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Abstract The adsorption of O2 and the CO oxidation

reaction has been studied, by TDS and surface titrations, on

a TiO2 nanotubes (TiNTs) array which consist of a 80/20%

mixture of the anatase/rutile polymorph. Molecular O2

adsorption, influenced by defects, as well as CO2 formation

at low temperatures (~100 K) were observed.
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1 Introduction

A kinetics study about oxygen adsorption and CO oxida-

tion on a TiO2 nanotubes array (TiNT) at low temperatures

is presented. The CO oxidation reaction is one of the most

important prototypes of bimolecular surface reactions.

Triggered by the recent discovery of the nano-Au

TiO2catalyst [1, 2], the low temperature CO oxidation

reaction has again attracted significant interest [3–5]. Be-

sides the cleaning of exhaust pollution, the removal of CO

from syngas is required for (low temperature) fuel cell

catalysts, since trace amounts of CO can poison the surface

of fuel cell electrodes [6]. Furthermore, a number of more

exotic but important applications exist such as closed-cycle

CO2 lasers [7], which require low temperature CO oxida-

tion catalysts. TiO2 is particular attractive due to its unique

photocatalytic properties [8, 9] which could, combined

with capture effects [10–14] of nanotubes, lead to signifi-

cantly enhanced catalytic activity of TiNTs. Already quite

diverse applications of TiNTs are reported in materials

science [15], medicine [16], and catalysis [17]. Although

TiO2 exists in different crystallographic phases, most sur-

face science studies have focused on rutile TiO2(110) [18].

However, industrial TiO2 powder catalysts consist of rutile

and anatase crystallites. It has been proposed [8, 19] that

the most catalytically active polymorph is anatase. There-

fore, studies on the anatase polymorph appear pertinent.

TiO2 nanotubes and nanoparticles are, due to their smaller

surface energy [20], intrinsically of the anatase polymorph

[21–23]. Annealing procedures can lead to mixed anatase/

rutile TiO2 nanotubes.

In this letter we present evidence for CO oxidation on

TiNTs by molecularly adsorbed oxygen. Furthermore, TDS

experiments reveal different adsorption states of oxygen

dosed at low temperatures on TiNTs. Experiments devoted

to the effect of crystal structure of TiNTs have been pre-

sented elsewere [22].

2 Materials and Experimental Procedures

A TiO2 nanotubes array (TiNT) sample has been obtained

from P. Schmuki’s group at Erlangen-Nuernberg Univer-

sity (Germany). The synthesis procedures are detailed in

Ref. [24, 25]. The sample has been characterized by X-ray

diffraction (XRD) which revealed that the tubular structure

of the open-ended TiO2 nanotubes consists of a 80/20%

mixture of anatase/rutile crystallites; for details see Ref.

[22]. X-ray photoelectron spectroscopy revealed, as the

only impurity, carbon close to the detection limit [26]. The

sample has been degassed in ultra-high vacuum by

annealing at 500–600 K [22]. Scanning electron micros-

copy data (SEM) as well as XRD collected after
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the kinetics experiments revealed that no modification in

the sample’s morphology occurred. The TDS set up is

detailed in Ref. [27]; a line-of-sight detection with a

shielded mass spectrometer (see inset of Fig. 3) has been

used. Oxygen has been dosed by backfilling. An expo-

nential background was removed from each TDS curve and

the data have been smoothed conserving, however, the

shape of the curves. The reading of the thermocouple has

been calibrated (±5 K) in situ by TDS using the known

heat of condensation of alkanes. A heating rate of 1 K/sec

has been used for all TDS measurements; the exposures are

given in Langmuir (1 L equals 1 s gas exposure at 1 · 10–6

torr). He gas was fluxed through the liquid nitrogen con-

taining sample holder rod to further reduce the sample

temperature [28].

3 Data Presentation and Discussion

Figure 1 depicts a set of TDS curve s for oxygen adsorbed

at ~100 K on the anatase/rutile mixed TiNT sample. Two

structures are evident. A low temperature peak (a1) which

shifts from 129 K to 115 K with increasing exposure and a

second broad structure (a2) centered at about 200 K. The

low desorption temperatures suggest that the a1 peak cor-

responds to a molecular adsorption/desorption pathway of

O2. Molecular O2 adsorption has been observed for

TiO2(110) as well as supported TiO2(110) [4, 29]. (We

may add that the desorption of oxygen was below the

detection limit of the mass spectrometer for adsorption

temperatures above 300 K and no desorption of O2 has

been observed from the back side of the sample at low

adsorption temperatures which could be assigned to the a1

or a2 TDS peaks.) However, the shift of the a1 peak indi-

cates either deviations from 1st-order kinetics which have

been observed in some cases for molecular adsorption on

metal catalysts [30] or coverage dependent kinetics. The

most plausible explanation for deviations from 1st-order

kinetics are structural effects such as desorption starting

along the rim of islands of the adsorbates or along the rim

of the crystallites which constitute the tubular structure of

the nanotubes.

