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Abstract 

Perovskite-type ternary oxide nanostructured materials have gained great attention in 

recent years as promising materials for solar cell applications.  However these ternary oxides 

have failed to be applied as a working electrode in DSSCs due to its poor performance and its 

inability to bind dye molecules to the surface. A heterostructure perovskite/TiO2 photoactive 

electrodes is a new strategy to improve the photon-to-current efficiency (PCE) of DSSCs.  

In this paper, BaZrO3 (BZ), BaTiO3 (BT) and nanocomposite [1:1] molar% from BaTiO3-

BaZrO3 perovskite nanostructured materials synthesized via sonochemical sol-gel methods, are 

coated on the top of the TiO2 photoactive electrode. This heterostructured (perovskite/TiO2) 

photoelectrode has been applied for improving the performance of dye-sensitized solar cells 

(DSSCs).  The crystallographic, morphological and optical characteristics of the different 

prepared perovskite nanomaterials has been investigated by XRD, SEM, TEM, Raman and UV–

Vis Diffuse reflectance spectroscopic analysis, respectively.  Dye-sensitized solar cells based on 

the different heterostructure perovskite/TiO2 electrodes are assembled, and high conversion 

efficiency (η) are calculated from the current density–voltage (J−V) characteristics of the solar 

cells. The results show an efficiency enhancement with about ∼22%, 37% and 51% in case of 

BZ, BTZ and BT respectively. These enhancements is attributed to high refractive index of the 
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perovskite nanoparticles, higher incident photon-to-current conversion yield which is due to 

greater fraction of light scattered, as well as the less recombination of the photogenerated 

electrons. 

Keywords; 

Nanocomposite Pervoskite; BaZrO3; BaTiO3; Heterostructure; DSSCs 

 

 

1. Introduction 

Dye-sensitized solar cells (DSSCs) have been investigated extensively as promising 

alternative to conventional silicon-based solar cells since 1990s [1,2]. This is because of its low 

cost, high conversion efficiency, relatively good stability and simple preparation method [3–5]. 

In typical DSSCs, a mesoporous layer from TiO2 nanoparticles is widely used as a 

photoanode onto which the dye-sensitizer is adsorbed. Under illumination, the dye-molecules 

inject its excited electrons into the TiO2 conduction band. Injected electrons are then transported 

to the conducting glass substrate [6, 7]. However, this layer show poor light scattering property 

in the visible light region due to the small particle size of the TiO2 nanoparticles (20-40 nm) [8]. 

Hence a large portion of light passes through the TiO2 semiconductor photoanode, resulting in 

low light harvesting efficiency [9]. Therefore, to realize a DSC with high solar efficiency, a top 

reflecting layer from a larger size form TiO2 nanoparticles is mounted on the top of the 

mesoporous TiO2 layer [9]. 

Recently, perovskite-type ternary oxides such as; SrTiO3 [10], BaSnO3 [11] and BaTiO3 

[12-14], have been recognized a significant interest in solar cells applications due to its 

ferroelectric properties which were attributed to the non-centrosymmetry of its crystal structure. 
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This is in rather than that they could physically separate the injected electrons and the redox 

couple, and there by suppressing the charge recombination reactions [15].  

Despite, these ternary oxides have closer band gab energy (3.2-3.5 eV) relative to TiO2 

anatase semiconductor nanomaterials; they failed to be applied as a working electrode in DSSCs. 

This is due to its poor performance and its inability to bind dye molecules to the surface [14, 16].  

To date, therefore, a few relevant studies have been focused on the application of some 

perovskites as a light scattering layer on the top of TiO2 photoanode in DSSCs, instead of sole 

TiO2 film electrode [14, 17]. However, to our knowledge, no attention has been ever paid to the 

application of composite perovskite nanomaterials in solar cell applications. 

So far in our present study, we have applied a new class of perovskite nanostructured 

materials based on BaZrO3 (BZ) and nanocomposite [1:1] M% from BaZrO3-BaTiO3 (BZT), as a 

top reflecting layer on the TiO2 film electrode in DSSC applications. This in comparison with the 

well-recognized BaTiO3 (BT) perovskite nanomaterials that is prepared under the same 

conditions. 

