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1. Introduction 

The development of alternative, possibly lower cost solar cells has been widely researched 

for the last decades in order to replace the traditional silicon based solar cells. One of the 

possible alternative solar cells are the dye-sensitized solar cells (DSSC). They seem to be good 

candidates but it is important to ensure low volatility, thermal stability and performance without 

significant changes for up to 20 years. In order to increase the thermal stability of these 

alternative dye-sensitized solar cells it is an opportunity to replace the liquid electrolyte with 

quasi-solid electrolyte. However, when preparing these electrolytes it is important to consider 

the effect of the electrolyte on the efficiency of the solar cell. In order to increase the efficiency 

of the solar cells there are several other possibilities such as covering the conducting glass 

electrode with a light refractive layer which can increase the usable amount of the incoming 

light therefor the light conversion efficiency of the solar cell. 

For the characterization of the complex composite gel electrolytes it is necessary to test 

their long term thermal stability, their accelerated thermal degradation, the identification of the 

evolved gases and the monitoring of their evolution dynamics, moreover the detailed thermal 

analysis of some useful electrolyte additives, which has not been published yet. Besides 

working out a method aiming at the comparison of the thermal stability of the different gel 

electrolytes, I have also suggested a process to increase the light efficiency in the conductive 

glass electrode with the use of a light refracting layer. 

In case of all of the gel electrolyte samples I used three types of thermogravimetric 

analyzer combined with evolved gas analyzers such as a TG/DTA-MS in both scan and 

multiple ion detection mode and a TG-FTIR spectroscopic gas cell. 

Two different chain length, UreaSil based electrolyte samples with KI/I2 redox couple have 

been studied for years, measured in every ~9 months concerning their long term thermal 

stability by dynamic heating while the evolved gases has been also identified in order to gain 

more information about the differences of the two gel electrolytes. 

In addition to the long therm stability studies two new Ureasil based gel matrix has been 

studied concerning their volatile retardation ability and the effect of the redox electrolyte on 

the degradation of the gel. For this study, gels without any electrolyte and gels containing new 

types of redox mediator (LiI/I2/MPII) have been used as well as one gel sample with extra 

additives. 

Besides the UreaSil based samples, three tetramethoxy silane (TMOS) based electrolyte 

samples have been also studied in comparison with each other and also with the UreaSil based 

ones especially to compare the effect of the composition of the gel electrolytes on their thermal 

properties. In case of the TMOS based samples, the thermoanalytical results have been 

compared to the efficiency results of the solar cells fabricated with the gel electrolytes. 

Detailed thermal analysis and thermal degradation of two important efficiency promoter 

additives, such as guanidinium-thiocyanate and 1-methyl-3-propylimidazolium iodide, in solar 

cells have been studied and in each case a potential degradation pathway have been proposed. 

In order to further improve the efficiency of dye-sensitized solar cells, I covered the 

conductive glass electrode (working electrode) with zirconia (ZrO2) light refractive layer by 

either spray pyrolysis deposition (SPD) or spin coating technique. With the use of these 

techniques I successfully fabricated electrodes with high haze ratio which resulted higher 

conversion efficiency when used in solar cell. I was able to optimize the layer thickness and 

morphology of the layer in addition to the deposition method to reach the highest possible 

conversion efficiency of the cell. 
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2. Literature review 

The development of the alternative energy sources is an important task nowadays, in order 

to replace at least part of the traditional energy sources1 2. One big group of these alternative 

energy sources is the sunlight using photovoltaic (PV) equipments, the solar cells. The principle 

of operation of the silicon based solar cells is that it contains three layers: n-type, p-type and 

between them, the connection is made by the i-layer. The n-type layer is doped with a chemical 

element from the V. group, mostly phosphorous, what causes electron excess. On the other 

hand the p-type layer is doped with an element from the III. group what causes electron 

shortage in the layer, creating holes. The absorption of the light can happen in the i-type layer, 

where every photon produces an electron-hole couple by the excitation of the electrons (the 

electrons are conducted by the n-type layer leaving holes behind). This mechanism creates 

potential difference between the n- and p-type layers what causes the movement of the electrons 

when the external circuit is closed therefore leads to electrical work3.  

The first non-single-crystal solar cell, called amorphous Si based solar cell was used after 

the first big oil crisis because it could be used in thinner layer because of its higher absorption 

efficiency so it required less raw material3, later other alternative solar cells have been 

proposed.  

A promising type of these alternative photovoltaic equipments are the dye-sensitized solar 

cells. It is expected that these solar cells can be fabricated with a lower cost than silicon based 

solar cells because of the cheaper materials used for production2 3. This type of dye-sensitized 

solar cell have been published first by Michael Grätzel therefor it is also common to call it 

Grätzel-type solar cell3. In addition, it can be produced in either mechanically robust or flexible 

form depending on the intended use. The composition of the dye sensitized solar cells are more 

or less constant, a transparent glass electrode (working electrode) covered with nanoporous 

TiO2 semiconductor sensitized by ruthenium(II) complex dye in order to absorb visible light; 

a redox electrolyte  (I2/I
-) solved in non-water polar solvent and a platina covered counter 

electrode. 

