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Abstract: The measurements of electron work function were applied for in situ monitoring of the charge
transfer during oxidation and reduction for well-defined titanium dioxide, TiO,, at room temperature. The
TiO, specimen was initially standardized at 1173 K in the gas phase of controlled oxygen activity, at p(O»)
=10 Pa, and then cooled down in the same gas phase. The work function changes were monitored during
oxidation at room temperature at p(Oz) = 75 kPa and subsequent reduction at p(O2) = 10 Pa. It is shown
that oxidation of TiO, at room temperature results in fast oxygen chemisorption, involving initially the
formation of singly ionized molecular oxygen species, followed by the formation of singly ionized atomic
oxygen species, and subsequent slow oxygen incorporation. Although all these processes lead to work
function increase, the components of the work function changes related to the individual processes may
be distinguished based on different kinetics. The obtained work function data indicate that oxidation results
in rapid surface coverage with singly ionized molecular oxygen species, which are subsequently dissociated
leading to the formation of singly ionized atomic species. The related chemisorption equilibria are established
within 2 and 5 h, respectively. Oxygen incorporation leads to slow work function changes, which achieve
a maximum within 100 h. The determined work function data were assessed by using a theoretical model
that describes the electrical effects related to different mechanisms of TiO, oxidation. The work function
data indicate that oxygen incorporation leads to structural changes of the outermost surface layer resulting,
in consequence, in a change of the external work function component. Reimposition of the initial gas phase,
p(02) = 10 Pa, leads to partial desorption of weakly adsorbed molecular species formed during oxidation.

1. Introduction

Metal oxides exhibit a strong reactivity with oxygen, which
is an intrinsic part of the atmosphere. Oxidation of oxides may
be considered in terms of oxygen chemisorption and its
incorporation into the oxide lattice resulting, in consequence,
in a change of properties.'> Awareness is growing that the effect
of oxygen on properties of oxides, especially on their catalytic
and photocatalytic properties, may be substantial.® So far, little
is known on this effect.

Oxidation of metal oxides at lower temperatures is mainly
limited to physical adsorption.>* At moderate temperatures, at
which the lattice transport is quenched but electronic transitions
may be activated, the physically adsorbed species (molecules
and/or atoms) become ionized, leading to the formation of
several chemisorbed species, such as O~ and 0,2 Catalytic
and photocatalytic properties of oxides are closely related to
the concentration of these species.’> Therefore, knowledge of
the mechanism of oxygen chemisorption is essential for
understanding of catalytic properties.

Oxidation of oxides at elevated temperatures results in oxygen
incorporation into the lattice leading to a change in oxide

(1) Kofstad, P. Nonstoichiometry, Diffusion and Electrical Conductivity
of Binary Metal Oxides; Wiley: New York, 1972.

(2) Nowotny, J. In The CRC Handook of Solid State Electrochemistry;
Gellings, P. J., Bouwmeester, H. J. M., Eds.; CRC Press: Boca Raton,
FL, 1997; p 121.

(3) Bielanski, A.; Haber, J. . 1979. /9, 1-41.
9984 m J. AM. CHEM. SOC. 2008, 730, 9984-9993

nonstoichiometry and the related defect disorder resulting, in
consequence, in a change of the chemical potential of electrons.'
The latter process leads to a change in the ability of the oxide
crystal to donate or accept electrons during chemical reactions.

Awareness is growing that properties of oxides are determined
by their nonstoichiometry, and the related oxygen activity, rather
than by their crystalline structure. In other words, the crystals
of the same structure may exhibit a wide range of properties,
which are closely related to its nonstoichiometry and the related
defect disorder. Therefore, there is a need to understand the
effect of nonstoichiometry and defect disorder on properties.

The materials-related data for oxides are well-defined only
for specimens obtained by following well-known processing
conditions at elevated temperatures, including the temperature,
oxygen activity and the rate of cooling. TiO, is not an exception.
This is the reason why defect-related properties have been
studied at elevated temperatures corresponding to the gas/solid
equilibrium.’

Thermodynamically reversible defects are formed/removed
during the reaction between oxide lattice and oxygen in the gas
phase. The reaction rate depends on temperature. The gas/solid
equilibrium for the oxide-oxygen system may be established at
elevated temperatures. Then the changes of oxygen activity
result in a rapid imposition of new concentration of defects at
the gas/solid interface and subsequent propagation of these
defects into the bulk. The rate of the latter process, which is
diffusion-controlled, increases with temperature. The TiO,—O»

10.1021/ja7108695 CCC: $40.75 [ 2008 American Chemical Society
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system at room temperature is considered as quenched. Then
the defect disorder of the bulk phase and the related properties
are independent of oxygen activity in the gas phase. However,
the changes of oxygen activity at room temperature may still
lead to changes in chemisorption equilibria and the composition
of a near-to-surface layer.” The question is: what is the extend
of reactivity between the TiO, lattice and oxygen at room
temperature? The aim of the present work is to address this
question.

The reactivity of TiO, is strongly influenced by its defect
disorder. Therefore, the reactivity-related data are well-defined
only for specimens of well-defined defect disorder.

The present work aims to study the reactivity between TiO,
and oxygen by using the TiO, specimen of well-defined oxygen
nonstoichiometry and the related defect disorder. The reactivity,
and the related charge transfer, will be studied by using the
measurements of work function (WF). The specific aim is to
assess the mechanism and the kinetics of the interactions
between the TiO, surface and oxygen, in terms of the related
electronic mechanisms. The logical objective of the study is to
assess the effect of oxygen on properties of TiO, as a
photocatalysts.

The experimental part of the present work will be preceded
by short outline of several issues that are important for the final
message of the study, including:

(1) Postulation of the Problem. This section will consider the
present state of understanding on the effect of oxygen on surface
vs bulk properties and the reactivity of TiO,.

