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One of the most promising methods of air puri�cation today is photocatalytic oxidation of gas-
phase and liquid-phase environmental pollutants of chemical and biological origin under the acti-
on of soft ultraviolet radiation to obtain non-harmous components of air: water and CO2. The
photocatalytic properties of thickness-nanosized ZnO:Ho �lms obtained by electron beam explosi-
ve evaporation have been studied during degradation of toluene in air under ultraviolet (365 nm)
irradiation. Methods for holmium doping of ZnO and explosive evaporation were chosen with a view
to using them for air puri�cation from volatile toluene compounds. The photocatalytic activity was
studied depending on the following parameters: exposure time, temperature, humidity, initial toluene
concentration in the air, and Ho content in ZnO. It was stated that the kinetics of photocatalytic
decomposition of air toluene over �lm ZnO:Ho is close to the �rst-order reaction. The temperature
dependence of the photocatalytic process is described by the Arrhenius equation. The rate and
energy of adsorption activation of thermo- and photocatalysis of toluene on the ZnO:Ho �lm surface
are calculated. The highest photocatalytic activity is achieved at the air humidity above 50%, initial
concentration of toluene in the air below 2.5 · 10−5 mol

L
, and the Ho content in ZnO of 3 at.%. As

the Ho content in ZnO increases from 0 to 3 at.%, the rate of toluene degradation increases by 30%.
The photocatalytic degradation of toluene over the ZnO:Ho �lm reaches the �nal stage with the
formation of CO2 gas.
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I. INTRODUCTION

Toluene is a volatile organic compound (VOC),
dangerous for the human body, which adversely a�ects
the central nervous system and muscle tissue to death in
the case of high concentrations. As toluene is present
in many substances used indoors (varnishes, paints,
solvents, cosmetics, etc.) and outdoors (fuels and lubri-
cants), air puri�cation from it is an urgent problem. To
solve it, various methods have been used, such as biologi-
cal, adsorption, and others [1�3, 6, 7, 14]. The method
of heterogeneous photocatalysis, which is based on the
principles of nanotechnology and can rapidly destroy
toxic organic substances under the action of a renewable
energy source, in particular solar radiation, is recogni-
zed as the most e�ective of them [4�8]. The follow-
ing works have been devoted to photocatalytic (FC)
degradation of toluene in air due to using nanoparticles
of di�erent compositions [9�13] and BiVO4:CuO [15],
TiO2:W [16], Pt:SrTiO3−x [17]; TiO2�CNT:B (carbon
nanotubes) [18]; ZnO, TiO2, WO3 on a nickel foam
deposited on an Ag substrate [19]; TiO2:Mn [20]; in the
model of a ring FC reactor [21]; TiO2 on zeolite [22];
TiO2 with microbial cellulose [23]; TiO2 and TiO2:Pd
[24, 25]; TiO2:Pt [26]; immobilized TiO2:SiO2 on Al
[27]; on combinations of TiO2 UV, TiO2:UV:O3 [28];
TiO2:N:zeolite plus a biological process [29]. A review of
FC air puri�cation from a wide range of VOCs is given
in [30].

The aim of this work is to study the activity of nanosi-
zed ZnO:Ho �lms deposited by electron beam explosi-

ve evaporation, depending on the experimental conditi-
ons such as exposure time, temperature, humidity, ini-
tial toluene concentration in the air, and Ho content
in ZnO. We chose the rare earth element Ho for dop-
ing ZnO due to the fact that its presence provides a
number of new properties, such as ferromagnetism [32],
ferroelectricity [33], thermoelectricity [34], photoelectri-
city [34], photoluminescence [35], which expands the
possibilities of in�uencing the FC activity of ZnO. Also,
it is important to note that ZnO-based photocatalysts
will have prospects of commercialization owing to
ZnO's relatively low cost, non-toxicity, technological
advantages, and resistance to radiation damage [36]. The
method of explosive evaporation was chosen for rapid
deposition of ZnO:Ho �lms, because, in contrast to the
methods commonly used for ZnO (sol�gel treatment,
sonochemical synthesis, solid-state reactions, thermal
evaporation), which create equilibrium conditions for
deposition, the proposed deposition method allows one
to create an amorphized material structure appropriate
for photocatalysis.
The properties of ZnO:Ho (0−5 at.%) �lms deposited

