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A B S T R A C T   

Substoichiometric titanium oxides i.e. Magneli phase (MP) TiOx are attractive due to their conductive nature. 
However, their synthesis is challenging. In this work, Anisotropic MP- Ti4O7 nanoparticles and Au doped 
nanocomposites were synthesized using β- cyclodextrin as template. The MP nanomaterials were 20-30 nm in 
size. The synthesis conditions were mild. These MP- TiOx nanomaterials show efficient charge separation upon 
light excitation i.e. they (i) act as efficient photocatalysts; (ii) they can be sensitized by a fluorescent dye; (iii) 
finite element method (FEM) simulations indicate substantial interfacial plasmonic charge generation at the 
metal-semiconductor interface in the doped nanocomposites.   

1. Introduction 

The electrical conductivity of pure stoichiometric TiO2 is quite low. 
It can be increased by heating in reducing environment. Such heat 
treatment results in sub-stoichiometric titanium oxides or magneli phase 
TiO2[1]. TinO2n-1 is the general formula of magneli phase oxides (n 
ranges from 3 to 10) [2]. A semiconductor-to-metal transition was also 
reported for these oxides [3]. Magneli phase (MP) TinO2n-1, finds 
application in fuel cells, lead acid batteries and also in waste water 
treatment [1–5]. Magnéli phase TiOx can withstand highly oxidizing 
atmospheres. Among MP suboxides, Ti4O7 formed from three TiO2 
octahedra and one TiO octahedron has high conductivity [6]. 

There have been efforts to prepare MP Ti4O7, by the reduction of 
rutile phase TiO2 at extremely high temperatures [7–11]. The high 
temperature promotes sintering. However, in such synthesis, the diam
eter of the particles was large (0.5 nm to 1µm). Efforts were made by 
Ioroi et.al [12] and Portehault et al. [13] to synthesize smaller titania 
clusters with large surface area. Ti4O7 is usually synthesized via two 
routes: (i) Carbothermal treatment and (ii) calcination in hydrogen at
mosphere [2,12,14-18].  

nTiO2 + ½ C TinO2n-1 + ½ CO2 []                                                     (1) 

Wu et. al used glucose as the carbon source in the carbothermal 
method [4]. 

More recently, colloidal self-assembly has been used in presence of 
organic templates to for preparing nanoparticles [19–22]. Such 
self-assembly of nanoparticles imparts control over particle size, particle 
shape and surface area. Cyclodextrins (CDs) are water soluble cyclic 
sugars which possess a hydrophobic internal cavity and a hydrophilic 
surface [Scheme S1, Supporting Information] [23–25]. Among cyclo
dextrins, β- Cyclodextrin is more cost effective, and has been widely used 
in the past as templates for preparing nanoparticles [26–29]. CD ag
gregates have sizes in the range 200-300 nm [30–32]. Additionally, the 
primary OH group aids in reduction of metal ions [33]. Higher CD 
concentration leads to smaller particles [34]. 

Apart from synthesis of MP- titanium oxide, another aim of the 
present work was to explore metal doped titanium oxide materials. It is 
known that doping of noble metal nanoparticles (Au, Ag, Pd) in semi
conductor materials can increase the photocatalytic activity of the latter 
[35–38]. Herein, we report the successful synthesis of MP- Ti4O7 
nanoparticles and Au doped MP- Ti4O7 nanocomposites by a sono
chemical method using β-CD as a template and citrate as reductant. The 
added advantage is that the synthesis was carried out at ambient 
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temperature. Citrate acts both as a stabilizer and as a reducing agent for 
formation of Au NPS in-situ from HAuCl4. β-CD helps in controlling the 
size of the particles. Interesting anisotropic structures comprising the 
Magneli Phase nanomaterials were obtained. These MP nanomaterials 
were found to function as very efficient photocatalysts for the degra
dation of the pollutant dye Malachite green (MG). The MP nano
materials were also found to be effectively sensitized by a fluorescent 
dye thus indicating their suitability for use in dye sensitized solar cells. 
Additionally finite element method (FEM) simulations were performed, 
the results of which lend support to the Photocatalysis and fluorescence 
results. 

2. Experimental section 

2.1. Materials 

Titanium (IV) isopropoxide was obtained from Sigma-Aldrich and 
used without further purification. Tetrachloroauric acid 
(HAuCl4.3H2O), Isopropanol, Nitric Acid (HNO3) were obtained from 
Aldrich (Merck India). β-cyclodextrin was obtained from Spectrochem 
Pvt. Ltd. Trisodium citrate dihydrate was obtained from Merck Life 
Science Pvt. Ltd. Malachite Green was obtained from Qualigens Fine 
Chemicals. Fluorescein dye, used for the fluorescence studies, was ob
tained from Fluka. All the experiments were performed in double 
distilled water. 