2. Experimental 

2.1. Chemicals 

       All chemicals used in this work were of analytical grade, the chemicals used are Titanium 

isopropoxide (Ti[OCH(CH3)2]4; 99.9% purity, Sigma Aldrich), zirconium oxy nitrate (ZrO 

(NO3)2.2H2O; 99.9% purity, Sigma Aldrich), barium nitrate (Ba (NO3)2; Sigma Aldrich, 99.99% 

purity), citric acid (C6H8O7; CDH, 99.99% purity), ethylene glycol (C₂H₄(OH)₂; BDH, 99.99% 

purity), absolute ethanol (C2H5OH; Sigma Aldrich, 99.99% purity), Nitric acid (ADWIC, Egypt), 

Ammonium hydroxide (ADWIC, Egypt). 

2.2. Preparation of perovskite nanostructures  
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 BZ, BT and BTZ nanostructures were fabricated via sonochemical sol-gel method. All 

the chemicals; [Titanium isopropoxide Ti[OCH(CH3)2]4, Zirconium oxy nitrate ZrO 

(NO3)2.2H2O, barium nitrate Ba (NO3)2, nitric acid (HNO3), ammonia (NH3.H2O), absolute 

ethanol (C2H5OH), ethylene glycol (C₂H₄(OH)₂) and citric acid (C6H8O7)] were of analytical 

grade. Firstly Ba (NO3)2 and ZrO (NO3)2.2H2O were dissolved in 2ml of nitric acid, 5ml of 

ethanol and 10 ml of distilled water and stirred for one hour to get a homogeneous solution. The 

molar ratio of metal nitrates to citric acid is maintained at 1:2%. Appropriate amounts citric acid 

is added slowly into the solution under vigorous stirring to form transparent clear solution. The 

pH value is adjusted to 7 by adding ammonia solution. Finally ethylene glycol was added, and 

then this solution was ultrasonically stirred for 30 min at 80 kHz frequency at room temperature 

and heated about 80 ºC. The formed gel is dried under oxygen atmosphere in oven at 300 ºC for 

4 h and then annealed at 1000 ºC for 2h. A similar process was repeated in BT and BZT. 

2.2. Preparation of the dye-sensitized photoanode 

Mesoporous photoactive TiO2 paste was prepared according to our previous works [8, 

18]. In a typical method, Tetra butyl titanate (20 ml) was rapidly added to bi-distilled water (200 

ml). The produced white precipitate was filtered and washed several times with bi-distilled 

water. Then, aqueous solution from 0.1 M HNO3 (200 ml) was added to the filtered cake with 

continuous stirring at 80 °C till production of a translucent blue white sol. This liquid was then 

autoclaved at 200 °C for 12h to form milky white slurry which was concentrated to 1/4 of its 

volume. Then, polyethylene glycol PEG-20,000 (10wt% slurry) and a few drops of the Triton X-

100 were added to form a homogenous titania past. Then from the above obtained paste, a TiO2 

mesoporous film electrode of about 5µm thickness was fabricated on transparent conducting 

glass (F-doped SnO2, 15 Ω.cm
-2

, from Hartford Glass Co., USA) using doctor blade method, 
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followed by calcinations at 450 ºC for 30 min. The total photoactive area of the fabricated solar 

cells was approximately 0.09 – 0.2 cm
2
. 

The perovskite light scattering layer was prepared by the following steps; firstly an 

appropriate amounts from the perovskite material (BZ, BT and BTZ) was mixed with 0.6 ml 

distilled water, 0.01ml acetyle acetone, 0.04 PEG (20,000) and few drops from Triton X100 [19]. 

The mixture was grinded in agate mortar for 30 min, and then the top reflecting layer with 

approximate thickness of about 2µm was mounted on the top of the TiO2 photoactive layer by 

doctor blade method followed by calcination at 450 ◦C for 30 min. The bilayer film electrode 

was then immersed in 50mM TiCl4 for 30 min at 80 
o
C, then washed with bi-distlled water and 

calcined again at 450 
o
C for 30 min. 

