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Abstract 12 

 13 

As a preliminary drive to eventually develop dye‐sensitized solar cell (DSSC)‐powered gas 14 

sensors, many oxide‐based systems have been explored to fabricate sensors that can show 15 

response at room temperature for any analyte gas. As an outcome of recent work in this 16 

endeavor, a composite nanorod of anatase TiO2 with Na0.23TiO2 is found to exhibit both 17 

photovoltaic performance and gas sensing at room temperature as demonstrated here. An 18 

interesting morphology change along with a phase change from nanoparticle to nanorod is 19 

observed during the hydrothermal synthesis of anatase TiO2 nanoparticles with sodium 20 

hydroxide under a highly basic condition. In order to understand the effect of the minor phase 21 

Na0.23TiO2 on the inherent properties of anatase TiO2, the application of nanorod composite 22 

in two unique potential application areas, DSSC and acetone sensings is investigated. The 23 

composite material exhibits an enhanced efficiency of 7.85% for a DSSC. Surprisingly, a 24 

resistive sensor fabricated with the synthesized composite material exhibits room temperature 25 

p‐type sensing behavior toward different concentrations of acetone (10, 5, 3, 2, and 1 ppm) 26 

with high selectivity. 27 

 28 

1. Introduction 29 

TiO2 has been known to exist mainly in three primary crystallographic modifications such as 30 

anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic) forms at ambient 31 

conditions. During the past few decades, the above mentioned TiO2 polymorphs have been 32 

widely investigated for diverse applications due to their well accepted electronic and optical 33 
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properties.[1,2] For example, as a photocatalyst for environmental applications, anatase is more 34 

preferred than rutile due to its inherent optoelectronic properties.[3-5] There has been many 35 

efforts to improve the optoelectronic properties of titania and an effective way of further 36 

modifying the electronic properties of TiO2 is doping, though ion-implant, shape control and 37 

surface modifications are also being explored to improve the properties of TiO2. In DSSCs, 38 

the anatase phase is considered to be the best suited material so far exhibiting higher 39 

photovoltaic performance than other polymorphs of TiO2.
[6-8] In order to enhance the 40 

performance and related efficiency of DSSC, significant efforts have been devoted in  41 

improving the host TiO2, which acts as a framework for DSSCs. However, mixing different 42 

phases followed by a hetero-structure formation of TiO2 has been found to result in better 43 

power-conversion efficiency (PCE) than the sole usage of pure anatase. The hetero-structure 44 

and mixed-phase formation could directly affect the charge transfer process between the 45 

different phases, possibly by reducing the recombination of photogenerated electrons and 46 

enhancing the electron mobility. In many cases, the synergistic effects of the three factors, 47 

such as electron transfer efficiency, light scattering and dye adsorption together leading to 48 

higher current density (JSC) have been reported.[9,10] In order to improve the efficiency of 49 

TiO2, one-dimensional nanostructures of TiO2, such as nanorods, nanotubes and nanowires, 50 

have also been studied [11,12] which  are expected to significantly improve the electron 51 

transport properties due to directionally smooth electron mobility and lower inter-crystalline 52 

contacts.[13-16] As reported by others, Na0.23TiO2 with a monoclinic crystal structure is 53 

expected to form a p-n junction with TiO2 which allows faster electron-hole separation 54 

followed by mobility via synergistic effect.[17,18] Wang et al. (2018) reported TiO2/Na0.23TiO2 55 

as a heterojunction photocatalyst helpful for the photogenerated electron-hole pairs 56 

separation, resulting in an enhanced photocatalysis.[19] The same group also reported an 57 

effective method to prove the surface plasmon property of a composite directly and 58 
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highlighted the application of Na0.23TiO2 in photocatalysis.[20] Recently, understanding the 59 

influence of synthesis parameters on the structure, morphology, and properties of titanate 60 

nanorods derived by NaOH treatment of TiO2 nanoparticles has been reported by Silva et al., 61 

(2019).[21] There are also reports confirming the lower photocatalytic activity of TiO2-coated 62 

soda-lime glass than that of the TiO2-coated quartz due to the diffusion of Na+ into the TiO2 63 

film from the soda-lime glass substrate.[22,23] However, there are only very few reports on the 64 

effect of Na+ on the photovoltaic properties of TiO2 materials in DSSCs. The photovoltaic 65 

properties of NaOH-washed anatase TiO2 nanosheets with exposed {0 0 1} facets were also 66 

investigated for DSSC. [24] The effect of sodium doping in improving the performance of 67 

DSSC was reported by Shalini et al. (2018). They recorded a PCE of 6% for sodium doped 68 

TiO2.
[25]] It is worth mentioning that only very few reports are available on Na0.23TiO2/TiO2 69 

nanorods for DSSC application.  70 

Recently, we have reported the performance of Au decorated ZnO/TiO2 as a stable 71 

photocatalyst and TiO2-polyaniline composite as a photoanode in dye-sensitized solar 72 

cells.[26,27]  In addition,  as a preliminary effort   to eventually develop DSSC powered gas 73 

sensor, we have been exploring many oxide based systems to fabricate sensors that could 74 

exhibit response at room temperature for any analyte gas.  As an outcome of our recent work 75 

in this endeavor, a composite nanorod (CR) of anatase TiO2 with Na0.23TiO2 has been found 76 

to exhibit both photovolatic performance and gas sensing at room temperature as 77 

demonstrated in this work. Thus, in this article, we report the synthesis of TiO2 anatase-78 

