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measured immediately after fabrication. 
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ABSTRACT 

 

Intense research in the field of nanostructured solar cells (NSCs) brought them to a level 

of delivering photoconversion efficiency (PCE) ~ 14.3% and 20.2% (η) for dye 

sensitized solar cells (DSCs) and perovskite solar cells (PSCs), respectively. The state-

of-the-art DSCs and PSCs typically employ a thin film of mesoporous TiO2 

nanoparticles (NPs) as an electron transport layer (ETL) due to its high specific surface 

area (~150 m
2
/g). Despite the high efficiency achieved in both devices using TiO2NPs, 

there have been significant concerns regarding their inferior electronic mobility (1×10
-7

 

cm
2
V

-1
s

-1
) that results in the loss of photogenerated electrons via recombination, inferior 

light harvesting properties and instability when exposed to UV-light. For a successful 

practical deployment of NSCs it is therefore crucial to overcome these intrinsic 

limitations by introducing suitable alternative morphologies. Towards this end, a 

vertically aligned TiO2 nanorod provides two orders of magnitude higher electron 

mobility than their NPs analogues and therefore often demonstrates efficient charge 

collection in NSCs. However, due to their lower surface area, the performance of DSC 

and PSCs using pristine TiO2 NRs has been far lower than NPs based analogues, ~3% 

and ~9.4%, respectively. This thesis describe synthesis of vertically aligned TiO2 NRs 

via a hydrothermal process on conducting glass substrates (FTO) and their usefulness as 

an ETL in DSCs and PSCs and also in perovskite solar modules (PSMs). The pristine 

TiO2 NRs based DSCs resulted in PCE (~1.37%) which is far lower than the best 

performing DSCs due to the lower surface area. To overcome the low performance, 

layered NR architectures were introduced that employ TiO2 NPs multi-layers over 

interface engineered NRs, resulting in a remarkable PCE (~11.2%) in the best 

performing device. The photovoltaic (PV) parameters of the layered NR DSC, i.e., short 

circuit density (Jsc ~21.2 mA cm
–2

), open circuit voltage (Voc ~764 mV) were far higher 

than a NP reference DSCs, i.e., 11.42 mA cm
–2

, 720 mV and PCE ~5.1%. The observed 

high PCE in layered photoanodes is due to their two times higher dye loading, improved 

light scattering and high surface area than the pristine analogues. The NRs werefurther 

investigated as a photoanode in PSCs resulting in PCE~ 6.4% in pristine form, where a 

low PCE is attributed to poor surface roughness of the NRs that result in a weaker 

interaction with perovskite crystals. A post-treatment of TiO2 NRs is carried out which 

doubled the PV performance of PSCs resulting in PCE as high as ~ 12.2%, primarily 

due to efficient charge separation at ETL/Perovskite interface. In addition, the NRs 

based PSCs also showed durable PV performance compared to NPs counterparts when 

tested for a shelf-life of 60 days. Perovskite solar module (PSM, best and av. PCE 

10.5% and 8.1%), which employs TiO2 NRs as electron transport layer, that showed an 

increase in performance (~5%) even after shelf life investigation for 2500 h. 

Investigation shows that the active layer of perovskite (CH3NH3PbI3-xClx) shows 

superior phase stability when incorporated in devices with TiO2 NRs scaffold as 

compared their NPs counterpart.The results of this research provide directions to not 

only achieve high efficiency in NSCs but also, more importantly, to attain long term 

stability in these devices eventually paving ways for their commercial deployment. 
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ABSTRAK 

 

Penyelidikan yang intensif di dalam bidang sel suria-berstruktur nano (NSC) telah 

menghasilkan kecekapan penukaran-foto (PCE) pada kadar ~14.3% dan 20.2% (η) 

untuk sel suria peka pewarna (DSCs) dan sel suria berasaskan perovskite (PSCs). 

