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Abstract We present a STM/XPS/TPD/LEED study of the

structural and electronic properties of Mo?Ti mixed oxide

layers on TiO2(110), and of their interaction with water,

methanol and ethanol. Several different preparation proce-

dures were tested and layers with different degrees of Mo/Ti

mixing were prepared. Ordered mixed oxide surface phases

with distinct LEED patterns could not be found; for all

investigated Mo concentrations a TiO2(110) like pattern was

observed. Mo tends to agglomerate on the surface where it is

found predominantly as Mo6? at low coverages and as Mo4?

at high coverages. Mo4? was also identified in the bulk of the

mixed oxide layer. The Mo3d binding energies categorize

the Mo4? species as being dimeric. A third Mo3d doublet is

attributed to a Mo species (Mon?) with an oxidation state

between those reported for Mo in MoO2 and metallic Mo.

Two types of Mo-induced features could be identified in the

STM images for low Mo concentrations (in the range of

1 %). At higher Mo concentrations (*50 %) the surface is

characterized by stripes with limited lengths in [001] direc-

tion. The concentration of bridging oxygen vacancies, which

are common defects on TiO2(110), is reduced significantly

even at low Mo concentrations. Methanol and ethanol TPD

spectra reflect this effect by a decrease of the intensity of the

features related to these surface defects. At elevated MoOx

coverages, the yield of reaction products in methanol and

ethanol TPD spectra are somewhat smaller than those found

for clean TiO2(110) and the reactions occur at lower

temperature.
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1 Introduction

Real catalysts are complex materials containing several

components which renders the determination of their

detailed structure challenging. The recipes of preparing

industrial catalysts have historically been empirical rather

than by design and understanding why a particular com-

ponent results in a certain function of a catalyst is a difficult

task. The difficulty stems simply from the vast number of

possible interactions between the components, which scales

factorially with the number of components. Even in the

simple case of single oxides (MxOy), many types of surface

defects such as vacancies, adatoms, line and plane defects,

and reconstructions may create extreme complexity.

For mixed oxides (i.e. oxides containing more than one

type of metal ion) it is well known since decades that co-

operation of different components in catalytic processes

may be essential [1, 2]. For example, the active site of a

catalyst for the oxidation (ammoxidation) of propene to

acrolein (acrylonitrile) contains neighboring bismuth and

molybdenum sites, which each perform a specific function

[3]. For some mixed oxide catalysts containing Mo, Bi, Sb,

Sn, etc. it was reported that they operate with the so called

‘‘remote control’’ mechanism for selective oxidation reac-

tions, in which one phase carries the active site and another

phase regenerates the active site by adsorbing oxygen from

the gas phase and transferring it to the active phase via

spillover [1].

TiO2 films prepared via sputtering techniques with a few

per cent of molybdenum have proved to be more efficient

for ethanol sensing than pure TiO2 [4]. It was suggested
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that the main function of molybdenum is the inhibition of

crystal coalescence. Also, recently theoretical studies of

Mo-doped TiO2 and Mo or MoOx clusters supported on

TiO2 have appeared [5–9]. Kim et al. [5], using DFT cal-

culations, have provided theoretical evidence that rutile

doped with Mo (fivefold coordinated Ti surface atoms

substituted by Mo and an extra O bound to it) has a lower

energy for oxygen vacancy formation and a higher activity

for CO oxidation via a Mars-van Krevelen mechanism than

undoped TiO2. Garcia-Mota et al. studied Mo doped TiO2

with density functional techniques. Mo atoms were intro-

duced at different substitutional sites and it was found that

sixfold coordinated Mo is more stable than fivefold coor-

dinated Mo at the surface. Mo substituted in the second

layer under the bridging oxygen row was found to be the

most stable configuration among the structures investi-

gated, and this type of doped TiO2 was proposed to result

in the best performance for water splitting due to a lower

overpotential. Kim et al. [7] investigated the dehydroge-

nation of methanol to formaldehyde on TiO2 supported

single MoO3 clusters, again using DFT, and found that the

activity of MoO3 clusters is surpassed by that of VO3.

In this paper we discuss strategies for the preparation of

Mo?Ti mixed oxides and present results of structural and

chemical surface characterizations. The mixed oxides were

prepared in UHV as ultra-thin films with TiO2 as the main

component. Rutile-TiO2 single crystals with (110) surface

orientation were used as substrates, since in this case the

overlayer-substrate lattice misfit is small which minimizes

the interface strain. The films were characterized by

scanning tunneling microscopy (STM), X-ray photoelec-

tron spectroscopy (XPS), low-energy electron diffraction

(LEED) and temperature programmed desorption (TPD).

2 Experimental

The experiments were performed in a commercial (Omi-

cron) UHV system (base pressure *1 9 10-10 mbar),

which is equipped with room temperature STM, XPS,

LEED, QMS, and a high pressure cell that is designed for

the exposure of the sample to high pressures (up to 1 atm)

in a temperature range from room temperature to *900 K.

Sample heating in the main chamber was performed by

electron bombardment from a tungsten filament enclosed in

a housing behind the sample. A tantalum plate was placed

between the TiO2(110) single crystal and the filament to

avoid electron induced reduction of the oxide. O2 was

introduced to the chamber either by backfilling or via a gas

doser (cylindrical tube with 10 mm inner diameter and a

20 lm pinhole at some cm distance from the tube’s end).

The crystal was placed at *1–2 mm distance from the

tube’s end when dosing was performed. In this geometry

the effective O2 pressure at the crystal surface is about two

orders of magnitude higher than the O2 pressure in the

vacuum chamber. TiO2(110) single crystals of

7 9 8 9 2 mm3 size were purchased from Crystal GmbH,

Germany. A K-type thermocouple was glued to the side of

the crystal using Ultra-Temp 516 (Kager Industri-

eprodukte) ceramic glue (40 % Na2SiO3, 15 % ZrO2, 45 %

ZrSiO4) for in situ temperature measurement. Commercial

electron beam evaporators (Focus EFM3) were used for

molybdenum and titanium evaporation. The deposition

rates were calibrated using a quartz crystal microbalance.

