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on radicals produced over irradiated TiO, powder
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Abstract

Electron spin resonance measurements were carried out at 77 K uader irradiation for anatase TiO, powders treated by heating at various
temperatures in the air. For the untreated powder photoproduced holes were trapped at the surface forming Ti** O~ Ti** OH ™ radicals, while,
for the heated powder, they were trapped as Ti* *O? " Ti** O~ " radicals at the surface. Photoproduced electrons were trapped as Ti** at the
surface of the unheated powder, while they trapped at the inner part of the heat-ireated powder. These differences could be explained by the
desorption of surface hydroxy! groups and the change in the surface structure accompanied by the crystalline growth. No photoproduced

radicals were detected for rutile TiO, powder, which may explain the low photocatalytic activity of this crystafline structure.
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1. Introduction

Titanium dioxide (TiO,) has been studied extensively as
aphotocatalyst [ 1,2]. Application of photocatalytic reactions
with TiOs to environmental purification is promising because
TiO, has an excellent chemical stability and the positive holes
photogenerated on it have strong oxidation power §3]. The
photocatalytic activity of TiO, strongly depends on its prep-
aration conditions. It has been reported that the activity of
photocatalysis is affected by the conditions of heat treatment
as well as by the crystalline structure which is changed by
the heat treatment from anatase to rutile { 4-6}. For obtaining
useful TiO, powders, the basic investigation into the differ-
ences of photocatalytic activity on the heat treatment should
be clarified.

In the pracess of photocatalysis, the clectrons and hcles
generated in the irradiated TiO, pasticles arc trapped az the
surface, forming paramagnetic species. The photocatalytic
reactions arise from the reaction of these radicals with some
reactant molecule at the TiO, surface. Electronspin resonance
(ESR) spectroscopy has been used for detecting photo-
produced radicals on TiO, [?-14]. The photogenerated elec-
trons may be trapped at several sites; titanium atoms on the
surface or inside the particles, or oxygen molecules adsorbed
on the surface. The phologenerated holes were reported to be
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trapped at the oxygen atoms in the crystalline lattice near the
particle surface or at hydroxyl groups on the surface. How-
ever, no report has clarified the difference in the photo-
produced radicals based on the difference in the heat-treat-
ment conditions and the crystalline structures.

We have been studying photoproduced radicals on pho-
tocatalysts such as CdS { 15] and ZnS [ 16] by means of ESR
spectroscopy. In the present work, we observed many pho-
toproduced radicals on various TiO, powders treated with
several temperatures, and the effects of heat treatment and
crystalline structures on the photoproduced radicals over
TiO, powder have been investigated.

2. Experimental details

The TiO, powders used were mainly Hombikat UV100
obiained from Sachtleben Chemie GmbH as a generous gift.
This powder is one of the commercially available TiQ, pow-
ders of 100% anatase. For comparison, TiO, powders pur-
chased from Aldrich Chemicals and High Pure Chemicals
were also employed. The powder of UV100 TiO, was heated
in air at various temperatures ranging from 200°C to 1000°C
for 5 h. XRD analyses were carried out with a Rigake RAD
M A X-ray diffractometer. For the ESR measuremeants, the
TiO, powder was placed in a sample tube, and then it was
evacuated to | X 107 Torr and sealed. In order 1o test the
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reactivity of the radicals observed on the powders, 1 atm of
air, 45 Torr of 2-propano! vapor, or 20 Torr of water vapor
was introduced into the sample tube. The ESR measurements
were carried out at 77 K with a JEOL ES-RE2X ESR spec-
trometer under the photoirradiation of a 500 W mercury lamp
(Ushio 11SH 500 D} through a bandpass filter (Toshiba UV-
D36C). The recorded spectra were taken into a personal
computer with an image scanner and converted to a g value
scale referring 10 a Mn®* marker. In some cases where the
signal was small, the photoinduced ESR spectrum was
obtained by subtracting the spectrum obtained in the dark
from that obtained under the imradiation.

3. Results

3.1. XRD analysis of anatase TiO; powder with heat
treatment

Fig. | shows variation in the X-ray diffractograms for the
UV100 TiO, powders which were heated at various temper-
atures. The crystalline structure of the powders remains to be
anatase below 850°C. The ratile structure clearly appeared
for the samples heated at 900°C and the anatase structure
completely disappearcd at 1000°C. This abservation shows
that the phase transition of UV100 TiO, occurs in the tem-
perature range from 850°C to 1000°C. The peaks of the X-
ray diffractogram became sharp with increasing treatment
temperature, showing the increase in the crystallite size.