Na0.23TiO2 composite nanorod by a hydrothermal synthesis using sodium hydroxide (NaOH) 79 

and its dual functional application in DSSC and sensing. We investigated the formation of 80 

Na0.23TiO2 nanorod and its influence and performance on TiO2 anatase photoanode in DSSC.  81 

In addition, the synthesized composite nanorod has also been explored for gas sensing 82 

applications. An enhanced p-type semiconducting sensing response was achieved for 83 
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different concentrations of acetone (10, 5, 3, 2 and 1 ppm) along with strong selectivity and 84 

reproducibility towards acetone at room temperature.  85 

2. Results and Discussion 86 

2.1. Thermal Analysis  87 

The thermal decomposition nature of the prepared sample at pH 12 is shown in Figure S1, 88 

ESI, which exhibited an overall weight loss of ~9% within the temperature range of room 89 

temperature to 550°C. Initially, about 3% weight change was observed between 30 and 180ºC 90 

followed by a small weight change at 400 ºC corresponding to the removal of water in the as-91 

prepared powder sample. Finally, the weight loss became almost negligible above 400°C. 92 

The corresponding DTA curve exhibited a broad exothermic change in the range of 150-93 

400°C, indicating crystallization of the as-prepared powder sample. Based on the information 94 

observed from the TG-DTA analysis, the as-prepared powder was calcined at 500°C to 95 

receive the phase pure final compound. 96 

2.2. Effect of pH on Phase Change and Morphology  97 

The effects of pH during the synthesis and its effect on the phase transformation were 98 

investigated through systematic analysis of the data collected from powder X-ray diffraction 99 

(XRD) and Field effect scanning electron microscopy (FESEM) (Figure 1). Figure 1a depicts 100 

the XRD patterns of starting TiO2 powder and as prepared powder at pH 8, 10 12 and 14, 101 

using NaOH, under identical conditions. The XRD pattern of the starting commercial TiO2 102 

powder confirmed it to be the anatase phase of TiO2 only (JCPDS No. 21-1272). During the 103 

reaction the same phase is retained up to pH 10. There is an indication of a second phase, 104 

Na0.23TiO2 at pH 12. The observed reflections of the new phase matched well with the 105 

monoclinic Na0.23TiO2 phase (JCPDS No. 22-1404). Thus, the final resultant product 106 

obtained from the hydrothermal treatment of commercial TiO2 anatase nanoparticle powder 107 

exhibits mainly anatase TiO2 phase with a minor amount of Na0.23TiO2 as a co-existed phase. 108 
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The growth of this phase continues at a higher pH of ~14 also.  109 

 110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

Figure 1. (a) The XRD patterns of synthesized products obtained after hydrothermal 123 

treatment of anatase TiO2 nanoparticle at different pH and (b) FESEM microstructural images 124 

of precursor powder and hydrothermally prepared samples at different pH from 8 to 14. 125 

Therefore, pH 12 has been fixed as the optimum condition to form Na0.23TiO2 phase along 126 

with the anatase phase. Systematic microstructural analysis was also performed to understand 127 

the effect of pH if any on the morphology of the starting material. A change in the 128 

morphology of the starting material started to appear with change in pH, and a distinct change 129 

in morphology was observed at pH 12. The topotactic transformation of particles and the 130 

formation of rod-shaped material is apparent in Figure 1b. Further, at higher pH (~14), the 131 

rods get fused as shown in Figure 1b(v) probably due to the extreme basic condition. Thus, it 132 
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is evident from Figure 1b that the starting anatase particles have transformed to rods during 133 

the hydrothermal reaction in presence of NaOH and further annealing at 500oC. Thus, based 134 

on the TG-DTA and XRD results, the 500oC calcined sample was selected for further studies.  135 

2.3. Optimization of Hydrothermal Conditions 136 

In order to further evaluate the effect of hydrothermal reaction duration on the above 137 

observed changes, which led to the formation of anatase/Na0.23TiO2 co-existed nanorods the 138 

duration of the experimental conditions have been varied from 8h to 48 h. After optimizing 139 

the pH at 12, where a change in shape was noticed as shown in Figure 1,  we varied the 140 

duration of the reaction at pH 12. The observed change in structure during this variation is 141 

shown in Figure 2. It is clear from Figure 2 the importance of hydrothermal reaction duration 142 

on the phase formation and morphological changes of the resulting products, where a change 143 

in morphology from particles to rods along with a structural change was noticed.  Such a 144 

change was evident on increasing the hydrothermal reaction at pH 12 and 180oC to 48h at as 145 

shown in Figure 2. As observed from the XRD analysis, the anatase phase was retained up to 146 

12 h of hydrothermal treatment, beyond which it transformed to a mixed phase of anatase and 147 

Na0.23TiO2 by 36 h. Finally, the compound formed after 48 h of hydrothermal treatment at 148 

180oC temperature was a rod shaped composite of anatase TiO2 with Na0.23TiO2. The increase 149 

of the hydrothermal reaction time to 48 h led to only a minor increase in surface area of the 150 

product along with complete crystallization of the titanate phase. 151 

In order to monitor the structural changes if any during the phase transformation, we have 152 

also taken successive FESEM images of the samples as shown in Figure 2. The precursor 153 

anatase TiO2 which was in the particle form successively transformed into nanorod on 154 

increasing the hydrothermal reaction duration from 12 to 48 h.  155 
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 156 