2.3. Assembly and characterization of DSSCs 

The obtained electrodes are immersed into the ethanolic dye solution (2.5×10
‾4

 M in an 

ethanol solution of cis-bis(2,2ʹ-bipyridyl-4,4ʹ-dicarboxylato)-ruthenium(II)-bistetra-

butylammonium (N719)) for 24 h. After the film is adequately washed with anhydrous ethanol 

and dried in moisture-free air, a dye-sensitized perovskite/TiO2 bilayer electrode is obtained. The 

DSSC is assembled by filling with an electrolyte (0.1 M I2, 0.1M LiI, 0.6 M (n-C3H7)4I and 0.5 

M 4-tert-butylpyridine (TBP) in acetonitrile) between the dye-sensitized TiO2 bilayer 

photoanode electrode and a platinized conducting glass electrode as a cathode. The two 

electrodes are clipped together and cyanoacrylate adhesive is used as a sealant to prevent the 

electrolyte solution from leaking. UV–vis absorption spectra of dyes desorbed from the films are 

measured by JASCO V-550 UV–vis spectrometer. The amount of dye adsorbed on the electrodes 

is estimated by measuring the absorbance of the desorbed dye in a 0.1 M NaOH solution 

containing water/ethanol (1:1) [15]. 
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2.4. Characterization and Measurements 

The surface morphology of the different perovskite light scattering layers were 

investigated by X'pert Philips X-ray diffraction (XRD) with Cu Kα radiation, 40 kV and 30 mA 

and scan rate 5º/min, scanning electron microscope (SEM) Quanta 250 FEG, with 30 kV and 

magnification 14× up to 1,000,000 and transmission electron microscope (TEM), JEM-2000 EX 

(JEOL, Tokyo, Japan). The diffuse reflectance analyses (UV–Vis/DR) of top perovskite layer 

were recorded on JASCO V-550 spectrometer (Japan) equipped with an integrating sphere 

accessory for diffuse reflectance spectra, Barium sulfate was used as a reference. 

The photovoltaic characteristics of the bilayer (Perovskite/TiO2 )-based DSSCs 

including; (current, voltage, output power, fill factor and conversion efficiency) were recorded 

with computerized Keithley (K2635, USA) source-measure. TESNMARS Solar power meter 

(TM206, Taiwan) certified by ISO 9001, was used to measure the solar radiation intensity in 

mWcm
−2

. Solar energy conversion efficiency (η) measurements were done by a xenon lamp 

(CHF XM500, Trusttech Co., Ltd.-China) and the intensity was set to 1 sun (100 mWcm
−2

) by a 

calibrated c-Si solar cell.  

3. Results and Discussion 

3.1. Morphology and crystal structure 

The surface morphology of the synthesized BZ, BT and BTZ composite materials have 

been done by using FE-SEM (Field-emission scanning electron microscope) and TEM 

(Transmission electron microscope) technologies. Fig. 1 shows SEM images of the synthesized 

BZ, BT and BTZ composite reflecting thin layers compared with the standard prepared TiO2 
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reflecting layer which is used as a reference scattering layer in the TiO2 photoactive electrode in 

the DSSCs. The TiO2 overlaid reflecting thin layer (Fig. 1a) showed uniform, porous and 

homogeneous morphology with TiO2 nanoparticles. However, the BZ, BT and BTZ reflecting 

thin layers (Fig. 1b-d) are more compact with high agglomeration from the perovskite particles 

which is favored for visible light scattering effect [20]. Therefore, it could be more effective for 

Vis-light scattering effect in DSSCs applications. This will probably enhance its overall output 

efficiency.  

Fig. 2 shows the TEM images of as-prepared perovskite nanostructured materials. The 

TEM images of the BT, BZ and BTZ composite structures show a tetragonal and/or cubic 

nanostructure shapes with average particle sizes ranges from 50-70 nm.  

