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Rapid and facile synthesis of ~7 nm and ~100-400 nm 

nanostructures of anatase titania is achieved by exploiting the 

chemical nature of solvents through the microwave based 10 

approach.  After using these nanostructures as a photoanode 

in dye-sensitized solar cells, a modest yet appreciable 

efficiency of 6.5% was achieved under the illumination of one 

sun. 

Nanostructured transition metal oxides (TMO) are versatile 15 

materials with applications in various fields, such as 

photocatalysis,1,2 magnetics,3,4 energy storage,5 and energy 

generation.6,7 Among various TMO, TiO2 (anatase) has been 

studied extensively in the context of dye-sensitized solar cells 

(DSC) and photo-assisted water-splitting.1,7 As is well known, 20 

anatase is an n-type semiconductor with an indirect band gap of 

3.2 eV. In the bulk, anatase is thermodynamically the least stable 

polymorph of TiO2 but it has been shown that, in the nanometric 

regime (10-20 nm), anatase is the most stable polymorph.8 

 The confluence of electronic properties appropriate for energy 25 

harvesting,9 with the stability,10 renders anatase as the ideal 

photoanodic material in DSC. In fact, TiO2 has been the 

inevitable anodic material since the first major breakthrough in 

the development of economical dye-sensitized solar cells was 

documented.7 The biocompatibility or benign nature of TiO2 also 30 

makes for its commercialization. Finally DSC technology has 

made its way towards large-scale application owing to several 

advantages, such as low-cost7 and higher efficiency11 which 

collectively make these energy generation devices more 

affordable. 35 

 Although various methods, such as sol-gel, reverse micelle, 

sonochemical, and solvothermal have been employed to 

synthesize TiO2 nanostructures,12-16 however, the best-performing 

mesoporous TiO2 involves the hydrothermal method.17 The 

conventional hydrothermal approach is really cumbersome and 40 

time-consuming. On the contrary, because of speed, 

homogeneous selective heating, and easy scalability, the solution-

based, microwave-assisted approach to oxide synthesis has 

garnered much attention in recent years.18 As such, the 

microwave-assisted method has been exploited for the synthesis 45 

of nanostructured TiO2.
19 Chemical synthesis in the liquid phase 

through microwave irradiation involves heating that takes place 

majorly because of dipolar polarization and ionic conduction 

mechanisms.18 

 We report here a simple and novel approach to the microwave-50 

assisted, solution-based synthesis of anatase TiO2 nanostructures. 

Tuning of the morphology and size was achieved predictably by 

exploiting the nature of different solvents. Using such an 

approach, titania of different morphologies with the dimensions 

of ~7 nm and ~100-400 nm were synthesized, respectively, from 55 

the same thiobenzoate complex of titanium in benzyl alcohol and 

ethanol. After exposing the ethanolic and benzyl alcohol 

solutions to microwave irradiation for 10 and 30 minutes, 

respectively, the resulting powder samples were designated NS 

(ethanol) and NP (benzyl alcohol). The smaller (~7 nm) and the 60 

larger (~100-400 nm) TiO2 nanostructures were used as the 

transparent and scattering layers, respectively, in dye-sensitized 

solar cells. To the best of authors’ knowledge, there is no such 

report till date in the literature which brings out the synthesis of 

TiO2 nanoparticles and nanospheres from a single precursor by 65 

employing such a facile approach and successfully exploited as 

anodic material in DSC. 
  Structural characterization of the resulting TiO2 nanostructures 

