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A theoretical analysis of charge transfer in metal catalysts sup-
ported on a doped TiO, carrier is presented. The development of
the theoretical model is based on the metal-semiconductor contact
theory and has been used to calculate the amount of charge trans-
ferred to supported metal crystallites, as a function of the electronic
structure of the semiconducting support and the metal crystallite
size. It is shown that TiO,, doped with higher valence cations, has
unique properties which favor the transport of charge at the inter-
face. The quantity of charge transferred is found to be as high as
0.5 electrons per metal atom for crystallites smaller than 2 nm or
negligible for crystallites larger than 10 nm. The effect of charge
transfer on the electronic structure of supported metal crystallites
is discussed. (© 1996 Academic Press, Inc.

INTRODUCTION

The concept of modification of the catalytic properties
of supported metals (or oxides), via a mechanism involving
electronic interactions at the metal-support interface, ori-
ginated in early works of Schwab (1) and Solymosi (2). Their
methodology was based on the alteration of the electronic
structure of semiconducting carriers by altervalent cation
doping in order to control the direction and the amount of
charge transferred between the metal and the support, as
predicted by the metal-semiconductor contact theory. This
approach was also followed by others at the time (3).

The Strong Metal-Support Interaction (SMSI) phe-
nomenon is the most widely studied concept of metal-
support interactions. Although a geometric model (migra-
tion of reduced support species onto the metal surface) has
been able to account for the majority of experimental ob-
servations (4-7), experimental results obtained by spectro-
scopic techniques (8-12) or conductivity measurements (13,
14) on M/TiO; catalysts have been claimed to provide indi-
cations for electron transfer from the TiO, support to the
metal.

Electron transfer to the metal or, generally, an elec-
tronic interaction in systems of the form M/TiO, has been
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proposed by many investigators to account for observed
changes in the adsorptive and catalytic properties of the
supported metal particles. This model has been used by
Solymosi et al. (15) to explain the enhanced activity of
Rh/TiO;, catalysts in the hydrogenation of CO and by
Mériaudeau et al. (16) for the activity pattern of Pt/TiOy,
Ir/TiO,, and Rh/TiO; in the SMSI state. The decrease of
the adsorption strength of CO on Pt/TiO; (7) and Ni/TiO,
(17) and of H, on Pt/TiO; (18) has also been attributed to
an electronic interaction.

Electron transfer from the support to the metal has been
proposed in the case of Ru catalysts supported on alkaline
earth (19) or 19 different kinds of oxides (20). In both cases,
the adsorptive and catalytic behavior of Ru was correlated
with the electronegativity of the support, which is a measure
of its electron donating properties. Electronic interactions
were also investigated in the case of Cu supported on se-
veral semiconducting oxides (21). Increased activity of Cu
in the hydrogenation of CO was observed, when Cu was
supported on high work function p-type semiconductors,
such as ZrO; or Cr,03, and it was attributed to electron
transfer from Cu to the support.

Metal-TiO, junctions have been studied experimentally
as potential hydrogen sensors (22). It was found that con-
tacts of Pd or Pt with TiO; are of the Schottky type (which
results from electron transfer from the semiconductor to
the metal) under ambient air, while they become ohmic
under high hydrogen concentrations. This was attributed to
changes of the work function of the metal in different gas
atmospheres.

The effect of altervalent cation doping of TiO, on the ad-
sorptive and catalytic properties of supported metal cata-
lysts has been the subject of extensive research work in this
laboratory. Doping of TiO,, which takes place via dissolu-
tion of heterovalent cations in the TiO, matrix, can be de-
scribed by the valence induction law initially developed by
Verwey et al. (23). It has been found that the chemisorption
capacity and activity of Pt is significantly suppressed when
it is supported on TiO, doped with higher-valence cations,
while it is not affected when supported on TiO, doped with
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lower-valence cations (24-27). The reverse behavior was
observed for Rh, which, when supported on higher-valence
doped TiO,, exhibits enhanced catalytic activity (27-29).
Similar results were also obtained by Solymosi et al. (30)
for Rh catalysts in the CO/H; reaction. The strength of the
adsorption bond of CO on Pt dispersed on higher-valence
doped TiO, is weakened, as deduced from IR experiments
(25). A similar result was also obtained for Rh catalysts
employing TPD (31) and FTIR spectroscopy (32). Doped
catalysts have also been tested in hydrogenation reactions
of aromatics, where enhanced activity was found for Rh,
Ru, and Pd, but reduced for Pt (33, 34). Electrical con-
ductivity measurements of the doped TiO; supports have
shown that doping with higher-valence cations leads to an
increase of the n-character of TiO,, while no significant ef-
fect is observed for lower-valence cation doping (35). The
correlation found between the conductivity characteristics
of the support and the catalytic properties of the supported
metal particles was considered as further evidence for the
existence of a metal-support interaction of the electronic
type, based on the metal-semiconductor contact theory
(24-34).