by explosive evaporation have been studied and descri-
bed by us in [37]. It was shown that a rapid deposition of
�lms of this composition on quartz glass substrates leads
to amorphization of their structure and morphology,
whose degree increases with an increase in the ligature
content and is associated with the random introduction
of Ho atoms into the ZnO crystal lattice. The amorphi-
zation is accompanied by a decrease in the size of ZnO
crystallites from (20�27) nm to (10�13) nm, a shift of the
ZnO absorption edge to the blue region of the spectrum
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from 388 to 400 nm, a reduction of the band gap from
3.2 to 3.1 eV, an increase in resistivity from 5 · 102 to
1.9 · 106Ω ·m, an increase in the lifetime of charge carri-
ers from 7.0 · 10−5 to 18.0 · 10−5 s. All these changes are
known to be favorable for the FC process.

II. EXPERIMENTAL METHODOLOGY

ZnO:Ho (0 − 5 at.%) �lms synthesis was presented
by us in [37]. ZnO:Ho �lms were deposited under the
following conditions: pressure in the working chamber
was 5 · 10−3 Pa, the substrate temperature was 40◦C,
the �lm growth rate was 90�100 nm/min. The rate of FC
degradation of air toluene on the surface of the ZnO:Ho
�lm was measured in the reactor shown in Fig. 1.

Fig. 1. Scheme of the reactor for measuring the rate of air
toluene degradation on ZnO:Ho �lm. 1 � quartz tube, 2 �
quartz windows, 3 � air with vapors of toluene and water
and CO2 gas, 4 � inlet, 5 � sensor hole, 6 � analysis light,

7 � heater, 8 � UV lamp, 9 � ZnO:Ho �lm

The reactor consists of a quartz tube 1, 7 cm long
and 4 cm in diameter. The tube is covered on both sides
with quartz windows 2. The reactor is installed in the
cuvette unit of a spectrophotometer. The concentration
of toluene is estimated by the intensity of two lines of its
transmission in the UV region at a wavelength of 208 nm
(ε = 7.9 · 103) and 262 nm (ε = 230) according to the
Lambert�Bouguer�Behr law [38]:

T = 10−εCl, (1)

where T is the transmittance of luminous �ux, ε is the
extinction coe�cient, C is the concentration, l is the
thickness of the absorbing layer. The sensors determi-
ne temperature, humidity, and CO2 content in the air.
The coil heater 7 maintains the selected temperature in
the reactor. Vapors of toluene and water are delivered
into the reactor through hole 4 using a syringe needle.
A 100 nm thick ZnO:Ho �lm was deposited onto half

the inner surface of the quartz tube. Irradiation was
performed with a 40 watt UV lamp with maximal radi-
ation at a wavelength of 365 nm through the quartz wall
of the reactor.
The absolute vabs. and relative vrel. rates of decrease

in the toluene concentration in the reactor air, which
is a measure of the FC activity of ZnO:Ho �lms, were
estimated by the expressions:

vabs. = (C0 − Cτ )
1

τexp.
and vrel. =

C0 − Cτ

C0
· 1

τexp.
, (2)

where C0 and Cτ are the concentrations of toluene at
the initial moment and after the exposure time τexp.,
respectively.
The change in toluene concentration was moni-

tored using a SPECORD UV-VIS spectrophotometer.
Temperature, humidity, and CO2 gas concentration in
the reactor were determined using TA 218 C and PTH-5
sensors.

III. RESULTS AND DISCUSSION

As we have reported in [39], due to the high boiling
point of 110.6◦C, toluene at a lower temperature exhi-
bits the ability to be e�ectively adsorbed on any surface
contacting air with its vapors. It is easily adsorbed even
on chemically inert materials such as te�on. Therefore,
the e�ect of its adsorption must be taken into account
when controlling the change in its concentration during
photocatalysis at room temperature.
The e�ect of adsorption can be eliminated by raising

temperature of the air with toluene vapor above 110.6◦C.
Fig. 2 shows the dependence of the toluene concentrati-
on on the exposure time in the reactor with a ZnO:Ho
(5 at.%) �lm in the absence of adsorption. To create such
conditions, the air temperature in the reactor was chosen
to be 114◦C, i. e. higher than the boiling point of toluene.
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Fig. 2. Dependence of the change in the toluene concentration
in the reactor air over the ZnO:Ho (5 at.%) �lm surface on
the observation time τ : 1 � thermocatalysis, 2 � thermo- and

photocatalysis, 3 � photocatalysis

Conditions for thermocatalysis were created by
heating the reactor without UV irradiation, and for
thermocatalysis and photocatalysis � under the si-
multaneous in�uence of heating and irradiation. Curves
1 and 2 were obtained

