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Abstract

Solvothermal synthesis of ZrO,-TiO, binary oxides and pure counterparts at 150 °C in
water/isopropanol media is presented. Titanium (IV) isopropoxide and zirconium (IV)
propoxide were used as precursors. XRD and TEM techniques were used for structural and
morphological characterization of obtained samples. XPS spectra of mixed oxide samples
were compared in order to correlate composition of samples with surface properties and
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presence of defects. Relative positions of defect states within band-gaps of semiconductors
were estimated from UCPL spectra. UV-Vis DRS spectra revealed that both pure oxides
experienced red shift of absorption thresholds compared to reference data. Photocatalytic
activities of all samples were probed under simulated solar light on three model compounds:
phenol, 4-chlorophenol (4-CP) and 2, 4, 6-trichlorphenol (TCP). Pure TiO, showed the
highest photocatalytic activity in the case of phenol. However, pure ZrO, and binary oxides
showed higher photoactivity in degradation of 4-CP and TCP. The activity of wide band-gap
semiconductors under simulated Solar light in photodegradation of phenol and its derivatives
is most probably the consequence of formation of charge transfer complexes between

pollutant molecules and semiconductors surface.

Keywords: ceramics; oxide materials; optical properties; photoelectron spectroscopies;

transmission electron microscopy, TEM

1. Introduction

Humanity is facing a huge environmental risk due to increasing contamination of the
surface and ground waters. Textile dyes, various pesticides and newly emerging contaminants
like pharmaceuticals and personal-care products, are a major threat for the freshwater
systems.1 Finding an inimitable method to diminish or eliminate the effects of these organic
pollutants is a must. One of the methods that offer a solution for degradation of all these
pollutants is certainly semiconductor heterogeneous photocatalysis.>® The semiconductor by
itself must meet certain requirements in order for its usage for environmental protection to be
justified: it must be cheap, widely abundant and above all, not toxic for the environment.>?

TiO, is a well-known semiconductor with a potential for wide applications in all

fields where light-semiconductor interaction is needed (photocatalysis, photovoltaics, etc.). It
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has many advantages like high efficiency, biological and chemical stability, non-toxicity and
low cost, but there are also a few major disadvantages of this material. One of them is
certainly the fact that due to its wide band gap (about 3.2 eV), it absorbs in the UV region of
Solar spectrum, and that is just about 5% of light that reaches the Earth’s surface. Many
efforts have been made to manipulate the band-gap of TiO; in order to move its spectral
response deeper in the visible part of the spectrum. Doping with transition metal ions is a
common method to achieve this improvement ¢ Tt leads to the formation of new levels in the
band-gap of TiO,, and consequently enables photons with energies lower than that of the
semiconductor’s band-gap to produce electron-hole couples. A similar effect can be achieved
by modifying the surface of TiO, through its interaction with certain organic molecules
when charge-transfer complex formation takes place, but then its surface becomes occupied
and unavailable for heterogeneous degradation of pollutant molecules.

Even when charge carriers are formed, they need to stay separated in order to later
participate in the reduction/oxidation reactions on the semiconductor surface. Coupling TiO,
with other metal oxides can postpone recombination and prolong the life of photogenerated
charge carriers. Until now, TiO, was coupled with various metal oxides, like SiO,, 10,11
ALOs, ' ZnO, '* Bi,05 and V,05 . Lately, even if it is characterized with a wide band-
gap, ZrO, became very interesting for this purpose. Bulk zirconia has a band-gap energy of
about 5.0 eV ' which means that it absorbs the UVC spectral region. It is an n-type
semiconductor with 4d states placed at potential more negative (-1 V, NHE) than that of the
conduction band minimum and valence band at potential more positive (4 V, NHE) than the
valence band maximum of TiO, (about -0.1 V, and 3.1 V, NHE, respectively) 1% In a scenario
where ZrO, and TiO; particles are in close contact, such relation of potentials of conduction
and valence bands can provide transfer of photogenerated charges from one semiconductor to

another, and subsequently prevent their recombination. It is also reported 7 that the specific
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surface area of mixed oxide is higher than that of the initial, pure constituent oxides. A larger
surface area means a higher possibility for adsorption of pollutants, but also of oxygen from
the surroundings which through reaction with photogenerated electrons can be transformed
into highly reactive superoxide radical anion (O,™). Moreover, addition of ZrO, leads to the
increase of surface acidity in the form of OH’ groups. Through reaction with photogenerated
holes, OH™ groups are transformed to OH" radicals. Presence of both radical species is highly
desirable in photocatalytic processes since both are strong agents that can degrade a wide
palette of organic pollutants.