2.2. Methods 

2.2.1. Synthesis of MP-TiOx nanomaterials using β-cyclodextrin 
1:1 isopropanol and water mixture was taken and its pH adjusted (pH 

3-4) using concentrated HNO3. 1 × 10− 3M β-cyclodextrin (β-CD) was 
then added and the mixture stirred vigorously. Subsequently, Titanium 
precursor (Ti-isopropoxide) dissolved in isopropanol was added drop 
wise to the mixture (final concentration 2 × 10− 3M). After slight stirring 
trisodium citrate solution (2 × 10− 3M) was added. The whole mixture 
was then sonicated at 50–60◦C. The resultant mixture was stirred at 
120–150◦C overnight. This resulted in production of colloidal MP-TiO2 
nanoparticles via hydrolysis of the precursor accompanied by 
condensation. 

2.2.2. Synthesis of Au- doped MP-TiOx nanocomposites 
1:1 isopropanol and water mixture was taken and its pH adjusted (pH 

3-4) using concentrated HNO3. 1 × 10− 3M β-cyclodextrin (β-CD) was 
then added and the mixture stirred vigorously. Subsequently, Titanium 
precursor (Ti-isopropoxide) dissolved in isopropanol was added drop 
wise to the mixture (final concentration 2 × 10− 3M). After slight stirring 
trisodium citrate solution (2 × 10− 3M) was added. Gold precursor 
(HAuCl4) solution was then added, keeping final concentration 2 × 10− 4 

M. The whole mixture was then sonicated at 50-60◦C and then stirred at 
120-150◦C and made to stand overnight. Pink coloured colloidal solu
tion of Au MP- Ti4O7 nanocomposites was thus prepared. 

2.3. Instrumentation 

The absorption spectra of the nanoparticles/nanocomposites were 
recorded with a Shimadzu spectrophotometer, Model No. UV2401PC. 
Powder X-ray diffraction (XRD) data were recorded using a Bruker D8 
advanced powder X-ray diffractometer employing CuKα radiation (λ =
1.5418Ǻ). TEM studies of the nanoparticles were carried out at a reso
lution of 1.9 Å with a JEOL, JEM-2100 electron microscope from Japan. 
Scanning Electron Microscope (SEM) studies were carried out with a 
EVO-LS10, CARL- ZEISS instrument, UK. The optical constants of the 
nanomaterials were determined using a J. A. Woolam M-2000 spectro
scopic ellipsometer. A Horiba Fluoromax 4 Spectrofluorimeter was used 
for the steady-state fluorescence studies. 

The fluorescence lifetimes were measured with a setup from Horiba 

Jobin Yvon employing time-correlated single-photon counting (TCSPC) 
technique. A 405 nm laser was used as the excitation source. The pho
tocatalytic studies were carried out using a Philips UV-lamp (15 W). 
Numerical simulation based on finite element method (FEM) was per
formed using COMSOL Multiphysics software package. The optical 
constants of bulk gold and TiO2 determined from ellipsometry were used 
in the calculations. 

3. Results and discussion 

3.1. Characterization of the nanomaterials 

3.1.1. UV-visible absorption spectra 
The absorption spectrum of the synthesized MP-Ti4O7 nano

composites is illustrated in [Fig. 1(a)]. The band gap (Eg) of the syn
thesized titania nanoparticles was determined using the Kubelka–Munk 
plot [Fig. 1(c,d)]. The absorption edge of synthesized MP- Ti4O7 was at 
362 nm, corresponding to a band gap of 3.74 eV [Fig. 1(c)]. The for
mation of Au-Ti4O7 nanocomposites was noted from the purple colora
tion of the solution and the absorption spectra [Fig. 1(b)]. The 
absorption edge of the Au-Ti4O7 nanocomposites was at 366 nm, cor
responding to a band gap of 3.67 eV [Fig. 1(d)]. Eg decreases in the 
nanocomposites as the deposition of Au on Ti4O7 nanoparticles causes 
transfer of photoexcited electrons to the Fermi level of the noble metal 
leading to faster electron hole pair separation in the nanocomposite 
[Scheme 1]. 

The molar ratio of β-CD/ Ti precursor in the synthesis of both MP- 
Ti4O7 and Au-doped Ti4O7 was maintained at 0.2 and β-CD/Au pre
cursor molar ratio for the latter was 5. A mixture of different morphol
ogies was achieved comprising icosahedra, triangular nanoplates, 
nanorods and cubes. Bleta et al [39] prepared titania nanoparticles in 
aqueous phase via a colloidal self-assembly approach using various cy
clodextrins (CDs) as structure directing agents. They had reported that 
β-CD/ TiO2 molar ratio of 0.076 produced a mixture of anatase, rutile 
and brookite phases of TiO2. The percentages of different phases were 
found to vary with β-CD/ TiO2 ratio. Kochkar et.al reported the synthesis 
of shape-controlled Ag nanoparticles using β-CD as a shape-controlling 
agent [40]. At different molar ratios of β-CD/ Ag such as 50, 80 and 
150, a mixture of inter-twinned icosahedrons, nanorods, triangular 
nanoplates and bipyramids were produced. It was noticed that the 
percentage of icosahedral NPs increased upon increasing the molar ratio 
of β-CD/ Ag. 