(2) Literature Overview. This section considers the data on the
reactivity between oxygen and the TiO; lattice, which have been
reported in the literature.

(3) WF of Oxide Semiconductors. This section provides
definitions of terms and the related equations.

(4) Surface Reactivity Model. This section considers the effect
of oxygen on WF of metal oxides.

2. Postulation of the Problem

Titanium dioxide, TiO,, is a nonstoichiometric compound.1
Undoped TiO, has been commonly considered as an n-type
semiconductor.'** Its nonstoichiometry has been represented
by the formula TiO ,.,, which is consistent with oxygen deficit
(the nonstoichiometry, x, is closely related to the concentration
of both ionic and electronic defects). The latter term may be
related to the chemical potential of electrons, u(e'):

u(e)=u’(e)+RTInn (1)

where 7 is the concentration of electrons and the terms R and
T have their traditional meaning. The term u(e') is the key
quantity, which determines the ability of TiO; to either donate
or to accept electrons. Therefore, knowledge of specific process-
ing conditions, and the related oxygen nonstoichiometry, is
essential for correct assessment of the reactivity of TiO,.

Recent studies of the authors have shown that TiO, may
exhibit both n- and p-type properties.® The latter properties
are determined by titanium vacancies.® Then TiO, exhibits an
apparent oxygen excess (its formula may then be expressed as
TiO,+,). Therefore, the general formula, which represents both
n- and p-type TiO; is TiO; & .

(4) Carp, A.; Huisman, C. L.; Reller, A. | NNREEEEEE 2004
32, 33-177.

(5) Matzke, Hj In Nonstoichiometric Oxides; Sorensen, O. T., Ed.;
Academic Press: Cambridge, 1981; p 155.
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Figure 1. Defect diagram showing the effect of oxygen activity on the
concentration of both ionic and electronic defects for TiO; at 1173 K (in
this case, A is related to the equilibrium concentration of titanium
vacancies).®

The reactivity in the metal oxide—oxygen system, such as
the TiO; -O, system, depends on temperature and the amount
and energy of photons, if the system is exposed to light. At
lower temperatures, when the transport in the TiO, lattice is
quenched, the reactivity is limited to the adsorbed layer. Then
changes of oxygen activity in the gas phase lead to the formation
of different adsorbed oxygen species. As temperature increases,
the interactions in the TiO,—O, system initially involve the
outermost surface layer, then a near-to-surface layer, and finally
the bulk phase. In the latter case, the changes of oxygen activity
in the gas phase lead to a fast propagation of the new oxygen
activity within the lattice.

The recent studies of the authors led to the determination of
the effect of oxygen activity on the concentration of both ionic
and electronic defects, which is represented in the form of a
diagram shown in Figure 1. As seen, such diagram allows to
predict the effect of processing conditions, specifically the
isothermal effect of oxygen activity, on the concentration of
electronic charge carriers. Similar diagrams may be derived at
any temperature corresponding to gas/solid equilibrium and for
controlled concentrations of aliovalent ions represented by the
quantity A.°

The performance of TiO, -based photoanode in photoelec-
trochemical cells for water splitting is closely related to its

(6) Nowotny, M. K.; Bak, T.; Nowotny, J. il 2006, /70,

16302.

(7) Nowotny, J.; Bak, T.; Burg, T. | ) 2007, 244, 2037—
2054.

(8) Bak, T.; Nowotny, J.; Nowotny, M. K. il 2006, /10,
21560-21567.
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reactivity with water, leading to its decomposition according
to the following reaction:*""

(H,0),,—~2H" + %oz +2¢ )

As seen, the byproduct of this reaction is oxygen. This is the
reason why oxygen is an important agent in water splitting.
Therefore, knowledge of the mechanism and the kinetics of the
reactivity between oxygen and TiO; is essential for correct
understanding of the performance of TiO, as photoelectrode for
water splitting and photocatalyst for water purification.

So far, however, little is known on the reactivity of oxygen
with the TiO, surface at room temperature and its effect on
electrical properties. The present work aims at addressing this
issue. Specifically, the objective of the present study is to assess
the effect of oxygen on surface properties of well-defined TiO,
in terms of WF measurements. The experimental part of this
study will be preceded by the definition of basic terms, such as
WF of oxide semiconductors, and basic relationships, such as
the effect of oxygen on work function.

The reactivity of TiO, with oxygen, and the related WF
changes, depend on light conditions as well. The effect of light
on WF changes during oxidation and reduction at room
temperature will be discussed later (Section 4).

3. Brief Overview of the Literature

The effect of oxygen on surface properties of TiO, has been
studied by using surface sensitive tools, mainly X-ray photo-
electron spectroscopy (XPS), Auger electron spectroscopy
(AES), low energy electron diffraction (LEED), thermopro-
grammed desorption (TPD), and WF.'*"*’

Henrich et al.'* claimed that exposure of both nearly perfect
surface and highly defected surface to oxygen leads to oxygen
chemisorption in the form of doubly ionized oxygen ions, O* .
This claim, however, contradicts the report of Bielanski and

(9) Fujishima, A.; Honda, K. Naggg 1972, 238, 37-38.

(10) Bockris, J. O’M.; Khan, S. U. M. Surface Electrochemistry: A
Molecular Level Approach; Plenum Press: New York, 1993; pp 53—
406.

(11) Chandra, S. In Photoelectrochemical Solar Cells; Gordon and Breach:
London, 1985; pp 98—102.

(12) Henrich, V. E.; Dresselhaus, G.; Zeiger, H. J. |GG
1978, 15, 534-537.

(13) Henrich, V. E. i 1979, 9, 143-164.

(14) Lo, W. J.; Chung, Y. W.; Samorjai, G. A. SglaSei 1978, 71, 199—
219.