 157 

Figure 2. The X-ray diffraction patterns along with the respective FESEM pictures of the 158 

hydrothermally prepared samples at a temperature of 180oC for different durations of the 159 

reaction. 160 

This structural transformation could have happened by Ostwald ripening during which many 161 

small crystals slowly disappear, except for a few that grow larger at the expense of the small 162 

crystals, which act as fuel for the growth of bigger crystals. [29,30] Kolen’ko et al. (2006) 163 

reported the synthesis of nanorods in one step by hydrothermal treatment in a NaOH solution 164 

followed by an acid treatment to produce Na-free nanorods.[30] By following a similar type of 165 

acid wash process, we also could generate sodium-free samples. Acid treatment was found to 166 

be essential in removing excess sodium to obtain sodium-free nanorods. To qualitative 167 

analyze  the presence of chloride ion in the sample after acid washing, a small amount of the 168 

composite sample was treated with 0.1M aqueous AgNO3 solution, where no white 169 
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precipitate was formed indicating the absence of chloride ion and NaCl in the sample 170 

solution. Thus, successive acid washing and subsequent test with AgNO3 helped in getting 171 

sodium ion free composite rod sample.  172 

 173 

Figure S2, ESI indicates the effect of acid washing to remove the excess Na from the as-174 

prepared sample, followed by multiple washing with de-ionized water to form the targeted 175 

composite product. Initially, the as collected powder sample after the hydrothermal synthesis 176 

appeared less crystalline (Figure S2a, ESI). In order to remove the unreacted sodium ion from 177 

the precipitated sample, HCl washing was performed, which produced NaCl as a by-product 178 

followed by reducing the solution pH to ~7.  After HCl wash NaCl phase appeared as the 179 

dominating phase (Figure S2b, ESI). However, after thoroughly washing with de-ionized 180 

water, excess NaCl also gets completely dissolved, and the synthesized rods exhibited only 181 

the mixed-phase with enhanced crystallinity (Figure S2c, ESI). Corresponding EDX analysis 182 

of the as-prepared sample, HCl washed sample and de-ionised water washed sample are 183 

shown in Figure S3, ESI. This further confirms complete removal of unreacted Na+ ions and 184 

formation of composite powder.  185 

 186 

Raman studies were also carried out to further understand the presence of both TiO2 anatase 187 

phase and Na0.23TiO2 in the final product. Figure S4, ESI depicts the characteristic Eg band at 188 

143.4 and 639 cm-1, the B1g band at 397 cm-1, and the (A1g + B1g) mode centred at 516 cm-1 of 189 

anatase phase of TiO2. After the hydrothermal treatment, the characteristic Eg mode becomes 190 

narrower and slightly blue-shifted from 143.4 to 148 cm-1. This may be due to the phonon-191 

confinement effect developed strain owing to the change in size and shape of TiO2 during the 192 

hydrothermal synthesis process.[31] Also, the weaker Raman bands at 202.4, 285.3 and 449.6 193 
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cm-1 confirm the presence of sodium titanate phase (NT) in the sample beside the anatase 194 

TiO2. 195 

2.4. Transmission Electron Microscopic (TEM) Analysis 196 

More clear evidence for the formation of nanorod morphology can be found in Figure 3a-i, 197 

from the detailed TEM investigation of anatase/Na0.23TiO2 co-existed composite in a single 198 

nanorod. Figure 3a,b represents the TEM bright-field image of the precursor TiO2 199 

nanoparticles at different magnifications confirming an average particle size of 30 nm. The 200 

high-resolution TEM (HRTEM) image (Figure 3c) clearly shows an interlayer spacing value 201 

of 0.351 nm corresponding to (101) crystal  plane of anatase TiO2 phase. On the other hand, 202 

TEM bright-field images of the prepared anatase/Na0.23TiO2 co-existed sample exhibited a 203 

rod-like structure having an average diameter of 22 nm, as shown in Figure 3d&e at different 204 

magnifications. The corresponding HRTEM shown in Figure 3f indicates the co-existence of 205 

(001) plane of Na0.23TiO2 and (101) plane of anatase TiO2. 206 

Further, the TEM bright-field images of calcined sample exhibit randomly distributed fine 207 

thinner rod-like structure having an average diameter of ~10 nm and an aspect ratio of 25:1 as 208 

shown in Figure 3g&h at different magnifications. The good crystallinity of the synthesized 209 

nanorods is clear from the HRTEM image, as shown in Figure 3i. Further, the interlayer 210 

spacing of the most intense (101) peak is found 0.351 nm along with (004) plane (0.237 nm) 211 

corresponding to anatase TiO2 phase, which corroborates with the XRD and Raman analysis.  212 

The colour elemental mapping of the same sample was executed, as shown in Figure S5a, 213 

ESI EDX analysis. The extensive area mapping ensures homogeneous distribution of Ti and 214 

O, and successful incorporation of Na, as the only element present in the composite nanorods. 215 

Besides, the quantitative EDX analysis stipulates an insufficient amount of O in composite 216 

nanorods, as shown in Figure S5b, ESI. The atomic percentage of elemental composition 217 

indicates ~5.6% of Na availability in the composite nanorod (inset of Figure S5b, ESI).  218 
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 229 

Figure 3. (a)-(b) TEM bright-field images of starting anatase TiO2 powder at different 230 

magnifications, (c) corresponding HRTEM image, (d)-(e) TEM bright-field images at 231 

different magnifications and (f) corresponding HRTEM image of the as-prepared nanorod, 232 

