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ABSTRACT

Anatase nanosheets were synthesized via a facile green process that involved isothermal aging of
a titanyl sulfate solution at 60 °C. The process produced two distinct titanium products a stable
colloid composed of anatase nanosheets that were on average 1.53 nm or approximately 4 unit
cells in height. Due to a preferential growth axis the nanosheets imaged by TEM displayed the
(101) face of anatase. The colloids had a markedly high band gap of 3.82 eV, which is higher
than typical for nanoparticles of similar dimensions and was only reported in one other synthesis
for nanosheets. This increase in the band gap can be contributed to the 2D quantum confinement
of the nanosheets. The precipitated solid was also characterized and determined to be anatase
nanosheets. The nanosheets in the precipitates were found to be on average 3.93 nm in thickness.
This equates to roughly 11 unit cells on average. The precipitates tended to form aggregates that
were on average 96.9 nm in diameter as measured by AFM. The sheets in both cases were found
to have a preferential growth axis and the lattice fringes of the (101) anatase planes were very
evident in the TEM images of both materials. The aggregated anatase nanosheets were found to
be photocatalytic and were able to oxidize methylene blue. Titanium nanosheets with (101)
exposed faces are of particular interest for many applications including dielectrics, photovoltaics,
and photocatalysis due to the many exposed defects on the surface giving rise to unique
properties.

INTRODUCTION

The discovery of the photocatalytic splitting of water by Fujishima and Honda using
titanium dioxide and ultraviolet light has encouraged a large amount of research in TiO> .
Titanium (IV) oxide has been shown to be extremely versatile and has many applications in areas
such as photocatalysis!, UV filters,? water purification *®* and solar cells %8 to name a few. In
the past few years a new push in titanium research has focused on methods for the preparation
and applications of nanosized titanium particles %!!. These nanoparticles are of great interest due
to their potential to have unique properties in comparison to the bulk materials that will meet the
needs for a wide variety of applications.

The increase in surface area of nanomaterials as the surface to volume ratio increases
with decreasing particle size often results in increased reactivity due to an increase in surface
active sites. Anatase nanoparticles are of particular interest because their photocatalytic
properties are superior to the other two phases of TiO», brookite and rutle 2. echniques including
sol-gel 1314 hydrothermal methods '°, and gas condensation 6. The hydrothermal method
utilizes titanium salts that undergo hydrolysis under specific conditions to form titanium dioxide
and is one of the most robust and tunable methods. There are many methods used for the
hydrothermal production of photoactive titanium oxide. Bavykin et al. used a seeded titanium
sulfate solution with reflux and various acid types to investigate the impact on morphology 7.
The author observed that hydrolysis occurred slowly at 70°C under reflux conditions and that
anatase phase particles only formed after prolonged reflux. It was also shown that a wide variety
of titanium materials with different particle sizes can be tailor made by just fine tuning the acid
concentrations or by the addition of a second mineral acid. Seishiro et al. were able to produce
anatase phase titanium using ethanol and titanium sulfate under reflux via hydrolysis resulting in
the synthesis of anatase TiO> 8. There are many other hydrothermal synthesis that produce



photoactive anatase titanium but all involve refluxing or the use of an organic templating agent
or seed nuclei, or high temperature calcining in order to produce the anatase phase product.

In this investigation a low temperature isothermal method was applied to an aqueous
titanium sulfate solution in order to produce two separate nanometric titanium products. The first
of these is a nanocrystalline anatase titanium dioxide aggregate that has photocatalytic
properties. This synthesis also results in the preparation of a stable aqueous titanium dioxide
colloidal suspension. This colloid consists of anatase phase nanosheets that are stable for more
than six months of storage.