It is apparent that a metal-support interaction of the
electronic type has often been proposed to account for re-
sults obtained either in a spectroscopic investigation or in
characterization of the adsorptive and catalytic behavior
of supported metal catalysts. The majority of the research
work has focused on Group VIII metals supported on TiO,
(doped or not). The metal-semiconductor contact theory
offers an attractive approach for describing the electron
transfer process quantitatively. Such calculations have been
performed by Baddour and Deibert for a Ni/Ge contact (3),
while an analysis for Pt supported on doped TiO; can be
found in Refs. (24) and (26). An estimate of the amount of
charge transfer together with a brief analysis is also given
in Ref. (36). However, these studies have not clearly shown
how the electron transfer process depends on the metal
crystallite morphology and size and on the properties of
the semiconducting carrier.

In the present work, a model based on the metal-semi-
conductor contact theory has been employed for the calcu-
lation of the number of electrons transferred to the metal
crystallite, as a function of the electronic structure of the
support and the metal crystallite size. Calculations were
carried out for a typical Group VIII metal in contact with
a doped TiO, support, but they bear general implications.

THEORETICAL MODEL

(a) Metal-Semiconductor Contact Theory

The condition of thermodynamic equilibrium in a metal—-
semiconductor contact states that the electrochemical po-
tential should be uniform throughout the system. If, before
contact, the metal and the semiconductor have different
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electrochemical potential, then upon contact, charge will
flow to the material with the smaller potential, until the po-
tentials are equalized. When the two materials have no net
charge, it is

' = —dm
s (1]
e = —Psc.

(A list of symbols is given in Appendix 2.) If ®p > Pgc, the
electron flux will be toward the metal. At equilibrium, the
common electrochemical potential will be

18 = — @y — eWy = —dgc — eWsc 2]
and
ADSE = —eAWSC; (3]

that is, a contact potential difference equal to the work
function difference has developed. Wy and Wgc refer to
the outer potential of the metal and the semiconductor,
respectively. The contact of a metal with an n-type semi-
conductor, in the situation in which ®y; > ®gc, is shown
schematically in Fig. 1. Electrons which are transferred to

(a) before contact

Dy
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(b) after contact

P Dsc

B ] :

FIG. 1. Contact of a metal with work function ®y;, with an n-type
semiconductor with work function, ®gc; @y > Psc: (a) before and (b)
after contact.
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the metal are contained at the interface atoms, while the
region in the semiconductor which is depleted of electrons
is characterized by bending of the valence and conduction
bands (37-41). The Schottky barrier, ®gg, at the interface is

®gp = (Py — Pso)/e. (4]

Covalent semiconductors, such as Si, GaAs, have a large
density of surface states in the band gap causing pinning of
the barrier (37). On the other hand, ionic semiconductors,
such as ZnO, have low density of surface states in the band
gap and the barrier height does indeed depend on the work
function difference between the metal and the semiconduc-
tor. It has been shown that for strongly ionic semiconduc-
tors the barrier height will indeed be equal or proportional
to the work function difference (37, 38), as Eq. [4] indicates.
Because TiO; is an ionic semiconductor, it is logical to as-
sume that the ideal Schottky theory can be used to describe
a metal-TiO; contact; experimental evidence also supports
this hypothesis. The barrier height in contacts of TiO, with
metals, such as Pd, Pt, or Au under air, was experimentally
found to be equal to the work function difference (22), as
Eq. [4] predicts.

(b) Poisson Equations: Infinite Interface

A mathematical model of metal-semiconductor contacts
is employed to estimate the quantity of charge transferred
through the interface, based on parameter values which
pertain to the M/TiO; system which is of interest in the
present study. The direction of electron flux in a metal-
semiconductor contact depends upon the relative values of
the work function of the two materials. The work function
of the semiconductor is a function of the kind (valence) and
concentration of the dopant and of temperature. Doping of
the TiO, carrier with cations of higher valence (e.g., W")
enhances significantly its electrical conductivity (35), which
can be attributed to the creation of donor levels near the
lower edge of the conduction band. As a consequence, the
Fermi level of TiO; is shifted upward, closer to the conduc-
tion band, and the work function decreases. Therefore, the
Schottky barrier will be higher in the case of TiO, doped
with higher-valence cations.

