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Titanium dioxide one-dimensional nanostructures as photoanodesfor dye-

sensitized solar cells 

 

Abstract 

Herein, we reviewed the titanium dioxide one-dimensional nanostructures which are commonly 

applied as photoanodesfor dye-sensitized solar cells (DSSCs).Titanium dioxide is the commonly 

used semiconductor electrode due to its low toxicity, mechanical stability, and availability during 

DSSCs application. The efficiency of the DSSCs having a titanium dioxide photoanode is mainly 

determined by the changes in the short circuit current (Jsc). The TiO2nanoparticles have shown an 

efficiency of 12 % which is the highest. Other nanostructures such as nanotubes (11.05 %), 

nanowires (8.90 %), and nanofibers (8.0 %) have also been used as anodes. The TiO2 

nanostructureshave a high surface area that enhances dye loading but also increases the short 

circuit current hence leading to a high conversion efficiency. This review also introduces the 

commonly used characterization techniques for titanium dioxide one-dimensional 

nanostructureswhich explaincrystal orientation, morphology, surface functional groups, surface 

area, elemental composition, and other chemical properties. 
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1. Introduction 

In recent years the use of fossil fuels as a source of energy has seen a rapid increase due to 

several human activities such as mining, industrialization, and farming. These fuels which 

include coal and petroleum give off greenhouse gases that pollute air, land, and water thus 

endangering humans and aquatic life[1]. Utilization of solar energy as an alternative renewable 

energy source is an efficient and modest way however the irradiation that reaches the earth is 

significantly higher than the human energy demand[2]. It has been determined that the amount of 

solar radiation that reaches the Earth is 3.8 million EJ/year [3]. Research is currently ongoing to 

develop efficient solar energy capture, conversion, and cheap storage technologies, simple in 

design and non-toxic[4,5,139,140].In 1972 Honda and Fujishima used the photoelectric effect to 

explain the application of TiO2 in oxidation and reduction after its photo-induction [6].Photo 

voltaic devices which use the photoelectric effect to convert solar energy to electricity have seen 
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rapid growth since they do not emit greenhouse gases or any other toxic substances[7].Over the 

years different solar-to-electricity conversion devices have been fabricated with varying 

efficiencies as shown in Figure 1. 

 

Fig. 1. Various solar-electricity conversion technologies over a range of 1975-2025. 

The conventional first-generation silicon-based solar cells which have complicated fabrication 

techniques and high costs limit their commercialization in domestic applications[8]. This was 

solved by Michael Grätzel and Brian O’Regan in 1991 when they demonstrated dye-sensitized 

solar cells (DSSCs) that could give efficiencies in the range of 7.1-7.9 % using a TiO2 

nanostructure photoanode coated with ruthenium dye[9]. The dye-sensitized solar cell has five 

components which include the photoanode[10], dye sensitizer[11], counter electrode[12], 

conductive substrate[13] and the electrolyte (redox couple) [14]. The dye sensitizer functions to 

absorb a photon of energy which then causes photo excitation of an electron to the conduction 

band of the semiconductor. The photoanode acts as an anchor onto which the photosensitizer is 

attached but also transports the electron to the load. The counter electrode plays the role of 

returning the electron back to the circuit to regenerate the redox couple. The redox couple 

regenerates the oxidized dye to its normal state. The photoanode whose function is to collect and 

transport the electrons to the external circuit is of great importance in the DSSCs [15]. 

Semiconductor materials are mainly up of TiO2[16], SnO2[17], Fe2O3[18] and ZnO[19,20]which 
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have found wide application as anode electrodes in DSSCs. The nanostructured TiO2 materials 

have found application as semiconductor materials due to their large surface area which 

improves dye loading and the overall efficiency of the cell. The commonly used semiconductor 

nanostructures include nanowires, nanoparticles, nanotubes, nanoflowers, nanoribbons, nano-

onions, nanoflakes, and nanofibers. Titanium dioxide nanoparticles having ruthenium as the dye 

sensitizer have conversion efficiencies of 12 % in the lab and 32 % theoretically [21,22]. The 

light scattering drawbacks and low conversion efficiencies faced by TiO2 nanostructures can be 

solved through doping which improves the efficiency. Several cations such as Tungsten (W)[23], 

Nickel (Ni) [24], Niobium (Nb) [25] and Lanthanum (La) [26] have been used as dopants to 

improve electron mobility and light absorption. Also, non-metals such as Fluorine (F)[27], 

Carbon (C)[28], Nitrogen (N)[29,30] and Sulphur (S)[31] have also been applied to modify the 

electronic properties of TiO2. This review aims to illustrate the Titanium dioxide photoanode 

one-dimensional nanostructures and how they influence the dye-sensitized solar cell 

performance. Furthermore, different photoanode characterization techniques are discussed as 

well as the overall performance of the nanowires, nanoparticles, nanotubes, and nanofibers.  

