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Abstract: A microwave method was used for the synthesis of TiO2-ZnO oxide systems. A detailed
investigation was made to study the effect of the molar ratio of components (TiO2:Zn0O=9:1, 7:3, 5:5,
3:7, 1:9) on the crystalline structure and morphology. Based on the TEM pictures, the presence of
octahedral and rod-shaped titania particles and sheet zinc oxide particles had been shown.
Moreover, the synthesized materials were analyzed by X-ray diffraction (XRD) and high resolution
transmission electron microscopy (HR-TEM), and two crystalline forms —anatase and wurtzite were
detected. The adsorption-desorption N: isotherms confirmed mesoporous characters of the
fabricated binary oxide materials. The main goal of the work was to determine the photocatalytic
activity of the obtained TiO2-ZnO oxide systems in the degradation of phenol. Photo-oxidation tests
proved that the binary oxide materials (especially the (9)TiO2-(1)ZnO and (7)TiO2-(3)ZnO samples)
demonstrate high photocatalytic activity in the decomposition of phenol (95% after 80 min
irradiation) compared with the reference titania sample. Furthermore, it was also pointed out that
the dye-sensitized solar cells (DSSC’s) can be a second application for the synthesized TiO2-ZnO
materials. The best photovoltaic parameters have been found in the case of the (9)TiO2-(1)ZnO
material, which was characterized by an efficiency of 8.84%. The improvement effect is caused by
introducing into the TiO2-ZnO oxide system a ZnO material with a higher conductivity band, which
additionally improve the transport of electrons inside the semiconductor layer.
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1. Introduction

Nowadays, the world faces enormous challenges ahead as drinkable water run short due to
natural disasters associated with global warming [1,2]. The urbanization, as well as the development
of the world economy, causes temperature increases in the natural environment and hence the
problem with access to water [3,4]. Therefore, the possible reuse of wastewater for agricultural and
industrial activities may be the best solution for the future of sustainable water management. Since
these wastewaters constitute one of the most extensive possible water resources, their reuse could
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offset more clean water resources [5-7]. Based on scientific knowledge, one of the leading technology
for the purification of sewage is photocatalysis. Photo-oxidation process has attracted increasing
attention during the past decades due to its effectiveness in rapidly degrading and mineralizing
recalcitrant organic compounds such as pharmaceuticals, dyes or derivatives of phenol.

Additionally, a significant problem related to economic progress is the energy production from
fossil fuels, which causes deterioration of air quality. According to the reports of the Global Health
Observatory (GHO) every year, approximately 4 million people die due to air pollution. Therefore,
the improvement of air quality is critical. This can be achieved by the application of dye-sensitized
solar cells in energy productions, among others [8,9]. Since both of the above mentioned technologies:
photocatalytic degradation of organic pollutants, as well as energy production using DSSC’s are
based on photo-induced processes, an important aspect is the selection of the material which will be
characterized with well-defined photocatalytic as well as photovoltaic properties [10,11].

Furthermore, based on the available literature [12], it was found that the properties such as
crystalline structure and morphology have a crucial role in the potential application of final materials.
Among synthesis methods which allow to control the crystallinity and morphology special attention
should be paid to hydrothermal treatment [13], electrospinning [14], sonochemical [15] or soft/hard
template [16] methods. Nowadays, scientists are also focusing on the microwave synthesis [17,18].
This technique has many advantages such as rapid and uniform heating, energy-saving process,
higher yield and shorter time of preparation, lower processing cost as well as obtaining products with
narrow particle size distributions etc. [19]. Additionally, Roberts and Strauss [20] reported that
microwave synthesis could be an element of a broad strategy towards environmental protections.