The current efficiency of these solar cells can reach up to 13-14% what makes it close to 

competitive to the traditional solar cells4 5. Another advantage of the Grätzel-type solar cells 

compared to the traditional solar cells that they can be fabricated on a chemically gentle way 

causing lower production cost. They are also semi-transparent and their color can be 

customized therefor they can be used as ‘photovoltaic windows’; they can absorb incoming 

light in any angle so they can use bigger portion of the diffuse light improving their efficiency. 

However the use of liquid electrolytes can cause short and long term leakage problems, so 

several research laboratory made effort to replace the liquid electrolyte with solid or quasi-

solid electrolytes6 7 8. 

As opposite to the traditional solar cells where the semiconductor is responsible for both 

the photon absorption and the separation of the charge carriers, in dye-sensitized solar cells 

these roles are separated. As a semiconductor commonly TiO2 is used, deposited on the 

                                                
1 E. Stathatos, P. Lianos S.M. Zakeeruddin, P. Liska, M. Grätzel,  Chem. Mater. 2003, 15, 1825-1829 
2 M. Grätzel, Inorg. Chem., 2005, 44 (20), 6841–6851 
3 L. Moreira Goncalves, V. de Zea Bermudez, H. Aguilar Ribeiroa, A. Magalhaes Mendes, Energy Environ.  

Sci., 2008, 1, 655-667 

4 S. Mathew, A. Yella, P. Gao, R. Humphry-Baker, B. F. E. Curchod, N. Ashari-Astani, I. Tavernelli, U. 

Rothlisberger, M. K. Nazeeruddin & Michael Grätzel, Nat. Chem. 2014, 6, 242–247 

5 K. Kakiage, Y. Aoyama, T. Yano, K. Oya, J. Fujisawab and M. Hanaya, Chem. Commun., 2015, 51, 15894-

15897 

6 E. Stathatos, P. Lianos, U. Lavrencic-Stangar, B. Orel, Adv. Mater. 2002, 14 (5), 354-357 

7 Y. Chen, E. Stathatos, D. D. Dionysiou, J. Photochem. Photobiol. A: Chemistry 2009, 203, 192-198 

8 Elias Stathatos, Panagiotis Lianos,  WO 2004/095481A1   PCT/GR2004/000023 
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transparent conductive oxide (TCO, ITO or FTO) glass9 2. One of the most useful and versatile 

redox mediator was found to be the iodide/triiodide system to be used in DSSC together with 

other additives to optimize the photovoltaic properties of the cell. Commonly used additives 

are imidazolium iodides, heterocyclic nitrogen containing molecules like 4-tertbutyl pyridine 

or N-alkyl benzimidazole. Another frequently used efficiency promoter additive is 

guanidinium thiocyanate what cause significant improvement in the open circuit voltage 

(Voc)
10. 

The solved iodide/triiodide have been embedded into gels in order to work as a connection 

between the two electrodes but prevent leakage of the electrolyte because the solar cell have to 

be stable enough to work without significant efficiency loss during 108 cycle, what is equivalent 

to 20 years of natural sunlight. 

Dye-sensitized solar cells are sensitive to several factors during long term usage such as 

evaporation of the organic solvent, degradation caused by UV-light, temperature changes and 

one of the most critical is high temperature. Since it is not possible to outrule temperature 

changes during normal working conditions, what can cause the solar cell to heat up to 85°C, it 

is important to study the effect of the high temperature on the stability of the solar cell11 12. 

One of the commonly used stability tests to characterize solar cells is to keep it at 85°C 

during 1000 hours or to keep it at 55°C under AM1 light (the spectrum after travelling through 

the atmosphere to sea level with the sun directly overhead is referred to, by definition, as 

"AM1") during 1000 hours 13 14 15 16 17 18.  

These tests can help to give a picture about the stability of the solar cells but it does not 

reproduce properly the conditions what a solar cell has to endure during normal usage therefor 

it would be necessary to have high temperature test under high intensity light emission 

completed with other new types of stability tests. The extent of the degradation and the decrease 

of the efficiency of the cells are highly depending on the exact composition of the cell, for 

example higher iodine and LiI content increase the stability but even these cells showed 

significant decrease during long term tests11. It is visible that the stability of the solar cells is a 

critical question during their development. 

The improvement of the efficiency of the solar cells is a widely researched topic where 

different parts of the cell can be considered such as the composition of the electrolyte, 

gelatization of the electrolyte, use of new or combined dyes, improvement of the TiO2 layer or 

                                                
9 M. Grätzel , J. Photochem. Photobiol. C: Photochemistry Reviews, 2003, 4, 145–153 
10 Ze Yu, Mikhail Gorlov, Gerrit Boschloo, and Lars Kloo, J. Phys. Chem. C 2010, 114, 22330–22337 
11 P. M. Sommeling, M. Späth, H. J. P. Smit, N. J. Bakker, J .M. Kroon, J. Photochem. Photobiol A: Chemistry, 

2004,  164 (1–3), 137-144 
12 H.-S. Lee, S.-H. Bae, Y. Jo, K.-J. Kim, Y. Jun, C.-H. Han, Electrochim. Acta., 2010, 55, 7159-7165 
13 P. Wang, S. M. Zakeeruddin, J. E. Moser, M. K. Nazeeruddin, T. Sekiguchi, M. Grätzel, Nat. Mater., 2003, 2 

(498), 402-407 
14 H. Yang, C. Yu, Q. Song, Y. Xia, F. Li, Zhigang Chen, X. Li, A. Tao Yi, C. Huang, Chem. Mater., 2006, 18 

(22),  5173–5177 
15 G. Gabriela G. Sonai, Armi Tiihonen, Kati Miettunen, Peter D. Lund, and Ana F. Nogueira J. Phys. Chem. C, 

2017, 121 (33), 17577–17585 
16 S. K. Yadav,  S. Ravishankar,  S. Pescetelli,  A. Agresti,  F. Fabregat-Santiago  and  A. Di Carlo, Phys. 

