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Abstract-The electrical conductivity t ~5), photoconductivity and photocatalytic reactivity in doped custalline TiO, 
were measured as a function of the oxy, gen partial pressure IPQ,). temperature, doping type and t IV irradiation. The 
Poe dependence of ~5 suggests that the predominant atomic defects in pure TiO, are oxygen vacancies (V;} and in- 
terstitial titanium kms t-ti, ), but the dominant deliect is changed with Po, and temperature, The photoexcited elec- 
trons in reduced and/or n-~,pe doped TiO: enhance both the phomconductivity and the photocatalytic reactivity by the 
reduction process. Tberei%re, these behaviors are strongly dependent on the electron concentration. 
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I N T R O D U C T I O N  

Nonstoichiometric titanium dioxide, which is classified as an oxy- 
gen-deficient n-type s,vniconducto~; is one of the most extensively 
studied metal oxides, because it is one of the promising materials 
as a Note, catalyst [Fujishima, and l londa, 1972: Kasuge et al., 1997; 
Jongh et aI., 1997: Nakato et al., 1997; Chaiet al., 2000], oxygen 
sensor [lien et al., 1975; Baeket al., 1999], varistor, and oxide elec- 
trode [Zaban et aL 1997: Watanabe et al., 19761, The photocata- 
lytic mechanism is still controversial, although there are many arti- 
cles reporting the correlation of photocatalytic activity with the phys- 
ical preD.:ties of  TiO: such as crystal structure, surface area, par- 
ticle size, and so on [Ohtan[ et at., I997]. The purpose of this re- 
search is to investigate the correlation between the photoconductiv- 
ity and the photocatalytic reactivity in undoped and doped poly- 
cry~alline titanium dioxide. 

In this work, the electrical conductivily, 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_,O> Ta:Os, MnO, and Ale(): were 

used as the starting materials. The powders were mixed with ZrQ 
balls, dried and pressed into a rectargular form at 2,(,K~0 kgf/cm~'. 
"[hese pellets were sintered at 1,400"C for 10 hrs in air. The sintered 
pellets of  the rattle structure were ground to the thickness of  2 ram, 
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electroded with PI paste and heat treated at l~000"C for 15 rain. 
2. Electrical Conductivity 

After the sample was printed by Pt paste (Hemeus Co,) and an- 
nealed for 15 min at 1,000'~C, the sample for the electrical conduc- 
tivity was attached to PI wires (00.2 ram) for the four point-probe 
method to eliminate nonohmic contact eflizcts. Fig. 1 shows the ap- 
paratus for measuring electrical conductivity. The low oxygen par- 
tial pressure (P~) was established by using CO/CQ or Hfl-t:O/Ar 
mixture as shown in Fig. 1. "fhe established P~ was monitored with 
a Y_,O~ stabilized zireonia (YSZ) oxygen sensor. The resistivity of the 
sample was measured as a function oftenperamre (700"C-1,300"C) 
and partial pressure of oxygen (10 *- 10 2~ atrn). That was converted 
into electrical conductivity by the following equation 

(y =R@A( l /~ .  cm) ( l ) 

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 rim) as shown in Fig. 2. The photoconductivity was calculated 
from Eq. (2) 

t>hotoconductivity OdA}IiR: R,.) (2) 

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

iodide oxidation reaction was used in order to measure the pho- 
refractivity of  the photocatalysts [Kormann et al., 19881.1"he val- 
ence band hok-s or hydroxyl radicals generated on illuminated TiQ 
surface oxidize iodide (I-) to I. radicals, which subsequently trans- 
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Fig. 2. Measurement of photocondttetivity by the 6 point+probe 
method, 

RESULTS AND DISCUSSION 

1. Electrical ConductiviD, of  Undoped TRI. 
Fig. 3 shows the oxygen partial pe,:ssure (R~ )  dependence of the 

electri~l con&tctivity (o) in the lcmrvraure r&qge belwa.'n 7(,X)"C 
and 1,300"C. It is widely di.~u.~%xt in the literalure thal the d t~ i -  
nant point &:feeLs in TiO. alz' oxygen wtcancies m~d.'or imersthial 
titanianl kms [Balachandran and Emr. 1988: "timi aid Baumard, 
19g0: Dirstine and Rosa. I9791. 

