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Abstract

Z1/TiO, anatase photocatalysts with 0.5, 1, 2, 5 and 7.5 mol.% Zr were prepared using pressurized hot water crystallization
and their photocatalytic activity was explored in acid orange 7 photodegradation. Parent TiO, was also prepared and tested.
From all tested photocatalysts, 2 mol.% Zr/TiO, showed the highest photoactivity, and 7.5 mol.% Zr/TiO, showed the lowest
photoactivity. The poor photoactivity of 7.5 mol.% Zr/TiO, can be explained by the amorphous ZrO, present in the surface
layer (~1-3 um depth) of TiO, anatase nanocrystallite agregates which changed the aggregate morphology and shielded the
anatase nanocrystallite surface. The type and amount of defects (e.g., oxygen vacancies, lattice defects) did not effect the
photoactivity of Zr/TiO, in AO7 photodegradation. The addition of Zr to TiO, significantly affects the photocatalyst
morphology and the location where amorphous ZrO, forms. The optimal Zr loading in TiO, was determined to be 2 mol.%.
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1 Introduction

The pollution produced during processing and use of fuels
affects the environment on a global scale. The anthro-
pogenic man-made pollution was linked to the depletion of
the ozone layer, greenhouse effect and global warming.
There is a global initiative to lower the emissions and
amounts of pollutants now [1].

Photocatalysis is already applied to pollution abatement
[2, 3]. Most notable are semiconductor photocatalysts like
ZnO [4-6], TiO, [3, 7-9] and g-C3N4 [10-13]. Semi-
conductor photocatalysts utilize energy supplied by photons
to create electron—hole pairs used in chemical processes.
These chemical processes may be applied to abate air and
water pollution. The advantage of the photocatalysts is that
the energy is supplied via light (possibly daylight) and their
reusability. However, most of the photocatalysts require
ultraviolet (UV) light for their proper function. This UV
light is represented in the daylight spectrum by only 4%.
Therefore, the current challenge for the researchers is to
develop photocatalysts that are more effective or utilize
bigger part of the daylight spectrum.

One of the most researched photocatalyst materials is
TiO,. The TiO, is often doped with other elements to
improve visible light absorption and improve photocatalytic
performance [7, 14-16]. The Ti and Zr are transitional
metals from IVb group of elements and their oxides TiO,
and ZrO, show similar physico-chemical properties. ZrO,
has larger band gap than TiO,; in fact, both the valence
band and conduction band of TiO, energetically lie within
the ZrO, band gap [17]. The ZrO, possibly acts as trap for
holes and electrons and delays their recombination [18].
The electrons are trapped on the ZrO,. Prolonged lifetime of
the electron-hole pair increases their chances to undergo
desired interaction with adsorbed pollutant or creation of
radicals [19]. The Zr doped TiO, also benefits from
increased thermal stability of the TiO, phases [20], surface
acidity and surface area [21]. The benefits of Zr dopation to
TiO, on photocatalytic decomposition of pollutants were
studied for a number of chemicals, e.g., Ibuprofen [22],
Bisphenol A [23], acetonitrile in a gas phase [24],
4-chlorophenol [19], 4-nitrophenol [25], 2-chloroethyl ethyl
sulfide and dimethyl methylphosphonate [26], formic acid
[27], nitric oxide [28], Rhodamine B [29, 30], volatile
organic compounds [31], phenol [32] and toluene [33]. Acid
orange 7 (also known as Orange II or Egacide orange)
represents monoazo dyes. It is used in textile and cosmetic
industry and as a consequence can be found in waste water
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[34]. Its photocatalytic degradation is very well covered in
literature [35].

This work continues the study of Zr doped TiO, mate-
rials crystallized using pressurized hot water for use in the
photocatalysis. Previous work reported on the topic of
Zr,Ti, 10, mixed oxides (the Zr content was much higher
and ranged from 10 to 90 mol.%) and it was concluded that
the optimal Zr content for photocatalytic purposes of Zr
doped TiO, materials is below 10 mol.% of Zr [36]. The
optimal crystallization conditions for pressurized hot water
processing were found to be the temperature of 250 °C,
pressure of 10 MPa and 2 L of water [37]. Thus, a set of low
Zr loading doped TiO, was prepared using optimal pro-
cessing/crystallization conditions and its photocatalytic
properties in AO7 photodegradation were investigated in
the current study. Additionally, the electrochemical and
photoluminescence measurements were carried out to look
into the phenomena taking place on the surface of prepared
photocatalyst, affecting their photoactivity. The surface
composition and Zt/TiO, morphology was also examined in
detail.