Pencapaian tersebut diperolehi dengan menggunakan filem nipis nanopartikal (NPs) 

TiO2 berliang-meso sebagai lapisan pengangkutan elektron (ETL) berikutan luas 

permukaannya yang tinggi (~150 m
2
/g). Walaubagaimanapun, disebalik rekod PCE 

yang tinggi di dalam peranti berasaskan TiO2 NPs, sifat mobiliti elektronik TiO2 yang 

rendah (1×10
-7

 cm
2
V

-1
s

-1
) telah menyebabkan kehilangan elektron-teruja cahaya 

disebabkan penggabungan dengan lohong, kebolehan penuaian cahaya yang rendah dan 

ketidak-stabilan apabila terdedah kepada cahaya ultra-lembayung. Untuk menghasilkan 

peranti NSC berkecekapan yang lebih tinggi, had intrinsik ini perlu diatasi dengan 

menggunakan morfologi TiO2 yang baru dan berlainan dengan morfologi sedia ada. 

Nanorod (NR) TiO2 menegak-sejajar mampu memberikan dua kali ganda mobiliti 

elektron berbanding TiO2 berliang-meso dan menunjukkan pengumpulan cas yang 

cekap di dalam NSC. Walaubagaimanapun, disebabkan luas permukaan NR yang 

rendah, PCE bagi peranti berasaskan NR adalah lebih rendah (~3%) berbanding peranti 

berasaskan NP (~9.4%). Tesis ini menerangkan sintesis nanorod TiO2 menegak-sejajar 

di atas permukaan substrat gelas terkonduksi (FTO) menggunakan proses hidroterma, 

dan kegunaannya sebagai ETL di dalam peranti DSC, PSC dan modul suria perovskite 

(PSM). Kecekapan (PCE) untuk DSC berasaskan NR yang dihasilkan menggunakan 

proses hidroterma adalah jauh lebih rendah (~1.37%) berbanding PCE peranti DSC 

yang tertinggi disebabkan keluasan permukaan yang rendah. Untuk mengatasi masalah 

ini, morfologi NR-berlapis telah digunakan; lapisan-lapisan NP telah ditindihkan di atas 

permukaan NR menghasilkan PCE ~11.2%. Parameter fotovoltaik (PV) bagi peranti 

DSC berasaskan NR-berlapis iaitu ketumpatan arus litar-pintas (Jsc ~21.2 mA cm
–2

) dan 

voltan litar terbuka (Voc ~764 mV) adalah lebih tinggi berbanding DSC berasaskan NP 

(Jsc 11.42 mA cm
–2 

, Voc 720 mV dan PCE ~5.1%). Nilai PCE yang tinggi bagi peranti 

DSC berasaskan NR-berlapis ini adalah disebabkan peningkatan jumlah pewarna yang 

terjerap sebanyak dua kali ganda, penyerakan cahaya yang baik dan keluasan 

permukaan tinggi. Nanorod yang dihasilkan telah dikaji dengan lanjut sebagai foto-anod 

di dalam PSC, dan hanya menghasilkan PCE ~6.4% disebabkan kekasaran permukaan 

NR yang kurang baik lalu menghasilkan interaksi lemah antara kristal perovskite. 

Rawatan ke atas NR telah dijalankan, dan menghasilkan peranti PSC yang mencapai 

prestasi PV dua kali ganda berbanding yang asal (tanpa rawatan), PCE ~12.2%; 

disebabkan oleh pemisahan cas yang cekap di permukaan ETL/perovskite. Sebagai 

tambahan, PSC berasaskan NR juga menunjukkan prestasi PV yang lebih tahan lama 

berbanding PSC berasaskan NP, setelah diuji-simpan selama 60 hari. Modul suria 

perovskite berasaskan NR sebagai ETL yang mempunyai PCE tertinggi (10.5%) dan 

purata (8.1%) telah menunjukkan peningkatan prestasi ~5% setelah diuji-simpan selama 

2500 jam. Hasil siasatan menunjukkan lapisan aktif perovskite (CH3NH3PbI3-xClx) 

adalah sangat stabil apabila berada di dalam peranti yang diasaskan oleh NR sebagai 

perancah berbanding peranti berasaskan NP. Hasil penyelidikan ini menyediakan hala 

tuju bukan sahaja untuk mencapai NSC berkecekapan tinggi, tetapi yang lebih utama 

adalah untuk mengekalkan kestabilan jangka panjang agar dapat digunakan secara 

komersil. 



