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ARTICLE INFO ABSTRACT

Keywords: The penetration depth of UV monochromatic light into deposited TiO, anatase powder was investigated. The
Titanium dioxide light penetration depth was considered in units of numbers of surface hole, N;, and electron, Noj, centers
Hombifine N

activated during irradiation. The numbers of hole centers Ng were obtained from photostimulated oxygen isotope
exchange reaction registered by means of mass spectrometry. The numbers of electron centers No, were obtained
from subsequent thermo-programmed desorption spectroscopy of photoadsorbed oxygen O;. It was shown that
the depth D of UV light penetration into UV absorbing TiO, powder coat depends on the wavelength and in-
tensity I, of incident UV light and obeys to the equation D(Ip) = élg(lo /Im) obtained from the Beer-

Oxygen isotope exchange
TPD of oxygen
Light penetration depth

—Lambert-Bouguer law with effective extinction coefficient k. and minimal value of light intensity I, below
which the photoactivation is considered negligible. Commonly, the value I, has an order of a few microwatts/
cm? for activation of electron and hole type centers except for a case of 334 nm falling into the band of the first
direct band-to-band transition of anatase, where relatively high threshold value I,,=0.063 mW/cm? for photo-
activation of hole centers was revealed. Effective extinction coefficient k. may be considered proportional to the
absorption coefficient of TiO» in the region of fundamental absorption, whereas, in the non-fundamental ab-
sorption region, k. exceeds significantly that of TiO2 due to, probably, dominating scattering processes. At small
intensities of the incident light, there is a strong sensitivity of the penetration depth (and activated surface) to the
intensity.

absorption of solid. In this relation, one must have such a sample with
such thickness that provides the trustworthy registration of photoreac-

1. Introduction

Investigation of titanium dioxide and TiOs-based materials is widely
popular because titania is believed to be a perspective material for
photocatalytic application under irradiation in UV region [1 -4]. New
generations of TiOz based materials either doped with various metal and
non-metal elements or placed into various heterostructures have been
widely investigated during the last two decades due to enhanced ab-
sorption in the visible spectral range of such objects that are considered
perspective from the standpoint of expanding the spectral range of
activation of TiOy-based photocatalysts to the visible range [3,4]. The
comparison of activities of both pure and modified materials, as well as
an investigation of the nature of raising/decreasing activity caused by
any modification, should be based on the spectral dependences of pho-
tostimulated reaction rate. Any investigation of spectral properties of
photocatalysts requires monochromatic light varied in a wide spectral
range, including the range of fundamental and non-fundamental light
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tion rates under monochromatic light in the whole spectral region used.

Crystals and dense crystalline or polycrystalline films have specific
geometrical dimensions and a permanent surface for reactions (coin-
ciding with the geometric area), and the total photoactivity towards the
photoreactions is rather determined by the processes of photogeneration
of charge carriers in the bulk and diffusion of them to the surface with
subsequent localization. Obviously, the depth of light penetration into
crystals (or films) depends on the light absorption coefficient k(4). It
determines only the region of the bulk d=1/k(4), where charge carrier
generation occurs, and observed surface activity depends roughly on the
mean free paths of carriers and their concentration. In any case, there is
the constant value of surface and, consequently, some surface centers
able to be activated may be taken as a constant value in further
considerations.

Powders are not such ideal objects for investigations. Particles
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forming the powder have dimensions comparable to or less than the
light wavelength. Light absorption is accompanied by the scattering
process, which in turn depends on particle sizes, packing density, the
absorption coefficient of material k(4), and the wavelength 4 of light.
Thus many non-control factors are influencing the light penetration
depth [5]. Moreover, the number of layers of irradiated particles (i.e.,
particles participating in photoreactions) correlates with the light
penetration depth, thus making the total surface involved in photore-
action be variable that may play a significant role in the analysis of data
and interpretation of results. Such phenomenon may appear in spectral
measurements when the light penetration (and activated surface) de-
pends on the absorption coefficients k(1) [5]. Moreover, the depth de-
pends on light intensity in scattering media [6].