TiO,-ZrO, mixed oxides have been synthesized by various techniques: controlled
hydrolysis'®, ionic-liquid route' and co-precipitation method *, but mainly by sol-gel
methods *'*°. Common points for all indicated methods are that the obtained samples were
annealed after synthesis, and that UV light was used to photoactivate the semiconducting
materials.

As far as we know, only Kiwi with his group 2627 have used Solar light to
photoactivate TiO,-ZrO, mixed oxides in reactions of methylene-blue (MB) decolorisation
and bacterial (Escherichia coli) inactivation.

In the scope of this study, we synthesized a series of TiO,-ZrO, (TZ) mixed oxides
using solvothermal method. By using this method, we were able to produce highly crystalline
samples, and avoid the need for their subsequent calcination which can decrease the number
of OH’ groups at samples’ surface. Photocatalytic activity of TZ samples was probed on
photodegradation of model compounds: phenol, 4-chlorophenol (4-CP) and 2, 4, 6-
trichlorphenol (TCP), common environmental contaminates®. Samples were photoactivated

using simulated Solar light.
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2. Experimental

2.1. Materials

All chemicals were of analytical grade (highest available) and were used without further
purification. The following commercial chemicals were used: Titanium (IV) isopropoxide
(TTIP, Aldrich, >97%), Zirconium (IV) propoxide (ZIP, Sigma-Aldrich, 70 wt% solution in
1-propanol), phenol (Sigma — Aldrich, >99%); 4-chlorophenol (4-CP, Alpha Aesar, 99%) and
2, 4, 6-trichlorophenol (TCP, Alpha Aesar, 98%), nitric acid (J.T. Baker, 65%), isopropanol
(J.T. Baker, >99.8%) and methanol (J.T. Baker, HPLC grade). Deionized water from the Mili

Q system was used in all the experiments.

2.2. Sample preparation

Pure and mixed binary oxide nanopowders were synthesized by solvothermal treatment. In a
Teflon vessel (125 ml volume) 25 ml of water and 20 ml of isopropanol were mixed at ~ 0
°C. pH was adjusted to ~2, by using nitric acid. Then, in order to get the denoted TiO,/ZrO,
% ratio, appropriate amounts of TTIP and ZIP (Table 1) were added dropwise,
simultaneously, while the solvent mixture was vigorously stirred. After 15 min of stirring in
an ice bath, the dispersion was autoclaved 24 h at 150 °C. The obtained powders were
washed using water until the water reached pH = 6. Finally, the powder was separated from
the washing solution by centrifugation and dried at 100 °C until a constant weight was
reached. Obtained samples were denoted as TiO,, ZrO,, TZ25 (TiO,/ Zr0,=75/25), TZ50

(TiOyf ZrO,=50/50) and TZ75 (TiOy/ ZrO,=25/75).

Table 1. Amounts of TTIP and ZIP used for oxides synthesis
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2.3. Sample characterization
The XRD powder patterns were obtained using a Philips PW 1050 powder diffractometer
with Ni filtered Cu K, radiation (A = 1.5418 A). The diffraction intensity was measured by
the scanning technique (a step size of 0.05° and a counting time of 50 s per step). The average
crystallite size (D in nm) was determined from XRD patterns according to the Scherrer
equation (1):