(15) Gopel, W.; Rocker, G.; Feierabend, F. pliiiittia 1983, 28, 3427—
3438.

(16) Yanagisawa, Y.; Ota, Y. . . 1991, 254, L.433-1.436.

(17) Hugen-Schmidt, M. B.; Gamble, L.; Campbell, C. T. SgleSei. 1994,
302, 329-340.

(18) Lu, A.; Linsebigler, A.; Yates Jr, J. T. jnnfsiasiiiay 1995, /102,
3005-3008.

(19) Lu, G.; Linsebigler, A.; Yates Jr, J. T. jnnfsiaiiiy. 1995, 102,
4657-4662.

(20) Henderson, M. A. SugbaSai. 1996, 355, 151-166.

(21) Epling, W. S.; Peden, C. H. F.; Henderson, M. A.; Diebold, U. Surf.
Sci. 1998, 412—413, 333-343.

(22) Henderson, M. A.; Epling, W. S.; Perkins, C. L.; Peden, C. H. F.;
Diebold, U. jniinminmll 1999, /03, 5328-5337.

(23) Rothschild, A.; Edelman, F.; Komem, Y.; Cosadney, F. inuintasten
2000, B67, 282-289.

(24) de Lara-Castellas, M. P.; Krause, J. K. pnniinmiiing. 2001, //5,
4798-4810.

(25) de Lara-Castellas, M. P.; Krause, J. K. iy 2002, 354,
483-490.

(26) Menterey, M.; Markovits, A.; Minot, C. Sl 2003, 524, 49-62.

(27) Calatayud, M.; Markovits, A.; Menterey, M.; Mguig, M.; Minot, C.
mismbasss 2003, 85, 125-143.
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Haber,®> who claim that the O*~ species are not stable in the
adsorbed layer and can only be stabilized by the crystal field.
Henrich'® claimed that the Ti*" sites are associated with a
strong, dissociative adsorption of water, whereas molecular
water is present on the perfect TiO, surfaces.

Lo et al.'* reported a complex approach in studies of O,
chemisorption on oxygen-rich and oxygen-deficient TiO, (100)
single crystal. They claim that presence of Ti’" sites is of
particular importance as these sites are associated with strong,
dissociative adsorption of water while molecular water is present
on the near-stoichiometric surfaces (the Ti** rich monolayer is
formed on the top of TiO, surface that is stable under
illumination). Adsorption of water and oxygen on TiO; (100)
at room temperature at the exposure of 10° L results in WF
changes by A® = —0.8 eV and A® = 0.2 eV, respectively,
where 1 L is the exposure at 10~° Torr during 1 s (1L =
1.33-10 *Pa - s). Lo et al. have shown that the TiO, disordered
surface, induced by Ar sputtering, exhibits larger WF changes
(A® = 0.3 eV). Henrich'*'? reported that water adsorption on
defected and perfect TiO, at 108 L results in WF decrease by
A® = 0.50 and 0.44 eV, respectively.

Gopel et al.'® reported that oxygen vacancy forms a complex
with two Ti*" ions. They claimed that the oxygen vacancies
are the active sites for dissociative adsorption of oxygen and
hydrogen at room temperature on the TiO, (110) surface. They
determined that oxygen chemisorption at p(0,) = 6.7+10"* Pa
and 303 K on TiO,, which is outgassed at 600 K and p(O,) =
4+1072 Pa for 2 h, results in WF changes by 0.25 eV.

Yanagisawa and Ota'® studied thermal desorption and pho-
tostimulated desorption of preadsorbed '*0,. They reported that
desorption of O occurs at 530 K whereas photodesorption (UV
illumination) already at 300 K. Hugen-Schmidt et al.'” observed
that water adsorption on nearly perfect surface of TiO, (110)
leads to WF decrease by 1.1 eV whereas only ~0.1 eV is related
to downward band bending. They also reported the active sites
for molecularly adsorbed H,O are Ti** sites.

Lu et al."®' observed two distinct molecular oxygen chemi-
sorption states on the TiO; (110) surface, including the o-state,
which is formed at 105 K and can be irreversibly converted
into the f-state at 250 K, whereas heating above 250 K results
in O, dissociation.

Henderson et al.?> observed that annealing of TiO, (110)
in vacuum above 800 K results in the formation of oxygen
vacancies, which are associated with reduced surface cations.
They reported that singly ionized molecular oxygen species,
0O, are formed on the TiO, (110) surface in the temperature
range 100 K—300 K at the presence of oxygen vacancies.

Rothschild et al.?*> monitored oxidation of TiO, thin films at
473 and 600 K by using the measurements of the electrical
conductivity. They observed two-stage oxidation kinetics,
involving first stage of a logarithmic kinetics, which is
considered in terms of oxygen chemisorption, and the second
stage of parabolic kinetics, which is related to oxygen incor-
poration. Using computer simulation Lara-Castellas et al.>**>
have determined that the most stable chemisorption oxygen
species on the TiO, (110) surface are singly ionized molecular
species, Oy ™.

Menetrey et a observed that dissociative adsorption of
water is favored by the presence of oxygen vacancies, which
are filled with the oxygen of the water molecule. Consequently,
water adsorption leads to the formation of two surface OH
groups, one attached to the incorporated oxygen ion and the
remaining on a nearby bridging oxygen site.

1'26,27
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Figure 2. Effect of surface charge, caused by oxygen chemisorption, on
work function (WF) for n-type semiconductor: (a) flat band model, (b) the
band model representing the effect of oxygen chemisorption on band bending
and the related work function component A®.

