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Abstract

A novel 2D nanomaterial, high aspect ratio TiO, nanoflakes were synthesized by a one-
step method. Surface morphology and physical dimensions were characterized using
Scanning Electron Microscopy (SEM), Laser Diffraction technology, and Transmission
Electron Microscopy (TEM). Micro-sized flakes having a thickness approximately 40 nm
were successfully synthesized by spreading a mixture of titanium alkoxide and hydro-
carbon on the water surface. Relatively higher specific surface area (2-6 times) and less
crystal defects enhanced photocatalytic activities of nanoflakes due to more surface reac-
tion sites. By performing dye degradation under ultraviolet (UV) illumination, titania
nanoflakes exhibited the higher photocatalytic efficiency over the commercial photocata-
lyst, Degussa P25. To the best of our knowledge, this is the first time to continuously
synthesize low-dimensional nanomaterials in an efficient and cost effective manner. In
practical water purification, traditional separation processes such as sedimentation or
filtration could be utilized to easily extract the titania flakes from the treated water. Other
applications such as anode material for lithium ion batteries and conducting paste in dye
sensitized solar cells (DSSC) were also investigated. The cycling performance of Li-ion
battery and energy conversion efficiency of DSSC were significantly improved.

Keywords: low-dimensional nanomaterials, titanium dioxide, nanoflakes, high aspect ratio,
one-step synthesis

1. Introduction

Nanoscale functional materials, especially low-dimensional inorganic semiconductor materi-
als have attracted great interest because of their size-dependent optical and electronic prop-
erties and potential applications in electronics and photonics. Because nanomaterials offer
a high surface-to-volume ratio and short distance from the bulk material to the surface, the
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preparations are vivid [1]. Researchers have been focused on the morphology control, such as
synthesis of nanotubes [2], nanowires [3, 4], nanoribbons [5], diskettes [6], nanobelts, nano-
saws, nanowalls, nanomultipods, nanorings, nanocages, nanohelixes, nanopropellers, and
many others [7-9]. While one-dimensional nanomaterials such as nanowires and nanorods
have been extensively studied, 2D nanostructured materials have attracted relatively less
attention. However, 2D nanomaterials show strong potential as chemical and biological sen-
sors, nanoelectronic devices, and catalysts with high surface areas and large pore volumes.
Many small band gap materials such as ZnO, ZnS, and Bi, WO, with flake-like or plate-like
morphologies have been already synthesized successfully [10-12]. For example, Ye et al. syn-
thesized thinner ZnO nanoplates by restricting the crystal growth along (0001) plane with
complexation between Zn** and citrate ions. The 50 nm thick hexagonal nanoplates with uni-
form 1 um diameter presented the highest photocatalytic activity over other morphologies
including nanorods, microrods, and dumbell-shaped microrods [13]. Liu et al. developed
a combustion CVD method to deposit 50 nm to 1 um thick ZnO flakes on Si substrate for
ethanol vapor sensing [14]. Duan et al. developed an integrated autoclaving and pyrolysis
process to obtain porous hexagonal ZnO micro-flakes [15]. Amano et al. autoclaved the mix-
ture of bismuth nitrate and sodium tungstate to precipitate thin Bi, WO, crystalline platelets
(20-25 nm) with shifted absorption edge to the longer wavelength at 440 nm. The tungstate
nanoplates completely oxidize gaseous acetaldehyde under visible light illumination result-
ing from slow recombination and a long lifetime of generated carriers in the time-resolved
infrared absorption spectra [11]. Lanthanum titanate (La,Ti,O,) flakes were prepared by the
reaction of titanium sulfate and lanthanum nitrate under the hydrothermal condition [16].
The thin lanthanum titanate flakes demonstrated significantly higher photoactivity to pro-
duce water splitting H, from water under UV irradiation over conventional solid-state reac-
tion material due to higher surface area and light absorption. Highly porous CoOOH flakes
were prepared by the deposition of layered cobalt acetate hydroxide solution on a nickel
foil in 1.0 M KOH solution. The cyclic voltammetry (CV) measurements indicated high rate
capacitance with good cycle ability of CoOOH flakes [17]. A novel pigment derived from
silica flakes coated with titania from a web coating process were developed in a range of
50-1000 nm thickness [18]. The special color variation effect is achieved by the combination
of silica flakes and titania coating resulting in strong light interference and angle-dependent
behaviors. Nanosheets with a spacing of 0.6 nm were precipitated on a glass substrate from a
SiO,-TiO, gel solution under vibration in a 90°C hot water bath [19]. The good hydrophilicity
and antifogging capability without any light exposure for 2000 h received from the hydrated
nanosheets with unique physicochemical properties such as roughness and surface chemis-
try. Although the above materials possess unique properties on optical, gas sensing, electro-
chemical, and cleaning applications, the relatively expensive precursors or processes hinder
practical applications.