3.2. ESR measurements for untreated powder

Fig. 2 shows the ESR specira obtained from unheated TiO,
powder under the irradiation. On the degassed sample there
appearcd mainly two signals, which are labeled as signals A
and 8 (Fig. 2(a)). They are characterized by the sets of g
values, g;=2.004, p,=2.014, g,=2.018 and g,=1.957,

28 ! degren
Fig. 1. X-ray diffractograms of UV100 TiO, powders heated at various
temperatures for 5 h. A and R represent the peaks of anatase and rutile,
respactively.
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Fig. 2. ESR spactra obtained under the irradiation at 77 K fot UVI00 TiQ,

powder in vacuum (4), under air (b), and under 2-propanel vapor {c and

d).

g . = 1.990, respectively. Another br.ad signal also appeared
at around g = 2.06, which is labeled as signal C.

In the presence of air, where the adsorbed oxygenmolecule
takes the role of an electron acceplor, the intensity of the
signals A and C increased (Fig. 2(b) ). On the other hand,
under the 2-propanol vapor, which acts as a hole acceptor,
the intensity of the signals A and C decreased and a new
signal (signal P) appeared as shown in Fig. 2{c) and 2(d).
The signal P consists of four isotropic signals at the intensity
ratio of 1:3:3:1 with the hyperfine coupling constant of 2.3
mT. We assigned the signal P to methyl radicals, because
these features agree well with that reported in the literature
{17]. Although the 2-hydroxy-2-propyl radical is usually
proeduced with the photocatalytic oxidation of 2-propanol as
reported previously for CdS { 15], the observed was a methyl
radical for TiO,. The details of the oxidation mechanism are
not clear at the present time. These experimental results show
that signal A is the trapped radicals of the photoinduced
positive holes which can oxidize 2-propanol by forming a
methyl radical, signal P. Signal C will be assigned in the later
discussion,

On the other hand, signal B disappeared with the air (Fig.
2(b)) andincreased in the presence of 2-propanol by an order
of magnitude (Fig. 2(c) and 2(d)). Then, signal B may
originate from trapped electrons on the particle surface where
the electrons could participate in the photocatalytic reactions.
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Fig. 3. ESR speetra measored at 77 K for imadiated UVH00 Ti(), powder
unheated (a). heated at 350°C (b)), and at 700°C (¢) for S h.

3.3. Change in ESR signats by heat treatment

Fig. 3 shows the ESR spectra measured at 77 K under
vacuum for the TiO, powders heated at various temperatures.
Signal A decreased gradually with increasing temperature of
heat treatment and almost completely disappeared at 700°C.
Newly appeared in the heat treated FiQ, was signal D of
2, =2.004, g,=2.018, and g, = 2.030. The imtensity of signal
D became a maximum for the powder heated at 700°C and
gradually decreased for those at a higher temperature. Under
the air and the 2-propanol vapor signal D almost disappeared
on the 700°C treated powder, as shown in Fig. 4. These
abservations indicate that the radicals givinr signal D are
formed at or near the surface.

Signal B was not observed for the powder heated at 200°C,
but at 500°C asimilar signal, labeled E, appeared at g, = i.96!
and g, = [.992. The intensity of signal E became amaximum
at 700°C and gradually decreased with increasing tempera-
ture. Since the signal intensity was not much affected by the
existence of donor or acceptor molecules, the radical giving
signal E was probably formed inside the particle. This signal
was observed from the sample heated above 500°C, where
the crystal size increased considerably. This experimental
result shows that trapping sites of the charge carrier were
formed inside the particles with the increase of the cvrystal
size by the heat treatment.

It is notable that all these changes in the ESR signals
accurred by heat treatment below 800°C where the crystalline
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Fig. 4. ESR spectia for UVI00 TiQ, powder heated at 700°C reconded at
77 K under irradiation in vacuum (a). with air (b). with 2-propanol vapor
(). and with water vapor (d).