(g)-(h) TEM bright-field images at different magnifications and (i) corresponding HRTEM 233 

image of composite nanorod calcined at 500oC. 234 

As described in other reports, the formation of layered nanosheets might be the initial step for 235 

the  formation of rods which then become seeds for an oriented crystal growth process 236 

leading to thinner titanate nanorods. [32,33] In addition, the period of hydrothermal treatment 237 

determines the formation of this 1D morphology. 238 
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According to many reports, the phase and morphology transformation during hydrothermal 239 

synthesis strongly depended on the NaOH content.[32, 22] The TiO2 nanoparticles in highly 240 

basic medium in NaOH could lead to the formation of lamellar sheets due to the breakage of 241 

Ti-O-Ti bonds and form O-Ti, Ti-OH bonding and the loose O-Ti could bind to Na+ forming  242 

Ti-O-Na.  The intermediates such as Ti-OH would proceed with rearrangement to form sheets 243 

of edge-sharing TiO6 octahedra with Na+ and OH- intercalated between the sheets. These two 244 

longer Ti-O bonds in the TiO6 octahedra were broken, partially the anatase TiO2 would 245 

transform into the layered titanate.[34] The hydrothermal reaction of TiO2 nanoparticles in 246 

high pH condition with NaOH might have helped in the formation of sodium tri-titanate 247 

(Na2Ti3O7) particles with a rod-like morphology.[35] 248 

For instance, for protonated TiO2 nanorods, pure anatase phase is usually formed, whereas, 249 

for Na+ rich nanorods, post-annealing leads to a mixed phase. The ion exchange of Na+ by H+ 250 

is a well-known mechanism reported in the literature. [36,37] The measured zeta potential of the 251 

precursor anatase nanoparticle was -49.2 mV, indicating highly water-soluble colloidal 252 

solution whereas, in case of the synthesized nanorod, the zeta potential value gets reduced to 253 

-12.6 mV.  254 

 255 

 256 

Scheme 1. Schematic representation of the growth mechanism of composite nanorods. 257 

2.7. X-ray Photoelectron Spectroscopic (XPS) Analysis  258 
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To understand the chemical and binding states of the elements present in TiO2 nanoparticle 259 

(TP) and composite nanorod (CR), X-ray photoelectron spectroscopy (XPS) studies were 260 

carried out as shown in  (Figure 4a-e). It is evident that both samples contain Ti and O, as 261 

shown in the XPS survey spectra in Figure 4a. The appearance of metallic Na specifies the 262 

existence of Na in CR sample. The core-level binding energy peaks at 493.2 and 1070.1 eV 263 

indicates Na KLL and Na 1s states, respectively (Figure 4b). The XPS peaks at 464.42eV and 264 

458.62 eV correspond to binding energies of the Ti 2p3/2 and 2p1/2 states,  respectively of TP 265 

sample. The binding energy of CR exhibited a significant stokes shift, i.e. 463.75 and 457.95 266 

eV of the Ti 2p3/2 and 2p1/2 states, respectively, as shown in Figure 4c. This  may be due to the 267 

co-existence of tetragonal-monoclinic phase.[15,38] Besides, the peak shifting sometimes may 268 

be attributed to the lower electronegativity of Na (0.93) than that of Ti (1.52), which confirms 269 

the substitutional incorporation of Na+ at Ti4+ site.[39] For both the samples, the spin-orbit 270 

splitting energy of 5.8 eV is characteristic of Ti4+ in the TiO2 form. At the same time, the O1s 271 

binding energy gets decreased for CR than TP. By deconvolution, the observed three peaks of 272 

O1s shown in Figure 4d,e represents the high-resolution O1s spectrum of TP and CR samples, 273 

respectively. The observed two different binding energies are attributed to Ti-O-Ti for both 274 

the samples as O1 component and Ti-O-H as O2 component for both the samples (Figure 275 

4d,e). The oxygen deficiency of CR sample as observed from XPS analysis for O1s spectrum 276 

further corroborates the quantitative EDX data (Figure S5b, ESI). Table S1, ESI indicates the 277 

individual core level binding energies and their difference for both the samples. Interestingly, 278 

TP exhibits an additional component of O3 at 531.16 eV is associated with the O2- ions in 279 

oxygen-deficient regions within the TiO2 matrix.[40] Moreover, the absence of any signal of 280 

Cl as an element or relative derivates in the survey spectrum (Figure 4a) indicates the 281 

nanorods are free of NaCl and its derivatives.  282 
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 283 

Figure 4. XPS (a) survey, core level spectra of (b) Na-spectrum of CR sample, (c) Ti 284 

spectrum of TP and CR sample, respectively, corresponding deconvoluted O 1s spectrum of 285 

(d) TP and (e) CR samples. 286 

2.8. Optical and Structural Analysis 287 

UV-Vis absorption spectra of TP sample exhibit a broad absorption ~348 nm, whereas a 288 

bathochromic shift (362nm) was observed in the case of CR absorption shown in Figure 6a. 289 

The corresponding band gap was calculated using Taucs’ equation, and it was found to be 290 

~3.21 and 3.01 eV for TP and CR (shown in Figure S6), respectively. The indirect bandgap 291 

value of CR (3.01 eV) falls between the reported band gap values of Na0.23TiO2 phase, which 292 

could be suitable as a photoanode material candidate in DSSCs. Figure 5b exhibits a 293 

relatively higher reflectance spectrum of the CR attributed mainly due to the random 294 

orientation of rod structures than TP. The average thickness of the CR based photoanode film 295 

was around 9.42 µm as evident from the FESEM microstructural image, as shown in the inset 296 

of Figure 6b.  297 

2.9. Surface Area and Dye Loading Property  298 
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In order to unravel the distinction in morphology and photovoltaic performance, the BET 299 

surface area of TP and CR samples were measured by nitrogen isothermal adsorption process 300 