Taking into account the previous scientific works of our research team, as well as the lack of
literature reports on the use of microwave treatment in the synthesis of mixed oxide systems, the
main aim of the research was to applied the microwave synthesis for fabrication of titanium dioxide-
zinc oxide materials. The obtained systems exhibited highly crystalline phases: anatase and wurtzite.
Additionally, based on the TEM images, it was indicated that ZnO nanosheets were covered with
nanocrystalline TiO2 particles. The key element of the work was the potential application of the
synthesised oxide systems. In the first, was specified the photocatalytic activity of the fabricated
TiO2-ZnO oxide systems in the degradation of phenol. The performed photo-oxidation tests proved
that the binary oxide materials (especially the (9)TiO2-(1)ZnO and (7)TiO2-(3)ZnO samples)
demonstrate high photocatalytic activity in the decomposition of phenol compared with the reference
titania sample. Type II heterojunction has been proposed as the primary mechanism for improving
the efficiency of photodegradation. Moreover, the synthesized materials have also exhibited good
properties when were used as a semiconducting layers in DSSCs. The best photovoltaic parameters
have been found in the case of the (9)TiO2-(1)ZnO oxide system, which was characterized by an
efficiency of 8.84%.

2. Materials and Method

2.1. Materials

TiCls (97%), Zn(COO)22H20 (99.5%), polyvinylpyrrolidone (PVP, 99%) and sodium hydroxide
(99.5%) were purchased from Sigma-Aldrich (USA). All reagents were of analytical grade and used
without any further purification. The water used in all experiments was deionized.

2.2. Preparation of Oxide Systems

The preparation of the titanium dioxide-zinc oxide systems was realized with two steps. First,
TiO2 was synthesized in the following methodology. To 10% solution of titanium(IV) chloride, a5 M
solution of sodium hydroxide was added (dosing rate of 5 cm3/min) until the pH reached 10. Next,
the resulting mixture was transferred to microwave reactor and heated at 200 °C for 10 min at a power
of 300 W. The obtained titanium dioxide was filtered, washed three times with deionized water and
ethanol, and dried at 105 °C for 12 h. Subsequently, the synthesis of TiO2-ZnO oxide systems was
carried out. In 100 cm?® of a 5% aqueous solution of zinc acetate, 1 g of polyvinylpyrrolidone (PVP)
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was added. The received mixture was adjusted to pH 8, with used of 1 M sodium hydroxide solution.
After this step, titania obtained in the first step was added as a suspension in water and next resulting
mixture was stirred for 30 min. Finally, the obtained mixture was subjected to microwave treatment
at 150 °C for 10 min at a power of 300 W. The synthesized materials were filtered and washed three
times with deionized water and ethanol and dried at 60 °C for 6 h. Additionally, for comparison
purposes, titanium dioxide and zinc oxide samples obtained as reference samples.

2.3. Characterization of Obtained Oxide Systems

The characterization of the physicochemical parameters of the fabricated TiO2-ZnO oxide
systems included the investigation of morphology in particular shape and size of particles (SEM and
TEM microscopy) and crystallography (XRD) analysis. Additionally, determination of the parameters
of the porous structure using low-temperature N2 sorption [21-23] has been conducted.

2.4. Tests of Photocatalytic and Photovoltaic Properties

The photocatalytic activity of the obtained TiO2-ZnO oxide systems was tested in the oxidation
reaction system using UV-Vis irradiation. The methodology of photocatalytic tests was presented in
our previous work [21]. Additionally, studies related to fabrication of dye sensitized solar cell was
carried out. Defining parameters such as preparation of DSSC, dye loading and photovoltaic
characteristics were presented in the research article [24].

3. Results and Discussion

3.1. Morphology

In the first stage of the physicochemical analysis of the obtained TiO2-ZnO systems, scanning
and transmission electron microscopy (SEM and TEM) was carried out (Figure 1). The techniques
mentioned above were used to determine the morphology (shape and size) of the particles of selected
oxide systems ((7)TiO2-(3)ZnO, (5)TiO2-(5)ZnO0, (3)TiO2-(7)ZnO) and reference samples.