Of course, this question is not novel and had been arisen earlier with
the aim either to avoid the non-illuminated fraction of catalysts [7] or to
irradiate photocatalysts as entirely as possible [8,9]. It is also attractive
for theoretical and experimental investigations [10 —16]. The term
“critical mass” implies such value of the weight of catalysts the
exceeding of which results in emerging the non-illuminated fraction of
catalysts [8]. The alternative term “penetration depth” is defined as the
depth in a semi-infinite layer where the radiation flux density is reduced
either to 1% of that at the irradiated surface [14] or to some minimal
intensity value, I,,, required for photoinduced activity [6]. Apparently,
both terms have similar meanings. The maximal permissible thickness
(in units of thickness, weight, density, concentration, etc.) of powder, as
arule, is determined by means of measuring the dependence of the rate
of photostimulated reaction on the catalysts loading, the point of satu-
ration of which with a sample loading corresponds to this critical value
[7,8]. Practically the irradiance condition for estimating the critical
value is usually dependent on the type of light sources, which may have
continuous, discrete, or combined discrete-continuous spectra in the
required region. In most cases, the values of critical weight are deter-
mined for either the wide spectral region (polychromatic irradiation) or
chosen dominant spectral line(s) falling in the region of fundamental
absorption of photocatalysts and for certain light intensity used in
measurements. Thus the results obtained may be considered as either
integrated over the definite spectral region or reduced to one dominant
spectral line. (In the last case, some other low-intensive neighboring
lines are often ignored). Generally, this critical value should also depend
on the method of powder packing [7-9]. For titania powder placed on
the bottom window of the vertical tubular reactor, this value for a
polychromatic UV light (1<400 nm) was determined to be equal ~5 mg/
cm? [9], while for powder deposited onto the flat surface it was obtained
0.2 mg/cm2 [16] and 0.3 mg/crn2 [7] or 0.9 mg/crn2 for spreaded
powder over porous support [8] for the same spectral range. Such
masses being calculated to the penetration depth units gave the values
from 1 up to 30 um depending on the powder packing density [7].
Despite some specific critical weight values for TiO9 having been already
obtained, the question, which part of the sample is irradiated, remains
actual for powder-based sample in connection with the following
reasons.

Firstly, due to the experimental methods’ requirements, the powder
TiO3 could not always be formed with a desired critical density. Such
case is typical for powder titania samples either put in EPR cell [17], or
pressed into a disk for IR measurements [18,19], where the usual weight
density for titania is about 20-25 mg/cm? and the lower value results in
the fragility of the disk, or deposited from liquid suspensions onto the
wall of the reactor [20], construction of which by force of destiny may
not allow either to deposit such thin layers or to determine the weight of
very thin layer with sufficient accuracy.

Secondly, there is mainly information about critical weight for TiO5
obtained for the wide spectral region of fundamental absorption TiO,,
resulting in some uncertainness which part of this spectral region is
more effective (or gives the greater depth of light penetration) and
which one is less. The last has principal significance from an engineering
standpoint for developing a new photocatalytic system [10,12,14].
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Thirdly, there is poor information in the literature about the exper-
imentally measured correlation between the intensity of light and the
depth of its penetration except, to the best of our knowledge, the results
presented in for non-absorbing scattering media [6].

The present work is aimed to estimate (in arbitrary units) the surface
of the deposited layer of TiO5 (anatase) powder able to be activated by
monochromatic light of various intensities in the region of fundamental
absorption of TiO,. An estimation based on measuring both the number
of surface oxygen anions O~ of TiOy participating in photostimulated
oxygen isotope exchange (POIE) reaction between TiO, and 180, (an
isotope substitution reaction) and the number of oxygen molecules O;
photoadsorbed during this irradiation. Both reactions occur by following
reactions [20-24]

TiOy(Ti*" + 0¥ ) + w—Ti*" + 0] @
l?i()z‘g”j 4 160 :_) molxogas + 180 ‘— (2)
TP 4 0s40s—Ti*" + 05 3