D=kM/Bcosd (D)
where k is a constant equal to 0.89, X is the X-ray wavelength equal to 1.5418 A, B is the full
width at half the maximum intensity (FWHM) of the most intensive peak of the obtained
crystalline phase, and 0 is the diffraction angle (rad) of the same peak.
The morphology and sizes of photocatalysts nanoparticles were obtained using transmission
electron microscopy, TEM, JEOL JEM 1400, accelerating voltage 120 kV. Samples for TEM
analysis were prepared as follows: a small quantity of powder was dispersed in methanol,
ultrasonicated for 1 h, deposited on C-coated Cu grids.
Textural properties of synthesized samples were determined using automatic adsorption
apparatus Sorptomatic 1990 Thermo Finningen. As obtained nitrogen adsorption/desoption
isotherms were used to calculate standard textural parameters of synthesized materials by
applying BET method 231 Detailed experimental conditions are given in Supplementary
Materials available online.
XPS analyses were carried out on the PHI-TFA XPS spectrometer manufactured by Physical
Electronics Inc. XPS spectra were excited by X-ray radiation from an Al-monochromatic
source. The binding energy of XPS spectra was calibrated in the way that within the spectrum
of carbon C 1s, the peak typical of the chemical bonds C-C/C—H was set at the binding

energy 284.8 eV.
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UV/Vis reflectance spectra (DRS) of obtained powders were obtained using an Shimadzu
UV-2600 spectrophotometer (Shimadzu Corporation, Tokyo, Japan) equipped with an
integrated sphere (ISR-2600 Plus (for UV-2600)). Photoluminescence measurements were

performed using Perkin-Elmer LS 45 fluorescence spectrometer.

2.4. Photodegradation and analytical procedure

Photocatalytic degradation of phenol, 4-CP and TCP aqueous solutions on synthesized
samples was carried out using simulated Solar light. Experimental set-up was previously
described by Radoi¢i¢ et al.*; details are given in Supplementary Material.

For kinetic studies of phenol, 4-CP and TCP photodegradation, high performance liquid
chromatography (HPLC) with diode array detection was used, as previously described by
Carevié et al.”>. Detailed adsorption (Figure S1), photodegradation and analytical procedures

are presented in Supplementary Materials available online.

3. Results and discussion

3.1. Structure and morphology

XRD patterns of the synthesized samples are presented in Figure 1. Pure TiO, (Figure la)
crystalizes in anatase (A) crystal form (JCPDS 21-1272) 18 with a small additional content of
brookite phase (peak at about 30.7°, indicated as B in Figure 1a). Photocatalytic activity of
TiO, strongly depends on its structural properties, such as its crystalline structure and phase
content. Titanium dioxide exists in three main crystallographic forms: anatase, rutile, and
brookite, with band gap energies of 3.2, 3.02 and 2.96 eV, respectively. Anatase and rutile
have a tetragonal structure and they are widely used for photocatalytic applications. Brookite
has orthorhombic structure and it is the least studied titanium dioxide phase **. The rutile

form is the most stable polymorph of TiO,, while the anatase form is metastable and
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transforms irreversibly to rutile at elevated temperatures. >> However, it is well known that
anatase TiO, usually shows higher photoactivity then the rutile TiO, while mixtures of these
two phases show better photocatalytic activity than the pure ones. *° By applying Scherrer
equation on (101), the most intensive peak of anatase crystalline phase (at ~25.4°), it was
calculated that average crystal domain size is about 6 nm.

Pure ZrO, (Figure le) mainly crystalizes in a metastable tetragonal (T, ~ 80 %)
crystal form (JCPDS 81-1544), but low-intensity peaks that originate from monoclinic (M, ~
20%) (JCPDS 65-1025) crystalline structure can also be seen. The metastable tetragonal
crystalline structure is stable up to 650 °C ¥, and the monoclinic phase is stable from room
temperature to 1200 °C *®. Besides temperature demands, transition from mT to M phase is
possible at lower temperatures if particle size reaches app. 30 nm. *° Since both phases are
existing, that can be indication that under given experimental conditions wide particle size
distribution is present. As the most intensive peaks of mT and M phases are very close, the
obtained peaks need to be fitted in order to apply the Scherrer equation to calculate the
average crystal domain size of these two phases.38 We obtained diameters of about 10 nm for
monoclinic and 8 nm for mT crystalline phases; these sizes should be considered only as
approximation.