 

 

2. Working principle and photochemical characterization techniques of DSSCs 

The dye-sensitized solar cell consists of five components which include the semiconductor, 

electrolyte with its redox couple, dye sensitizer, counter electrode, and transparent conductive 

oxide as shown in Figure 2. 
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Fig. 2.Electron transfer in the various dye-sensitized solar cell components. 

The dye sensitizer plays the role of absorbing a photon of energy which generates an electron 

through excitation from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO) which leads to injection of the charges to the conduction 

band of the metal oxide. The semiconductor which is usually made of TiO2serves the function of 

acting as an anchor onto which the load gets attached through its large surface area but also a 

wide band gap for light harvesting. In addition, the transparent conductive which is either made 

of Flourine or Indium acts as a support for the semiconductor but also to transport the electrons 

to the external load.Furthermore, the electrolyte mainly containing iodide/triiodide redox couple 

acts as an electrical medium between the counter electrode and the working electrode but also in 

the regeneration of the oxidized dye sensitizer molecule. Lastly, the counter electrode plays an 

important role in returning the electron to the circuit but also acts as an electrocatalyst for better 

photovoltaic performance. 

The characterization of the photovoltaic performance of the dye-sensitized solar cells is mainly 

carried out using three main techniques that arePhotocurrent – voltage (I-V) 

measurements,Electrochemical Impedance Spectroscopy (EIS), and Incident to photon current 

conversion efficiency (IPCE). 
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Photocurrent–voltage (I-V) measurements are used to determine the electrical output power at 

1.5 standard global air Mass (AM) and solar radiation of 1000 W/m2 occurring at a temperature 

of 25 °C[32]. It gives four parameters which include the open circuit voltage (Voc), short circuit 

current (Jsc), fill factor (FF), and power conversion efficiency (PCE, η) as shown in Figure 3[33]. 

 

Fig. 3. I-V curve showing the different photochemical parameters.Reprinted with permission ref 

[33]. Copyright 2011, The Royal Society of Chemistry 

The open circuit voltage (Voc) is defined as the maximum voltage to the external load which is a 

result of the electron quasi-fermi level and the electron separation hole[34]. It gives information 

on the difference between the electrochemical potential of the redox couple and the fermi level 

of the photoanode. Voc is measured at open circuit conditions for which the current that flows is 

zero (I = 0).The short circuit current (Jsc) is measured as the maximum current output of the solar 

cell. Jsc is measured at short circuit conditions for which the potential applied is zero (V=0) and 

is influenced by several factors such as the electrochemical properties of the photoanode when in 

contact with the electrolyte solution, molecular structure of the dye sensitizer, and amount of dye 

adsorbed on the photo anode[35].Jsc is a result of the proportionality of the diffusion length and 

is defined as shown in (Equation 1). 

Jୱୡ = qG൫L୬ + L୮൯(1) 
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In addition, the fill factor gives information regarding the ideality of the solar cell which in brief 

is the ratio of the maximum power (Pmax) to the product of Voc and Jsc (Equation 2) and varies in 

the range of 0-1 which values influence the rectangular shape of the graph. 

FF = ୔ౣ౗౮
୚౥ౙ×୎౩ౙ

= 	୚ౣ౗౮୎ౣ౗౮
୚౥ౙ×୎౩ౙ

(2)                 

Lastly, the power conversion efficiency of a solar cell is the ratio of the maximum power (Pmax) 

to the incident power (Pin) under illumination of 1.5 standard global Air Mass (AM). The 

increased overall power conversion efficiency of the cell is greatly influenced by high values of 

Voc, Jsc, and FF as shown in (Equation 3). 

