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In present study we report the spectral dependencies of the quantum yield of phenol and 4-chlorophenol
photodegradation over N-doped TiO2 and the selectivity of the photocatalyst toward formation the major
intermediates. Applying the theoretical model developed earlier [A.V. Emeline, V.K. Ryabchuk, N. Serpone,
J. Phys. Chem. B. 103 (1999) 1316; A.V. Emeline, A.V. Frolov, V.K. Ryabchuk, N. Serpone, J. Phys. Chem. B
isible-light photocatalyst
uantum yield
electivity
oping

107 (2003) 7109] for analysis of the experimental spectral dependencies we conclude that extrinsic N-
doped induced absorption is formed by overlapping of several single absorption bands, which presumably
correspond to different intrinsic defects (color centers) in TiO2 distinguished by different efficiency of
photogeneration of charge carriers. It is also inferred that measurement and corresponding analysis of
spectral dependencies of the quantum yield and selectivity of heterogeneous photochemical reactions
can be considered as a powerful spectroscopic mean to deconvolve the complex non-resolved absorption

spectrum of solids.

. Introduction

One of the major parameters characterizing the activity of a
hotocatalyst in heterogeneous systems is the quantum yield of
surface photochemical process. It is defined as the ratio between

he number of species (molecules, ions) chemically transformed
er unit time and the number of absorbed photons per unit time as
xpressed by Eq. (1) [1,2],

= dNm/dt

dNh�/dt
(1)

here Nm is the number of molecules (ions) chemically trans-
ormed, and Nh� is the number of absorbed photons of

onochromatic light, h�. The importance of the quantum yield as
characteristic of the photocatalyst activity is that absorbed light
nly can initiate the surface photochemical transformation. Thus,
he quantum yield of a surface photochemical process character-
zes the ability of a photocatalyst to convert the light absorbed to
n interfacial chemical transformation in heterogeneous system.
The intriguing feature of the quantum yield of an interfacial
rocess is the alteration of this parameter with the wavelength
f photoexcitation, that is, a spectral dependence of the quantum
ield experimentally observed for different heterogeneous systems
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[3–10]. A one-dimensional model reported earlier [11,12] indicates
that the quantum yield of an elementary chemical transformation
occurring on a photocatalyst surface can be represented by Eq. (2)
provided that the rate of the surface photoprocess is independent
of reagent concentration,

˚= ktrSo�˛L2

D(tanh(d/2L)+�)(1−˛2L2)

(
tanh

(
d

2L

)
coth

(
˛d

2

)
−˛L

)
(2)

where ktr is the rate constant of charge carrier trapping by surface
active center (So), D is the diffusion coefficient of charge carrier
migration, � is the ratio between the surface and bulk recombi-
nation of the charge carriers, d is the one-dimensional size of the
photocatalyst crystal, L is the diffusion length of the charge car-
rier, � is the quantum yield of internal photoeffects, generally a
constant within a single absorption band, and ˛ is the absorption
coefficient of the photocatalyst specimen. Consequently, within a
single absorption band, corresponding to a given mechanism of
solid photoexcitation, the spectral variation of the quantum yield is
dictated by alteration of the absorption coefficient of the photocat-
alyst and corresponding dimensionless ratios, e.g. ˛L, ˛d and d/2L
that reflect the interplay between the spatial distributions of the

photogeneration of charge carriers and their probability to reach
the surface.

However, according to Eq. (2), such spectral dependence of the
quantum yield is well pronounced only in the case of strong light
absorption when ˛L � 1, ˛d � 1. Otherwise, for ˛L � 1 and ˛d � 1
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q. (2) can be simplified to:

= ktrSo�L2

Dd

{
tanh(d/2L)

tanh(d/2L) + �

}
/= fn(˛) (3)

here the quantum yield does not depend on the absorption coef-
cient and on its spectral variation within a single absorption
and, and therefore becomes spectrally independent. The latter
cenario, in particular, corresponds to photoexcitation of nanopar-
icles (˛d � 1) and to photoexcitation within the spectral region of
xtrinsic light absorption.