CPh(τexp.) = CTh(τexp.)− CThPh(τexp.)

where CThPh, CTh, CPh are the toluene concentrations in
the reactor air under the combined in�uence of thermo-
and photocatalysis (CThPh), thermocatalysis (CTh) and
photocatalysis (CPh), respectively, at the moment of
observation τexp..
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Irradiation of the ZnO:Ho (5 at.%) �lm with UV
light accelerates the change in the concentration of
toluene due to its FC degradation. The kinetics of the
concentration change for all curves 1�3 is close to the
kinetics of the �rst-order reaction:

C = C0e
−kτ . (3)

Such kinetics of the toluene degradation is characteri-
stic of the photocatalysts of the BiVO4:CuO composition
[15]; TiO2�CNT:B (carbon nanotubes) [18], ZnO, TiO2,
WO3 on Ni foam and Ag substrate [19].
Figure 3 presents the curves of the �nal toluene

concentration achieved from its initial value of 0.022 mol
L

for a 24 h exposure to the air temperature over
the ZnO:Ho (5 at.%) �lm during the action of
thermocatalysis (1), thermo- and photocatalysis (2),
and photocatalysis (3) up to a temperature of 110.6◦C,
which corresponds to the boiling point of toluene, is
also in�uenced by the process of adsorption of this
organic compound on the catalyst �lm. Above 110.6◦C,
no adsorption was observed.
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Fig. 3. Dependence of the �nal concentration of toluene on the
temperature t of air during the action of thermocatalysis (1),
thermo- and photocatalysis (2), and photocatalysis (3) with
adsorption (up to 110.6◦C) and without it (above 110.6◦C)

In the temperature range 20 − 110.6◦C, when the
decrease in the toluene concentration in the reactor is
in�uenced by toluene adsorption, a decrease in curves 1�
3 is observed with an increase in temperature, which can
be described by the Arrhenius law.

v(T ) = Ae−
Ea
RT , (4)

where Ea is the reaction activation energy, R is the
universal gas constant, A is the molecules' collision
frequency factor, v is the reaction rate, T is the absolute
temperature.
Using formula (5) and Figs. 2 and 3, it is possible to

calculate vabs., vrel. and Ea for adsorption, thermo- and
photocatalysis processes on ZnO:Ho (5 at.%) �lm in air.
Table 1 lists the values of these parameters.
For example, in [17] for the catalyst Pt:SrTiO3−x dur-

ing thermophotocatalysis of toluene in the temperature
range (30− 90)◦C, Ea is equal to 1.06 · 104 J

mol , whereas

in the interval (90 − 150)◦C Ea = 4.63 · 104 J
mol . For

thermocatalysis Ea = 5.36 · 104 J
mol .

Process vabs.,
mol
L·h vrel.,

%
h

Ea,
J

mol

Adsorption 8.77 · 10−4 3.99 4.13 · 104

Thermocatalysis 9.05 · 10−4 4.11 4.01 · 104

Photocatalysis 9.13 · 10−4 4.15 3.46 · 104

Table 1. The values of the absolute vabs. and relative vrel.
reaction rates and the activation energy Ea of the processes
of adsorption, thermo- and photocatalysis of toluene in air

over the ZnO:Ho (5 at.%) �lm

The highest value of the activation energy and the
lowest rate of decrease in the toluene concentration
correspond to the process of adsorption on the ZnO:Ho
(5 at.%) �lm, whereas the lowest Ea and the hi-
ghest vabs. and vrel. do to the photocatalysis process.
Thermocatalysis has average values of vabs., vrel. and
Ea among these processes. The obtained values for
ZnO:Ho (5 at.%) �lms are close to the corresponding
values of other catalysts within the order of magnitude.
For example, in [17] for the catalyst Pt:SrTiO3x dur-
ing thermophotocatalysis of toluene in the temperature
range 30− 90◦C, Ea is equal to 1.06 · 104 J

mol and in the

interval (90− 150)◦C to Ea = 4.63 · 104 J
mol .