was carried out using powder X-ray diffraction (XRD). The XRD 

patterns of as-prepared samples NP (Fig. 1a) and NS (Fig. 1b) are 70 

well defined and the patterns could be indexed to the tetragonal 

structure of TiO2, JCPDS No. 21-1272. To within the detection 

limit of XRD, no peak characteristic of any impurity or of a 

different polymorph of TiO2 was found in the samples. In 

addition the as-prepared nanostructures were crystalline, thus 75 

required no post-synthesis processing. The broad peaks are 

characteristic feature of the small crystallite size and applying the 

Scherrer equation to the most intense peak (101), the average 

crystallite sizes were determined to be 7 nm and 5 nm, 

respectively, for the NP and NS samples. The peaks in the XRD 80 

patterns are more intense in NP, which could be attributed to 

different nucleation and growth phenomena under dissimilar 

reaction conditions. As in contrast with NS, NP were obtained 

after 30 minutes of microwave irradiation of the solution in 

benzyl alcohol (see experimental section), which is also the 85 

solvent with the higher boiling point.  
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Fig. 1 Powder XRD patterns (a, b) and room temperature Raman spectra (c, d) of TiO2 (anatase) nanostructures.

 Sensitivity of Raman spectral study to the presence of different 

polymorphs of titania was exploited to obtain further 

confirmation of the phase purity of the as-synthesized 

nanostructures of anatase TiO2. The Raman spectra of the 20 

samples NP (Fig. 1c) and NS (Fig. 1d) show five peaks centered 

on 145 cm-1, 199 cm-1, 398 cm-1, 518 cm-1, and 639 cm-1. The 

peaks at 145 cm-1, 199 cm-1and 639 cm-1 could be assigned to the 

Eg modes of vibration, whereas the peaks at 398 cm-1and 518 cm-

1 could be assigned to the B1g modes of vibration.20 The 25 

broadening and the systematic shifts in the frequencies of the 

various modes could be attributed to the small crystallite sizes.21 

No peak corresponding to any other polymorph of TiO2 was 

observed in the Raman spectra. 

 The calculated crystallite size from the XRD peak broadening 30 

and the considerable FWHM of the most intense peak (Eg = 145 

cm-1) in the Raman spectra clearly shows that the as-prepared NP 

and NS nanostructures comprise very fine anatase TiO2 

crystallites. The samples were therefore examined further by 

Transmission Electron Microscopy (TEM) (Fig. 2). The bright 35 

field TEM micrographs (BFTEM) of NP (Fig. 2e) display the 

presence of individual, acircular nanocrystals with an average 

diameter of ~ 6.5 nm. By contrast, the TEM micrographs of NS 

(Fig. 2a) show that the sample comprises nanospheres measuring 

100–400 nm in diameter.  40 
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 Such a size distribution shows apparent disagreement with the 

mean crystallite size deduced from the Scherrer equation, but the 

HRTEM (Fig. 2b) shows clearly that nanosphere is an 

aggregation of very small nanocrystals. The HRTEM of NS (Fig. 60 

2b) and NP (Fig. 2f) display lattice fringes with d spacing of 3.5 

Å, corresponding to the (101) plane of tetragonal (anatase) TiO2, 

corroborating the FFT patterns shown in the inset. Furthermore, 

HRTEM also reveals that the size of nanocrystal is comparatively 

higher in NP (7 nm) compared to the crystallite size in NS (5 65 

nm), in good agreement with the Scherrer equation. As already 

noted, the crystallites in NP are shape-anisotropic (elongated), 

whereas in the sample NS, the particles are more symmetrical 

(spherical). Selected area electron diffraction (SAED) from NS 

(Fig. 2c) and NP (Fig. 2g) shows ring patterns, confirming the 70 

polycrystalline nature of the samples; the patterns could be 

indexed to the tetragonal phase of TiO2, thus corroborating XRD 

data. The particle size distribution, as deduced from histograms, 

reveals the high degree of mono-dispersity in NP (Fig. 2h), 

whereas an average diameter of ~295 nm can be assigned to the 75 

spherical entities in NS (Fig. 2d). It has to be noted that the 

particle size in NP refers to the extension along the axis and the 

histograms were constructed manually from the respective, 

depicted BFTEM micrographs. 