The process of electron transfer to the metal leads to the
creation of a positively charged region in the semiconduc-
tor, for which the Poisson equation applies:

_o(X,y,2
Es ’

V2V = [5]
where o(x, y, z) is the charge density and g is the permit-
tivity of the semiconductor; es = ¢¢,, where ¢ is the static
dielectric constant of the semiconductor and ¢, is the vac-
uum permittivity. If it is assumed that the concentration of
positive holes in the semiconductor is negligible (this is true
in the case of an n-type semiconductor doped with a donor
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impurity), then o can be expressed (39) as

0 Ny eV + Er
— = Ng— I —nooexp<—>,
e 1+ sexp((—eV — Eq)/KT) KT

(6]
where Ny represents the donor concentration, 7 is the
electron concentration in the bulk of the semiconductor,
and Eg4 is the donor energy level. Details of the derivation
of Eq. [6] are given in Appendix 1. At small distances from
the interface, where V is appreciable, the second and third
right-hand-side terms are negligible, compared to the first
term. The closer the donor level, Eq, is to the conduction
band, the larger the distance that the first right-hand-side
term will predominate. Neglecting the second and the third
terms, Eq. [6] becomes

0
— = Na. 7
2 =N, 7

For an infinite metal-semiconductor interface the elec-
trostatic potential, V, in the depletion region depends only
on the distance, x, from the interface. Using Eq. [7], the
Poisson equation becomes

d?v eNy
W=_€, 0<x<W
d2v

with boundary conditions, V(x=0)=Vy=(dm—Psc)le
and V(x=W) =0, where W is the length of the depletion
region. The electric field, F (F=dVl/dx), at the interface is
obtained via integration of Eq. [8]:

_ eNyW
=

F

9]
while the depletion length, W, is

W — <2€SIV0|>1/2
eNs

and the electric charge per unit of interface area, Q, which
is transferred to the metal, is

[10]

Q =eNyW = (2eseNy| Vo). [11]

At larger distances from the interface, the assumptions
leading to Eq. [7] are not applicable. If Eq. [6] is used as the
expression for g, the Poisson equation becomes

(12_V e [N _ Nq
‘7 1+ Lexp((—eV — Eq)/kT)

_nooexp(e\’:TEFﬂ [12]
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with boundary conditions, V(x =0) = Vjyand V(x = 00) =0.
This equation can be solved numerically.

(c) Finite Interface

The analysis presented above refers to an infinite inter-
face. A real interface can be considered as infinite, when
its characteristic size is significantly larger than the de-
pletion length of the semiconductor, i.e., generally much
larger than 10-50 nm. Because the metal crystallites in sup-
ported catalysts are very small, in the range of 1-10 nm, the
aforementioned one-dimensional model cannot be applied
with significant accuracy, so that the Poisson equation in
the three-dimensional form (Eq. [5]) has to be employed
instead. Metal crystallites are usually represented as semi-
spherical particles resting on top of the support surface. Ob-
taining the solution in this case is quite a formidable task
and in order to overcome this difficulty, a physical model
with spherical symmetry was employed and is presented in
Fig. 2. The model consists of a spherical metal particle of
radius, rv, embedded in the semiconductor bulk. Although
this model has no practical significance, its solution can be
obtained in a straightforward manner because of the spher-
ical symmetry. By applying the Gauss theorem (42) and
using Eq. [7] to represent the charge density in the deple-

+ t 4+
+ depletion + T
bulk region
semiconductor +  +
+ +

4_..__

+ depletion
+ 4 region

+ o+t

bulk
semiconductor

FIG. 2. Physical model used to simulate the contact of a metal crys-
tallite with a semiconducting support.
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tion region, the following relationship for the electric field
can be obtained:

eNy
385[’2
F=0,

F= (W —r?),

rv<r=W
[13]

The potential, V, can be calculated upon integration of Eq.
[13] (F=dVl/dr),

W2 2 W3
V=ﬂ AL L M <r<w
Es 2 6 3r
V =0, r>Ww, [14]
and the contact potential is
eNy /W2 g WA
Vo=—|—-—-—). 15
07 e ( 2 6 3y [15]