3.1.2. X-ray diffraction 
The powder X-ray diffraction patterns of both the synthesized sam

ples are shown in Fig. 2. From Fig. 2(a), the formation of several MP- 
titanium sub-oxides was noted. The sharp peaks at 2θ equal to 29.31o, 
31.90o and 35.37◦ correspond respectively to the [122], [022] and 
[114] planes of sub-stoichiometric Ti4O7 [JCPDS No. 181402]. 2θ values 
of 42.46o, 47.93o and 56.5◦ correspond respectively to the [004], [312] 
and [020] planes of β-Ti3O5 [JCPDS No. 230606] while 2θ values of 
18.9o and 55.65◦ correspond respectively to the [202] and [406] planes 
of γ-Ti3O5 [JCPDS No. 270905]. 

Fig. 2(b) shows the same peaks of Ti4O7 and other sub-oxides along 
with additional peaks of Au, 2θ equal to 38.23o, 44.4o, 64.79o and 
77.72◦ corresponding respectively to the [111], [200], [220] and [311] 
planes, [JCPDS No. 040784]. This indicates the formation of Au -Ti4O7 
nanocomposites. 

The average crystallite size D was calculated from the Scherrer for
mula, 

D=
kλ

βcos θ
(2) 

K= the shape factor (a value of 0.9 was used in this study) 
λ = X-ray wavelength (1.54056 Å for Cu Kα) 
β = Full width at half-maximum (FWHM), after subtracting the 
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Fig. 1. UV-Vis Absorption spectrum of (a) MP-Ti4O7 nanoparticles and (b) Au-MP-Ti4O7 nanocomposites. Bandgap plots for (c) MP-Ti4O7-nanoparticles and (d) Au- 
MP-Ti4O7 nanocomposites. 

Scheme 1. Efficient electron-hole separation in Au-MP-Ti4O7 nanocomposites.  
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instrumental line broadening. 
θ = Bragg angle 
The calculated crystallite size of MP-Ti4O7 is about 25 nm and 35 nm 

in case of Au-doped MP-Ti4O7. 

3.1.3. Electron Microscopy results 
The synthesized MP-Ti4O7 and Au doped MP-Ti4O7 nanomaterials 

were characterized by scanning electron microscopy (SEM) and trans
mission electron microscopy (TEM). The SEM images are shown in 
Fig. 3. Fig. 3(a) and 3(b) show that a homogeneous distribution of 

cuboidal materials is formed in high yield. These materials have 
dimension ˃ 100 nm. Thus, these may actually indicate β-CD cages 
(comprising few β-CD) molecules) encapsulating the MP-Ti-suboxide 
nanoparticles. For the Au-Ti suboxide nano composites too, the cuboid 
dimensions are the same, only number density decreases. Thus in all 
probability, these cuboids are truly CD cages or aggregates. These 
encapsulate the nanomaterials. In Fig. 3(c), the SEM result for Au doped 
MP-Ti4O7 indicates that for the composites icosahedral/ triangular en
tities are formed. 

The TEM images of MP-Ti sub oxides are shown in Fig. 4(a and b) and 

Fig. 2. Powder XRD pattern of (a) MP-Ti4O7 nanoparticles and (b) Au-doped MP-Ti4O7 nanocomposites.  
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they indicate that icosahedral structures are formed. Selected area 
electron diffraction (SAED) pattern Fig. 4(d) shows bright spots with 
definite rings, which indicates the crystalline nature of the synthesized 
nanoparticles. Fig. 4(c) shows the HRTEM image of the nanoparticles. 
Well-resolved lattice fringes can be observed in the HRTEM image, the 
d-spacing of 0.311nm corresponds to the (022) plane of the Ti4O7 and 
0.302 nm corresponds to the (122) plane of Ti4O7 nanoparticles. Thus 
the nanoparticles observed in TEM represent the MP-Ti4O7 sub oxide 
predominantly. The particle dimension is ~ 20 nm. 