Titanium dioxide is a versatile and low cost material for many industrial applications; many
scientific works have been focused on particle size control down to the order of tens of nano-
meters. Nanostructured titanium dioxide were continuously developed in the field of envi-
ronmental purification, solar energy conversion, pigment, optics, gas sensing, and energy
storage [20-22]. However, using TiO, nanoparticles for water treatment is limited because of



Novel Two-Dimensional Nanomaterial: High Aspect Ratio Titania Nanoflakes
http://dx.doi.org/10.5772/intechopen.73116

the difficulty of separation from purified water. Besides isotropic nanoparticles, anisotropic
nanostructures including nanotubes, nanowires, nanorods, nanofibers, and nanosheets have
been successfully synthesized [3, 23-26].

2. High aspect ratio titania nanoflakes

2.1. Syntheses of 2D titania nanomaterials

The most common shape of the fine titanium dioxide particles is spherical in many syntheses
and applications. Thin films or fibers have been fabricated by being supported on a substrate or
in the interstices in some three-dimension network [27, 28]. Sasaki fabricated thin titania flakes
through exfoliation of a layered titanate precursor [25]. Although the specific surface area of
the flakes is about 110 m?/g, the photocatalytic activity is still less than commercial product,
Degussa P25 (49 m?/g). The freeze-dried nanosheets were also adopted as the anode material in
a liquid electrolyte lithium ion battery [29]. The promising electrochemical performance of tita-
nia nanosheets were exploring in the charge-discharge characterizations as discharging with
smaller slope and lower average voltage than titanium dioxide and lithium titanate. Li et al.
in 2007 synthesized Brookite phase titania nanoplates by using titanium trichloride (TiCl,)
precursor through hydrothermal processes [30]. Under the same surface area of loaded TiO,,
the brookite nanoplates exhibit the highest efficiency in the beaching of methyl orange solu-
tion under UV irradiation. The lamellar titania were synthesized within the lamellar micelle
of non-ionic surfactant in cyclohexane [31]. The resembling nanostructures consisted of 40 nm
titania flakes with flat, homogenous surface and low defects. Wu et al. utilized the micro-arc
oxidation process associated with alkali treatment at pure titanium substrate to develop tita-
nia flakes [32]. However, most synthesis methods for these types of particles require multiple,
complicated procedures and are typically nonconductive to be scaled up manufacturing as
yields are typically milligram or less quantities of material. Examples include template, chemi-
cal vapor deposition, hydrothermal, electrochemical anodization, etc. [33-36].

2.2. One-step synthesis of titania nanoflakes

Anatase powders with sizes ranging from 5 to 165 nm were employed various synthesis
methods. Regardless of fabrication processes, the optimum particle size range of 25-40 nm
within all photocatalytic experiments processes were suggested by Almquist and Biswas [37].
The optimum photocatalysis is a function of competing mechanisms such as light absorption
and scattering efficiency of the particles, as well as electron-hole pair combination and inter-
facial charge transfer. Therefore, we believe a one-step synthesis for titania nanomaterials
with at least 1D close to the optimum size of photocatalyst will be a revolution of the titania
photocatalyst fabrication. The one-step synthesis is spreading an oil phase consisting of tita-
nium tetraisopropoxide and a low surface tension hydrocarbon at the surface of water to pro-
duce micrometer sized titania flakes having a thickness around 40 nm [38, 39]. Moreover, the
thickness of nanoflakes could be tuned by changing the volume ratio of titania precursor and
hydrocarbon. For instance, 40 nm titania flakes were successfully synthesized using a ratio of
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1:8 of titania tetraisopropoxide to hydrocarbon. The reactions of forming TiO, in this research
could be represented as follows:

Ti (OC,H,),+4H,0 — Ti(OH)+4C,H,OH...(hydrolysis) (1)

Ti (OH), — TiO,+2H,O...(condensation) (2)

The resulting slurry was washed with Nanopure water and isoproponal thoroughly to remove
impurities. Dried and well dispersed particles were collected by the supercritical fluid dry-
ing process [40]. The following heat treatment for phase transformation was conducted at
400°C. This synthesis has high potential to manufacture gram to kilogram quantities of nano-
materials. Scanning electron microscopy (SEM), laser diffraction analysis, X-ray diffraction
(XRD), transmission electron microscopy (TEM), and physisorption techniques were used to
further characterize these titania nanoflakes.