Equation [15] can be used for the determination of W as a
function of V), Ng4, and ry1. The dependence of the depletion
length, W, on the radius of the metal particle, 7y, has to be
noted. All other parameters being the same, W decreases
with decreasing metal particle size. This does not happen in
the case of an infinite interface, where W does not depend
on the thickness of the metal layer. The number of elec-
trons transferred to the interface, ne, is the product of the
charge density, Vg4, and the volume of the depletion region,
4 (W3 —13))/3:

47N
ne=— d

(W2 —r3)). [16]

At this point the assumption is made that this analysis
pertains also to the case of a spherical metal particle, half
of which is embedded in a semiconductor surface. This phys-
ical model which is employed to simulate a metal crystallite
supported on the TiO; surface is presented in the lower
part of Fig. 2. This configuration is obtained by removing
the upper half of the semiconductor, thereby exposing half
of the spherical metal particle to the gas phase. In this way
the spherical symmetry is maintained and to a first approx-
imation the number of electrons transferred will simply be
half the amount predicted by Eq. [16].

RESULTS

(a) Infinite Interface

It is obvious from Eq. [11] that the charge transferred
per unit interfacial area, Q, is proportional to the square
root of Vj, Ny, and ¢s. The absolute value of the contact
potential difference, Vi = (®m—Dsc)/e, will, typically, be
in the range 0-2 V, since a typical value for the metal work
function is 4.5-6.0 eV, while the work function of donor-
doped TiO; is 4.0-4.5 eV (see Appendix 1 and Table 1).
The donor concentration, Ny, is proportional to the dopant



564

TABLE 1

Charge per Unit Area, Q, Transferred to the Metal, as a Function
of Ngand O (Eq=0.2eV, T=500K, xsc =4.0 eV)

Ny oy s Vo w (0]
(cm™) (eV) (eV) V) (nm) (e/nm?)
5% 10" 5.0 4117 0.883 15.9 0.795
1x 10" 5.0 4.154 0.846 34.8 0.348
1x 10 5.0 4212 0.788 106.2 0.106
1 x 10" 5.0 4282 0.718 320.5 0.032
2 x 10% 6.0 4.090 1.910 11.7 2.340
5x 10" 6.0 4117 1.883 232 1.160
1x10' 6.0 4212 1.788 160.0 0.160

concentration and is in the order of 10*° cm~2 for dopant
concentration in the range 0.1-0.5 at%, assuming that the
dopant is of valence +6. The permittivity, es, es=¢¢&,, of
TiO; is very large. TiO,, especially in its rutile form, has
an unusually high static dielectric constant, . An average
value of 130 has been used by Akubuiro and Verykios (24),
while values in the range 110-117 are also given elsewhere
(43). By comparison, the dielectric constant of other oxides
is, generally, in the range 5-15. Therefore, only due to the
difference in dielectric constant, the charge transferred in
the case of TiO, will be three to four times larger than for
other typical semiconducting oxides. The electric field at
the interface, on the other hand, will be weaker, since it is
inversely proportional to the square root of the semicon-
ductor permittivity (Eq. [9]).

Some preliminary calculations were performed in order
to identify whether the simplified form of the charge den-
sity equation, Eg. [7], is adequate for the purposes of this
study. Eq. [12] was solved numerically employing a fourth-
order Runge-Kutta method. The model parameters used
correspond to donor-doped TiO, (doped with higher va-
lence cations) in contact with a metal with work function
of 5 eV. The donor energy level, Eq, was assumed to be
0.2 eV (referenced to the lower edge of the conduction
band) and the donor concentration, Ny, 5 x 10" cm~3. The
charge density, o, and potential, V, as computed from Eqgs.
[8] and [12] are shown as a function of the distance x from
the interface in Figs. 3a and 3b, respectively. While Eq. [12]
represents in a more realistic way the charge density dis-
tribution in the semiconductor, it can be seen from Fig. 3a
that the charge density is indeed equal to Ny close to the
interface, as Eq. [7] assumes. However, what is of interest
in this study is the number of electrons transferred. From
this aspect, the two models are equivalent, since approxi-
mately the same number of electrons transferred is found
in both cases. For example, Eq. [8] predicts a charge trans-
fer of 0.79 e/nm?, while Eq. [12] predicts 0.74 e/nm?, using
the parameters of Fig. 3. Similar agreement is observed for
other parameter values, such as Ng= 10'® cm~3, where the
amount of charge transferred is estimated to be 0.106 and
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FIG. 3. Charge density, p, and potential, V, in the semiconductor de-
pletion region as computed from Egs. [8] and [12].