structare remained as anatase. Then, these changes were not
caused by the alternation of the crystalline structures. This
observation is difterent from the case of CdS where the crys-
talline structure significantly reflects on the ESR signals | 15].
In order to examine the effect of the desorption of adsorbed
water or a sutface hydroxy! group, ESR measurements were
carried out for the samples with water vapor. Forthe unheated
powder, neither signals A nor B showed significant change
by the addition of water vapor and no additional signal
appeared. This obscrvation suggests that the unheated powder
was originally covered with water molecules. For the sample
heated at 700°C, signal D changed in the 2, component from
2.030 10 2.027 with water vapor as shown in Fig. 4. This
change is probably due to the change in the spin distribution
of radicals which may be caused by the adsorption of the
water molecules. The change in g; also shows that the radicals
corresponding to signal D lie at the particle surfaze. For the
sample heated at 350°C and 500°C, the intensity of signal A
increased with the addition of water vapor as shown in Fig.
5, although the intensity of signal A decreased with heat
treatment. This experimental result is explained by the recov-
ety of water molecules or surface hydroxyl group which has
bzen desorbed by the heat treatment. As shown in Fig. 4(d},
signals A and B observed for the unheated powder were not
recovered with water vapor for the heated samples which
gave signals D and E. Therefore, heat treatment caused not
only the desorption of water molecules from the surface but -
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Fig. 5. BSR spectra for UV100 TiO, powder hested at 350°C recorded at
77 K under irradiation in vacudm (a), aad with water vapor (b}

also 2 certain change of the sample conditions including the
surface structure.

The new signal, ¥, 20 around g=2.047 apreared wher
water vapor was added to the powder heated at 200-700°C.
This signal F may concern water molen.ties.

The thermogravimetry measurement of Fig. 6 shows that
the weight of UV100 TiQ, pewder decreases up 1a 500°C by
two steps. Although the initial fast decrease is attributed to
the desorption of water, the weight loss at high temperature
seems tc be caused by the desorption of hydrexyl group. This
observation indicates the existence of a hydroxyl group even
at 5GG°C and supponts the appearance of signal A which is
concerned with the hydroxy! group.

The effccis of heat treatment on the photoinduced radicals
could be described as follows. Since the surface of the
ugheated UVi00 T'O, powder is covered with water : aole-
cw'es and hydroxyl groups, the radicals photoproduced or
the particle surface by the trapping of tke photoinduced holes
give the signal A. This radical concerns the surface hydroxyl
group and hz oxidation ability. Under these conditions, pho-
togenerated electrous were trapped on the particle surface and
gave the signal B. By heating the powder, the radicals of
signal A be.ome difficult to produce because of the desorp-
tion of the surface hydroxyl groups. This radical, however,
could be reproduced when the surface hydroxyl group was
recovered by the addition of water vapor. The desorption of
the hydroxyl group may be accompanied by the growth of
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Fig. 6. Thermogravimetry curve for unireated UV 100 TiO, powder.

the crystals, which may cause some change in the surface
siructure. Thus, the radicals of signals D and E were produced
on the heated particle. On 'nereasing the heat-treatment icm-
perature, the surface hydroxyl groups were thoroughly
desorbed and the surface structure was changed significantly,
because thy sigrals A and B have not been recovered by the
addition of water vapor.

3.4. Correlation between cyvstalline structure and
photoproduced radicals

Figs. 7 and 8 show the X-ray diffractograms and the ESR
spectra obtained from UV 100 TiQ, powder heated at 10600°C
and TiO; powders of nther sources. The UV100 TiO, powder
becomes completely wutile at 1000°C, The ESR signal
obtained for it was small and was not changed on the addition
of electron donor nor acceptor melecules. Other TiC, pow-
ders ( Aldrich and High Pure Chemigals) are originally rutile
and almost no signal appeared on photoirradiation, even on
the addition of electron denor and acceptor molecules. There-
fore, it may conclude that the formation of photoinduced
radicals is difficult on rutile TiQ, powder. This experimental
result corresponds to the low photocatalytic activity for most
rutile powder. The rutile strucwreis a high-temperature stable
phase and the heat reatment may be conducted in the prep-
aration procedure by the manufacturers. By the heat treat-
ment, the crysiallite grows in size and the suiface structure
may be aliered. Thus, the number of surface -apping sites
decreases. These changes may be responsible for the diffi-
culiy in the photoformation of radicals on the rutile powders.
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Fig. 7. X-ray diffractograms of UV 100 TiQ, powder heated at 1000°C for
5 h (a). Aldrich TiO; powder (b), and High Pure Chemicals TiO; powder
{c).