The proximity of the obtained values for di�erent
catalysts may be due to the same mechanism of the
processes observed in them.
Figure 3 shows the role of adsorption in the processes

of thermo- and photocatalysis. At temperatures above
110.6◦C, when adsorption is absent, the process
of thermocatalysis slows down (curve 1), whereas
photocatalysis, on the contrary, accelerates (curve 2).
This means that at temperatures below 110.6◦C the
adsorption promotes thermocatalysis, reducing the di-
stance between the toluene molecules on the surface of
the ZnO:Ho (5 at.%) �lm. On the other hand, adsorpti-
on inhibited photocatalysis. Apparently, the toluene
molecules that settle on the catalyst surface prevent it
from the H2O and O2 molecules which form the •OH and
•O2 radicals, playing a major role in the decomposition
of organic compounds.
The dependence of the rates of degradation of toluene

vabs. and vrel. on the humidity of the air φ over the
catalyst ZnO:Ho (5 at.%) �lm in the presence of UV
radiation at 20◦C is depicted in Fig. 4.
The curves of the dependence of the degradation rate

of toluene vapor on the air humidity have a saturati-
on region. With an increase in humidity up to 50%, the
toluene degradation rates increase with accelerations of
∆vabs.

∆φ = 1.0·10−5 mol
%·L·h and

∆vrel.
∆φ = 0.043 h−1. When the

humidity reaches 50%, the increase in the rate of toluene
degradation stops, and the curves of this dependence go
to the stationary region values of vabs. = 9.1 · 10−4 mol

L·h
and vrel. = 4.13%

h .
The dependence of the rate of the toluene degradation

on the air humidity (Fig. 4) is in accordance with the
general ideas about the mechanism of photocatalysis on
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the surface of semiconductors [40, 41]. Water molecules,
meeting the charges photogenerated by UV irradiati-
on of the ZnO:Ho �lm surface, yield one of the acti-
ve forms of oxygen, namely •OH radicals, which cause
the decomposition of toluene. As long as the quantity of
photogenerated charges on the �lm surface is su�cient
for the radicalization of all water molecules, the number
of •OH radicals, i. e., the rate of toluene degradation,
increases with an increase in humidity. This is the trend
observed at low (to 50%) humidity in Fig. 4. When
the number of water molecules exceeds the number of
photogenerated charges on the catalyst �lm surface, then
the increase in the formation of •OH radicals with an
increase in the air humidity, i. e., the rate of toluene
degradation, stops. Figure 4 illustrates such a behavior
at a humidity of above 50%.
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Fig. 4. Dependence of absolute vabs. (a) and relative vrel. (b)
rates of toluene degradation on the air humidity φ in the
presence of a ZnO:Ho (5 at.%) �lm under UV irradiation at

20◦C

If the catalyst composition and experimental conditi-
ons change, the curves of the dependence of the toluene
degradation rate on the air humidity may be more
complex. For example, for Ag:ZnO,TiO2, and WO3 such
a curve has one maximum [19], for Pt:SrTiO3−x � two
[17].
Figure 5 shows the dependence of FC degradation of

toluene with a ZnO:Ho (0�5 at.%) �lm in the air of
reactor on the concentration of holmium CHo in zinc oxi-
de in the presence of UV irradiation at 20◦C and humi-
dity 40%. The exposure lasted 24 h.
The vabs.(CHo) dependence curve has a maximum at

