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A new electricity source is a hot topic for material scientist working for the development of 

a new reliable, stable and green generation of energy. An exponential growth of the energy 

consumption in the last few decades raised the concerns about limitations of the conventional 

energy supply, let alone ecological problems. A considerable effort has been made by scientific 

community to meet the challenge of the efficient conversion of the sunlight to the electricity. 

Widespread application of the photovoltaic panels lowered the greenhouse burden in developed 

countries. Simultaneously, a significant momentum was given to the so-called 3rd generation 

photovoltaics, based on the highly efficient organic dyes, deposited on the photoanodes. Such 

photoanodes must meet a set of requirements: high porosity, for increased deposition of the 

organic dye, and a developed network of the charge draining channels for efficient charge 

transfer to the photoanode. An emergence of a novel hierarchically structured materials helped to 

meet abovementioned demands and created a solid ground for advanced photovoltaics. In this 

work, we test a novel hierarchically structured Ti–P double oxide as a dye-deposition substrate 

for photoanode as a perspective material for 3rd generation of photovoltaics. Preliminary results 

prove novel structures are efficient, yet need practical modifications.  

Keywords: hierarchically structured systems, microspheres, water-soluble titanium oxide 
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Introduction 

Developments in the field of alternative energy sources are attracting increasing attention. The use 

of solar energy is considered the most suitable alternative to traditional fossil energy sources. To convert 

solar energy into electrical energy, a special device is needed – a photovoltaic cell. In recent years, dye-

sensitized solar cells (DSSC) have been the most popular for scientific and industrial circles [1–5]. 

DSSCs are characterized by relatively low cost, ease of manufacture and, at the same time, have rela-

tively high photovoltaic characteristics compared to silicon analogues. DSSC consists of a photoanode, 

which is a photoactive semiconductor material (TiO2, ZnO, etc.) deposited on a transparent conductive 

substrate (FTO and ITO glass) and an electrolyte sensitizer.  

The main component of photoanodes is photoactive material, which plays an important role in de-

termining the photocurrent, photon voltage and energy conversion efficiency. It was found that the size, 

structure and morphology of photoanode materials have a significant impact on the photovoltaic charac-

teristics of DSSC. To ensure high efficiency, a number of requirements are imposed on the material: 

small particle size (10–20 nm), high specific surface area (above 100 m
2
/g) and a high degree of crystal-

linity. At the same time, the requirements are to some extent mutually exclusive, since a high degree of 

crystallinity is characteristic of large-crystalline substances that cannot have a developed surface. Solv-

ing these problems is a complex materials science task, for which various synthesis methods are used to 
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obtain various structures, including hierarchically structured systems. Hierarchically structured materials 

are attractive because their architecture combines the features of micro- and nanoscale materials and 

have unique properties that differ from those of the corresponding monomorphological structures.  

The main semiconductor materials for photoanodes having a hierarchical structure are nanoscale 

TiO2 and ZnO, obtained by various methods [1–11]. These materials are characterized by high crystal-

linity, particle size of 20–100 nm and a developed surface of more than 60 m
2
/g, providing an efficiency 

of 3–5 %. There are a number of disadvantages associated with nanoscale materials: nanoparticles 

weakly scatter light, and too small internal pores prevent the penetration of the electrolyte. Therefore, 

one of the solutions to these problems is to obtain microstructured systems assembled from nanotubes, 

nanoplates and etc. [4, 5, 12–15]. Such an approach will provide the material with a developed surface, 

a large particle size that is comparable to the wavelength of visible light, can increase the efficiency of 

light collection due to the effective scattering effect. In addition, dense packing, especially in the case of 

spherical structures, forms a good transport path for electrons.  

One of the most promising materials are titanium and zirconium phosphates. In our article, it is pro-

posed to use hierarchically microstructured titanium phosphate as a photoactive material. This material 

was obtained by hydrothermal treatment of titanium complex with mandelic acid in the presence of phos-

phoric acid. The resulting material has the form of microflowers and is described by SEM, XRD, etc. 