Characteristic diffraction peaks of both oxides are clearly visible in XRD patterns of
binary oxides (Figure 1 b-d). Intensity ratio between (101) peak of anatase phase of TiO, and
(101) peak of mT phase of ZrO, follows the stoichiometric ratio of these two binary oxides. It
is also interesting to notice that, regarding intensities of (101) peak of mT and (-111) peak of
M phase, their mutual ratio does not change with increasing the amount of TiO, in the binary

oxide sample.
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Figure 1. XRD patterns of pure and binary oxides

TEM images (Figure 2) gave us better insight in the particle size distribution and
morphology of the samples. Anatase TiO, (Figure 2a) has a mixed morphology, since both
spherical and faceted cube-like particles are observed. It was previously reported ** that in
solvothermal synthesis, alcohols can act as capping agents, and, depending on the nature of
the alcohol used, stabilize the (101) or (011) facet of TiO,. We believe that here isopropanol
acted as a stabilizing agent, causing partial cubical morphology of TiO, nanoparticles.
Depending on which facet is exposed, photocatalytic activity of TiO, will change, due to
different electrophilic character and coordination number of Ti cations on different facets.*!
Even though the nanoparticles are agglomerated, it was possible to determine that the average

particle size is about 7 nm, which is in fair accordance to the XRD findings.

Figure 2. TEM images of synthesized oxides: a) TiO,, b) ZrO,, c¢) TZ25, d) TZ50 and e)

TZ75

Like TiO,, pure zirconia sample (Figure 2b) is characterized with various
morphologies: from spherical particles of about 2 nm to large irregularly shaped particles of
about 30 nm. As we have mentioned earlier in the text, mT to M phase transformation of
zirconia demands sizes of at least ~30 nm *°. According to the TEM images, this fraction of
the particles is present to a very small content in the sample, which is in good accordance
with the XRD findings.

As TEM images of binary oxides (Figure 2c and d) revealed, the two oxides didn’t
affect each other’s morphologies and sizes. It might be concluded that isopropanol doesn’t
have the same capping and stabilizing effect on zirconia particles like it has on titania

particles. There is no competition between the two: upon mixing, titania particles stay
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faceted, while zirconia is still characterized with spherical particles and wide particle size
distribution. Even though Ti and Zr cations have similar ionic radii (0.68 and 0.84 10\,
respectively), and the same charge, the main difference between the two is in the way they
are packed in a crystal lattice of the corresponding oxide. Namely, Zr'** is octacoordinated in
t-ZrO, and seven-fold coordinated in m-ZrO,.*> TiO, is made from TiOg units, where it is
hexacoordinated, but for particles smaller than 20 nm, surface Ti atoms are pentacoordinated,
feature that is actually convenient in surface modification of TiO,, since it provides easier
ligand binding.” This difference may be a reason for the different growth path in the same

synthesis conditions.

3.2. Textural properties
Nitrogen adsorption-desorption isotherms (Figure 3a) were used to determine textural
properties of the obtained samples. Specific surface areas (Sger), pore volumes (Vp o.93) and

pore sizes are summarized in Table 2.

Table 2. Textural properties of synthesized oxides
Figure 3. a) N, adsorption/desorption isotherms and (b) pore size distributions patterns of

synthesized oxides.

The isotherms of all samples can be classified as [UPAC type IVa with H2-hysteresis
loop, characteristic for mesoporous materials. The p/py at the starting point of the adsorption
curve increment is directly related to the porous dimensional structure’’. For all isotherms,
this inflection point is suited at p/py ~ 0.5, indicating a capillary condensation of gaseous N,
which further implies a narrow porous size distribution 31 as is also confirmed by our

measurements (Figure 3b). V oog value is lowest for pure zirconia, and highest for pure
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titania. Sgger follows a similar trend, with the exception of the sample TZ50, which has a
specific surface lower than pure zirconia. Our results are in opposition with literature data,
since one of the reasons for titania-zirconia coupling was to increase the specific surface area

of obtained coupled oxide.