At the same time, one should note that light absorption by
olids is practically always complex and is formed by the overlap
f different single absorption bands that correspond to different
echanisms of photoexcitation of the solids characterized by dif-

erent quantum yields of internal photoeffects, �. In such a case
f complex light absorption the quantum yield of interfacial pho-
oreaction can be represented by Eq. (4) (for details see [10,11]).
onsequently, according to Eqs. (1) and (3) for each single absorp-
ion band the partial reaction rate can be expressed as:

=
∑

iRi

�
∑

iA(�)i
= const

∑
i�iA(�)i∑

iA(�)i
(4)

here �i is the quantum yield of internal photoeffects, A(�)i is the
bsorbance of the ith single absorption band, and � is the photon
ow of the actinic light at the given wavelength �. The total reaction
ate, R, at a given wavelength is represented by Eq. (5),

=
∑

i

Ri = const �
∑

i

�i × A(�)i (5)

Since a quantum yield of the internal photoeffects (�) is a unique
arameter for each single absorption band, the quantum yield of the
urface photoreaction becomes spectrally dependent and its spec-
ral behavior is sensitive to the degree of overlap and to the type of
ingle absorption bands that compose the absorption spectrum of
he solid. In other words, the shape of the spectral dependence of
he quantum yield is sensitive to the composition of the absorption
pectrum of a solid photocatalyst. As a result, the quantum yield is
onstant within a single absorption band, whereas the band-like or
tep-like shape of the spectral dependence of the quantum yields
ndicates the overlap of a chemically active light absorption band

ith less active or inactive light absorption bands [7,11]. Concomi-
antly, such spectrally dependent measurements can be considered
s a certain type of spectroscopy, which allows the determination
f the spectral features in the absorption spectrum of the photo-
atalyst that are responsible for the photochemically active light
bsorption. Hence, the spectral dependence of the quantum yield
llows for the resolution of the broad absorption envelope in the
bsorption spectrum of the photocatalyst and for the selection of
ertain overlapping single absorption bands that, when convolved,
orm the absorption spectrum.

Another significant feature of the behavior of heterogeneous
hotochemical system is the variation of the selectivity of the pho-
ocatalyst with the alteration of the wavelength of photoexcitation,
hat is, spectral selectivity [3,9,13]. Selectivity, Si, characterizes the
bility of photocatalyst to drive the heterogeneous photoreaction
oward a certain reaction pathway and can be determined as the
atio between the number of molecules of a given reaction product
ormed, Ni, and the number of molecules of reagent consumed, Nr,
uring photoreaction
i = dNi/dt

dNr/dt
(6)

Generally, there exist two reasons for the experimental obser-
ation of the spectral dependence of photocatalyst selectivity:
hotobiology A: Chemistry 207 (2009) 13–19

kinetic and thermodynamic. The former one is the spectral varia-
tion of the ratio between the surface concentrations of electrons
and holes, es/hs, which results in different probability of reduc-
tion and oxidation pathways. In turn, spectral alteration of the
ratio es/hs in the case of non-uniform bulk photoexcitation of the
photocatalyst, depends on the different probabilities for electrons
and holes to reach the surface and further participate in surface
chemical transformations with alteration of absorption coefficient
of photocatalyst [11–13]. Otherwise, in the case of uniform bulk
photoexcitation, the ratio es/hs becomes spectrally dependent due
to a difference in quantum yields of internal photoeffects of elec-
tron and hole photogeneration for different single absorption bands
forming the convoluted absorption spectrum of the photocatalyst.

The thermodynamic reason for spectral selectivity is the pos-
sibility of generation of different surface active states at different
wavelengths of photoexcitation possessing different activities
(selectivity) toward the formation of different reaction products.
Typically, this effect is observed for localized photoexcitation of
surface states of the photocatalyst.

Promising results in extending the activity of metal-oxide
photocatalysts to the visible spectral region in heterogeneous pho-
tocatalysis have been obtained recently with non-metal doping of
such photocatalysts as TiO2. In particular, a successful candidate
for a photocatalyst that is sensitive to visible-light activation is
N-doped TiO2 [14–24]. In this regard, a lively debate has ensued
in the recent literature [16,21,23,25–29] that has centered on the
causes that lead the absorption onset of TiO2 to be shifted to the
visible region. The discussion mainly concerns the types of states
and the mechanisms of photoexcitation, which are responsible for
visible-light photoactivity of doped photocatalysts. One point of
view states that N-doping results in band gap narrowing [14] or
that the formation of dopant delocalized band states within the
band gap of TiO2 thereby increasing the photoactivity in the visible-
light region. Other points of view [16,18,21,23,25] however, have
proposed that such red-shifts of the absorption edge in doped TiO2
involves electronic transitions from localized band gap states to the
conduction band (CB) of the metal oxide. In turn, there is a dis-
agreement regarding the type of these localized states: N-states vs.
N-doped induced intrinsic defects of TiO2 (such as anion vacancies
or Ti3+ states) formed as a result of compensation of the exces-
sive charge of N3− anions [25,27,29]. The latter point of view is
particularly supported by experimental results obtained in recent
studies of spectral dependences of the quantum yield of oxygen and
hydrogen photostimulated adsorption on N-doped TiO2 [10].