0.102 e/nm?, respectively. For this reason, all subsequent
calculations were made using Eq. [7] for the charge density.

The quantity of charge transferred per unit interfacial
area, or charge transfer flux, Q, for different values of Ng4
and ®y; is given in Table 1. Values of other parameters
employed are Eq=0.2 eV, T=500 K, and the semiconduc-
tor electron affinity 4.0 eV, corresponding to the value of
TiO;. The work function of doped TiO,, ®sc, was calcu-
lated according to the method described in Appendix 1.
The charge transfer flux, Q, is in the range of 0.1-2.5 e/nm?.
The maximum flux predicted is less than 2.5 e/nm?, using
meaningful values for the model parameters. The deple-
tion length, W, is in the range 10-300 nm, while for a rather
heavily doped semiconductor, W will generally be in the
range 10-50 nm. The atom surface density for a Group
VIII metal is approximately 13 nm~2; therefore the max-
imum charge transferred per interface metal atom is 0.2 e.
Calculations by Baddour and Deibert (3) for a Ni/Ge con-
tact show a maximum charge transfer of about 0.1 e/nm? or
0.008 e/atom, while Ponec (36) suggests a value of 0.003
elatom for Ng=10" cm™>, Vy=2 V, and & =10. These
results agree well with results in this work for low levels
of doping. However, as stated earlier, the high dielectric
constant of TiO, (¢ = 130) and the addition of dopant lead
to larger amounts of charge transferred.

Another important parameter is the ratio of the number
of transferred electrons to the total number of metal atoms,
e/M. This parameter is used in a phenomenological man-
ner in the context of this work and it is not implied that
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TABLE 2

Ratio e/M of Electrons Transferred over the Total Number of
Metal Atoms, for an Infinite Metal Layer in Contact with Doped
TiO; (Eq=0.2eV, T=500K, xsc=4.0¢eV)

Layer
Ny Dy thickness
(cm™) (eV) (A) elM
5x 10" 5.0 2 0.055
5x 10" 5.0 4 0.027
5x 10" 5.0 6 0.018
5x 10" 5.0 10 0.011
2 x 102 6.0 2 0.161
2 x 10% 6.0 4 0.081
2 x 102 6.0 6 0.054
2 x 10%° 6.0 10 0.032

each metal atom bears this charge. The transferred charge
is contained at the metal-semiconductor interface. Consid-
ering an infinite metal layer, the ratio e/M will depend on
the layer thickness. Results of e/M as a function of layer
thickness are presented in Table 2. The maximum value of
e/M predicted is about 0.10-0.15 e/atom for a layer one or
two metal atoms thick. Kao et al. (9) estimated a value of 0.1
e/Nifor aNimonolayer on TiO; (100), although they did not
observe any band bending of TiO, and they proposed that
the charge is transferred from surface Ti** species. Sadeghi
and Henrich (10) estimated a charge transfer of about 10'°
e/cm? to a Rh monolayer from surface Ti** species of re-
duced TiO;. This charge corresponds to a ratio e/Rh of 0.69
for a Rh layer 0.2 nm thick. It is noteworthy that calcu-
lations from this work, based on the metal-semiconductor
contact theory, predict, for the case of TiO,, a charge trans-
fer of the same order of magnitude as the one observed for
model metal catalysts on TiO; crystals.

(b) Finite Interface

The finite interface model was used to calculate the num-
ber of transferred electrons, n., as well as the ratio e/M, as a
function of the diameter of the metal crystallite, d. The pa-
rameters employed correspond to a metal with work func-
tion of 5.0 or 6.0 eV (the corresponding contact potential
differences, V, being 0.9 and 1.9 V, respectively), in contact
with TiO, doped with a donor impurity (W*, for example)
with donor concentration, Ny, equal to 2 x 10 cm 3. The
results obtained are shown in Fig. 4, in which the number
of transferred electrons, ne, and the ratio e/M are plotted as
a function of metal crystallite size, d. The number of trans-
ferred electrons, n., ranges from about 8000 electrons for
a 40-nm metal particle to approximately 60 electrons for a
1.5-nm particle. It can be seen that the ratio of the number
of transferred electrons to the number of total metal atoms
in the crystallite, e/M, is less than 0.01 for crystallites larger
than 10 nm, but can be as high as 0.5 for 1.5 nm crystallites.
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FIG. 4. Number of transferred electrons, n., and the resulting ratio,
e/M, as a function of the metal crystallite diameter, d.