As shorn1 in Fig. 3, them is the cl~nge of the slope (0 k@"~ k~h~t 
Ix~veen - l ; 1  a n d -  I/5 in the ]l}~ r Po2  range, liqe electrical con- 
ductivib.- at temperatures above I, lO0 :'C is prolxmional t~) Po_r' < in 
the intrinsic range {region I). The slope of-1..'5 means thN letmva~ 
lem chaNed inu.~titial titanium itgls are dominator atomic de~cts 
aNwe 1. t00 "C by the reactions: 

Ti-'..,--20},= I5. +4e' ~-()_, (g) 1(~I 

with the equilibrium constant at ctmstant temperatu~-. 

form to triiodide 117) through the following steps. 

1- '-h' {or  , O t I ) ~ I ,  (3} 

1"+I'~12 {4) 

14-1---,17 { 5 t  

The triiodide pKKtucfion can be sper monitored 
by measuring the absorbance ai 35_.2 nm. 

]'he phtm~reactivity. test was perforrmxt as follox~s. Each photo- 
ca|alyst prelx~'v'd was crated tm a slide glass ~md immers~xt in 31) 
ml ofO.O] M Nal relation. The solulkm pH was adjusk.'d to 3. "111e 
photocatal}tic oxidation of t- occurs (rely in the acidic pH regi(m 
aid virtually no kxtine or ~riiodidc is tim'ned at pH'-'7 [Kormann et 
at., 1088]. "Ihe acidic ct~adidon ks required for I- m be el~vlmstati- 
tally attract~ onto the Ix)sifivr throned TiO, surface. L i~ t  lYt~'n 
a 300 W Xe-mv lamp (Oriel} with X >3(X)run was illuminak, d m 
the reacttm then, the abst)i~yance ;_1:[ 352 nm was measured atilt l - 
hr illmninatkm with a UV/Vis sD.~ctrt~otiTnetcr (Shimadzu J. The 
ab~r 'barite chm~ge c~m'esDmded m the plmtocatNytically gener- 
aed I.?. 
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Fig. 3. Oxygen partial pre~ua,e {iependence of electrical r 
tlviff of umieped TiOz. 
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K] :::['l'i, ]n'P% (7) 

The electroneutrality condition and the P~ dependence of an dec- 
tron are given by 

n 4[Ti; ] 14K0~;~t'o: 3~ (8) 

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~O~ (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 hart& the c~ values at temperatures below 1,100~'C 

have the P~ dependence of- l /6 .  "[he slope o f - l / 6  shows that dou- 
bly charged oxygen vacancies are predominant point defects in the 
region ii. 1he formation of the doubly charged oxygen vacancies 
can be described as follows: 

O ]  =V,, +2e' +lO~(g) (9) 

with the equilibrium constaut at constant temperature 

K::::[V~,ln~l'op (I 0) 

The electronemmlity conditiou and the P~ dependence of an dec- 
tron are given by 

n-2[V, a-(2Ky~ ~Po77'' ( | 1 ) 

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 offliO, doped with M~O~ 
(M=Ta or Nb) in dependence of the Po:_ and temperature. With the 
increet~ing M20~ doping content, the slopes (8 log/~ logP~) 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 Ti02 occur according to the Pc~ and the doping con- 
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tent. 
"['he electrical behavior in region B can be interpreted a_s fol- 

lows: 

M:O: =2M, +40;'; +2e' +~Oz(g) (12) 

"[he elecmaneutrality condition and the doping content dependence 
of the electrical conductivity are written by 

o ~:n-[Mz,] (I3) 

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:O5 doping content. 

In region C where the P% dependence o fo  shows -1/4, the for- 
mation of  the titanium vacancy is suggested as follows: 

2M-O. 4M~, ~ V~I+ I00), (14) 

The electroneutrality condition in region C is given by 

[M,] ::~4[V~i] ( 15 ) 

where V'~, is a titanium vacancy. 
According to the exp~ximenml 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 lvactions in 
region B and C were reported elsewhere [Lee et al., 1999: Chiang 
et al., 19971. 
3. Electrical Conductivity of p-Type Doped TilDe. (p-Type Dop- 
ing Effect) 

As shown in Fig. 6. the electrical conductivity of A~()~ doped 
TiO, decreases slightly with the increasing ALO.~ doping content. 
"llne electrical behavior in Fig 6 can be described by the defect reac- 
tion and the electroneutrality condition: 

2AI_,O~+Ii)I=4AII,-FTi, -~ 60?, (16) 

[Ab,]-4[] ' i~ ] (17) 

where AI)~ represents an aluminum cation occupying a titanium lat- 
tice site. 