3.3. Surface structure

In order to compare surface composition of nanocomposites with lowest (TZ25) and
highest (TZ75) zirconia content, XPS spectra were obtained (Figure 4 and survey spectra in
Figure S2, peak assignment in detail is presented in Table S1).
The quantity of added ZrO; has significant influence on the state of the binary oxides surface.
The binding energies of Ti 2p3/2 and Ti 2p1/2 are at 458.8 and 464.4 eV respectively, in both
samples (Figure 4a and b), and they are characteristic for pure TiO,. However, there are
additional peaks in both samples, suited between 455 and 458 eV that indicated the presence
of defect states (Ti** and Ti**)* as well as at about 462 eV that originate from Ti,Os.
Contribution of these species in Ti 2p area varies from ~30% for TZ75 to almost 50% for
TZ25. Finally, formation of mixed Zr-Ti species is confirmed with presence of peak at 460.7
/459.8 eV that originate from TiO, — Zr bond 2627 and peak between 466.5 and 468 eV which
originate from ZrTiO443 .
In Zr 3d (Figures 4c and d) binding energy range, there are two main peaks for both samples
at 182.5 and 185.2 eV, that originate from Zr 3ds,; and Zr 3ds, spin orbit splitting, but also
there is a peak at 180.7 eV which can be assigned to suboxidation states of zirconium ions

(Zr*, Zr** and Zr* )™,
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Figure 4. XPS spectra and their deconvolutions of the characteristic energy ranges: Ti 2p
binding energies for TZ25 (a) and TZ75 (b), Zr 3d energy ranges for TZ25 (c) and TZ75 (d)

and O 1s binding energy ranges for TZ25 (e) and TZ75 (f).

The O 1s binding energy is presented in image Figures 4e and f. As expected, peaks
of both samples are wide and asymmetric indicating the presence of different oxygen species,
which is in accordance with previously stated presence of cation suboxidation species. The
main peak is suited at 530.3 eV and it is assigned to lattice oxygen; peaks at lower binding
energies suited between 526.5 and 529.5 eV can be assigned to oxygen bound to cations
suboxidation species, while the peak suited at higher energy can be attributed to oxygen from
surface hydroxyl groups '°. Ratio between the area under this peak and the total area of O Is
can be used as a measure of the amount of surface hydroxyl groups. According to our
findings, the sample with larger titania content TZ25 has a larger amount of surface hydroxyl

groups (30%) than the sample with a larger zirconia content TZ75 (14%).

3.4. Optical properties

UV-vis diffuse reflectance spectra of all the synthesized samples were recorded in
order to gain a deeper insight into the influence of oxides coupling on their electronic
structure (Figure Sa).

As expected, the absorption edge of pure ZrO, was situated deep in the UV region. However,
the absorption edge of pure TiO, was slightly shifted to longer wavelengths, while the
absorption edges of coupled oxides were almost overlapped, and regardless of the share of
ZrO; in the nanocomposite, close to that of pure TiO,. For easier comparison, the obtained

spectra were transformed to absorption spectra by using Kubelka-Munk functionality and to
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Tauc’s plots (inset in Figure 5a). Extrapolation of the linear part of plots gave information
about band-gap energies of all samples. The estimated band-gap energy of pure ZrO, is 4.1
eV and well below the value of bulk band-gap (5.0 eV)'°. This shift towards lower energies is
also present for the band-gap of pure TiO, and coupled oxides, moving them closer to the
visible spectral region. For pure TiO, this value is 3.0 eV, while it is estimated to be 3.1 eV
for coupled oxides.

Figure 5. a) DRS spectra (inset: Tauc plots); b) PL spectra and ¢) UCPL spectra of

synthesized oxides.

PL spectra of all synthesized oxides (Figure 5b) are characterized with a strong peak
at about 420 nm (2.95 eV), with additional broad bands from 300 to 350 nm and from 430 to
470 nm. According to literature data, the energy of the most intensive transition corresponds
to the lowest indirect transition X;,—Tp of TiO,.* However, the same peak exists in the PL
spectra of pure ZrO,. As Wang et al. stated % there are two possible mechanisms that can
explain the origin of emission in ZrO,: a) existence of an impurity luminescence centre (ILC)
and b) structure defect (SD) model. ILC model ascribes luminescence to the presence of Ti*
impurity in ZrO, structure, while SD model claims that luminescence originates from singly
ionized oxygen vacancies.* In order to clarify the origin of luminescence in synthesized
samples, up-conversion photoluminescence (UCPL) spectra were recorded. Namely, if a
semiconductor is irradiated with the energy lower than the band-gap energy, electrons from
the valence band will be excited to levels situated below the conduction band. Upon their de-
excitation to ground state, photons will be emitted, and UCPL spectra will be characterized
with peaks at energies that correspond to energies of additional/defect levels.*