Chem. Chem. Phys., 2017, 19, 22546-22554 
17 A. Hinsch, J. M. Kroon, R. Kern, I. Uhlendorf, J. Holzbock, A. Meyer, J. Ferber, Prog. Photvolt.: Res. Appl., 

2001, 9, 425-438 
18 T. Lund , P.T. Nguyen, H. M. Tran, P. Pechy, S. M. Zakeeruddin, M. Grätzel, Sol. Energy 110 (2014) 96–104 
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deposition of different layers on the conductive glass19 20 21. 

In a common dye-sensitized solar cell, shown in Figure 1., the sunlight is illuminated from 

the backside of the working electrode what can cause serious light reflecting and light scattering 

problems what can decrease the light-to-energy conversion efficiency. To decrease these 

problems one solution can be to increase the haze ratio (defined as the diffuse light to all 

transmitted light ratio) of the working electrode22 23 24. 

Increasing the haze ratio is possible by depositing special light scattering layers on the glass 

electrode. As material for the light scattering layer, zirconium dioxide seems to be a good 

candidate according to previous results25 26 27, because of its high refractive index. For the 

deposition of the zirconium dioxide layer different techniques can be used and also different 

precursors. The final thickness and morphology of the layer depends on the deposition 

circumstances and the surface morphology affects the haze ratio and therefor the efficiency of 

the solar cell. For the improvement of the efficiency the goal is to optimize several related 

properties25 26 27.  

 

 
Figure 1. The structure and the work mechanism of Grätzel type solar cells. On the left side is the 

working electrode,; and the platina covered counter electrode on the right side28. Tthe ruthenium dye 

is responsible for photon absorption and after excitation an electron is injected to the semiconductor 

titanium-dioxide, and through the conducting glass the electron moves towards the platina covered 

counter electrode, ensuring the elektrical work while the ruthenium dye is recovered by the I-/I3
- 

electrolyte and this electrolyte is recovered by the counter electrode. 

                                                
19 A. Yella, H-W. Lee, H. N. Tsao, C. Yi, A. K. Chandiran, M. K. Nazeeruddin, E.W.-G. Diau, C.-Y. Yeh , S. 

M. Zakeeruddin, M. Grätzel, Science, 2011, 334, 629-634 
20 G. Hodes, Science, 2013, 342, 317-318 
21 M. Grätzel, Nat. Mater, 2014, 13, 838-842 
22 R. Otsuka, T. Endo, T. Takano, S. Takemura, R. Murakami, R. Muramoto, J. Madarász, M. Okuya, Jpn. J. 

Appl. Phys., 2015, 54, 8S1 
23 T. Yamamoto, K. Ohashi, M. Okuya, Trans. Mat. Res. Soc. Jpn., 2010, 35, 409-412 
24 Y. Chiba, A. Islam, R. Komiya, M. Koide, L. Han, Appl. Phys. Lett., 2006, 88, 223505 
25 M. Okuya, N. A. Prokudina, K. Mushika, S. Kaneko, J. Eur. Ceram. Soc., 1999, 19, 903-906 
26 M. Okuya, S. Kaneko, N. A. Prokudina, T. Fujiwara, K. Murakami, Ceram. Trans. 2000, 109, 473 
27 M. Okuya, S. Kaneko, K. Hiroshima, I. Yagi., K. Murakami, J. Eur. Ceram. Soc., 2001, 21, 2099 
28 http://mmrc.caltech.edu/pictures/Gratzel_cell.jpg 
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3. Materials and methods 

In order to find appropriate gel electrolytes and to compare them, our greek partners 

fabricated gel electrolytes with different compositions where they varied the gel building 

material, the solvent, the redox mediator and also some additives. According to their original 

composition, their preparation time and the used measurements, I have separated the samples 

into three groups. 

 
Table 1. The composition of samples P230 and P4000 

  P230(KI/I2) P2000(KI/I2) 

Ureasil230 (g) 0,75 - 
Ureasil2000 (g) - 0,75 

Sulfolane (g) 1,75 1,75 
Acetic acid (ml) 0,7 0,7 

LiI/I2 (M) 0,5/0,05 0,5/0,05 
 

Table 2. The composition of samples, S230, S230(LiI/I2/MPII), S4000, S4000(LiI/I2/MPII) and 

S230(full)  

  S230 S230(LiI/I2) S4000 S4000(LiI/I2) S230(full) 