In the present article we report measurements of the spectral
dependences of the quantum yield and selectivity of N-doped TiO2
in photodegradation of phenol and 4-chlorophenol to further clarify
the possible origin(s) of this controversial issue, i.e. the absorption
red-shifts.

2. Experimental

The powdered N-doped titanium dioxide specimen examined
was the TP-S201 product obtained from Sumitomo Chemical Ltd.,
Japan and used without pre-treatment. According to the sample
description presented by Sumitomo Chemical Ltd. its specific sur-
face area is 140 m2 g−1; the average crystallite size is ∼12 nm. X-ray
diffraction structural methods confirmed the structure of TiO2−xNx

sample to be anatase, whereas X-ray photoelectron spectroscopic
data revealed the presence of interstitial nitrogen in the TiO2−xNx

specimen and the existence of Ti–N bonds [10,30].

Distilled phenol and 4-chlorophenol (Aldrich; purity >99%) were

used as reagents. Water solutions were prepared with ultrapure
water (Mili-Q). The pH of the system was adjusted to pH 3 with
HCl. Initial concentrations of reagents were chosen to be 1.0 mM/l to
insure independence of the reaction rate of reagent concentration
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nd its linear dependence on light intensity (for details on nec-
ssary conditions to measure the quantum yield of heterogeneous
hotochemical process see [3,7,10,30]). Black body like photochem-

cal reactor was applied to measure the spectral dependences of
he quantum yield (detailed description of this type reactor can be
ound elsewhere [30]). TiO2 loading (10 g/l) used in our experiments
atisfied the conditions of nearly complete absorption of light by
eterogeneous system at all wavelengths of photoexcitation (see
30]).

A 1000 W Xe–Hg lamp (Oriel) in combination with an IR water
lter connected to a monochromator (Corner Stone, Oriel) was used
s the light source. The width of the slits provided spectral resolu-
ion of about 10 nm. The optical fiber was connected to the output
lit of the monochromator through a light-focusing adapter. A set
f neutral density filters (Oriel) was used to vary the light intensity
f the actinic light to confirm the linear dependence of the reac-
ion rates on light intensity. Filters were placed between the output
lit of the monochromator and the optical fiber. The concentrations
f phenols and major reaction intermediates in the system dur-

ng photoreaction were measured by HPLC methods (Shimadzu LC
010) after filtering a 1-ml solution through an inorganic 0.02-�m
embrane filter (Whatman).

Experimental errors in the measurements of the quantum yields
aused by the reproducibility of the reaction rate measurements did
ot exceed ∼15%.

. Results and discussion

A set of preliminary experiments to establish the required exper-
mental conditions was run before starting the measurements of
he spectral dependences of the quantum yields and selectivity.
he required conditions are: independence of the quantum yield of
eagent concentration and light intensity [30]. Due to interdepen-
ence of the reaction rate on both reagent concentration and light

ntensity [31] both conditions can be satisfied at the same time. It
as found that at initial concentration of reagents 1 mM the rate

f phenol(s) photodegradation does not depend on reagent con-
entration and scales linearly with light intensity. Therefore, both
onditions were satisfied in our experiments.

Phenol and 4-chlorophenol were selected as test molecule
eagents because of the difference in mechanisms of their pho-
odegradation: the major pathway for phenol photodegradation
s its photooxidation while both photoreduction and photooxida-
ion are effective pathways of 4-chlorophenol photodegradation.
his difference allows monitoring the efficiency of photoprocesses

nvolving surface photoelectrons and photoholes (see below).
To measure the spectral dependences of the quantum yield and

electivity one needs to have the reproducible state of photocatalyst
t all wavelengths. Obviously, the only available reproducible state
f photocatalyst is its initial state. Consequently, all measurements
f the quantum yield and selectivity were done on the basis of the

nitial rates of phenol(s) degradation and formation of intermediate
roducts.