For most XPS measurements Al-Ka (1486.6 eV) radiation

and an Omicron EA125 electron energy analyzer were

used. Additionally, some high-resolution spectra were

obtained with synchrotron radiation from the UE52-PGM

beamline of the BESSY II electron storage ring in Berlin

using a Scienta SES 200 hemispherical electron energy

analyzer. In the latter case the photon energies were chosen

such that the kinetic energies of the photoelectrons from

the studied core levels were *100 eV in order to optimize

the surface sensitivity. A part of the XPS spectra was

recorded at grazing electron exit angles (70� or 80� with

respect to the surface normal of the sample) in order to

increase the surface sensitivity even further.

Molybdenum concentrations are given as cross-section

weighted Mo3d XPS intensities divided by the sum of the

cross-section weighted Mo3d and Ti2p XPS intensities in

scans performed at an electron exit angle of 70� unless

stated otherwise. A homogeneously mixed layer was

assumed in the calculations of the concentrations, regard-

less of the actual structure. The transmission function of

the analyzer was taken into account. STM images were

taken using homemade W-tips prepared by alkali etching,

in situ annealing and sputtering using a similar construction

as the one described by Lyubinetsky et al. [10]. The images

were processed with the WSxM software [11].

Temperature programmed desorption experiments were

performed according to the following procedure: The

sample was positioned in front of the gas doser after

cooling it down to 110–120 K and *10 L of the respective

gas were dosed onto the surface. Hereafter the sample was

heated up to 200 K in order to desorb the multilayer

adsorbate followed by cooling down to *130 K before

positioning it in front of the QMS. TDS spectra were

recorded for a temperature range of *130–800 K with a

constant heating rate of 0.5 K/s. A smooth polynomial was

subtracted from each spectrum as a baseline correction.

Care was taken to avoid introduction of additional struc-

tures by this procedure.

The TiO2 crystals were cleaned via repeated cycles of

Ar sputtering (1,000 eV) at room temperature followed by

a two-step annealing procedure. In the first step, the crystal

was annealed at 970 K for 10–20 min in front of the gas
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doser under a flow of oxygen gas in order to minimize

crystal reduction. The oxygen pressure as measured with

the ion gauge in the main chamber was 1 9 10-7 mbar

which corresponds to a pressure in the 1 9 10-5 mbar

range according to a simple estimate. This step results in

the growth of large terraces [12]. The second step was

annealing at 850 K in UHV for 10–15 min which removes

the partially oxidized TiOx clusters on the surface that form

in the first step [13]. In all experiments reported here, the

TiO2 crystals had colors ranging from light blue to dark

(but still transparent) blue, meaning that the majority of the

bulk defects were point defects and not extended defects

(like crystallographic shear planes) [14]. A (191) LEED

pattern with a low background intensity was observed for

surfaces prepared in this way.

3 Preparation of the Mixed Oxide Layers

TiO2 (rutile, P42=mnm) and MoO2 (monoclinic, P21=c, can

be considered as ‘‘distorted’’ rutile) have similar structures

and may be expected to mix to a certain extent. The mixed

system has a miscibility gap below 1,400 K and Mo can be

incorporated into the TiO2 matrix only up to 5–6 % below

1,000 K [15]. Phase separation may be expected for higher

Mo concentrations.

In our study four types of procedures were followed for

the preparation of the ‘‘mixed’’ layers. These are illustrated

schematically on a timeline in Fig. 1. In procedure 1 both

metals were evaporated simultaneously in an atmosphere

of 5 9 10-7 mbar of O2 with the substrate being held at

high temperature (C800 K). In procedure 2, Mo was

evaporated only in a small time window at about the

middle of the Ti deposition period with the rest of the

procedure being the same. This strategy was chosen in

order to ‘‘sandwich’’ the molybdenum between two layers

of TiO2. The deposited layers were typically 10 monolay-

ers (ML) thick for both procedures. The thickness of one

monolayer is defined as the thickness of one layer of reg-

ular TiO2(110) [3.25 Å]. This definition is also applied to

the mixed oxides, implicitly assuming that Mo atoms

simply replace Ti atoms.

In the first step of procedure 3, Mo and Ti (in this order)

are deposited onto TiO2 at room temperature in UHV

which prevents Mo oxidation (except for a slight oxidation

due to TiO2 reduction by Mo [16]) and traps the Mo atoms

under a layer of Ti. This partially oxidized layer is then

annealed in oxygen (15 min at 750 K in front of the gas

doser with an effective pressure of *5 9 10-7 mbar at the

surface) to complete the oxidation process, and then in

UHV (15 min at 800 K) to flatten the surface.

In procedure 4 a molybdenum oxide layer is prepared on

TiO2(110). Mo is deposited onto TiO2 in 5 9 10-7 mbar of

O2 at room temperature and then the sample is annealed to

800 K in UHV for 5 min.

4 Results and Discussion

MoOx on TiO2(110) prepared according to procedure 4 is

thermally stable up to at least 1,000 K. Fig. 2 shows a

series of XPS spectra of a thin layer with 4.8 % Mo

according to XPS. The sample was subjected to annealing

in UHV for 15 min at 900, 950 and 1,000 K and XPS

spectra were taken after each treatment. Neither changes

the binding energy, nor the intensity of the Mo3d doublet.

Reported Mo3d binding energies of Mo in MoO3 are in

the (235.8–235.6)/(232.7–232.5) eV range [17–20].

