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a b s t r a c t

Simple, green and cost effective method is used for the synthesis of TiO2 nanoparticles, wherein remnant
water (ideally kitchen waste) collected from soaked Bengal gram beans (Cicer arietinum L.) extract is
reacted with TiCl4. Biosynthesized TiO2 (Bio-TiO2) nanoparticles with uniform size distribution (free of
aggregation even after calcination) were obtained as a result of the stabilizing molecules naturally
present in the extract. The morphology, crystal structure and phase composition, specific surface area
and pore size distribution of Bio-TiO2 were systematically investigated by X-ray diffraction (XRD), Raman
spectroscopy, transmission electron microscopy (TEM), thermogravimetric analysis (TGA) and BET sur-
face area measurement system. Li-insertion properties were evaluated as anodes in the half-cell
configuration (Li/Bio-TiO2) and it is found to demonstrate reversible insertion of 0.61 mol at a current
density of 33 mA g�1. The half-cell displayed a good cyclability and retained 98% of its initial reversible
capacity even after 60 galvanostatic cycles.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over use of depleting natural resources (coal, oil, natural gas
etc.) for circumventing energy demand led to excessive emission of
carbonmonoxide (CO), carbon dioxide (CO2) and other green house
gases, culminating into global warming issue of great concern. This
motivated the drive towards the development of technologies for
harvesting energy from renewable energy sources withmajor focus
on solar energy, amongst the other sources like wind, geothermal,
hydrothermal etc. These sources of energies though abundant, have
their own limitations of storing energy for use when required the
most. This concern led to the development of technology for stor-
age devices with major focus on batteries [1,2] and supercapacitors
[3e5]. Among the explored storage devices, batteries are consid-
ered to be the promising alternative, considering their simplicity,
compactness, flexibility to fabricate them, based on the required
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energy demand in various forms and sizes. Among the batteries,
secondary batteries such as nickel-metal hydride batteries (Ni-MH)
and lithium ion batteries (LIBs) are proving to be an alternative
choice as these serve dual purpose of storing energy generated
from nonconventional energy sources and their versatile com-
mercial and industrial applications minimizing pollution, an envi-
ronmental concern. Thus, extensive work is being done for
improving the capabilities of the secondary batteries.

Among all secondary batteries, lithium ion batteries (LIBs) are
most promising battery owing to their high power and energy
density and longer cycle lifetime. Use of LIBs is not limited to small
portable devices, but extends to electric vehicles (EVs) and energy
storage systems of wind and solar power energy plants [2,6e8].
However, the key factors affecting the performance of Li-ion bat-
teries consist of anode material. Recent reports show graphitic
carbon as commonly used anode material [9,10]. However, the
limitations for their practical use in high power batteries include
volume expansion and shrinkage during Li-ion intercalation and
de-intercalation, which leads to cracking of graphite particles and
danger of explosion due to overcharging [11,12]. Thus, developing
alternative electrode materials, which would circumvent the limi-
tations, have attracted researchers, particularly for large battery
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development. Several materials like CuO [13], Co3O4 [14], NiO [15],
fiberlike-Fe2O3 [16], Li4-XTi5O12 [17], SnO2 [18,19], MnOX [20], Si
[21], rutile-TiO2 [22], anatase-TiO2 [23] etc. have been explored as
an alternative to graphitic carbon. Among these, metal oxides such
as CuO, Fe2O3, SnO2, NiO, Si and Co3O4 lead to fading capacities due
to the high volume expansion and disturbing the structures. This
issue is circumvented by making the composites with rGO
(Reduced Graphene oxide) and hollow hierarchical metal oxides,
wherein the rGO act as a buffer to control the volume changes in
above metal oxides [24,25]. However, on the contrary metal oxide
such as CeO2, Li4Ti5O12 and TiO2 show relatively less volume
expansion during charging/discharging than the above mentioned
metal oxides and furthermore their composites are expected to
show promising properties.