Specific surface low-coordinated anions O?~ and cations Ti®" may
act as surface active centers. Earlier it had been shown that the number
of titania surface oxygen anions participating in photostimulated isotope
exchange is limited, and, for TiO, Degussa P25, it is about 2x10'"! cm2
[20], so the reaction (2) takes a finite time. The kinetic run of reaction
(2) was registered by means of mass spectrometry, while the number of
O; photoadsorbed on the surface by Eq. (3) was measured by means of
thermo-programmed desorption (TPD) spectroscopy. The choice of
these reactions is governed by the following facts. Firstly, oxygen does
not contaminate the surface and consequently does not influence it.
Secondly, products are accumulative and it allows measuring the low
values of them in a wide range of both the light intensity and wave-
lengths. As seen, reaction (2) implies the interaction of oxygen with a
hole type center 160; [20,22,24], whereas adsorbed oxygen O, is the
result of interaction with an electron type center Ti3* via reaction (3)
[23]. Undoubtedly, the oxygen anions, O?-, able to participate in ex-
change (2) are distributed uniformly over the sample surface with some
density, and only the centers situated in the irradiated layers may be
activated by Eq. (1). Thus for each light wavelength and intensity, the
total number of activated surface anions Nj, is proportional to the light
penetration depth. The same proportionality to the depth must be
observed for the number of photoadsorbed oxygen No2 (Eq.3).

2. Experimental technique

An experimental setup analogous to described in [20] was used for
mass spectrometric kinetic and temperature programmed desorption
(TPD) measurements. The oil-free all-metal setup was constructed in
such a way to provide a possibility to analyze the composition of either
gas in the reactor with a sample or desorbing products from the sample
during heating or irradiation. It has been made from standard stainless
steel ultrahigh vacuum (UHV) components (based on Conflat© junctions
CF16, CF40) and equipped with a turbo-molecular pumping station
(TurboLab 80, Leybold Vacuum) and a few magnetic discharge ion
pumps (Gamma Vacuum, 10 L/s) in various sections of the setup.
Generally, the setup consists of a few sections: gas preparing section,
pre-reactor volume, reactor volume, mass spectrometric section. All
sections and their parts are separated by UHV valves. They include
membrane-capacity or combined (capacity-Pirani) gauges (Pfeiffer) that
allow realizing the various combination of preparing and admission of
gas/mixtures into the reactor with high accuracy and reproducibility.
Mass spectrometer (MS) is realized on a residual gas analyzer module
RGA 100 (Stanford Research System, resolution at 10% level = 200)
equipped with an independent magnetic discharge ion pump (Gamma
Vacuum, 40 L/s) providing the characteristic time of ion source evacu-
ation < 0.03 s. The mass-spectrometer was calibrated to the flow of
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gases used in experiments and all possible products. The standard
minimal registered flow value is 0.9x10'° molecules/s, the linear range
of measured flow extends to 1x10'> molecules/s.

A quartz reactor of cylindrical shape (10 mm in thickness and 35 mm
in diameter) connected to the setup via quartz-glass-metal junction was
used. The powder sample was deposited on the one cylinder end while
the opposite end, made from high-quality optical quartz, served as a
window for irradiation of the sample. The reactor is equipped with a
heater disk and thermocouple fixed permanently on the reactor side,
where the sample is deposited. The reactor volume could be connected
to the mass spectrometer either through a leak-valve (Nenion) for
analyzing the gas composition in the volume or through the UHV valve
for flow-through and TPD measurements. The characteristic time of
reactor evacuation through MS ion source is T, = 4.00+0.05 s. In the
same way, the reactor could be connected to the “gas section” (i.e.,
through either the leak or valve) for admission of gas or organizing the
gas flow through the reactor to mass spectrometer. Thereby we could
perform adsorption/desorption/reaction measurements in a wide range
of gas pressure values working in either the flow-through regime (10 -
107! Pa) or the quasi-state regime (10! = 102 Pa). The pressure in the
reactor volume is controlled with a membrane-capacitance manometer
(Pfeiffer, pressure range 6.65x10° — 133 Pa). High-purity gases O, CO,
and isotope enriched gas 13CO, %0, (Linde Gas, IE > 99 and 87%,
correspondingly) were used. Before admission to the sample, gases were
additionally purified by low-temperature fractionalizing. The leak-valve
was tuned so that pressure decreasing caused by gas sampling to MS
during whole kinetic run measurements did not exceed 5 %.

For sample irradiation, a system based on the high-pressure arc
lamps Hg(Xe) (1000W, Newport) or Xe (150W, OSRAM HBO),
condenser/IR filter system, and MDR-2 monochromator (LOMO, Russia,
diffraction grating - 300 grooves/mm, f/2.5) was used. The FHWM of
monochromatic lines was about 5 nm, and the intensity of the beam may
be varied up to 2 mW/cm? at the wavelengths corresponding to xenon
emission and up to higher values using the Hg emission line (for
example, up to 30 mW/cm? at A=365 nm). A set of standard glass light
filters (LOMO, Russia), passing light of the required spectral ranges, was
applied for intensity regulation. The light intensity was measured by
Nova II Laser Power and Energy Meter equipped with a Photodiode
Sensor (Ophir Photonics, Israel).