The electron concentration from Eq. (f6.) is given by Eqs. (6) 
and (7) as follows: 

n [AI),I<'(4K: )~'PoS ~' (I8) 

In this case, the conduction electron is inversely proportional to 
the doping content of AI.O,, and correspondingly the electrical con- 
ductivity of  Al_,O~ doped TiO, will be decreased [Lee. 2001], 
4. Photocondttctivity and Photoeatalytic Reactivity in TiO: 

The pholoconductivity 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 "HO_~ samples shows higher values than that of 
the oxidized Ti(~ and l>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 ma~itude. Therefore, the photocon- 
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Fig. 6. Oxygen partial pressure dependence of electrical conduc- 
tivity with the AIzO ~ doping content at (a) 1,100"C, (b) 1,200 
"(2, and (c) 1300"C. 

ductivity can't be measured with the instrument (KIEtlqLY ELEC- 
TROMETER 6514) which can measure ohms up to ~ga ohm Fanges 
(10" f~). 

The electrical behavior in AI:O~ doped TiO~ can be interpreted 
by Eqs. (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 ofTiO z in dependence on the doping content, the doping type, and the redox treatment 
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R, (f2) Re ( s  Photoconductivity Photo-efficiency 
Bulk sample ([IV off) (UV on} %r~,~,,,,=L/IRa R_@,A Yt,,,,,,,=(R, Rz)/R~:, 100 

Oxidized undoped-TiO, 
Reduced undoped-TiO, 
2.0 mol% MnO (p-typet 
0.2 mol% AI,O3 (p-type t 
4.0 mol% Ta_,()~ (n-type 

t.5 mol% -['a,O5 (n-type) 

nd nd 
2.522k 2.221 k 5.98", 10 2 11.93% 

nd nd 
nd nd 

544k 498k 3.91 �9 10 -4 4.75% 
856k 817k 4.62"~ 10 -~ 4.56~ ~, 

rid=not detected (>> 1 Gf~). 

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

Bulk sample A~2 

Undoped TiO. t Oxidized at 0.21 arm t 0.0138 
Undoped TiO, 1Reduced at 10 ~2 arm) 0.0548 
0.2 mol% Al20.#doped TiO, 0.0168 
2.0 mol% MnO-doped TiO. 0.0115 
2.0 mol% Nb20,-doped TiO2 0. [145 

pies which was carried out by the photocatalytic oxidation of iodide 
is listed in "Fable 2. "llae n-type doped "rio, shows the highest value 
of the photocatalytic reactivity after the UV inadiation. 

On the other hand, the reactivities of  both tmdoped and p-type 
doped TiO2 are similar. 

From the experimental results, it is suggested that the photoex- 
cited electron in a reduced and/or n-type doped "rio, can enhance 
the photoconductivity and also the photocatalytic reactivity by the 
reduction process, since the defect T~ and/or V,, for reduced sam- 
ples and quasi-free dectron by Mr, for n4ype 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  
AP' site prohibited the TiLO- pair [Herrmann et al., f984: Yamash- 
ira st al., 19981, 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 eledron concentration. 

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

C O N C L U S I O N S  

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 P%, temperature, dop- 
ing type, and UV irradiation. 

The results obtained in this study are summarized as follows: 

f. "Ihe dominant atomic defect is changed with P~_ and temper- 
ature, and the tetravalent charged interstitial titanium ions ('I~) and 
the doubly charged oxygen vacancies (IV,,) 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 fi~m electronic compensation to ionic compensa- 
tion with the increasing P%. 

3. The conductivity of  p-type doped T i ~  decreases with the in- 
creasing doping content. 

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

Sample Region Dominant defect Electrical conductivity Photo-conductivity Photo-reactivity 

Undoped TiO, 1 Ti, r n.~: Po2 ~'s 
11 Vo (5,~: n,~: Po7*"' 

Reduced TiO, 1, 1I Ti, , %, high high high 
Oxidized TiO2 not detected not detected low 
Doped TiO~ 
Donor 11 e' ~5~:n [M~] high high 

III Vii ~5~:n ~:P% *'4 
Acceptor 11 Ti, (5.~: n.~: POf* not detected low 

~5~: p.~: Po2 H 
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