Slightly smaller binding energies of (235.1/232.0 eV) were

obtained for a MoO3 monolayer on Au(111) [20]. The

Fig. 1 Timeline representation of the four procedures which were used to prepare Mo–Ti mixed oxide layers
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latter energies are identical to what is observed in Fig. 2,

and therefore it appears reasonable to assign the Mo3d

doublet in Fig. 2 to Mo6?.

STM images of surfaces prepared according to proce-

dure 4 with 1.3 % of Mo are presented in Fig. 3. These

images show almost mono-disperse particles (X1) on the

well-known TiO2(110) surface. In addition, ‘‘bright

square’’ structures (X2) were identified. Figure 3c, d show

these features on an enlarged scale. For X1, the minimum

between the two lobes is situated above the 5cTi rows and

between two 5cTi atoms while the center of the X2 features

is above the titanium atoms under the row of bridging

oxygen atoms. The structures of these two features are not

yet understood. A system similar has been investigated by

Chun et al. [22] with polarization-dependent total-reflec-

tion fluorescence X-ray absorption fine structure (PTRF-

EXAFS). The authors deposited molybdenum onto

TiO2(110) by impregnation of (NH4)6Mo7O24 and identi-

fied dimers of molybdenum oxide octahedra (edge-sharing)

with the Mo–Mo axis being parallel to the ½1�10� direction.

The features denoted as X1 in our STM images may cor-

respond to similar dimers. However, in our STM images

the particles are centered at 5c Ti rows (bright rows in

STM) whereas the dimers proposed by Chun et al. are

centered at bridging oxygen rows (dark rows in STM).

Nevertheless, the size and the symmetry of the particles in

Fig. 3 fit well with such a dimer model although the dif-

ferent positions indicate that there are issues with this

interpretation. Calculations or further experiments may be

required to shed light onto this problem.

Layers prepared according to procedures 1 and 2 with a

low Mo concentration turned out to be very similar to

layers that were prepared according to procedure 4: the

Mo3d binding energies are identical in all cases and the

relationships between the Mo concentrations calculated for

70� and 0� electron exit angles are very similar. Figure 4

shows the correlation between the Mo concentrations cal-

culated from XPS data recorded at 70� and 0� electron exit

angle for differently prepared layers. For Mo concentra-

tions of up to *30 % the data for all three preparations

follow the same functional dependence. In view of the

limited diffusion speed of Mo in TiO2(110) one may safely

assume that for the layer prepared according to procedure 4

all Mo is located at the surface. Since the concentrations

determined for the layers prepared according to procedures

1 and 2 follow the same functional dependence we con-

clude that also in these cases the Mo is mainly located at

the surface with a very limited bulk concentration. The

result implies that Mo swims on the surface when the

layers are prepared according to procedures 1 and 2 which

both involve co-deposition of Mo and Ti in an oxygen

ambient atmosphere. Procedure 2 even involves prepara-

tion of a titanium oxide layer on a Mo/Ti mixed oxide

layer.

At x-axis values above 30 % in Fig. 4 the results for the

different preparations start to differ, with significantly

higher Mo concentrations observed at 0� electron exit angle

for the layer prepared according to procedure 2, which may

be an indication that for larger Mo concentrations some Mo

can be stabilized in the bulk if the layer is prepared

according to procedure 2. According to the phase diagram

[15] at most 5–6 % of Mo can be solved in TiO2 at 1,000 K

under equilibrium conditions; under non-equilibrium con-

ditions also higher concentrations are conceivable. We note

that for high Mo surface coverages a non-linear functional

dependence is expected and that the functional dependence

will depend on the morphology of the MoOx surface layer.

Therefore another possible explanation for the differences

in the results for the layers prepared according to proce-

dures 1 and 2 may be that the morphologies of the Mo

surface layers are different.

For layers prepared according to preparation procedures

1, 2 and 4 we always found that molybdenum seems to

have a tendency to accumulate at the surface. We believe

this has three main reasons: (i) deposition in O2 oxidizes

the Mo to Mo6? and once formed, Mo6? is trapped at the

Fig. 2 Mo3d XPS (70� emission) spectra of a TiO2(110) surface with

a thin MoOx layer prepared according to procedure 4 with a Mo

concentration of 4.8 %. The black line and the black circles represent

the as-prepared surface. Colored circles represent the sample after

annealing in vacuum as indicated in the figure. The intensities are not

normalized. A Shirley-type background was subtracted from all

spectra
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surface because it is probably more stable there than it is in

the TiO2 matrix where a 4? oxidation state would likely be

more appropriate; (ii) the larger ionic diameter of Mo as

compared to Ti ions [23] may make it energetically unfa-

vorable to embed Mo ions into the TiO2 lattice; (iii)

deposition at high temperature may give enough surface

mobility to the Mo ions so that they can avoid to be

embedded into the layer when a film is grown by co-

deposition (procedures 1 and 2). In order to overcome these

issues, we prepared a mixed oxide layer according to

procedure 3 where Mo deposition in vacuum is followed by

Ti deposition in vacuum which is followed by oxidation via

annealing in oxygen. The Mo layer plus the Ti layer of the

prepared film contained material for 2 ML of oxide leading

to *6.5 Å thick oxide layer. For this layer the Mo3d

binding energy is in the range reported for Mo4? [17–19]

which one may expect if Mo substitutes Ti in the rutile

structure. The film was subjected to different annealing

treatments in UHV and in an O2 atmosphere. XPS spectra

and STM images recorded after each step are shown in

Fig. 5.

