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Solvothermal Synthesis of Anatase TiO, Nanosheets with Exposed {001} Facets
(Sintesis Solvoterma Anatase Helaian Nano TiO, dengan Faset {001} Terdedah)

MADIHA YASIR, M., TAZLI AZIZAN*, ANITA RAMLI & MARIAM AMEEN

ABSTRACT

Enhancing the catalytic activity of titania (TiO,) nanomaterials by controlling the size, surface area and percentage of
highly reactive exposed {001 } facets has become attractive in the recent years because of its wider applications in the
different fields of scientific research. In the present study, anatase TiO, nano-sized sheets (TNS) were synthesized using
a simple ethanol assisted solvothermal chemical route. The TNS structures were characterized using Field Emission
Scanning Electron Microscopy (FE-SEM), Transmission electron microscopic (TEM), Raman analysis, X-ray diffraction
(XRD) and Accelerated surface area and porosimetry (ASAP) analysis. The results from TEM, Raman and XRD analysis
confirmed the presence of anatase crystalline structure of TNS with the size range of 20-40 nm. The synthesized TNS
structures possess 60% of highly reactive exposed {001} facets with a total surface area of 73 m?/g. These tremendous
crystalline properties of solvothermally synthesized TNS structure makes it as an attractive catalyst for environmental
and bio-fuel applications.

Keywords: Anatase Tio,, nanosheets; solvothermal; {001} Facets

ABSTRAK

Peningkatan aktiviti perangsang menggunakan bahan nano titania (TiO,) dengan mengawal saiz, permukaan dan
peratusan faset {001} terdedah sangat reaktif telah menjadi tarikan dalam beberapa tahun kebelakangan kerana
penggunaan yang lebih meluas dalam perbezaan bidang penyelidikan saintifik. Dalam kajian ini, helaian bersaiz nano
anatase TiO, (TNS) telah disintesis menggunakan laluan etanol mudah berbantu kimia solvoterma. Struktur TNS telah
dicirikan menggunakan pancaran medan imbasan elektron mikroscopi (FE-SEM), elektron penghantaran mikroskopik
(TEM), analisis Raman, pembelauan sinar-x (XRD) dan kawasan permukaan pecutan serta analisis porosimetri (ASAP).
Keputusan daripada analisis TEM, Raman dan XRD mengesahkan kewujudan struktur hablur anatase TNS dengan pelbagai
Jjulat saiz 20-40 nm. Struktur sintesis TNS memiliki 60% daripada faset {001} terdedah sangat reaktif dengan jumlah
keluasan permukaan 73 m?g. Sifat kristal solvoterma yang hebat daripada struktur TNS yang disintesis menjadikannya
sebagai pemangkin menarik untuk alam sekitar dan aplikasi bio-bahan api.

Kata kunci: Anatase TiOz; faset {001}, helaian nano, solvoterma

INTRODUCTION and low density of surface under-coordinated Ti atoms

TiO, is gaining much more recognition day-by-day due
to its wider applications in the fields of photo-catalysis,
heterogeneous catalysis, photo-splitting of water and solar
cells. The main reasons for the widespread applications
of TiO2 are its chemical and biological inertness, cost
effectiveness, strong oxidative as well as corrosive
stability. Among other crystalline phases of TiO, (rutile
and brookite), anatase phase is considered to be the
most important, as the size and shape of anatase crystals
considerably effect the performance (Dozzi & Selli 2013;
Gu et al. 2012).