2 Experimental
2.1 Preparation of materials

The Zr/TiO, materials were synthetized by thermal hydro-
lysis from the solution of titanyl sulfate (TiOSO,) and zir-
conium oxynitrate (ZrO(NOj),) and sulfuric acid. The
precipitate was neutralized, washed with demineralized
water and dried. The acquired powder Zr/TiO, materials
were crystallized using pressurized hot water processing.
Five Zr/TiO, oxides were synthetized; the Zirconium con-
tent was calculated to 0.5, 1, 2, 5 and 7.5 mol.%, respec-
tively. The typical synthesis is shown on the 0.5 mol.% Zr/
TiO,.

The 0.5 mol.% Zr/TiO, was prepared as follows: 0.0848
g ZrO(NOs3),.6 H,O was dissolved under vigorous stirring
(300 rpm) in 453 mL of 0.5 wt.% sulfuric acid and mixed
with 47 mL of titanyl sulfate solution (100 g TiO,/1 L). The
amount of dilute sulfuric acid was calculated and so the
mixture with titanyl sulfate solution had volume of 0.5 L.
This colloid solution was heated up to 100 °C. After the
precipitation began, the temperature was lowered and kept
at 90 °C for 1 h. The mixture was cooled down and neu-
tralized with 29 mL of 20 wt.% NaOH solution. The pre-
cipitate was filtered and washed with demineralized water.
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The supernatant was tested with the BaCl, for the presence
of sulfate anions. The sulfates were washed out with 3 L of
demineralized water and the sulfate test was negative. Filter
cake was dried at 50 °C overnight. The dried filter cake was
then crystallized using pressurized hot water processing.
The powderized filter cake sieved to <0.160 mm particle-
size fraction was loaded into a 24 mL high-temperature
stainless steel cell and placed in an oven with rapid heating.
The inlet on the bottom of the steel cell was connected by
steel capillary to the gradient pump. The upper outlet of the
steel cell was connected to steel capillary submerged in a
cooling water bath. The pressure was regulated by changing
of the length and diameter of polyether ether ketone capil-
laries connected to the outlet steel capillary. The processing
conditions were T=250°C and p=10MPa and the
amount of water pumped through the cell was 2 L of water.
For further information regarding synthesis and processing,
please refer to refs. [36, 37]. The scheme of apparatus for
pressurized hot water processing is shown in ref. [38].

2.2 Characterization of materials

The structural properties (phase composition) and micro-
structural properties (volume-weighted crystallite size, lat-
tice parameters) of powder Zr/TiO,, ZrO, and TiO, were
determined using powder X-ray diffraction (XRD). XRD
patterns were obtained using a Rigaku SmartLab dif-
fractometer (Rigaku, Japan) with detector D/teX Ultra 250.
The X-ray source was cobalt lamp (CoKa, A=0.17889
nm). The powder materials were pressed in carousel holder
and measured in the reflection mode. The XRD patterns
were collected in a 20 range from 5° to 90° with a step of
0.01° and speed 0.5 °/min. Diffraction patterns were ana-
lyzed with the aid of MStruct [39], the powder diffraction
software which is based on the Rietveld method with sev-
eral extensions for nanocrystalline materials [40]. XRD
quantitative phase analysis was performed via the Rietveld
method and assuming following phases: TiO, anatase,
brookite, rutile, ZrO, tetragonal and monoclinic.

X-ray fluorescence spectrometry (XRF) was measured on
an ARL 9400 XP sequential WD-XRF spectrometer in order
to determine the chemical composition of all prepared powder
materials. All peak intensity data were collected under the air
atmosphere. The spectrometer uses four different targets in
order to adjust the incident radiation for given group of ele-
ments. The excitation condition and the time of data collec-
tion were the following: Al-target (49 kV/0.7 mA/300 s), Mo-
target (40kV/0.44 mA/300s), Co-target (35kV/1 mA/300s)
and HOPG-target (17 kV/1.5 mA/300 s).

Textural properties of powder materials were studied
using nitrogen physisorption measurement at —198 °C. The
measurement was performed using a 3-Flex Micromeritics
instrument. Prior to the nitrogen adsorption—desorption

measurements, the materials were degassed at temperature
150 °C for 24 h under vacuum lower than 1 Pa to remove
physisorbed water. The specific surface area was calculated
according to the Brunauer—-Emmett-Teller (BET) theory for
the p/po range 0.05-0.25 and marked as Sggr (in mz/g) [41,
42]. The net pore volume, Vo, was determined from the
nitrogen adsorption isotherm at relative pressure p/pg
~0.990.