The above overview leads to the following general conclu-
sions:
(1) The reactivity of TiO, with both oxygen and water depends
on the defect disorder of the surface layer. However, the reported
data are incompatible and cannot be compared because the
procedures applied to impose defect disorder, for example by
ion bombardment, are not reproducible. Therefore, there is a
need to assess the effect of defect disorder on reactivity for well-
defined specimens.
(2)There have been conflicting reports on the reactivity between
TiO, and oxygen. The reactivity at room temperature has been
considered in terms of the formation of either O, 2*% or 0%~ !2
species. The stability of the latter as a chemisorbed species
requires verification.
(3) So far, little is known on the dynamics of the TiO, oxidation,
the oxidation mechanism and the related charge transfer.

4. Work Function of Oxide Semiconductors

Work function (WF) is the electrical property of the outermost
surface layer and is defined as the energy required to remove
electron from its Fermi energy position at the surface to the
energy level outside the surface. Therefore, WF is reflective of
the reactivity of the surface layer and WF measurements may
be used for studies of the charge transfer accompanied by
chemical reactions at the gas/solid interface, such as chemi-
sorption of gases.”*® Consequently, WF is reflective of the
reactivity of the surface layer. Specifically, the WF measure-
ments may be applied for in situ determination of the charge
transfer at the oxide/oxygen interface, involving oxygen chemi-
sorption and its incorporation into the oxide lattice.>?®

The WF of oxide semiconductors involves the following
components:*®

o=, +D +y 3)

where ®j, is the internal WF, @y is the WF component related
to band bending, and y is the external WF. These components
are shown in Figure 2a representing a flat band model of an
n-type semiconductor.

The internal WF component ®;, is the energy difference
between the Fermi energy and the bottom of the conduction
band.”® The component ®; is related to the surface charge
produced either by chemisorption or segregation. This compo-
nent is shown in Figure 2b representing an n-type semiconductor

(28) Nowotny, J. In Surface and Near-Surface Chemistry of Metal Oxides;
Nowotny, J., Ed.; Elsevier: Amsterdam, 1988; p 267.
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Figure 3. Effect of the external work function component y on the WF
changes for n-type semiconductor: (a) and (b) represent the semiconductors
with the same Fermi energy level related to the WF component ®;, and
different external WF components y; and y», respectively.

involving a negative surface charge produced by acceptor-type
chemisorbed oxygen species. Therefore, when surface properties
are determined by the component @y, the related WF changes
may be considered in terms of the concentration and the valency
of species at the surface, such as chemisorbed species.

Both adsorption and segregation may be considered in terms
of the same concepts and laws. Hence, segregation refers to
adsorption in the solid, where species are derived from the
lattice, as opposed to adsorption, where species are derived from
the gas phase. Although the importance of equilibrium segrega-
tion frequently is underestimated, the resultant segregation-
induced concentration gradients are in fact a material property
and thus have a strong impact on the performance of such
materials. Segregation is a diffusional process and so may take
place at elevated temperatures at which the lattice elements are
sufficiently mobile. Therefore, it is important to recognize that
the WF changes at elevated temperatures may also include a
component related to segregation. However, the changes of WF
at room temperature, when the lattice transport is quenched,
are determined mainly by component ®;.

The external WF y is determined by the surface structure.?®
Consequently, during chemisorption, leading to changes of @y,
the component y remains constant. Also during oxidation,
leading to oxygen incorporation without structural changes, the
WF component y remains constant. In certain cases, however,
a change in the concentration of defects may lead to structural
changes, which are induced by strong interactions between the
defects.?*** The effect of the component  on WF is represented
in Figure 3.

Oxidation and reduction of oxide semiconductors within a
single phase regime, result in the WF changes that are
determined by the components ®;, and @, while external WF,
%, remains constant. Therefore:

AD=AD, +AdD, (4)

Equation 4 represents the case when oxidation of a metal
oxide leads to both oxygen chemisorption and oxygen incor-
poration. The changes of the WF that are determined by the
component Ad;, are represented by Figure 4.

It has been shown that oxidation at elevated temperatures is
determined by the component A®;, while the component AdD,
is negligibly small and, therefore, may be ignored.® Conversely,

(29) Nowotny, J.; Sikora, 1.; Wagner, J. B., Jr . 1932,
65, 192-196.

(30) Nowotny, 1.; Sadowski, A. | NN

1985, 33, 111-119.
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Figure 4. Effect of the internal work function component, ®j,, on WF for
n-type semiconductor: (a) and (b) represent semiconductors with high and
low Fermi energy levels, respectively.

oxidation of oxides at room temperature results mainly in the
WF changes due to the component A®Dg while the component
A®;, may be ignored. Then the WF changes may be considered
in terms of the formation of oxygen chemisorbed species.

The effect of oxygen on WF of titanium dioxide has been
reported by Figurovskaya et al.>' and Bourasseau et al.*>>7 at
room temperature, and by Odier et al.*®*° at elevated
temperatures.

According to Figurovskaya et al.*' oxidation at room
temperature for a TiO, specimen initially reduced in vacuum,
at p(Oy) = ~107* Pa, results in WF increase by 0.7 eV, and
subsequent imposition of the vacuum leads to WF decrease by
~0.4 eV (Figure 5). Assuming that the WF increase is related
to oxygen chemisorption, the observed partial WF decrease
during reduction is related to a partial removal of weakly
chemisorbed oxygen species, while the remaining electronic
effect may be considered in terms of the surface coverage with
strongly bonded oxygen species. As seen in Figure 5, at the
same time oxidation leads to a decrease of electrical conductiv-
ity, which remains not affected by the imposition of reduced
conditions. This effect indicates that the changes of the electrical
conductivity are caused by the strongly chemisorbed oxygen
species.

Extensive studies on the effect of oxygen on WF of TiO,, at
the presence and absence of light, were reported by Bourasseau
et al.**>7 This study, which included several experimental
regimes (1—6), are summarized in Figure 6.