Interestingly, the a2 peak intensity depends distinctly on

the sample’s history (Fig. 1(II)). While collecting this set

of TDS data, the sample has not been flashed above 300 K

and the experiment started with collecting the curves at low

exposures. Thus, while the initial exposure increased from

1 L to 240 L the total amount of oxygen dosed on the

surface also increased and the a2 TDS peak intensity de-

creased. Although we cannot rule out a stabilization of

molecular oxygen on or at the vicinity of defect sites, the

quenching of the a2 peak strongly suggests dissociative

oxygen adsorption on defect sites. The formed oxygen

atoms ‘‘heal out’’ defects, the better the more oxygen has

been dosed on the surface. The remaining oxygen atoms

desorb recombinatively (a2 peak). The symmetric shape of

the a2 TDS is also consistent with recombinative desorp-

tion. Related effects have been reported for rutile

TiO2(110) single crystals [31]. This process is typically

observed at greater surface temperatures due to larger

binding energies of atomically bonded as compared with

molecularly bonded oxygen. The rather large width of the

a2 TDS peak suggests, however, differences in the local

adsorption geometry such as adsorption on multiple defect

sites, defects at the edge of the crystallites, and on terrace

sites. Furthermore, the TiNT sample consists of anatase

and rutile crystallites. Thus, different defect sites and slight

variations in binding energies of adsorbed oxygen are

Fig. 1 Thermal desorption spectroscopy curves for O2 adsorption at

100 K on TiO2 nanotubes as a function of exposure. (I) The curves

are plotted one over the other allowing for an intensity comparison

and (II) the same curves are offset to reveal the variations in the TDS

peak intensities. (The data in panel I are smoothed, those in panel II

are not.) The inset shows a scanning electron microscopy image of a

typical TiNT sample
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expected from the complicated tubular structure of the

TiNTs which consists of a large amount of structural de-

fects as evident from SEM results [22]. Therefore, a large

width of the a2 TDS peak is expected. Besides the larger

variation in the Arrhenius factor at lower adsorption tem-

peratures, the nondissociative adsorption of molecular

oxygen would be restricted to more homogeneous sites

(‘‘pristine sites’’) leading to a smaller width of the a1 peak.

In order to verify the origin of the high-temperature TDS

peak, several test experiments have been conducted which

are discussed below, see Figs. 2 and 3.

Figure 2 summarizes the results of cycles of O2

adsorption/desorption experiments. Two sets of identical

experiments are shown (see panel I and II). Before the start

of the experiments, the sample has been annealed in vac-

uum at 550–600 K for 3 min. The first O2 TDS experiment

(cycle #1) shows a very distinct a2 peak. Repeating now

adsorption/desorption cycles within the temperature rage of

100–300 K (three cycles, #1–#3, are shown in each panel)

leads to a decrease of the a2 peak intensity with respect to

the a1 TDS peak intensity (Fig. 2(I)). This behavior was

well reproducible after annealing the sample again. A

second set of data is shown in Fig. 2(II). This result already

supports the conclusion that the a2 peak is related with

oxygen vacancy sites on the TiNT surface. An effect of

water [32] or hydrogen uptake [33] from the background

appears unlikely to be the reason for the quenching of the

a2 TDS peak since this effect was clearly related with the

amount of oxygen dosed on the surface. In order to check

that the O2 TDS peaks are indeed related with different

adsorption sites, coadsorption experiments with CO2 have

been conducted.

It is well documented that CO2 is a very useful probe

molecule to distinguish pristine and defect sites on metal

oxides [34–36]. For rutile TiO2(110), CO2 adsorbs initially

preferentially on defect sites as the highest binding energy

sites. Therefore, dosing CO2 first and then O2 should lead to

a quenching of the a2 peak if it is related with different

adsorption sites (defects) than the a1 TDS peak (pristine

sites). On the other hand, if the a2 structure is simply related

with a coverage dependence of the adsorption kinetics, the

a2 TDS peak would not be strongly affected by site blocking

effects. Indeed, as depicted in Fig. 3, pre-exposing CO2 at

low temperatures reduces predominantly the intensity of the

a2 TDS peak. This result identifies that different adsorption

sites are involved in the O2 adsorption scenario.1 At larger

Fig. 2 The filing (healing out) of oxygen vacancy sites is evident

from O2 adsorption/desorption cycles monitored by TDS. Two sets of

experiments where 60 L of oxygen have been adsorbed at 100 K are

shown

Fig. 3 Coadsorption experiments of CO2 and oxygen. vCO2 Lang-

muir (L) of CO2 has been dosed first on the surface which leads to

blocking of defect sites. Afterwards, 60 L of oxygen have been

exposed and an O2 TDS curve has been collected. (The inset shows

the TDS set up used for all experiments.)