The latter value is of the same order of magnitude as the
one found for a metal layer of one or two atoms thick and
defines an upper limit for the ratio e/M, using meaningful
values for the model parameters. The number of transferred
electrons, n., and the ratio, e/M, are almost directly propor-
tional to the contact potential, V. The ratio e/M is approxi-
mately proportional to d~°, or alternatively to D', where
D is the metal dispersion. The number of transferred elec-
trons was also found to be a weak increasing function of Ny.
Atlow donor concentrations the depletion length increases
and a much larger volume of the semiconductor is depleted
of electrons.

The presence of a fairly strong dipole at the metal-
support interface leads also to the creation of strong elec-
trostatic fields in this region. Predictions of the magnitude
of the electrostatic field can be obtained via Egs. [9] or [13]
and are presented in Table 3. Typical estimated values are in
the range 10°~107 V/cm or 0.1-1 V/nm. The finite interface
model predicts that the electric field will be dependent on
the crystallite diameter, being more intense for small metal

TABLE 3

Estimated Electric Field at the Metal-TiO, Interface
(Eq=0.2eV, T=500K, xsc=4.0¢eV)

Ny Vo F,Eq.[9] d F,Eq.[13]
(ecm™3) V) (Viem) (nm) (Viem)

2 x10% 1.9 3.3 x10° 10 7.9 x 10°
2 2.5 %107

2 x 10%° 0.9 22 x10° 10 4.5 % 10°
2 1.3 x 107

5% 10" 0.9 1.1 x 10° 10 33 % 10°
2 1.1 x 107
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particles. This is due to the curvature of the metal surface.
For large enough metal particles (d > 100 nm) the predic-
tions of Eq. [13] tend asymptotically to those of Eq. [9],
as expected. The fraction of the metal atoms at the metal—
support—gas interface, which are affected by the electric
field and are simultaneously exposed to the gas phase, is
proportional to the metal dispersion, D. Because, however,
the electric field increases with increasing dispersion, the
total effect will be proportional to D%, where 1 <a < 2.

DISCUSSION

Two different model configurations of a catalytic system
consisting of a noble metal supported on a TiO, carrier
doped with higher valence cations have been studied in
the framework of the metal-semiconductor contact theory.
One configuration is described as metal overlayers of infi-
nite dimension and the second one as spherical metal par-
ticles embedded within the semiconductor. In both cases,
the driving force for charge transfer is the difference in the
work function of the two materials or, alternatively, the dif-
ference in the electrochemical potentials. Because the work
function of doped TiO; is lower than the work function of
the metal, charge is transferred from the TiO, support to
the metal and is located at the interface. Calculations per-
formed for the aforementioned two configurations show
that the maximum number of electrons transferred, com-
pared to the number of metal atoms in the overlayer or the
crystallite, is of the order of 0.1-0.4 e/atom for layers of one
or two atoms thick or for crystallites with size in the range
1-2 nm. Such significant amounts of charge transferred can
be considered to be partly due to the very high static di-
electric constant of TiO, compared to other solid materials
(titanates, such as BaTiOs, also have very high dielectric
constant). From this aspect, TiO; can be considered as a
rather unique example of a support, favoring charge trans-
fer to the supported metal.

Accurate estimation of the charge-transferred flux in the
case of undoped TiO; is difficult because the donor con-
centration in the semiconductor is not known. The work
function of stoichiometric, unreduced TiO, is 5.5 eV (44)
(the Fermi level of stoichiometric TiO, will be near the
middle of the band gap, E,(TiO;) =3.0 eV, and P10, =
xTio, + Eo/2=4.04+15=5.5 eV), which is similar to the
metal work function. Therefore, no significant charge trans-
fer is expected in this case. For reduced TiOy, Ti** cations
which are created, correspond to donor levels that decrease
the work function. A work function of 4.1 eV has been re-
ported by Sadeghi and Henrich (10), while a value of 4.6 eV
has also been reported (44) for reduced TiO,. What is not
known, however, is the extent of reduction of TiO; in a sup-
ported catalyst, which defines the donor concentration and,
moreover, whether the Ti’* species are homogeneously dis-
tributed into the bulk or are located mainly in the surface
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region. Phenomenologically, though, reduced TiO; can be
treated in the same manner as doped TiO; in the framework
of the model of the present work.