Fig. 3 shows XRD patterns of synthesized BZ, BT and the composite BTZ thin film 

structures. It can be observed that the samples had crystalline structure with the strongest peak at 

2θ= 30
o
 (110) for BZ [21], at 2θ = 31.5

o
 (11 0) for BT [22] and at 2θ= 30.9

o
 (110) for BTZ.  

All the peaks in the three XRD patterns can be readily indexed to the typical perovskite 

structures which are in good agreement with the reported perovskite cubic phase for BZ with 

JCPDS card no. (06-0399) and tetragonal phase for BT with JCPDS card no. (79-2285). 

Moreover, there is no any additional peaks for the TiO2 under layer, confirming the homogeneity 

of the top perovskite layer 

For the BTZ sample, it was not possible to identify the crystalline phase due to the close 

proximity of the diffraction angles. This is due to the random grain orientation of the BTZ 

powders into the direction of the phonon wave vectors which is random from one grain to the 

others with respect to the crystallographic axes [23, 24]. 
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The average crystallite size of the particles was calculated by Scherrer equation as 

follows [25]: 

𝑑 =
𝑘λ

𝐵 cos𝜃
                                                                   (1) 

where d is the crystallite size, k is a constant of 0.9, λ is the X-ray wavelength of Cu 

which is 1.5406 Å, h is the Bragg angle in degree and B is the full width at half maximum 

(FWHM) of the peak. The calculated average crystallite size of BT, BZ and BTZ particles was 

found to be 58 nm, 56 nm and 69 nm, respectively. The results are very combatable with that 

obtained from TEM images.   

3.2. Optical properties 

The light scattering effect of the different prepared perovskite reflecting thin films was 

investigated by diffuse reflection spectroscopic (DRS) analysis. Fig. 4a shows the diffuse 

reflectance spectra of the BT, BZ and BTZ reflecting thin layers. Compared with the band gap 

energy of the reference TiO2 reflecting layer published in the literature (~ 3.2 eV), it can be well 

recognized that there is a remarkable blue shift was observed in case of BZ film rather that BT or 

the nanocomposite BTZ.  

The optical band gap energies Eg of the different prepared perovskite thin films are 

calculated via the direct allowed inter-band transition between valence and conduction bands 

using Tauc’s Law [26]. 

(αℎν)2 = 𝐴(hν − 𝐸𝑔)                                          (2) 

Where A is a constant, α is the absorption coefficient, hν is the photon energy and Eg is the 

optical band gap. Eg can be obtained by plotting (αhν)
2
 versus hν and extrapolating the linear 

portion of the curve plots (αhν)
2
=0.  
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Based on Tauc’s plot calculations (Fig. 4b), the calculated band gap energy of the 

nanocomposite BTZ (3.35 eV) nanostructured perovskite materials is found to be higher than 

that of pure BT (3.2 eV) and lower than that of BZ (4.1 eV). These values are within the range of 

band gap values of pure BaTiO3 and BaZrO3 found in the literature, respectively [14, 27]. The 

variations on band gap energy between these compounds are related to different degrees of 

disorder in their crystalline structure. Moreover, the decrease in the band gap energy in the 

nanocomposite BTZ system could be related to the presence of intermediary energy levels within 

the band gap of disordered BTZ thin films [28].  

 

3.3. Photovoltaic characteristics and performance 

The photocurrent density–voltage (J-V) and power–voltage (P-V) curves of DSSCs with 

the different perovskite/TiO2 photosensitized electrodes, compared with that based on pure TiO2 

film electrode, were measured and shown in Fig. 5. The open-circuit voltage (VOC), short-circuit 

current density (JSC), fill factor (FF) and overall light-to-electrical energy conversion efficiency 

(η) of these DSSCs are summarized in Table 1. 

From the results given above, it can be concluded that the DSSCs with the different 

perovskite reflecting layers show higher photovoltaic efficiency than pure TiO2 film electrode. 

This enhancement in the photon-to-current conversion efficiency of the DSSCs based on 

perovskite/TiO2 photosensitizer film electrodes fabricated by adding the different perovskites as 

a reflecting layer could be attributed to the high scattering effect of the cubic or tetragonal 

structures of the BZ and BT perovskite structures [20]. 