EXPERIMENTAL
Materials and Methods

The titanium sulfate used was obtained from Alfa-Aesar and all other chemical reagents
used in the experiments were all obtained from commercial sources with ACS-grade purities and
were used without further purification. Water was purified by reverse osmosis followed by
deionization. X-ray powder diffraction (XRD) was performed using a Bruker D8 powder
diffractometer in order to analyze the structural properties of the synthesized titanium powder.
Morphological features of the powder samples and colloid were determined using transmission
electron microscopy (JOEL JEM-2100). The solid sample was embedded and sectioned in order
to image the sample by transmission electron microscopy while a drop of the colloid solution
was allowed to evaporate on a TEM grid and then imaged. BET nitrogen adsorption
measurements were made using a Quantacrome Nova 1200 to determine the surface area of the
synthesized titanium dioxide nanoparticles. Atomic force microscopy was used in tapping mode
to determine the height of the colloid particles and the precipitate. Both samples were placed on
a clean piece of mica by placing a drop on the surface and allowing it to evaporate. The
precipitate was suspended and allowed to settle prior to placing the drop on the mica. Raman and
IR spectra were collected for the synthesized nanoparticles using a Nicolet NXR 9610 FT-
Raman spectrometer with a fixed laser of 976 nm and a Nicolet 750 FT-IR instrument. The FT-
IR spectra were collected by grinding the precipitated samples with KBr and pressing the sample
into a transparent pellet that was then run in transmittance mode on the FT-IR. Particle size
analysis of the colloid and an aqueous suspension of the prepared nanoparticles was performed
using a Malvern HPP5001 dynamic light scattering instrument. UV-Visible spectra of the
suspended nanoparticles and the colloid were recorded using a Cary 100 UV- Visible
spectrometer.

Synthesis of Titania Nanosheets

A titanyl sulfate solution (0.2 M) was prepared in an Erlenmeyer flask by adding 12.01 g (.083
moles) of titanium oxide sulfate sulfuric acid hydrate to 200 mL of deionized water. A half of a
molar equivalent of concentrated sulfuric acid (4.28 g) was then added (4.18 g) and the solution
was carefully heated with stirring. As the titanyl sulfate dissolved the white color faded and the
solution turned transparent. As soon as this occurred, the flask was removed from the heat and
allowed to cool to room temperature. It was then placed in a screw cap glass bottle and heated at
60 °C for 72 hours. During this time, a white precipitate formed that was isolated by
centrifugation at 3000 RPM for 1 hour. The supernatant was a colloidal suspension that was
poured off and saved. The solid was then washed three additional times with 200 mL aliquots of
deionized water by a resuspending/centrifugation process. The suspension was stored in a glass
bottle while the solid was vacuum dried at 1 atm until a constant weight was achieved. After
drying 1.72 g of the titanium precipitate product was obtained corresponding to a 26 percent
yield based on the hypothesis that all of the available titanium in the solution was precipitated as
titanium dioxide. Assuming that the remaining titanium is in solution as the colloid,
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approximately 74 percent (4.9g) of the titanium dioxide is present in the colloid. This would give
the colloid a concentration of 0.31 M. The titanium content determined gravimetrically was 85%
corresponding to 1.46g of titanium dioxide.

RESULTS AND DISCUSSION
X-ray powder diffraction demonstrated that the titanium dioxide precipitate that was formed was
composed exclusively of nanocrystalline anatase phase of titanium dioxide. This is illustrated by
the excellent match to the ICCD powder diffraction file (# 03-065-5714) and the absence of any
characteristic peaks of rutile or brookite phases at 27° and 31° respectively in the pattern (Figure
1). The broadening of the XRD peaks is characteristic of a nanocrystalline material, indicating
that the material is an aggregate of nanocrystalline anatase titanium that has some long-range
order since XRD gives an average of the order over several unit cells. The Scherrer equation.
used to calculate the crystallite size of the titanium aggregates using the (101) peak, indicated
that the lower boundary on the particle size was 11.2 nm.
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Figure 1. X-Ray Powder Diffraction Pattern of Titanium Nanosheet Precipitate with the ICDD
Diffraction Pattern File for Anatase in Grey.