The fine-structured powder TiO; Hombifine N (anatase, S=340 m2/
g) was used as the sample. Before preparing the samples, the TiOy
powder was annealed in the furnace at 873 K for 3 hours in the air to
clean it of organic contamination. Before and after this procedure, the
powder was characterized by diffuse reflectance spectroscopy (DRS),
BET, XRD, and TEM methods’. The annealing results in the decreasing of
powder specific surface area to (80+3) m?/g, and the anatase XRD
reflectance peaks became narrow. TEM images indicated that the TiOy
samples annealed consist of anatase particles having a prism shape (with
a square in a cross-section of the prism) with six pronounced faces and
well-organized edges. Annealed TiO, powder was deposited on the
reactor wall from a suspension of isopropanol. After evaporation of
isopropanol at room temperature, the samples were heated step-by-step
up to 623 K in the airflow to remove isopropanol remains. The TiO2
samples obtained in this manner present mechanically stable, thin,
dense, opaque coat with a deposition density of (20+1) mg/cm2 and
geometric areas of 3.5 cm?. The thickness of the layer was determined
with the microscope to equal 200+20 um, and the density of the layer
was 1.0+0.1 g/cm3, which is about four times less than that of anatase
crystal (~3.9 g/cm®). After deposition and primary air drying, the
reactor was connected to the experimental UHV setup and pumped out.
The purification of the samples was performed by annealing in pure
oxygen at 66.5 Pa at 723 K (primary) for 2 hours and then at 873 K
(finely) for 2 hours with condensation of products (CO3, H20) on the

1 See Supplementary Material for details
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trap cooled with liquid nitrogen and replacement of oxygen every 15
minutes until oxygen consumption ceased. Before each experiment, the
sample was annealed in oxygen at 823 K. Such annealing served for
restoring the surface isotopic composition after the use of %0-labeled
oxygen and to recover the stoichiometry of sample (if the last occurred).
It should be noted that UHV annealing of the samples at 873 K did not
result in the appearance of oxygen desorption in TPD after exposure of
the sample to oxygen. It means that TiO, anatase is not reduced by such
treatment in contrast to the behavior of the rutile phase under the same
condition [4,20,25].

The main parameter of isotopic exchange, «, describing the 80
fraction in a medium (gas or solid), containing the oxygen atoms 80 and
160, is calculated by formula [20,26]

18 0
“= o+ %0 @

The heteroexchange oxygen isotope reaction may be observable until
there is a difference between gaseous isotope fraction oy and surface
fraction a, i.e., ag — a5 # 0, and at t—co both fractions aim for some
equilibrium value ae [26]. Assuming that accordingly experimental
condition ogas(t=0)= g and ogyf (t=0)=0 and taking into account that
surface center contains one oxygen atom and oxygen molecule is a
diatomic molecule, one may write the following equation for constancy
of isotope 180 in the “gas-surface” system:

2N,ay = 2N,ya, + Na, 5)

where N; and N; — the numbers of gas molecules and surface
exchangeable anions, correspondingly. Knowing Ng, initial oo and
obtaining the value of equilibrium o, fractions from the kinetic run of
reaction (2), the number of active surface centers may be calculated as

_ 2Ng(a0 -a,)

de

N, (6)

3. Experimental results and discussions

No oxygen adsorption on the non-irradiated TiO, anatase surface
was found even after exposition to O, at the pressure of 66.5 Pa for a few
hours by monometrically and TPD (Figs. 1 and 2), while monochromatic
or polychromatic UV irradiation (A<400 nm) of TiO2 in oxygen is
accompanied by pressure decreasing during the first few hundreds of
seconds of irradiation (Fig.1). The maximal pressure decreasing value
AP,q4s obtained under irradiation has an order of 0.053Pa (Fig. 1) cor-
responding to adsorption of 3.0x10'® molecules O,. The oxygen
consumed under irradiation was equal to that desorbed in subsequent