η = ୔ౣ౗౮
୔౟౤

= 	୚౥ౙ×୎౩ౙ×୊୊
୔౟౤

                                                                                                                   (3) 

In addition,Electrochemical Impedance Spectroscopy which is a dynamic technique gives 

information regarding the kinetics of charge and photochemical reactions in the 

DSSCs[36,37].The EIS, once a potential is applied, generates a small sine wave that influences 

the sinusoidal current output and sinusoidal alternating potential which are plotted against 

variations in frequency modulation but represented in phase shift and amplitude[38]. The ratio of 

current to voltage in the frequency domain is measured in both real and imaginary parts which 

defines the impedance (Z).It is observed that the impedance of a resistor is independent of 

frequency and has both real (Z´) and imaginary (Z˝) parts while the capacitor and inductor form 

variation with frequency and only have imaginary parts. The impedance is determined at various 

frequencies (ω) by schematic representations of Nyquist plots (Z´Vs Z˝) and Bode plot |Z|vs (ω), 

Ø is the phase of Z (ω)[39]. The Nyquist plot of impedance spectrum as used in DSSCs contains 

three semicircles which are fitted by a transmission line equivalent circuit (TLC) as shown in 

Figure 4 [40]. 
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Fig. 4. A schematic representation of Nyquist (a) and Bode (b) Plots.Reprinted with permission 

ref[40]. Copyright 2017, Elsevier 

The high-frequency semicircle is a result of Helmholtz capacitance of the counter electrode and 

charge transfer resistance while the middle-frequency semicircle shows the capacitance of the 

photoanode and recombination resistance at the photoanode/electrolyte interface and the low-

frequency semicircles describe the impedance diffusion in the electrolyte (Warburg element, 

Ws)[41,42]. During DSSCs measured using EIS, an electrical observation is made that the cell 

module consists of capacitors and resistors. EIS measurements are used to identify the 

capacitance and resistance in the different DSSCs components that is redox couple diffusion in 

the electrolyte, capacitance of the mesoporous metal oxide, charge transfer resistance of the 

counter electrode, recombination resistance at the interfaces of the semiconductor/dye/electrolyte 

and series resistance due to sheet resistance of TCO at the contact resistance[43–46]. 

Lastly, Incident to photon current conversion efficiency (IPCE)is the ratio of the photo-generated 

electrons (Nelectrons) flowing through the external circuit to the incident photons (Nphotons) at a 

given wavelength which is described in (Equation 4). 

IPCE (λ)= ୒౛ౢ౛ౙ౪౨౥౤౩ 	(஛)
୒౦౞౥౪౥౤౩	(஛)

                                                                                                                   (4) 

This measurement gives information regarding how much the DSSCs convert incident photons to 

electrons at a given wavelength. A high IPCE value corresponds to increased DSSCs conversion 

efficiencies of the photons to electrons hence a better yield. This can further be evaluated using 

(Equation 5)[47–49]. 
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IPCE (λ) = LHE(λ) ηinj(λ) ηcol(λ)                                                                                                  (5) 

Where LHE, the light-harvesting efficiency, ηinj is the quantum yield of the electron injection and 

ηcol is the charge collection efficiency. 

Using IPCE measurement the mesoporous photo anode has better efficiency due to its ability to 

highly collect charge carriers and favorable photodegradation. 

3. Characterization techniques of photoanodes in DSSCs. 

The methods that are used to understand the crystal orientation, morphology, surface functional 

groups, surface area, elemental composition, and other physical and chemical properties of the 

nanomaterials are termed Characterization techniques[50]. The commonly used characterization 

techniques include X-ray Diffraction (XRD)[51], Scanning Electron Microscopy(SEM),X-ray 

Photoelectron Spectroscopy (XPS) [52], Transmission Electron Spectroscopy(TEM)[53], 

Scanning Transmission Electron microscopy(STEM)[54], Raman Spectroscopy[55], 

Thermogravimetric Analysis(TGA)[56], UV-visible Spectroscopy[57], Brunauer-Emmett-Teller 

(BET)[58] and Fourier Transform Infrared Spectroscopy (FTIR)[59]. 

Scanning Electron Microscopy (SEM) is a characterization technique that is used to determine 

the morphology and composition of a given material. A high-energy electron beam is used to 

scan the nanomaterials and the magnified image is formed through mapping signal intensity and 

scan rate [60,61].Yao et al[62] carried out SEM analysis on Carbon nanofibers-TiO2 

nanoparticles to analyze the morphology as shown in Figure 5. 

 

Fig. 5. SEM image (a) carbon nanofibers and (b) TiO2 nanoparticles-carbon 

nanofibers.Reprinted with permission ref[62]. Copyright 2019, Elsevier. 
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The carbon nanofibers with a diameter of 600 nm are observed to have a smooth surface which is 

revealed in Figure (a). Figure (b) shows the morphology of TiO2 nanoparticles-carbon nanofibers 

which TiO2 forms clusters on the surface which makes it rough but also theirs a reduction in the 

diameter (300 nm) of the TiO2 nanoparticles-carbon nanofibers composite. 