 

Experimental 

Reagents  

DL-Mandelic acid (100 %, Bingospa), NH4OH (25 %, NevaReaktiv), H2O2 (40 %, Biokhim-

Reagent), titanium powder PTM–1, H3PO4 (98 %, Vekton) were used without preliminary purification.  

General methodology for obtaining WSTP 

In accordance with the previously published method [16]: 0.41 g (8.5 mmol) of titanium, 40 ml of 

40 % H2O2 solution and 5 ml of NH4OH solution are placed in a 100 ml Erlenmeyer flask. The reaction 

mixture is stirred on a magnetic stirrer until titanium is completely dissolved (from 1 to 1.5 hours), 

maintaining the temperature of the mixture in the range of 5 to 10 °C. After dissolution, a light yellow 

solution of titanium peroxocomplex is filtered and an organic acid (17 mmol) solution in 2–3 ml of wa-

ter is added to it. After adding an acid, the temperature of the reaction mixture is kept between 15–20  C 

for another 2–3 hours. Isolation of titanium complexes with hydroxoacids from aqueous solutions is car-

ried out by evaporation at a reduced pressure in a rotovap at 30–40 °C.  

Obtaining microstructured TPDO via hydrothermal method  

A dry water-soluble complex of titanium with an organic acid was placed in a Teflon cup for 

an autoclave in the amount of 1,66 mmol for the mandelic acid complex – 0.69 g per 20 ml. The dry 

complex was dissolved in 5 ml of water, after which phosphoric acid (PA) was added to the complex. 

Then, the total volume was adjusted to 20 ml by adding water. The prepared aqueous solutions was 

sealed in a Teflon-coated stainless steel autoclave and heated at 180 °C for 24 hours. After cooling the 

autoclave, the solids were separated from the solutions by washing and centrifugation. The precipitates 

were dried in an oven at a temperature of 50 °C.  

Characterization 

The registration of IR transmission spectra was carried out on a Shimadzu IRAffinity S1 IR-Fourier 

spectrometer in the range from 400 to 4000 cm
–1

 with a resolution of 4 cm
–1

 and in the number of 40 

repetitions. Elemental analysis and morphology of the samples were studied using a Jeol JSM 7001F 

electron microscope equipped with an Oxford INCA X-max 80 energy dispersive spectrometer. Accel-

erating voltage of electron gun was set to 20 kV required for quantitative EDS analysis. The TEM mi-

crophotographs of TPDO were recorded with a transmission electron microscope JEOL JEM-2100 with 

a working voltage of 200 kV. The phase composition and structure of the samples were studied on a Ri-

gaku Optima IV powder diffractometer. The survey was carried out in the range of 2θ angles from 5° 

to 90° at a survey rate of 5°/min. The study used radiation from a CuKα copper tube (λ = 1.541 Å) at an 

accelerating voltage of 40 kV. Specific surface area and porosity were measured with by low-

temperature nitrogen adsorption on an ASAP Micromeritics 2020 instrument. The measurement stage 

was preceded by a degassing carried out at a temperature of 200  C for 2 hours. The specific surface area 

was determined based on the BET multilayer adsorption method. The volume of mesopores and their 

size distribution was calculated based on the Barrett–Joyner–Halenda (BJH) model.  
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General procedure for fabrication and characterization of DSSCs 

The photoanodes were prepared from FTO glass (3 mm thick, 8 Ω sheet resistance, Solaronix), 

which was successively cleaned in “Elma tec clean A1” solution (aq., 2 g/L), deionized water, acetone, 

99.8 w % ethanol under sonication for 15 minutes each. The glasses were placed in an ultrasonic-ozone 

radiation source for 30 minutes. Immersion of the glass in an aqueous TiCl4 solution (40 mM) at 80 °C 

for 30 minutes followed by rinsing with deionized water and ethanol was carried out to deposit a block-

ing layer on the FTO sample. The layer of TiO2 formed was sintered at 500 °C for 30 minutes in a fur-

nace. 