On the other hand, the TEM images of Au-doped Ti4O7 are shown in 
Fig. 5. Various types of icosahedral and triangular nanocomposites are 
seen in [Fig. 5(a)]. SAED pattern [Fig. 5(c)] shows distinct diffraction 
rings with spots, which indicates that the particles are poly crystalline. 
Fig. 5(b) shows the HRTEM image. From the d-spacing, 0.235 nm cor
responds to (111) plane of Au and 0.29 nm corresponds to (122) plane of 
Ti4O7, confirming the formation of Au doped Ti4O7. The equilateral 
triangle shaped nanocomposite has an edge length of ~30 nm thus the 
nanocomposites are larger than the Ti4O7 NPs. HRTEM shows lattice 
planes corresponding to both Au and Ti4O7 confirming the composite 
nature. This is also confirmed by EDX Fig. 5(d). 

The SEM images of the MP-Ti4O7 and Au-doped MP-Ti4O7 nano 
materials [Fig. 3(a,b and c)] were found to have bigger dimensions than 
that seen in the TEM images [Fig. 4(a and b) and Fig. 5(a and b)]. From 
HRTEM image (Fig. 5b) it is evident that fringes of both Au and Ti4O7 
coexist. So it can be said that Au and Ti4O7 grow simultaneously side by 
side in the same lattice. β- CD acts as template for synthesizing the 
nanostructures. 

Energy dispersive X-ray spectroscopy (EDX) was employed to 

ascertain the composition of the synthesized nanoparticles. The EDX 
analysis [Fig. 5(d)] indicates the presence of Au, Ti and O proving that 
the as-synthesized nanomaterials are composed of Au-doped Ti4O7. 

Summarizing, the electron microscopy results indicate that aniso
tropic MP-Ti4O7 and Au-doped MP-Ti4O7 nanomaterials are formed 
within the β–CD cages. The distinct advantage of using β–CD being that 
the confined dimension within the β–CD cavity arrests the growth of the 
nanomaterials restricting the size to ~10-15 nm edge length. 

Another plausible reason for the small size of the nanomaterials 
could be the use of the sonochemical method of synthesis. When ultra
sonic waves pass through the reaction mixture containing β-CD, sodium 
citrate and Ti-precursor, a large number of micro bubbles are formed, 
these subsequently grow and then collapse in a very short time, about a 
few microseconds. This is referred to as ultrasonic cavitation. This re
sults in ultrasonic cavitation which can generate local temperature as 
high as 5000 K and local pressure as high as 500 atm [41]. The tem
perature and pressure generated from the collapse of water bubbles is 
high enough to dissociate water molecules into primary hydrogen rad
icals (H•) and hydroxyl radicals (OH•) during cavitation [42,43]. The 
standard reduction potential of H• is, E0 (H+/ H•) = - 2.3 V vs. NHE and 
OH•, E0 (H2O/ OH•) = 2.7 V vs. NHE (NHE= Normal Hydrogen Elec
trode) in acidic solution. Therefore, H• can act as a very strong reducing 
agent, while OH• has a strong oxidizing ability. These active species can 
drive the chemical reactions and lead to predominance of the rate of 
formation of MP-Ti4O7 and Au nuclei over the slower rate of particle 
growth. Thus nanoparticles / nanocomposites of controlled size are 
formed. The strongly reducing radicals formed during ultrasonic cavi
tation lead to a large number of nuclei that probably form 

Fig. 3. (a,b). SEM images of MP-Ti4O7 nanomaterials and (c) Au-doped MP-Ti4O7 nanocomposites.  
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instantaneously and subsequent growth is arrested within the β–CD 
cavity. 

3.2. Photocatalytic activity of the nanoparticles 

Malachite green (MG), a cationic dye is widely used as a fabric dye. 
MG is highly toxic and has been implicated in carcinogenesis and res
piratory toxicity [44]. Therefore, the removal of MG from industrial 
wastewater is very important. Additionally MG has been widely used as 
fungicide in the fish industry. Although it has been banned in certain 
countries, its illegal use is still rampant in many parts of the globe. 
Considering the extremely hazardous nature of the dye it is important to 
devise methods for its degradation and removal. Semiconductors can 
cause degradation of organic contaminats via photo induced generation 
of charge carriers [45]. TiO2 based materials have been used as photo
catalysts in the past due to their suitable band gap energy, chemical 
stability, non-toxicity and high photocatalytic activity [46–48]. 

When a photon with suitable energy is incident on the semi
conductor, an electron (e− ) is promoted from the valence band (VB) into 
the conduction band (CB) leaving a hole (h+). Now, the electron in the 
CB and hole in the VB have several pathways. They can (i) recombine; 
(ii) get trapped in localized surface states; (iii) react with electron donors 
and acceptor molecules adsorbed on the semiconductor surface. In the 
absence of suitable electron and hole scavengers, the excited state en
ergy is lost by fast recombination [49]. If a suitable scavenger or surface 
defect state is available to trap the charge carriers, recombination is 
prevented and subsequent redox reactions may occur. The holes in the 
valence band are strong oxidants (+1.0 to +3.5 V vs. NHE), while the 
electrons in the conduction-band are good reductants (+0.5 to -1.5 V vs. 
NHE) [50]. 