The presented images for the reference TiO: sample show the existence of well-formed
nanoparticles of various shapes, e.g. overlong (<50 nm) and also octahedral (<25 nm). However, it
should be noted that the obtained nanoparticles tend to form larger aggregates (~ 200 nm), which can
be observed in the SEM image presented. Whereas for ZnO, overlong particles (~ 400-500 nm) and
nanosheets (<250 nm) were observed. The occurrence of two morphological varieties of ZnO is related
to the conditions of synthesis, especially with influence of pH on the shape of the synthesized
particles, which was described, among others, by Motshekg et al. [25], as well as Ludi et al. [26].

Based on the SEM and TEM results, it was shown that TiO2-ZnO oxide systems are characterized
by the presence of both TiO2 nanoparticles and morphological forms corresponding to the ZnO phase.
For sample (7)TiO2-(3)ZnO, the occurrence of single ZnO nanostructures, which were, to some extent,
covered with aggregated of TiO2 nanoparticles, was observed. In the case of oxide systems formed at
the molar ratio of TiO2:ZnO=5:5 and 3:7, a similar morphology was observed. Moreover, based on the
interpretation of TEM images, it was indicated that TiO:2 particles are incorporated on the surface of
ZnO nanostructures.
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Figure 1. SEM and TEM images for TiOz (a,b), (7)TiO2-(3)ZnO (c,d), (5)TiO2-(5)Zn0O (e f), (3)TiOz-
(7)Zn0O (g h), ZnO (ij).
3.2. Crystalline Structure

In order to determine the characteristics of the crystalline structure of the TiO2-ZnO oxide
systems and reference samples, XRD analysis (Figure 2) was performed.
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Figure 2. XRD patterns for TiO2-ZnO oxide systems and reference samples synthesized using the
microwave method.
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On the XRD pattern for the titanium dioxide sample, the diffraction peaks characteristic of the
anatase crystalline structure (card no. 9009086) [13,27] were observed. On the other hand, on the
diffraction pattern for the reference ZnO sample, diffraction reflections corresponding to the
structure of the wurtzite (card no. 2300112) [28,29] were noted. Based on the crystallography results
for two-component materials, it was shown that regardless of the molar ratio of TiO2:ZnO, diffraction
reflections corresponding to both anatase and wurtzite structures were observed. Due to the changes
in the intensity of the diffraction peaks corresponding to the structures mentioned above, in the next
step, it was decided to determine the phase compositions and the average crystallite size of the
analyzed materials (Table 1).

Table 1. Determination of the phase compositions and average crystallite size for TiO2-ZnO oxide
systems and reference samples synthesized using the microwave method.

Sample Phase Composition (%) Crystallinity Size (nm)

Anatase Wurtzite Anatase Wurtzite

TiO:2 100(1) - 14.6 (x0.1) -
(9)TiO2-(1)ZnO 92(2) 8(1) 16.5 (x0.1) 20.7 (+0.8)
(7)TiO2-(3)ZnO 74(1) 26(1) 15.7 (+0.1) 23.1 (+0.4)
(5)TiO2-(5)ZnO 54(3) 46(2) 15.8 (x0.1) 25.2 (+0.2)
(3)TiO2-(7)ZnO 34(1) 66(2) 15.7 (x0.2) 25.2 (x0.1)
(1)TiO2-(9)ZnO 16(2) 84(1) 15.3 (x0.1) 25.3 (x0.2)
ZnO — 100(3) — 25.7 (+0.1)

According to the presented results (Table 1), it was shown that the obtained phase compositions
correspond well with the theoretical molar ratios of the components that make up the oxide system.
On this basis, it was found that by the proper selection of the TiO2:ZnO molar ratio, it is possible to
obtain oxide systems with a specific phase composition. Besides, it was confirmed that the use of two-
stage microwave synthesis allows for obtaining materials with both anatase and wurtzite structures.
Furthermore, it was found that for the reference TiO2 and ZnO samples, the crystallite size is 14.6 nm
and 25.7 nm, respectively. What is important, for the oxide systems, similar values of the crystallite
size are observed as for the samples mentioned above. Furthermore, the observed slight increase in
the size of anatase crystallites for two-component materials (15.3-16.5 nm) is the result of subjecting
the crystalline TiO:2 to microwave reprocessing during the formation of oxide systems. For the
structure of wurtzite, an increase in the size of crystallites is observed along with an increase in the
ZnO content in the synthesized two-component materials (increase in the molar ratio of ZnO). The
presented results of diffraction analysis indicate that the application of the two-stage microwave
method allowed to obtain TiO2-ZnO materials with a well-formed structure of both anatase and
wurtzite. Moreover, a significant influence of the molar ratio of TiO2:ZnO on the formation of crystal
structures with a specific phase composition was noted.