4. Discussion
4.1. Hole trapping site

Signal A was altributed to the holes trapped on or near the
particle surface, because, as shown in Fig. 2, the intensity of
the signal decreased in the presence of electron donor mole-
cules and increased in the presence of electron acceptor
molecules. Moreover, the intensity of signal A decreased with
heat treatment (Fig. 3) but it increased on the addition of
water vapor {Fig. 5). These observations indicate that signal
A is related to the surface hydroxyl group. On the other hand,
signal D is not relfated to the sutface hydroxyl group because
it was observed only in the heated samples (Fig. 3). Signal
D corresponds to the radicals produced on the surface of the
particle, because the g value was changed by the addition of
water vapor and then these radicals are sensitive to the envi-
ronmental changes (Fig. 4). Ithas been reported that surface
water is not oxidized by the surface trapped holes [11].

The oxygen radical O™ " is known to be formed on the TiO,
by the trapping of the photoproduced holes. The g values of
the oxygen radicals were reported in the range from 2.00 to
2.03. Thus, signals A and D could be attributable to oxygen
radicals. Tauvle 1 lists the reported g values for oxygen
radicals.

Howe and Grétzel reported that the photoproduced holes
are trapped at the lattice oxygen atoms lacated in the subsur-

20883 20883 20343 20023 19703 15383 1558
g vaiue
Fig. 8. ESR spectra obtained in vacwarn at 77 K far UVI00 Ti0, powder
heated at 1000°C for 5 h {a), A'drich TiQ, powder { b), High Pure Chemicals
TiQ, pewder (c), 2nd unheated LV 100 TiO, powder (d). " represemts Ma’*
marker.

face layer o7 the hydrated anatase [9]. This radical has the
structure of Ti** O~ "Ti' *OH ™ and has the set of g values of
£21=2.002, g,=2.012 and g, =2.016. Signal A comesponds
well to this signal in the g values and the shape, and the
surfaces of these samples are covered with hydroxyl groups.
From this consideration, we assigned signal A to the
TG Ti*YOH ™ radical.

Micic et al. reported the radical formation of trapped holes
on the surface of TiO, colloid and its assignment to the
T C* Ti** O radical [11]. The g values of the signal
of this radical are reported to be g, =2.007, g,=2.018 and
g3=2.027. Signal D agrees well with this radical in respects
of the set of g values, the location being affected by adsorbed
molecules, and the absexve of 2 surfzce hydroxy! group. From
this observed evidence, we can assign signal D to the
Ti**Q*~Ti** O~ radical.

In the presence of 2-propanol vaper, the
T+*O~ Ti**OH ™ radical yielded a methyl tadical (Fig.
2(c)) while no reaction occurred for the Ti**Q*"Ti**0Q~"
radical (Fig. 4(c)). This observation shows that the surface
hydroxy! group acts as an important role in the oxidation of
2-propanol on the Ti(}; surface. Presumably, it takes a role
of the adsorption of alcohols on the surface. Thus, the reac-
tivity of these two radicals may be different from each other.
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Table 1
The g values of oxygen and refated radicals
Radicals g value Ref.
& B2 £
O~ {rutile +Ga) 2007 2.023 2.030 [18]
O~ (rutile + Al 2003 209 2.026 [18]
O™ (V center, Ti0, surface} 2.004 2.016 2.028 [19]
O™ (in Mg 2,002 2.042 2.042 [201
0~ {in Zn0) 2.0026 2021 2.021 211
Ti** O ~Ti** OH (hydrated apatase) 2.002 2012 2016 %
O 0 2.0073 20138 2.0273 {13
"OH (in HAO ice) 2.0027 2009 2.059 1221
OH (0n Ti0, surface) 2.0032 2.0146 2.0146 [N
O.H 2002 2008 .03 [13]
TnQ~ T OH" 2030 2,030 2.030 [10}
0, (on Ti0,, adsorbed oxygen) 2003 2.009 2.025 123]
0, {on Ti0,, adsorbed oxygen) 2.00t 2.009 2.021 241
0, {on ZnG, adsorbed oxygen) 2.002 2.008 2051 [251
0, {on zzolites, adsorbed oxygen) 2.004 2009 2.057 (26}

4.2. Electron trapping site

Figs. 2 and 3 show that signal B appeared only on the
unheated sample. It was found that signal B originates from
the electrons trapped at the particle surface because the inten-
sity increased with the prescnce of the electron donor mole-
cules and decreased with the electron acceptor molecules
(Fig. 2). Signal E has g values which are ctose to those of
signal B. However, signal E appeared in the heated samples
and showed no response to the presence of molecules (Fig.
4). Then, the radicels of signal E are assigned to the electrons
trapped in the inner part of the particles which could not
participate in the surface re..ctions.