19.9
+hv (A=365 nm, Intensity=10 mW/cm?)
Poveee- _ - _ _ _ _ __
o‘. _________ A
ve,
© X
o i ...... APads
o} ®00c00,
[%2]
o
Q.
g
19.6 . . .
200 300 400 500 600

Time, s

Figure 1. Oxygen pressure changes during dark exposure of TiO, to O, (dashed
line) and under UV illumination in O, (line+points). The moment of illumi-
nation start marked as “+hv.” A slight slope of the pressure curves is due to gas
sampling to the mass spectrometer.
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TPD O,, p=10 K/min

dN/dt, x10" molecule/s

T, K

Figure 2. TPD spectra of oxygen after dark exposure for 5 hours (spectrum is
multiplied by 100) and irradiation of TiO5 in 15 Pa of 180, with monochromatic
light of various wavelengths up to saturation in isotope exchange.

TPD spectra. TPD spectra of oxygen photoadsorbed during mono-
chromatic irradiation with various wavelengths are presented in fig. 2.
They all are similar in shape and differ only in intensity. The typical
oxygen TPD spectrum consists of a few peaks with maxima in the 400-
650 K region. Commonly spectra are very similar to the TPD spectrum
of Oy chemosorbed on the reduced surface of TiO5 P25 [20], indicating
the same mechanism of its formation, i.e., via interaction of the gaseous
molecule with an electron on the surface (Eq.3).

Irradiation of titania in 20y is accompanied by an oxygen isotope
heteroexchange reaction by Eq. (2). The pressure of 180, ~16 Pa was
enough to provide isotope exchange measurements in a wide range of
intensities and wavelengths since the number of gaseous molecules Ny at
this pressure was equal to 8.46x10'7 molecules and exceeded the
maximal number of surface exchangeable oxygen anions. The typical
kinetic run (for example, the run for the 365 nm wavelength) is pre-
sented in fig. 3. It is seen that gaseous isotope fraction ag = ag decreases
during irradiation aiming to its equilibrium value og = ae. Since the POIE
rate depends on both intensity and wavelength of light, the reaction runs
were recorded during long-term irradiation that usually took from 3 up
to 6 hours. For cases of low numbers of exchangeable surface oxygen
requiring “short” irradiation times, the equilibrium values of isotope
fraction a, were determined directly from the saturation value of curve
og = g (t), which was achieved under irradiation in a reasonable time.
For the cases of the significant number of the centers that required

0.88

° o
S A, = fitting function
a(t)=a, +o,exp(-t/t,)+o,exp(-t/t,)

087 4

0.86

0.85

0.84

0.83

0.82

0.81

T T T T T
0 2000 4000 6000 8000 10000
Irradiation time, s

Figure 3. Typical dependence of parameter g, vs. irradiation time (points)
and fitting line by two-exponential decay function (line) (A=365 nm, Intensity
10 mW/cm?).
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longer irradiation time, the value o, were obtained from fitting pro-
cedure of experimental curve ag = ag(t) with two-exponential decay
function a(t) = a, + are~/™ + aze~/", which had been found to fit well
the curves ag = oy(t) measured here (fig. 3)°. In this case, the irradiation
had been being continued until an error of o obtained by real-time
fitting procedure became lower than an experimental error of oy
determination (8ag; = 0.002). The numbers of exchangeable oxygen
anions Ng were calculated by the formula (6). After each isotope ex-
change reaction, the TPD measurement was made from which the
number of photoadsorbed oxygen Npy was calculated. Thus for each
combination of the light wavelength and intensity, the pair of points {Ng;
No2} was obtained.

Fig. 4 presents the dependences of the numbers of activated centers
N; and the number of photoadsorbed oxygen (Np2) on the wavelength A
at the intensity of light 0.4-0.6 mW/cm? The left and right scales
correspond to Ng and Ngg, and it is seen that in the UV region (A< 390
nm), both curves are synchronic, with a coefficient of Ng/Np2 ~ 45 be-
tween them. The coincidence of the curves on fig. 4 in the fundamental
region is obvious because it is a region of electron-hole pairs generation.
It is better to present data from graph 4 as Noa vs. N; (fig. 5), where the
correlation is seen clearly. It is obvious that there are three branches of
distribution of the points. The pairs of points belonging to the spectral
region of TiO2 fundamental absorption (300 — 390 nm) form a straight
line (I) with a slope equal to 0.022 (1/0.022=45). The points from the
near absorption edge (400-410 nm) organize a transition area (II), and
the 420-450 nm region gives point pairs falling in a separate branch (III).
The behavior of the both curves Ny and Npy (Fig.4) in the region of
fundamental absorption of TiO, indicates that as the wavelength de-
creases, the depth of light penetration in this region reduces due to light
absorption coefficient enhancement.