In the last decade, TiO2 as an ideal choice amongst the other
materials [26], has been extensively studied as an anode material,
owing to its easy availability, high abundance, low production cost,
non-toxicity, good structural stability, long cycle life, high capacity
and very low volume change during lithium ion intercalation/de-
intercalation (~4%) [26e29]. Besides, TiO2 exhibits high lithium
ion insertion/desertion voltage (>1.0 V Vs Liþ/Li), which is clearly
higher than the operating voltage of graphitic anodes, thus the
formation of SEI (Solid Electrolyte Interphase) and electroplating of
lithium could be avoided. These characteristics make it a promising
anode material for large-scale and long-life energy storage batte-
ries. However, the poor rate capability, poor cycling performance,
poor reversibility during first charge-discharge cycle, low ionic and
electrical conductivity [30,31] has hampered its use as electrode
material in LIBs.

Recently, various attempts have been made to improve the
electrical conductivity, diffusion coefficient and address concerns
related to irreversibility of Li in electrodes with varying TiO2
structures. Use of nanomaterials such as nanoparticles [32], nano-
wires [33] and nanotubes [34] doped with foreign atoms (N, V, Nb,
etc.) [35e37], and in combinationwith highly conductive materials
(graphitic like carbon, CNT, etc.) [38,39] have been explored to
circumvent the above drawback of anatase TiO2. Apart from this,
aggregation of TiO2 particles leads to poor rate capabilities due to
long diffusion path for Liþ ions and electrons (e�) during the
lithium ion insertion/extraction process, which leads to poor
reversibility [40].

Although, many different synthesis methods (sol-gel [41],
electrospinning [42,43], evaporation induced self-assembly (EISA),
[44] hydrothermal [45] etc.) have been developed, these processes
are complex, energy consuming and difficult to employ for large-
scale synthesis [31]. Furthermore, the significance of employing
the composite of anatase-rutile phase of TiO2 is that, improved
electrochemical properties are noted with better charge/discharge
reversibility when compared to individual phases of TiO2 [46].With
this motivation, we have attempted a simple, economic and green
biosynthesis method to minimize the complexity and make the
process cost effective, wherein the composite is formed of the
anatase-rutile phase of TiO2 and carbonaceous material (formed
after incomplete oxidation of surface bound and/or trapped
biomolecules).

Herein this work, TiO2 nanoparticles have been biosynthesized
(Bio-TiO2) by completely green approach using remnant water
(ideally kitchen waste) collected from soaked Bengal gram beans
(Cicer arietinum L.). Pectin, a natural bio-molecule present in the
extract is found to be responsible for biosynthesis of TiO2 nano-
particles. Pectin is a complex polysaccharide, that is present inmost
primary cell walls and it act as bulky complexing reagent. The bulky
complex hinders the agglomeration and helps to get the uniform
size distribution of particle and thus high surface area of TiO2
nanoparticles after calcination. This is very helpful to increase the
electrical conductivity and diffusion coefficient of Li ion in the
structure. Furthermore, characterization of biosynthesized TiO2
nanoparticles and investigation of electrochemical performance for
Li ion battery application is carried out.

2. Experimental section

2.1. Reagents

TiCl4 purchased from Finar was used as such without further
purification. Bengal gram beans (Cicer arietinum L.) were obtained
from local market in Aurangabad, India.

2.2. Synthesis of TiO2 nanoparticles

The procedure for synthesis of TiO2 nanoparticles is similar to
our previous reports for SnO2 synthesis [47,48]. In typical process,
20 g of dry Bengal gram beans (Cicer arietinum L.) were soaked in
100mL DI water for 6 h at (25 �C) room temperature. Thereafter, the
soaked seeds were removed and the extract was filtrated using a
glass-fiber filter (GF/F) to be free from particulate matter. 10 mL of
TiCl4 solution was added to 10 mL of the gram bean extract and
diluted to 50 mL. The ammonia is added in the diluted solution to
make pH of the solution to 7 and formation of titanium-hydroxide-
pectin gel, which shrinks and inhibits the further growth of the
nanoparticles. The shrinked gel was centrifuged and the powder
was air dried and subsequently calcined at 500 �C to remove the
organic the contaminants. The TiO2 nanoparticles (composite of
anatase-rutile phase of TiO2) so produced were characterized for
their preliminary structural and morphological properties.

