
INTRODUCTION

Heterogeneous photocatalysis using TiO2 has been
considered as an effective technology for removing toxic and
nonbiodegradable organic compounds in water and in air.
Recently, it is has been found that a mixture of anatase and
rutile nanoparticles has much higher photocatalytic activity
that pure anatase or pure rutile1-30. For example, Degussa P25
consisting of a mixture of anatase and rutile mineral phases
posses superior photocatalytic activity and has widely used as
a gold standard for the comparison of reactivity1-8.

Many researchers have proposed that the high photo-
catalytic activity of mixed-phase titania originates from the
spatial separation of photogenerated charge carriers, but there
is disagreement about the direction of charge transfer. Tada
and co-workers have prepared a patterned anatase/rutile bilayer-
type film and found that silver photodeposition occurred
preferentially at the boundary toward the rutile layer9. So they
have suggested that some of the photogenerated electrons are
transferred from the conduction band of anatase to that of rutile
based on the position of the conduction band edge of anatase
relative to that of rutile. However, Gary and co-workers argued
that the reactions such as the reduction of silver are dependent
not only on the electron transfer but also adsorption events4.
They have reported that in a mixed-phase material (P25),
electrons trapping on the anatase surface was observed under
visible light illumination by EPR measurements, indicating
the electron transfer from rutile to anatase occurred3. They
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have proposed a model where rutile acts as an antenna to extend
the photoactivity into visible wavelength and the structural
arrangement of the similarly sized titania crystallites creates
catalytic "hot spots" at the rutile-anatase interface. Matsumura
and co-workers observed that oxidation and reduction reactions
occurred on rutile and anatase particles, respectively, when
mixed-phase titania was used in photocatalytic oxidation of
naphthalene10. They have suggested that electrons are trans-
ferred from rutile particles to anatase particles via thermal
activation. Smirniotis and co-workers have proposed that the
conduction band energy increase in the space charge layer of
anatase stops the electrons going from anatase to rutile, but
the holes in anatase particles can be transferred to rutile particles
through the valance band bending6. Serpone and co-workers
have suggested that photogenerated electrons in the rutile domains,
which can in essence be considered as surface defects in the
P25 specimen, may spillover onto the anatase component7.

Mixed-phase titania has been prepared by calcining
amorphous-TiO2

11-17 or anatase-TiO2
10,18 or the mixture of

amorphous-TiO2 with rutile19,20 or the mixture of anatase with
rutile21-24, physically mixing anatase with rutile10,25, hydro-
thermal25-28, gas-phase pyrolysis29, low-temperature dissolution-
reprecipitation30, magnetron sputtering15,31 and two-step
method consisting of sputter deposition and subsequent
sol-gel processing9.

Different researchers reported different optimum rutile
contents corresponding to the maximum photocatalytic
activity, which are 11.2 wt %29, 12 wt %27, 15 wt %28, 22.6 wt %18,
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24.5 wt %12, 25.8 wt %25, 28 wt %14, 30 wt %26, 40 wt %23,
42.4 wt %17, 43 wt %16, 50 wt %30, 78 wt %15, 90 wt %10 and
99.5 wt %19, respectively.

From all above, it can been found that the mechanism of
the synergetic effect between anatase and rutile is not fully
understood. Herein, In view of the theory of semiconductor
physics, we give the electric field distribution in the transition
region of the n-n anatase-rutile heterojunction by solving the
Poisson equation, discuss the direction of charge transfer and
explain the synergetic effect.

Energy-band diagram: The energy-band diagram for
isolated rutile and anatase is shown in Fig. 1(a) where rutile
and anatase are not yet in contact32-34. Upon contact, because
of the flatband potential (which corresponds to the position of
the Fermi level) of anatase having a energy of 0.2 eV above
than the Fermi level of rutile35, at an n-n heterojunction located
at the juncture between anatase and rutile (anatase and rutile
are both of n-type semiconductors35-40), the electrons keep on
flowing from anatase (smaller work function) to rutile (larger
work function) until the Fermi levels become coincident,
creating an accumulation of negative charges in the rutile
region and a positive section in the anatase region in the vicinity
of the junction. This sets up an internal electrostatic field
directed from the anatase region to the rutile region, creating
an energy barrier for the electron transfer from anatase to rutile.
The band diagram for the n-n anatase-rutile heterojunction at
equilibrium is shown in Fig. 1(b). In Fig. 132,33, the subscripts
1 and 2 refer to rutile and anatase; χ is electron affinity of the
semiconductors; Φ is work function; ϕ is electrostatic potential;
ϕD is diffusion potential (0.2 V for the n-n anatase-rutile
heterojunction)35; EF is Fermi level; q is electronic charge
(absolute value); x is the coordinate giving the distance from
the interface with positive values applying to depth into
anatase; Ec and Ev are conduction and valence band edge,
respectively.