3.3. Parameters of the Porous Structure

Low-temperature nitrogen sorption was performed to determine the parameters of the porous
structure. The obtained N2 adsorption-desorption isotherms are shown in Figure 3, additionally the
determined parameters of the porous structure of the obtained two-component materials are
summarized in Table 2.

Based on the obtained nitrogen sorption isotherms, it was shown that the synthesized oxide
materials, either the reference samples and the TiO2-ZnO oxide systems, are characterized by the
isotherm type IV with the H3 hysteresis loop [30]. The H3 type hysteresis loop indicates that the
analyzed material consists of aggregates of plaque-like particles [30], which create slit pores.
Additionally, for both the reference samples and the systems formed at the ratio of TiO2:Zn0=9:1, 5:5
and 1:9, the same range of hysteresis loop was observed p/po= 0.8-0.98. Only for materials (7)TiO»-
(3)ZnO and (3)TiO2-(7)Zn0O, the hysteresis loop shift in the p/po range—0.75-0.98 was noted.
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Figure 3. Nitrogen adsorption-desorption isotherms for the following materials: TiO2, (9)TiO2-(1)ZnO,
(7)TiO2-(3)ZnO (5)TiO2-(5)ZnO (a) and (3)TiO2-(7)ZnO, (1)TiO2-(9)ZnO and ZnO (b). The hysteresis
loops are shown as the inner plot.

Among all synthesized materials, the reference material TiO2 had the highest surface area (73
m?/g), as well as pore volume (0.75 cm?3/g) and pore diameter (37.9 nm). The reference ZnO sample
was characterized by the lowest parameters — Aser= 22 m?/g; Vp=0.11 cm3/g and Sp=17.3 nm. While
the parameters of the porous structure determined for the TiO2-ZnO oxide systems were between the
values mentioned above of the surface area and the volume and average pore diameter.

Table 2. Parameters of the porous structure of TiO2-ZnO oxide systems and reference samples
synthesized via microwave method.

Sample Aser (m?/g) Vp(cm?/g) Sp(nm)

TiO: 73 0.75 37.9
(9)TiO2-(1)ZnO 69 0.52 27.3
(7)TiO2-(3)ZnO 62 0.41 21.8
(5)TiO2-(5)ZnO 50 0.32 205
(3)TiO2-(7)ZnO 39 0.22 20.1
(1)TiO2-(9)ZnO 29 0.15 185

ZnO 22 0.11 17.3

Based on the presented results, it was shown that the molar ratio of the reactants had a significant
impact on the parameters of the porous structure, in particular the value of the surface area and the
average pore diameter. Additionally, all analyzed materials were characterized by the type IV
nitrogen sorption isotherm and the H3 type hysteresis loop. It should be indicated that the relatively
low surface area is associated with a well-shaped crystalline structure - comparing the obtained
results with the above-presented crystallographic data. Additionally, the observed H3 hysteresis
loop, is characteristic for the slit pores, corresponds well with SEM/TEM observations, where the
oblong lamellar shape of ZnO forms (nanosheets) was indicated.

3.4. DRS Analysis

Due to the semiconductor properties of the components included in the synthesized two-
component materials, the analysis of diffuse reflection spectroscopy was performed. Table 3 presents
the results of the DRS analysis performed.
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Table 3. The value of the bandgap energy for TiO2-ZnO oxide systems and reference samples
synthesized using the two-stage microwave method.