Figure 5 shows that annealing in UHV at 900 K does

neither change the concentration nor the oxidation state of

molybdenum while it flattens the surface and increases the

size of terraces. The concentrations remain constant which

implies that the diffusion of Mo in TiO2 at 900 K is still

fairly slow, at least at such low concentrations. Subsequent

annealing in O2 at 850 K leads to a Mo loss. Since the

Fig. 3 STM images of a surface prepared according to procedure 4

with 1.3 % of Mo. Image (b) is identical to image (a) but with higher

contrast, so that small protrusions are better visible. The two most

common Mo-induced features are denoted by X1 and X2. Features 3,

4 and 5 are assigned to the well-known defects of TiO2(110) surfaces:

bridging oxygen vacancies, hydroxyls and double hydroxyls respec-

tively [21]. c, d Display X1 and X2 type structures on an enlarged

scale. The crossing points of the grid in c, d are positioned above the

fivefold coordinated Ti atom sites. a Image size: 20 9 15 nm2/DU =

?1.5 V/It = 0.3 nA, full color scale 3.0 Å; b same as a but with full

color scale of 1.0 Å, c 4.0 9 2.3 nm2/DU = ?1.25 V/It = 0.2 nA,

full color scale 4.0 Å, d 4.6 9 2.7 nm2/DU = ?1.25 V/It = 0.2 nA,

full color scale 1.0 Å

Fig. 4 Correlation of Mo concentrations as quantified by XPS spectra

recorded at 70� (x-axis) and 0� (y-axis) electron exit angles for layers

prepared according to procedures 1, 2, and 4
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diffusion of Mo into the TiO2 bulk is slow we attribute this

effect to the formation of new TiO2 layers at the surface

which are known to result from the oxidation of Ti inter-

stitials which are the primary defects in reduced TiO2 [24–

26]. The STM images taken after oxidation (with cooling

down in O2) clearly show a corrugated morphology due to

the new, partially formed layers. Annealing again in UHV

at 900 K produces large flat terraces without changing the

apparent concentration of Mo.

While the preparation procedures 1, 2, and 3 are

attempts to prepare mixed oxide layers, procedure 4 is by

design a method to grow Mo oxide layers on TiO2(110).

Figure 6a shows Mo3d XPS data of MoOx layers with

different thicknesses prepared according to procedure 4.

Two doublets, which are assigned to Mo4? and Mo6? are

identified in Fig. 6a. Peak fitting was applied to the spectra

in order to quantify the relative amounts of the different

oxidation states of Mo. The Mo3d peaks of Mo6? were

found to have symmetric shapes and therefore Voigt type

symmetric functions were used for fitting while fitting the

asymmetric Mo3d peaks of Mo4? required the use of

asymmetric functions. We employed Gelius type functions

as offered by the CasaXPS program [27]. The asymmetry

parameters were determined by a fit of the data shown in

Fig. 5a2 (Mo4? in TiO2). For both doublets a fixed spin–

orbit splitting of 3.1 eV was assumed. Good quality fits

with only two doublets (Mo6? and Mo4?) could be

obtained for Mo coverages of up to only 0.80 ML. The fits

position the Mo3d levels of Mo6? at (235.1/232.0 eV) with

an uncertainty of 0.1 eV, and for Mo4? the levels are found

at (233.1/230.0 eV) for small coverages, shifting to (232.6/

229.5 eV) for 1.55 ML. The areas of the fitted doublets are

plotted as a function of MoOx coverage in Fig. 6b.

According to this plot, 6? is the dominant Mo oxidation

state at low coverage. Above 0.4 ML coverage, the amount

of Mo6? does not increase significantly, and Mo4?

becomes the dominant species (0.5 ML correspond to 1 Mo

atom per TiO2(110) unit cell). The findings can be

explained by the following model: at low coverages Mo

atoms are dispersed on the TiO2 surface and have the

highest possible number of oxygen coordination, and

accordingly the highest oxidation state (Mo6?). As the

Fig. 5 STM images and corresponding Mo3d XPS spectra of two

monolayers of Mo in TiO2 prepared according to procedure 3. The

Mo concentrations given in the STM images were determined from

XPS spectra recorded for an electron exit angle of 0�. a After

preparation of the layer, b after annealing in UHV at 900 K for

10 min, c after annealing at 850 K for 10 min in *5 9 10-7 mbar

O2 (effective pressure in front of the doser) followed by cooling down

in O2, d after annealing again in UHV at 900 K for 10 min. The

preparation steps were performed consecutively from a to d. All STM

images show an area of 200 9 200 nm2 and were taken with

DU = ?1.25 to 1.5 V and It = 0.1–0.3 nA

Top Catal

123



coverage increases, the extent of oxygen sharing among

Mo atoms also increases and the film eventually converges

to a MoO2-like structure, where the oxidation state of Mo is

4?. There is still some Mo6? in the system which is

located at the surface as shown in the following discussion.

The high-resolution Mo3d XPS spectra shown in Fig. 7

give a qualitative picture of the chemical composition,

structure and thermal stability of a film grown according to

procedure 1 where Mo and Ti are co-deposited in an

ambient O2 pressure at elevated temperature. Three distinct

Mo3d doublets which are marked with colored lines can be

identified in the spectra. The blue doublet is assigned to

Mo6? and the energy of the green doublet is in the energy

range expected for Mo4?. The red doublet is somewhere in

between the binding energies for MoO2 and Mo metal.

Quantitative analysis shows that the molybdenum con-

centration decreased from 48 to 14 % during annealing in

oxygen which is largely attributed to sublimation of MoO3

which is known to take place at 670 K for bulk-like MoO3

layers on Au(111) [20]. Domenichini and co-workers also

observed loss of molybdenum from Mo supported on

TiO2(110), when the sample was heated to 800–1,000 K in

UHV [16]. It was shown that lattice oxygen of TiO2 oxi-

dized Mo to MoO3 and this volatile oxide sublimed at high

temperature [16]. This process was observed only for bulk

stoichiometric, transparent yellow substrates, and not for

bulk reduced, dark blue substrates.

