It is interesting to note that, as shown within the
circle of Fig. 4(b) and in Fig. 5, the H1 defects are
considered to be due to population of a second
layer, the H2 defects might arise from Ti atoms sitting in the center holes of the unit cells, and the H3
defects are due to a rotation of the titanium oxide
net away from the normal structure by 45 degrees.
Intentional population and control of these defects
might enable us to control chemical reactivity at
the surface or physical properties such as those required for developing nano-sized data storage
applications.
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4.3. Reactions in deep oxidation of titanium oxide
ﬁlms on Pt(1 0 0) by using O3 and NO2
Bright spots in the image shown in Fig. 6(b)
following deep oxidation of the (3 · 5)-Ti2O3 ﬁlm
on Pt(1 0 0), i.e., after 3-L O3 oxidation at 300 K,
might be due to Ti atoms ‘‘lifted up’’ by incorporation of additional oxygen into the subsurface region of the oxide ﬁlm as the ﬁlm thickens. The
STM image in Fig. 8, obtained after deep oxidation by a 9-L O3 exposure on the substrate at
600 K, also suggests that Ti atoms were lifted up
by a thickening of the oxide to form a ﬁlm consisting of 2–3 oxide layers. An oxidation mechanism
consistent with these STM images is one in which
Ti atoms in the bottom oxide layer (in contact
with the Pt substrate) diﬀuse to the surface of
the oxide ﬁlm. Additional oxygen is incorporated
into the bottom oxide layer to fully oxidize the
remaining Ti atoms present and into the top oxide
layer to oxidize the diﬀused Ti atoms. This leads
to a thickening of the oxide ﬁlm. Further oxidation at defect sites like step edges or domain
boundaries of the initial (3 · 5)-Ti2O3 ﬁlm is preferred over oxidation in the middle of terraces.
Within this mechanism, heating the ﬁlm to 600
K enhanced Ti diﬀusion to the ﬁlm surface and
deeper oxidation.
In the ﬁnal stage of deep oxidation, as shown in
Fig. 9, oxide prism-islands or crystals with a thickness of 2–4 layers were formed. This was deduced
from the apparent corrugation in the STM images
and the 0.07-nm thickness of each TiO2 layer in the
ﬁlm. These prism-islands disappeared after annealing at 1000 K, and thus were less stable than those
observed after annealing thicker oxide ﬁlms that
exceeded monolayer coverage at 1000 K. Most
prism-islands or crystals produced by deep oxidation
at 900 K to form (4 · 13),
p decomposed
p
(2 2 · 2 2)R45, and (3 · 5) structures and larger TiO2 clusters. While it is clear that using the
stronger oxidants O3 and NO2, compared to O2,
can provide diﬀerent synthetic strategies for
new, titanium-oxide ﬁlm structures on Pt(1 0 0),
selectivity for the formation of a single, oxide-ﬁlm
structure is low under all of these conditions. Control of the ﬁlm structure is diﬃcult because
processing inhomogeneous multilayer ﬁlms causes
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decomposition and/or reconstruction to competitively form new compositions and structures.
4.4. NO reduction at titanium oxide ﬁlms on
Pt(1 0 0)
Decomposition of NO on a Pt(1 0 0) surface
leads to the formation of 0.4-ML O adatoms and
subsequent O2 desorption in TPD after NO
adsorption at 200 K [29,30]. Even though NO
adsorption and reduction occurs on submonolayer
(3 · 5)-Ti2O3 ﬁlms on Pt(1 0 0), no O2 desorption
was observed following NO exposures on these
surfaces. This indicates that all of the O adatoms
produced by NO decomposition at Pt sites were
consumed by
of the (3 · 5) structure to
p oxidation
p
form the (2 2 · 2 2)R45 structure.
No NO desorption was observed in TPD following NO exposures on thick titanium oxide ﬁlms
with coverages of several monolayers on Pt(1 0 0).
This conﬁrms that NO is strongly adsorbed and
decomposes, not on the (3 · 5)-Ti2O3 or TiO2 islands, but only at Pt sites to oxidize the (3 · 5)Ti2O3 domains. This is diﬀerent behavior from
that attributed to Ti3+ sites on TiO2(1 1 0) [19].
4.5. Adsorption of CO on titanium oxide ﬁlms on
Pt(1 0 0)
The presence of the (3 · 5)-Ti2O3 ﬁlm on
Pt(1 0 0) blocked all adsorption of CO above 230
K. This is consistent with reports on encapsulated
Pt clusters [11,32]. The small CO TPD peak observed from the (3 · 5) ﬁlm surface is presumably
due to irregular Pt-sites (as seen in Fig. 12(c) or
(d) of Ref. [8]). The area of available, bare-Pt sites