Magneli phases of TinO2n-1 were earlier shown to be efficient 

photocatalysts [51]. The “n” values in the stoichiometric formulae were 
shown to be important factors affecting the photoactivity, smaller the 
n-values (e.g for Ti2O3 and Ti3O5) more was the photoactivity. This ef
fect was assigned to the larger number of oxygen vacancies in lower “n” 
value MP oxides e.g. 1/4 of oxygen lattice sites are vacant in Ti2O3 [51]. 

It seemed natural to thus explore the photocatalytic activity of the 
titania materials synthesized in this work. The reaction chosen was the 
light induced degradation of the dye pollutant MG. MG dye has a strong 
absorption at 617 nm as shown in Fig. 6(a) [52]. For photocatalysis, dye 
adsorption on the photocatalyst surface in the dark is important. The Eg 
value of MP-Ti4O7 obtained earlier (Fig. 1c) corresponds to 332 nm 
wavelength, thus UV light was used for the photocatalysis study. MG 
degradation was performed using initial dye concentration of 1 × 10− 5 

M. 500 μl of colloidal photocatalyst suspension was added to 10 ml dye 
solution. The degradation study was also performed in absence of any 
photocatalyst. In absence of photocatalyst, MG shows nominal photo
degradation upon UV irradiation [Fig. 6(a)]. But in presence of the 
MP-titania photocatalysts, significant photocatalytic effects were 
observed [Fig. 6(b and c)]. The Au-doped MP-Ti4O7 nanocomposites 
were superior photocatalyst in comparison to undoped MP- Ti4O7 [inset 
of Fig. 6(c)]. After one hour, 98% of dye was degraded by the Au-doped 
MP-Ti4O7 nanocomposites while 90% was degraded by the MP-Ti4O7 
nanoparticles. Scheme 2 depicts the mechanistic pathways of MG 
degradation by both MP-Ti4O7 and Au-doped MP-Ti4O7 
nanocomposites. 

Photocatalytic rate constants were 11.8 × 10− 2 min− 1 for Au-doped 
MP-Ti4O7 nanocomposites and 8.29 × 10− 2 min− 1 for undoped MP- 
Ti4O7. The narrower band gap of Au-doped Ti4O7 compared to Ti4O7 
nanoparticles and the proximity of the Fermi level of Au to the con
duction band of MP-Ti4O7 [Scheme 1], leads to enhanced electron-hole 
separation in the nanocomposites thus improving their photocatalytic 

Fig. 4. (a,b) TEM images, (c) HRTEM image and (d) SAED pattern of MP-Ti4O7 nanomaterials.  
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performance [53,54]. Upon UV exposure of the nanocomposite, the 
electron transfer from the excited MP-Ti4O7 to Au becomes facile as the 
Fermi level of Au is lower than the conduction band of MP-Ti4O7. This 
increases the reducing ability of the composite [55]. Thus the increased 
charge separation and increased reducing power cause enhanced 

photocatalytic activity. 
Additionally it is known that for anisotropic particles catalytic ac

tivity is high at the edges and corners [56–58]. Both the nanocomposites 
and the undoped MP-Ti4O7 nanoparticles are anisotropic. In the past 
too, anisotropic metal nanostructures exhibited superior optical and 

Fig. 5. (a) TEM image, (b) HRTEM image, (c) SAED pattern and (d) EDX of Au-doped MP-Ti4O7 nanocomposites.  
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charge transport [59]. Thus anisotropy in the structures of the nano
materials synthesized in this work could lead to better photocatalytic 
activity. To verify this assumption, FEM simulation studies were 
performed. 

The FEM simulation of the triangular Au-doped MP-Ti4O7 nano
composites [Fig. 5(b)] shows enhanced charge generation which is clear 
from the electromagnetic field at the interface. For the simulation, the 
refractive indices were determined directly from ellipsometric data 
shown in Fig. 7(a), Johnson –Christy database [60] and Aspnes’ data
base [61] was employed to for simulation of the optical response from 
gold and silicon, respectively. The FEM simulation results on an as
sembly of periodically stacked triangular gold (top) particle, MP-Ti4O7 
(intermediate) and Si (base) is shown in Fig. 7(b) given below. The 
angular dependence of the polarized incident beam, for both plasmonic 
(543 nm) and non-plasmonic (296 nm) excitation on the charge transfer 
at the interface is shown. It is seen that for an increase in the azimuthal 
angle by 5◦, the plasmon on and off conditions for surface charge gen
eration occur alternatively. For angles of 40◦, 50◦ and 60◦ the resultant 
wave gets fully reflected by the edge of the top gold nanoprism which is 
present on the composite [Fig. 7(b)]. In contrast, for other angles, the 
orientation on the plane makes the plasmonic field excited. 