.1. Spectral dependence of the quantum yield

Experimental spectral dependences of the quantum yields of
hotodegradation of phenol and 4-chlorophenol are presented in
ig. 1. As is evident from presented data, the spectral dependencies

f the quantum yield demonstrate complex multi-band structure.
o analyze these dependencies it is wiser to consider the spec-
ral region of the strong fundamental absorption of TiO2 and the
pectral region of the weak extrinsic N-doped induced absorption
eparately.
Fig. 1. Spectral dependencies of the quantum yield of photostimulated degradation
of phenol and 4-chlorophenol at N-doped TiO2 surface.

Spectral dependencies of the quantum yield of phenol pho-
todegradation over N-doped TiO2 in the fundamental absorption
spectral region corresponds well to the spectral dependencies of
different photoprocesses (including phenols photodegradation) on
the pristine TiO2 [8,32]. Two maxima in spectral dependencies (at
∼385 nm and at ∼335 nm) conform to energies of indirect and direct
band-to-band transitions, respectively in TiO2 indicating that no
significant changes in band structure of TiO2 that might affect the
spectral dependence of the quantum yield are induced by N-doping.
Although the fundamental absorption of TiO2 is strong with absorp-
tion coefficient being as high as 104 cm−1 for indirect transition
to 106 cm−1 for direct transition, because of the small size of the
sample crystallites (∼12 nm), the bulk photoexcitation of N-doped
TiO2 particles is rather uniform for absorption corresponding to
indirect transitions, that is ˛d � 1 in Eq. (2). At the same time for
the spectral region corresponding to energies of direct transitions
the latter condition is clearly failed. Therefore, the observed spec-
tral dependence of the quantum yield within the spectral region
of fundamental absorption results (according the Eq. (4)) from
the overlapping of light absorption corresponding to indirect and
direct electron band-to-band transitions characterized by different
values of the quantum yield of internal photoeffect, �. Also one
may expect to observe the effect of difference in mobilities and
lifetimes for charge carriers generated due to direct and indirect
transitions on the spectral variation of the quantum yield (see Eq.
(2)).

The most intriguing feature of the experimental spectral depen-
dencies of the quantum yield is their behavior within the spectral
region of the extrinsic N-doped induced absorption (Fig. 2). Note,
that this extrinsic absorption is weak and therefore the uniform
excitation of the particle bulk must be considered, that is ˛d � 1
in Eq. (2). In other words, the spectral dependence of the quan-
tum yield of surface photoreaction should be independent of the
wavelengths of photoexcitation provided that the mechanism of
photoexcitation is the same within the N-doped induced absorp-
tion. Obviously, the experimental data show the different behavior
demonstrating the multi-band structure, which implies that the N-
doped induced absorption band possesses the complex structure
formed by overlapping of several single absorption bands char-
acterized by different values of the quantum yields of internal
photoeffect in accordance with Eq. (4).

It is also important to note that the spectral behavior of the quan-

tum yields of phenol and 4-chlorophenol photodegradation is quite
different. This difference is caused by a distinction in the mecha-
nisms of photodegradation of the two reagents. Both oxidation and
reduction pathways are significant for 4-chlorophenol degradation,
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Scheme 1. Formation of three major intermediates of phenol photodegradation
(catechol, Cat; hydroquinone, HQ; benzoquinone, BQ) through interaction with pho-
ig. 2. Spectral dependencies of the quantum yield of photostimulated degradation
f phenol and 4-chlorophenol at N-doped TiO2 surface within the visible spectral
ange corresponding to N-doping induced absorption.

hat is, both electron and hole photogenerated surface states partic-
pate in the process, while phenol photodegradation occurs through
he oxidation pathway only by interaction of phenol molecules with
ole surface states (OH-radicals) [13,33,34].

Accordingly, the expression for the rate of phenol photodegra-
ation can be written as:

dCPhOH

dt
= k′

hh[PhOH] (7)

While the rate of 4-chlorophenol photodegradation can be rep-
esented as:

dCClPhOH

dt
= (kee + khh)[ClPhOH] (8)

Consequently, the ratio between the rates of 4-chlorophenol and
henol photodegradation results in equation, considering that the
ate constants of OH-radical attack on phenol and 4-chlorophenol
re very similar [33,35]:

˚ClPhOH

˚PhOH
= {kee + khh}[ClPhOH]

k′
h
h[PhOH]

≈ ke

k′
h

e

h
+ kh

k′
h

≈ const
e

h
+ 1 (9)
Thus, the spectral variation of the ratio between the quantum
ields of corresponding processes presented in Fig. 3 is dictated by
he spectral variation of the ratio between the surface concentration
f electrons and holes [8,13].

ig. 3. Spectral variation of the ratio between the quantum yields of photodegrada-
ion of 4-chlorophenol and phenol over N-doped TiO2.
togenerated OH-radicals.