2.3. Electrochemical characterization

Electrochemical studies were carried out in standard two elec-
trode coin-cell (CR 2016) configuration. In electrochemical mea-
surement, metallic lithiumwas used as both reference and counter
electrode. The working/composite electrode was formulated with
an accurately weighed 10mg of active material (Bio-TiO2), 1.5 mg of
conductive additive (super P), and 1.5 mg of teflonized acetylene
black (TAB-2) as binder. This composite was then pressed under a
pressure of 200 kg cm�2 on an area of 200 mm2 onto a stainless
steel mesh, which acts as a current collector. This composite elec-
trode was then subsequently dried at 60 �C for 24 h before
assembling the coin-cell under an Ar-filled glove box (MBraun,
Germany). The electrodes were separated by a microporous glass
fiber separator (Whatman, Cat. No. 1825e047, UK) and filled with
1 M LiPF6 in an ethylene carbonate (EC)/diethyl carbonate (DEC) (1:
1 wt%, DAN VEC) mixture as electrolyte.

Cyclic voltammetric (CV) traces were recorded using a Solartron
1470 E potentiostat in a two electrode configuration at a slow scan
rate of 0.1 mV s�1. Galvanostatic cycling profiles were recorded
using an Arbin 2000 battery tester at a constant current density of
33 mA g�1 and for rate capability study by varying current density
between 1 and 3 V for half-cell configurations in ambient tem-
perature conditions.

2.4. Material characterization

Powder X-ray diffraction measurement was carried out using
Bruker AXS D8 Advance X-ray diffractometer equipped with Cu Ka1
radiation between 10� and 80�. Thermogravimetric and differential
thermal analysis (TG-DTA) was performed using a TA Instruments
SDT-Q600 in the temperature range of 25e900 �C with heating rate
of 10 �C min�1 in air atmosphere at flow rate of 20 mL min�1.
Raman spectrophotometer (STR-150 series, Japan) was used for the
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analysis of the samples. Morphology of the as-synthesized Bio-TiO2
composites and calcined Bio-TiO2 was observed using transmission
electron microscopy (TEM, PHILIPS, CM 200) and selected area
electron diffraction (SAED). Specimens were prepared by ultra-
sonicating Bio-TiO2 in ethanol followed by dropping the suspension
on a carbon-coated copper grid. The surface area and pore volume
were determined by nitrogen adsorption/desorption using the
Brunauer-Emmett-Teller (BET) method (BET, Micromeretics Tristar
2000, surface area and pore size analyzer). The sample was
degassed under inert nitrogen (N2) at 300 �C for 12 h prior to BET
measurements (under standard protocols at 77 K). FTIR spectra
were recorded using FTIR (CARRY 600Z series, Japan) to investigate
the characteristics functional group of the samples.

3. Results and discussion

Thermal property of the as-prepared Bio-TiO2 sample (air dried
at room temperature) is examined by thermogravimetric analyzer.
Fig. 1 shows TG-DTA thermogram of as-prepared Bio-TiO2 sample.
The TGA thermogram shows weight loss of ~25% in the first step in
the temperature range from 25 to 110 �C, which accounts to the loss
of moisture trapped in the sample [49,50]. The observed high
moisture content may be due to the water molecules retained
within the surface adsorbed biomolecules and/or absorbed after air
drying of the sample. These water molecules are loosely bound and
are observed to be lost around 110 �C in TGA thermogram. The
weight loss of ~27.3% observed in the temperature range from 110
to 500 �C can be attributed to loss of surface bound organic matter/
capping molecules [51] (responsible for preventing aggregation
and also maintaining the uniform size distribution of Bio-TiO2
nanoparticles) transforming into carbonaceous material. Further
small decrease inweight (0.99%) in the temperature range from500
to 900 �C can be attributed to the oxidation of surface bound
carbonaceous material as shown in the inset in Fig. 1. This means
that the sample contains ~1% of carbonaceous material left in the
sample after major decomposition of the biomolecules upto 500 �C.

On the other hand, the DTA thermogram (red curve) shows
distinct endothermic peaks at 85 and 245 �C representative of
dehydration and decomposition of surface bound organic matter/
capping molecules, respectively. Similarly, the small endothermic
peaks at 375 and 465 �C can be attributed to the sluggish decom-
position of trapped organic matter transforming into carbonaceous
material, which were not clearly visible in the TGA curve. In addi-
tion to this, a weak endothermic at ~750 �C is also noted corre-
sponding to the oxidation of carbonaceous matter transforming
Fig. 1. Representative TG-DTA thermogram of as prepared biosynthesized TiO2

nanoparticles.
into carbon free TiO2 nanoparticles.
The structural phase of the sample is investigated by XRD as