UCPL spectra of all the samples are presented in Figure 5c. Visible light with the

wavelength of 560 nm (2.21 eV) was used for sample excitation which is well below the
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band-gap energy of both oxides, while spectra were recorded in the range from 320 to 510
nm (3.87 to 2.43 eV). All UCPL spectra are characterized with the presence of four
peaks/shoulders suited at 402 nm (3.08 eV), 422 nm (2.94 eV), 447 nm (2.77 eV) and 484 nm
(2.56 eV). Transitions at 402 nm and 422 nm are previously reported for polyvinyl stabilized
t-ZrO;, nanoparticles of 2 nm,47 but also for oleic acid and oleylamine stabilized m-ZrO,
nanoparticles of 4 and 5 nm.* Obviously, these transitions cannot be associated to crystal
phase or size of nanoparticles. However, both transitions are also noticed in TiO,
nanoparticles,45 and they are assigned to indirect transitions; the peak at 402 nm corresponds
to I';, — Xy, transition, while the peak at 422 nm, as we have mentioned earlier, and
corresponds to X;,—1I'jp transition. Transitions at 447 nm and 484 nm are associated to
shallow trap levels that originate from oxygen vacancies. Additionally, in UCPL spectrum of
pure zirconia there is a peak suited at 350 nm (3.54 eV), which, according to Carvalho et al.*’
originates from d-d transition of Ti** impurity in tetragonal ZrO,. What we can conclude
here, is that the luminescence of ZrO, cannot be exclusively ascribed neither to the ILC nor
the SD model, considering that both, naturally present Ti impurity and oxygen defect states,
contribute to this luminescence simultaneously. As can be concluded, UCPL spectra

confirmed XPS findings of lattice structure imperfection and presence of cation suboxidation

species and oxygen vacancies.

3.5. Photocatalysis

In the majority of studies regarding binary oxides used as photocatalysts, they are
combined in order to improve the separation of photogenerated charge carriers, and
consequently, the ability of the material to produce OH radicals used in photodegradation
processes. TiO,/ZrO, nanocomposites are synthesized bearing in mind relative positions of

1.22

the conduction and valence bands of pure components. Kambur et al.”” have shown that the
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CB edge of ZrO, is on more negative potential than that of TiO,, and in the case of close
contact of the two oxides, photogenerated electrons from ZrO, will be transferred to the CB
of TiO,. However, as ZrO; is a wide band-gap semiconductor UVC light is needed for its
direct photoexcitation. As UV light makes less than 5% of Solar light, it is reasonable to
presume that the process of charge separation will not be significant in a system where
natural or simulated Solar light is used for photoactivation of oxides.

We used simulated Solar light in order to mimic conditions in natural waters. Here,
the major role of ZrO, was to improve the adsorption characteristics of TiO; i.e. to increase
the number of available active sites on binary oxide surface, compared to pure oxides, for the
adsorption of pollutant molecules.

Phenol and its derivatives are common environmental pollutants,”™ so they were
selected for study of the photocatalytic efficiencies of the synthesized samples. Kinetic

curves of photocatalytic degradation of phenol are presented in Figure 6.

Figure 6. Kinetic curves of photocatalytic degradation of phenol on synthesized oxides

As can be seen in Figure 6, phenol was completely degraded after the first 180 min of
illumination using TiO, as photocatalyst. Photocatalytic efficiency of TZ25 was lower
compared to TiO,; illumination induced desorption of phenol molecules from ZrO, surface.