 80 
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Fig. 2 (a-d) Anatase nanospheres (sample NS), (e-h) Anatase nanoparticles (sample NP): (a), (e) BFTEM images, (b), (f) HRTEM images (inset: FFT 

patterns); (c), (g) SAED patterns corresponding to the tetragonal anatase phase and (d), (h) Histograms showing particle size distribution 
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Fig. 3 FESEM micrographs of anatase TiO2 nanostructures; 

insets high magnification micrographs (a) Nanospheres (NS); (b) 

Nanoparticles (NP) 5 

 The samples NP and NS were examined for their gross 

morphology by field emission scanning electron microscopy 

(FESEM).The micrographs (Fig. 3a) reveal that very fine 

particles are packed densely into spherical aggregates, while the 

nanocrystals of NP (Fig. 3b) are rather fine, separated, and 10 

distinct. To understand the merits of microwave heating, we 

conducted the reaction in ethanol and benzyl alcohol under 

similar conditions, using conventional heating. FESEM analysis 

(Fig. S1) of the resulting samples shows the formation of 

aggregates without any defined morphology. Thus, we may infer 15 

that the conditions of reaction under microwave irradiation, such 

as the nature of the solvent, can lead to entirely different size and 

morphology of anatase TiO2 nanostructures. A plausible 

mechanism for the formation of two distinct types of anatase 

nanostructures is proposed below.  20 

 It is to be noted that reaction in the medium of benzyl alcohol, 

a mildly coordinating solvent with a high boiling point resulted in 

the formation of monodisperse and well separated TiO2 

nanoparticles of the size ~7 nm. Benzyl alcohol is benign in 

nature,22 and several reports have documented the non-aqueous 25 

synthesis of TiO2 nanostructures, where benzyl alcohol has been 

employed as a solvent. Examples include the formation of 

crystalline nanoparticles via reaction between TiCl4 and benzyl 

alcohol.23 This contrasts with reaction in ethanol, a weak 

coordinating solvent with a higher loss tangent (0.941), which is 30 

also having lower boiling point, leading to the formation of 

nanospheres of the dimension of ~100-400 nm, in which 

nanocrystals of anatase are randomly oriented and densely 

packed.19e The impetus for such a randomly oriented aggregation 

could be the reduction of the overall energy resulting from the 35 

elimination of the surface energy associated with unsaturated 

bonding, i.e., the elimination of the solid-air or solid-liquid 

interfaces.24 Given the rapidity with which the reaction occurs in 

the ethanolic medium, it is apparent that the aggregation observed 

is enabled by the rapid formation of nuclei and furthered by the 40 

absence of growth controlling or directing agent. Furthermore, 

the effect of nature of solvent could be traced by following the 

temperature profile of the reaction mixtures (Fig. S2). From the 

comparative analysis, the variation in the rate of heating is 

marginal, but could not be neglected. To examine the effect of 45 

duration of microwave exposure on the reaction pathway in 

benzyl alcohol, the reaction was terminated deliberately after 10 

minutes; no precipitate formation was observed, unlike in 

ethanol, where the formation of TiO2 nanospheres is complete 

within 10 minutes. The duration of microwave exposure was 50 

increased to 20 and 60 minutes, respectively, in ethanol and 

benzyl alcohol. TEM analysis (Fig. S3) shows that the increase in 

the dimensions of nanoparticles and nanospheres is negligible, 

indicating that the most of the precursor gets consumed within 10 

and 30 minutes, respectively, in ethanol and benzyl alcohol. 55 

Similarly, when microwave power was reduced from 300 W to 

150 W, no change in the morphology and dimensions was 

observed, as shown by BF-TEM micrographs (Fig. S4). However, 

when the concentration of the precursor was increased from 

108mg/45 mL to 162 mg/45 mL in ethanol, a monotonic increase 60 

in the size of nanospheres is observed, as revealed by TEM 

analysis (Fig. S5). In addition to above reaction parameters, we 

also explored the impact of the solvent namely 

dimethylformamide (non-alcohol) on the morphology of the 