In the condition of equilibrium the electron energy level
of rutile will be raised, because of the negative charge it has
acquired. In the meantime, the electron energy level of anatase
will be dropped, because the negative charge has spread and
disappeared.

Electric field distribution in the transition region:

Kumar32 and Cservey33 have already solved the Poisson equation
for the transition region of an abrupt n-n heterojunction and
arrived at the same conclusions. In this paper, we present the
main deductive steps and conclusions in their articles and
apply the conclusions to the anatase-rutile heterojunction.

In region 1 (x1xo), Poisson's equation takes the following
form32,33:
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where k is Boltzmann constant, T is absolute temperature
(assuming T = 298 K in this study), ε0 is the permittivity of the
vacuum, ε is the dielectric constant (ε1 ≈ 100, ε2 ≈ 30)36 and
ND is the donor density.

At this point we introduce the notion32,
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Fig. 1. Energy band diagrams of mixed-phase titania before (a) and after
(b) the formation of n-n heterojunction
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From eqn. 1, we have32,
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The upper bound of β1 in eqn. 5 is denoted by32,
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where ϕD1 is the portion of the diffusion potential supported
by rutile. Similarly, we have32,
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Assuming ND1 equals to 7 × 1023 m-3, ND2 equals to 1025

m-3 (case 1)36. Then from eqn. 9, we have ϕD1 = 0.077 V. Then
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from eqn. 6, we have β1m = 3.0. Then from eqns. 5 and 4, we
can obtain the variation of β1 with the distance from the
interface shown in Fig. 2.
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Fig. 2. Variation of potential inside rutile with the distance from the
interface
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(x1,(1+i) and x1,i are the ordinates of two adjacent points of the
curve in Fig. 2, respectively. β1,(1+i) and β1,i are the abscissas of
two adjacent points, respectively).

Then from eqn. 10, we calculated the variation of E with
the distance from the interface shown in Fig. 3. For simplicity,
we omit the minus signs of E that represent the direction of
electric field.

As indicated in Fig. 3, strong electric field exists in the
transition region of the n-n anatase-rutile heterojunction, the
field strengths at the interface are greater than 107 V/m. Such
a transition region can exert a very efficient force for photo-
generated electron hole pair separation, resulting in greater
photocatalytic activity.

Fig. 3(a) shows the electric field distribution in different
cases. In case 2, ND1 = ND2 = 1024 m-3. In case 3, ND1 (3.9 × 1025

m-3)37 >> ND2 (4.1 × 1022 m-3)38. In case 4, ND1 (1.5 × 1023 m-3)39

<< ND2 (8.36 × 1025)40. As indicated from Fig. 3(a), if the donor
density in one region is much less than that in another region
(ND1 << ND2 (case 4) or ND2 << ND1 (case 3)), the electric field
distribution in this region is much broader than that in another
region.

If the value of ND1 keeps constant, when ND2 increases
(case 5) or decreases (case 6), the electric field distribution in
region 2 will narrow or broaden, respectively, while the electric
field distribution in region 1 changes slightly. Similarly, if the
value of ND2 keeps constant, when ND1 increases (case 7) or
decreases (case 8), the electric field distribution in region 1
will narrow or broaden, respectively, while the electric field
distribution in region 2 changes slightly. The results are shown
in Fig. 3(b). In case 5 and 6, ND2 is 8.36 × 1025 m-3 40 and 4.1 ×
1022 m-3 38, respectively. In case 7 and 8, ND1 is 3.9 × 1025 m-3 37

and 1.5 × 1023 m-3 39, respectively. The parameters and results
of the n-n anatase-rutile heterojunction in the different cases
are summarized in Table-1.