Transmission electron microscopy was used to determine the morphology of the
materials. The colloid material was diluted 1000 fold and then drop cast onto a copper TEM grid
and allowed to air dry. The TEM micrographs showed that the particles aggregated during the
drying process (Figure 2A). The nanoparticles have no discernable uniform shape but they do
appear to have very flat surfaces and they also have very low contrast with the grid. These facts
suggest that the colloid is composed of nanosheets of titanium dioxide. The particles range in
size from 4.0 nm to 7.0 nm in diameter. The lattice fringes of the titanium colloid are visible in
Figure 2B. When the particles are measured from fringe edge to fringe edge they are also found
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to range in size from 4.0 to 7.0 nm. The lattice fringes occupy the entire volume of the particles
indicating they are single crystals. Image J software was used to measure the spacing between
lattice fringes of a number of particles in the image. These were all found to have the same
spacing of 3.5 A that corresponds to the (101) face of anatase. This face is a step edge that is
composed of monoatomic height steps and is the most commonly observed crystal face in
anatase titanium dioxide'. The (101) surface is of great interest because of the potential
photocatalytic and solar cell applications of Ti0>2%-2!,

The precipitated titanium dioxide was prepared for electron microscopy by suspending
the particles in deionized water and sonicating for one hour. The suspension was then drop cast
onto a copper TEM grid and the water was allowed to evaporate (Figure 2C). These particles are
much larger in size than the colloid particles and are also aggregated. The crystallites were flat
and the lattice fringes could easily be observed and made up the entire volume of the observed
particles. Like the colloid the particles appeared to be flat and gave low contrast indicating that
the aggregates were composed of thin nanosheets. The suspended particles had a crystallite size
ranging from 10 nm to 35 nm and formed aggregates that are between 100 to 300 nm in
diameter. The spacing of the lattice fringes was 3.5 A corresponding to the 101 planes of anatase.

In order to determine if the aggregation seen in the micrographs was due to the technique
used in preparing the samples for TEM or if it was occurring in solution the precipitated sample
was also embedded in resin, (Figure 2D) sectioned with a microtome, and then imaged. TEM
micrographs of the sections material showed aggregated crystallites that matched those observed
in the suspended samples in both size and morphology. This confirms that aggregation occurred
during the precipitation process and was not an artifact of TEM sample preparation.

The results from the TEM and XRD characterization indicate that during the static 60°C
heating process the formation of anatase phase titanium nanosheets takes place. Through
centrifugation it was possible to separate the aggregates from the suspended nanosheets of
titanium dioxide resulting in isolation of both a stable colloidal suspension of anatase nanosheets
and a nanocrystalline aggregate of anatase nanosheets. The phase of both the products was
confirmed through d spacing measurements in the TEM and the powder X-ray diffraction pattern
of the precipitated solid. The phase identification for the colloid is based on the d spacing
measurements of the TEM only.

From the TEM and XRD results a hypothesis can be made concerning the process of the
formation of the particles. When the solution is isothermally heated at 60°C the nucleation of
nanometric titanium dioxide particles begins slowly over time resulting in the formation of
anatase nanosheets. Once these particles grow and reach about 10 nm in diameter they began to
aggregate and form nanocrystalline solids that precipitate out of solution. This is supported by
both the TEM and XRD results since all of the observed particles in the colloid by TEM were
measured to be less than 10 nm in diameter. From the XRD we can use the Scherrer equation to
determine the lower limit of the crystallite size of the sample by measuring the full width of the
peak at half height. The titanium precipitate gave a lower boundary of 11.2 nm, further
supporting the idea that the sheets are aggregating once they reach about 11 nm in diameter. If
this were not the case we would have expected a much smaller value for the Scherrer calculation
since particles of a smaller diameter were readily available in solution to be incorporated into the
precipitates. From the TEM results, it can be estimated that the aggregates have crystallite size
ranging from 10 to 35 nm. This indicates that the particles still grow once they have fallen out of
solution and aggregated leading to many crystallites larger than 10 nm in diameter in the
precipitated nanosheet aggregates.
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Figure 2. TEM images of (A) titanium colloid nanosheets, (B) titanium colloid nanosheets with
visible lattice fringes, (C) precipitated titanium nanosheets with visible lattice fringes, and (D)
precipitated titanium nanosheets embedded and sectioned