nanostructure. From the BF-TEM (Fig. S6), we observed the 65 

formation of dendrites comprised of fine nanostructures. We 

conclude that in addition to the other factors, the combination of 

the high loss tangent and the weak coordinating nature of ethanol 

leads to randomly oriented aggregation. The formation of well 

separated nanoparticles in benzyl alcohol may correspondingly be 70 

attributed to the slow rate of nucleation; also the solvent has 

comparatively a stronger coordinating nature. Furthermore, the 

dark field and bright field imaging obtained under Scanning 

Transmission Electron Microscope (STEM) mode for NS (Fig. 4 

a, b) and NP (Fig. 4 e, f) samples corroborated the TEM and SEM 75 

data. Also the energy-dispersive X-ray spectroscopy under STEM 

mode (STEM-EDS) brought out the homogeneous distribution of 

Ti and O in the nanospheres (Fig. 3 c, d) and nanoparticles (Fig. 4 

g, h).  

 X-ray photoelectron spectroscopy (XPS) was employed to 80 

carry out core level spectral analysis of titanium. The core shell 

XPS spectra (Fig. S7) reveal two strong peaks observed at 458.64 

eV and 464.43 eV, which are in agreement with the binding 

energies of tetravalent Ti 2p3/2 and Ti 2p1/2, respectively.25 

  85 

Fig. 4 STEM of anatase TiO2 nanostructures; (a,e) STEM dark field 

image, (b,f) STEM bright field image (inset: line scan mapping showing 

homogeneous presence of both elements (Ti & O)), Area maping (c,g) Ti 

map (d,h) O map 

 As no growth-controlling or precipitating agents were used in 90 

the synthesis, the resulting nanostructures were made of pure 

anatase, thus highly suitable for the solar cell applications. In a 
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conventional DSC, the transparent mesoporous layer is composed 

of TiO2 nanoparticles of ca. 20 nm and the scattering layer 

contains bigger particles (~400 nm) to efficiently confine the 

unabsorbed higher wavelength photons within the photoanode 

film. As the morphology of the nanostructures could be 5 

controlled reliably using microwave synthesis, anatase TiO2 of 

the two different sizes are used as transparent (NP) and scattering 

(NS) layers in DSCs. Samples NP and NS were made into a 

screen printing paste26 and photoanode is printed (6 µm NP + 2 

µm NS) on a conducting glass containing TiCl4 underlayer. The 10 

complete photoanode preparation methods and the device 

fabrication techniques are reported in the supporting information. 

After sensitizing the photoanode with the ruthenium based C106 

dye (Ru(4,4′-dicarboxylic acid-2,2′-bipyridine) (4,4′-bis(5-

hexylthiophen-2-yl)-2,2′-bipyridine)(NCS)2),
27 the devices were 15 

fabricated using our standard iodide/triiodide electrolyte (Z960) 

(for details see ESI) and platinum based counter electrode. The 

photovoltaic performances of the corresponding devices were 

analyzed under dark and AM 1.5G one sun irradiation (100 mW / 

cm2) (Fig. 5a). Under illumination, the device exhibits a short-20 

circuit current density (JSC) of 12.6 mAcm-2, an open-circuit 

voltage (VOC) of 725 mV and a fill factor (FF) of 0.71, resulting 

in an overall conversion efficiency of 6.54 %. Fig. 5b shows the 

incident photon-to-current efficiency (IPCE), as a function of 

wavelength. The response of the present photovoltaic device to 25 

light could be related to short-circuit current and, at 550 nm, the 

IPCE reveals a maximum value of ~65 %.  

  

Fig. 5 (a) Current-voltage (J-V) characteristics of devices under dark and 

irradiation at 100 mWcm-2 photon flux (b) The IPCE spectrum as a 30 

function of the wavelength of monochromatic light for the device 

containing transparent (NP) and scattering (NS) layers. 

 

 To study the role of nanospheres (NS), a similar photoanode 

was printed (6 µm) containing only nanoparticles (NP). After 35 

sensitizing, the resulting device exhibits a short-circuit current 

density (JSC) of 11.60 mA/cm2, an open-circuit voltage (VOC) of 

732 mV and a fill factor (FF) of 0.68, resulting in an overall 

conversion efficiency (η) of 5.50% under illumination (100 mW / 

cm2) (Fig. S8) and, at 550 nm, the IPCE (Fig. S8) with a 40 

maximum value of 55% was obtained. 