 

 

-600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600 700
10

0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

E
(V

 M
-1
)

X (nm)

1
1

4
4

3
3

2 2

(a)

 

 

-600 -400 -200 0 200 400 600

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

E
(V

 M
-1
)

X (nm)

6

1,5 68 7 5

1,7,8

(b)

Fig. 3. Electric field of the n-n anatase-rutile heterojunctions with the
different donor densities. The numbers 1-8 represent the different
cases. (a) In case 1, ND1 = 7 × 1023 m-3, ND2 = 1025  m-3; in case 2, ND1

= ND2 = 1024 m-3; in case 3, ND1 = 3.9 × 1025 m-3, ND2 = 4.1 × 1022  m-3;
in case 4, ND1 = 1.5 × 1023 m-3, ND2 = 8.36 × 1025  m-3. (b) In case 5,
ND1 = 7 × 1023 m-3, ND2 = 8.36 × 1025  m-3; in case 6, ND1 = 7 × 1023

m-3, ND2 = 4.1 × 1022  m-3; in case 7, ND1 = 3.9 × 1025 m-3, ND2 = 1025

m-3; in case 8, ND1 = 1.5 × 1023 m-3, ND2 = 1025  m-3

TABLE-1 
PARAMETERS AND RESULTS OF THE n-n ANATASE-RUTILE 

HETEROJUNCTION IN THE DIFFERENT CASES 

Case ND1 (m
-3) ND2 (m

-3) ϕD1(V) ϕD2(V) β1m β2m 

1 7×1023 1025 0.077 0.123 3.00 4.79 
2 1024 1024 0.036 0.164 2.84 4.16 
3 3.9×1025 4.1×1022 0.002 0.198 0.06 7.72 
4 1.5×1023 8.36×1025 0.141 0.059 5.49 2.30 
5 7×1023 m-3 8.36×1025 0.115 0.085 4.48 3.31 
6 7×1023 m-3 4.1×1022 0.011 0.189 0.44 7.34 
7 3.9×1025 1025 0.021 0.179 0.82 6.97 
8 1.5×1023 1025 0.105 0.095 4.09 3.70 

 
Although many researchers have found the synergistic

effect between anatase and rutile, different researchers reported
different optimum rutile content corresponding to the maxi-
mum photocatalytic activity, which is noted to be within the
range of 11.2-99.5 wt %10,12,14-19,23,25-30. This range is large and
may be attributed to the different donor densities of mixed-
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phase titania since the electric field distribution depends on
the donor densities. Certainly, other parameters such as
crystallite size, surface area, density of surface hydroxyl
groups, secondary particle size etc., are also related to the
photocatalytic activity14-31.

As to the direction of the charge transfer, some researchers
have suggested that the photogenerated electrons migrates from
rutile to lower energy anatase trapping sites3-5,7,10 or the photo-
generated holes in the anatase phase transfer to rutile6 while
others have suggested that the photogenerated electrons in the
anatase phase transfer to rutile based on the position of the
conduction band edge of anatase relative to that of rutile9,31. In
view of the theory of semiconductor physics32,33,41, we suggest
that the electrons flow from anatase to rutile when rutile is in
close contact with the anatase. Once a stable n-n heterojunction
has formed between rutile and anatase, under illumination,
the photogenerated electrons will migrate from rutile to anatase
while the photogenerated holes will migrate from anatase to
rutile under the influence of the internal electrostatic field in
the n-n heterojunction region. We suggest here, that the internal
electrostatic force separates the photogenerated electrons and
holes spatially and this is considered as the main effect, rather
than the previously published concepts, like antenna effect3,
thermal activation10, the valance band bending6 or spillover
effect7. Because the conduction band of anatase has been consi-
dered to locate at a higher energy position than that of rutile
by about 0.2 eV, Matsumura et al.10 thought that this relation-
ship of the energy levels is disadvantageous to the electron
transfer from rutile particles to anatase particles. Gray et al.15

advanced that since the trapping site is 0.8 eV lower in energy
than the anatase conduction band and is also below (ca. 0.6
eV) the rutile conduction band, the electron transfer from rutile
to anatase is energetically allowed. In fact, the positions of the
conduction band that they discussed are that of isolated rutile
and anatase (Fig. 1(a)). The Fermi levels of mixed-phase titania
are coincident (i.e., the Fermi level is constant throughout the
material) after the formation of the n-n anatase-rutile
heterojunction (Fig. 1(b)).

Conclusion

In view of the theory of semiconductor physics, we give
the electric field distribution in the transition region of the
n-n anatase-rutile heterojunction by solving the Poisson
equation. Strong electric field exists in the transition region
and can exert a very efficient force for photogenerated electron
hole pair separation, resulting in greater photocatalytic activity.
The electric field distribution depends on the donor densities.
The electrons flow from anatase to rutile when rutile is in close
contact with the anatase. Once a stable n-n heterojunction has
formed between rutile and anatase, under illumination, the
photogenerated electrons will migrate from rutile to anatase
while the photogenerated holes will migrate from anatase to
rutile. Of course, the involved mechanism would become more
complicated when the surface state and defects were taken
into account. Further detailed information about the anatase-
rutile heterojunction and further investigations are needed, in
order to solve questions about the photocatalytic process.
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