Atomic force microscopy (AFM) was used in order to confirm that the findings of the TEM
images that the particles were nanosheets. The AFM images were obtained in tapping mode and
the height, width, and length of the particles were determined. The colloid sample aggregated
when being placed on the mica causing the diameter measurements to not be usable but the
height of the nanosheets could still be determined. The software was set to measure the height
from the mica to the surface of the titanium nanosheets. Figure 3 shows the height of the
nanosheets from the colloid samples based on the height measurements. The mean height of the
colloid sample from 82 measurements was found to be 1.53 nm with a maximum of 3.22 nm and
a minimum of 0.37 nm. The AFM image of the precipitated particles is shown in Figure 4. From
this data it was possible to measure both the heights and diameters of the precipitated particles.
The height based on 52 measurements was found to have a mean of 3.93 nm with a minimum of
1.28 nm and a maximum of 5.74 nm. The diameter was also based on 52 measurements and was
found to be 96 nm with a minimum of 55 nm and a maximum of 182 nm.
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Figure 3 (A) Distribution of Height Measurements of (A) Titanium Colloid Nanosheets (B)
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Figure 4. Atomic Force Microscopy Images of Titanium Colloid Nanosheets (Left) and
Precipitated Titanium Nanosheets (Right)
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Since the particle size measurements from both the AFM and the TEM are in agreement
it can be concluded that the titanium particles are orienting the same way on the mica as they do
on the TEM grid. This allows use of the unit cell dimensions of anatase to determine how many
units thick the nanosheets are. Due to the fact that the particles have the (101) face oriented
upward and that anatase has a tetrahedral unit cell it can be concluded that the (101) planes
would run perpendicular to the imaged face and along the horizontal axis of the nanosheets.
Using the lattice parameters for anatase the corresponding d-spacing was calculated to be 0.351
nm. By dividing the mean height of the nanosheets as measured by AFM it was possible to
estimate the height of the nanosheets in unit cells. The AFM measurements for the colloid
indicate that the sheets are on average 4 unit cells tall with some measuring as small as 1 unit cell
and others as tall as 9 unit cells. The precipitated sheets were found to be slightly thicker with an
average thickness of 11 unit cells, a minimum of 4 unit cells and a maximum of 16 unit cells.
These measurements combined with the TEM data indicate that aging the titanyl sulfate solution
at 60 °C produced anatase nanosheets. These sheets are severely truncated in one
crystallographic direction and this might lead to interesting and unique properties.

Raman spectroscopy is very sensitive to the crystallinity and microstructure of a sample.
Due to the fact that Raman peaks become very broad and shrink in intensity when local
imperfections exist Raman spectroscopy can be used as a good indicator for crystallinity in
samples of anatase. The Raman spectrum of the precipitated material (Figure 5) had
characteristic peaks for crystalline anatase at 157, 399, 519, and 639 cm™ and matched that
reported by Zhang et al. The three higher frequency peaks are well resolved indicating the
nanocrystals have good crystallinity with few defects?>23. The broadening that is observed in the
spectrum and the shift in the Eg() peak at 157 cm! from 151 cm! in the precipitated anatase is
an indication of nanocrystalline anatase. By comparing the peak shift from our results to that of
literature values gathered by Swamy et al. shifts for nanocrystalline anatase in the Eg peak to
157 cm™ is indicative of samples that are around 5 nm in diameter. The full width at half
maximum measurement of this peak was found to be 32 cm™ and is also consistent with a
particle diameter of 5 nm. This is in agreement with the XRD and AFM measurements and
supports the presence of anatase.
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Figure 5: Raman Spectrum of Precipitated Anatase Phase Titanium Nanosheets

The infrared spectrum of the titanium dioxide precipitate was measured (Figure 5.7) and was
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compared to literature values.?**> The spectrum has a broad peak from 3100-3500 cm! that
corresponds to O-H stretching of either free or bound hydroxyl groups. This is also shown by the
small peak at 1630 cm™ that is due to the bending vibration of coordinated water and Ti-OH
groups. The wide peak from 735 to 400 cm™! can be assigned to Ti-O vibrations. From the FT-IR
results we can determine that the as prepared titanium has the characteristic peaks for titanium
dioxide and that there is water present in the sample in either a bound or unbound state.

* T daer

Figure 6. FT-IR Spectrum of Precipitated Titanium Nanosheets in a KBr pellet

Surface area measurements of the precipitate were performed using nitrogen BET. A six point
BET measurement gave a surface area of 124 m?/g. Degussa P-25 was used as a reference and
was found to have a surface area of 55 m%/g.