Thus the FEM simulations indicate that plasmonic charge generation 
at the metal-semiconductor interface helps the band electrons to over
come and cross the band gap. This agrees with the situation shown in 

Scheme 1 and also explains the enhanced photocatalytic efficiency of the 
Au-doped MP-Ti4O7 nanocomposites. For such dielectric surfaces in 
close contact, collective Plasmon oscillations cause increase in local 
electric field. This in turn leads to strong electromagnetic confinement 
between adjoining layers in nanocomposites. Thus the electron transfer 
becomes more facile for wavelengths ranging from 580 nm onwards as 
shown in Fig. 7. Thus from the simulated interfacial fields for both 
plasmon off- and on- conditions in the nanocomposites, evidence of 
greater charge accumulation is obtained. This has prospective applica
tions of the nano composites for solar cell applications due to improved 
absorptivity. 

Thus the photocatalysis study and the FEM analysis both indicate 
efficient charge separation particularly on the Au-MP-Ti4O7 surface/ 
interface. To lend more definite evidence to this conclusion, fluores
cence studies were undertaken to ascertain whether electron transfer 
can occur from a fluorescent dye to the semiconductor and metal/ 
semiconductor interface. 

3.3. Sensitization of MP-Ti4O7 nanoparticles and Au-MP-Ti4O7 
nanocomposites by FL dye 

Photosensitization studies were performed with the fluorescent dye 
fluorescein (FL) to assess the viability of using the FL- MP-Ti4O7 system 
for future use in dye sensitized solar cells (DSSCs). In the past, several 

Fig. 6. Photocatalytic degradation of Malachite Green upon UV irradiation (a) without any catalyst (b) with MP-Ti4O7 nanoparticles (c) with Au-doped MP-Ti4O7 
nanocomposites, (inset) efficiency curve for MG degradation using MP-Ti4O7 and Au doped MP-Ti4O7. 
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research groups have reported working DSSCs using the FL- TiO2 system. 

3.3.1. Steady- state studies 
To understand the electron transfer process in the prepared nano

composites, fluorescence studies were performed with a highly fluo
rescent dye, Fluorescein (FL). Xanthene dyes like FL show interesting pH 
dependent equilibria in solution. Earlier studies have reported that FL 
can exist in four protolytic forms depending upon the pH of the medium 
[62–64]. Each of these four protolytic forms exhibit interesting spectral 

behavior. Table 1 summarizes the spectral characteristics of the four 
protolytic species. 

Among the four species, the FL dianion has the highest quantum 
yield (0.93) followed by monoanion (0.37), neutral dye (0.30) and dye 
cation (0.18) [63]. 

Fluorescence emission spectra of FL were recorded in presence of 
increasing concentrations of MP-Ti4O7 nanomaterials and Au doped MP- 
Ti4O7 nanocomposites. The concentration of FL dye was maintained at 3 
× 10− 6 M to eliminate the effect of dye aggregation. The absorption 

Scheme 2. Mechanistic pathways of MG degradation by (a) MP-Ti4O7 and (b) Au-doped MP-Ti4O7 nanocomposites.  

Fig. 7. (a) Representative experimental refractive indices with incident wavelength, (b) Plasmonic response of Au-doped MP-Ti4O7 at different angular incidence of 
polarized beam. Plasmon on and off conditions refer to calculations involving excitation in gold plasmon band regime. 
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spectra given below [Fig. 8(a)] indicate the presence of the monoanion 
of FL under the experimental conditions (peak at 475 nm and a shoulder 
at 455 nm). In presence of increasing aliquots of MP- Ti4O7 nano
materials the absorbance at 475 nm decreases and the shoulder at 455 
nm becomes more prominent. This indicates conversion of the absorbing 
species from FL monoanion to neutral dye. The fluorescence emission 
spectra [Fig. 8(b)] indicate quenching of dye fluorescence in presence of 
increasing aliquots of MP-Ti4O7 nanomaterials. Now quenching of dye 
fluorescence can occur due to (i) dye aggregation; (ii) change of proto
lytic form or due to (iii) electron transfer from the dye excited state to 
the semiconductor MP-Ti4O7. The fluorescence excitation spectra [Fig. 8 
(c)] rule out the presence of dye aggregates. Thus quenching of dye 
fluorescence can be either due to change of protolytic forms or electron 
transfer. This will be examined in details later. The Stern-Volmer plot for 
fluorescence quenching of FL by MP- Ti4O7 nanomaterials given in Fig. 8 
(d) yields a Stern- Volmer constant (Ksv) of 5.37 × 104 M− 1. 