on the (3 · 5)-Ti2O3 ﬁlm on Pt(1 0 0) surface that
we investigated was estimated to be about 2% by
using the CO TPD peak areas from the clean
and oxide-covered Pt(1 0 0) surface. A CO TPD
peak near 376 K that has been attributed to Pt3
Ti alloy sites [33] was not found from the oxidecovered Pt(1 0 0) surface. Thus, CO TPD conﬁrms
no formation of a Pt3 Ti surface alloy during preparation of these oxide-covered Pt(1 0 0) surfaces,
which is consistent with STM and XPD results [8].
No chemical reaction of CO with deeply
oxidized titanium-oxide ﬁlms on Pt(1 0 0) was
observed under the conditions of this study, and
in particular, such surfaces did not oxidize adsorbed CO to CO2 during TPD.
4.6. Adsorption and reaction of HCOOH on
Pt(1 0 0) and titanium oxide ﬁlms on Pt(1 0 0)
Surface-bound formate (HCOO) species produced by dissociative adsorption of formic acid
have been studied as important intermediates in
the water-gas shift and methanol synthesis reactions [2,34] on many metal single-crystal surfaces.
Reactions of formic acid on metal surfaces are
grouped into four types: type I—dehydrogenation;
type II—dehydrogenation and dehydration; type
III—dehydrogenation, dehydration and complete
decomposition; and type IV—desorption as formic
acid without dissociative adsorption below 200 K.
Reactions of formic acid on Pt surfaces are expected to depend on the surface structure, but no
information until now has been reported on
Pt(1 0 0) (Table 1).
Molecular desorption of formic acid has never
been observed on metal surfaces above 300 K,

Table 1
Reactions of formic acid on metal surfaces
Type

Reaction

Surface

I

HCOOHad ! HCOOad + Had
! CO2 + H2
HCOOHad ! HCOOad + Had
! CO2 + H2 + CO + H2O
HCOOHad ! HCOOad + Had
! CO2 + H2 + CO + H2O + Cad + Oad
HCOOHad ! HCOOH
HCOOHad ! HCOOad + Had ! HCOOH

Pt(1 1 1) [35], Cu(1 1 0) [36], Cu(1 0 0) [37], Ag(1 1 1) [38]

II
III
IV
V

Ni(1 1 0) [39], Ni(1 0 0) [40], Ni(1 1 1) [41], Fe(1 0 0) [42],
Ru(1 0 0) [43], Au(1 1 0) [44], Pd(1 0 0) [45], Pd(1 1 0) [46]
W(1 0 0) [47], Al(1 1 1) [48], Mo(1 0 0) [49]
Pt(1 1 0) [50], Au(1 1 1) [51], Cu(1 1 1) [52]
Pt(1 0 0) [This work]
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but it has been reported from a NiO(1 0 0)/
Mo(1 1 0) surface at 375 K [53]. The formic acid
reaction mechanism on Pt(1 0 0) might be as explained below by analogy. However, additional
spectroscopic information is certainly needed to
conﬁrm this proposal. According to our model,
molecularly adsorbed formic acid desorbs at 189
K and dissociatively chemisorbed formic acid
undergoes recombinative desorption at 330 K:
HCOOHad ! HCOOH ð189 KÞ

ð1Þ

HCOOHad ! HCOOad þ Had

ð2Þ

ð< 200 KÞ

HCOOad þ Had ! HCOOH ð330 KÞ

ð3Þ

From the (3 · 5)-Ti2O3 ﬁlm on Pt(1 0 0), the
HCOOH TPD peak at 371 K could arise from
the recombination of surface-bound formate and
hydroxyl groups as detailed below:
HCOOHad ! HCOOH ð189 KÞ

ð4Þ

HCOOHad þ Olattice
! HCOOad þ H  Olattice

ð5Þ

HCOOad þ H  Olattice
! HCOOH þ Olattice

ð< 200 KÞ

ð371 KÞ

ð6Þ

The same reaction was observed in the (2 · 1)formate adlayer on the rutile-TiO2(1 1 0) surface
around 350 K [12] and on a reduced TiO2(0 0 1)
surface [25]. H2 desorption at 400 K or decomposition of formate to H2, H2O, CO and CO2 around
570 K [12] or to formaldehyde around 540 K was
not observed [25]. Formate and hydrogen did not
recombine substantially at bare-Pt sites at 330 K.
The HCOOH TPD peak area at 371 K observed
from the (3 · 5)-Ti2O3 ﬁlm on Pt(1 0 0) was close
to that from the Pt(1 0 0) surface at 330 K, which
indicates that formic acid was adsorbed at a similar coverage on both surfaces.
The (4 · 13) oxide domains on Pt(1 0 0) might
be reduced in the following manner, as was suggested on TiO2(1 1 0) [12]:
HCOOHad þ Olattice
! HCOOad þ H  Olattice
2H  Olattice ! Olattice þ H2 O