Ureasil230 (g) 0,7 0,7 - - 0,7 
Ureasil4000 (g) - - 0,7 0,7 - 

Sulfolane (g) 1,6 1,6 1,6 1,6 1,6 
Acetic acid (ml) 0,35 0,35 0,35 0,35 0,6 

LiI/I2 (M) - 0,12/0,6 - 0,12/0,6 0,12/0,06 
MPII (M) - 0,12 - 0,12 0,12 

methoxy-propyonitrile (g) - - - - 0,8 
4-tertbuthylpyridin (g) - - - - 0,204 

guanidinium thiocyanate (g) - - - - 0,0356 
 

Table 3.  The composition of TMOS based samples S1, S2 és S3  

  S1 S2 S3 
  mgramm mmol mgramm mmol mgramm mmol 

TMOS 528 3.5 300 2.0 200 1.3 
HCl 4 oz  3 oz  2 oz  
ACN 2400 58.5 2800 68.3 2800 68.3 

Triton X-100 780 1.2 -  -  
PEG200 -  500 2.5 500 2.5 

LiI 274 2.0 281 2.1 261 1.9 
I2 72.8 0.3 74.6 0.3 74.6 0.3 

TBP 277 2.1 284 2.1 284 2.1 
MPII 206.7 0.8 211.8 0.8 211.8 0.8 

GuaSCN 48.8 0.4 49.6 0.4 49.4 0.4 

 

Measurement parameters of simultaneous TG/DTA-MS: SDT 2960 Simultaneous 

TG/DTG/DTA coupled with Balzers Termostar mass spectrometer (quadrupole,  m/z: 1-300), 

air atmosphere, from room temperature to 600°C with 10˚C/min heating rate, interface quartz 

capillary temperature: 200°C. 
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Measurement parameters of TG-FTIR: TGA 2050 Termogravimetric Analyzer furnace 

coupled with Bio-Rad Excalibur Series and BioRad TGA/IR Accessory Unit containing 

Fourier-transformation infrared spectroscopy gas cell, stainless steel interface at 200°C, air 

atmosphere, from room temperature to 600°C with 10˚C/min heating rate. 

Identification of the gases evolving during the TG-FTIR measurements: For the 

identification of the evolved gases in the spectrum I separated the characteristic peaks visible 

in a given time, then studied the unexpected absorption bands to identify what kind of 

compound or functional group it can belong to, then identified with the use of reference. The 

integrated absorbance values are drawn depending on the sample temperature to receive the 

FTIR evolution curves.  

Characterization of the solar cells with quasi solid electrolytes: Solar Light Co. 16S-300, 

xenon lamp with AM 1.5 at a constant 1000 W/m2 light intensity, CMP3 Kipp and Zonen 

pyranometer, active solar cell area was 0,28 cm2. 

ZrO2 layer deposition with SPD or spin coating techniques: zirconia (ZrO2) suspension 

(ZR-40BL, Nissan Chemical) was mixed with either 0,1 M zirconium(IV) acetylacetonate or 

0,1 M zirconium(IV)-chloride solved in ethanol.The precursor was deposited with SPD 

technique using compressed air (Lumina STA-6R-1mmø, Fuso Seiki Co., Ltd., Japan) on the 

glass substrate. In the other cases, when spin coating was used, 40 weight% zirconia (ZrO2) 

suspension (ZR-40BL, Nissan Chemical) was spread on the glass substrate where the layer 

thickness was controlled by changing the spinning speed.  

FTO (fluorine doped tin(IV)-dioxide) based conducting layer deposition on glass: 0,25 

M di-n-butyltin diacetate(DBTDA) solved in ethanol was mixed with ammonium-fluoride in 

[NH4F]/[DBTDA]=1,6 ratio then it was deposited by spray pyrolysis deposition (SPD) 

technique (Lumina STA-6R-1mmø, Fuso Seiki Co., Ltd., Japan) using compressed air on the 

glass electrode (Corning 1737 glass), to fabricate the FTO/ZrO2/glass or FTO/glass/ZrO2 

electrodes.  

Optical measurements of zirconia coated conducting glasses (T%, R%, VT%, Hr%): 

transmittance, reflectance and vertical transmittance have been measured by JASCO V-570 

spectrophotometer to calculate the haze ratio (Hr%). 

Surface morphology measurements: The deposited layers have been measured (ZrO2 and 

FTO) by electronmicroscopy (FE-SEM JSM-6320F, JEOL).  

Light absorbing, dye-sensitized TiO2 layer deposition: Porous TiO2 layer have been 

deposited by SPD technique from the mixture of TiO2 powder (P25, Degassa) and TiO2 solvent 

(TKC-302, TAYCA) (and acetic acid) on the surface of transparent conducting glass and then 

annealed at 500°C. The electrodes have been soaked in Ruthenium 535-bisTBA (Solaronix SA, 

10-6 mol/l) dye for 24 hours at 45°C to let the dye adsorbed on the surface of TiO2. The freshly 

prepared working electrodes have been glued to the platinum covered counter electrodes by I-

/I2 containing electrolyte (EL-AL, Tomiyama Pure Chemical Industries, Ltd., Japan).  