Note again that the spectral dependence of the ratio between
corresponding quantum yields within the spectral range of fun-
damental absorption of TiO2 is very similar to that observed for
the pristine TiO2 photocatalysts in both gas–solid and liquid–solid
heterogeneous systems [8,32], that confirms our assumption that
N-doping does not change significantly the band structure of TiO2.
At the same time, the spectral behavior of the ratio within the
spectral region of the extrinsic N-doped induced light absorption
is similar to the ratio between the quantum yields of photostim-
ulated adsorption of oxygen and hydrogen, respectively, which is
also proportional to the spectral variation of the ratio, es/hs. There-
fore, this similarity implies that observed spectral variation of the
ratio between the quantum yields is an intrinsic feature of the N-
doped TiO2 sample and is governed by spectral variation of the
ratio between the surface concentrations of electrons and holes,
which depends on the migration properties of the charge carriers
and spectral alteration of the mechanism of solid photoexcitation.
In other words, the complex character of the spectral dependence of
the ratio between the quantum yields of 4-chlorophenol and phe-
nol photodegradation processes confirms the complex structure of
the N-doped induced absorption in TiO2. In turn, this conclusion
denies the possibility of N-doped induced band-gap narrowing or
formation of a new band of delocalized states within the band gap
of TiO2. Spectral dependences of the quantum yield and their ratio
indicates the involvement of different localized states with different
mechanisms of photoexcitation characterized by different values
of the quantum yields of internal photoeffect in photoexcitation of
N-doped TiO2 within the spectral range of N-doped induce light
absorption.

3.2. Spectral dependence of selectivity

As mentioned above, the phenol photodegradation occurs
through the oxidation interaction with surface hole states (OH-
radicals) only (see Scheme 1). To measure the spectral dependencies
of the selectivity of N-doped TiO2 we monitored the formation
of three major intermediates: hydroquinone, benzoquinone, and

catechol. Corresponding experimental spectral dependencies are
presented in Fig. 4.

Since the photostimulated oxidation of phenol and formation
of intermediates occur through interaction with OH-radicals, the



A.V. Emeline et al. / Journal of Photochemistry and Photobiology A: Chemistry 207 (2009) 13–19 17

F
z

e
w

S

S

S

c
a
d
f
p
r
(
d
t
p
t
r
i
b
s
t
a
N
f
m
t
t

t
a
t
t
4

s
m

p

Thus, in addition to thermodynamic causes for selectivity (that
is, generation of different surface active site characterized by dif-
ferent reaction rate constants), the spectral variation of the ratio
between the surface concentrations of electrons and holes also play
ig. 4. Spectral variation of selectivity toward formation of hydroquinone (1), ben-
oquinone (2) and catechol (3) during phenol photodegradation over N-doped TiO2.

xpressions for the selectivity toward major intermediates can be
ritten as:

HQ = d[HQ ]/dt

d[PhOH]/dt
= kHQ [OH][PhOH]∑

iki[OH][PhOH]
= kHQ∑

iki
(10)

BQ = d[BQ ]/dt

d[PhOH]/dt
= kBQ∑

iki
(11)

Cat = d[Cat]/dt

d[PhOH]/dt
= kCat∑

iki
(12)

Thus, the selectivity of the photocatalyst does not depend on the
oncentration of photogenerated surface hole states (OH-radicals)
nd its spectral variation and should therefore be constant at
ifferent wavelengths provided that the type and mechanism of

ormation of the surface active sites remain the same. Such inde-
endence is observed for the fundamental absorption of TiO2
egardless of the mechanism of band-to-band photoexcitation
indirect vs. direct). This result is in agreement with the spectral
ependence of selectivity measured for phenol photodegrada-
ion over pristine TiO2 [13]. However, as is evident from the
resented data, the selectivity of N-doped TiO2 in visible spec-
ral region is significantly different from that one in UV spectral
egion and demonstrates multi-step-like spectral variation. Accord-
ng to Eqs. (10)–(12) this behavior indicates an alteration of ratios
etween corresponding rate constants, that is, the surface active
ites photogenerated at different wavelengths possess different
hermodynamic properties and therefore different activities toward
particular reaction pathway. In other words, photoexcitation of
-doped TiO2 at different wavelengths leads to formation of dif-

erent surface active sites, which clearly indicates the difference in
echanisms of photoexcitation within N-doped induced absorp-

ion band caused by photoexcitation of localized states of different
ypes.