CHo = 3at.%, which may be due to the in�uence of vari-
ous factors that accelerate or inhibit toluene degradation.
The �rst of them includes a decrease in the band gap Eg

and an increase in the lifetime of photogenerated carriers
in ZnO:Ho with an increase in CHo [37]. The decelerati-
on factor includes the above mentioned change in the
morphology of ZnO:Ho nanoparticles in the direction of
decrease in active centers on their surface, where the
radicals •OH and •O2 arise, which decompose toluene
[37]. The total e�ect of these oppositely acting factors

gives rise to the maximum vabs. at CHo = 3 at.%. Fi-
gure 5 shows that with an increase in CHo from 0 to
3 at%, the rate of FC degradation of toluene increases
by 30%, which is essential for the practical application
of this catalyst. The dependence of the rate of changes
in the toluene concentration in the reactor air during
its FC degradation on the ZnO �lm surface on the ini-
tial concentration of toluene C0 is given in Fig. 6. The
experimental conditions are similar to those for Fig. 5.
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Fig. 5. Dependence of the absolute rate vabs. of FC toluene
degradation in the reactor with ZnO:Ho (0�5 at.%) �lm on

the concentration of holmium CHo in zinc oxide
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Fig. 6. Dependence of the absolute rate of change in toluene
concentration vabs. in the air of reactor with ZnO �lm under
the action of UV radiation on the initial toluene concentra-

tion C0

At low initial toluene concentrations C0, the rate vabs.
is stationary. The degradation rate begins to decrease
from C0 = 2.5 · 10−5 mol

L . The decrease in vabs. may be
due to the fact that with an increase in C0, the number of
formed radicals •OH and •O2 is insu�cient to decompose
the increasing number of toluene molecules.
According to the literature [16, 18�20], FC degradati-

on of toluene proceeds through intermediate stages with

2802-4



PHOTOCATALYTIC ACTIVITY OF NANOSIZED ZnO:Ho FILMS. . .

the formation of such products as phenol, benzaldehyde,
benzoic acid, and benzyl alcohol. The decomposition
products are CO2, CO, and H2O. Thus, the presence
of such concentration of these oxides that increases duri-
ng the toluene photocatalysis is direct evidence of the
complete decomposition of the VOC on the catalyst of
the selected composition.
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Fig. 7. Dependence of the concentrations of carbon dioxide
(a) and toluene (b) in the air over the ZnO:Ho (5 at.%) �lm

on the time of irradiation with a UV lamp

Figure 7,a shows the dependence of the increase in
CO2 concentration in the reactor with toluene vapor over
the ZnO:Ho (5 at.%) �lm on the time of irradiation with
a UV lamp. The simultaneous decrease in the toluene
concentration is shown in Fig. 7,b. The temperature and
humidity of the air were 12◦C and 60%, respectively.

Simultaneously with the decrease in the toluene
concentration in the air over the ZnO:Ho (5 at.%) �lm,

an increase in CO2 concentration is observed. The rate
of change in toluene concentration is higher than that of
CO2 gas, especially in the initial period of irradiation,
due to strong adsorption at low air temperature (12◦C).
Low temperature is also the reason for the absence of
changes in air humidity, since the formed H2O molecules
condense on the inner surface of the reactor. The increase
in CO2 under UV irradiation is a con�rmation of the
achievement of the �nal stage of toluene decomposition
in air over the surface of the ZnO:Ho (5 at.%) �lm due
to the FC process.

IV. CONCLUSIONS

On the surface of the ZnO:Ho �lm deposited by
explosive evaporation, the decrease in the toluene
concentration in air under UV irradiation is regulated by
the processes of adsorption, thermo-, and photocatalysis.
The highest activation energy Ea and the lowest rate
of change in toluene concentration correspond to the
adsorption process, whereas the lowest Ea and the hi-
ghest rate of Co change correspond to photocatalysis.
At room temperature, the highest rate of air toluene

degradation is reached at humidity above 50%.
The highest rate of FC degradation of toluene is

observed at a Ho content in ZnO of 3 at.%. With the
Ho content increasing from 0 to 3 at.%, the degradation
rate increases by 30%.
Under stationary conditions of UV light irradiation, in

the region of small values of the initial concentration of
toluene, the rate of its FC degradation remains constant,
and at over 2.5 · 10−5 mol