It has been proved both theoretically and
experimentally that different crystal facets of anatase
TiO, have different degree of reactivity. {001} facet
of anatase crystal has been proven to be more reactive
than the more abundant {101} facet (Biyoghe Bi Ndong
et al. 2014). The reason for low reactivity of {101}
facet is associated to their lesser degree of reduction

as compared to {001} facets (Cai et al. 2014). On the
other hand, the less abundant {001} facets possess high
catalytic reactivity that is almost twofold as compared to
{101} crystal facets, which is actually due to presence of
high number of under-coordinated Ti atoms and strained
atomic configuration at the crystal surface. Moreover,
longer Ti-O-Ti bonds indicates highly destabilized and
reactive 2p states of surface oxygen atoms which are
responsible for higher adsorption of reactant molecules
on the surface and as a result show higher reactivity (Cao
et al. 2014; Dozzi & Selli 2013; Madiha Yasir 2014; Shi
et al. 2014). Along with reactive facets, crystalline size
is also important to determine the catalytic activity, as
smaller size (usually < 50 nm) is responsible for higher
surface area and greater number of active sites (Deng et
al. 2014; Xinwen & Zongjian 2013). Therefore, the size
of TiO, crystals is one of the governing factor to control
the catalytic performance of TiO, catalysts.
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Many efforts have been made in the recent years
to control the shape as well as the size of the crystalline
species to increase the percentage of reactive crystal
facets (Chang et al. 2015; Xiaowei et al. 2015; Yifan et
al.2015). As aresult, an improved interaction between the
reactants and the surface can be attained, which resulted
in higher catalytic activity. Usually, the growth of the
crystalline species involves a quick disappearance of high
energy facets {001} and an evolution of exposed facets
{101} with lower surface free energy, under equilibrium
conditions (Chao et al. 2014; Chen et al. 2014). Therefore,
the production of exposed high free energy facets is very
challenging. In this context, high temperature and the
presence of suitable capping agents may be very helpful
in order to create non-equilibrium conditions, which are
suitable for the growth of high energy facets. Unfortunately,
high temperature has not been proven to be desirable as
it favours the formation of less reactive rutile phase (Liu
etal.2011). Moreover, capping agents, help to induce the
growth of reactive facets anisotropically.

Recently, several studies have been carried out to
prepare the anatase TiO, crystals with higher percentage of
reactive facets {001}, more commonly using hydrofluoric
acid (HF) as capping agent. Yang et al. (2009) prepared
titania nanosheets using titanium tetraflouride (TiF,) as
the precursor and the average size of the nanosheets were
1.09 pm with 64% of reactive {001} facets. Shi et al.
(2014) reported the fabrication of anatase TiO, hollow
nanosheets with the size of 550 nm having total surface
area of ~17 m?g! with the percentage of reactive facets of
65%. Similarly, many studies were carried out to get more
percentage of reactive facets {001} but with large size and
lower surface area (Dozzi & Selli 2013; Gu et al. 2012;
Ruso et al. 2013). F ions tend to selectively adsorb on the
surface of {001} facets and as a result, it lowers the surface
free energy of the reactive facets and stabilize them (Shi et
al.2014). Therefore, in order to have more specific surface
area for higher interaction between reactant particles, a
smaller particle size with more percentage of reactive
facets is thus required. There are very few contributions
were reported earlier with respect to this concern. A novel
hydrothermal route is reported in this study to synthesize
small sized TiO, nanosheets with higher percentage of
reactive {001} facets using anatase TiO, nanomaterials
as the precursor.

EXPERIMENTAL DETAILS

Synthesis of TiO, nanosheets Titania nanosheets (TNS)
were prepared using a two-step procedure. In the first
step, titania nanotubes (TNT) were synthesized from a
commercially available pure anatase titania nanopowder
with 99.7% purity (Sigma-Aldrich). In a typical
procedure, TNTs were prepared using a hydrothermal
process by mixing TiO, nanopowder with ethanol and
NaOH solution (10 M), followed by hydrothermal
treatment of the mixture at 180°C in a teflon-lined

autoclave for 24 h. After the hydrothermal reaction, the
products of the reaction were washed and dried properly
and denoted as TNT. Later on, for the synthesis of TNS, the
prepared TNTs were mixed in an appropriate amount of
ethanol and a very small amount of hydrofluoric acid (0.2
mL) (40%). The solution was then transferred to the dry
teflon-lined autoclave for further hydrothermal chemical
treatment at 180°C for 24 h. The obtained products were
filtered and washed with deionized water and they are
later dried at 80°C for 6 h.