The reason of difference in orders of values N5 and No> is apparent.
When we measure the number of surface hole centers Ng by means of
POIE reaction by Eq. (2), we do determine all centers, because in result

o
<
_+_
1
N

x10" anions
N, x 10" molecules

0.5 1

N,,
b
&

ot
:

T .
-o- 0% o

T T T T T T T T
300 320 340 360 380 400 420 440
Wavelength, nm

0.0

Figure 4. Dependence of the numbers of photoactivated surface anions N (left
scale, dark circles) and photoadsorbed oxygen No, (right scale, open circles) on
the wavelength of light at the light intensity of 0.4-0.6 mW/cm?.

2 Applying the two-exponential decay function (instead of the one-
exponential one a(t) = a. +(a — e )exp 71\% (1 +27AZ‘ t o as it is expected
[26]) for curve a(t) fitting is caused either by the presence of two (or more)
types of exchangeable centers (Ng;, Ni») on the surface, or by rate R decreasing
during irradiation (or due to some reasons else). The solution for each partic-
ular case requires numerical calculations and individual consideration. The
equilibrium value o is anyway determined by equation (5), assuming
Ny=Ng1+Njg, and it is independent on the exchange rate.
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Figure 5. Correlation between the numbers of photoactivated surface anions
N;s (X-scale) and photoadsorbed oxygen No, (Y-scale) measured at the various
wavelength of light at the constant light intensity of 0.4-0.6 mW/cm?>.

of reaction (2) no destruction of centers as well as no charge accumu-
lation on the surface occur. Any processes of electron-hole recombina-
tion also do not influence this result. At the same time the number of
photoadsorbed oxygen species Noy is only proportional to all possible
surface electron centers, because photoadsorption of oxygen is saturated
due to accumulation of negative charge on the surface by Eq. (3), which
reduces the rate of oxygen adsorption and then prevents it totally. Also,
the presence of O; on the surface initiates the competing route of
photogenerated hole consumption for O; desorption by scheme

0, +h—0,1 (@]

This was seen very well at low (1.3x 10°-1.3x10™* Pa) pressures of
oxygen by replacing of gaseous 10, by 10, and had been observed by
us earlier on TiO, Degussa P-25 [20]. As result there is a certain
coverage of adsorbed oxygen O, forming on the surface by means of
processes, described by Egs. (3) and (7). It is worth noting that at higher
pressure of oxygen (P>10'1 Pa) the rate of process 7 is much less than
that of process 3 and oxygen photodesorption could be considered
negligible. Thus, the amount of adsorbed oxygen No2 can be considered
only proportional to the number of electronic centers and, at the same
time, also proportional to the irradiated surface.

In the visible region (A> 390 nm), both dependences Ny and N are
non-zero (and even comparable with those in the UV region) indicating
the possibility of photoactivation in this spectral region (Figs. 4, 5),
although the POIE rates in this region are too low. This region of ab-
sorption belongs to the non-fundamental one and is usually associated
with absorption by defects. The curve Noy diverges from Ny (Fig. 4),
indicating the various spectral features of photoexciting of a few types of
defects (electron donors and hole donors) each of which is responsible
for activation either electron or hole type centers. This region is non-
absorbing (or weakly absorbing), so the light penetration depth may
be expected to have greater values than in UV region, but, on the other
hand, intense scattering may reduce the depth to the values observed.
The second factor, complicating the consideration, is that the amounts of
defects are limited, thus leading to the saturation of activation due to
total ionization of available states. The last may be rather applied to the
donor of electrons, because electrons are captured on the surface by Eq.
(3)., thus remaining a part of donors in ionized state. As to hole donors,
they may be considered as renewing, because the reaction (2) is not
accompanied by hole capturing. If the last reason is assumed and the
effect of scattering is dominant, one may consider the points Ny at A>
390 nm on fig. 4 indicative of the spectral profile of light penetration
depth at the intensity of 0.4-0.6 mW/cm? in this region.