The amount of the N719 dye loaded on the photoactive electrodes with and without the 

different perovskite over layer are measured by means of the UV–vis absorption spectroscopy 
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(supplementary 1). It was found that the amount of N719 dye adsorbed at the perovskite/TO2 

film electrodes are; 4.00, 3.65 and 3.25x10
-5

 mol.cm
-2

 for BT, BTZ and BZ respectively (Table 

1). Which are much higher than that adsorbed on pure TiO2 film electrode (1.02x10
-5

 mol.cm
-2

). 

This enhancement in the amount of the dye adsorbed could be attributed to the higher basicity of 

TiO2 upon addition of a perovskite top reflecting layer. Moreover, the isoelectric point of BaTiO3 

and BaZrO3 are∼8 and 5.5, respectively [29, 30], higher than that of TiO2 (∼5) [31], indicating 

that the surface of the perovskite coating is more basic than that of TiO2. The carboxyl groups in 

the N719 dye molecules are more easily adsorbed to the surface of the basic perovskite layers 

[32]. 

These results can explain the higher overall photo-to-current efficiencies (η) of DSSCs 

based on perovskite/TiO2 film electrode than that with pure TiO2 film electrode, where it 

increases in the following order BT> BTZ>BZ > TiO2. 

4. Conclusion 

The composite and single perovskite nanostructured overloaded top reflecting layers are 

promising in enhancement of the overall photon-to-current efficiency of the DSSCs. Where, the 

efficiency was enhanced by 22, 37 and 51% for solar cells based on BZ, BTZ and BT/TiO2 

photosensitized electrodes. The higher efficiency for DSSC with the perovskite/TiO2 electrode is 

attributed to both the high basicity and the higher scattering effect of the tetragonal or cubic 

structure of the nanostructure perovskite top reflecting layer. This work can demonstrates the 

high potential application of non-halide perovskite nanostructures in improving the sunlight 

conversion efficiency for dye sensitized solar cells. 
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Figure captions 

Fig. 1. FE-SEM images of surface morphology of light scattering thin layers: (a) TiO2, (b) BT, 

(c) BZ and (d) BTZ. 

Fig. 2. TEM images of the (a) BT, (b) BZ and (c) BTZ nanostructured materials. 

Fig. 3. The XRD patterns of (a) BT, (b) BZ and (c) BTZ nanocomposite perovskite reflecting 

thin layers.  

Fig. 4.  . (a) Diffuse reflectance spectra and (b) Tauc’s plots for band gap estimation of BT, BZ 

and BTZ perovskite nanostructured thin films. 
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Fig. 5 The photocurrent–voltage a); and power-voltage b), curves of DSSCs based on the 

different perovskite/TiO2 photosensitized electrodes. 

Supplement 1 The UV–vis absorption spectra of the dye loaded perovskite/TiO2 film electrodes 

compared with pure TiO2 film electrode. 
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List of Tables 

Table 1. Photovoltaic characteristics of DSSCs based on the different perovskite/TiO2 

photosensitized electrodes. 

Electrode Voc Jsc Vmax Jmax FF Eff% (η) Adsorbed dye 
(10

-5
mol⋅cm

-2
) 

BT/TiO2 0.59 29.66 0.32 21.33 0.39 6.75 4.00 

BZ/TiO2 0.55 23.66 0.31 17.55 0.42 5.44 3.65 

BTZ/TiO2 0.65 22.25 0.37 16.6 0.42 6.14 3.25 

Pure TiO2 0.58 15.08 0.4 11.16 0.51 4.47 1.02 
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Highlights 

 Synthesis of BaZrO3 (BZ), BaTiO3 (BT) and composite BaTiO3-BaZrO3 (BTZ) perovskites.  

 Photovoltaic and spectroscopic characteristics of perovskite/TiO2 photoanodes 

 Application of the heterostructured perovskite/TiO2 photoanodes in DSSCs. 

 Composite perovskite based DSSCs leads to a 37% cell efficiency enhancement.  
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