Characterization The following characterization
techniques were used for the synthesized catalyst.

Field Emission Scanning Electron Microscopy (FE-SEM)
The morphology, particle size distribution or structure
of TNSs was determined by using ZEISS FE-SEM (SUPRA
55VP). A secondary electron detector (In Lens) was
used to take all the SEM images. The applied accelerating
voltage (EHT) was 7.00 kV with a resolution (WD) of 3.8
mm.

High Resolution Transmission Electron Microscopy
(HR-TEM) TiO, nanosheets samples were dispersed on
a carbon film supported by a copper grid for HR-TEM
observation (Model Zeiss LIBRA 200 FE) operated at 200
kV with the magnification of 80,000 and 200,000.

X-Ray Diffraction Studies (XxRD) Powder X-ray
diffraction (XRD) data was analyzed using Shimadzu
(Kyoto, Japan) XRD-6000 diffractometer with Cu Ko
radiation (A = 1.5418 nm) and graphite monochromator
operated at 30 kV, 30 mA and 25°C. The XRD pattern was
recorded in the range of 20 = 2-800°.

Raman Spectroscopy The Raman spectrum was recorded
using Horiba Jobin Yvon HR 800 instrument with the He-
Ne laser of 514.53 nm wavelength.

Accelerated Surface Area and Porosimetry (ASAP)
Analysis The pore volume and surface area of TNS were
obtained by N, adsorption-desorption isotherm at 73 K
on Micromeritics, TRISTAR II 3020 apparatus. The sample
was degassed at 300°C for 240 min prior to N, adsorption.

Uv-vis diffused reflectance spectroscopy (UV-vis
DRS) The UV-vis DRS spectra for the TNS sample and
commercial TiO, sample were carried out using UV-vis
spectrophotometer (Shimadzu UV3150 NIR). During the
UVv-vis diffuse reflectance experiment, BaSO , Was used
as reflectance standard.

X-ray photoelectron spectroscopy (XPS) The XPS
measurement was done in VG ESCALAB 210 electron
spectrometer. The spectra were plotted using Al Ko
(1253.6 eV) radiation in the constant analyser energy
mood with a pass energy of 200 eV.



RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern for commercial TiO,
nanopowder, TNTs and synthesized TiO, nanosheets
(TNS). The XRD pattern of commercial TiO, nanopowder
(P25) shows peaks for both anatase and rutile phase as
it is composed of 80% anatase and 20% rutile phase.
However, XRD pattern of TNTs shows major diffraction
peaks at 24.2°, 28.4° and 48.3° which are characteristic
of the tubular Ti,O,> (Na,Ti,O,/H,Ti,O,) resulted after
the NaOH treatment of TiO, nanopowder, while Na* is
replaced with H* during washing process (Lu et al. 2015;
Tsai & Teng 2006; Vu et al. 2014). The XRD pattern of the
TNS catalyst clearly depicts the crystalline nature as well
as pure anatase phase of the TiO, particles (JCPDS 21-
1272). The absence of diffraction peaks at 26 =27 or 31°
in XRD pattern indicate that there is no rutile or brookite
impurities in the pure anatase TiO, nanosheets structures,
which is also confirmed by the literature (Gu et al. 2012).
Moreover, a sharp and good intensity peak of (200) was
observed indicating the growth of crystal in the direction
of [100], resulting in increased side length of the crystal.
On the other hand, a slightly broader diffraction peak of
(004) indicates the decrease of crystal thickness in the
direction of [001] (Madsen et al. 2011).
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FIGURE 1. Typical XRD pattern of (a) TiO, (b) TNT
(c) as synthesized TNS