(Figure 5c). The corresponding pore size was calculated by the BJH method, as shown in the 301 

inset of Figure 5c. As evident from Figure 5c, the type IV isotherm was observed for both the 302 

morphologies. The CR exhibited an enhanced BET specific surface area of 90.03 m2.g-1 than 303 

the TP (56.65 m2.g-1), mainly attributed to the thinner rod-based structure. Also, in case of TP 304 

sample, a well-defined hysteresis loop indicates the well-developed mesoporous 305 

characteristics with an average pore size of ~6 nm. Whereas, the pore size for nanorods was > 306 

50 nm mainly originated from the interlayer space of nanorods, as shown in the inset of 307 

Figure 5c. The UV-Vis absorption spectra of the residual dye solution collected after 24 h 308 

adsorption on the different morphology of TiO2 surface was measured by the dye desorption 309 

method as shown in Figure 5d. The reduction in the characteristics intensity of the residual 310 

N719 dye solution at ~384 and 525 was more for CR than TP sample, which is an indirect 311 

evidence for a higher amount of dye adsorbed by CR sample. The higher interlayer space and 312 

surface area of the CR sample could have favoured  a higher dye loading for the CR sample.  313 

 314 

 315 
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 316 

Figure 5. (a) UV-Vis absorption spectra (b) diffuse reflection spectra of TP and CR based 317 

films (at inset: cross-sectional FESEM image of the CR based film and corresponding EDX 318 

spectrum), respectively, (c) Nitrogen adsorption-desorption isotherm of TP and CR samples, 319 

corresponding BJH pore size distribution curves are shown in the inset, respectively and (d) 320 

UV-Vis absorption spectra of initial N719 dye and remaining N719 dye after adsorption on 321 

TP and CR based photoanode films, respectively. 322 

2.10. Photovoltaic Performance and Electrochemical Impedance Spectroscopy Analysis 323 

In order to evaluate the photovoltaic performance of the synthesized composite rods with the 324 

starting precursor TiO2 and also a standard P25 TiO2 sample, DSSC devices have been 325 

fabricated as per our previous methods.[27,11] The measured performance of the fabricated 326 

DSSC device is  shown in Figure 6. The J-V characteristic of the DSSCs fabricated with 327 
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synthesized CR, TP and P25 are presented in Figure 6a. The fabricated DSSC with CR 328 

exhibited a PCE of 7.85% with a short circuit current (JSC) of 16.82 mA.cm-2, open-circuit 329 

voltage (VOC) of 0.75 V and a fill factor (FF) of 0.66. On the contrary, TP exhibited a PCE of 330 

3.25% with a short circuit current (JSC) of 8.77 mA.cm-2, open-circuit voltage (VOC) of 0.71 V 331 

and FF of 0.53. The details of the device testing parameters for individual tested cells are 332 

shown in Table S2. 333 

 334 

Figure 6. (a) Current density (J)-Voltage (V) curve of DSSCs fabricated with P25, TP and 335 

CR samples, respectively, (b) Nyquist plots of TP and CR based DSSC devices (inset: 336 

corresponding equivalent circuit diagram). 337 

We have also compared the photovoltaic performance of P25 nanoparticles which exhibited 338 

an efficiency of 3.95% only with an enhanced VOC (0.77 V) and FF (0.56) than the starting 339 

TiO2 samples under identical conditions. The higher efficiency of CR without any surface 340 

modification such as applying a scattering layer, or TiCl4 treatment reflects the influence of 341 

the CR structure compared to TP and P25 NP.   342 

The electrochemical impedance spectroscopy (EIS) measurements were carried out to 343 

understand the transport properties at different interfaces in the DSSC assembly, as shown in 344 

Figure 6b. On illumination under 1 SUN, the CR based device exhibited a series resistance 345 

(RS) of 37.92 Ω.cm-2 and an electrochemical charge transfer resistance (RCT) of 68.02 Ω.cm-2 346 
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whereas the TP based device exhibited an RS of 37.96 and RCT 78.96 Ω.cm-2, respectively. 347 

Interestingly, the Rs value found almost the same for both the devices. However, the 348 

TiO2/Na0.23TiO2 co-existed phase dominates over to particle-based TiO2 anatase phase device, 349 

exhibiting a smaller RCT value, which in turn promotes the transfer of more electrons from 350 

the external circuit as evident from the IPCE measurements. The measured parameters are 351 

summarized in Table S2. 352 

2.11. Incident Photon-To-Current Efficiency (IPCE) and Cyclic Voltammetry Analysis 353 

The IPCE curve for the N719 dye-sensitized devices exhibited a broad peak over the range of 354 

300-700 nm with a maximum value of ~62 % at 540 nm for the CR based device and ~46 % 355 

for TP based device, as shown in Figure 7a. In order to check the cycling ability of the 356 

composite photoanode, the cyclic voltammetric (CV) curves were recorded for the champion 357 

