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Abstract—The electrical conductivity (0), photoconductivity and photocatalytic reactivity in doped crystalline TiO,
were measured as a function of the oxygen partial pressure (Po,), temperature, doping type and UV irradiation. The
Po, dependence of 0 suggests that the predominant atomic defects in pure TiO, are oxygen vacancies (V;) and in-
terstitial titanium ions (Ti;), but the dominant defect is changed with Po, and temperature. The photoexcited elec-
trons in reduced and/or n-type doped TiO, enhance both the photoconductivity and the photocatalytic reactivity by the
reduction process. Therefore, these behaviors are strongly dependent on the electron concentration.
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INTRODUCTION

Nonstoichiometric titanium dioxide, which is classified as an oxy-
gen-deficient n-type semiconductor, is one of the most extensively
studied metal oxides, because it is one of the promising materials
as a photocatalyst [Fujishima, and Honda, 1972; Kasuge et al., 1997,
Jongh et al., 1997; Nakato et al., 1997; Chai et al., 2000], oxygen
sensor [Tien et al., 1975; Baek et al., 1999], varistor, and oxide elec-
trode [Zaban et al., 1997; Watanabe et al., 1976]. The photocata-
Iytic mechanism is still controversial, although there are many arti-
cles reporting the correlation of photocatalytic activity with the phys-
ical properties of TiO, such as crystal structure, surface area, par-
ticle size, and so on [Ohtani et al., 1997]. The purpose of this re-
search is to investigate the correlation between the photoconductiv-
ity and the photocatalytic reactivity in undoped and doped poly-
crystalline titanium dioxide.

In this work, the electrical conductivity, the photoconductivity,
and the photocatalytic reactivity in crystalline rutile are measured
and discussed as a function of the oxygen partial pressure, temper-
ature, doping type and UV irradiation time.

EXPERIMENTAL

1. Sample Preparation

Reagent-grades of TiO,, Nb,Os, Ta,0;, MnO, and Al,O; were
used as the starting materials. The powders were mixed with ZrO,
balls, dried and pressed into a rectangular form at 2,000 kgfiem?.
These pellets were sintered at 1,400 °C for 10 hrs in air. The sintered
pellets of the rutile structure were ground to the thickness of 2 mm,
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electroded with Pt paste and heat treated at 1,000 °C for 15 min.
2. Electrical Conductivity

After the sample was printed by Pt paste (Heraeus Co.) and an-
nealed for 15 min at 1,000 °C, the sample for the electrical conduc-
tivity was attached to Pt wires (0.2 mm) for the four point-probe
method to eliminate nonohmic contact effects. Fig. 1 shows the ap-
paratus for measuring electrical conductivity. The low oxygen par-
tial pressure (Po,) was established by using CO/CO, or H/H,O/Ar
mixture as shown in Fig. 1. The established Po, was monitored with
a'Y,0; stabilized zirconia (YSZ) oxygen sensor. The resistivity of the
sample was measured as a function of temperature (700 °C-1,300 °C)
and partial pressure of oxygen (10°-107 atm). That was converted
into electrical conductivity by the following equation

0 =——(1/Q [&m) (1

RxA

where R is resistance, A is the area of the sample, and L is probe
spacing.
3. Photoconductivity

For the measurement of the photoconductivity by the six probe
method, one face of the sample was illuminated by UV lamp (40 w,
254 nm) as shown in Fig. 2. The photoconductivity was calculated
from Eq. (2)

Photoconductivity=(L/A)(R,—R,) )

where R, is resistance after the UV irradiation and R, is dark re-
sistance before the UV irradiation.
4. Photoreactivity

Iodide oxidation reaction was used in order to measure the pho-
toreactivity of the photocatalysts [Kormann et al., 1988]. The val-
ence band holes or hydroxyl radicals generated on illuminated TiO,
surface oxidize iodide (I') to I radicals, which subsequently trans-
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Fig. 1. Apparatus for measuring the electrical conductivity in oxygen partial pressure.
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Fig. 2. Measurement of photoconductivity by the 6 point-probe
method.

form to triiodide (I5) through the following steps.

I+h* (or -OH)—T- 3)
+I—1, “)
L+l 5)

The triiodide production can be spectrophotometrically monitored
by measuring the absorbance at 352 nm,

The photoreactivity test was performed as follows. Each photo-
catalyst prepared was coated on a slide glass and immersed in 30
ml of 0.01 M Nal solution. The solution pH was adjusted to 3. The
photocatalytic oxidation of I" occurs only in the acidic pH region
and virtually no iodine or triiodide is formed at pH>7 [Kormann et
al,, 1988]. The acidic condition is required for I" to be electrostati-
cally attracted onto the positively charged TiO, surface. Light from
a 300 W Xe-arc lamp (Oriel) with A>300 nm was illuminated to
the reactor. Then, the absorbance at 352 nm was measured after 1-
hr illumination with a UV/Vis spectrophotometer (Shimadzu). The
absorbance change corresponded to the photocatalytically gener-
ated I5.
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RESULTS AND DISCUSSION

1. Electrical Conductivity of Undoped TiO,

Fig. 3 shows the oxygen partial pressure (Po,) dependence of the
electrical conductivity (0) in the temperature range between 700 °C
and 1,300 °C. It is widely discussed in the literature that the domi-
nant point defects in TiO, are oxygen vacancies and/or interstitial
titanium ions [Balachandran and Eror, 1988; Tani and Baumard,
1980; Dirstine and Rosa, 1979].