For example, let us look at the spectral dependence of CO uptake rate

Journal of Photochemistry & Photobiology, A: Chemistry 430 (2022) 113954

in photooxidation reaction CO+O2+hv measured at the same light in-
tensity of 0.4-0.6 mW/cm? (Fig. 6). The reaction of CO uptake occurs
due to the interaction of the gaseous CO with the hole centers O; [19]. It
is seen that the dependence has a maximum at A= 370-380 nm and, as
the wavelength decreases to 300 nm, it declines identically to the curve
N; vs. A presented in Fig. 4. Apparently, this decline is caused by the
active surface decreasing than any spectral features of TiOy excitation.
Moreover, the maximum observed in Fig. 6 may be just a result of
convolution of the authentic spectral curve of activation and the curve of
the light penetration depth.

For measurements of light penetration depth on the light intensity, a
few UV mercury spectral lines of Hg(Xe) arc lamp (1000W) were used,
the intensities of which were higher than the intensity of the continuous
spectrum of the Xe component in the UV range. It allowed varying the
intensities in a wide range.

The dependencies on intensity Ip of N (proportional to the light
penetration depths) measured at the wavelengths 303, 334, 365, 390,
404 nm are presented in Fig. 7. It is seen that all dependencies have a
similar form characterized by a sharp increase in the range of low in-
tensities (0...1 mW/cm?) with subsequent sloping parts at higher values.
An apparent consequence is that the light penetration depth is sensitive
very much to an intensity deviation in the region of low intensities (for
this case, it is 0...1 mW/cm?), which may result in enhanced fluctuation
during measurement of the reaction rates in this intensity region due to
involving (or excluding) of some part of the surface into reaction. Sup-
pose such a phenomenon should be considered when planning the
measurements and estimating a measurement error. Moreover, the re-
sults obtained here show that even using monochromatic light of the
same wavelength, but of different intensity, to irradiate the powder, we
must keep in mind that the number of active centers that can be involved
in the reaction is not constant, but depends on the intensity. This plays
an important role in the analysis of kinetic data, in the determination of
rate constants, interaction cross-sections, in the construction of models
and theories.

The curves drown as Ng, and No2 vs. 1g(Ip) represent straight lines
(Fig. 8A and 8B), which may be well fitted with an equation

Lig (’—) = Lig) L 1g(1,)

kg “\In) ke ke

N(l) = (8
that is obtained from the Beer-Lambert-Bouguer law for the depth
(corresponding to Ng and Ng3) at which intensity becomes equal to an
intensity I, [6]. The value I, may be considered an intensity at which
reactions on the surface are not initiated or become undetectable [6].
The main result of such approximation is that the penetration of
light, the spectral region of which coincides with fundamental
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Figure 6. Spectral dependences of CO uptake rate in photooxidation reaction
CO+0,+hv on the TiO, sample at the light intensity of 0.4-0.6 mW/cm?
measured in flow (2.5x10'* molecules/s) of the mixture of CO:0,=1:1.
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Figure 8. The dependences N (A) and No, (B) vs. 1gly.

absorption of powder, may be considered in the framework of the
Beer-Lambert-Bouguer law using some effective value kg The same
results were obtained for ceramic membranes [11]. In this case, the
value of effective extinction coefficient kg is not equal to the absorption
coefficient of crystal and probably may include some other parameters
(scattering, density, etc.) [6], which make it differ from that of crystal.
The values of kg and I, obtained by fitting procedure with eq. (8) for
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each dependence are presented in Table 1.

Fig. 9 demonstrates both the Kubelka-Munk transformation of the
diffuse reflection spectrum of the powder TiO, Hombifine N diluted in
MgO powder (5% wt.) and parameters k(1) presented in Table 1. The
K-M function of diluted TiO, powder may be considered proportional to
the absorption coefficient of TiO» in the region of fundamental absorp-
tion [27,28].

It is seen from fig. 9 that kg obtained from No3 curves is close to the
K-M function fxy in the region of fundamental absorption. In the region
of fundamental absorption of anatase the absorption of light may be
considered as a dominant route of its disappearance during penetration
into the sample. In contrast to UV region, the 390 and 404 nm points
differ from fxy. As it was said above, these points are falling into non-
fundamental region of anatase absorption which may be due to the
shallow states of defects. These defects could be assigned to the local
absorption centers distributed in scattering matrix of TiO5 transparent at
2>380 nm. Thus, the dominant route in this case is scattering process
that prevents penetration of light deep into the sample. In framework of
application of term “the absorption coefficient” it looks like increase in
its value (although this does not correspond to reality), thus it was better
to use the term “the effective extinction coefficient” which is propor-
tional to the real absorption coefficient in the case of strong absorption
and may differ in other case. Of course, it is better to apply this term to
powders (or turbid medium) only.