The charge which is transferred is expected to lie at the
metal-semiconductor interface, on the side of the metal.
This can be explained by the following argument: A metal
surface is an equipotential surface. Because the dielectric
constant of TiO; is 130, the charge located at the interface
will be 130 times larger than the charge at the free metal
surface, even without taking into account the attractive con-
tribution of the positively charged depletion region in the
semiconductor. Therefore, the charge at the free metal sur-
face is negligible.

It is still unclear in what way the electrons which are
transferred to the metal-semiconductor interface can per-
turb the electronic structure of the metal crystallite, leading
to modification of its chemisorptive and catalytic properties.
Intuitively, one expects that whatever the interaction is, it
will be more intense for small metal crystallites, for which
the ratio e/M was found to be significant (Fig. 4) and the
fraction of interface metal atoms is large. Although a de-
tailed account of possible interaction routes is beyond the
scope of this work, we can speculate on two different modes
of electronic interaction, namely:

(a) long-range interactions, affecting the whole metal
crystallite,

(b) short-range interactions, affecting the atoms at the
gas—metal-support interface.

The former case implies modification of the electronic struc-
ture of the metal crystallite, such as the following:

(i) Changes in the d-band population. Chen et al. (21)
have proposed that electronic modification might be due
to rehybridization of electron orbitals in the presence of
charge at the interface.

(ii) Shifting of the Fermi level and, as a consequence, of
the work function. Theoretical calculations by Ward et al.
(45) have shown that the Fermi level of Rh, Pd, and Pt is
shifted when they are present as mono- or three-layer slabs
on alumina surfaces. This shift is a consequence of charge
transfer between the metal and the support. The charge
transferred was found to be of the order of 0.1-0.2 e/atom.

(iii) Changes in the density of states at the Fermi level.

The short-range interaction can be considered as a con-
sequence of the strong electric fields, which are present
at the interface. The existence of strong electric fields
(>0.1 V/nm) can have a significant impact on the adsorp-
tive and catalytic properties of the metal atoms. The effect
of an electric field on the adsorption of NO on Pt(111) and
Rh(111) has been studied theoretically and experimentally
(46-48). It was shown that for a field pointing away from the
surface the binding energy of NO on Rh(111) is reduced by
15% (or about 4 kcal/mol) at a field of 3 V/nm. In stronger
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fields, even the dissociation of NO on the surface can be in-
duced. Theoretical calculations show that an electrostatic
interaction can explain many aspects of the promoting or
poisoning effect of several preadsorbed atoms on the metal
surface (49). Vanselow and Mundschau (50) have observed
the formation of high work function islands on a Pt surface
on which TiO; has been deposited and has been heated
above 800 K. They estimated that the induced electric field
by the interaction of these islands with the rest of the sur-
face is in the range 0.06-6 V/nm. It should be noted that the
results obtained in the present study (Table 3) are in the
same range.

The transfer of electrons from the support to the metal
particles, or vice versa, also influences the electron struc-
ture of the support at the periphery of the metal particle.
This part of the support can be either depleted or enriched
in electrons. The affected region of the support, as deduced
from the magnitude of the depletion length, W, can be quite
large and might respond differently to various adsorbates.
For example, in the depletion region of an n-type semicon-
ductor the adsorption of electron donor adsorbates might
be enhanced, while the adsorption of electron acceptor ad-
sorbates might be hindered. This phenomenon can affect
the catalytic behavior of the metal/semiconductor system
via one of the following mechanisms:

e Creation of new catalytic sites on the support surface
at the periphery of the metal particle.

e Enhancement of the spillover of intermediate species
of the reaction from the support to the metal, or vice versa.

CONCLUSIONS

The following conclusions can be drawn from the results
of the present study.

(a) The metal-semiconductor contact theory predicts
that when a Group VIII metal is in contact with higher-
valence doped or reduced TiO;, a significant quantity of
charge transfer can occur at the interface. The magnitude
of charge transfer depends on the size of the metal parti-
cles and can be as high as 0.5 electrons per metal atom for
crystallites smaller than 2 nm or less than 0.01 electrons per
metal atom for crystallites larger than 10 nm.

(b) Titania is a rather unique example of a support fa-
voring charge transfer, because it has a very high dielectric
constant, as compared to other metal oxide semiconductors.