 

  

142 

REFERENCES 

 

Ahmad, I., McCarthy, J.E., Bari, M., & Gun‟ko, Y.K. (2014). Carbon nanomaterial 

based counter electrodes for dye sensitized solar cells. Solar Energy, 102, 152-

161.  

Archana, P.S., Naveen Kumar, E., Vijila, C., Ramakrishna, S., Yusoff, M.M., & Jose, 

R. (2013). Random nanowires of nickel doped TiO2 with high surface area and 

electron mobility for high efficiency dye-sensitized solar cells. Dalton 

Transactions, 42(4), 1024-1032. doi: 10.1039/C2DT31775C 

Armin, A., Velusamy, M., Wolfer, P., Zhang, Y., Burn, P.L., Meredith, P., & Pivrikas, 

A. (2014). Quantum efficiency of organic solar cells: Electro-optical cavity 

considerations. ACS Photonics, 1(3), 173-181. doi: 10.1021/ph400044k 

Badia, L., Mas-Marzá, E., Sánchez, R.S., Barea, E.M., Bisquert, J., & Mora-Seró, I. 

(2014). New iridium complex as additive to the spiro-ometad in perovskite solar 

cells with enhanced stability. APL Materials, 2(8), 081507.  

Ball, J.M., Lee, M.M., Hey, A., & Snaith, H.J. (2013). Low-temperature processed 

meso-superstructured to thin-film perovskite solar cells. Energy & 

Environmental Science, 6(6), 1739-1743.  

Bartesaghi, D., del Carmen Pérez, I., Kniepert, J., Roland, S., Turbiez, M., Neher, D., & 

Koster, L.J.A. (2015). Competition between recombination and extraction of 

free charges determines the fill factor of organic solar cells. Nature 

communications, 6.  

Baruah, S., & Dutta, J. (2009). Hydrothermal growth of ZnO nanostructures. Science 

and Technology of Advanced Materials, 10(1), 013001.  

Bavykin, D.V., Friedrich, J.M., & Walsh, F.C. (2006). Protonated titanates and TiO2 

nanostructured materials: Synthesis, properties, and applications. Advanced 

Materials, 18(21), 2807-2824.  

Beard, M.C., Luther, J.M., & Nozik, A.J. (2014). The promise and challenge of 

nanostructured solar cells. Nature nanotechnology, 9(12), 951-954.  

Berhe, S.A., Nag, S., Molinets, Z., & Youngblood, W.J. (2013). Influence of seeding 

and bath conditions in hydrothermal growth of very thin (∼20 nm) single-

crystalline rutile TiO2 nanorod films. ACS Applied Materials & Interfaces, 5(4), 

1181-1185. doi: 10.1021/am302315q 

Bi, D., Boschloo, G., Schwarzmüller, S., Yang, L., Johansson, E.M., & Hagfeldt, A. 

(2013). Efficient and stable CH3NH3PbI3-sensitized ZnO nanorod array solid-

state solar cells. Nanoscale, 5(23), 11686-11691.  

Bi, D., Yang, L., Boschloo, G., Hagfeldt, A., & Johansson, E.M. (2013). Effect of 

different hole transport materials on recombination in CH3NH3PbI3 perovskite-

sensitized mesoscopic solar cells. The journal of physical chemistry letters, 4(9), 

1532-1536.  

Bierman, M.J., & Jin, S. (2009). Potential applications of hierarchical branching 

nanowires in solar energy conversion. Energy & Environmental Science, 2(10), 

1050-1059. doi: 10.1039/B912095E 



 

  

143 

Bird, R.E., Hulstrom, R.L., & Lewis, L. (1983). Terrestrial solar spectral data sets. Solar 

energy, 30(6), 563-573.  