Transmission Electron microscopy (TEM) is a technique used to understand the inside of a 

material with great detail due to its high resolution and ability to even show small interactions 

between nanoparticles and their constituents. It has a small wavelength hence able to produce 

images in the sub-nanometer resolution with enough energy that can easily penetrate even very 

small crystals. Li et al[63] used TEM analysis (Figure 6) to determine the interaction and 

compatibilityofTiO2 nanoparticles and carbon nanotubes. 

 

Fig. 6. TEM image of Titanium dioxide particles and carbon nanotubes.Reprinted with 

permission ref[63]. Copyright 2020, Elsevier. 

The TiO2 nanoparticle (5-10 nm) agglomerate to form clusters and are uniformly distributed on 

the surface of the carbon nanotubes hence the formation of heterostructures as shown in Figure 6 

(d-f).  
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Scanning Transmission Electron microscopy (STEM)is a technique used to determine the site-

specific analysis of an image’s resolution in the nanometer and sub-nanometer range. During this 

characterization, a dark field STEM image or bright field STEM picture can be formed basing on 

the transmitted electrons used during the formation of the image.Zhu et al[64]used Titanium 

dioxide nanofibers-SnO2 nanocubes as photoanode for dye-sensitized solar cells Figure 7. 

 

Fig. 7. STEM image of the nanofibers and the corresponding EDS mapping of Sn, Ti, and O 

[64]. 

The scanning transmission electron microscopy shows an image and the corresponding EDS 

mapping for Sn, Ti, and O. It is observed that Sn and O have broader distributions compared to 

Ti and further gives information about the SnO2 nanocubes which are connected to the 

TiO2nanofibers. 
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X-ray diffraction (XRD) is one of the most applied characterization techniques when it comes to 

structural determination of nanomaterials during DSSCs fabrication. Its working principle is 

based on Braggs law and X-rays from monochromatic light.  Diffraction of the x-ray from the 

crystal structure of the material depends on the interplanar distance, scattering angle, and 

wavelength as shown in (Equation 6). 

2d sin θ = nλ                                                                                                                                  (6) 

Where d is the lattice spacing, θ represents the incident angle, λ is the wavelength, and n is the 

diffraction order. This technique gives information regarding the crystallinity of the material ie 

high peaks represent highly crystalline surfaces while broad peaks describe amorphous surfaces 

which are then compared with the International Centre for Diffraction Data (ICDD). Ahmad et 

al[65] used XRD analysis (Figure 8) to determine the crystalline structure of titanium dioxide 

nanoparticles. 

 

Fig. 8. XRD spectra of TiO2 nanoparticles containing Anatase and Rutile phases[65]. 

The 2θ were observed at 25.33,36.01,37.90,48.06,53.96,55.06,62.70,69.01, and 70.41° which 

correspond to planes (101), (103), (004), (200), (105), (211), (204), (116) and (200) which 
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mainly describe the anatase and rutile phase. From this analysis, the (101) plane had the 

strongest diffraction peak at 25.33° which is due to the Anatase form which is the most dominant 

in the titanium dioxide. The rutile form was also observed at 53.96 and 55.06°. 

X-ray Photoelectron spectroscopy (XPS)uses x-rays to stimulate photoelectrons that determine 

surface depths upto about 10nm. This technique has been observed to determine bigger particles 

within 100 nm.  Khalid et al[66]used XPS analysis (Figure 9) to determine the electronic 

structure, valence states, and bonding properties of titanium dioxide nanoparticles. 

 

Fig. 9. XPS analysis of Titanium dioxide nanoparticles [66]. 

The Ti 2p and O 1s are observed with no contamination but the C 1s are also observed at 285 

eV[67]. The binding energy of the elements is determined and the spin states ofTi 2p3/2 and Ti 
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2p1/2 at binding energies of 463 eV and 468 eV for Ti4+ in TiO2 are also determined which 

explains that Ti exists in the same oxidation state [68].  

Fourier Transform Infrared Spectroscopy (FTIR) is another characterization technique that is 

used to determine the surface functional groups and optical properties of a variety of samples in 

the spectral region which ranges from 4000 – 400 cm-1. Nanomaterials have atoms that vibrate at 

frequencies that are within the spectral range of FTIR. Guan et al[69] analyzed pure TiO2 and 

TiO2-Ni nanocomposite using FTIR is used to determine the surface functional groups (Figure 

10). The bands at 662 and 704 cm-1 are characteristic of Ti-O vibrations in the lattice structure of 

TiO2. A broad band in the region between 3000-3500 cm-1 is due to the surface hydroxyl groups 

and the stretching vibration on the TiO2 surface but also a band around 1000-1700 cm-1 is due to 

the water molecule (H-O-H) with bending vibrations[70]. Ti-O-Ti vibrations are also observed 

with a broad band in the region of 1000-1200 cm-1. 