CR cell, with different numbers of CV cycles, in the voltage window of -1.0 to +1.0 V with a 358 

scan rate of 0.05 mV.s-1. A typical voltammogram of different cycles executed for a CR film 359 

is presented in Figure 7b. Both the anodic and cathodic current simultaneously varies as the 360 

number of cycles from 5 to 25. With increasing the testing cycle, current responses are 361 

increased and reach a maximum with 20 cycles. The peak currents are dropped with 25 362 

cycles. Moreover, all the cycles trending the voltammogram with similar pattern and 363 

narrower peak-to-peak separation, indicating higher electron transfer kinetics, which would 364 

enhance the performance of the cell. These results are further adequate agreement with J-V 365 

result.  366 

 367 

 368 

 369 
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 370 

Figure 7. (a) IPCE measurements of TP and CR based DSSC devices, (b) Cyclic 371 

voltammogram of CR for different numbers of CV cycles. 372 

In comparison to the reported results on the performance of TiO2 nanorod based photoanodes 373 

in DSSCs, the performance of CR is quite competitive and promising, as shown in Table S3. 374 

Consisting of a high VOC of ˃0.7 V facilitates TiO2/Na0.23TiO2 nanorods to establish as a 375 

potential and new-form of a photoanode candidate for DSSCs. 376 

Interestingly, in this study, the nanorods are formed as the co-existed phase of anatase 377 

TiO2/Na0.23TiO2 in a single morphology, thereby exhibited a higher efficiency compared to 378 

TiO2 nanoparticles and P25 nanoparticles. 379 

 380 

 381 

 382 

 383 

 384 



19 

 

We propose that the mixed-phase formation could facilitate faster electron mobilization 385 

resulting in better photovoltaic performance, as shown in Figure 8. We believe that the 386 

electrons generated in dye-sensitized nanorods migrate first to the anatase phase followed by 387 

the titanate phase in the composite and finally to the external FTO.  388 

 389 

Figure 8. Schematic description of the proposed electron transfer processes and energy band 390 

structures of the composite phase and anatase.  391 

Due to the very close bandgap of the two phases, the excited electrons generated in the 392 

anatase TiO2 phase may swiftly migrate towards the CB of the titanate phase in the composite 393 

on illumination. Both transferred electrons from anatase TiO2 and electrons directly excited 394 

to the CB of the titanate phase can supply more free electrons to FTO.[48-50] 395 

Furthermore, the rods are expected to facilitate direct conduction pathway with lesser grain 396 

boundaries for rapid electron transport than other morphologies as observed in our earlier 397 

publications.[51,52] As evident from the microstructure analysis and the diffuse reflection 398 
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spectra in Figure 6b, the slanting rods in the current case could favour adequate light 399 

scattering property and rapid electron transfer both could be responsible for the enhanced 400 

light-harvesting to enhance the cell efficiency.[27,53,54] The particles, on the other hand, suffer 401 

from trapping/de-trapping phenomenon in the conduction pathway between the grain 402 

boundaries and therefore result in lesser efficiency than a rod. However, the low surface area 403 

of 1D nanostructures hinders significant improvement of the photovoltaic performance owing 404 

to less dye loading compared to nanoparticles. For better balancing of those factors, the 405 

inclusion of a composite in a single morphology will be benefited to produce higher 406 

efficiency.  The enhanced photovoltaic performance of the composite may also arise from the 407 

bandgap position of the mixture of phases. Therefore, the observed preliminary result of the 408 

device performances based on the synthesized anatase/Na0.23TiO2 co-existed nanorods 409 

indicates the advantage of the existence of Na0.23TiO2 phase in enhancing the performance of 410 

anatase TiO2. 411 

2.12. Acetone Sensor Application  412 

As an initiative to eventually develop DSSC powered gas sensor, we have also utilized the 413 

synthesized powder for gas sensor fabrication. As a preliminary drive to develop the self-414 

powered gas sensor, we have also utilized the synthesized powder for gas sensor fabrication. 415 

An attempt has been taken with the sensor fabricated using the synthesized composite 416 

nanorod (CR) powder for the detection of acetone which is considered as the biomarker to 417 

detect blood glucose level from breath non-invasively. The acetone concentration for diabetic 418 

patients in breath lies in the range from 1.7 ppm to 3.7 ppm, whereas for a healthy person, the 419 

concentration range should be below 1 ppm.[55,56] After fabrication of the sensor with CR, the 420 

change of resistance was monitored at different acetone concentrations. The sensor was 421 

exposed to 10, 5, 3, 2 and 1 ppm acetone at room temperature. The CR based sensor 422 

exhibited the response (Rg/Ra) signal as 7.1, 4.7, 4.1, 3.8 and 3.6 for 10, 5, 3, 2 and 1 ppm 423 
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acetone respectively, at room temperature with 15 sec of exposure time, as shown in Figure 424 

9a. The dynamic response curve of the sensor towards 10, 3 and 1 ppm acetone is presented 425 

in Figure 9(b-d). The single cycle of the dynamic response curve of the CR-based sensor for 426 

3 ppm of acetone showing the response and recovery time as 12 sec and 20 sec, respectively, 427 

as shown in Figure 9c. Besides, the CR-based gas sensor exhibits enhanced acetone response 428 

compared to CO, ethanol and nitrogen gases, which are considered as the interfering gases, as 429 

shown in Figure 9e.  430 

Along with the direct current (DC) measurements, we have also used the alternating current 431 

(AC) method by using a precision impedance analyzer in the 100 Hz to 1 MHz frequency 432 

range to understand the conduction process and the sensing mechanism where Z' indicates the 433 

real part and Z" represents the imaginary part of the complex impedance data. The variation 434 

of Nyquist diagram of CR based sensor is presented in Figure 9f in presence of air and 435 

acetone at room temperature. An attempt has been executed to understand the sensing 436 

response with TP-based sensor. However, it showed meagre sensing response (Rg/Ra) about 437 