Raman spectrum for TNS (Figure 2) is also in good
agreement with XRD results. Peaks at 144, 394, 514 and
636 cm™! confirmed the presence of titania anatase phase
of crystalline TNS structure. The peaks at 144 and 636
cm! are referred as Eg peaks, which correspond to the
symmetric stretching vibrations of O-Ti—O bonds in
anatase TiO, structure. In addition, the peaks at 394 and
514 cm™ represent Blg and Alg, indicating symmetric
and antisymmetric bending vibrations of O-Ti—O
bonds, respectively. For the anatase titania with high
percentage of {001} reactive facets, the crystal surface
possesses more under-coordinated Ti and O atoms,
which contributes towards the increased symmetric and
antisymmetric bending vibrations of O-Ti—O bonds. As
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FIGURE 2. Raman spectrum of TNS

a result, prominent peaks of Blg and Alg appear in the
Raman spectrum (Tian et al. 2012). Figure 3 clearly depicts
the surface morphology and crystalline characteristics
of commercial TiO, nanopowder (a), synthesized TiO,
nanotubes (b) and synthesized TiO, nanosheets (c & d).
The observed particle size of commercial TiO,, TNT
and the synthesized TNS nanoparticles were in the range
of 10-50 nm, 100-200 nm (width 20-50 nm) and 20-40
nm, respectively. The TEM images (Figure 3(d)) clearly
indicates the lattice spacing of 0.235 nm is parallel to the
top and the bottom planes, while the lattice spacing of
0.348 nm is parallel to the sides of crystalline nanosheets
correspond to {001} and {101} facets, respectively. The
interfacial angle between these two crystalline facets were
found to be 68.3° (Figure 3(c)), which is same with the
theoretical value as reported by several researchers (Dai
et al. 2013; Diebold 2003; Gu et al. 2012).
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FIGURE 3. TEM images of (a) commercial TiO, nanopowder,
(b) TNTs, (c) and (d) TNS



2518

According to the structural information from TEM and
HR-TEM results, the percentage of the exposed reactive
crystal facets {001} was about 60% of the total surface area
of the crystal structure. Figure 4 illustrates the symmetries
of TNS in 3D structure that helps in understanding the
geometry of TNS and theoretical calculation for the
determination of percentage of highly reactive {001}
crystal facet. The reason for a high percentage of
reactive {001} facets in TNS structure is due to the active
participation of hydrofluoric acid (HF) during the growth
of the crystal structure. Additionally, the co-adsorption
of ethanol effectively strengthened the interaction of F-
ion with the surface of {001} facet. Thus, the selective
adsorption of even small amount of F- ion on the surface
of exposed {001} facets, restricted the further growth of
crystal structure along this facet and therefore, stabilizing
the {001} planes to form nanosheets structure (Dozzi &
Selli 2013; Yu et al. 2010). Consequently these give a high
percentage of the exposed reactive crystal facets. From the
selected area electron diffraction (SAED) pattern (Figure

3(b)), it is obvious that all the diffraction rings can be
indexed to the tetragonal TiO, phase along the {001} zone
axis. The indexed crystal planes of SAED (110), (200), (211)
and (220) confirm the presence of exposed {001} facets.

Nitrogen adsorption-desorption isotherms were
measured for TNS as well as titania nanopowder and TNT
for comparison, in order to determine the surface arca
and pore size distribution (Figure 5). The BET specific
surface area of as synthesized nanosheets was found
to be 73 m?/g, whereas, the BET surface area for titania
nanopowder and TNT were 48 and 34 m*g, respectively.
The BET surface area for TNT decreases as compared to the
titania nanopowder due to the growth of titania nanotube
crystalline structure. On the other hand, BET surface area
of TNS increases, which is due to restricted growth of TiO,
along [001] direction and smaller size of TNS.