2.3. Characterization of titania nanoflakes

The surface morphology of synthesized titania nanoflakes was investigated using SEM images.
The images revealed the major diameter was within the order of 10-20 um and the thickness
was approximately 40 nm (Figure 1). Agglomerations or aggregations were not observed under
SEM review when comparing the received samples with and without calcination. Moreover,
the thickness of calcined flakes did not changed by the heat treatment. Both the uncalcined
and calcined flakes were transparent under the SEM. The surface morphology of titania nano-
flakes were similar to exfoliated nanosheets and micro-arc oxidized flakes on titanium sub-
strate (Figure 2) [25, 32]. Light scattering technology such as laser diffraction were also used to
quantified the particle size distributions of synthesized and calcined flakes. Theoretically, laser
diffraction analysis alone is not designed for characterizing size distribution of anisotropic
particles. To have a better understanding of the particle morphology, conjunction with elec-
tron microscopic method is necessary. Comparable data of major dimension were obtained by
two methods. The statistics data of particle size distribution by volume were shown in Table 1.
The synthesized material has wide size distribution spanning from 1 to 100 um with a D, of
20.8 and 19.0 um for the synthesized and calcined flakes respectively (Figure 3). Some larger
flakes may crack or break during the re-crystallization and dehydration in terms of the vol-
ume distributions. The average aspect ratio of the flakes is 1:500 resulting from the calculation
which divided mean size by thickness (Table 1). Powder X-Ray Diffraction (XRD) monitored
the crystalline structure changes of the titania flakes during the heat treatment (Figure 4). The
synthesized flakes show broadening and weak peaks which suggests the mixture of amor-
phous material with a presence of the anatase phase. Pure anatase phase [JCPDS: 21-1272]
which is the most photoactive structure were identified by XRD with the seven diffraction
peaks in the heat treated flakes [41-43]. No other common phase such as rutile were observed
by XRD. Complete phase conversion of amorphous titania was confirmed by comparing the
intensity characteristics peaks between calcined flakes and the commercial pure anatase stan-
dard materials. The average crystal grain size can be calculated by the Scherer equation:

p kA )

~ Bcos 0,



Novel Two-Dimensional Nanomaterial: High Aspect Ratio Titania Nanoflakes
http://dx.doi.org/10.5772/intechopen.73116

Where d is the calculated grain size, A is the wavelength of X-ray (Cu Ka 1.54 A), B is the full-
width at half-maximum intensity, and 0, is the half of the diffraction peak angle. The grain size
was determined to be 4 and 9 nm for synthesized and calcined flakes respectively (Table 2).
High resolution transmission electron microscopy (HR-TEM) images revealed circular crys-
talline platelets of about 5-8 nm in diameter (Figure 5). The interference lattice fringes with
separation distance of 0.35 nm corresponded to the interplanar spacing of the (101) planes for
anatase [44]. The concentric diffraction rings in the select area diffraction mode indicated ran-
dom orientation of individual grains over the both flakes which is consistent with the anatase
(101), (004), (200), (105) for circles 1-4 respectively (the insets of Figure 5). On closer inspec-
tion, synthesized samples contained an amorphous layer can be seen surrounding the smaller
circular crystallites (Figure 5a). After calcination, calcined samples developed some pores
due to local rearrangement and growth of crystal grains (Figure 5b). Consequently, polycrys-
talline fine grains of anatase populated throughout the whole calcined flakes. The nitrogen
absorption isotherms in conjunction with the Brunauer-Emmett-Teller (BET) model was used

"/

—X ‘ 40nm

10.0k\ X50,000 WD 13.7mm 100nm

Figure 1. SEM images of titania nanoflakes: (a) synthesized samples (b) calcined samples (c, d) edge views of A and B
respectively. Images were obtained without conducting coating.
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Figure 2. Literature SEM images of titania flakes: (a) heated at 700°C (b) edge view [25] (¢, d, e) micro-arc oxidation flakes
in alkaline solution of 1.25 M, 2.5 M, and 5.0 M respectively [32].

to estimated the specific surface area of synthesized and calcined titania nanoflakes. Higher
specific surface area usually leads to higher photoactivity from larger amount of adsorbed
organic molecules at surface sites which enhance the reaction rate. However, it is usually
simultaneously with higher amounts of crystal defects favoring recombination of charge car-
riers leading to lower photoactivity. Compared to a commercial photocatalyst, Degussa P25
[45], 2-6 times higher surface area were obtained by titania nanoflakes (Table 3). The photo-
catalytic activity of these flakes was investigated by performing dye degradation experiments
under ultraviolet activation.