Bisquert, J. (2002). Theory of the impedance of electron diffusion and recombination in 

a thin layer. The Journal of Physical Chemistry B, 106(2), 325-333. doi: 

10.1021/jp011941g 

Bisquert, J., Zaban, A., Greenshtein, M., & Mora-Seró, I. (2004). Determination of rate 

constants for charge transfer and the distribution of semiconductor and 

electrolyte electronic energy levels in dye-sensitized solar cells by open-circuit 

photovoltage decay method. Journal of the American Chemical Society, 

126(41), 13550-13559. doi: 10.1021/ja047311k 

Blasco, J., García, J., Teresa, J.M.d., Ibarra, M.R., Algarabel, P.A., & Marquina, C. 

(1996). A systematic study of structural, magnetic and electrical properties of 

perovskites. Journal of Physics: Condensed Matter, 8(40), 7427.  

Boix, P.P., Nonomura, K., Mathews, N., & Mhaisalkar, S.G. (2014). Current progress 

and future perspectives for organic/inorganic perovskite solar cells. Materials 

Today, 17(1), 16-23.  

Boschloo, G., & Hagfeldt, A. (2009). Characteristics of the iodide/triiodide redox 

mediator in dye-sensitized solar cells. Accounts of Chemical Research, 42(11), 

1819-1826.  

Burschka, J., Pellet, N., Moon, S.-J., Humphry-Baker, R., Gao, P., Nazeeruddin, M.K., 

& Grätzel, M. (2013). Sequential deposition as a route to high-performance 

perovskite-sensitized solar cells. Nature, 499(7458), 316-319.  

Burschka, J.A., Pellet, N., Nazeeruddin, M.K., Graetzel, M., & Ahmad, S. (2014). High 

performance perovskite-sensitized mesoscopic solar cells: Google Patents. 

Chu, S., & Majumdar, A. (2012). Opportunities and challenges for a sustainable energy 

future. Nature, 488(7411), 294-303.  

Cong, J., Yang, X., Kloo, L., & Sun, L. (2012). Iodine/iodide-free redox shuttles for 

liquid electrolyte-based dye-sensitized solar cells. Energy & Environmental 

Science, 5(11), 9180-9194.  

Cui, J., Yuan, H., Li, J., Xu, X., Shen, Y., Lin, H., & Wang, M. (2016). Recent progress 

in efficient hybrid lead halide perovskite solar cells. Science and Technology of 

Advanced Materials.  

Daeneke, T., Kwon, T.-H., Holmes, A.B., Duffy, N.W., Bach, U., & Spiccia, L. (2011). 

High-efficiency dye-sensitized solar cells with ferrocene-based electrolytes. 

Nature chemistry, 3(3), 211-215.  

Darling, S.B., & You, F. (2013). The case for organic photovoltaics. RSC Advances, 

3(39), 17633-17648. doi: 10.1039/C3RA42989J 

De Angelis, F., Fantacci, S., Mosconi, E., Nazeeruddin, M.K., & Grätzel, M. (2011). 

Absorption spectra and excited state energy levels of the N719 dye on TiO2 in 

dye-sensitized solar cell models. The Journal of Physical Chemistry C, 115(17), 

8825-8831. doi: 10.1021/jp111949a 

 

 



 

  

144 

De Angelis, F., Fantacci, S., Selloni, A., Nazeeruddin, M.K., & Grätzel, M. (2010). 

First-principles modeling of the adsorption geometry and electronic structure of 

ru (ii) dyes on extended TiO2 substrates for dye-sensitized solar cell 

applications. The Journal of Physical Chemistry C, 114(13), 6054-6061.  

de Freitas, J.N., Nogueira, A.F., & De Paoli, M.-A. (2009). New insights into dye-

sensitized solar cells with polymer electrolytes. Journal of Materials Chemistry, 

19(30), 5279-5294.  
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