Properties of the solar cells containing refracting layer covered electrodes (Hall-effect, 

Jsc, Voc, FF, η%): The Hall-effect was measured (Hall System HMS-3000 (Ecopia)) using the 

van der Pauw method. IPCE spectra was measured in the whole visible region by one-way 

monochromator (PVL-400, Asahi Spectra) in constant energy mode. The I-V curves were 

measured by the same instrument (AM1.5, 100 mW/cm2 xenon lamp) then efficiency (η%), fill 

factor (FF), open circuit current (Voc) and short circuit current (Isc) have been calculated.  
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4. Results 

 

4.1. Comparing thermal stability studies of two different chain length UreSil based, KI/I2 

containing gel electrolytes  

 

For the stability tests of the different chain length UreaSil based P230 and P2000 samples 

during the long term tests (storage: 29 months, under sunlight and temperature changes) I 

compared the amount of the solid residue to the initial sample weight to determine the possible 

changes in the amount of the volatile components during the storage time. The solid residue 

was identified as potassium iodide by powder X-ray diffraction. Sample P2000 have been 

found thermally stable during the measurement series, where the ratio of the solid residue has 

not changed so the amount/ratio of the volatile components remained unchanged during the 

storage time (Figure 2.). In contrast, sample P230 showed higher heterogeneity during the three 

measurements carried out during the storage time and increasing tendency have been observed 

in the ratio of the solid residue what indicates the decrease of the volatile component ratio what 

means that the sample has changed during the storage time therefor the sample is considered 

instabile. From the measurements in four different time from both samples from the beginning 

of the measurement acetic acid (polycondensation component) and from 150°C sulfolane (polar 

solvent) has been identified. At higher temperature degradation products from the degradation 

of the gels have been observed. From sample P2000 from 280°C formaldehyde and carbon 

monoxide have been identified while from sample P230 ammonia evolved from 305°C and 

later methane. From both samples carbon dioxide evolved with different evolution curves. With 

the help of TG-MS additionally iodine and alkyl iodides have been identified in both samples. 

  

 

Figure 2. The changes in thermal stability of samples P2000 and P230 according to the TG 

measurements where sample P2000 remained unchanged while P230 showed increasing tendency and 

also higher heterogeneity.  
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4.2. Studies on the volatile retention ability of UreaSil based gel matrices and the effect of 

LiI/I2/MPII redox mediator on the gel matrices 

The volatile retention ability and thermal stability of the electrolyte gel and the effect of 

the electrolyte on the stability of the gels has been determined with thermogravimetry on-line 

coupled with evolved gas analyzers by identification and monitoring of the volatile components 

and degradation products from two new types of UreaSil based gel electrolytes. 

Both of the gel samples without electrolyte, S4000(empty) and S230(empty), have been 

found quite stable until 284 and 304°C, while the samples containing the same gel filled with 

LiI/I2/MPII electrolyte, S4000(LiI/I2/MPII) and S230(LiI/I2/MPII), showed lowered stability 

with 245 and 285°C border temperatures (Figure 3). In case of samples with S230 the 

degradation of the gel structure was identified by the evolution of ammonia and its burning 

product, dinitrogen oxide while formaldehyde and carbon monoxide evolved from samples 

with S4000-type of gel.  

With mass spectrometry additionally short chain alkyl iodides have been identified from 

the gels filled with LiI/I2/MPII electrolyte.  

From sample S230(full), which contained extra additives, 4-tert butylpyridine, 3-methoxy 

propionitrile and carbonyl sulfide (possible degradation product of guanidinium thiocyanate) 

have been also identified in addition to the components already identified from the S230 based 

gels.  

 

 

 

Figure 3. TG/DTG/DTA degradation curves of two types of gel matrix, S230 és S4000,without 

electrolytes (a, b) or with LiI/I2/MPII electrolyte (c, d) 
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During the detailed thermal analysis of MPII, what has a role in the formation of alkyl-

iodides, complex degradation process was found. Methyl iodide, 1-methylimidazole, propene 

and methane were the main degradation products identified from their FTIR spectrum while 1-

propylimidazole, propyl iodide, 2-iodo-1-methylimidazole and 2-iodo-1-propylimidazole have 

been also identified by MS and in addition, little amount of hydrogen, hydrogen iodide, iodine, 

ammonia, nitrogen oxide and carbon dioxide have been detected. Based on the identified 

components I proposed a complex degradation path of MPII between 230-250°C (Figure 4). 

 

 

Figure 4. Suggested degradation pathway of MPII based on the identified components  

 

4.4. Thermal stability of tetramethyl ortosilicate (TMOS) based gel electrolytes and the 

efficiency of the gel electrolyte containing solar cells 

 

Thermal stability of tetramethoxy silane (TMOS) based electrolyte samples have been also 

tested together with comparative tests on the efficiency of solar cells prepared with the TMOS 

based electrolytes. The parallel thermoanalytical studies showed good reproducibility and 

homogeneity in the case of samples S1 (0.85 M TMOS/0.29 M Triton X-100) and S2 (0.47 M 

TMOS/0.6 M PEG 200) while significant heterogeneity was observed for sample S3 (0.31 M 

TMOS/0.6 M PEG 200). 