In turn, photodegradation of 4-chlorophenol can process
hrough both oxidation (interaction with surface hole states)
nd reduction (interaction with surface electron states) reac-
ion pathways (see Scheme 2) resulting in formation of
hree major intermediates: hydroquinone, benzoquinone, and
-chlorocatechol.

Corresponding experimental spectral dependencies of the

electivity of N-doped TiO2 sample toward formation major inter-
ediates are presented in Fig. 5.

According to the mechanism of 4-chlorophenol degradation
resented in Scheme 2 the expressions for the selectivity toward
Scheme 2. Formation of three major intermediates of 4-chlorophenol photodegra-
dation (chlorocatechol, ClCat; hydroquinone, HQ; benzoquinone, BQ) through
interaction with photogenerated electrons and OH-radicals.

formation of the intermediates can be written as:

SHQ = d[HQ ]/dt

d[ClPhOH]/dt
=

(kHQ [OH] + k′
HQ e)[ClPhOH](∑

iki[OH]
∑

jkje
)

[ClPhOH]

=
kHQ + k′

HQ {e/h}∑
iki + ∑

jkj{e/h} (13)

SBQ = d[BQ ]/dt

d[ClPhOH]/dt
=

(k′
BQ e)[ClPhOH](∑

iki[OH] +
∑

jkje
)

[ClPhOH]

=
k′

BQ {e/h}∑
iki + ∑

jkj{e/h} (14)

SClCat = d[ClCat]/dt

d[ClPhOH]/dt
= (kClCat[OH])[ClPhOH](∑

iki[OH] +
∑

jkje
)

[ClPhOH]

= kClCat∑
iki

∑
jkj{e/h} (15)
Fig. 5. Spectral variation of selectivity toward formation of hydroquinone (1), ben-
zoquinone (2) and 4-chlorocatechol (3) during 4-chlorophenol photodegradation
over N-doped TiO2.
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ig. 6. Spectral variation of the ratio between the selectivities toward formation of
enzoquinone and 4-chlorocatechol during 4-chlorphenol photodegradation over
-doped TiO2.

role in spectral selectivity of photocatalyst by changing the proba-
ility of oxidation and reduction reaction pathways. This results in
ore complex spectral variation of selectivity in 4-chlorophenol

hotodegradation compared to the selectivity of N-doped TiO2
ample in phenol photodegradation where selectivity is dictated
y thermodynamic factors only.

Note, that according the Eqs. (14) and (15), the ratio between the
electivity of the photocatalyst toward formation of benzoquinone
nd 4-chlorocatechol (see Fig. 6) is proportional to the alteration
etween the surface concentrations of electrons and holes, which is
ictated by the spectral variation of the selectivity of photocatalyst:

SBQ

SClCat
= A(�)

{
e

h

}
(16)

Note that coefficient A(�) in turn can be spectrally variable pro-
ided the generation of different surface active states at different
avelengths reflecting the thermodynamic cause of the spectral

electivity of photocatalyst.

In spite of the complex nature of the reasons leading to the

bserved spectral dependencies of selectivity of N-doped TiO2 sam-
le, the position of the spectral features of the two different ratios
ependent on the ratio between surface concentrations of elec-
rons and holes and presented in Figs. 3 and 6 are in remarkable

Fig. 7. Diffuse reflectance spectrum of the N-doped TiO2 sample.
Scheme 3. Photoexcitation of localized (defect) states at the surface and/or in sub-
surface space.

agreement. Again it clearly points at the different mechanisms of
photoexcitation within N-doped induced absorption band inferring
its complex composition caused by existence of the localized states
of different type.

4. Conclusion

Fig. 7 represents the diffuse reflectance spectrum of the studied
N-doped TiO2 sample, which demonstrates broad unresolved N-
doped induced absorption band in visible spectral region (typical
for N-doped TiO2).

