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Abstract—The electrical conductivity {6). photoconductivity and photocatalytic reactivity in doped crystalline Ti0,
were measured as a function of the oxygen partial pressure {Po,). temperature. doping type and UV irradiation. The
Po, dependence of ¢ suggests that the predominant atomic defects in pure TiO, are oxygen vacancies (V) and in-
terstitial titanium fons (T ). but the dominant defect is changed with Po, and temperature, The photoexcited elec-
trons in reduced and/or netype doped TiO, enhance both the photeconductivity and the photocatalytic reactivity by the
reduction process. Thercfore. these behaviors are strongly dependent on the clectron concentration.
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INTRODUCTION

Nonstoichiometric titanivm 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 {Fyjishima, 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; Back et al,, 1999}, varistor, and oxide elec-
trode {Zaban et al., 1997: Watanabe et al, 1976]. The photocata-
lytic mechanism is still controversial, although there are many arti-
cles reporting the correlation of photocatalytic activity with the phys-
ical properties of Ti(), such as crystal structure, surface area, par-
ticle size. and so on [Ohtani et al., 1997]. The purpose of this re-
search s fo 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 crystailine rutife 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 Ti0,, Nb.Os, Ta:0s, MnO, and ALO; were
used as the starting materials, The powders were mixed with ZrO,
balls, dried and pressed into a rectangular form at 2,000 kefleny’.
These peliets were sintered at 1,4007C for 10 hrs in air. The sintered
pellets of the ratile structure were ground to the thickness of 2 mm,
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electroded with Pt paste and heat treated at |,006°C for 15 min.
2. Electrical Conductivity

After the sample was printed by Pt paste (Heraeus Co.) and an-
nealed for 15 min at 1,0007°C. the sample for the electrical conduc-
tivity was attached to Pt wires (@02 mm) for the four point-probe
method to eliminate nonohimic contact effects. Fig, | shows the ap-
paratus for measuring clectrical conductivity, The low oxygen par-
tial pressure {Po,) was established by using CO/COs or H/HO/Ar
mixture as shown in Fig. 1. The established Po. was monitored with
a Y.0, dtabilized zirconia (YSZ) oxygen sensor. The resistivity of the
sample was measured as a function of temperature (700 °C-1.300C)
and partial pressure of oxygen (1010~ atm). That was converted
into electrical conductivity by the following equation

Gzﬁ_i—;_/{( 1/Q-cm) {1
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 famp (40 w,
254 ) as shown in Fig. 2. The photoconductivity was calculated

from Eq. 2}

Pholoconductivity ¢ LA MR, — R,) (2}

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

lodide oxidation reaction was used in order to measwure the pho-
toreactivity of the photocatalysts [Kormann et al., 1988}, The val-
ence hand holes or hydroxyl radicals generated on illuminated TiO,
surface oxidize iodide (F) to |- radicals, which subsequently trans-
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form to tritodide 117} through the following steps.

Fhjor Oth—F {3
b=, 4}
P+Hi—1r £54

The ghiodide production can be spectrophotometrically mongtored
by measuring the absorbance at 352 nm.

The phutoreactivity test was performed as follows. Each photo-
calalyst prepared was coated on a slide glass and mmmersed n 30
i of 00T M Nal solution. The solution pH was adiusted 10 3. The
pholocatabytic oxtdation of T oceurs only inihe acidie pH region
and virtually no iedine or triiodide is formed at pH>7 [Normans et
gk, 1088}, The seidic condition s required for T o be clectrostat-
cally attracted onto the positively charged TIO. surface. Light from
a 300 W Xe-are lamp (Oreld with =300 nm was ilhoninated to
the reactor, Then, the absorbance al 352 i was measured afler 1-
hr sHumination with a UVAIS specrophotometer {Shimadza . The
absorbance chunge cormesponded to the photocatadytically gener-
ated 11
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RESULTS AND DISCUSSION

1. Electrical Conductivity of Undoped TiQ),

Fig. 3 shows the oxygen partial pressure {Po.) dependence of the
ehectrical conductivity (G) in the lemperature tange between 700°C
and 1,3007C. i is widely discussed in the eratore that the domi-
nant point defects i TiO, are exygen vacancies andor imterstidiad
titanium s [Balachandran and Eror. 1988: Tani and Baumard,
1980: Dirstine and Rosa, 19791

As shown 1 T 3, there is the change of the skope (0 log® logPo.
between —144 and — 175 in the low Po. mnge. The clectrical con-
duetivity at tomperatures above 1,100°C i proportional to Por ' in
the intrinsic range (region §). The slope of =143 means that tetrava-
lerst charged interstitial tilanium fons are dominant atemic defecs
above 1.1007C by the reactions:

T Z0N= 40 10 () O}

witht the equilibrium constant al constand temperature.