Highly concentrated suspension of Ti-P double oxide in terpenol were screen printed onto the FTO 

in one layer (mesh count 70, thread diameter 6.0 mm, area 0.283 cm
2
), with 10 minutes heating on a 

hotplate at 120 °C after that. The photoanodes were sintered in a programmable furnace at set tempera-

tures of 325, 375, 450, and 500 °C for 5, 5, 15, and 15 minutes with a ramping time of 10 minutes. Then 

the electrodes were immersed in an aqueous TiCl4 solution (40 mM) at 80 °C for 30 minutes, and after 

rinsing with deionized water and ethanol were annealed at 500 °C for 30 minutes in a furnace. 

The counter electrodes were prepared from FTO glass (3 mm thick, 8 Ω sheet resistance, Sola-

ronix). Holes were drilled into the electrodes from the FTO-side using a diamond drill bit; this procedure 

was carried out under water. The glass plates were then cleaned using “Elma tec clean A1” (aq., 2 g/L), 

deionized water, and 99.8 w % ethanol in an ultrasonic bath for 15 minutes each. The electrodes were 

platinized using Platisol T/SP (Solaronix, Swiss) by doctor-blading and sintered at 500 °C for 30 min-

utes in a furnace. 

The photoanodes were heated again to 80–100 °C and immersed into a toluene solution of WS-2 

(3 mM) overnight. The solar cells were assembled by sandwiching the two electrodes together using a 

sealant (Meltonix 1170-25), and heated to 120 °C, applying even pressure to ensure the Meltonix melted 

evenly. Electrolyte was vacuum filled into the hole and the hole was sealed by Meltonix and a cover 

glass. The electrolyte used was butylmethylimidazolium iodide (0.60 M), I2 (0.05 M), lithium iodide 

(0.05 M), guanidinium thiocyanate (0.1 M), and t-butylpyridine (0.50 M) dissolved in acetonitrile. 

The J-V characteristics of DSSCs were measured with a Keithley 2400 unit under a Sciencetech 

Sci-Sun150 solar simulator with an AM 1.5 G filter, calibrated to 100 mW/cm
2
 with a Sciencetech Cali-

brated Reference Cell SCI-REF-Q.  

 

Results and Discussion 

A hierarchically structured titanium-phosphorus double oxide was obtained by hydrothermal means 

from a complex of titanium with almond acid in the presence of phosphoric acid. SEM-micrographs of 

the obtained sample are microstructures with the morphology of “microflowers”. They have high uni-

formity, low proportion of impurities, insignificant aggregation of particles. SEM micrographs and the 

elemental distribution of microspheres on EDS indicate that the constituent elements: Ti, P and O are 

evenly distributed over the entire surface of the microspheres. The spherical structure of the titanium and 

phosphorus double oxide is complex and has a micro-dimensional flower-like hierarchy based on nano-

plates. The observed pattern is in good agreement with the hierarchical structures of titanium phosphates 

previously described in the literature, where hemispheres consist of flakes [17, 18]. A distinctive feature 

of our material is that the spheres have a fine dispersion and are not agglomerated. 

Transmission electron microscopy studies confirm the complex nature of microspheres consisting of 

plates and scales (Fig. 1), which is also consistent with the TEM images described earlier in the litera-

ture [17, 18]. We could not see the lattice bands in the scales and assumed that they were mostly amor-

phous. Particle size analysis was performed using micrographs measuring at least 100 microspheres in 

each sample to obtain an average size and dispersion. The average particle size is 5.1 ±0.8 µm. 

At the same time, the specific surface area of the double oxide is 50.3 m
2
/g. 

Thus obtained microspherical material. 

 

DSSCs performance 

To determine the applicability of the received the hierarchically structrured Ti–P double oxide mi-

crospheres as photoanode for DSSCs, test cells with a well-known dye WS-2 [19], chosen as a reference 

dye, an iodine electrolyte, and a Pt film as the counter electrode were constructed. The WS-2 dye was 

chosen as the reference dye due to its high extinction coefficient, broad absorption spectrum, and syn-
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thetic availability. For a stable and uniform TiO2 layer on the surface of a conductive FTO-glass the pro-

cedure for applying a concentrated suspension of the hierarchically structrured Ti-P double oxide micro-

spheres was used in terpenol using a doctor-blade method to obtain one layer of photoanode 

with a thickness 24–29 μm (Fig. 2). 
 