As shown in Fig. 3, there is the change of the slope (0 log/d logPo,)
between —1/4 and —1/5 in the low Po, range. The electrical con-
ductivity at temperatures above 1,100 °C is proportional to Po;" in
the intrinsic range (region [). The slope of —1/5 means that tetrava-
lent charged interstitial titanium ions are dominant atomic defects
above 1,100 °C by the reactions:

Ti},+205=Ti;+4¢e'+0, (g) (6)

with the equilibrium constant at constant temperature.
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Fig. 3. Oxygen partial pressure dependence of electrical conduc-
tivity of undoped TiO..
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K,=[Ti; ]n*Po, )

The electroneutrality condition and the Po, dependence of an elec-
tron are given by

n=4[Ti: ]=(4K,)"Po; ®)

where n and Ti;" represent an electron and a tetravalent charged
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Fig. 4. Oxygen partial pressure dependence of electrical conduc-
tivity with the doping content of M,0; (M=Ta or Nb) at (a)
1,100 °C, (b) 1,200 °C, and (c) 1,300 °C.

titanium interstitial ion, respectively.

On the other hand, the 0 values at temperatures below 1,100 °C
have the Po, dependence of —1/6. The slope of —1/6 shows that dou-
bly charged oxygen vacancies are predominant point defects in the
region II. The formation of the doubly charged oxygen vacancies
can be described as follows:

. 1
05 =V, +2¢' +§Oz(g) &)

with the equilibrium constant at constant temperature
K,=[V;In?Po}? (10)

The electroneutrality condition and the Po, dependence of an elec-
tron are given by

n=2[V;]=(2K,) *Po," (11)

where V; is a doubly charged oxygen vacancy.
2. Electrical Conductivity of n-Type Doped TiO, (n-Type Dop-
ing Effect)

Figs. 4-5 show the electrical conductivity of TiO, doped with M,O;
(M=Ta or Nb) in dependence of the Po, and temperature. With the
increasing M,O; doping content, the slopes (8 log/d logPo,) change
continuously between —1/5, 0, and —1/4. The slope change means
that different kinds of point defect type and charge compensation
in M,Os-doped TiO, occur according to the Po, and the doping con-
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Fig. 5. Oxygen partial pressure dependence of electrical conduc-
tivity with temperature at (a) 0.2 mol% and (b) 1.5 mol%
M,0; (M=Ta or Nb) donor-doped TiO,.
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tent.
The electrical behavior in region B can be interpreted as fol-
lows:

MO, =2M;, +40} +2¢ +30,(2) (12)

The electroneutrality condition and the doping content dependence
of the electrical conductivity are written by

o0n=[M,] (13)

where M, is a tantalum or niobium ion occupying a titanium lat-
tice site.

The conductivity in region B is independent of temperature and
Po,, but strongly dependent on the M,O; doping content.

In region C where the Po, dependence of 0 shows —1/4, the for-
mation of the titanium vacancy is suggested as follows:

2M,05=4M;;+V;+1005 (14)
The electroneutrality condition in region C is given by

[M;]=4[V3] (15)

where V7, is a titanium vacancy.

According to the experimental results in region B and C, the mech-
anism of the charge compensation changes from electronic com-
pensation (region B) to ionic compensation (region C) with the in-
creasing Po,.

Details of the charge compensation and the defect reactions in
region B and C were reported elsewhere [Lee et al., 1999; Chiang
etal., 1997].

3. Electrical Conductivity of p-Type Doped TiO, (p-Type Dop-
ing Effect)

As shown in Fig. 6, the electrical conductivity of AL,O; doped
TiO, decreases slightly with the increasing Al,O, doping content.
The electrical behavior in Fig. 6 can be described by the defect reac-
tion and the electroneutrality condition:

2ALO,+TiX=4Al+Ti +60% (16)
[AL]=4(Ti; | (17)

where Al represents an aluminum cation occupying a titanium lat-
tice site.

The electron concentration from Eq. (16) is given by Egs. (6)
and (7) as follows:

n= [AJ'T‘]—I/4(4K1)1/4P051/4 (18)

In this case, the conduction electron is inversely proportional to
the doping content of Al,O;, and correspondingly the electrical con-
ductivity of AL,O; doped TiO, will be decreased [Lee, 2001].

4. Photoconductivity and Photocatalytic Reactivity in TiO,

The photoconductivity values obtained in dependence on the dop-
ing type, the doping content, and the redox treatment are summa-
rized in Table 1. The photoconductivity of both the reduced TiO,
and n-type doped TiO, samples shows higher values than that of
the oxidized TiO, and p-type doped TiO,. The measured value also
increases continuously with the n-type doping content.