LA LA DN DL LN LA L BN BN SN L B )
2+ | TiO, (99.99%) |-
]
1k N
0L
E af ]
& Ll _
(=] L
o
o 3f \ i
| w 1300C, o 12000 N SOV
4l & 1100C, ¥ 1050C \ \% )
¢ 1000C, e 950C )
- A 900C, w 850C ; o)
S+ ¢ 800C, o 700C "V
sl L 1 Lo | o 1 o 8 o 0 4 1

ok
(S

PR S Y i 1
24 -22-20-18-16-1412-10 8 6 4 -2
log Po, (atm)

Fig. 3. Oxypen partial pressure dependence of electrical conduc-
tivity of nndoped 1i(0),.
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K,=[T5, Jn'Po, (73

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

=4 TE 14K ) Por (8

where nand Ti, represent an electron and a tefravalent charged
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Fig. 4. Oxygen partial pressure dependence of electrical conduc-
tivity with the doping content of M,O, (M=Ta or Nb) at (a)
1,100°C, (b) 1,206 °C, and (¢} 1,300 "C.

titanitm interstitial ion, respectively.

On the other hand, the ¢ values at temperatures below 1,106°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 [1. The formation of the doubly charged oxygen vacancies
can be described as follows:

L .
O<i_V¢;+2€ +501(g) (9)

with the equilibrium constant at constant temperature
Ko=[V, Jr°Po* (1o

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

n==2fV, J=( 2R, Pos He

where V,,1s a doubly charged oxygen vacancy,
2. Electrical Conductivity of n-Type Doped TiO, (n-Type Dop-
ing Effect)

Figs. 4-5 show the clectrical conductivity of Ti(), doped with MO,
(M="Ta or Nb) in dependence of the Po. and temperature. With the
increasing M. doping content, the slopes (3 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,O;-doped Ti0, cccur according to the Po, and the doping con-
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tivity with temperature at (a) 0.2 mol% and (b) L5 mol%
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tent.
The electrical behavior in region B can be interpreted as fol-
lows:

M.0: =2M,, +40) +2e' +%0:( g (12)

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

Gxn=[M,] (13

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

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

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

MO =AM,V 1007 ()
The electroneutrality condition in region C is given by
M, =4[V, ] {15)

whete V', 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 ALO; doped
Ti0, decreases slightly with the increasing ALO, doping content,
The electrical behavior in Fig. 6 can be described by the defect reac-
tion and the electroneutrality condition:

JALOHTH=4AL+TH, 60 (16)
AL 4TI ti7)

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

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

r=1AL UK, ) Por ™ {18)

In this case, the conduction electron is inversely proportional o
the doping content of ALO;, and correspondingly the electrical con-
ductivity of ALO, doped TiO, will be decreased {Lee, 2001],

4. Photoconductivity and Photocatalytic Reactivity in TiQO,

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

In the case of the acceptor doped TiQ., 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 ALQ, 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 fo giga ohm ranges
{167 Q).
The electrical behavior in ALO; doped TiQs can be interpreted
by Eqgs. {16) and {17}, as described in the p-type doping effect.
The photocatalytic reactivity of undoped and doped THO, 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, (€ R, (0} Photoconductivity Photo-efﬁci.ency
(UV offy (UV on} O s = LAR, =R ) ¥ A Y o= (R, —R/R = 100

Oxidized undoped-TiO, fd nd . :

Reduced undoped-Ti0, 2522k 2201k 3.98~10" 11.93%

2.0 mol% MnG (p-type) nd nd

0.2 mol% ALO; (p-type} nd nd

4.0 mol% Ta,0. (n-type} 544k 498k 39i~107 4.75%

1.3 mol% Ta,0; (n-type}) 836k 817k 4.62+107 4.56%

nd=not detected (>>1 GL).

Table 2. Fhe photoreactivity of undoped and doped Ti0,. Absor-
bance at 352 pm was measured after | hr illumination

Bulk sample A

Undoped TiO. (Oxidized at 0.21 atm} 0.0138
Undoped Ti0, (Reduced at 107" atm) 0.0548
0.2 mol% ALO,-doped TiO, 0.0£68
2.0 mol%* MnO-doped TiG, 0.0115
2.0 mol% Nb.Q~doped TiO, 0.1145

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

On the other hand, the reactivitics of both undoped and p-type
doped Ti0, are similar,

From the experimental results, i is suggested that the photoex-
cited electron in a reduced and/or n-type doped Ti(), can enhance
the photoconductivity and also the photocatalytic reactivity by the
reduction process. since the defect Tl andfor V,, for reduced sam-
ples and quasi-firee 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
AF" site prohibited the T97°-O" pair [Herrmann et al., 1984 Yamash-
ia ot 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 resuits obtained in this study are summarized as follows:

t. The dominant atomic defect is changed with Po, and temper-
ature, and the tetravalent charged interstitial titanium fons (T} ) and
the doubly charged oxygen vacancies (V,) are suggested in non-
stoichiometric tHanium 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 TiQ
enhances both the photoconductivity and the photocatalytic reactivity
by he reduction process, Therefore, these behaviors are strongly de-
pendent on the electron concentration in the defect structure of Ti0,
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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, GoenPo;

H Vo oen=Por™
Reduced Ti0, LI Ti, , V, high high high
Oxidized Ti0, not detected not detected fow
Doped Ti0,
Donor I e Goen={My] high high

i v, oaens<Poy
Acceptor 1 T, oxn=<PO not detected low

G pxPo,™
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