From the dependence of the Mo3d intensities on the

detection angle in Fig. 7, it is evident that the Mo6? is

located at the very surface and that the rest of the Mo

species is concentrated below. Annealing the film in

UHV at 800 K has barely any effect on the spectra.

However, annealing in O2 converts lower oxidation states

to Mo6? which is located at the surface as can be seen

from a comparison of the highly surface-sensitive 80�
spectrum with the less surface-sensitive 0� spectrum in

Fig. 7c. Comparing the 0� spectra recorded before and

after annealing in O2 (Fig. 7a, c) additionally reveals a

change in the relative intensities of the Mo species

marked by green and red lines. The doublet marked by

red lines becomes more dominant after oxidation which

indicates that the species marked with the green lines is

more prone to oxidation than the species marked with

the red lines.

Fig. 6 a Mo3d XPS spectra (0� electron exit angle) as a function of

Mo coverage from surfaces prepared according to procedure 4. Each

surface was prepared by deposition of additional Mo onto the surface

prepared in the previous step. The given coverages refer to the total

amounts of Mo. Two doublets were fitted to the spectra representing

Mo6? and Mo4? except for the highest coverage, where fitting with

only two doublets was found to be inappropriate. Details of the fitting

procedure are given in the main text. b Intensities derived from the

spectra are shown in a as a function of coverage. The black line is the

integrated Mo3d signal after background subtraction. The intensity of

the fitted Mo6? doublet is the blue line, and the intensity of the fitted

Mo4? doublet is the green line
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In order to assign the Mo4? and Mon? peaks in Fig. 7,

spectra of different preparations are compiled in Fig. 8 (see

caption for explanations). The Mo3d binding energies for

the two Mo4? (green) containing samples (i.e. Mo in and

on TiO2) are in the range that is proposed for Mo-dimers

[28, 29]. Dimer formation is not unlikely under our prep-

aration conditions which involve heating to high tempera-

tures. Dimer formation may also be the reason for the small

diffusion speed of Mo in TiO2(110). Dimers of molybde-

num are a common structural element in Mo complexes

[30, 31] and they are also found in regular MoO2. There-

fore their occurrence in the Ti?Mo mixed oxide system is

not really surprising. The binding energies of the peaks

marked with red lines are somewhere between those

observed for MoO2 and Mo metal. They are probably

related to a compound which has stronger Mo–Mo bonds

and an effective oxygen concentration smaller than that in

MoO2. Domenichini et al. observed almost the same Mo3d

binding energy when they deposited Mo on TiO2 in UHV

at submonolayer coverage. The red curve in Fig. 8 indi-

cates that this species may also be formed at higher

coverages.

Mo dimers have also been proposed to exist in TiO2 as

‘‘Mo5? dimers’’ [32]. We could not identify Mo5? which

is commonly reported in the electron paramagnetic reso-

nance (EPR) literature for ‘‘Mo doped TiO2’’ [32–35]

which may be related to its low concentration which is

well below the detection limit of XPS (\0.1 %) for Mo in

the TiO2 bulk [36]. There are reports of Mo5? species on

surfaces as well. These have been seen by XPS during

reduction of supported (or unsupported) MoO3 to MoO2

but were never isolated as pure phases [37–39]. Deng

et al. [40] identified Mo5? at the shear planes of mono-

layer MoO3 films grown on Au(111). We could not

identify such a species, possibly because shear planes are

not expected to form in noteworthy amounts under the

chosen experimental conditions.

STM images of a different layer (but very similar to the

layer whose Mo3d spectrum is shown in Fig. 7(b) in terms

of concentration and chemical state of Mo) are presented in

Fig. 9. Figure 9a, b provide complementary information

regarding the structure of the surface. Figure 9b represents

a large scale image (500 9 500 nm2) which shows rela-

tively wide terraces along with particles of 7–9 nm height

and an irregular shape. The irregular shape of the particles

is probably due to a convolution with the tip shape which

Fig. 7 High resolution XPS spectra of a Mo?Ti mixed oxide layer

prepared according to procedure 1 at 800 K. The film thickness was

about 50–60 Å and the Mo/Ti ratio was about 10 % as estimated from

the calibration of metal deposition rates. XPS data taken at 0� electron

exit angle yield a Mo content of 48 % for the as-prepared film. (a) As-

prepared film, (b) after annealing in UHV at 800 K for 10 min,

(c) after annealing in 1 9 10-6 mbar of O2 for 20 min. The Mo

concentration after the O2 treatment decreased to 14 % as measured

by XPS with 0� electron exit angle. All the curves were normalized to

their maximum intensities after subtraction of a linear background

Fig. 8 Set of Mo3d XPS spectra recorded at 0� electron detection

angle. (a) From Fig. 7: Mo?Ti mixed oxide layer prepared according

to procedure 1 (Ti?Mo co-deposition in O2) at 800 K (48 % Mo) and

annealed for 10 min at 800 K in UHV; (b) Mo deposited onto TiO2 in

5 9 10-7 mbar of O2 at room temperature and post-annealed to

800 K in UHV for 5 min (11 % Mo, procedure 4); (c) Mo deposited

onto TiO2 in UHV at room temperature and post annealed to 670 K in

UHV for 10 min (7.4 % Mo); (d) Mo embedded in TiO2 (3.3 % Mo,

procedure 3) from Fig. 5; (e) Mo-rich Mo1-xTixO2 layer prepared

according to procedure 1 at 800 K (75 % Mo)
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becomes especially relevant when the particle is smaller

than the tip apex.