1.2 towards 10 ppm acetone at 350oC operating temperature. 438 

Interestingly the composite exhibited a p-type sensing behavior compared to TiO2, which is 439 

an n-type semiconducting material. However, further studies are in progress to understand the 440 

acetone sensing behavior of the composite powder.  441 
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 442 

Figure 9. (a) The response of the sensor towards different concentrations of acetone at room 443 

temperature (b) dynamic response curve towards 10 ppm (c) 3 ppm, (d) 1 ppm acetone, 444 

respectively, (e) selectivity of CR-based sensor towards different gases (f) Nyquist plot of 445 

CR-based sensor in air and in presence of acetone. 446 

3. Conclusions 447 

Anatase TiO2 with Na0.23TiO2 nanorod was synthesized by hydrothermal treatment of the 448 

commercially available anatase TiO2 nanoparticle with NaOH solution at pH 12. It was 449 

possible to establish the crucial role of NaOH to obtain the composite phase with interesting 450 

nanorod morphology. The TEM study reveals an average diameter of the synthesized 451 

nanorod as ~10 nm with an aspect ratio of 25:1 having a BET specific surface area of ~90 452 

m2.g-1. The mixed-phase sample exhibited higher dye loading capacity than the pure anatase 453 

sample for DSSC application. Further, the composite phase sample exhibited an enhanced 454 

photon to the current conversion efficiency of 7.85% as compared to the precursor pure 455 

anatase sample (3.25%). The increased performance of composite nanorod based DSSCs was 456 

attributed to the high activity and surface area for increased dye adsorption along with the 457 

aligned rod shape for faster electron mobility and light scattering property. Besides, our 458 
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studies could pave a way to future advancements in the area of DSSCs using less explored 459 

composite phase as photoanode. An enhanced p-type semiconducting sensing response was 460 

achieved for different concentrations of acetone (10, 5, 2, 3 and 1 ppm) followed by strong 461 

selectivity and reproducibility towards acetone at room temperature. The experimental results 462 

thus indicate that this simple and cost-effective synthesis process can be used as a promising 463 

tool for integrated DSSC powered sensor developments for futuristic application.  464 

 465 

4. Experimental Section 466 

Synthesis of composite nanorods: The nanorods were formed under extreme basic condition 467 

by a hydrothermal treatment. In detail, 2 g commercial anatase TiO2 powder (J.T Baker 468 

Chemical Co., Baker Analyzed Reagent 1-4162, USA) was mixed with 10 g of NaOH 469 

(Merck, Germany) and 25 ml of de-ionized water at a pH of 12 under constant stirring for 2 h 470 

and transferred into a 50 mL Teflon lined autoclave kept at 180oC for 48 h. The pH of the 471 

synthesis was also varied, keeping other conditions the same. The as-prepared white product 472 

was centrifuged at 10,000 rpm and washed with 0.1M HCl (Merck, Germany) to reduce the 473 

solution pH ~7. After that, the product was thoroughly washed with de-ionized water. A part 474 

of the washed sample was again dissolved in de-ionized water and further treated with 0.1M 475 

aqueous AgNO3 solution, where no white precipitate was formed indicating the absence of 476 

chloride ion as NaCl form in the sample solution. Finally, NaCl free collected product was 477 

dried under the IR lamp at ~80oC (considered as-prepared sample) and then annealed at 478 

500oC in the air for 2 h to convert into the final product (CR sample). 2 g of commercial 479 

anatase TiO2 nanoparticles (TP) was converted to 1.87g of a mixed phase of anatase TiO2 and 480 

Na0.23TiO2 composite nanorods (CR). The same synthesis process has been carried out for 481 

different pH (8, 10 and 14) by varying the amount of NaOH (Table S4) only in controlling 482 

the morphology. To further perceive the effect of the hydrothermal treatment period, the 483 
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reaction time has also been varied from 24 h to 48 h in case of pH 12 condition. A detailed 484 

amount of various precursors and synthesis parameters for the hydrothermal reaction in 485 

controlling the morphology has been described in Table S4.  486 

 487 

Material characterization: Thermo-gravimetric analysis (TGA) and differential thermal 488 

analysis (DTA) of the as-synthesized sample was carried out from room temperature to 489 

550°C with a heating rate of 10°C.min-1 on a NETZSCH 449C simultaneous thermal analyzer 490 

to understand the thermal decomposition nature. Structural properties of the as-prepared and 491 

calcined powders were characterized by X-ray diffraction method on an X’pert pro MPD 492 

XRD of PAN analytical system with CuKα radiation (λ = 1.5406 Å). The optical property of 493 

the composite sample and its dye (N719) loading capability was measured by a UV-Vis-NIR 494 

spectrophotometer (Shimadzu, UV-3600). The morphology of the precursor, as-prepared and 495 

calcined samples, was monitored through a field emission scanning electron microscope 496 