 

Fig. 10. FTIR spectrum of a) TiO2 nanoparticles and b) TiO2-Ni nanocomposite [69]. 

Brunauer-Emmett-Teller (BET) analysis is used on the principle of physio-sorption of gas on a 

solid surface to determine the pore volume, surface area, and pore size of different materials. The 
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gas that is normally used for the desorption and adsorption on solid surfaces is Nitrogen. This 

technique is considered a modification of the Langmuir adsorption as it considers multiple-layer 

adsorption. Pai et al[71]analyzed TiO2 nanoparticles using BET as shown in Figure 11. The 

surface area of the nanoparticles was estimated to be 86 m2 g-1, the pore volume was 0.46 cm3 g-1 

and the pore size was about 212 Å which parameters aid in dye absorption onto the 

semiconductor. 

 

Fig. 11. Nitrogen desorption-adsorption isotherm of TiO2 showing the pore volume insert [71]. 

TGA is a technique that is used to determine the composition, thermal stability, decomposition, 

kinetics of chemical reactions, and evaporation behavior of a material when a varying 

temperature is applied. Bekele et al[72] analyzed TiO2 nanoparticles for their stability and energy 

absorption using Thermal Gravimetric-Differential Thermal Analysis (TGA-DTA) Figure 12. 

The TGA curve shows the weight loss of the TiO2 nanoparticles while the DTA curve shows the 

energy gain or loss during the whole process. The weight loss at 150 °C is mainly due to the loss 

of water molecules, 350 °C is due to carbonization and pyrolysis of biomass. Further at 483 °C 

the weight loss corresponds to strong DTA peaks due to vaporization of residues and at 500 °C 

no weight loss was observed and this is taken as the carbonization temperature. 
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Fig. 12. TGA/DSC analysis of TiO2 nanoparticles [72]. 

RAMAN is a technique that uses vibrational modes to determine the phase, polymorphy, 

crystallinity, chemical structure, and molecular interactions of a sample which occurs when light 

from the laser interacts with the material's chemical bonds. Khalid et al[66] studied the spectrum 

of titanium dioxide nanoparticles using Raman spectroscopy as shown in Figure 13. 

 

Fig. 13. Raman spectrum of Titanium dioxide nanoparticles [66]. 
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It shows B1g, (A1g + B1g), and Eg peaks at 399, 516, and 637 cm-1[73,74]. The vibrational modes 

in TiO2 are caused by bending,asymmetric, and symmetric vibrations of the Ti-O-TiO 

bond[75,76]The B1g peak corresponds to Ti-O bending mode where the Ti-O-Ti (Ti is moving), 

A1g + B1g Ti-O stretching mode (O is moving) and Eg is the Ti-O stretching mode[77]. 

UV-VISis used to measurethe optical spectral properties of materials through light absorption of 

samples that are in solution. Using Beer Lambert's law this characterization technique gives 

information regarding the concentration and composition of a sample. It is also easy to operate, 

cheap, and does not destroy the sample after analysis.Camposeco et al[78]used UV-Vis 

spectroscopy to study the optical properties of different Titanium dioxide nanostructures as 

shown in Figure 14. 

 

Fig. 14.UV-Vis spectrum of nanoparticles, nanotubes, nanofibers, nanowires, and P-

25.Reprinted with permission ref[78]. Copyright 2016, Elsevier. 

It is observed that the anatase form of titanium dioxide has an absorption of 380-459 nm with an 

energy band gap (Eg) of 3.2 eV. The nanotubes have an observable red shift towards the visible 

light region of the spectrum which is mainly attributed to the synthesis method and 
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temperature[79]. Insert Figure UV-Vis spectra showed the energy band gap (eV) of the 

nanoparticles (3.18), nanofibers (3.10), nanotubes (3.0), and nanowires (3.09). 

4. TiO2nanofibers, nanowires, nanotubes, nanoparticles, and their application in DSSCs 

Titanium dioxide is known to exhibit four polymorphic forms which include anatase, rutile, 

brookite, and TiO2 (B)[80]. It also has other polymorphs that are metastable such as perovskite, 

TiO2 II, and TiO2 (H) which are normally synthesized using synthetical pathways that require 

certain conditions. The most stable form is rutile while anatase and brookite are known to 

transform to rutile at high-temperature conditions which also affects titanium nanostructure 

formation[81,82]. Figure 15 shows the crystal forms of the unit cells of the four most common 

titanium dioxide polymorphs[83]. 