shown in Fig. 2. The XRD pattern indicates that the TiO2 powder is
composed of mixed anatase and rutile phases belonging to space
groups I41/amd with Z ¼ 4 and P42/mnm with Z ¼ 2, respectively.
The phase fraction byweight was determined to be 85.1% of anatase
and 14.9% of rutile according to the Rietveld Refinement method
implemented in Match-2 software. The XRD pattern of Bio-TiO2
reveals high crystallinity showing intense peaks at 2q values of
25.28, 37.81, 48.04, 54.22, 55.16, 62.73, 69.01, 70.18, and 74.97,
which could be indexed to (101), (004), (200), (105), (211), (204),
(116), (220) and (215) planes of anatase titania [52], respectively
(JCPDS 83e2243). On the other hand, the characteristic diffraction
peaks at 2q values of 27.42, 36.11, 41.28, 44.16 and 55.06 could be
assigned to (110), (101), (111) and (220) crystal phase of rutile
titania [52] (JCPDS 77e0441). The peaks corresponding to the
anatase and rutile phases are denoted by “A” and “R”, respectively
in Fig 2. The XRD pattern is used to calculate the crystallite size for
anatase (~13 nm) and rutile phase (~24 nm) using the Scherrer’s
equation. For pristine Bio-TiO2 calcined in air for 2 h, the mean
crystallite size was determined to be ~14 nm.

Fig. 3 shows N2 adsorption-desorption isotherm of Bio-TiO2
recorded to evaluate the surface area. The study reveals that Bio-
TiO2 displays type IV isothermwith a hysteresis loop at the relative
pressure P/P0 ranging from 0.7 to 0.9. The characteristic loop in-
dicates that the Bio-TiO2 is mesoporous material and the presence
of mesopores can be attributed to the decomposition of bio-
molecules capped on TiO2 surface and release carbon dioxide
during calcination. The BET (Brunauer-Emmett-Teller) surface area
calculated from the adsorption isotherm curve is 37.79 m2 g-1. The
inset in Fig. 3 illustrates the corresponding pore size distribution
plot calculated by BJH (Barrett-Joyner-Halenda) from the adsorp-
tion data. The average pore radius and pore volume of the sample
were 4.29 nm and 0.2372 cc g�1, respectively.

Raman spectroscopy is employed for further confirmation of
phase of Bio-TiO2 material as shown in Fig. 4. The Raman spectrum
shows characteristic peaks centered at 142 (Eg), 196 (Eg), 397(B1g),
514 (A1g) and 637 cm�1 (Eg) revealing anatase phase [53], while the
other weak peak located at 446 cm�1 (Eg) could be attributed as
characteristic of the rutile phase [45]. The intensity of peak clearly
indicates that the percentage of anatase phase is more than the
rutile phase in Bio-TiO2.

Room temperature FTIR spectra of drop casted gram bean
extract, the as-prepared TiO2 (air dried) and TiO2 calcined at 500 �C
are shown in Fig. 5. The FTIR spectra of the extract resembles the IR
Fig. 2. X-ray diffraction pattern (XRD) of biosynthesized TiO2 nanoparticles.



Fig. 3. N2 adsorption-desorption isotherms and pore radius (nm) distribution (inset) of
biosynthesized TiO2 nanoparticles.

Fig. 4. Representative Raman spectra of biosynthesized TiO2 nanoparticles.

Fig. 5. Representative FTIR of (a) Gram bean extract (b) as prepared biosynthesized
TiO2 (c) Calcined biosynthesized TiO2.
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spectra for pectin revealing its presence in the extract [54]. The
obvious intense band (1579 cm�1) in the gram bean extract shows
decrease in intensity and shifts ~44 cm�1 in as-prepared Bio-TiO2
due to the stretching mode of the Ti-OOC-R (showing band at
1623 cm�1) [54]. Furthermore, the phenolic eOH group peak at
3309 cm�1 shifts to lower wavenumber 3079 cm�1 due to the
formation of TieOH bond. The remaining peaks in pectineTiO2
composite induced by pectin were confirmed by comparing of the
IR spectrum of the composite with that of the pectin. The peak at
1030 cm�1 is assigned to C]O or C]C double bond of pectin. The
absorption peaks at 1386 and 1579 cm�1 are related to stretching
band of COO� group of pectin [54,55]. It is found that the intensities
of peaks around 2925 cm�1 (induced by carboxyl and CH2 groups of
pectin) could be attributed to pectin-TiO2 composite and were
obviously weaker than that for pectin. This may originate from the
participation of COO� and CH groups in a hydrogen bond system,
which stabilizes the pectin conformation in solid state. The above
results indicate that the final product is a true composite of pectin
and TiO2. The pectin peaks were not removed even after washing
the sample repeatedly, suggest that the interactions between pectin
and TiO2 are strong. The peak at around 699 cm�1, which refers to
TieO stretching modes of TieOeTi, appeared after calcination at
500 �C. Apart from this, we observed peaks at 1645 and 3309 cm�1