 
 

Fig. 1. Morphology and EDS of TiP-1:12 Morphology and EDS 
of titanium-phosphorus double oxide (a, b); TEM micrographs 

of titanium-phosphorus double oxide (c, d) 

 

 
 

Fig. 2. View of the microsphere-based photovoltaic cell (a); 
SEN microphotograph with the microspheres deposited on the FTO-
glass (b, c, e, f); Elemental mapping of the photoanode on the edge (d) 

 

The photocurrent density-voltage (J-V) curves were recorded under standard AM 1.5G illumination 

conditions (100 mW cm
–2

). The J-V curve, obtained for the most high-performance cell based on the 

hierarchically structrured Ti-P double oxide microspheres, is shown in Fig. 3, and the parameters ob-

tained are summarized in Table 1. Although a voltage of the open circuit (Voc) value lies at the near the 

standard values of the conventional DSSC [20,21] the low numbers of the short circuit current density 

(Jsc) determine the low power conversion efficiency (η). We hypothesize that poor contact of the consti-

tuting flakes making up the microspheres as a major obstacle in the conducting the current to the 

photoanode. And thus a more intimate contact of the constituent structural elements with FTO is re-

quired for a better efficiency of the DSSC. 
Table 1 

DSSC characteristics for the best cells based on the hierarchically structured Ti-P double oxide microspheres 

Voc (V) Jsc (mA cm
–2

) FF (%) η (%) 

0.577 1.73 45 0.27 
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Fig. 3. J-V curve of the DSSC based on the hierarchically 
structured Ti-P double oxide microspheres 

 

Conclusions 

Here we report a first assembly of the photoanode with the novel hierarchically structured light ab-

sorbing layer based on Ti-P double oxide microspherical particles. Although a significant specific sur-

face area and well defined hierarchical structure of the Ti-P microspheres are an excellent prerequisite 

for utilization as a photoanode material, low power conversion efficiency obtained show that a more in-

timate contact is required between spheres and FTO-glass for a utilization in DSSC. We will continue 

working on a further improvement of the hierarchically structured photoanodes for efficient light ab-

sorbing substartes. 
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СТРУКТУРИРОВАННОГО ДВОЙНОГО ОКСИДА Ti–P 
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Новый источник электроэнергии – актуальная тема для ученых-материаловедов, ра-

ботающих над разработкой нового надежного, стабильного и экологически чистого источ-

ника энергии. Экспоненциальный рост потребления энергии за последние несколько деся-

тилетий вызвал обеспокоенность по поводу ограничений традиционного энергоснабжения, 

не говоря уже об экологических проблемах. Научное сообщество приложило значитель-

ные усилия для решения задачи эффективного преобразования солнечного света в элек-
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тричество. Широкое применение фотоэлектрических панелей снизило парниковую на-

грузку в развитых странах. Одновременно значительный импульс был придан так назы-

ваемой фотовольтаике 3-го поколения, основанной на высокоэффективных органических 

красителях, нанесенных на фотоаноды. Такие фотоаноды должны отвечать набору требо-

ваний: высокая пористость для увеличения осаждения органического красителя и развитая 

сеть каналов отвода заряда для эффективной передачи заряда на фотоанод. Появление но-

вых иерархически структурированных материалов помогло удовлетворить вышеупомяну-

тые требования и создало прочную основу для передовой фотовольтаики. В этой работе 

мы тестируем новый иерархически структурированный двойной оксид Ti–P в качестве 

подложки для осаждения красителя для фотоанода в качестве перспективного материала 

для 3-го поколения фотовольтаики. Предварительные результаты доказывают, что новые 

структуры эффективны, но нуждаются в практических модификациях. 

Ключевые слова: иерархически структурированные системы, микросферы, водорас-

творимые прекурсора оксида титана с органическими кислотами, гидротермальный 

синтез, диоксид титана, фосфат титана 
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