1. Oxygen at p(O,) = 267 Pa was admitted at room
temperature to the reaction chamber, involving a TiO specimen
that was initially outgassed in vacuum (1.33-10~* Pa). The
observed WF increase was considered in terms of the formation
of singly ionized species according to the following subsequent
reactions:

(31) Figurovskaya, E. N.; Kisielev, V. F.; Volkhenstein, F. F. it
1965, 161, 1142.

(32) Bourasseau, S. junfisussitiang 1973, 70, 1467-71.

(33) Bourasseau, S. junfissiiiaeg 1973, 70, 1472-77.

(34) Bourasseau, S. J. Chim. Phys. 1974, 71, 122-126.

(35) Bourasseau, S. J. Chim. Phys. 1974, 71, 1018-1024.

(36) Bourasseau, S. " . 1974, 71, 1025-1027.

(37) Bourasseau, S. Ph.D. thesis. Variation du Travail d’Extraction Ther-
moelectrique du Dioxyde de Titane Pulveruent, Soumis a un Rayon-
nement Ultraviolet. L’Universite Claude Bernard-Lyon, 1973.

(38) Odier, P.; Loup, J. P. in: “Transport in Nonstoichiometric Compounds”,
Nowotny, J. (Ed.), Elsevier, Amsterdam, 1982, pp. 393—408.

(39) Riflet, J. C.; Odier, P.; Anthony, M.; Loup, J. P. i
1975, 58, 493.

(40) Odier, P.; Riflet, J. C.; Loup, J. P. In Reactivity of Solids; Haber, J.,
Dyrek, K., Nowotny, J., Eds.; Elsevier: Amsterdam, 1982; pp 458—
466..
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Figure 5. Effect of oxidation and reduction of undoped TiO> on WF and
electrical conductivity at 298 K, according to Figurovskaya et al.*'
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Figure 6. Work function for undoped TiO, in oxygen: p(O,) = 267 Pa
and in vacuum: 1.33+107* Pa during the light-off and light-on regimes,
according to Bourasseau et al.*

Oy €= OZ_(ads) ©)
OZ_(ads) + e’ = 20;15 (6)

2. The specimen was exposed to UV light (in oxygen) leading
to the formation of electron—hole pairs. The surface charge
results in the transfer of electrons into the bulk phase, while
the holes are transferred to the surface. In consequence, the
increased activity of electron holes at the surface leads to a shift
of the reaction (6) to the left resulting in the initial drop of WF:

20 + 1" = Oy (7)

3. At the moment corresponding to the minimum of WF
(during light-on regime), the rate of the formation of the singly
ionized molecular species becomes the predominant surface
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process leading to a slow WF increase over a prolonged period
of time (30 h).

4. Imposition of the light-off regime results in the increase
of the surface population of O™ species, leading to a decrease
of the surface concentration of electron holes and, consequently,
leading to WF increase.

5. Reimposition of light-on regime results in restoration of
WEF to its value prior to the regime (4).

6. Reimposition of the light-off regime results in the same
WF change as in the regime (4).

The studies of Odier et al.***° have determined the effect of
oxygen partial pressure and temperature on the WF of TiO, at
high temperatures. Odier and Loup®® observed that the WF vs
oxygen partial pressure dependence at 1670 K exhibits a change
of slope at p(O,) = ~5+10 Pa due to aggregation of defects
at lower oxygen pressure and the random distribution above
this level.

5. Surface Reactivity Model

The reactivity between TiO, and oxygen may be considered
in terms of both oxygen chemisorption or/and its incorporation
into the oxide lattice. Oxidation of TiO, at lower temperatures,
at which the lattice ionic diffusion is quenched, may be
considered in terms of physical adsorption. The formation of
physically adsorbed oxygen species, which is not accompanied
by charge transfer, leads to surface coverage with oxygen species
derived from the gas phase:

OZ(gas) = OZ(ads) (8)

where Oj(gas) and Onags) denote molecular oxygen species in
the gas phase and in the adsorbed layer, respectively. Because
these species are electrically neutral, their formation does not
lead to WF changes.

At moderate temperatures the physically adsorbed oxygen
species may ionize and subsequently dissociate leading to the
formation of singly ionized molecular and atomic oxygen
species, which are formed according to equilibria (5) and (6).
They are considered weakly and strongly chemisorbed species,
respectively.> Consequently, the singly ionized atomic oxygen
species are much more difficult to remove from the surface than
the singly ionized molecular species. The doubly ionized atomic
species, O%~, are stabilized by the crystal field when incorpo-
rated into the oxide lattice.* The formation of all oxygen species
leads to WF increase.

Oxygen incorporation, leading to a change in the concentra-
tion of thermodynamically reversible point defects, may be
represented, using the Kroger-Vink notation,*' by the following
equilibria:®

Vg +2e + %02 =0y ©)
Ti;™ + 3¢ + 0, = Tiy, + 20 (10)
0, +4e =205+ Vi, a1

As seen, all these equilibria are interrelated. Oxidation results
in a decrease of the concentration of both oxygen vacancies
and titanium interstitials and, consequently, a decrease of the
concentration of electrons. Therefore, both reactions 9 and 10
result in a reduction of the chemical potential of electrons and,

consequently, an increase of WF. As seen from equilibrium 11,
oxidation also leads to the formation of titanium vacancies
resulting, in consequence, in a decrease of the concentration of
electrons as well. While all the above reactions leads to reduction
of the chemical potential of electrons during oxidation, the
transition rates of the equilibria 9 and 10 are substantially faster
than that for the formation of titanium vacancies.*?

6. Effect of Oxygen on Work Function

The effect of p(O;) on WF of TiO, during oxidation may be
considered in terms of either the changes in the concentration
of chemisorbed oxygen species, and related surface charge, or
the concentration of point defects. In the first case, oxidation
leads to surface band bending, while the Fermi energy, Er, in
the bulk remains unchanged. In the second case, oxidation results
in lowering of the Fermi energy due to reduced concentration
of donors (oxygen vacancies and titanium interstitials) and
increased concentration of acceptors (titanium vacancies).
Quantitative assessment of the WF changes during oxidation
requires knowledge of the WF components related to these two
effects.