In the case of the acceptor doped TiO,, however, the resistivity
differs by several orders of magnitude. Therefore, the photocon-
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Fig. 6. Oxygen partial pressure dependence of electrical conduc-
tivity with the ALO; doping content at (a) 1,100 °C, (b) 1,200
°C, and (c) 1,300 °C.

ductivity can’t be measured with the instrument (KIETHLY ELEC-
TROMETER 6514) which can measure ohms up to giga ohm ranges
(10° Q).
The electrical behavior in AL,O,; doped TiO, can be interpreted
by Eqgs. (16) and (17), as described in the p-type doping effect.
The photocatalytic reactivity of undoped and doped TiO, sam-
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Table 1. Photoconductivity data of TiO, in dependence on the doping content, the doping type, and the redox treatment

Bulk sample R, (Q) R, (Q) Photoconductivity Photo-efficiency
(UV off) (UV on) O~ LA(R,—Ry) XA Y 0= (R;=R,)/R; X100

Oxidized undoped-TiO, nd nd . .

Reduced undoped-TiO, 2.522k 2.221k 5.98x107* 11.93%

2.0 mol% MnO (p-type) nd nd

0.2 mol% AlO, (p-type) nd nd

4.0 mol% Ta,O; (n-type) 544k 498k 3.91x107 4.75%

1.5 mol% Ta, 0, (n-type) 856k 817k 4.62%10™ 4.56%

nd=not detected (>>1 GQ).

Table 2. The photoreactivity of undoped and doped TiO,. Absor-
bance at 352 nm was measured after 1 hr illumination

Bulk sample Ay

Undoped TiO, (Oxidized at 0.21 atm) 0.0138
Undoped TiO, (Reduced at 107" atm) 0.0548
0.2 mol% Al,O;-doped TiO, 0.0168
2.0 mol% MnO-doped TiO, 0.0115
2.0 mol% Nb,O,-doped TiO, 0.1145

ples which was carried out by the photocatalytic oxidation of iodide
is listed in Table 2. The n-type doped TiO, shows the highest value
of the photocatalytic reactivity after the UV irradiation.

On the other hand, the reactivities of both undoped and p-type
doped TiO, are similar.

From the experimental results, it is suggested that the photoex-
cited electron in a reduced and/or n-type doped TiO, can enhance
the photoconductivity and also the photocatalytic reactivity by the
reduction process, since the defect Ti;~ and/or V,; for reduced sam-
ples and quasi-free electron by M, for n-type doped samples play
a significant role as charge transfer agent and an electron donor. It
is expected that the photoconduction property by defect structure is
similar to that of electrical conductivity. In other words, the photo-
catalytic reactivity by the oxidation process in a p-type doped and/
or oxidized TiO, is negligible because the hole concentration is de-
creased by the charge compensation such as electron trapping of
AT site prohibited the Ti”-O™ pair [Herrmann et al., 1984; Yamash-
ita et al., 1998], although the oxidizing power of the hole is greater
than the reducing power of the excited electron. It is observed that
both the conductivity and the photocatalytic reactivity in this study
are strongly dependent on the photoexcited electron concentration.

The measured data including the dominant point defects, photo-
conductivity, photoreactivity, and the doping type are summarized
in Table 3.

CONCLUSIONS

In order to investigate the correlation among the dominant point
defect, the photoconductivity and the photocatalytic reactivity, we
measured the electrical conductivity, the photoconductivity and the
photocatalytic reactivity as a function of the Po,, temperature, dop-
ing type, and UV irradiation.

The results obtained in this study are summarized as follows:

1. The dominant atomic defect is changed with Po, and temper-
ature, and the tetravalent charged interstitial titanium ions (Ti;") and
the doubly charged oxygen vacancies (V) are suggested in non-
stoichiometric titanium dioxide.

2. The conductivity in n-type doped TiO, is strongly dependent
on the doping content, and the mechanism of the charge compen-
sation changes from electronic compensation to ionic compensa-
tion with the increasing Po,.

3. The conductivity of p-type doped TiO, decreases with the in-
creasing doping content.

4. The photoexcited electron in reduced and/or n-type doped TiO,
enhances both the photoconductivity and the photocatalytic reactivity
by the reduction process. Therefore, these behaviors are strongly de-
pendent on the electron concentration in the defect structure of TiO,.
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Table 3. The defect types, electrical properties, and photo-properties of TiO,

Sample Region Dominant defect Electrical conductivity Photo-conductivity Photo-reactivity
Undoped TiO, I Ti; oOn0OPo;

11 Vs cOn0Po, "¢
Reduced TiO, LTI Ti;, Vg high high high
Oxidized TiO, not detected not detected low
Doped TiO,
Donor 11 e oUn=[My] high high

I Vi oOn0Po, ™
Acceptor 11 Ti;~ oOnOPO; ™ not detected low

oUp0OPo,™
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