Sample Eg (eV)
TiO:2 3.20
(9TiO-(1)ZnO  3.20
(7)TiO2-(3)ZnO  3.15
(5)TiO2-(5)ZnO  3.15
(
(

3)TiO~(7)ZnO 3.1
1TiO»(9)ZnO  3.10
ZnO 3.10

The interpretation of the graphs of the Kubelka-Munk function as a function of energy, the
energy gap was determined. Value of band gap energy equaled 3.2 and 3.1 eV for reference samples
TiOz2 and ZnO, respectively. The obtained band gap energy results for titanium dioxide and zinc oxide
are consistent with the values presented in the scientific literature [13,28,31]. However, for the
synthesized TiO2-ZnO oxide systems, the Eg values ranging from 3.1 to 3.2 eV were noted, which are
identical to the results obtained for the reference samples. The lack of shifts in the value of the
bandgap energy results from the fact that the obtained systems consist exclusively of anatase and
wurtzite without the presence of mixed structures (including ZnTiOs).

3.5. Photocatalytic Properties

One of the critical elements of the research was to determine the photocatalytic activity of the
synthesized TiO2-ZnO oxide systems. For this purpose, the process of photocatalytic degradation of
the model organic pollutant—phenol (15 mg/dm?) in the range of UV light was carried out, and the
obtained results are presented in Figure 4.
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Figure 4. The results of degradation (a) and mineralization (b) of phenol with the use of TiO2-ZnO
oxide systems and reference samples synthesized using the microwave method.

Based on the obtained photodegradation curves, it was shown that the TiO: reference sample
was characterized by both high degradation efficiency (90%) and mineralization (75%) of phenol after
80 min. Whereas for the reference ZnO sample, the degradation and mineralization efficiency was
determined at the level of —60% and 50%, respectively. An improvement in the photocatalytic
degradation efficiency of phenol compared to the reference TiO2 sample was noted for two materials
(9)TiO2-(1)ZnO and (7)TiO2-(3)ZnO. On the presented photodegradation curves (Figure 4) for the
materials mentioned above, the degradation efficiency was 97% and 95%, and the mineralization
efficiency was 85% and 81%, respectively. For the material formed at an equimolar ratio of the
reactants, the degradation efficiency —80% and the mineralization efficiency —69% were determined.
However, for the two-component materials synthesized at the molar ratio of TiO2:ZnO 3:7 and 1:9,
further deterioration of the photocatalytic properties were observed. The analysis of the obtained
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results showed that the degradation efficiency of the mentioned materials were 75% and 70%,
respectively, while the mineralization efficiency equaled 62% and 58%. Based on the obtained results,
it was shown that the prepared TiO:-ZnO oxide systems are characterized by high efficiency of
phenol degradation and mineralization. The highest yield of phenol decomposition was noted for
(9)TiO2-(1)ZnO and (7)TiO2-(3)ZnO systems, which were shown by the higher efficiency of both
degradation and mineralization than the reference samples. The decrease in photocatalytic activity
for the remaining materials is probably related to the rapid electron-hole recombination as well as
the increase in ZnO content, which may adversely affect the absorption of radiation photons [5,6].

Table 4 shows the comparison of the results from the available scientific literature related to the
efficiency of phenol degradation using different photocatalysts.

Table 4. Phenol degradation efficiency using various photoactive materials.

. Amount of . Irradiation
Concentration of Degradation .
Sample Phenol (mg/dm?) Photocatalyst Efficiency (%) Time Ref.
(mg/100 cm3) (min)

(9)TiOe- this
(1)ZnO 15 100 97 80 work
Pt-S-TiOz2 50 50 100 120 [32]
nano-TiO2 40 100 96.0 180 [33]
C0304/BiVOs 18 300 95 180 [34]
Fe-TiO2 100 50 64.5 120 [35]
Ag/ZnO 50 150 100 180 [36]
Pt-ZnO 15 100 90 500 [37]

It should be noted that the photoactivity results of the materials obtained in this study (in
particular (9)TiO2-(1)ZnO) are significantly high in comparison to the effectiveness presented for
materials described in other published works (Table 4). Based on the above data, it was indicated that
the photocatalysts containing titanium dioxide and zinc oxide in their structure are promising and
active photocatalysts in the degradation process of phenol and its derivatives.