Based on their TG/DTG curves, lower degradation temperature was observed for the 

sample with lower TMOS content, so  S1 (0.85 M TMOS/0.29 M Triton X-100) showed the 

highest degradation temperature while S3 (0.31 M TMOS/0.6 M PEG 200) showed the lowest 

with the border temperature of 200°C, 195°C (S2) és 193°C, respectively. In the case of all 

samples I separated the degradation process into three main stages where in the first stages the 

volatile, solvent-like components evolved followed by the degradation products of the gel in 

the second stage, finally gases evolved from the burning of the organic material. To identify 

the evolved gases I used FTIR and MS reference spectra. In the first stage from all three 

samples methanol, acetonitrile, 4-tertbutylpyridine and carbonyl sulfide (from guanidinium 

thiocyanate) evolved (Figure 5.). In the second stage, above 300°C, ammonia, sulfur dioxide 

and alkyl iodides have been identified. Between 500-600°C the burning out of the samples 

occurred escorted by the evolution of carbon dioxide which evolution curve seemed highly 

dependent on the sample composition. From sample S1, which contained Triton X-100 as 
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organic gel forming component, the evolution of carbon dioxide has already started at around 

250°C and continued through the measurement while in the case of PEG200 containing 

samples the evolution of carbon dioxide started only above 450-500°C what can be explained 

by the easy ignition of Triton X-100. 

 

 
Figure 5. The evolution curves of the identified components from the TG-MS measurement of one of 

the TMOS based samples, S1 (0.85 M TMOS/0.29 M Triton X-100), such as acetonitrile, 4-

tertbutylpyridine, ammonia, water, carbon dioxide, sulfur dioxide, carbonyl sulfide and iodine 

containing groups. 

The photovoltaic results of the solar cells fabricated with the electrolytes showed that the 

efficiency was roughly in opposite with the thermal stability, so the highest efficiency was 

observed for sample S3 (with the lowest stability) than samples S1 and S2 (Table 4.). When 

choosing the appropriate electrolyte it is important to consider both efficiency and thermal 

stability. According to this the use of sample S3 is not suggested because of the low 

homogeneity and stability despite its high efficiency. Between the other two samples, S1 is n 

suggested because of its high stability and medium efficiency if the easy ignition of Triton X-

100 don’t cause any problems. S2 is also considered as appropriate choice with medium 

stability, and barely lower efficiency than S1 (Table 4.) according to our current results.   

 
Table 4.  Photovoltaic results of hybrid organic/inorganic electrolyte containing solar cells  

Sample I(mA/cm2) Voc(V) FF n(%) 

S1 0.85M TMOS/ 0.29M Triton X-100   7.91 0.73 0.66 3.81 

S2 0.47M TMOS /0.6M PEG200 8.60 0.74 0.58 3.66 

S3 0.31M TMOS /0.6M PEG200  10.15 0.74 0.55 4.20 

230(full) Ureasil-230 6.76 0.75 0.57 2.85 
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4.5. Thermal degradation of guanidinium thiocyanate  

 

Guanidium thiocyanate, what is another efficiency promoter additive in solar cells, have 

been studied. After the melting of the salt at 118°C it was found stable until 250°C when its 

degradation started with an intensive weight loss where I was able to identify several 

degradation components such as isotiocyanic acid (HNCS), hydrogen cyanide, sulfur dioxide, 

carbon disulfide, ammonia and carbonyl sulfide. During further decomposition between 300-

400°C cyanamide, dinitrogen oxide and carbon dioxide have been also identified (Figure 6.). 

Above 400°C the final burning out of the sample occured. Based on the identified components 

I suggested a potential pathway for the degradation of the guanidinium thiocyanate (Figure 6.).  

It is important to note that from the degradation of pure guanidinium thiocyanate I was able to 

identify several degradation components while from the degradation of guanidinium 

thiocyanate containing electrolyte only carbonyl sulfide and ammonia have been observed. 

Presumable that the degradation occurs differently in the electrolyte, compared to the pure 

material, or some reaction occurs between the degradation components during the high 

temperature complex degradation process.  

 

 

 
 

Figure 6.  The potential degradation pathway of guanidinium thiocyanate based on the detailed 

thermoanalytical study.  

 

 

4.6.  The effect of light refracting zirconia (ZrO2) layer on the efficiency of dye-sensitized 

solar cells 
 

In order to increase the efficiency of dye-sensitized solar cells I created light refractive 

layer on the transparent conducting glass electrode (FTO) by depositing zirconium dioxide on 

the glass before depositing the FTO layer. With the use of zirconia (ZrO2) as light refracting 

layer high haze FTO electrode have been prepared. Out of the possible precursor materials 

zirconium acetylacetonate have been found appropriate therefor the light refracting ZrO2 layer 

have been deposited from zirconium acetylacetonate on either the backside or the frontside of 

the working electrode. Despite my previous assumption the later resulted higher efficiency 

solar cells despite the fact that in a solar cell the sunlight is illuminated from the backside of 

the working electrode. With electronmicroscopic surface morphology measurements I found 

that the cause of this phenomenon is the better deposition surface for the FTO particles ensured 

by the previously deposited ZrO2 particles resulting bigger FTO particles compared to direct 

deposition of FTO on the glass. 