which correspond to the surface adsorbed water and hydroxyl
groups [56,57]. The peaks at 1044 and 2326 cm�1 are related to
OeO stretching vibration and carbon dioxide (CO2), respectively
[58].

From the synthesis mechanism summarized in Fig. 6, we can
conclude that the autolysis of the cell wall occurs with soaking of
gram beans, which results in release of pectin molecules in the
extract. These molecules get bound to the titanium ions when ti-
tanium chloride is added to the extract [47]. Further, as the pH of
the solution is increased up to the 7 by adding ammonia, the
titanium-hydroxide-pectin gel shrinks and inhibits the further
growth of the nanoparticles. Subsequently, after calcination, we get
very small sized nanoparticles with narrow size distribution.

The TEM image of Bio-TiO2 is shown in Fig. 7a, which depicts
aggregation free uniform size distribution of spherical TiO2 nano-
particles. It is evident from the TEM image that, the biomolecules
present in the gram bean extract which act as capping molecules
help prevent aggregation of TiO2 nanoparticles keeping the TiO2
crystallites apart from each other. These molecules on calcination
eventually decompose to form carbonaceous coating, which in turn
prevents aggregation. This is in good agreement with TGA study
demonstrating oxidation of carbonaceous material (0.99% weight
loss) above 500 �C. The particle size of the sample noted from TEM
is further confirmed and calculated using Scherrer’s equation.
Fig. 7b shows particle size distribution histogram with average
crystallite size of ~14 nm. The corresponding selected area electron
diffraction (SAED) pattern shown in Fig. 7c reveals diffused ring
pattern, which is indicative of polycrystalline nature of bio-
synthesized TiO2. It also supports the fact that the resulting TiO2
consists of mixed phase as confirmed from XRD and Raman study.
Furthermore, the SAED pattern clearly indicates the growth of
nanoparticles along (101), (004), (200), (110) and (220) planes,
which is in agreement with the XRD data.

Electrochemical performance of Bio-TiO2 was evaluated in half-
cell cofiguration (Li/Bio-TiO2) between 1 and 3 V at room temper-
ature for battery application. Half-cells were subjected to cyclic
voltammetric (CV) measurements at scan rate of 0.1 mV s�1, in
which metallic lithium acts as counter and reference electrode,
respectively. The CV traces of Li/Bio-TiO2 cell for the first cycle is
presented in Fig. 8a. The cell was first discharged to enable inser-
tion of lithium ions into TiO2 crystal lattice, resulting in a change in
valence state of titanium from Ti4þ to Ti3þ. The CV traces showed
sharp peaks at 1.72 and 1.92 V during cathodic and anodic sweeps,
respectively. The cathodic scan corresponds to the Li insertion and
the anode sweep indicates extraction of the Li ions. Reduction of
Ti4þ into Ti3þ during the cathodic scan and subsequent oxidation of
Ti3þ to Ti4þ during anodic scan indicates the excellent reversibility



Fig. 6. Schematic representation of biosynthesis mechanism using Gram bean extract Representative TG-DTA thermogram of as prepared biosynthesized TiO2 powder.

Fig. 7. Representative (a) TEM of biosynthesized TiO2 nanoparticles. (b) Histogram showing particle size distribution of TiO2 nanoparticles. (c) SAED pattern of biosynthesized TiO2

nanoparticles.
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of the Bio-TiO2 insertion host. The sharp oxidation/reduction peaks
reveal the two-phase reaction mechanism during electrochemical
lithium insertion/extraction according to the following equilib-
rium: TiO2 þ xLiþ þ xe� 4 LixTiO2 [59].