Ultraviolet—visible (UV—-vis) diffuse reflectance spectra
of hydrated and granulated materials were measured in
quartz cuvettes using a GBS CINTRA 303 spectrometer
equipped with a Spectralon-coated integrating sphere. The
spectra were recorded in the 200-800 nm wavelength range
with the lamp switched at 350 nm. The reflectances were re-
calculated to the absorption using the Schuster—Kubelka—
Munk equation, F(R«) = (1 — Roo)2/2 Reo, where Reo is the
diffuse reflectance from a semi-infinite layer. The obtained
spectra were transformed to the dependencies (F(Re) x hv)?
against /. Kubelka—Munk function was used to estimate the
band gap energy of the prepared materials. As both TiO,
and ZrO, are indirect semiconductors, the indirect band gap
energy was also determined by extrapolation of the linear
part of curve (F(R)”2 =0.

Transmission electron microscopy (TEM) analysis was
measured on a JEOL 2100 microscope at 200kV of
accelerating voltage. Prior to analysis, purified and ultra-
sonified water for 3 min was added to powder material
placed in small Eppendorf tube. Suspensions were dropped
on a copper grid with porous carbon film and dried on air.

Photoelectrochemical measurements were determined in
three-electrode setup. One electrode constituted of photo-
catalyst powder deposited onto indium-tin oxide (ITO) foil
coated by polyethylene terephthalate film. The Pt wire
served as counter electrode and Ag/AgCl electrode was
used as the reference electrode. The 0.1 M KNO; was used
as an electrolyte solution. The electrolyte in the measuring
cell was 15 min prior to and during measurement purged by
argon to eliminate any dissolved oxygen. The light source
was 150 W Xe lamp. The induced photocurrent was
recorded using a photoelectric spectrometer coupled with
the P-1F 1.6 potentiostat (Instytut Fotonowy, Poland). The
photocurrent spectra were recorded within range of 240—
500 nm with the step of 10 nm in the potential range of
—0.21t0 0.7V, step 0.1 V.

Photoluminescence (PL) spectra were measured by a
FLS920 spectrometer (Edinburgh Instrument Ltd, UK). The
spectrometer was equipped with a 450 W Xenon lamp
(Xe900). The excitation wavelength was 325 and 386 nm.
The width of excitation and emission slits was 3 nm and
spectra were measured in the range from 250 to 630 nm
(resp. 530 nm).

The surface composition of the materials and the che-
mical states of the elements were inspected by X-ray
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Table 1 Chemical composition, textural and optical properties of prepared Zr/TiO, oxides

Material XRF

Nitrogen physisorption

DRS

TiO, (Wt.%)  ZrO, (wt.%)

Porous character

Sper (M2/g) Ve (mmPjig/g)

Direct E, (V)

Indirect E; (V)

0.5mol.% Zr/TiO, 99 1 Macro-mesoporous
1 mol.% Zt/TiO, 98 2 Macro-mesoporous
2mol.% Zr/TiO, 97 3 Macro-mesoporous
5mol.% Zt/TiO, 93 7 Macro-mesoporous
7.5mol.% Zt/TiO, 90 10 Macro-mesoporous
TiO, [36] 100 0 Mesoporous

99 297 3.36 3.08
100 324 3.38 3.14
91 291 3.39 3.13
89 378 3.38 3.11
83 360 3.32 3.02
117 271 - 3.11

XRF X-ray fluorescence spectrometry, DRS diffuse reflectance spectroscopy

photoelectron spectroscopy (XPS) using a SPECS PHOI-
BOS 100 hemispherical analyzer with a 5-channel detector
and a SPECS XR50 X-ray source equipped with an Al and
Mg dual anode. The measurements were performed with Al
anode at Epass 40eV for survey spectra and Epass 10eV
for high-resolution spectra. The acquired data were pro-
cessed in CasaXPS software with Shirley background pro-
file and built-in RSF were used for calculation of the
compositions from high-resolution spectra.

The scanning electron microscope (SEM) Quanta FEG
450 (FEI, Czech Republic) with energy-dispersive spec-
trometer OCTANE (EDS, USA) was used for character-
ization of the morphology of the studied samples and
surface elemental composition. Images were taken using
secondary and backscattered electron detectors at 15-20
keV.

2.3 The photoactivity test

The photoactivity was determined using azo-dye Acid
orange 7 photodegradation. The powder photocatalyst was
mixed with the solution of azo-dye and the resulting sus-
pension was illuminated with UV light. The changes to the
dye concentration due to photoactivity of the photocatalyst
were determined from the changes in absorbance of the dye
solution.