L it decreases.
The kinetics of the change in the concentration of

toluene on the ZnO:Ho �lm surface due to adsorption,
thermo-, and photocatalysis is close to the �rst-order
reaction. FC degradation of toluene over the ZnO:Ho
�lm reaches the �nal stage with the formation of CO2

gas.
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Îäíèì iç íàéáiëüø ïåðñïåêòèâíèõ ìåòîäiâ î÷èùåííÿ ïîâiòðÿ ñüîãîäíi ¹ ôîòîêàòàëiòè÷íå îêè-
ñíåííÿ ãàçîôàçíèõ i ðiäêîôàçíèõ çàáðóäíþâà÷iâ åêîëîãi¨ õiìi÷íî¨ òà áiîëîãi÷íî¨ ïðèðîäè ïiä äi¹þ
ì'ÿêîãî óëüòðàôiîëåòîâîãî îïðîìiíåííÿ äî íåøêiäëèâèõ êîìïîíåíòiâ ïîâiòðÿ: CO2 òà âîäè. Äîñëi-
äæåíî ôîòîêàòàëiòè÷íi âëàñòèâîñòi íàíîðîçìiðíèõ çà òîâùèíîþ ïëiâîê ZnO:Ho, íàíåñåíèõ âèáó-
õîâèì âèïàðîâóâàííÿì, ïiä ÷àñ äå ðàäàöi¨ òîëóîëó â ïîâiòði ïiä ÷àñ óëüòðàôiîëåòîâîãî (365 íì)
îïðîìiíåííÿ. Ëå óâàííÿ ZnO ãîëüìi¹ì òà ìåòîä âèáóõîâîãî âèïàðîâóâàííÿ áóëè îáðàíi ç îãëÿäó íà
ïåðñïåêòèâíiñòü ¨õ çàñòîñóâàííÿ äëÿ î÷èùåííÿ ïîâiòðÿ âiä ëåòêî¨ ñïîëóêè òîëóîëó. Ôîòîêàòàëiòè÷íà
àêòèâíiñòü âèâ÷åíà çàëåæíî âiä òàêèõ ïàðàìåòðiâ: ÷àñó åêñïîçèöi¨, òåìïåðàòóðè, âîëîãîñòi, ïî÷àòêî-
âî¨ êîíöåíòðàöi¨ òîëóîëó â ïîâiòði, âìiñòó Ho ó ZnO. Óñòàíîâëåíî, ùî êiíåòèêà ôîòîêàòàëiòè÷íîãî
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PHOTOCATALYTIC ACTIVITY OF NANOSIZED ZnO:Ho FILMS. . .

ðîçêëàäó òîëóîëó ïîâiòðÿ íàä ïëiâêîþ ZnO:Ho áëèçüêà äî ðåàêöi¨ ïåðøîãî ïîðÿäêó. Òåìïåðàòóðíà
çàëåæíiñòü ôîòîêàòàëiòè÷íîãî ïðîöåñó îïèñó¹òüñÿ ðiâíÿííÿì Àððåíióñà. Ðîçðàõîâàíî øâèäêiñòü òà
åíåð iþ àêòèâàöi¨ àäñîðáöi¨, òåðìî- òà ôîòîêàòàëiçó òîëóîëó íà ïîâåðõíi ïëiâêè ZnO:Ho. Íàéáiëüøà
ôîòîêàòàëiòè÷íà àêòèâíiñòü äîñÿãà¹òüñÿ çà âîëîãîñòi ïîâiòðÿ âèùå âiä 50%, ïî÷àòêîâié êîíöåíòðàöi¨
òîëóîëó â ïîâiòði íèæ÷å âiä 2.5 ·10−5 ìîëü

ë , óìiñòó Ho ó ZnO 3 àò.%. Çi çáiëüøåííÿì óìiñòó Ho â ZnO
âiä 0 äî 3 àò.% øâèäêiñòü äå ðàäàöi¨ òîëóîëó çðîñòà¹ íà 30%. Ôîòîêàòàëiòè÷íà äå ðàäàöiÿ òîëóîëó
íàä ïëiâêîþ ZnO:Ho äîñÿãà¹ îñòàòî÷íî¨ ñòàäi¨ ç óòâîðåííÿì ãàçó ÑÎ2.

Êëþ÷îâi ñëîâà: ôîòîêàòàëiòè÷íà àêòèâíiñòü, òîëóîë, âîëîãiñòü, ZnO:Ho, êîíöåíòðàöiÿ, ÑÎ2.
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