Oxygen incorporation into the lattice of TiO, may also be
represented by the following general equilibrium:

0,+ 4e =207 (12)

where O 2~ represents oxygen ions in the crystal. In equilibrium
we have:

AG=2u°(0"") = 4(0) = kT In p(0,) — 4u(e) =0
(13)

where u(e') = Eg. Therefore:

kT
4

where k is the Boltzman constant and 7 is the absolute
temperature. Equation 14 may be used for derivation the effect
of p(0,) on WF changes of TiO; in terms of oxygen incorpora-
tion leading, according to equilibria 9-11, to a decrease in the
concentration of electrons. The considerations on the effect of
these equilibria on WF are limited to the outermost surface layer
since WF is mainly sensitive to this layer.

Oxidation of TiO, may also be considered in terms of the
following general equilibrium:

AD = —AE.="Aln p(0,) (14)

0, +ze = a0%%; (15)

3—a
where z is the number of electrons involved in the reaction and

o is the number of species formed from a single oxygen
molecule. In equilibrium the following condition applies:

AG = au’(054,)~1’(0,) — zu(e’) = kT In p(O,) +

)
S} (16)
1- z e}

1

okT In

where: AG is the free enthalpy change for the reaction 16, 4°(O5.
a'¥®") is the standard chemical potential of chemisorbed oxygen
species, u%(0,) is the standard chemical potential of oxygen,
and Y ©; denotes the total coverage by all oxygen species.
Equation 16 may be used for the determination of surface

(41) Kroger, F. A. The Chemistry of Imperfect Crystals; North Holland:
Amsterdam, 1974; Vol. 3, p 275

(42) Nowotny, M. K.; Bak, T.; Nowotny, J. il 2006, //0,
16283.
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Table 1. Theoretical Work Function Changes of TiOz during
Oxidation at 298 K Leading to the Formation of Different Oxygen
Species, Including the p(O2) Change Applied in the Present Work
and That Reported by Figurovskaya et al.®'

work function change [eV]

Present Work Figurovskaya et al.>!
oxygen number of 10 Pa < p(0,) 1.3-107* <
species electrons, z < 75 kPa p(O2) < 2 kPa

Oy 1 0.2291* 0.4178*
(o 2 0.1146* 0.2089*
0> 4 0.0573 0.1045

*This value corresponds to the total surface coverage

coverage with oxygen chemisorbed species from the WF data.
The most stable oxygen chemisorbed species include singly
ionized molecular species, O, , and singly ionized atomic
species, O~.>2 Therefore:

50,=0,+0, (17)

where ©; and ©; denote the fraction of the surface coverage
for the species O, and O —, respectively. Combination of eqs
16 and 17 results in the following expression:

Ep= %[a,u“(o;@;) —u’ (0]~ k;T [in p(O,) =

z

—al U8

oln ——2%
1-0,—-0,

The effect of oxygen activity on WF of oxide semiconductors
may be expressed by the following equation:*®

1 1 JAD

my KT 1np(0,) (19)

where mg is the exponent of the p(O,) dependence of WF.
Therefore, assuming that A® = —AEpg, we obtain:

L | R

me 2

.z

T 3.0 p(0,) 20

where the component x,_ ., related to the activity of the specific
chemisorbed species, is given by:

e[lZ
: @2y

Te:T 129, -0,

The WF changes during isothermal oxidation of TiO, at room
temperature according to eq 19, are shown in Table 1 in respect
to the specific oxygen species. The data in Table 1 are related
to the oxygen activity range applied in the present work: 10 Pa
< p(Oy) < 75 kPa, and also to the oxygen activity range applied
in the work of Figurovskaya et al.:*' 1.3-10* Pa < p(O,) < 2
kPa. As seen, the magnitude of the WF changes is closely related
to the number of electrons involved in the formation of these
species.

Comparing the WF data resulting from the theoretical model
represented by eq 20 and the data in Figure 5, the following
points could made:

(1) Oxidation leads to WF increase by 0.7 eV within 2 min and
then it reaches a stable value. The kinetics of the WF changes
suggests that oxidation takes place within a single kinetic regime.
On the other hand the total WF changes are consistent with the
electrical effects predicted with the formation of both types of
chemisorbed species (molecular and atomic) as well as oxygen
incorporation. The latter process is expected to take place
substantially slower than oxygen chemisorption. Therefore, there
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is a need to determine the effect of oxidation on the WF data
during a prolonged period of time in order to assess whether
different kinetic regimes may be distinguished.

(2) The WEF changes observed by Figurovskaya et al.>' suggest
that chemisorption leads to a two-monolayer coverage, the first
layer formed of singly ionized atomic species and the second
layer consisting of singly ionized molecular species.

(3) The observed changes in electrical conductivity during
oxidation are consistent with n-type properties of TiO,. Again,
the electrical conductivity data do not allow to distinguish
between different kinetic regimes.

(4) The WF decrease by 0.4 eV during reduction is consistent
with the theoretical effect related to desorption of singly ionized
molecular species. The difference between the total WF changes
during oxidation (0.7 eV) and the WF decrease during reduction
(0.7eV — 0.4 eV = 0.3 eV) suggests that oxidation leading to
the formation of singly ionized atomic species and oxygen
incorporation is irreversible. However, the latter process requires
a verification.

(5) The absence of any changes in electrical conductivity during
reduction indicates that removal of singly ionized molecular
species does not have any effect on electrical conduction.