 

Fig. 15. A schematic unit cell of titanium dioxide crystal forms (a) Rutile, (b) Anatase, (c) 

Brookite, and (d) TiO2 B)[83]. 
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The Ti-O octahedron is known to be the fundamental building block of all the four crystal forms 

of TiO2 which influences its symmetry. The nanostructures of these polymorphs tend to exhibit 

different morphologies and growth behaviors. Rutile has a tetragonal structure with a-axis (0.459 

nm) and c-axis (0.296 nm), anatase also has a tetragonal structure with a-axis (0.379 nm) and c-

axis (0.951 nm). Brookite has 8 TiO2 groups containing large cell units which results in an 

orthorhombic structure. TiO2 B has a monoclinic structure which is more open with large cell 

units and consists oflong a-axis (1.216 nm)[84]. Table 1 shows the detailed structural parameters 

of Rutile, Brookite, and Anatase[85]. 

Table 1. Structural parameters of the crystal forms of Titanium dioxide[85]. 

Parameter Rutile Brookite Anatase 

Unit cell 2 4 8 

Atomic spacing (Å) a = 4.596 

c = 2.958 

a = 9.184 a = 3.784 

c = 9.515 b = 5.447 

c = 5.145 

Density (g/cm3) 4.13 3.99 3.79 

Bond Length Ti-O (Å) 1.949 (4) 1.87-2.04 1.937 (4) 

1.980 (2) 1.965 (2) 

Bond Angle O-Ti-O (Å) 81.2° 77.0-105° 77.7° 

90.0° 92.6° 

 

Titanium dioxide nanostructures are synthesized using a number of techniques such as 

hydrothermal treatment, chemical and physical vapor deposition, sputtering, sonochemical, 

template method, pulse laser ablation, electrodeposition, sol-gel, micro-emulsion,etc[86–89]. 

Synthesis of the nanostructures is based on a number of precursors such as titanium tetrachloride 

(TiCl4), titanium isopropoxide (TTIP), titanium trichloride (TiCl3) and titanium tetrabutoxide 

(TBT)[90–92]. 

A number of Titanium dioxide nanostructuressuch as 0D, 1D, 2D, and 3D architectures have 

been applied to determine their influence on the conversion efficiency of the dye-sensitized solar 

cells as shown in Figure 16[93].  
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Fig. 16. Titanium dioxide nanostructures and the different dimensions[93]. 

The 0D nanostructures have a sphere or quasi-sphere shape and have diameters less than 100 nm. 

They have a high surface-to-volume ratio, less toxic, high quantum yield, and a number of active 

sites per unit mass[94]. The common members are the noble metal nanoparticles[95], carbon 

quantum dots[96], polymer dots[97], graphene quantum dots[98] and the fullerenes[99]. 

In addition, the 1D nanostructures have a high length-to-diameter ratio which improves the 

chemical, magnetic, and mechanical properties of the materials. They also have a large surface 

area, highly uniform, crystalline, and hollow which all enable their application in energy 

devices[100,101]. They include nanowires, nanotubes, nanorods, and nanofibers. 

Furthermore, the 2D nanostructures whose atom layer thick planar structures are each bonded 

using weak van der waal forces[102]. The in plane covalent nature of the 2D structures leads to 

its robust nature and good mechanical stability[103]. The nanosheets[104] and nanoflakes[105] 

belong to this group of nanostructures. 

Lastly the the 3D nanostructures whose organization, arrangement, and formation are developed 

using the 0D, 1D, and 2D materials.The morphologies are achieved based on the growth 

conditions. Among the 3D nanostructures, popular examples include nanoflowers[106], 

nanospheres[107], nanocubes[108], nanocages[109], dendrimers[110] and fullerenes[111]. 

The 1D nanostructures have found wide application in dye-sensitized solar due to their large 

surface area, good electronic properties, ease of fabrication, good chemical stability, and high 

aspect ratio as shown in Table 2[93,112]. 
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Table 2. One-dimensional structures and the commonly used synthesis techniques. 