Dynamic light scattering measurements of both the suspended aggregates and the colloid
were in agreement wit the previously discussed results for the size of particles from TEM and
AFM measurements. The particle size distribution (Figure 7) of the precipitated titanium
aggregates as a suspension in deionized water was determined using a Malvern HPP5001
dynamic light scattering instrument. The particles were found to range in size from 200 to 350
nm. The colloid nanoparticles were run as is and were found to have a distribution of particles in
the range of 6.5 to 11.7 nm (Figure 7).

Figure 7. Dynamic Light Scattering Measurements of the Colloid Titanium Nanosheets (Left)
and the Precipitated Titanium Nanosheets (Right)
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The UV-Visible spectrum of the colloid and the suspended nanoparticles was recorded
and the data was used to plot (aEphot)? versus Epho, which is the method typically used to
determine the band gap of direct band gap semiconductors. In the calculations Epno is equal to
(1293/A) where A is the wavelength in nanometers and a is equal to the absorption coificient. To
determine the band gap, the linear portion of the curve called the adsorption edge is extrapolated
to the x-intercept to determine the band gap of the titanium samples (Figure 8). Anatase is known
to undergo an indirect band gap transition in bulk phase but nanometric anatase behaves as an
direct band gap semiconductor according to Reddy?®. This transition from indirect to direct band
gap transition is attributed to quantum confinement that occurs in nanometric particles and is also
observed in silicon nanocrystals as well?’. Bandgaps are obtained by extrapolating the linear
portion of the adsorption edge to the x-intercept. The band gap for the synthesized colloid was
determined to be 3.82 eV and 3.49 eV for the aggregates. This is shifted as expected from the
literature values of 3.2 eV for bulk anatase. The large shift in the band gap up to 3.82 eV for the
colloid is higher than normal for titanium dioxide nanoparticles but matches literature values for
nanosheets?®, This higher than normal shift can be attributed to the 2D quantum confinement
resulting from the thinness of the nanosheets. Sakai reported that the band gap for this material
with less than 10 unit cell layers are approximately 3.82eV?%. This data fits with the sizes
measure for the colloid nanosheets that are on average 4 units cells in height with a maximum
height of 11 unit cells. This data is particularly interesting in the case of the larger nanosheets
from the precipitated nanosheets. The precipitated nanosheets have crystallite diameters of 35
nm or more, band gap shifts for anatase particles in this size range are typically reflective of the
bulk particles with a band gap close to 3.2 eV%. The much higher band gap of 3.49 eV is not
observed for particles in this size range but is due to 2D quantum confinement resulting from the
nanosheets structure the particles have a much higher band gap than expected.
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Figure 8. Plot of (aEphot)? versus Ephot for a direct band gap transition. Colloid Titanium
Nanosheets (Lower Curve) and the Precipitated Titanium Nanosheets (Higher Curve)
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CONCLUSION

Anatase nanosheets were successfully synthesized via isothermal aging of a titanyl
sulfate solution at 60 °C. The process produced two distinct titanium products a stable colloid
composed of anatase nanosheets that were on average 1.53 nm or approximately 4 unit cells in
height. Due to a preferential growth axis the nanosheets imaged by TEM displayed the (101) face
of anatase. The colloids had a markedly high band gap of 3.82 eV which is higher than typical
for nanoparticles of similar dimensions and was only reported in one other synthesis for
nanosheets. This increase in the band gap can be contributed to the 2D quantum confinement of
the nanosheets.

The precipitated solid was also characterized and determined to be anatase nanosheets.
The nanosheets in the precipitates were found to be on average 3.93 nm in thickness. This
equates to roughly 11 unit cells on average. The precipitates tended to form aggregates that were
on average 96.9 nm in diameter as measured by AFM. The sheets in both cases were found to
have a preferential growth axis and the lattice fringes of the (101) anatase planes were very
evident in the TEM images of both materials. The aggregated anatase nanosheets were found to
be photocatalytic and were able to oxidize methylene blue. Titanium nanosheets with (101)
exposed faces are of particular interest for many applications including dielectrics, photovoltaics,
and photocatalysis due to the many exposed defects on the surface giving rise to unique
properties.
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