ð< 200 KÞ

ð7Þ

ð280 KÞ

ð8Þ
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2HCOOad þ Olattice
! H2 O þ 2CO2

ð330 KÞ

ð9Þ

5. Conclusions
Fundamental studies of titanium oxide-Pt(1 0 0)
interfaces were carried out in which we placed special emphasis on the inﬂuence of oxidation and
reduction reactions on the surface structure of TiOx
ﬁlms on Pt(1 0 0). In a previous paper [8], we showed
that a titanium-oxide monolayer ﬁlm exhibiting a
(3 · 5) structure, attributed to Ti2O3, can be produced by Ti evaporation in an O2 background on
Pt(1 0 0) and annealing in O2. Herein, we investigated the microscopic structure and chemical properties of more deeply oxidized ﬁlms on Pt(1 0 0).
A (4 · 13)-TiO2 ﬁlm can be produced locally by
further oxidation, using O3 or NO2, of the (3 · 5)Ti2O3 surface at 600 K and annealing at 700–950 K
in vacuum. A tentative model of this structure is
proposed in which a one-layer oxide ﬁlm is formed
with square –Ti–O– ‘‘nets’’, similar in structure to
the superposition of the ﬁrst and second layers of
the TiO2(0 0 1) surface. This oxide ﬁlm covers the
Pt(1 0 0) substrate to produce a Moiré pattern due
to the incommensurate
structures.
p
p
A (2 2 · 2 2)R45-Ti5O8 ﬁlm structure can
also be formed locally by annealing the (4 · 3)TiO2 ﬁlm on Pt(1 0 0) at 1000–1100 K in vacuum.
A tentative model of this structure is also proposed, and this involves ‘‘crossings’’ of short
TiO2 rows. Three distinct types of defect sites in
this ﬁlm were identiﬁed. This oxide ﬁlm structure
decomposed to the (3 · 5) structure by annealing
above 1200 K in vacuum.
Deeper oxidation, using O3, of the (3 · 5) ﬁlm
at 600 K caused crystallization of the titanium
oxide ﬁlm. These prism-islands or p
crystalspdecomposed at 900 K to form (4 · 13), (2 2 · 2 2)R45
and (3 · 5) structures and larger TiO2 clusters.
Thus, the (3 · 5)-Ti2O3 domains on Pt(1 0 0) can
be oxidized further by using strong oxidizing agents.
But the (3 · 5)-Ti2O3 domains are inert to reducing
agents under our conditions. NO exposures on a
(3 · 5)-Ti2O3 ﬁlm on Pt(1 0 0) led to NO reduction
via NO decomposition at Pt sites and oxidation of
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p
the
p (3 · 5)-Ti2O3 structure to form the (2 2 ·
2 2)R45 structure. Titanium oxide ﬁlms on
Pt(1 0 0) blocked CO adsorption above 210 K. No
reduction of the (3 · 5) domains was observed by
any exposures to H2 or CO + H2 mixtures.
Additionally, reduction involving formic acid
(HCOOH) was investigated. Because it has not
been discussed previously, we also report that
HCOOH adsorbs reversibly on clean Pt(1 0 0) surfaces and desorbs in TPD at 189 at 330 K. These
two peaks are assigned to desorption of molecularly adsorbed formic acid and recombinative
desorption of dissociatively chemisorbed formic
acid, respectively. From (3 · 5)-Ti2O3 terraces,
low-temperature molecular desorption of HCOOH
was observed and no reduction of the (3 · 5)-Ti2O3
domains occurred. On the other hand, (4 · 13)
oxide domains were reduced bypreaction
p with
HCOOH to form (3 · 5) and (2 2 · 2 2)R45
domains on the Pt(1 0 0) surface.
We suggest that these results for oxidation and
reduction reactions on the surface structure of
TiOx ﬁlms on Pt(1 0 0) have important consequences for the understanding and modeling of
catalysis of related systems. While theoretical calculations are critically needed to properly elucidate
these oxide structures, tentative ‘‘net-like’’ models
for two new, ordered, titanium-oxide ﬁlm structures on Pt(1 0 0) are proposed in hopes of stimulating such calculations and further experiments.
These particular oxide net structures have an additional signiﬁcance in their subsequent use as masks
or templates on Pt(1 0 0) in studies relevant to
nanotechnology.
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