The STM image in Fig. 9a was taken on a terrace. There

are features which are *7.5, *5.0 and *2.5 Å high rel-

ative to the regions of minimum height (these shallow parts

of the surface are enclosed by dashed grey lines). 2.5 Å

high regions cover a significant part of the image. 5.0 and

7.5 Å high features are isolated and marked with grey and

white ellipses respectively. These features are partially the

X1 type structures as marked in Fig. 3 but there some taller

aggregates also.

The prepared layers all exhibit LEED patterns identical

to that of TiO2(110)-(191). IV LEED experiments were

performed in order to check whether there is any indication

of an ordered mixed oxide phase. Data are shown in

Fig. 10 which compares IV curves of some diffraction

spots of a mixed layer (16 % Mo, procedure 2) and clean

TiO2(110). The IV curves are almost identical for the two

different surfaces, which implies that there is no ordered

Mo/Ti mixed oxide surface.

We could not identify any extended surface regions

consisting of pure TiO2(110) and therefore we have to

assume that the LEED spots stem from areas like the one

shown in Fig. 9a. Part of the features seen in Fig. 9a may

be due to structures also found on regular TiO2(110). In

this sense the surface could be seen as heavily defected

TiO2(110) and the LEED pattern would be that of

TiO2(110), but with enhanced background intensity [41].

Figure 11 summarizes the structural aspects discussed

up to here for layers prepared according to the procedures

1, 2 and 3. The components of the layers are: (i) surface

MoOx clusters, which contain Mo6? or Mo4? species

depending on the size (small aggregates contain only Mo6?

while the Mo4? concentration increases with increasing

size), (ii) subsurface Mo, (iii) Mo4? in TiO2 in deeper

layers. The large particles which are shown in Fig. 9b are

not shown here since the material contained in them adds

up to only a few per cent of a monolayer.

5 Interaction of MoOx/TiO2(110) with Water

and Alcohols

STM images and TPD spectra show that the coverage of

bridging oxygen vacancies decreases when the MoOx

concentration increases. Figure 12 shows the coverages of

three surface structures, namely bridging oxygen vacan-

cies, X1 (particles) and X2 (bright square) as a function of

the Mo concentration. For the determination of the oxygen

vacancy concentration from STM images also hydroxyl

groups were considered since they originate from the dis-

sociation of water on oxygen vacancies.

Figure 12 quantitatively illustrates the steady decrease

of the bridging oxygen vacancy concentration and the

concomitant increase of the concentration of Mo induced

features with increasing Mo concentration. The increase of

Fig. 9 STM images of a surface prepared according to procedure 1 at

870 K with a Mo concentration of 54 %. The film thickness is 33 Å

(10 ML). a High resolution image from a terrace, 25 9 25 nm2,

DU = ?3.0 V, It = 0.02 nA, full color range: 10 Å. In the upper

right part of the image, regions of different heights have been marked.

The regions enclosed by the dashed grey lines are the shallowest

regions in the image and are taken as the base height for the

topography. The regions that are enclosed by grey ellipses are *5 Å

high and those by the white ellipses are *7.5 Å high. The rest of the

surface is *2.5 Å high. b Large scale image revealing some large

particles, 500 9 500 nm2, DU = ?1.3 V, It = 0.02 nA, full color

range: 9 nm. The STM tip probably had a double apex giving rise to

the appearance of duplicate structures
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the bright square concentration is faster in the beginning

than the increase of the particle concentration but it slows

down and at about 5 % Mo content, the concentrations of

these two species become roughly the same. Small surface

features like bridging oxygen vacancies, hydroxyl groups,

and the Mo induced squares could not be reliably identified

in STM images for Mo concentrations of more than *5 %

and therefore corresponding values are missing in Fig. 12.

A point to note is that the concentration of oxygen

vacancies essentially reaches zero at Mo concentrations of

more than 6 % which demonstrates that the Mo-induced

features suppress oxygen vacancies.

Temperature programmed desorption spectra of water

are shown in Fig. 13 for different Mo concentrations. The

high temperature desorption peak at about 500 K stems

from the recombinative desorption of OH groups that form

due to fission of water on the surface oxygen vacancy sites

[43] while the peak at about 255 K is due to molecules

desorbing from regular fivefold coordinated Ti sites [42–

45]. The structure of the spectra changes with increasing

Mo concentration. One aspect is that the intensity of the

recombination peak at *500 K decreases with increasing

Mo concentration until it is essentially gone at a concen-

tration of about 6 %, which is in good agreement with the

vacancy concentration data shown in Fig. 12. Another

aspect of the Mo induced changes is that the structures in

the TPD spectra broaden when the Mo concentration rises.

This is especially obvious in the top spectrum which is

Fig. 10 Comparison of IV

LEED curves of clean

TiO2(110) and a mixed oxide

layer with 16 % Mo prepared

via Procedure 2. The LEED

pattern was taken with 100 eV

electrons from a clean TiO2

surface

Fig. 11 Illustration of the

structures that are proposed to

form in/on a Mo?Ti mixed

oxide layer. It is assumed that

the layer is prepared according

to procedure 1 or 2
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from a surface with 44 % of Mo. We assign this effect to

an increasing surface inhomogeneity. Figure 9a shows a

STM image of a surface with a similar Mo concentration

and it is clear that the morphology of this surface is more

complex than that of regular TiO2(110). Part of the TPD

structures at higher temperature is probably related to

recombinative desorption of hydroxyl groups. Since the

concentration of regular TiO2(110) surface vacancy sites is

most likely significantly reduced at high Mo concentrations

it follows that the surface likely exhibit sites involving Mo

atoms which bind water and possibly also dissociate it.

TPD spectra of methanol for different Mo coverages are

presented in Fig. 14. The desorption of methanol is

accompanied by signals from smaller masses due to the

cracking of methanol by the electron beam and surface

reactions at the walls of the QMS and the QMS housing.