1D TiO2 Nanostructures Synthesis Technique 

Nanotubes (NTs) Electrochemical deposition, sol-gel, hydrothermal 

Nanowires (NWs) Solvothermal, microwave-assisted, sol-gel, hydrothermal 

Nanorods (NRs) Sol-gel template, hydrothermal, chemical vapor deposition 

Nanofibers (NFs) Hydrolysis, hydrothermal, electrospinning + sol-gel 

 

Titanium dioxide nanowires are the most applied 1D nanostructures in dye sensitized solar cells 

due to their large surface area which favors dye loading and anchorage. Table 3 shows Titanium 

dioxide nanowires, their composites, and how they influence DSSCs performance. 

Table 3. Performance of titanium dioxide nanowires and nanocomposite photoanodes. 

Electrode Jsc (mA/cm2) Voc (V) η (%) FF Reference 

TiO2 NWs 17.38 0.687 8.90 0.75 [113] 

Sn-TiO2 15.84 0.755 8.75 0.73 [114] 

TiO2 NWs-TiO2 NPs 14.02 0.762 7.92 0.74 [115] 

TiO2 NWs-RGO 10.41 0.714 4.95 0.67 [116] 

 

H. Li et al [113] synthesized pure Titanium dioxide nanowires as photoanodes for DSSCs and 

obtained an efficiency of 8.90 %. This is attributed to the high Jsc (17.38mA/cm2) which enables 

high light scattering and harvesting but also improves dye loading.Makal & Das [116] 

synthesized Reduced graphene oxide-titanium dioxide nanowires as photoanodes and obtained 

an efficiency of 4.95 % which is lower than pure TiO2(8.90 %) due to a lower Jsc 10.41mA/cm2. 

Reduced graphene oxide increases the rate of electron transfer but also inhibits the electron-hole 

charge carrier recombination. Another group of Ni et al [114] synthesized Titanium dioxide-

doped Sn nanowires as photoanodes for DSSCs and the conversion efficiency was 8.75 %. The 

high Jsc increases the light-harvesting ability of the photoanode[117]. Wu et al [115] synthesized 

Titanium dioxide nanowires-Titanium dioxide nanoparticles as photoanodes for DSSCs and the 

efficiency obtained was 7.92 %. This is attributed to the high Jsc 14.02mA/cm2 which improves 

the light scattering ability but also on the dye loading onto the photoanode. 
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Titanium dioxide nanoparticles were studied to understand their effect on the overall 

performance of the DSSCs. Table 4 shows the photochemical parameters of TiO2, TiO2-rGO, 

TiO2 (NRs-NP), Cu-TiO2NP-Graphene and TiO2 NP-ZnO Nanorod. 

Table 4. Performance of titanium dioxide nanoparticle and nanocomposite photoanodes. 

Electrode Jsc(mA/cm2) Voc (V) η (%) FF Reference 

TiO2 9.68 0.732 9.34 0.70 [118] 

TiO2-rGO 12.57 0.761 6.64 0.54 [119] 

TiO2 (NRs-NP) 17.22 0.690 8.61 0.72 [120] 

Cu-TiO2NP-Graphene 19.93 0.745 9.81 0.66 [121] 

TiO2 NP-ZnO Nanorod 14.20 0.704 6.50 0.65 [122] 

 

Dhonde et al[121] demonstrated the use of Cu-TiO2NP-Graphene as photoanodes and they 

showed a conversion efficiency of 9.81 % comparable to that of TiO2 (9.34 %). This is because 

Cu doping improves on Voc(0.745 V) but also reduces the energy band gap of TiO2[123,124]. In 

addition, graphene improves the Jsc (19.93 mA/cm2) as it improves dye loading, charge 

separation, and electron mobility and reduces the electron-hole charge carrier 

recombination[125]. Furthermore,Chatterjee et al[120] used TiO2 (NR-NP) as photoanodes for 

DSSCs and the conversion efficiency was 8.61% which is also comparable to that of TiO2 (9.68 

%). This is because the nanorod-nanoparticle composite increases the Jsc (17.22 mA/cm2) of the 

DSSCs through improvement in the dye loading and light scattering which increases the 

efficiency [126]. Further studies by Zatirostami[122] demonstrated the use of TiO2NPs-

ZnOnanorodsand the conversion efficiency was 6.50 % which is comparable to TiO2 (9.34 %). 

This was due to the hierarchical structure of the ZnO nanorods but also the high porosity of TiO2 

nanoparticles which improved dye loading, light scattering, and diffusion of the electrolyte into 

the semiconductor. 

Nanotubes have also been studied in the determination of the conversion efficiency and 

performance of dye-sensitized solar cells. The Titanium dioxide nanotubes and their composites 

have shown great application as photoanodes in DSSCs application with relatively high 

efficiencies as shown in Table 5. 
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Table 5. Performance of titanium dioxide nanotubes and nanocomposite photoanodes. 