(6) The above conclusions require a verification due to the fact
that the experimental conditions reported by Figurovskaya et
al.*' does not include information about the oxygen activity
values applied during reduction and oxidation. Therefore, the
related theoretical WF data were determined based on a rough
estimate of oxygen activities, which might correspond to their
experimental conditions described only in general terms, such
as “vacuum” and “oxygen admission”, which are not defined
in terms of the related oxygen activity. Therefore, the oxygen
activity data shown in Table 1 and in Figure 5 (1.3-10™* Pa
during reduction and 2-10° Pa during oxidation) should be
considered as a rough estimate.

The above considerations leads to the following question:
What are the oxidation and reduction mechanisms of TiO» at
room temperature and the related charge transfer? The aim of
the present work is to address this question through monitoring
of the WF changes for well-defined TiO, specimen during
oxidation and subsequent reduction over a prolonged period of
time in well-defined experimental conditions.

7. Experimental Section

7.1. Specimen. The polycrystalline specimens of undoped TiO,
were prepared from high purity (99.999%) Ti-isopropoxide:
Ti[(CH,),CH,0H].. All vessels and containers used for the process-
ing were made of platinum and polypropylene to prevent silicon
contamination. Deionized water, in the amount required by the
reaction, was slowly added into the Ti-isopropoxide/ethanol mixture
leading to precipitation of TiO,. The powder was cold pressed (200
MPa) into 15 mm diameter pellets and then sintered at 1423 K for
12 h. The scanning electron microscopy micrograph is shown in
Figure 7. The total concentration of acceptor-type cation impurities
was 33.9 ppm and the concentration of anions (Cl) was 20 ppm.

7.2. High Temperature Kelvin Probe. The WF measurement
was based on the principle originally proposed by Kelvin,** which
allows the conversion of a contact potential difference (CPD)
between two solids, forming a dynamic capacitor, into an AC signal
by bringing the capacitor into vibrations. This method was
subsequently improved by Zisman,** Mignolet,** and Besocke and

(43) Lord, Kelvin Philos. Mag. 1898, 46, 82—120.

(44) Zisman, W. A. . 1932, 3, 376.
(45) Mignolet, J. C. P. | 1950, 8, 326.
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Figure 7. Scanning electron microscope micrograph of the polycrystalline
TiO; studied in the present work.
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Figure 8. Schematic representation of the Kelvin probe applied in the
present work.>?®

Berger.*® The solution proposed by Delchar and Tompkins*’ even
allows the determinatio of the CPD by using a static capacitor.

The High Temperature Kelvin Probe (HTKP) was applied in
present study. The HTKP allows in situ monitoring of the WF
changes at elevated temperatures in a controlled gas phase
composition.>?®

The HTKP is shown schematically in Figure 8. The main part
of the probe is the vibrating capacitor composed of a lower electrode
(formed of the studied specimen) and an upper reference platinum
electrode (Figure 9). The distance between the electrodes and the
amplitude of vibrations was about 0.1 and 0.07 mm, respectively.
The vibrating system, involving a piezo-ceramic element at one
end and the Pt reference electrode at the other end, was suspended
on two stainless steel membranes. The lower part of the probe was
equipped with a micrometer for controlling the distance between
the electrodes. Both lower and upper parts of the probe were
equipped with water coolers to prevent these parts from overheating
above 320 K when the dynamic capacitor is heated to high
temperatures. The HTKP allows to determine the WF changes with
an accuracy of 0.5 meV.

The WF changes may be determined by the measurements of
the contact potential difference, CPD, which is equal to the
difference between the WF values of the studied specimen and of
the reference electrode, ®g:

(46) Besocke, K.; Berger, S. i 1976. 47, 840.
(47) Delchar, T.; Tompkins, F. C. SigleSad. 1967, 8, 165.
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Figure 9. Entrance circuit for the WF measurements, including the dynamic
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Figure 10. Formation of the contact potential difference, CPD, between the
studied specimen and a Pt reference electrode, according to Wagner.*®

CPD = %@ — @) (22)

The formation of the CPD is shown in Figure 10.*® Platinum
was applied in the present work as the reference electrode. It was
shown that oxidation of Pt leads to the formation of a PtO, layer
on the surface of Pt.?® Therefore, the WF changes of platinum
should be considered in terms of the electrical properties of the
PtO, surface layer, which are expressed by eq 14.

The WF changes of the Pt reference electrode at room temper-
ature may be ignored compared to the WF changes of metal
oxides.?!

According to eq 22, the WF changes of the studied specimen,
A®D,, may be determined from the CPD data only when the WF
changes of the reference electrode are known:

A®D =e(ACPD) + Ady (23)

In certain conditions, when the WF changes of the reference
electrode can be ignored, the WF changes of the studied specimen
are equal to the changes of the CPD.*®

7.3. Procedure. Desired oxygen activity in the reaction chamber
of the Kelvin probe was achieved using either oxygen or argon
flowing through the chamber with the velocity rate of 50 mL/min
(the oxygen activities imposed by these gases were 75 kPa and 10
Pa, respectively). The reaction gas entered the bottom of the probe’s
high temperature chamber and was removed at the upper part of
the probe. Oxygen activity in the gas mixture was determined using
zirconia oxygen gauge at the exit from the probe. The experiments

(48) Wagner, C. Personal correspondence to J. Nowotny, 2 June 1977
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Figure 11. Work function changes of TiO, specimen during oxidation and
reduction at room temperature.

when p(O,) was increased (argon was replaced with oxygen) were
termed oxidation experiments. The reduction experiments were
when p(O,) was reduced.