The powder photocatalyst (0.05 g) was mixed with 150
mL of Acid orange 7 solution (c= 3.107° mol/L). The
resulting suspension was kept stirring (400 rpm) in dark for
30 min. After 30 min in the dark, the absorbance value was
measured and UV illumination started. The UV light was
from Narva Blacklight blue lamp (A =365nm, 36 W) and
sampling was realized at first in 30 min and later in 60 min
intervals. The samples were taken with syringe (2 mL of the
suspension was taken) and filtered (syringe filter with 0.45
pm pore size with the glass prefilter). One milliliter of the
filtered solution was diluted with demineralized water to 10
mL solution and the absorption was measured on this dilute
solution. The calibration curve was determined using dif-
ferent concentrations of AO7 solution (0, 0.6, 1.2, 2.4 and
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6.107> mol/L). The regression curve from calibration data
had following equation: y = 16,766x + 0.0049, R? = 0.9998.

The decrease of the dye concentration due to photo-
activity of the photocatalyst was determined using UV-vis
spectrometer Specord 250 Plus with software WinASPECT
PLUS version 4.1.0.0.

3 Results and discussion
3.1 Characterization of materials

The Zr/TiO, oxides were synthetized using thermal hydro-
lysis and crystallized using pressurized hot water. The
crystallization conditions were: 250 °C, 10 MPa, 2L of
water. The Zr/TiO, oxides were characterized with the
following methods: XRF, nitrogen physisorption measure-
ment, UV-vis diffuse reflectance spectroscopy (DRS),
XRD, TEM analysis, photocurrent measurement and PL
spectroscopy. The photocatalytic activity was tested with
Acid orange 7 degradation test. The processed materials are
designated as x mol.% Zr/TiO,, where x is the Zr molar
content ranging from 0.5 to 7.5%. For further details
regarding the pressurized hot water crystallization, please
refer to refs. [36, 37].

The effect of pressurized hot water processing on (micro)
structure, textural, optical, electronic and photocatalytic
properties of prepared Zr/TiO, oxides on AO7 photo-
degradation was examined.

The chemical composition, textural and optical proper-
ties of processed Zr/TiO, oxides are summarized in Table 1.

The calculated and measured chemical composition is in
good agreement. The synthesized Zr/TiO, oxides are
macro-mesoporous solids with surface areas ~80—100 m%/g,
and the specific surface area decreases with the increasing
Zr content in TiO,. The decreased specific surface area of
Z1/TiO, oxides can be attributed to larger TiO, anatase
crystallite size (growing from 13.4 nm in 0.5 mol.% Zr/TiO,
up to 16 nm in 7.5 mol.% Zr/TiO,) (Table 2). According to
XRD patterns (Fig. 1) all prepared crystalline Zr/TiO,
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Table 2 Phase composition and

microstructure of prepared Zr/ Material Phase composition <D>y (nm) Lattice parameters

TiO, oxides a (A) ¢ (/o\)
0.5 mol.% Zr/TiO, Anatase 13.4 3.786 9.501
1 mol.% Zr/TiO, Anatase 13.8 3.787 9.506
2 mol.% Zr/TiO, Anatase 14.4 3.788 9.518
5 mol.% Zr/TiO, Anatase 16.0 3.792 9.546
7.5 mol.% Zr/TiO, Anatase 16.0 3.796 9.565
TiO, [36] 96 wt.% anatase, 4 wt.% brookite 11.2% 3.789% 9.506"

<D>y volume-weighted crystallite size

*Anatase phase

10000
——0.5 mol.% Zr/TiO,
. —— 1 mol.% Zr/Tio,
A 2mol.% Zr/Tio,
8000 — ‘ ——5mol.% ZrTiO,
——7.5mol.% Zr/TiO,

Intensity (arbitrary unit)

20 (deg)

Fig. 1 X-ray powder diffraction (XRD) patterns of Zt/TiO, oxides. A,
TiO, anatase

oxides are composed solely of anatase crystal phase. No
other crystallographic phases like brookite, rutile, ZrO,
tetragonal and monoclinic were detected. The Zr content
(0.5-7.5mol.% Zr) is so low that the Zr does not form a
separate ZrO, crystal phases and serves as a dopant in TiO,.
This feature can be seen from the anatase lattice parameters
(Table 2). The incorporation of Zr** into TiO, anatase
crystal lattice (for Ti*") is taking place. The ionic radius of
Zr*" ions (0.59 A) is larger compared to ionic radius of Ti*"
jons (0.42 A) [43]. The difference in ionic radius of sub-
stituent Zr*" causes elongation of the anatase crystal cell
which can be seen as an increase of the ¢ anatase lattice
parameter as mentioned in ref. [37]. The progressive
increase of ¢ anatase lattice parameter corresponds well with
the increasing Zr loading in the set (Table 2).