Electrode Jsc(mA/cm2) Voc (V) η (%) FF Reference 

TiO2 TNTs 18.41 0.69 8.19 0.64 [127] 

N-TiO2 NTs 19.29 0.70 7.36 0.55 [128] 

TNT-rGO 10.70 0.78 5.33 0.64 [129] 

Ag-TNTs 17.26 0.78 7.20 0.54 [130] 

Cr-TNTs 26.29 0.69 11.05 0.61 [127] 

 

Nguyen et al[127] used Cr-TNTs as photoanodes and the conversion efficiency was 11.05 % 

which is higher than that of the undoped TiO2 nanotubes. This is because of the high Jsc 

(26.29mA/cm2) which is due to the heterostructure of the TiO2 nanotubes that causes a high dye-

loading ability [131,132]. The oxygen vacancy sites due to doping cause the creation of holes 

which reduce the charge recombination. The Cr3+ and Ti3+ can also become defect centres in 

which they end up holding dye molecules on the composite which further influences the 

efficiency. In addition, Tran et al[128] used N-TiO2 NTs as photoanodes and the conversion 

efficiency was 7.36 % which is comparable to that of undoped TiO2 (8.19 %). This is also due to 

the increase in Jsc (19.29mA/cm2) which is a result of high electron injection into the reduced 

conduction band of the semiconductor but also the reduction in the electrolyte charge 

recombination [133]. 

Lastly, the Nanofibers have been applied as photoanodes in dye-sensitized solar cells. Table 6 

shows some of the Titanium dioxide nanofibers that have shown good conversion efficiencies 

when used as photoanodes. 

Table 6. Performance of titanium dioxide nanofibers and nanocomposite photoanodes. 

Electrode Jsc (mA/cm2) Voc (V) η (%) FF Reference 

TiO2 NFs 9.70 0.812 5.1 0.65 [134] 

Ag NPs-TiO2 NFs 11.24 0.789 6.19 0.69 [135] 

GO-TiO2 NFs 9.41 0.784 4.52 0.61 [136] 
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SnO2-TiO2 17.00 0.732 8.0 0.64 [134] 

TiO2 NFs-TiO2 NPs 14.46 0.750 7.13 0.65 [137] 

Bakr et al[134] used SnO2-TiO2 as photoanodes and the conversion efficiency was 8.0 % which 

is slightly higher than that of bare TiO2 nanofibers (5.1 %). This is because of the high Jsc 

(17.00mA/cm2) which is due to the SnO2 network which improved the surface area, electron 

transport, and dye loading onto the nanofibers. In addition, Vu et al[137] used TiO2 NFs-TiO2 

NPs as photo anodes during DSSCs study and the efficiency was 7.13 % which is higher than 

that of TiO2 (5.1 %). This is because of the increased Jsc (14.46mA/cm2) which is due to the 

improved light harvesting and scatting ability of the Titanium dioxide nanofibers [138]. 

5.Conclusion 

Dye-sensitized solar cells convert solar to electric energy through the use of different 

components including the photoanode. It functions as an anchorage onto which the dye sensitizer 

is attached but also transfers electrons to the external circuit. The efficiency of the photoanode as 

observed is greatly affected by the short circuit current (Jsc) that is an increase in Jsc leads to a 

high efficiency. Titanium dioxide nanostructures are commonly used photoanode in dye-

sensitized solar cells due to their large surface area which improves dye loading and the overall 

efficiency (12 %). Titanium dioxide nanowires, nanotubes, nanoflowers, nanoribbons, nano-

onions, nanoflakes, and nanofibers are used as photoanodes achieving efficiencies that are 

comparable to nanoparticles (12 %). The titanium nanotubes are observed to have high 

efficienciesof 11.05 % which are mainly due to their heterostructure and large surface area which 

allows dye loading and electron transfer. The nanowires also offer high efficiencies of 8.90 % 

which is also due to the large surface area for dye loading and photon absorption and scattering. 

Furthermore, the nanofibers with efficiencies of 8.0 % which are accounted for by the high Jsc 

values, and dye loading have seen rapid growth. Lastly, the characterization of these 

nanostructures has been reviewed using a number of techniques to understand the crystal 

orientation, morphology, surface functional groups, surface area, elemental composition, and 

other physical and chemical properties. In brief, this review confirms that the nanotubes, 

nanofibers, and nanowires are ideal candidates to be applied as photoanodes in DSSCs devices. 
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