From the experimental spectral dependencies of the quantum
yield and selectivity of phenols photodegradation over N-doped
TiO2 we may deduce the existence of several single absorption
bands forming the complex N-doping induced absorption spec-
trum within the spectral range of the extrinsic light absorption of
the sample. Particularly, the band-like shape indicates the overlap-
ping of dominating absorption bands with less active background,
while the flat type dependence corresponds to the light absorp-
tion by a single absorption band. Consequently, such spectral
features observed in spectral dependencies of the quantum yield
of phenols photodegradation demonstrate the existence of three
single absorption bands with maxima at about 420 nm, 450 nm,
and 490–510 nm. In turn, spectral features of the ratio between
the quantum yields of 4-chlorophenol and phenol photodegrada-
tion confirm the presence of absorption bands with maxima at
420–450 nm and 490–520 nm, which are responsible for the alter-
ation of the ratio es/hs.

In addition, the spectral dependencies of the selectivity of N-
doped TiO2 within spectral range of extrinsic light absorption
toward formation of the selected major intermediates during phe-
nol photodegradation shows the spectral features corresponding
to generation of different surface active sites (see Scheme 3).
According to the proposed simplified mechanism of N-doped TiO2

photoexcitation of localized (defect) states at the surface and/or in
sub-surface space with different wavelengths (h�1 and h�2) results
in formation of different surface active centers possessing different
selectivity.
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Note, however, that the mechanism of photoexcitation of cor-
esponding defects is similar, namely formation of positively
harged states, D+, (trapped holes) which are able to initiate
xidation reaction, although with different product distribution
aused by different ratios between corresponding rate constants
n Eqs. (10)–(12). Thus, if two single absorption bands correspond-
ng to photoexcitation of two different defects are overlapped,
ne can observe a step-like spectral dependence of photocata-

yst selectivity—it remains nearly constant within spectral range of
ominating light absorption by either single absorption band and
rastically alters from one constant value of selectivity to another
ne within spectral range of significant overlapping of two bands.
onsequently, analysis of the experimental spectral dependencies
f the selectivity of N-doped TiO2 in phenol photodegradation
onfirms the existence of the spectral features corresponding to
ifferent single absorption bands with maxima at about 420 nm,
40 nm, 490–500 nm.

At the same time, the spectral dependencies of the selectivity of
-doped TiO2 for 4-chlorophenol photodegradation can be caused
y, in addition to generation of different surface active centers of
he same (either electron or hole) type with different selectivity,
he alteration of the reduction and oxidation efficiencies due to
lteration of the ratio between the surface concentrations of elec-
rons and holes (see Scheme 3). Indeed, overlapping of two single
ands (h�1 and h�3) with different mechanisms of photoexcitation
f defect states results in spectral variation of the ratio between
oncentrations of electrons and holes at the surface and thus, in
lteration of the relative efficiencies of reduction and oxidation pro-
esses. Corresponding experimental spectral dependencies of the
electivity of N-doped TiO2 for 4-chlorophenol photodegradation
ndicate spectral features in absorption spectrum with maxima at
20, 460, and 490 nm. The same spectral features can be seen in
he spectral dependence of the ratio between the selectivities of
ormation of benzoquinone and catechol, respectively. Therefore,
ummarizing the obtained results one can assume the existence
f at least four different single absorption bands with maxima at
20 nm, 440–450 nm, 490 nm and perhaps, 510–520 nm forming
he extrinsic absorption spectrum of N-doped TiO2. Note, that the
ositions of deduced maxima correspond well to those determined
y measurement of the spectral dependencies of the quantum yield
f oxygen and/or hydrogen photostimulated adsorption at N-doped
iO2 in gas–solid heterogeneous systems [10]. They are also in good
greement with maxima of deconvolved single absorption bands
n pristine and doped TiO2, which as assumed, belong to intrinsic
efects (color centers) of TiO2 [26]. Therefore, we can also assume
hat N-doping of TiO2 leads to generation of additional intrinsic
efects of TiO2 to compensate the excess of negative charge of
opant anions, N3−.

Hence, measurements of spectral dependencies of the quantum

ields and selectivity of photochemical reactions in heterogeneous
ystems can be used as a spectroscopic tool to deconvolve otherwise
omplex absorption bands in solids. Moreover, using the proper
eagent molecules with a certain pathway of electron transfer,
ne can establish the predominant mechanism of photoexcitation

[

[
[
[
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within a given spectral range leading to generation of either elec-
trons or holes or charge carriers of both types.
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