1 CO2 does not adsorb on the sample holder which consists mostly of

steel. Therefore, the coadsorption experiments also rule out artifacts

from the sample holder in the TDS experiments.
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exposures CO2 will certainly also occupy pristine sites and

the a1 TDS peak intensity also decreases.

As an application in catalysis and as another test that

kinetically distinct oxygen species form on the TiNTs, leak

valve CO titration experiments [37, 38] have been con-

ducted for TiNTs precovered with oxygen at low temper-

atures (see Fig. 4). Figure 4(I) shows in the upper section

the CO2 formation as a function of CO exposure time. The

CO pressure has been increased step-like (see lower section

in Fig. 4(I)) which defines the zero point on the reaction

time scale. Two experimental runs, conducted at different

reaction temperatures, are shown. The lower reaction

temperature leads to a faster decay of the CO2 signal. Thus,

the reaction kinetics are characterized by a negative

apparent activation energy [39], i.e., the CO2 product for-

mation is limited by the CO coverage on the surface. Due

to the small binding energies of CO, its coverage decreases

rapidly with increasing temperature which leads to an

acceleration of the kinetics with decreasing reaction tem-

perature for bimolecular reactions. This type of kinetics

(‘‘faster reactions at lower reaction temperatures’’) is

common for low temperature CO oxidation catalysts. Re-

lated results have been obtained for silver[38, 39], gold

[40], and copper [41, 42] single crystals. Conducting post-

reactive O2 TDS experiments verifies that indeed oxygen

has been titrated by CO from the surface (Fig. 4(II)).

Interestingly, the molecular oxygen species (a1 peak) ap-

pear to be more reactive towards CO2 formation at low

temperatures than atomically bonded oxygen (a2 peak). CO

oxidation by molecularly bonded oxygen has been ob-

served for silver single crystals [37, 43, 44]. In the case of

Ag(110), the formation of a O2–CO2 intermediate had been

postulated [37, 38] by kinetics experiments and verified

later by a time resolved scanning tunneling microscopy

study [45]. Independent of the mechanism, the different

CO2 formation rates which are related to the a1 and a2 TDS

features indicate again that different oxygen species and

adsorption sites are involved.

4 Summary and Conclusions

The experimental evidence strongly suggests that oxygen

molecules dissociate on oxygen vacancy sites, as they do

on TiO2 single crystals, filling defect and adjacent pristine

sites on the TiNTs. The oxygen atoms adsorbed on pristine

sites can be flashed off resulting in the a2 TDS peak

(recombinative oxygen desorption). The remaining oxygen

atoms fill the oxygen vacancy sites leading to a quenching

of this adsorption pathway in subsequent O2 adsorption/

desorption cycles. Molecular adsorption on defect sites

may be possible but would not explain the observed

quenching of the a2 TDS peak. Annealing of the TiNTs in

UHV to higher temperatures restores the a2 adsorption

pathway, indicating that surface oxygen (which is part of

the TiO2 crystal lattice) desorption is a slow process with

larger activation energy. As a parallel adsorption pathway

oxygen adsorbs molecularly on pristine sites leading to the

a1 TDS structure. The pristine sites have been identified as

fivefold coordinated Ti4+ sites for TiO2 single crystals and

defect sites as Ti3+ oxygen vacancy sites [29, 31]. These

sites must also exist on TiO2 nanotubes in addition to more

complicated defects such as the grain boundaries of the

crystallites. Despite some similarities of TiO2 single crys-

tals and TiNTs major differences in the adsorption kinetics

Fig. 4 CO titration experiments of oxygen adsorbed at low

temperatures on a TiO2 nanotubes array. (I) CO2 formation for two

different reaction temperatures as well as the CO pressure in the

reaction chamber as a function of time. The CO2 signal can for 108 K

be fitted with exp(-time/39) and the one for 119 K with exp(-time/35).

(II) O2 TDS after the titration experiments as compared with an O2

TDS blind experiment. (60 L O2 at 100 K, titration with 1 · 10–6 torr

of CO)
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of oxygen exists. For example, oxygen does not adsorb on

fully oxidized rutile TiO2(110) [29]. The TiNTs, which are

polycrystalline and mostly of the anatase polymorph are

intrinsically active toward oxygen adsorption [22].

The activity for CO oxidation on clean TiO2 catalyst is

somewhat surprising at a quick glance. However, theoret-

ical studies revealed that a Mars van Krevelen mechanism

which involves lattice oxygen would energetically be

possible for CO oxidation on an anatase TiO2 system [46].

The reactivity is related with poorly coordinated oxygen

atoms; i.e., with surface defects. A distinct reactivity of

defects sites has also been identified theoretically for rutile

TiO2 [47, 48]. On the other hand, catalytic activity of non

supported and defect free rutile TiO2(110) for CO oxida-

tion at low temperatures has also been seen [49]. Certainly

further studies are required to determine precisely kinetics

parameters as well as spectroscopic studies providing

additional evidence for the assignment of the adsorption

sites proposed here.
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