In presence of increasing aliquots of Au doped MP-Ti4O7 nano
composites, the absorbance at 475 nm decreases and the shoulder at 455 
nm becomes more prominent [Fig. 9(a)]. This indicates conversion of 

the absorbing species from FL monoanion to neutral dye. The fluores
cence emission spectra [Fig. 9(b)] indicate quenching of dye fluores
cence in presence of increasing aliquots of Au doped MP-Ti4O7 
nanocomposites. The fluorescence excitation spectra [Fig. 9(c)] rule out 
the presence of dye aggregates. Thus quenching of fluorescence can be 
either due to change of protolytic forms or electron transfer. This will be 
examined in details later. The Stern-Volmer plot for fluorescence 
quenching by Au- doped MP- Ti4O7 given in Fig. 9(d) yields a Stern- 
Volmer constant (Ksv) of 8.35 × 105 M− 1. 

It remains to be ascertained whether the ~55% and ~65% fluores
cence quenching observed in presence of MP- Ti4O7 nanomaterials and 
Au-doped MP-Ti4O7 nanocomposites respectively is entirely due to 
electron transfer from dye to nanocomposites or is partially due to 
change of protolytic form of dye. This was done by recording the spectra 
in absence of the nanocomposites while maintaining the same medium. 
The results are shown in Fig. S1, Supporting Information. It can be 
seen from Fig. S1 (b). that the fluorescence quenching due to mere 
change of protolytic forms of FL in solutions of different pH is much less 
than that seen in presence of the nanomaterials. Fig. S1 (d). indicates 
that decrease in fluorescence due to change in protolytic form of FL is 
only about 30%. Thus the additional 25% and 35% fluorescence 
quenching in presence of MP- Ti4O7 nanomaterials and Au- doped MP- 
Ti4O7 nanocomposites respectively is solely due to electron transfer 
from the dye excited state to the conduction band of the 
nanocomposites. 

3.3.2. Time resolved fluorescence emission studies 
To shed more light on the electron transfer process discussed above, 

time resolved fluorescence studies were performed. Earlier studies show 
that the fluorescent probes when adsorbed on the surface of the 
quenchers have shorter lifetime values compared to those present in 

Table 1 
Spectral characteristics of different protolytic forms of FL.  

Protolytic forms of 
Fluorescein (FL) 

Absorption characteristics Fluorescence 
characteristics 

Cation λabs 
max = 437 nm λem 

max = 445 nm; φf 

= 0.18 
Neutral λabs 

max =435 nm, shoulder at 
475 nm 

λem 
max = 515 nm; φf 

= 0.30 
Monoanion λabs 

max =475 nm, shoulder at 
440 nm 

λem 
max = 515 nm; φf 

= 0.37 
Dianion λabs 

max = 485 nm, shoulder 
at ~ 460 nm 

λem 
max =515 nm; φf 

= 0.93.  

Fig. 8. Fluorescence Quenching of fluorescein dye using MP-Ti4O7 nanomaterials; (a) Absorption spectra, (b) Fluorescence emission spectra, λex = 475nm, (c) 
Fluorescence excitation spectra, λem = 515 nm, (d) Stern- Volmer plot. 
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solution in free the state [65,66]. The time resolved fluorescence results 
of FL dye in presence of MP-Ti4O7 nanomaterials are summarized in 
Table 2. In the absence of any quencher, the fluorescence lifetime decay 
was fitted to a single exponential given as [F(t) = A exp(-t/τ)] and the 
fluorescence lifetime decay in presence of the nanoparticle / nano
composites was fitted to a bi-exponential given as [F(t) = A1 exp(-t/τ1) 
+ A2 exp(-t/τ2)]. 

The shorter lifetime component (τ1) arising in presence of MP-Ti4O7 
nanomaterials is assigned to those dye molecules adsorbed on the sur
face of the nanomaterials and participating in electron transfer while τ2 
values correspond to free unadsorbed FL molecules in solution. The 
negative amplitude (a1) of the shorter τ1 component indicates growth of 
a new dye species, i.e., those participating in fast electron transfer with 
the nanomaterials. 

The time resolved fluorescence results of FL dye in presence of Au- 
doped MP-Ti4O7 nanocomposites are summarized in Table 3. In the 
absence of any quencher, the fluorescence lifetime decay was fitted to a 
single exponential and the fluorescence lifetime decay in presence of the 
nanocomposites was fitted to a bi- exponential. 

Here too, the growth in the short-lived component can be assigned to 

the adsorbed dye molecules which may undergo aggregation on the 
surface. Thus the emergence of the fast lifetime component τ1 in the 
fluorescence decay of FL in presence of both types of nanomaterials 
confirms fast electron transfer from the dye excited state to the 
nanomaterials. 