Galvanostatic cycling stability profiles of Li/Bio-TiO2 half-cells
were performed between 1 and 3 V at a constant current density
of 33 mA g�1 at room temperature. The typical signature of the
charge-discharge curve for first cycle of Li/Bio-TiO2 cells is shown in
Fig. 8b. First, the cell is discharged to intercalate lithium ions into
the TiO2 matrix. During Li intercalation, TiO2 lattice undergoes a
first-order phase transition from tetragonal (I41/amd) to ortho-
rhombic (Li0$6TiO2, space group Pnm21) phase, which is due to the
loss of symmetry in the y direction [42]. This phase transition oc-
curs along with a spontaneous phase separation of lithium-poor
(Li0$01TiO2) into lithium-rich (Li0$69TiO2) phase that has been pre-
viously reported by several researchers [60e62]. The cell delivered
the initial discharge capacity of 230 mA h g�1 at constant current
density of 33mA g�1, and it corresponds to the insertion of 0.69mol
of Li per formula unit. In the first charge cycle, the cell delivered a
reversible capacity of 206 mA h g�1 (0.61 mol of Li) against the
theoretical capacity of 335 mA h g�1 for 1 mol of lithium. In the
present case, the reversible capacity of 206 mA h g�1 is assumed to
be 1 C and hence the applied current density 33 mA g�1 corre-
sponds to 0.16 C. The irreversible capacity in the first cycle is esti-
mated to be 24 mA h g�1, which corresponds to 0.071 mol of
lithium and it is less than some previously reported articles (shown
in Table 1). Bio-TiO2 nanoparticles have uniform size distribution, it
is free of aggregation and shows presence of small percentage of
carbon (estimated from TG-DTA) which lead to increased surface
area and thus increased electrolyte-electrode contact area [63]. The
cycling curves show shortened plateau regions or biphase region at
~1.7 and ~1.9 V for discharge (Li insertion) and charge (Li extrac-
tion), respectively. This shortened two-phase region co-relates the
information that interfacial lithium storage is slightly dominant
rather than insertion [64]. The presence of a plateau region during
the charge-discharge process is in good agreement with CV traces,
and confirms that the Li insertion takes place by a two-phase re-
action mechanism.

The cycling profiles of Li/Bio-TiO2 half-cells tested for 60 cycles
between 1 and 3 V at 33 mA g�1 constant current density are given
in Fig. 8c. It is apparent that the cell delivers more stable cycling
profiles with ameagre amount of capacity fading. The cell displayed
the discharge capacity of 164 mA h g�1 after 60 cycles and 98%
columbic efficiency (Fig. 8d) after 60 cycles at a current density of



Fig. 8. (a) Cyclic voltammograms (CV) of biosynthesized TiO2 nanoparticles half-cell cycle between 1 and 3 V at a scan rate of 0.1 mV s�1, in which metallic lithium serves as both
counter and reference electrode. (b) Initial charge-discharge curves of Li/TiO2 half-cell cycle between 1 and 3 V at a current density of 33 mA g�1 at room temperature. (c) Cycling
stability profiles of the Li/TiO2 cell and (d) Graph showing Coulombic efficiency (%) vs. number of cycles.

Table 1
Summary of electrochemical performances of representative TiO2 samples and their composites explored for application in lithium batteries

Compound name Scan rate
(mVs�1)

Potential
window (V)

Current
density

Irreversible capacity during first discharge -
charge process (mA h g�1)

Capacity at 1st cycle
(mA h g�1)

Capacity fade after no. of
cycles (mA h g�1)

Ref.

TiO2-G Composite
Nanofiber

0.1 1e3 33
(mA g�1)

~75 ~260 ~159 (60 Cycles) [42]

1D-TiO2 nanofiber 0.1 1e3 33
(mA g�1)

~70 ~200 ~130 (35 Cycles) [43]

1D-Ag@TiO2

nanofiber
0.1 1e3 33

(mA g�1)
~120 ~302 ~145 (35 Cycles) [43]

1D-Au@TiO2

nanofiber
0.1 1e3 33

(mA g�1)
~26 ~175 ~149 (35 Cycles) [43]

TiO2-C 0.1 1e3 33.4
(mA g�1)

~12 ~195 ~105 (10 Cycles) [44]