The optical results evaluated from DRS UV-vis mea-
surements (Table 1) show a marginal increase in direct and
indirect E, with the increase of Zr content (from 3.08 to

3.14eV). The 7.5 mol.% Zr/TiO, oxide shows drop in the
E, (to 3.02¢V).

The TEM images of 2 mol.% Zr/TiO, in Fig. 2a, b prove
crystalline material. From the histogram in Fig. 3 the narrow
crystallite size distribution with maximum crystallite size
between 10 and 15 nm is apparent. These results are in a
good agreement with the ~13—16 nm crystallite size deter-
mined from XRD (Table 2).

The photoelectrochemical measurement in Fig. 4 was used
to assess and predict the photocatalytic activity of
the prepared Zr/TiO, oxides. All of the oxides showed pho-
togenerated current under irradiation with the wavelengths A
=320 nm and higher (Fig. 4a). Figure 4b shows the photo-
current measured at A=360nm (the closest wavelength
corresponding to the maximum of the lamp used in photo-
catalytic experiment). In all of the measured oxides, a slow
recombination (apparent from the shoulder on the right side at
the base of the peak) is apparent. Initial fast rise followed by
slower rise to a steady-state value is probably caused by
imbalance in charge carriers mobilities (electrons and holes).
The fast rise can be attributed to the faster carrier and a
subsequent slow rise to the slower carrier [44]. The photo-
current responses were recorded at applied external potential
of 0.7 V. When external potential is applied to the ITO foil
(working electrode), the generated electrons are forced to
transfer from the photocatalyst to the ITO, preventing them to
recombine with holes. Such a result gives information about
the amount of generated charge carriers which was the highest
for 0.5 mol.% Zx/TiO, (Fig. 4b). However, higher amount of
charge carriers does not mean higher photocatalytic activity
which is seen from the photocatalytic results (discussed later
in the section ‘Photocatalytic results’) where the most photo-
catalytically active photocatalyst (2 mol.% Zr/TiO,) had the
lowest photocurrent at 360 nm (Fig. 4b). These results are
pointing toward a significantly more effective separation of
charge carriers in this photocatalyst compared to the other
four, which is the goal of this work, to find optimal loading of
zirconium to lower the recombination rate of charge carriers
as much as possible.
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Fig. 2 The transmission electron
microscopy (TEM) images of 2
mol.% Zr/TiO,

N
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- N
2 20
[0}
>
g N

10 — T

N
N
o N N -
L | L
0 5 10 15 20 25 30 35 40

Crystallite size (nm)

Fig. 3 Crystallite size distribution of 2mol.% Zr/TiO, determined
from transmission electron microscopy (TEM) image
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 0.15 ( ——0.5mol.% ZrTio,
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’ 1 f\ | ——5mol.% Zr/Tio,
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Fig. 4 a The photoelectrochemical measurement of Zr/TiO, oxides. b
The detail of the photoelectrochemical measurement of Zr/TiO, oxides
at 360 nm
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70000 - 2, =325nm = 0.5 mol.% ZI/TiO,
1 e===1mol.% Zr/TiO,
60000 — 2 mol.% Zr/TiO,
1 =5 mol.% Zr/TiO,
. 50000 — 7.5 mol.% Zr/TiO,
2 — T |
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<. 40000 — 436 nm e====TiO, Degussa P25
S 456 nm
c T 467 nm
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10000 — -
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400 500 600
Wavelength (nm)

Fig. 5 The emission spectra of Zr/TiO, oxides

In Fig. 5 the emission spectra of selected Zt/TiO, oxides
are shown and for comparison parent TiO, and TiO,
Degussa P25 are added. On the basis of shape and intensity
of the gathered spectra, three groups/types of PL spectra can
be distinguished. The high intensity of emission peak
indicates large amount of structural defects of similar type.
The first group consists of 0.5 mol.% Zr/TiO,, 5 mol.% Zt/
TiO,, 7.5 mol.% Zr/TiO, and 2 mol.% Zr/TiO, with peaks
at 428, 456 and 557nm and high PL intensity. TiO,
Degussa P25 with characteristic peaks at 411 and 437 nm
belongs to the second group, and its spectrum has lower
intensity than the first group of materials. The third group
consists of TiO, and 1 mol.% Zr/TiO,. The spectra in the
third group have very low intensity and only hints of peaks
at 428, 456 and 557 nm.