These signals are especially prominent in the 200–400 K

range where most of the methanol desorption takes place.

While it is possible to account properly for the effect of

cracking by the electron beam, this is not the case for the

effect of the wall reactions. For this reason formaldehyde

and methane signals are not shown for temperatures below

400 K. A significant part of the H2O signal in this range is

probably also related to wall reactions. As a rule of thumb

we note that structures in the non-methanol spectra which

are not found in the methanol spectra are most likely due to

processes on the sample surface while this is not neces-

sarily true for desorption maxima which are also found in

the methanol spectra.

Prior studies identified three distinct methanol desorption

features above 250 K for a clean TiO2(110) surface with

bridging oxygen vacancies [46]. The peak at *275–295 K

and the shoulder at *340–350 K were assigned to molec-

ularly and dissociatively adsorbed methanol at 5cTi sites,

respectively, while the broad desorption feature at

*400–500 K was attributed to recombinative desorption of

methanol dissociatively adsorbed at bridging oxygen

vacancies [46].

At *650 K parallel desorption of formaldehyde and

methane takes place. This is different from previous studies

which report formation of formaldehyde for oxygen treated

TiO2(110) and methane desorption for electron bombarded,

Fig. 12 Concentration of different surface features as a function of

the molybdenum concentration. The concentrations were determined

by counting the structures in the STM images and dividing this

number by the total number of TiO2(110)-(191) unit cells in the

image. In the case of bridging oxygen vacancies, water TPD was

additionally used for quantification. In this case the ratios of the

intensities of the desorption peak at *500 K (which is due to

recombination of hydroxyl groups) and the H2O monolayer desorp-

tion peak are plotted [42]. The molybdenum concentration was

determined with XPS at 70� electron exit angle and is given relative

to the concentration of metal ions in the sample, as described in the

experimental part

Fig. 13 Water TPD spectra for surfaces prepared according to

procedure 4 with different molybdenum concentrations. Each mixed

oxide surface was prepared by deposition of Mo onto the surface

prepared in the previous step. The spectra are normalized to identical

maximum intensities, since the QMS detection efficiency was found

to vary somewhat between different measurements. A part of the

spectra (around 500 K) was multiplied by a factor of 8 and is shown

in addition
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highly oxygen deficient (i.e. reduced) TiO2(110) [46, 47].

We have TDS data from different samples which some-

times show co-desorption of formaldehyde and methane

and sometimes neither of these is observed. This may be

related to the history of the samples and/or the defect

density. At present the existing data sets do not permit to

discuss this issue in more detail.

Another interesting feature of our spectrum is the water

desorption peak at *490 K, which has not yet been

reported for methanol on TiO2(110). Henderson reports

that methanol TPD shows a ‘‘small amount of H2O

desorption’’ which was assigned to water adsorption from

the residual gas atmosphere without stating the desorption

temperature [46]. This explanation may also hold true for

the data shown in Fig. 14 since the desorption temperature

is identical to the temperature where recombinative water

desorption occurs from a H2O dosed surface as shown in

Fig. 13. Another possible explanation would be that this

desorption peak is due to the combination of hydroxyl

groups related to desorption of formaldehyde. The latter

process involves the abstraction of two hydrogen atoms

which in many cases desorb as water. The reason why,

contrary to published results, methane and formaldehyde

are produced in parallel is not clear. Methane production is

not unexpected since the studied TiO2(110) surface surely

contained vacancies. On the other hand, formaldehyde

production is expected only for surfaces dosed with oxygen

which was not the case for the studied surface. However,

we note that Farfan-Arribas and Madix [47] did also

observe formaldehyde production for a surface which they

identified as ‘‘stoichiometric’’. They assigned this to the

use of oxygen in the course of the surface preparation.

Molybdenum heavily affects the high temperature

desorption channels. Only 1.6 % of Mo induce a significant

decrease of the intensities of the peaks at *650 K. A

general trend seems to be that the intensities are smeared

out which is probably due to a inhomogeneous surface and

that the reactions occur at lower temperature with a certain

preference of methane formation at high Mo concentra-

tions. If methane is produced then the oxygen atom of the

methanol must remain on the surface (or is transferred to

another reaction product which was not observed) which

means that methane formation is accompanied by surface

oxidation. We tentatively refer to Fig. 6b which shows that

the concentration of Mo4? increases with increasing Mo

coverage. A possible explanation for the increasing amount

of formed methane may be the oxidation of Mo4? to a

higher oxidation state. However, this speculation was not

checked experimentally.

Kim et al. [7] investigated the dehydrogenation of

methanol on monooxo MoO3 clusters supported on TiO2

(110) with DFT calculations and found a path towards

formaldehyde with an activation energy of 1.40 eV. The

rate determining step involves the breaking of a C–H bond,

and the mechanism does not involve methoxy dispropor-

tionation. This activation energy inserted into the Arrhe-

nius equation with a pre-exponential factor of 1012 s-1

yields a first order rate constant of 0.15 s-1 at 550 K.

Redhead analysis [48] with an activation energy of 1.40 eV

would correspond to a desorption peak temperature of

about 520 K assuming the same pre-exponential factor.

However, our TPD spectra show that only a small amount

of formaldehyde produced in this temperature range which

means that the process reported by Kim et al. [7] applies at

most to a small part of the surface reactions.

Ethanol TPD spectra for the same substrates are pre-

sented in Fig. 15. The desorption products for ethanol on

clean TiO2 are similar to those published in the literature

[49]. The features at *295 and *350 K are assigned to

molecularly and dissociatively adsorbed ethanol at fivefold

coordinated Ti sites, and the small feature at *420 K is

due to desorption of dissociatively adsorbed ethanol at

Fig. 14 TPD spectra of methanol-dosed surfaces prepared according

to procedure 4 with different Mo concentrations. Each layer was

prepared by depositing additional Mo onto the surface layer in the

previous step. The spectra are normalized individually with the

respective sensitivity factors. For water the intensity is scaled down

by a factor of 0.35 in order to fit the spectra into the figure
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bridging oxygen vacancies. At *600 K ethylene, acetal-

dehyde and water desorb together with additional ethanol.