TiO2-C-Cu 0.1 1e3 33.4
(mA g�1)

~15 ~245 ~150 (10 Cycles) [44]

TiO2-fiber (Air
calcined for 1 h)

e 0.5e3 30
(mA g�1)

~23 ~220 ~178 (10 Cycles) [66]

P25 0.5 1e3 0.1C ~84 ~245 162 (25 Cycles) [67]
TiO2(B)
(6 M NaOH)

0.5 1e3 0.1C ~11 ~240 229 (25 Cycles) [67]

TiO2-600 0.1 1e3 0.1C ~20 ~230 ~185 (100 cycles) [46]
TiO2-450 0.1 1e3 0.1C ~7 ~180 ~160 (100 cycles) [46]
Bio-TiO2 0.1 1e3 33

(mA g�1)
24 230 164 (60 Cycles) This

work

The bold data indicates recent finding in the present work.
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33 mA g�1. The capacity fading in the initial cycles is due to the loss
of symmetry during phase transition accompanied by a decrease in
unit cell along the c-axis. Furthermore, subsequent increase of unit
cell volume (~4%) along the b direction results in capacity fading
[65]. The Table 1 shows the comparative cyclic performance of Bio-
TiO2 in comparison with earlier reported literature.

Rate capacity study is performed to investigate the versatility
and stability of the cell. Fig. 9a shows charge/discharge voltage
profiles of Bio-TiO2 electrode at different current rates. It reveals
that the rate capacity strong depends on current density. The
discharge capacities of Bio-TiO2 are about 195, 161, 133, 103, 76, 59
and 46 mA h g�1 at various current densities of 33 mA g�1,
125 mA g�1, 250 mA g�1, 500 mA g�1, 1 A g�1, 1.5 A g�1 and 2 A g�1,
respectively. As shown in Fig. 9b, a specific capacity of
~125 mA h g�1 could still be achieved when the current density is
switched to 250 mA g�1 after 35 cycles (of different current den-
sities) and retained the value for 30 more cycles at 250 mA g�1. The
specific capacity (~125 mA h g�1) is comparable to the specific



Fig. 9. (a) Galvanostatic discharge/charge voltage profiles at different rates of bio-
synthesized Bio-TiO2 electrode and (b) Rate capability.
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capacity in the initial 7 cycles, suggesting excellent rate capability
performance and cycle stability of Bi-TiO2 electrode. This supports
the fact that Bio-TiO2 prepared by bio-mediated green method
could be a promising anode material in high power lithium batte-
ries. Furthermore, Bio-TiO2 with mixed anatase-rutile phase shows
comparatively good performance, better charge/discharge revers-
ibility when compared to individual phases of TiO2 and promising
results for its application in Li ion battery and is the subject of in-
terest in the present work. The results discussed herein can be
further improved by engineering and modifying the Bio-TiO2 with
other metal dopants, forming composites and by introducing
carbonaceous materials coatings over the Bio-TiO2.
4. Conclusions

In this work, titanium dioxide nanoparticles were successfully
biosynthesized using remnant water (ideally kitchen waste)
collected from soaked Bengal gram beans (Cicer arietinum L.)
making it a greener approach. This procedure results in the for-
mation of uniform and non aggregated nanoparticles with narrow
size distribution with size ~14 nm, which is confirmed from X-ray
diffraction measurement and transmission electron microscopy
analysis. The synthesis process is easy, safe, economic and scalable,
thus addressing the green chemistry principles. Electrochemical
performance of Bio-TiO2 evaluated in half-cell cofiguration (Li/Bio-
TiO2) between 1 and 3 V in room temperature at current density
33mA g�1 exhibited high reversible capacity of 164mA g�1 after 60
cycles with 98% capacity retention. This performance of the cell is
higher than some of the earlier reports summarized as shown in
Table 1. The nano-sized Bio-TiO2 free from aggregation increases
the surface area, the electrode/electrolyte contact area, shortens
the path lengths for both Li-ion and electron transport and lowers
the specific current density, which contributes signficantly in
improving the performance and cycling stability of the cell. The
synthesis method described in this work is simple, green and
economically feasible and thus potentially useful method for pro-
ducing anodes for high-power Li-ion batteries. This greener
method and simple approach can be explored for preparing
alternative materials for Li-ion battery and the work in this direc-
tion is underway.
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