It was reported that Ti** is formed on TiO, powders by
trapping the photogenerated electrons. The g values of Ti®*
were reported to be below 2. Since the g values of both signals
B and E are below 2, these two signals are ataributable to
Ti**. Table 2 lists the reported g values of trapped electrons
at TiQ,. The difference beiween the g values of the surface
T** and those of the inside Ti’* are very smatl. Although it
is difficult to predict the Jocation of the Ti** radicals only
from the g values, signal B could be assigned 1o the surface
Ti** and signal E to the inger Ti** from the reactivily of
these radicals. The fact that signal B disappecared for the
sample heated at 200°C indicates thal it arises from the non-
stoichiometric surface Ti atoms of the initial powders. By the
heat treatment at above S500°C, non-stoichiometric Ti atoms
may be formed again at the grain boundary of the growth
particie and they become an electron irapping site. In the
photocatalysis on TiO;, most reduction could not proceed
unless metals have been deposited on TiO, surface as an
electron wrap [2,28,29]. It is probebie that, in the absence of
the deposited metal, the Ti®* formed inside particles acts as
an recombination center and reduces the activity of the sur-
iace reactions for heat-ireated TiO, powders.

Signal C appeared at around g = 2.06 on the unheated sam-
ple as described above. This signal increased under air for
the samples heated at 200°C and 350°C. Signal C may relate
to adsorbed oxygen molecules, because it could not be
observed essentially without the addition of air. Then, we
assigned signat C to O, because the g, values of O,
radicals produced on ZnO and zeolite are reported to be 2.051
and 2.057, respectively [25,26]. Although the small signal
was observed for the sample under vacuum in Fig. 2(a), a

Table 2
The g valuss of Ti>* radicals

Radicals £ values Ref.
& 52 &1
Ti** (anatase + Nb) 1962 1992 1992 {27]
Ti** (hydrated anatase) 1960 1930 19%0 (9]
Ti** (interstitial, coloidal Ti0y) 1957 1988 1988 [8]
T (surface, coloidal TiO,) 1885 1925 1925 [8)
Ti** (surface, coloidal TiO,) 1885 1930 1930 {8]
Ti** (surface, coloidal TiO;) 1880 543 1945 [8]
Ti(H,0) 1988 1892 1.892 (4]
T VoTit* 1965 [10}

Table 3
The assignments of the signals obtained in (his work

Signals I3} F4] & Assignment

A 2.004 2014 2018 T*+O~ Ti**OH"
B 1.957 1.990 1.9% surface Ti**

C e . 206 adsorbed oxygen, O,~
D 2004 2018 2030 T Tit* 0~

E 1.961 1992 1992 inner Ti*~

F . ° 2.047 adsorbed water

* Not distinguished.
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Fig. 9. Plausible chemical structure for the radicals observed on anatase TiQ,
by means of ESR spectroscopy. A, trapped hole with OH group; B, surface
trapped electren; C, adsorbed superoxide radical; D, surface trapped hole;
E, inner trapped electron.

slight amount of adsorbed oxygen molecules had not been
removed without heat treatment,

Table 3 summarizes the g values and assignments of the
ESR signals obtained from photoirradiated TiQ, powders,
The plausible chemical structures are illustrated in Fig. 9 for
two types of wrapped holes (A and D) and two types of
trapped clectrons (B and E).

$. Conclusions

In the present work, we have shown that when anatase
TiO, powder was heat-treated the photoproduced radicals
were altered. The change in the radicals is cansed by the
desorption of surface hydroxyl group and the consequential
change in the surface structure. In the unheated samples pos-
sessing surface hydroxyl group, photogenerated holes pro-
duce the Ti** O~ "Ti**OH " radicals as reported by Howe
and Grtzel (9]. The photogenerated electrons produce the
Ti** radicals at the surface. Both radicals could participate
in the photocatalytic reaction with the surrounding molecules.
On the other hand, when the hydroxyl group has been
desorbed by heat treatment, the photogenerated holes produce
the Ti**O*"Ti**O" " radicals as reported by Micic et al.
[11]. This radical shows a different reactivity from the
Ti**0~ "Ti**QH ™ radical. The photogenerated electrons in
the heat-treated TiQ, powder produce Ti’* radicals in the
inner part of the particles and could not participate in the
surface reaction. These differences in the photoproduced rad-
icals cause the different reactivity of the TiO, powders treated
at different heating temperatures. On rutile TiQ), powders, it
is difficult to produce such radicals, comresponding to the poor
photocatalytic activity of most rutile powders.
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