The rate of electron transfer (kET) from the excited state of FL to the 
conduction band of the nanomaterials can be calculated as [67] 

kET = 1/τads − 1/τ (3)  

where τads is lifetime of the dye molecules adsorbed on the surface of the 
nanomaterials and τ is the lifetime of free dye molecules present in the 
solution. The electron transfer rate is higher in case of Au- doped MP- 
Ti4O7 than in MP- Ti4O7 indicating better electron transfer in case of the 
former nanocomposites. 

4. Conclusions 

Substoichiometric titanium oxides i.e. Magnéli phase TiOx are 
attractive due to the growing demand for conductive materials. How
ever, synthesis of Magnéli phase TiOx nanoparticles, particularly Ti4O7 

Fig. 9. Fluorescence Quenching of fluorescein dye using Au doped MP-Ti4O7 nanocomposites: (a) Absorption spectra, (b) Fluorescence emission spectra, λex = 475 
nm, (c) Fluorescence excitation spectra, λem = 515 nm, (d) Stern- Volmer plot. 

Table 2 
Fluorescence lifetime values of FL in absence and presence of MP-Ti4O7 nanomaterials and the rate constant values for electron transfer.  

MP-Ti4O7 added τ1 (ns) τ2 (ns) a1 a2 <τ> (ns) Х2 kET × 109 (sec− 1) 

0 M  3.508    1.09 —— 
2 × 10− 6 M 1.7352 3.3868 − 0.044 1.044 3.4595 1.0317 0.291 
6 × 10− 6 M 1.6747 3.3284 − 0.041 1.041 3.396 1.111 0.297 
12 × 10− 6 M 1.9878 3.3578 − 0.012 1.012 3.374 1.0115 0.218 
16 × 10− 6 M 1.635 3.2867 − 0.035 1.035 3.345 1.116 0.327 
20 × 10− 6 M 1.63 3.27 − 0.036 1.036 3.329 1.053 0.308  
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which has the highest conductivity among all Magnéli phases is chal
lenging. More so because the focus has been on small size and high 
surface area. One way of increasing the surface area is by reduction of 
the particle sizes to the nano dimension. In nanomaterials, particles are 
effectively packed, thus the contact resistance between particles de
creases leading to enhanced conductivity. 

In this work, MP-Ti4O7 nanoparticles and Au doped MP-Ti4O7 
nanocomposites have been successfully synthesized by citrate mediated 
sonochemical method using β-CD as a template at ambient temperature. 
Both the sonochemical method of synthesis as well as use of β-CD leads 
to the formation of anisotropic nanoparticles of small size 20-30 nm. 

One very important area of application of TiOx nanomaterials is in 
photocatalysis. The anisotropic MP-Ti4O7 nanoparticles and Au doped 
MP-Ti4O7 nanocomposites synthesized in this work function as efficient 
photocatalysts for the degradation of the dye pollutant Malachite green. 
Au-doped MP-Ti4O7 performs slightly better as photocatalyst due to 
enhanced electron hole separation in the noble metal doped oxide 
nanomaterials. 

Another equally important application of TiOx nanomaterials may be 
in photovoltaic devices. For this, the nanomaterials should be well 
sensitized by dyes absorbing in the visible part of the spectrum. We have 
seen that the MP-Ti4O7 nanoparticles and Au doped MP-Ti4O7 nano
composites can be effectively sensitized by a xanthene dye, Fluorescein 
indicating efficient electron transfer from the excited state of the dye to 
the conduction band of the nanomaterials. This implies that these MP- 
Ti4O7 nanoparticles and Au doped MP-Ti4O7 nanocomposites may serve 
as prospective photoanode materials in dye sensitized solar cells 
(DSSCs). The electron transfer rate constants from these nanomaterials 
to FL dye are quite high ~108 s− 1. 

The FEM simulations corresponding to the triangular Au-doped MP- 
Ti4O7 nanocomposites shows large extent of intermediate charge gen
eration in these materials as evident from the interfacial electromagnetic 
field. The FEM results have shown that interfacial plasmonic charge 
generation at the metal-semiconductor interface in the Au-doped MP- 
Ti4O7 nanocomposites promotes band electrons across the band gap. 
This explains the enhanced photocatalytic efficiency of the Au-doped 
MP-Ti4O7 nanocomposites. 

Thus the photocatalysis results, FEM results, the fluorescence 
quenching and the time resolved fluorescence results provide substan
tive evidence in support of efficient electron transfer from the synthe
sized nanocomposites to dyes. Thus these materials have the potential of 
being used as efficient photocatalysts and as photoanode materials in 
dye sensitized solar cells in the future. 
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