8. Results and Discussion

8.1. Standardization. The properties of metal oxides at room
temperature, including WF, depends essentially on its pretreat-
ment conditions, including annealing conditions at elevated
temperatures and the conditions of cooling. Therefore, the WF
data of the TiO, specimen at room temperature are well-defined
only when the specimen has been initially annealed at elevated
temperature in the gas phase of controlled oxygen activity and
subsequently cooled with controlled rate in the same gas phase.
Therefore, the aim of the initial standardization of the studied
TiO; specimen at 1173 K in the gas phase of controlled oxygen
activity, p(O,) = 10 Pa, was to impose a well-defined oxygen
activity in the specimen and the related defect disorder, which
is shown in Figure 1.* While cooling results in a change of the
concentration of defects, especially of electronic defects that
are trapped on ionic defects, the application of well-defined
standardization conditions and reproducible cooling conditions
allows to obtain reproducible properties of the TiO, specimen
after cooling. Most importantly, well-defined standardization and
cooling procedure allows to achieve the TiO, specimen with
well-defined chemical potential of electrons and reactivity. As
shown above, the reactivity with oxygen at room temperature,
and the related charge transfer, may be monitored by the WF
changes during oxidation and reduction. The related WF changes
are shown in Figure 11.%

8.2. Oxidation and Reduction. As seen in Figure 11, the rate
of the WF changes during oxidation allows to distinguish the
following two kinetic regimes:

(1) Fast WF increase, taking place within 4 h, which is related
to oxygen chemisorption.

(2) Slow WF increase, leading to a saturation and the total WF
change at the level of ~0.61 eV. The latter effect is related to
oxygen incorporation.

The observed decrease of the WF after oxidation at p(O,) =
75 kPa, induced by a decrease of oxygen activity to p(Oy) =
10 Pa, will be considered in terms of desorption of the weakly
chemisorbed oxygen species.

As seen in Figure 11, the observed fast WF changes may be
considered within two kinetic regimes; the first lasting 1—2 h
and the second one, related to slower WF changes, lasting 2 h.
As seen in Table 1, the initial rapid WF increase by 0.23 eV, is
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consistent with the formation of singly ionized molecular
species, which are considered as a weak type of oxygen
chemisorption. The subsequent slower WF increase by ~0.12
eV is consistent with the formation of singly ionized atomic
species.

As seen in Figure 11, the relatively fast WF changes within
the initial 4—5 h, are followed by very slow WF increase. On
one hand, the observed kinetics of the WF changes is consistent
with the oxygen incorporation kinetics expected at room
temperature. However, the related electrical effect (~0.26 eV)
is substantially larger than the theoretical electrical effect,
determined by eq 14, which is related to oxygen incorporation
(A® = 0.0573 eV). The discrepancy between the theory, derived
for the ideal model assuming that oxidation does not lead to
changes of the external WF, indicates that this assumption is
not valid in the case under the present consideration. In other
words, the observed effect is consistent with the assumption
that oxidation leads to substantial structural changes within the
outermost surface layer, which are induced by strong interactions
between defects.

As seen, the imposition of reduced gas phase composition,
p(O2) = 10 Pa, results in a WF decrease by 0.03 eV, which is
caused by desorption of predominantly weakly bonded form of
oxygen species. The value of the WF changes, which is only a
fraction (~14%) of that observed during oxidation, is reflective
of the reversible type of oxygen chemisorption, while the
remaining part is related to oxygen species chemisorbed
irreversibly.

8.3. Impact on Catalytic Properties. Oxygen plays an im-
portant role in TiO, photocatalysis. One of the basic cathodic
reactions involves the formation of singly ionized molecular
species, 02"+ These species are formed according to equi-
librium 5. According to Bourasseau et al.,**~’ the singly ionized
molecular species are also formed by light-induced oxidation
of the singly ionized atomic species, represented by the shift of
equilibrium 6 to the left. The data obtained in the present work
allow to make the following conclusions about the effect of
oxygen on properties of TiO:

(1) Oxidation leads to rapid formation of the singly ionized
molecular species. These species are weakly bonded to the
surface.

(2) In dark conditions the singly ionized molecular species are
subsequently transformed into the singly ionized atomic species,
which are irreversibly bonded to the TiO; surface. Under light,
these species have the tendency to be converted into the singly
ionized molecular species.

(3) Prolonged oxidation of TiO, in dark conditions results in
slow oxygen incorporation into the TiO, lattice leading to a
change of its defect disorder, the related chemical potential of
electrons and reactivity.

(4) One may expect that light will lead to the shift of equilibria
5 and 6 to the left, resulting in consequence in oxygen
desorption. Prolonged exposure to light may even lead to oxygen
removal from lattice sites, however, this process is extremely
slow and as such may be ignored.

9. Conclusions

It was shown that WF is a surface sensitive electrical property,
which may be used for in situ monitoring of the reactions taking

(49) Bak, T.; Nowotny, J.; Nowotny, M. K.; Sheppard, L. R. ikttt
2006, 12, 247-251.

(50) Nakato, Y.; Akanuma, H.; Magari, Y.; Yae, S.; Shimizu, J. I.; Mori,
H. imientiamml 1997, 101, 4934.
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place at the surface of oxide semiconductors, such as TiO,. The
related WF changes during oxidation and reduction may be
assessed in terms of the reactivity mechanisms and the related
charge transfer.

The WF data determined in the present work indicate that
oxidation of undoped titanium dioxide at room temperature leads
to rapid oxygen chemisorption, resulting in the formation of
singly ionized molecular and atomic oxygen species, and
subsequent slow oxygen incorporation. Full surface coverage
with the chemisorbed molecular and atomic oxygen species can
be achieved within 2 and 5 h, respectively. It is argued that
subsequent oxygen incorporation leads to structural changes
within the outermost surface layer resulting, in consequence,

in a change of the external work function component. These
structural changes are most likely due to the changes in the
interactions between point defects, leading to the formation of
larger defect aggregates. Reimposition of the initial gas phase
composition before oxidation, p(O;) = 10 Pa, leads to a partial
removal of weakly adsorbed singly ionized molecular species.
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