Kim et al. [49] published TPD data of different alcohols

(excluding methanol) on TiO2(110) which revealed that

predominantly dehydration products (alkenes) are formed.

Dehydrogenation products (aldehydes) are observed only

for primary alcohols [49]. The most detailed mechanistic

studies have been performed by Bondarchuk et al. [50]

using 2-propanol, which revealed a previously unknown

low-temperature dehydrogenation pathway. It was shown

that the low-temperature mechanism does not require the

presence of bridging oxygen vacancies whereas the high-

temperature mechanism does [51].

A concentration of 1.6 % of Mo leads to a dramatic

decrease of the amount of ethylene (as well as acetalde-

hyde, ethanol and water) at *600 K, accompanied by a

decrease in the peak temperature. The ethylene and form-

aldehyde yields decrease by *50 % whereas the ethanol

and water yield decreases by *60 %. The numbers are in

accordance with the decrease in the number of bridging

oxygen vacancies (*50 %). With increasing Mo concen-

trations the structures become wider and shift to lower

temperature with the ethylene desorption peak maximum

finally reaching *500 K.

The trend observed with increasing MoOx coverage is

the suppression of oxygen vacancy related chemistry of

methanol and ethanol, which is in accordance with the

independently determined decrease of the oxygen vacancy

concentration (see Fig. 12). The shift of the high-temper-

ature ethanol dehydrogenation product desorption peaks to

lower temperature with increasing MoOx coverage indi-

cates the presence of new active sites. The number of these

new active sites is likely smaller than the number of

bridging oxygen vacancies on clean TiO2(110) as is evident

from a simple comparison of the ethylene peak intensities.

6 Conclusions

Mo?Ti mixed oxide layers and MoOx layers were prepared

on TiO2 substrates using different procedures and charac-

terized with XPS, STM and LEED. The LEED patterns of

all preparations containing Mo were identical to the pattern

of clean TiO2(110), except for variations of the background

intensity. IV-LEED indicates that there are no ordered

Mo?Ti mixed oxide surface structures.

Based on detection-angle dependent XPS data it was

found that molybdenum has the tendency to stay at the

surface when Mo and Ti are co-deposited in an O2 ambient

(5 9 10-7 mbar) at high temperature (C800 K) (procedure

1). This was the case even when additional Ti was

deposited on top after Mo deposition (procedure 2),

although some mixing of Mo into TiO2 may be compatible

with the data. Mixing of Mo into TiO2 was achieved by

consecutive deposition of Mo and Ti (in this order) in UHV

at room temperature and subsequent oxidation at high

temperature (procedure 3). Molybdenum mixed in

TiO2(110) was found to have a oxidation state of 4?,

consistent with a simple model where Mo substitutes Ti in

the TiO2 lattice. Mixed and non-mixed layers with low Mo

concentrations were observed to be stable in UHV up to at

least 900 and 1,000 K, respectively.

Mo6? is the dominant oxidation state up to *0.5 ML for

layers prepared according to procedure 4. The amount of

Mo6? remained nearly constant for higher coverages while

the amount of Mo4? increases. Angle dependent XPS

shows that Mo6? is at the surface which favors a model

where a MoO2-like structure terminated by Mo6? species

grows on TiO2.

In addition to Mo6? and Mo4?, also another Mo species

(Mon?) was identified with XPS. The Mo3d doublet of the

Mo4? has binding energies typically associated with Mo

Fig. 15 TPD spectra of ethanol-dosed surfaces prepared according to

procedure 4 with different Mo concentrations. Each surface was

prepared by deposition of additional Mo onto the surface prepared in

the previous step. The spectra are normalized individually with the

respective sensitivity factors. For water the intensity is scaled down

by a factor of 0.45 in order to fit the spectra into the figure
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dimers in MoO2, and therefore in the present case the

doublet is also assigned to dimers. The Mo3d levels of the

Mon? species are at binding energies between those found

for MoO2 and Mo metal. Its structure could not yet be

characterized.

Annealing the films in O2 at high temperature lead to

two effects: (i) MoOx species at the surface may be oxi-

dized to MoO3 which sublimates, (ii) new TiO2 layers are

formed via the oxidation of interstitial Ti atoms which are

present in the bulk of TiO2. The first effect removes Mo

oxide that is on the surface and the second one damps the

Mo3d intensity of Mo atoms already embedded in the TiO2

lattice. Both effects result in a decrease of the apparent Mo

concentration as determined from the Mo3d intensity.

Atomically resolved STM images of a layer with 1.3 %

Mo were found to exhibit two Mo-induced features in

addition to the features commonly observed for TiO2(110).

STM images of a layer with *50 % Mo revealed a com-

plex structure with irregularly shaped depressions (*2.5 Å

deep) and small protrusions (*2.5 and *5.0 Å high) with

definite sizes. In addition, large particles with heights in the

range of 7–9 nm were identified with a small concentration

(*30 lm-2). A very simple structural model was pro-

posed for co-deposited layers with a high Mo concen-

tration.

Even small Mo concentrations result in a considerable

decrease in the density of bridging oxygen vacancies which

significantly affects surface reactions related to these

defects since Mo inhibits the activity of TiO2 even at low

concentration. Mo?Ti related reactivity is characterized by

lower reaction temperatures (as compared to pure

TiO2(110)) and wider and less structured TPD features

which may be related to the increased surface inhomo-

geneity.
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