From comparison of peak intensities at 557 nm, it can be
assumed that the significant increase in PL intensity of Zr/
TiO, oxides is due to the Zr dopation. The large emission
band from 350 to 530 nm can be divided into two bands.
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Table 3 The surface elementary

composition of Zt/TiO, Material Concentration [atm.%] 2;1%0 Amount in [%]

determined by X-ray Cls Ols Ti2p Zr3d Ol1s O-metal Ols -OH TiO, Sum of

photoelectron spectroscopy subTiO
0.5 mol.% Zr/TiO, 109 61.8 27 ~0.3 23 95 5 97 3
1 mol.% Zr/TiO, 64 649 282 ~05 23 95 5 95 5
2mol.% Zr/TiO, 165 588 24 ~0.8 2.5 93 7 9% 4
Smol.% Zr/TiO, 124 619 238 2 2.6 91 9 95 5
7.5mol.% Zr/TiO, 10.8 61.6 239 3.6 2.6 93 7 93 7
TiO, 9.5 645 26 0 2.5 91 9 9% 4

‘~” Means rough estimation based on X-ray photoelectron spectroscopy (XPS) measurements

Table 4 The comparison of Zr/Ti atomic ratios determined by different
techniques

Material Theoretical XRF SEM- XPS
EDS?
Zr/Ti ratio  Zr/Ti ratio Zr/Ti ratio  Zr/Ti ratio

0.5 mol.% Zr/ 0.0050 0.0065 0.0038 ~0.0111
TiO,

1 mol.% Zr/TiO, 0.0101 0.0132 n.d. ~0.0177
2 mol.% Zr/TiO, 0.0204 0.0201 0.0148 ~0.0333
5mol.% Zr/TiO, 0.0526 0.0488 n.d. 0.0840
7.5 mol.% Zr/ 0.0811 0.0720 0.0743 0.1506
TiO,

TiO, - - - -

SEM-EDS scanning electron microscope—energy-dispersive spectro-
meter, XPS X-ray photoelectron spectroscopy, n.d. not detected,
‘~’ means rough estimation based on XPS measurements

The atomic % of Zr and Ti was determined from the 1 um? area of the
material surface as an average value taken from 4 different places
within the material surface

One from 400 to 442 nm can be attributed to self-trapped
excitons [45] and the second one from 442 to 561 nm to
shallow trap levels at 456, 467, 490 and 496 nm [46-48].
The peak at 456 nm is attributed to oxygen vacancies [49].
The low PL intensity indicates the decrease of recombina-
tion rate [47, 50, 51].

Concerning the surface properties of Zr/TiO, oxides, the
XPS was performed. The Zirconium binding energies (BEs)
of Zr 3p at 332.2 and 346 eV and of Zr 3d5/2 at 181.4eV
confirm the presence of Zr in the form of ZrO,, not metallic
Zr (Supporting material, Fig. S1). The Ti is present in the
form of TiO, and substochiometric Ti oxides. The BEs of
Ti2p3/2 at 458.3eV and Ti2pl1/2 at 463.8 eV (Supporting
material, Fig. S2) and corresponding Ols at ~530eV
(Supporting material, Fig. S3) corroborate to the presence of
TiO,. The shift in Ti2p3/2 to 455.5 eV and Ti2p1/2 at 461.3
eV corresponds to Ti*" presented in a low amount

(Table 3). The shoulder at the left side at 530 eV (towards
higher energies) can be attributed to lattice oxygen and
oxygen vacancies [52]. The elementary composition deter-
mined by XPS is summarized in Table 3. The amount of
hydroxyl groups is decreased at decreased Zr content,
although the differences are minor.

Concerning the Zr/Ti atomic ratio, XPS determined
significantly higher Zt/Ti ratios than SEM-EDS (Table 4).
Surprisingly, the surface Zr/Ti atomic ratios determined by
XPS also markedly exceeded the real total Zr/Ti atomic
ratios determined by XRF. This can be attributed to the fact
that XPS analyzes the surface to the depth <10 nm, while
SEM-EDS analyzes to the depth of 1-3 um. Overall, the
Zr/Ti atomic ratios determined by SEM-EDS as well as
XPS rise. SEM-EDS-determined Zr/Ti atomic ratios indi-
cate that increasing Zr loading leads to Zr/TiO, with Zr*"
present probably in the form of amorphous ZrO, con-
centrated in the 1-3 pm depth/surface layer of TiO,. How-
ever, for 0.5 and 2mol.% Zr, the Zr/Ti atomic ratios
represent approximately 50-70% of the total Zr/Ti atomic
ratios, and for 7.5 mol.% Zr, the Zr/Ti atomic ratio equals to
the total Zr/Ti atomic ratio (Table 4).