3.6. Photovoltaic Properties

In order to characterize the application properties of TiO2-ZnO oxide systems, the discussed
group of materials was used as electrode material in dye-sensitized solar cells.

Tested cells showed variable photovoltaic activity, closely dependent on the electrode material
used. By analyzing the registered J-V curves and the photovoltaic parameters obtained (Figure 5 and
Table 5), it can be observed that the highest photovoltaic conversion efficiency () was demonstrated
by the cell utilizing (9)TiO2-(1)ZnO material. This system’s activity is higher than the reference TiO2
sample and higher than any other material described in the paper. Except for this material, a visible
decrease in the photovoltaic process’s efficiency can be observed along with the increase in ZnO
content in the tested system. The decrease in the efficiency of cells utilizing (7)TiO2-(3)ZnO and
(5)TiO2-(5)ZnO materials is relatively small.

In contrast, with increasing the ZnO content to at least 70%, a sudden drop in the efficiency of
the cells may be observed. By analyzing the remaining parameters of the cells, it should be observed
that the main reason for the reduction of the efficiency of the (7)TiO2-(3)ZnO and (5)TiO2-(5)ZnO cells
is the reduction of the photocurrent density (JSC) while maintaining high values of the open circuit
potential (VOC) and fill factor (FF). This situation can be attributed to the effects associated with an
increase in the tendency to recombination of excited electrons, along with an increase in the ZnO
content in the system, which favours a decrease in the JSC value. However, the still high FF values
suggest that the recombination effects in these two materials are not related to the decrease in the
ability for the electron transport across the semiconductor material [38,39]. The slight, but evident,
increase in the VOC value observed with the increase in ZnO content in the tested materials (except
for the systems with the lowest content of TiO:z and the reference ZnO) could be a consequence of the
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differences in the position of the ZnO and TiO:2 conduction band [40,41]. The higher ZnO conduction
band level increases the difference between the energy of electrons injected into the semiconductor
material, and the reduced form of the redox mediator (present in the electrolyte used) is the main
determinant for the VOC value in DSSC [42]. The existence of the energy difference between the TiO:
and ZnO conduction bands and its influence on the VOC value may also be a reason of the behaviour
of the cell based on the (9)TiO2-(1)ZnO material, the parameters of which are similar to those observed
in TiOz2 cells. However, the increased open circuit potential causes an increase in the efficiency of the
entire (9)TiO2-(1)ZnO system.
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Figure 5. J-V characteristics of the tested solar cells sensitized with dye (DSSC) based on TiO2-ZnO
oxide systems and reference samples synthesized by the two-stage microwave method.

Table 5. Photovoltaic parameters of the investigated cells.

Sample VOC (mV) JSC (mAxcm2) FF (%) 1 (%)

TiO: 705 17.5 699  8.65
(9)TiO:2-(1)ZnO 728 17.3 704  8.84
(7)TiO2-(3)ZnO 724 14.9 712 7.69
(5)TiO2-(5)ZnO 743 13.6 708 715
(3)TiO:2-(7)ZnO 829 6.57 734 4.00
(1)TiO2-(9)ZnO 638 3.65 334 078