At the same time, dependence kg vs. A obtained from Ns curves
differs significantly from the K-M function at A=334 nm. As for this
point, an interesting feature could be noted from a set of curves drown
on figs 8A and 8B as well as from Table 1. The behavior of the curve Ng
obtained for the 334 nm line drops out the behaviors of other lines in
Fig. 8A and does not coincide with the curve Npy at the same wave-
length (fig. 8B). It is seen that in the semi-logarithm plot, the 334 nm’s
straight line has the same slope as the lines for 365 and 390 nm (it looks
like it shifted downwards), but its intercept differs significantly. From
equation (7), the intercept is related to such value of light intensity I,
which does not induce any processes (or induce non-detectable ones).
For all other spectral lines, the value I, is about a few microwatts/ em?,
whereas the line 334 nm is characterized by the higher value of
threshold intensity I, = 0.063 mW/cm? (Table 1). So high value of non-
active intensity is accompanied by decreasing the penetration depth for
excitation of hole type centers. In contrast, the electron type centers at
this wavelength are probably activated at larger depths. The wavelength
334 nm (hv = 3.71 eV) falls into the first band of direct band-to-band
transition for Elc of pristine and n-doped anatase crystals, maximum
of which accordingly to spectroscopic ellipsometry is equal to 3.79 eV
[29]. Excitation in the band of direct band-to-band transition may be
accompanied by enhanced recombination resulting in a low yield of
photoactivation of the surface hole centers and/or appearance of
competing for the route of energy consumption (for example, the gen-
eration of excitons [29]). In any case, the data obtained here, as well as
methods used, do not allow speculating more, so let us remain an
investigation of this feature for the future.

Table 1
Values of kg and I,, calculated from the linear fit function by eq.8 for N; and No2
dependences on light intensity Iy, presented in fig. 8 a and b.

A, nm  Ns dependences
Keffs anions™ (*)

No2 dependences

Im, pW/(:m2 kegss molecules™ (*) I, pW/cm2

(2.7240.41)x101° 947
(2.254+0.25)x10° 1447
(8.82+0.59)x1071° 642

303 (1.4240.18)x10® 745
334 (3.4940.09)x10"7 6344
365 (3.1940.33)x10"7 342
390 (3.25+0.46)x1017 342 (9.0£1.2)x1071¢ 1046
404 (5.5040.30)x10"7  1.4+0.5 (1.7240.03)x105 1641
* Units and orders of k. values are caused by these of Ns and No used in eq.8
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Figure 9. The Kubelka-Munk transformation (the K-M function fxy) of diffuse
reflectance spectra of the TiO, Hombifine N powder diluted (5 % wt.) in MgO
powder (line) and coefficients key of fitting of the curves on fig. 7 by eq.
(8) (points).

4. Conclusions

By means of photostimulated oxygen isotope exchange reaction and
TPD measurements of photoadsorbed oxygen, the numbers of activated
surface centers of the deposited coat of TiOy powder were obtained at
various wavelengths and intensities of incident UV light. Assuming the
direct proportionality between the number of the activated centers and
light penetration depth (or activated surface), it was shown that the
depth of UV light penetration into UV absorbing TiO, powder coat de-
pends on the wavelength and intensity of incident UV light. The pene-
tration of light into a strongly absorbing TiO powder sample may be
considered in the framework of the Beer-Lambert-Bouguer law with
effective extinction coefficient ke which is proportional to the absorp-
tion coefficient of crystal k(1) in UV region (A<380 nm), while for VIS
light (A>380nm) the value ke differs from k(1) probably due to domi-
nating of scattering component. It was shown that at relatively small
intensities of the incident light, there is a strong sensitivity of the
penetration depth to the intensity. The relatively high threshold in-
tensity (0.063+0.004 mW/cm2) for photoactivation of hole centers was
found at the irradiation wavelength 334 nm, falling into the band of the
first direct band-to-band transition of anatase.
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