Out of the two deposition techniques used for deposition, SPD resulted solid ZrO2 layer 

while with spin coating technique porous layer was created what resulted different light 
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reflecting properties of the cell. With the solid ZrO2 layer covered electrode 4,7% efficiency 

was reached with 41,5% haze ratio, while with porous ZrO2 layer covered electrode the 

efficiency reached up to 6,8% with the haze of 34,4% (Table 5.). However with appropriate 

layer thickness even higher haze ratio was reached I found that the efficiency has a maximum 

at around ~30% haze and with the further increasing haze the transmittance and the efficiency 

decreases thus the optimization of the haze ratio while keeping high enough transmittance is 

important to reach the highest efficiency. 

 
Table 5. The optical and photovoltaic properties of the porous ZrO2 layer containing electrodes and 

solar cells  

Sample T% Hr%  η% Voc (V) Isc (mA/cm2) 

bare FTO 81.9 0.6 2.8 0.62 6.6 

FTO/ZrO2(0.4µm)/glass 81.5 34.4 6.8 0.72 13.7 
FTO/ZrO2(0.8µm)/glass 76.5 59.0 5.2 0.74 10.0 

FTO/ZrO2(1.2µm)/glass 72.5 70.9 4.6 0.74 9.0 

 

 

4.7. Summary 

 

Summerizing, I attempted to improve the thermal stability and efficiency of dye sensitized 

solar cells by looking for the thermally more stable one with comparative long term and 

accelerated heating stability tests of different gel electrolytes and with detailed thermal studies 

of some of their important additives and their effect on the electrolytes. 

To further improve the efficiency of dye sensitized solar cells ZrO2 layer was deposited on 

the conducting glass electrode and I optimized the used precursor, deposition technique and 

suface morphology for the highest efficiency. 

 

  



14 

5. Thesis 

 

1. Detailed long term, through years, thermoanalytical and evolved gas analytical studies 

have been carried out on two different chain length quasi-solid solar cell electrolytes where I 

made conclusions of the storage time stability of the different electrolytes and I made 

suggestion on the more appropriate electrolyte, to be used in a solar cell, based on its thermal 

stability [NV1]. 

 

 

2. Detailed short term, accelerated ageing simulating thermoanalytical and evolved gas 

analytical studies on different quasi-solid solar cell electrolytes have been carried out to study 

and compare the solvent retardation ability of the electrolyte, the effect of the redox mediator 

on the stability of the gel electrolyte and in some cases the efficiency of the solar cells. Based 

on these results I suggested the use of thermally more stable electrolytes considering the 

efficiency of the solar cells fabricated with the electrolytes [NV2, NV3]. 

 

 

 

3. I suggested a possible degradation pathway above 250°C of an important dye-sensitized 

solar cell additive, 1-methyl-3-propylimidazolium iodide (MPII) based on detailed 

thermoanalytical and evolved gas analytical studies where a complex degradation process has 

been described according to the paralel TG/DTA-MS and TG-FTIR evolved gas measurements. 

[NV3].  

 

 

 

4. According to the detailed thermoanalytical and evolved gas analytical studies up to 

600°C, the degradation of an important dye-sensitized solar cell additive, guanidinium-

thiocyanate has been described, what has not been available in the literature yet. Based on the 

identified degradation products and TG/DTG/DTA curves I suggested a plausible degradation 

pathway. 

 

 

 

5. With the deposition of ZrO2 light refracting layer on a transparent conducting (FTO) 

glass electrode with high haze working electrode has been prepared and the efficiency of the 

solar cells has been improved in every cases compared to the electrodes without any light 

refracting layer. I optimized the layer thickness, morphology and deposition technique in order 

to reach the highest possible efficiency. 
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6. Possible applications 

 

The stability tests used in this study could be complementing the already used stability 

tests to characterize the electrolytes of the dye-sensitized solar cells. With the used methods it 

is possible to gain information about thermal stability of the gel electrolytes without having 

long (1000 hours) tests with the electrolyte built into a solar cell. The thermal stability 

methodology could be used for other complex gel samples or to compare the different gel 

electrolytes of solar cells. 

The used methodology to compare thermal stability, solvent retardation ability, thermal 

degradation and efficiency of different gel electrolytes to fabricate new electrolytes combining 

the most preferred properties to be used in solar cells.  

The use of transparent conducting glass electrode deposited with light refracting zirconia 

layer have increased the efficiency of the solar cell in every case. The methodology have been 

optimized in order to reach the highest efficiency in regard of both the precursor and the 

deposition technique and circumstances so it can be used for any type of solar cells containing 

conducting glass electrode to increase the light absorption efficiency. 

The method to deposit ZrO2 light refracting layer can be used as a base to create and deposit 

new types of light refracting layers. 

  



16 

7. Publications 

 

Publications that form the basis of this PhD thesis: 

 

[NV1] János Madarász, Viola Nagygyörgy, Elias Stathatos, György Pokol, Ageing and 

thermal stability studies on quasi-solid composite electrolytes for Graätzel-type solar cells 

Part 1. Application of thermogravimetry and coupled methods of evolved gas analysis 

(TG/DTA–MS and TG–FTIR), Journal of Thermal Analysis and Calorimetry (2013) 

113:1055–1062  DOI 10.1007/s10973-012-2904-3 (IF:1,953 (2017) Independent citations:4) 

 

[NV2] Andigoni Apostolopoulou, Viola Nagygyörgy, János Madarász, Elias Stathatos, 

György Pokol; Thermal stability and electrical studies on hybrid and composite sol-gel quasi-

solid-state electrolytes for dye-sensitized solar cells; Journal of Thermal Analysis and 