 The observed efficiencies are lower than those reported in the 

literature where state-of-the-art mesoporous TiO2 films were 

sensitized with C106 dye.27 The measured diminution in overall 

conversion efficiency in the present device is primarily due to the 45 

low JSC and this could be attributed to the two factors: (a) 

collapse of the transparent layers after sintering (from 12 µm as-

printed to ~8 µm after sintering) due to the aggregation of small 

nanoparticles leading to the corresponding decrease in the surface 

area. The decrease in the surface area in turn affects the dye 50 

loading on the surface. (b) low transport rate of photogenerated 

electrons in the titanium oxide film comprising smaller particles. 

The smaller particles generally increase the electronic defect 

states both at interface and on the surface of the nanoparticles that 

in turn could affect the electron mobility within the film and 55 

hence the transport rate. Moreover, for a given recombination 

rate, the decline in the transport rate decreases the charge 

collection efficiency.28 

Conclusions 

In summary, we have reported facile and novel synthesis of 60 

phase-pure anatase TiO2 nanostructures through a microwave-

assisted process in solution. Controlled synthesis of nanoparticles 

and nanospheres from the same precursor was achieved by 

exploiting the nature of the solvent. Detailed structural and 

morphological characterizations established the formation of 65 

phase-pure NP and NS. Furthermore, we show that such a 

methodology provides ‘one-step’ synthetic approach to make 

subsequently both the transparent (~7 nm) and scattering particles 

(~100-400 nm) for their application as a photoanode in dye-

sensitized solar cells (DSC). Using standard Ru (II) polypyridyl 70 

sensitizer, a modest yet appreciable efficiency of 6.5% was 

achieved under the illumination of one sun (100 mW cm-2 

simulated AM 1.5 sunlight). We expect that the performance of 

the device can be further improved through the optimization of 

various parameters such as, increasing particle size of 75 

nanoparticles or changing the ratio of ethyl cellulose and titania. 

The efforts in this direction are under progress in our group. 

Experimental Section 

Synthesis of TiO2: In a typical synthesis, 108 mg of thiobenzoate 

complex of titanium, was dissolved in 45 ml of the solvent either 80 

ethanol or benzyl alcohol. The ethanolic and benzyl alcohol 

solutions were exposed to microwave irradiation for 10 and 30 

minutes respectively, both leading to the formation of milky 

colloidal suspension.  

Table 1: Summary of the experimental conditions used for the synthesis 85 

of various anatase TiO2 nanostructures 

Solvent Concentration 
(mg/mL)  

Pressure 
(psi) 

Power 
(W) 

Time 
(minutes) 

Temperature 
(°C) 

Ethanol 108 / 45 300 300 10 

 

200 

Benzyl 

alcohol 

108 / 45 300 300 30 

 

200 

Ethanol 108 / 45 300 150 10 
 

200 

Benzyl 

alcohol 

108 / 45 300 150 30 

 

200 

Ethanol 108 / 45 300 300 20 

 

200 

Benzyl 
alcohol 

108 / 45 300 300 60 
 

200 

Ethanol 162 /45 300 300 10 

 

200 

Dimethyl-

formamide 

108 / 45 300 300 30 

 

200 

 

 Brown powders were obtained from each suspension after 

centrifugation at 3000 rpm for 20 minutes. The powders were 
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washed twice with ethanol and dried at 60 °C under ambient 

conditions. The resulting powder samples were designated NS 

(ethanol) and NP (benzyl alcohol), respectively. The yield (> than 

90%) obtained was somewhat higher when benzyl alcohol was 

used as the solvent. The conditions optimized for the synthesis of 5 

different anatase TiO2 samples are summarized in Table 1. 
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Here we report on ‘one-step’ synthetic approach to make both the transparent (~7 nm) and scattering 

particles (~100-400 nm) form a single precursor with their application as a photoanode in dye-sensitized 

solar cells (DSC). 
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