(FESEM), (LEO 430i, Carl Zeiss) and a high-resolution transmission electron microscope 497 

operating at 300 kV (Tecnai G2 30ST, FEI). The surface charge analysis (zeta potential) of 498 

the sample has been measured using a Horiba Nanoparticle Analyzer SZ100. Besides, the X-499 

ray photoelectron spectroscopy (XPS) measurements were carried out by a PHI 5000 Versa 500 

probe II scanning XPS microprobe (ULVAC-PHI, U.S.). BET (Brunauer, Emmett and Teller) 501 

specific surface area of a sample is measured using a Quantachrome (iQ3) instrument after 502 

evacuation at 150°C for 4 h including the BJH (Barrett, Joyner, and Halenda) pore size 503 

distribution. Thickness measurement and energy dispersive X-ray elemental analysis (EDX) 504 

of fabricated nanorod film was performed in the same instrument used for FESEM. The 505 

diffuse reflectance (DR) spectrum of the films is measured using UV-Vis-NIR 506 

spectrophotometer (Shimadzu, UV-3600).[11,45]  507 

 508 
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Fabrication of DSSC: The photoanode films having an area of 0.2826 cm2 were fabricated by 509 

a screen printing (120T mesh/inch, Mascoprint, UK) method on fluorine-doped tin oxide 510 

(FTO) (7 Ω.cm-2) glass substrate using a homemade paste made with ethyl cellulose and α-511 

terpinol (Sigma Aldirch). The coated films were annealed in an oven at 450oC for 30 min. 512 

The prepared photoanode films were soaked in an N719 dye (0.5 mM, Solaronix) with 513 

absolute ethanol (Merck, Germany) at room temperatures for 24 h for the dye adsorption on 514 

the film. After dye adsorption, the prepared films were thoroughly washed with absolute 515 

ethanol for removing the excess dye molecules present at the surface of the film. Pt solution 516 

(Platisol T, BN 40/170311FM, Solaronix, Switzerland) having Pt particles in size range of 517 

10-20 nm were dropped cast on a cleaned FTO glass. The deposited layer was gradually dried 518 

in air and then heated at 450oC for 15 min, in order to activate the platinum layer for working. 519 

Finally, the prepared I3
-/I- liquid electrolyte was infiltrated into the photoanode cell, and a 520 

sandwiched DSSC device with the Pt counter electrode was fabricated. The dye adsorbed 521 

TiO2, and Pt-FTO glass was merged like sandwich-type with a hot-melt film (∼25 μm, 522 

Surlyn, Dyesol) between them. The photovoltaic performance of the prepared sandwich-type 523 

devices was measured under 1000W.m-2 light from a Wacom AAA continuous solar 524 

simulator (model: WXS-210S-20, AM1.5G. The I-V characteristic study has been carried by 525 

using an EKO MP-160i I-V Tracer.[11,27] All the data represented are an average of 526 

measurements taken on five different devices for both the TiO2 samples. Electrochemical 527 

impedance spectroscopy (EIS) measurements were performed with an Autolab frequency 528 

analyzer setup equipped with an Auto lab PGSTAT 10 and a frequency response analyzer 529 

(FRA) module under solar simulator condition with the frequency range from 0.1 Hz to 100 530 

kHz and at the 0.70 V open-circuit voltage of the devices. The cyclic voltammetry analysis 531 

was carried out in a three-electrode assembly cell comprising of the composite film as the 532 

working electrode, Ag/AgCl as reference electrode and platinum as the counter electrode in 533 
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the presence of I-/I3
- electrolyte using the NOVA software equipped with the Autolab 534 

potentiostat/galvanostat instrument.  Besides, the incident photon to current efficiency (IPCE) 535 

was measured on a Bentham PVE300 Photovoltaic EQE (IPCE) under 300-800 nm 536 

wavelength range. 537 

Fabrication of gas sensor and measurements: The synthesized powder samples are used for 538 

sensor fabrication. At first, a certain amount of powder sample was ground smoothly in a 539 

motor pestle with isopropyl alcohol to make a paste. Sensor fabrication and details are 540 

reported elsewhere.[57,58] After making a coating of the paste on the alumina substrate, it was 541 

dried at 80oC. When the fabricated sensor element was exposed to acetone, the resistance of 542 

the sample changed, and the response was calculated from the change in resistance at room 543 

temperature. The response level was measured towards various concentration levels of 544 

acetone, and sensitivity percentage (S) was calculated as the ratio of Rg/Ra where the 545 

electrical resistances are denoted as Rg and Ra in the presence of acetone and air, respectively. 546 

The electrical measurements were performed by using an Agilent multimeter (Model No. 547 

U1253A). The AC measurements have been carried out on a precision impedance analyzer 548 

(6500 B Wayne Kerr) within a wide range of frequency from 100 Hz to 1 MHz. 549 

Supporting Information 550 

The TG-DTA analysis of the as-prepared sample after hydrothermal treatment of commercial 551 

anatase TiO2 and NaOH at a pH of 12. XRD pattern and EDX analysis of (a) powder sample 552 

just prepared and collected after the hydrothermal reaction, and before HCl wash (pH 12), (b) 553 

after HCl wash (pH 7) and (c) followed by a wash with de-ionized water (pH 7), respectively, 554 

Colour elemental mapping, and quantitative EDX analysis plot of CR sample. Raman spectra 555 

of the precursor and final sample. Band gap calculation from Tauc’s plot. Table of XPS 556 

binding energies of TP and CR samples. Table of Photovoltaic, impedance spectroscopic 557 

parameters and incident photon-to-current efficiency (IPCE) obtained for CR and TP devices, 558 

respectively. Table for Comparison of the device parameter of TiO2/Na0.23TiO2 nanorods with 559 
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different TiO2 phases and their morphology in a DSSC device. Table for amount calculation 560 

of various precursors and synthesis parameters for the hydrothermal reaction.  561 
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