Calorimetry, (2015) 121:371-380 DOI 10.1007/s10973-015-4556-6 (IF:1,953 (2017) 

Independent citations:4) 

 

[NV3] Viola Nagygyörgy, Elias Stathatos, György Pokol, János Madarász; Thermoanalytical 

Studies on UreaSil-type Gels Filled with Electrolytes Containing 1-Methyl-3-

propylimidazolium Iodide for Quasi-Solid-State Dye-Sensitized Solar Cells by TG and 

Coupled Methods of Evolved Gas Analysis, Thermochimica Acta, (2017) 651:11-21 DOI 

10.1016/j.tca.2017.02.009 (IF:2,236 (2017) ) 

 

 

 

Accepted but not published yet: 

[NV5] Masayuki Okuya, Jun Sato, Takeshi Endo, Ryo Iwaki, Shuichiro Takemura, Ryosuke 

Muramoto, Viola Nagygyörgy, János Madarász, Shoichiro Nakao, Naoomi Yamada, Enju 

Sakai, Taro Hitosugi, and Tetsuya Hasegawa, TiO2/TNO homojunction introduced in a dye-

sensitized solar cell with a novel TNO transparent conductive oxide film, accepted in Journal 

of the American Ceramic Society 

  

https://doi.org/10.1016/j.tca.2017.02.009
https://doi.org/10.1016/j.tca.2017.02.009


17 

 

Oral presentations (in english): 

I.Innovation in Science - Doctoral Student Conference 2014, Szeged, Hungary,  

Viola Nagygyörgy, János Madarász, Elias Stathatos, György Pokol, Ageing and Thermal 

Stability of Quasi-solid Composite Electrolyte Samples for Gratzel-type Solar Cells (DSSC) 

by TG and Coupled Methods of Evolved Gas Analyses (TG/DTA-MS and TG-FTIR) 

 

Shizuoka University International Symposium, 2016, Shizuoka, Japan,  

 Viola Nagygyörgy, János Madarász, Elias Stathatos, György Pokol, Comparisons on 

Thermal Stability of Quasi-Solid Electrolyte Samples Containing LiI for Grätzel-type Solar 

Cells by TG and Coupled Methods of Evolved Gas Analysis 

APICENS, 2016, Okinawa, Japan,  

Viola Nagygyörgy, János Madarász, György Pokol, Elias Stathatos, Comparisons on Thermal 

Stability of Quasi-Solid Electrolyte Samples Containing LiIfor Grätzel-type Solar Cells by 

TG and Coupled Methods of Evolved Gas Analysis 

47th Annual Meeting of Union of Chemistry-Related Societies in Chubu Area, 2016, 

Toyohashi, Japan,  

Viola Nagygyörgy, János Madarász, JunSato, RiekoOno and MasayukiOkuya, FTO Glass with 

Light Refractive Layer for Dye-Sensitized Solar Cells 

 

The Ceramic Society of Japan 29th fall meeting, 2016, Hiroshima, Japan, 

Viola Nagygyörgy, János Madarász, JunSato, RiekoOno and MasayukiOkuya, FTO Glass 

with Light Refractive Layer for Dye-Sensitized Solar Cells 

 

77th JSAP Autumn Meeting, 2016, Niigata, Japan,  

Viola Nagygyörgy, János Madarász, Jun Sato, Rieko Ono, Masayuki Okuya, Preparation of 

high haze FTO glass with light refractive layer for dye-sensitized solar cell 
 

1st Journal of Thermal Analysis and Calorimetry Conference and 6th (Joint Czech-

Hungarian-Polish-Slovakian) Thermoanalytical Conference, 2017, Budapest, Hungary,  

Viola Nagygyörgy, Elias Stathatos, György Pokol, János Madarász, Comparisons on Thermal 

Stability of Quasi-Solid Electrolyte Samples Containing LiI  for Grätzel-type Solar Cells by 

TG and Coupled Methods of Evolved Gas Analysis 

  



18 

 

Poster presentations (in english): 

MEDICTA11, 2013, Athens, Greece,  

János Madarász, Viola Nagygyörgy, Elias Stathatos, György Pokol, Comparisons on Thermal 

Stability of Quasi-Solid Composite Electrolyte Samples for Grätzel-Type Solar Cells (DSSC) 

by TG and Coupled Methods of Evolved Gas Analysis (TG/DTA-MS and TG-FTIR) 

ESTAC11 , 2014, Helsinki,Finland,  

Viola Nagygyörgy, Elias Stathatos, György Pokol, János Madarász, Comparative Studies on 

Thermal Stability of Quasi-Solid Electrolyte Samples for Grätzel-Type Solar Cells (DSSC) by 

TG and Coupled Methods of Evolved Gas Analysis 

CCTA12 and 6th (Joint Czech-Hungarian-Polish-Slovakian) Thermoanalytical Conference, 

2015, Zakopane, Poland,  

Viola Nagygyörgy, Elias Stathatos, György Pokol, János Madarász, Comparative Studies on 

Thermal Stability of Quasi-Solid Electrolyte Samples for Grätzel-Type Solar Cells (DSSC) by 

TG and Coupled Methods of Evolved Gas Analysis 