From SEM-EDS photographs, it is also evident that the
morphology of individual Zr/TiO, differs (Fig. 6). While
0.5 and 2mol.% Zit/TiO, show small regular spherical
aggregates of nanocrystallites <1 um size, 7.5 mol.%
Z1/TiO, shows irregular aggregates of nanocrystallites of
different sizes with sharp edges. The surface distribution of
individual elements (O, Ti, Zr) in photocatalysts seems to
be regular (Supporting Material, Figs. S4 and S5).

3.2 Photocatalytic results

The photocatalytic activity was tested on decomposition of
AQ7. The photoactivity of 0.5 mol.% Zr/TiO, 1 mol.% Zx/
TiO, and 5 mol.% Zr/TiO, was comparable (Fig. 7). The
7.5mol.% Zr/TiO, showed the lowest photoactivity. The
highest photoactivity was determined for 2 mol.% Zt/TiO,.
The conversions after 3h and 8 h of irradiation and rate
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Fig. 6 Scanning electron
microscope—energy-dispersive
spectrometer (SEM-EDS)
photographs of a 0.5 mol.%
Z1/TiO,, b 2 mol.% Zx/TiO, and
¢ 7.5mol.% Zr/TiO,
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Fig. 7 Time dependencies of AO7 conversion for Zr/TiO, oxides

constants are summarized in Table 5. Although 2 mol.% Zr/
TiO, showed the highest values of k, 0.01431/min, and
AQT7 conversion of 99% after only 3 h, the TiO, Degussa
P25 remains unsurpassed (Table 5). All other investigated
oxides showed one order lower rate constants than 2 mol.%
Zr/TiO,.

@ Springer

Table 5 Conversions of AO7 after 3 and 8 h of irradiation and reaction
rate constants for investigated oxides

Material Xa07 Bh) (%) Xao7 (8hy (%)  k-10° (min)
0.5mol.% Zr/TiO, 76 100 9.14+0.34
1 mol.% Z/TiO, 69 100 9.43 £0.42
2mol.% Z/Ti0, 99 100 1431+1.28
5mol.% Z/Ti0, 64 100 9.40£0.55
7.5mol.% Zr/TiO, 32 71 2.36+0.05
TiO, [36] 76 97 8. 13+0.33
TiO, Degussa P25 100° 100 24.88 +2.45
After 2h

3.3 Discussion on the microstructure/defects/
morphology-photoactivity correlation

With respect to comparison of structure and optical prop-
erties and photocurrent measurements of prepared Zr/TiO,
photocatalysts with 0.5-7.5mol.% Zr, it can be said that
there are negligible differences between the materials. The
phase composition indicates the presence of TiO, anatase in
all Zt/TiO, photocatalysts. Based on the change of anatase
lattice parameters, it can be assumed that Zirconium was
incorporated to the TiO, anatase crystal structure. The Zr
dopation resulted in increased anatase crystallite size (from
~13 to ~16 nm) which is in good agreement with the results
from our previous study [36]. Correspondingly, the specific
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Fig. 8 The correlation between the type of defect and their relative
amount, /;/,, and the reaction rate constant, k, of investigated Zt/TiO,
in AO7 photodegradation

surface area of Zr/TiO, photocatalysts decreased (from ~100
to ~83 m%/g) with the increasing Zr content. The increased
concentration of oxygen defects had a positive effect on the
photocurrent generation which stems from increased
recombination time as it can be seen from the photocurrent
and PL results of 0.5 mol.% Zr/TiO,, 5 mol.% Zr/TiO, and
7.5mol.% Zr/TiO,. This is in good agreement with the
results from ref. [37] and confirms that although the pho-
tocatalyst may generate large number of excitons and have
increased recombination time due to the presence of defects,
this does not secure a good photocatalytic performance (0.5
mol.% Zi/TiO, showed the highest photocurrent response
but the highest photodegradation rate of AO7 was achieved
with 2 mol.% Zr/TiO,). Several mechanisms take place in
photocatalyst, from generation of exciton pair, transport of
the electrons and holes to the surface, adsorption of the
pollutant onto the photocatalyst surface, formation of reac-
tive species on the photocatalyst, to diffusion of the degra-
ded products, etc. All of these mechanisms are rooted in
material properties such as specific surface area, surface
charge, phase composition, crystallite morphology and size,
band gap and charge carriers’ recombination, defects on
surface or in crystal lattice, material morphology, etc.