Sample D,, (um) D, (um) D,, (um) Mean (um) Standard deviation (um)
Synthesized flakes 5.2 20.8 81.6 39.1 58.9
Calcined flakes 5.1 19.0 51.8 24.7 20.9

Table 1. Particle diameter statistics for synthesized and calcined titania flakes under investigation.
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Figure 3. Volume based particle size distribution for synthesized and calcined titania flakes.

2.4. Applications of titania nanoflakes
2.4.1. Photocatalysis of titania nanoflakes

Using TiO, nanoparticles for water treatment is limited in practical application since it is very
difficult to remove these ultrafine particles due to very small mass. Therefore, the conven-
tional separation methods such as centrifuging, filtration, and sedimentation are difficult and
expensive to implement. In addition, the efficiency of photodegradation by using nanopar-
ticles is not very high because of the poor accessibility of the organic pollutants to catalyst sur-
face caused by the agglomeration of particles [46]. Synthesizing larger flake-like titania with
nanosized thickness will alleviate this problem. These titania flakes can be easily separated
from the treated water by simply filtration or sedimentation. Because the flakes are nano thin,
superior photocatalytic properties are retained due to high surface to volume ratios and short
diffusion paths, which are favorable for the migration of electrons and holes. This reduces the

C- Anatase standard

B- calcined titania flakes

Intensity (Arbitrary unit)

r A- synthesized titania flakes
;/WW

30 40 50 60 70
2 Theta

Figure 4. XRD patterns of synthesized and calcined titania nanoflakes.
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Sample 0, (degree) d (nm)
Synthesized flakes 25.91 41
Calcined flakes 25.35 8.7

Table 2. Grain size calculation by the Scherer equation for both nanoflakes.

probability of the recombination of photogenerated electrons and holes. At the same time, the
common agglomeration problem caused by nanoparticles can also be mitigated and therefore
maintain the advantages of micro and nanostructure. The photocatalytic efficiency of titania
nanoflakes were investigated by UV-visible spectroscopy and degradation of methylene blue
under UV irradiation. The typical light absorption of the semiconductor materials such as tita-
nia showed the sharp decrease in the diffuse reflectance in the UV region (Figure 6). Calcined
sample demonstrated a blue shift of the onset of reflectance. In semiconductor physics, the
general relation between the absorption coefficient and the band gap energy is given by

(ahv)" = hv—E, (4)

Where m is an index depending on the nature of the electron transitions, a is the absorption
coefficient, h is the Planck constant, v is the frequency of electromagnetic radiation, and E
is band gap energy of the semiconductor. The optical absorption energy of both nanoflakes
were determined via extrapolation of (ahv)? versus hv plot (Figure 6b). The quantum confine-
ment effect of higher crystallinity after calcinations and thin flaky morphology could result
in an increase in band gap from 3.25 to 3.33 eV, i.e. a blue shift [47]. Figure 6 compares the
photocatalytic activity of P25, synthesized and calcined titania nanoflakes by removing the

Figure 5. HR-TEM images of titania nanoflakes (the SAD pattern as inset) (a) synthesized samples (b) calcined samples
the diffraction rings are indexed as (1) 101 (2) 004 (3) 200 (4) 105 for anatase.
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Sample Specific surface area (m%g) Specific pore volume (cm®/g)
Synthesized nanoflakes 323 -
Calcined nanoflakes 110 0.342

Table 3. Physisorption measurements of P25, synthesized and calcined titania nanoflakes.

methylene blue form water under UV light illumination. For comparison, Degussa P25 was
used as a reference material. Among all tested samples, calcined flakes exhibited the highest
photocatalytic efficiency on the dye degradation. A first order rate reaction was observed
which suggested dye concentration is the limiting factor (Figure 7). In contrast, significant
enhancement was observed when agitation was added to the system by continuously intro-
ducing air bubbles (Figure 7b). A pseudo first order reaction was obtained by adding turbu-
lence resulted in much higher efficiency especially for the flake systems. The oxygen depletion
during the photocatalysis process could be one possible explanation of these differences. The
flake samples have much higher surface area than P25 and consisted of very small nanocrys-
tallites which imply a large amount of defects (grain boundaries) from the results of XRD and
TEM. Fast recombination of photoassisted electron and hole pairs preferentially occurs at
these local defect sites and dominates the reaction. Without supplying oxygen to the system,
the photocatalytic performance is therefore not proportional to surface area. However, dis-
solved oxygen may form superoxide radicals as the electron acceptor when applying oxygen
to the system [48]. More importantly, eliminating excited conduction band electron would
help to suppress the rate limiting step, fast recombination, and result in higher efficiency.