Kinetic curves of photocatalytic degradation of 4-CP and TCP are presented in
Figures 7a and 7b, respectively. In the first 120 min ZrO, and TZ25 have shown slightly
better photocatalytic efficiency than pure TiO,, Figure 7a. However, after this period, sharp
increase of 4-CP concentration occurred in both zirconia containing samples, probably due to
partial desorption of 4-CP from catalyst surface. Finally, all three samples exhibited similar

photocatalytic activity after 240 min of illumination.
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Fig. 7. Kinetic curves of photocatalytic degradation of a) 4-CP and b) TCP on

synthesized oxides

Kinetic curves of photocatalytic degradation of TCP under simulated solar light are

presented in Figure 7b. In the first 90 min of irradiation pure zirconia showed the best result
for TCP removal, which was quite unexpected bearing in mind its wide band-gap.
Additionally, photocatalytic activities of all coupled oxides were higher than that of pure
TiO,, and were as follows: ZrO, > TZ25>TZ50>TZ75>Ti0,.
After this initial 90 min, 40% of TCP was degraded by pure zirconia, while for all other
samples this percent was less than 30. In the next 30 minutes, pure zirconia and all coupled
oxides entered a kind of saturation, which can probably be explained with possible
“contamination” of photocatalyst's surface by products of photodegradation of TCP. After
this saturation period, reaction of photodegradation continued in the presence of pure zirconia
and binary oxides. After 210 min of irradiation ZrO, and TZ25 degraded 70% of TCP, while
in the cases of TZ50 and TZ75 it was about 62 and 52% of initial concentration, respectively.
Concerning TiO,, initial photodegradation was a bit sluggish, as if the catalyst needed more
time to achieve adsorption/desorption equilibrium under applied irradiation. After 60 min,
photocatalytic activity of TiO; steeply rose until 150 min, and then entered saturation.

Obviously, the high specific surface area (Sggr) cannot guarantee high photocatalytic
activity; our results with TCP showed the opposite trend even as no clear correlation exists.
We should bear in mind that our samples had small and comparable Sggr values (212-121 m’
g™). Also, photocatalytic activity depends on the balance between the specific surface and the

. . . . .. 33.50
number of defects/active sites where reactions can take place as claimed in literature.”
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Photocatalytic degradation certainly goes through oxidation of pollutant molecules by
OH radicals, but route of OH radical’s formation strongly depends on incident light energy
and type of interaction between pollutant molecules and semiconductor surface. Adsorption
of phenol and chlorophenols at the TiO,/ZrO, surface is still subject of numerous studies.
However, Agrios et al.’! and Kim et al.”* have studied photocatalytic degradation of phenol
and phenolic compounds using TiO, under visible light illumination. They concluded that
phenol and chlorophenols can be adsorbed on semiconductor surface through formation of
charge-transfer (CT) complexes with phenolat linkage.52 The type of electron coupling
(weak/strong) between adsorbed molecule and semiconductor surface will determine process
that will proceed after illumination. For strong electron coupling, direct transfer of the
electron from the ligand molecule to the CB of the semiconductor is characteristic. This type
of coupling is possible for ligands that contain two adjacent OH groups (or two donor
groups)9 that are then attached to neighbouring active sites, forming stable CT complexes.7’8
In the case of weak electron coupling, the weakly chemisorbed molecule at the
semiconductor surface is firstly excited, and then the electron gets transferred to the
semiconductor.” Weak coupling has lower rates of back electron transfer.” For molecules like
phenol and aliphatic alcohols, this type of monodentante coupling is the most probable,
forming unstable complexes that can be photocatalyticaly degraded.

We believe that one of the reasons for differences in photocatalytic behaviour
between TiO, and ZrO, in photocatalytic degradation of phenol and its derivatives can be
ascribed to different coordination of surface metallic centres (explained earlier in text,
subsection 3.1.) and consequently different stability of formed CT complexes.

Presence of chlorine in 4-CP and TCP drastically influenced formation of CT at the
surface of ZrO, and TZ samples. As can be seen from kinetic curves (Figures 7a and b), ZrO,

and TZ samples have shown better initial photocatalytic activity than pure TiO,. Differences
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in efficiencies in the case of photocatalytic degradation of TCP are even more pronounced as
it seems that the increased number of chlorine ions eases formation of CT complexes with
7ZrO, (Figure S3). According to Agrios et al’!, increasing of the number of chlorines also
leads to a shift of absorption edge of formed CT complexes towards longer wavelengths
(lower energies), which can also be an additional explanation for better photocatalytic

performance of ZrO, and TZ25 samples in the case of TCP, compared to 4-CP.