In order to understand the influence of different Zr
loading in TiO, on the type and amount of defects and their
role/effect in the Zr/TiO, photocatalytic activity in AO7
photodegradation, the correlation in Fig. 8 is shown.
Namely, in Fig. 8 the correlation between the relative ratio

of defects of two types, 1)/, (I, is the area of peak with
maximum at 428 nm, /, is the area of peak with maximum
at 557 nm in emission spectra, Fig. 5) and the reaction rate
constant, k, of individual Zr/TiO, is depicted. It is worth
mentioning that TiO, Degussa P25 was not included in this
correlation since it possesses significantly different phase
composition (80 wt.% anatase + 20 wt.% rutile) than
investigated Zr/TiO, (anatase) and, thus, its emission
spectrum is different from that of other investigated Zr/TiO,
(Fig. 5). The results for parent TiO, should also be taken
into account with caution since it is anatase—brookite mix-
ture (Table 2). The correlation was created since it was
reported that the certain type of defects/oxygen vacancies
can affect the photocatalytic activity of catalysts [53].
However, from Fig. 8 it is evident that in the case of
Z1/TiO, with low Zr loadings, any certain type of defect
does not crucially influence the Zr/TiO, photocatalytic
activity, and there exists the optimal Zr loading of 2 mol.%.
Since in the cases of 2 and 7.5 mol.% Zr in TiO, there are
comparable types of defects and their relative amounts, but
photocatalysts show significantly different photocatalytic
activity corresponding to significantly different kinetic rate
constants, it is obvious that there exists some material
aspect/property which plays the crucial role in photo-
activity, but stays still unrevealed.

Considering the fact that (i) 7.5 mol.% of Zr in TiO,
corresponds to high content of ~10 wt.% of ZrO, besides
TiO,, however, XRD did not reveal any crystalline poly-
morph of ZrO, and (ii) due to larger ionic radius of Zrtt
compared to Ti*' the saturation of TiO, anatase crystal
lattice by Zr** may be expected at low atomic % of Zr, it
may be supposed the Zr*" is present as ZrO, amorphous
phase/clusters in 7.5mol.% Zr/TiO,. This amorphous
phase covers/is part of agregated TiO, anatase nanocrys-
tallite surface. This result corresponds to SEM-EDS
observations when for 7.5 mol.% Zr/TiO, the SEM-EDS
determined Zr/Ti atomic ratio to the total Zr/Ti ratio
determined by XRF, proving Zr*" present in the 1-3 um
surface layer of TiO, nanocrystallite agregates. The present
amorphous ZrO, may cover the anatase nanocyrstallites
surface, and thus the anatase surface is shielded against UV
light. This material feature is probably a consequence of the
synthesis method. The colloid solution of mixture of two
precursors—titanyl sulfate and zirconium oxynitrate—
starts to precipitate after reaching ~90 °C temperature. It is
not clear if the hydrolysis of the precursors (precipitation)
is simultaneous or it occurs separately. It is obvious that for
0.5-5mol.% of Zr in TiO,, the photocatalytic activity of
Z1/TiO, is comparable with the exception of 2 mol.% of Zr
in TiO, when the significantly higher photoactivity was
reached. This indicates the existence of the optimal Zr
loading in TiO; to be 2 mol.%.
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4 Conclusion

Z1/Ti0O, anatase photocatalysts with low Zr loading (0.5-7.5
mol.%) were prepared via colloid solution precipitation by
thermal hydrolysis and using pressurized hot water crystal-
lization, and their photocatalytic activity was investigated in
AQ7 photodegradation at 365nm UV light. The photo-
catalyst activity decreased as follows: 2mol.% Zr/TiO,>
TiO, ~0.5mol.% Zr/TiO, ~1 mol.% Zr/TiO, ~5mol.% Zr/
TiO, > 7.5 mol.% Zr/TiO,. The lowest photocatalytic activ-
ity of 7.5 mol.% Zt/TiO, can be attributed to the presence of
amorphous ZrO, dominantly in the surface layer (~1-3 um
depth) of TiO, anatase nanocrystallite agregates which
changed the morphology of TiO, nanocrystallite aggregates
and shielded the anatase nanocrystallite surface. It was
revealed that the type and amount of defects (e.g., oxygen
vacancies, lattice defects) do not affect the photoactivity of
Z1/TiO, in AO7 photodegradation. The addition of Zr to
TiO, changes significantly the morphology of the photo-
catalyst and affects the location of the formed amorphous
ZrO,. The optimal zirconium loading in TiO, was deter-
mined to be 2 mol.%. Against all expectations, the photo-
electrochemical measurements did not offer a satisfactory
explanation of different Zr/TiO, photoactivity.
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