APPENDIX 1

1. Calculation of the Work Function of Doped TiO

The electronic energy levels for a semiconductor are
shown schematically in Fig. 5. The upper edge of the va-
lence band is of energy E,, while the lower edge of the
conduction band is of energy E.. The Fermi level is located
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FIG.5. The electronic energy level diagram for a semiconductor, with
the component energy differences indicated. The diagram illustrates an
n-type semiconductor.

inside the band gap and is closer to the conduction band
for an n-type semiconductor or closer to the valence band
for a p-type. The Fermi level is equivalent to the concept of
the electrochemical potential of the semiconductor, fi.. The
work function, ®gc, is defined from a thermodynamic point
of view (51), as the difference between the Fermi level and
the electrostatic potential right out of the semiconductor
surface:

Dgc = —jie — V. [17]

The electron affinity, xsc, is defined as the difference be-
tween the edge of the conduction band and the electrostatic
potential (40):

xsc = —E. —eWw. [18]

The position of the Fermi level can be manipulated by
doping, which creates donor or acceptor levels in the band
gap. For donor concentration, Ny, the electron concentra-

tion in the conduction band will be (41, 52)
n=Nj+p, [19]

where N is the concentration of the ionized donors, given

by (53)
! } 0]
1+ 5 exp((Eqa — Ep)/KT)

Nj:Nd[l—

with E4 being the donor energy level. The hole concentra-
tion, p, is generally written as

1
p=N, [1 - } , [21]
1+ exp((Ey — Ep)/KkT)
while for the electron concentration, 7;
1
[22]

= N P (E. = En) /KT
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Combining Egs. [20], [21], and [22], a relationship for the
determination of Ef as a function of Ny, E4, and T is ob-
tained:
N,
1+ exp((Ec — Ep)/KT)

b e
1+ 5 exp((Eq — Ep)/KT)

1
Ny |1 — . 23
+{ 1+exp<(EV—EF>/kT>} 23]

Focusing on the semiconductor which is of interest in this
study, i.e., TiO,, doping with cations of valence higher than
+4 (W®*, for example), leads to the creation of a donor
level near the conduction band. As a result, the Fermi level
moves upward, close to the conduction band, and the work
function decreases. This has been verified experimentally
by electrical conductivity measurements (35).

2. Derivation of Eq. [6]

The charge density, o, in the semiconductor depletion
region is given by

hole ]

p/e = [ionized donors] — {electron} {density

density
=Nj —n+p. [24]

The hole density, p, in the case of an n-type semiconduc-
tor (such as TiO,) doped with a donor impurity is negligible
and can be omitted from Eq. [24]. The concentration of ion-
ized donors, N, can be derived from Eq. [20] after taking
into account the effect of the potential V in the depletion

region (39):
! } . [25]

1+ Lexp((—eV — Eq)/kT)

Nd+=Nd[1_

The electron density, n, can be found similarly by suitable
modification of Eq. [22],

[26]

eV + Eg
kT ’

n= nooexp(

with n., given by Eq. [22]. The use of the exponential term
exp((eV + Er)/kT) instead of the exact term

1/1 + exp(—(eV + Eg)/KT)

is justified by the fact that the potential V is significant in
a major part of the depletion region, so that the exponen-
tial term is much larger than unity. The error in using the
approximate form becomes apparent only far away from
the interface, where the number of transferred electrons is
minimal anyway. Combining Eqgs. [24], [25], and [26], Eq.
[6] is obtained.

APPENDIX 2: LIST OF SYMBOLS

D metal dispersion

d metal crystallite diameter (nm)

E. lower edge of conduction band (eV)

Eq donor level (eV)

Er Fermi energy (eV)

E, band gap (eV)

E, upper edge of valence band (eV)

e electron charge (C)

F electric field (V/cm)

N density of states in the conduction band (cm™3)

Ng donor concentration (cm™3)

Ny ionized donor concentration (cm™>)

Ny density of states in the valence band (cm™>)

n electron concentration (cm~>)

Ne number of transferred electrons

Neo electron concentration in semiconductor bulk
(em™)

Q electric charge per unit area (charge flux)
(C/em?)

p hole concentration (cm™3)

r radial distance (cm)

'm metal crystallite radius (cm)

T temperature (K)

Y, potential (V)

Vo contact potential (V)

w depletion length (cm)

Greek

AWSE  contact potential difference (V)

e relative dielectric constant

o vacuum permittivity (F/m)

€s semiconductor permittivity (F/m)

fe electrochemical potential (eV)

Q' equilibrium electrochemical potential (eV)
0.0/e charge density (C-cm™3, cm™3)

P work function (eV)

dsp Schottky barrier (V)

Xsc semiconductor electron affinity (eV)
v electrostatic (outer) potential (V)
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