Conclusion

Pure ZrO, and TiO,, as well as their mixed binary oxides with different ratios of ZrO,
and TiO, were synthesized by solvothermal method. Pure ZrO, crystalizes predominantly in
the metastable tetragonal crystal phase, with small additional content of the monoclinic
crystal phase. TEM images revealed wide particle size distribution of irregularly shaped
particles within this sample ranging from 2 to almost 30 nm. Pure TiO, predominantly
crystalize in the anatase phase, with small additional content of brookite phase. Particle size
distribution is very narrow, with the average particle size of about 7 nm. Upon influence of
mixed water-isopropanol synthesis environment, TiO; crystallites have mixed spherical/cubic
morphology. Upon mixing, both oxides kept the original crystalline and morphological
characteristics. BET measurements revealed that the specific surface area rises from pure
ZrO; to pure TiO,, with the exception of TZ50 which had lower Sggr than pure ZrO,. XPS
measurements revealed that TZ25 has a surface with many defects which can be considered
beneficial, as these defects induced energy levels placed within the band-gap of mixed oxide.
UCPL spectra of all synthesized samples provided information about positions of these
additional energy states, placing them at 3.08, 2.94, 2.77 and 2.56 eV. Additionally, XPS
spectra of TZ75 and TZ25 gave evidence for ZrO,- TiO, mixing. Band gap energies of all

synthesized samples were estimated from Tauc plots; it was shown that both pure ZrO, and
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TiO, have narrower band-gaps than reported bulk values: 4.1 and 3.0 eV respectively, and are
shifted towards the visible part of spectra. All mixed oxides are characterized with a band-
gap of about 3.1 eV. Photocatalytic activities under simulated solar light illumination of all
samples were tested on phenol, 4-chlorophenol (4-CP) and 2,4,6-trichlorophenol (TCP). TiO,
showed the highest photocatalytic activity in degradation of phenol; total degradation was
obtained within 180 min. Pure ZrO, has shown no photocatalytic activity in degradation of
phenol, moreover under simulated Solar light phenol starts to desorb from its surface. In the
case of TCP, pure ZrO, and TZ25 degraded about 70% of the initial TCP concentration
within 210 min, showing higher photocatalytic efficiency than TiO,. Photoactivity of studied
oxides under simulated Solar light illumination in photodegradation of phenol and its
derivatives is discussed through formation of unstable CT complexes between pollutant
molecules and oxides surface. Finally, we can conclude that oxides mixing can be beneficial
for their photocatalytic activities, but their ratio must be adjusted according to type of

pollutant that need to be degraded
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Figure Captions

Figure 1. XRD patterns of pure and binary oxides

Figure 2. TEM images of synthesized oxides: a) TiO,, b) ZrO,, c¢) TZ25, d) TZ50 and e)
TZ75

Figure 3. a) N, adsorption/desorption isotherms and (b) pore size distributions patterns of
synthesized oxides.

Figure 4. XPS spectra and their deconvolutions of the characteristic energy ranges: Ti 2p
binding energies for TZ25 (a) and TZ75 (b), Zr 3d energy ranges for TZ25 (c) and TZ75 (d)
and O 1s binding energy ranges for TZ25 (e) and TZ75 (f).

Figure 5. a) DRS spectra (inset: Tauc plots); b) PL spectra and c¢) UCPL spectra of
synthesized oxides.

Figure 6. Kinetic curves of photocatalytic degradation of phenol on synthesized oxides.
Figure 7. Kinetic curves of photocatalytic degradation of a) 4-CP and b) TCP on synthesized

oxides.
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Table 1. Amounts of TTIP and ZIP used for oxides synthesis

Sample TTIP (ml) | ZIP (ml)
TiO, 4 -
TZ25 3 1.43
TZ50 2 2.85
TZ75 1 4.29
ZrO, - 5.7

Table 2. Textural properties of synthesized oxides

Sample SBRET (ng’l) Vpo.8 (cm® g’l) Pore size (nm)
TiO, 212 0.296 55
TZ25 204 0.287 5.4
TZ50 121 0.174 52
TZ75 144 0.222 4.8
71O, 123 0.144 4.5
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