2.4.2. Other applications: Li-ion battery and DSSC

Anatase titanium dioxide is a promising negative electrode material for Li-ion batteries.
However, the low intrinsic electrical conductivity and poor cycling performance have lim-
ited its application. Among all anatase titania samples, the calcined titania flakes performed
higher rate capability, larger reversible capacity, and longer cycling stability [49]. The better

a 10 b 0 /
0| . .
calcined flakes synthesized flakes
80 [ 80 -
@ 70|
2
@ 60 |- (<‘l 60 |-
1] =
2 sof 2
g synthesized flakes @ ol
)
20 20 .
calcined flakes
10
0 L 1 0 S L TR 1 1
250 300 350 400 450 500 25 26 27 28 29 30 31 32 33 34 35 36 37 38
Wavelength (nm) hv (eV)

Figure 6. (a) Diffuse reflectance spectra and (b) the dependence of (ahv)? on the photon energy for synthesized and
calcined titania flakes.
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Figure 7. Photocatalytic decomposition of methylene blue by using synthesized and calcined flakes (a) without bubbling
treatment (b) with bubbling treatment.

charge/discharge and rate capabilities resulted from the higher specific surface area of the
flakes which leads to faster transportation between Li-ion and electron within the matrix of
titania lattice (Figure 8a). Besides, the porous morphology of the calcined flakes provided
extra space for the volume change during cycling and therefore significantly improved the
cycling performance (Figure 8b).

Using the same deposition method to assemble the DSSC, integrally and closely bonded films
resulted from better particle dispersion of titania flakes (Figure 9). In contrast, discontinuity
of P25 nanoparticle layers were observed after the evaporation and sintering processes [50].
Improved energy conversion efficiency of DSSC could be attributed to two features of titania
flakes: (1) Stronger adsorption of visible dyes from high specific surface area (2) Micron scale
in two dimensions lead to stronger light scattering of visible light spectrum. The important IV
characteristics of DSSC such as short-circuit current density (I ) and open-circuit voltage (V)
were found to be related to the thickness of the TiO, photoelectrodes. According to the calcula-
tions, calcined titania flakes demonstrated 5 times higher efficiency over the P25 photoelectrodes
under the same thickness basis (7.4% vs. 1.2%) (Figure 10).

200 250
CF-TiO —a— Discharge capacity of CF-TiO,
4 —&— CF-Ti
— 1: —e— Charge capacity of CF-TiO,
—e— Particles
160 200 + - Discharge capacity of particles|
—w— Charge capacity of particles
S 5
g 120 + 150 4
E E
3‘ -
g s 100
2 80 4 E- .
S | 9
40 4 50 -
a b
o L T Ll L L L ° L] L) L) L]
ci20 cno ci5 ci2 c 2c 0 5 10 15 20

Rate Capability

Cycling Number

Figure 8. (a) Rate capability and (b) specific discharge capacity comparison of CF-TiO, (calcined nanoflakes) and TiO,

nanoparticles.
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Figure 9. SEM micrographs of sintered photoelectrodes made from (a) P25 nanoparticles (b) calcined titania nanoflakes.
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Figure 10. I-V characteristics of DSSCs made from P25 and calcined flakes of similar thickness under AM 1.5 simulated
sunlight irradiation.

3. Conclusions

In summary, a high-aspect-ratio titania nanoflakes has been synthesized by the one-step mod-
ified surface hydrolysis. Compared to other methods for making low-dimensional nanomate-
rials, this spreading film process could continuously produce nanoflakes with a cost effective
manner. These titania flakes could be easily separated from the treated water by simply sedi-
mentation or filtration and therefore is very suitable for water purification application.

The major summary of applications were listed as follows: (1) Over 99% of methylene blue
solution (50 pM) was degraded by the high aspect ratio calcined titania nanoflakes under UVA
irradiation within 2 h, whereas not completely decomposition of dye solutions was achieved

51
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using P25 nanoparticles as photocatalysts under the same process condition. (2) Calcined
nanoflakes exhibit larger reversible charge/discharge capacity, better rate capability and
excellent cycling stability. (3) 7.4% of photon energy conversion efficiency of calcined flakes
based DSSC which was 5 times improvement compared to P25 based cell was accomplished.
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