ZnO 623 5.22 310  1.01

The electrochemical impedance spectroscopy (EIS) technique has been used to explain the
behaviour observed for the tested systems. The EIS results are summarized in Table 6 and presented
in Figure 6a,b. The R1 and R2 values, which are the resistance series, mainly dependent on the
parameters of the measuring system used, and the resistance of the counter electrode used to build
the cells, respectively, do not differ significantly from each other, do not depend on the
semiconductor materials used and do not have a more significant impact on differences in their
efficiency in the devices discussed [43]. The observed increase of the R2 parameter for the cells
(3)TiO2-(7)Zn0O, (1)TiO2-(9)ZnO, and ZnO is caused by the known effect resulted from the increase of
the R3 parameter in these cells [44]. The R3 value, representing the semiconductor/dye/electrolyte
interface resistance, is closely related to the semiconductor material used (mainly when one type of
dye and electrolyte were applied as in discussed cases). Observation of the R3 value allows explaining
the rapid decrease in the activity of (3)TiO2-(7)ZnO, (1)TiO2-(9)ZnO and ZnO systems. This apart from
the recombination effects discussed earlier, is caused by a sharp increase in the resistance of the
semiconductor layer, which significantly impedes transport of the injected electrons inside the cells,
translating into their low efficiency. The rapid increase in the R3 resistance also causes a visible
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decrease in the FF parameter, reflecting the cells” recombination processes (1)TiO2-(9)ZnO and ZnO.
When comparing the values of the injected electrons lifetime (t) estimated for individual cells, it can
be observed that this parameter is closely related to the VOC values registered for the tested cells.
Increasing the lifetime of the injected electrons most often translates into an increase in the
photocurrent density, which is in good agreement with the generally observed trend for the first five
samples. At the same time, a rapid and too large increase in the t value for the (1)TiO2-(9)ZnO and
ZnO systems has a negative effect manifested by a significant decrease in the VOC value. This results
in the relaxation of the injected electrons because of too strong trapping and preventing their efficient
transport inside the semiconductor layer. It can also be caused by a significant increase in the internal
resistance of the cells R3 [45].
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Figure 6. Nyquist graphs of impedance spectra: in the range of 0-300 Q (a) and 0-100 Q (b) for DSSC
cells based on TiO2-ZnO oxide systems and reference samples synthesized by the two-stage

microwave method.

Table 6. Electrochemical impedance parameters and the amount of adsorbed dye molecules of the

investigated cells.

Sample Ri(Q) R:(Q) Rs(Q) 7t(ms) Naye (nmol/cm?)
TiO:2 18.7 6.4 27.5 5.1 189
(9)TiO-(1)ZnO  14.1 5.8 26.8 6.4 200
(7)TiO2-(3)ZnO  16.7 7.2 24.4 4.1 189
(5)TiO2-(5)ZnO  20.7 7.6 23.4 3.2 180
(3)TiO-(7)ZnO 157  10.1 46.8 2.5 255
(1)TiO2-(9)ZnO  19.8 127 309.7  20.0 245
ZnO 12.9 156 3102  25.1 215

4. Conclusions

First of all, the primary goal of this research was to apply the microwave synthesis to obtain
titanium dioxide-zinc oxide systems. Based on the XRD results, the presence of anatase and wurtzite
crystalline structures was confirmed. Additionally, it was noted that changing the molar ratio of
TiO2:ZnO affects the crystallographic parameters, such as the phase composition, as well as the
average crystallite size, and the morphology and parameters of the porous structure. Contrary to the
above-mentioned physicochemical properties, the influence of the TiO2:ZnO molar ratio on the value
of the bandgap energy, which for all systems was ~ 3.1-3.2 eV, was not observed. Analyzing the
functional properties of TiO2-ZnO oxide systems, it was noted that the materials formed using the
two-stage microwave method possess the photocatalytic and photovoltaic properties. Based on the
photo-oxidation tests was shown that the binary oxide materials (especially the (9)TiO2-(1)ZnO and
(7)TiO2-(3)ZnO samples) demonstrate high photocatalytic activity in the decomposition of phenol
(95% after 80 min irradiation) compared with the reference titania sample. Additionally, the obtained
two-component systems were tested as electrode material in dye-sensitized solar cells with
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satisfactory results. The best photovoltaic parameters have been found in the case of the (9)TiO2-
(1)ZnO material, which was characterized by an efficiency of 8.84%.
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