A higher surface area is responsible for higher
adsorption of reactant molecules on the surface of catalyst
due to more number of active sites (Wei et al. 2013).
The TNS sample showed type IV isotherm according

FIGURE 4. Schematic illustration of symmetries of synthesized TNS
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FIGURE 5. Nitrogen adsorption-desorption isotherms of
commercial TiOz, TNT and TNS



to TUPAC classification, which represents the existence
of mesoporous structure with H3 type hysteresis loop
indicates the presence of slit-like pores (An et al. 2012).
However, nitrogen isotherm for commercial TiO, shows
a hysteresis loop of type H2 indicating the presence of
ink-bottle like pores, with narrow necks and wider bodies.
The change in the shape of hysteresis loop from H2 to
H3 confirms the change in the pore structure as the TNTs
transforms to TNS structure in the presence of fluoride
ions. Therefore, the presence of F- ions significantly affect
the pore structure of synthesized nanosheets as explained
above. The N, adsorption-desorption isotherm showed high
absorption at high relative pressure (P/P ) of 1.0, which
represents the emergence of large mesopores (2-50 nm)
(Xiang et al. 2010; Yu et al. 2010). The average pore sizes
of commercial TiO, nanopowder, TNT and TNS, calculated
using adsorption branch of the nitrogen isotherm by the
BJH method are 21.8, 13.5 and 9.8 nm, respectively and
the total pore volume of the catalysts are 0.268, 0.122 and
0.215 cm’/g, respectively.

uv-vis diffuse reflectance spectra of TNS and
commercial TiO, nanoparticles are compared in Figure 6 in
order to understand their light absorption properties. Higher
absorption of UV-vis light is related to higher catalytic
activity which can be seen through UV-vis DRS results.
Considerable absorption of light was recorded below
400 nm for commercial TiO, sample. The extrapolation
of the graph for commercial TiO, shows the absorption
edge at ~390 nm corresponding the band gap of 3.2 eV
(1239/L), which is due to the transition of valence electrons
to conduction band (Yu et al. 2003). The commercial
TiO, showed higher absorption in UV region and lower
absorption in visible region. However, the TNS sample
shows higher absorption of light in UV region as well as
in visible range as compared to the commercial TiO, and
represents a fall at ~412 nm, yielding the band gap value
of 3.0 eV representing red shift. Hence, the TNS catalyst
can extend the absorption range to the visible region and
narrow the band gap. Therefore, it enhances the quantum
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FIGURE 6. Diffused UV adsorption spectra of
commercial TiO, and TNS
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yield which corresponds to higher catalytic activity (Reddy
et al. 2003).

Figure 7 depicts the XPS survey spectra of TNS
nanoparticles. Sharp peak of photo electron at the binding
energies of 458 eV corresponds to Ti 2p, while the peak at
531 eV corresponds to O 1s. The peak at 285 eV belongs
to C 1s peak which is due to the contamination from the
XPS instrument itself. However, the peak at 684.5 eV is for
F 1s peak which confirms the surface fluorination of TNS
structure but the amount of fluorine was found to be only
5.4%.

Based on above observations, the formation
mechanism for TNS followed by the formation of TNTs is
proposed as follows. During the formation of TNTs, TiO,
undergoes crystal structure transformation in the presence
of aqueous solution of NaOH. Anatase TiO, crystallite
experiences exfoliation in the form of trititanate (Ti,0,)*
sheets caused by the reaction between NaOH and TiO,
(An’Amt et al. 2014; Noor et al. 2013). The nanosheets
grow with an increasing tendency of curling due to its
unstable and high surface energy structure, leading to the
formation of nanotubes. Where the hydrogen-deficiency
on the surface of (Ti,O,)*" plates can provide the driving
force (surface tension) for the peeling-off of (Ti,0,)* plates
and therefore resulting in the layers bent to form tube
morphology and thus lowers the system energy (Ou & Lo
2007). The Na* ions that were excessively intercalated
between the spaces of anatase TiO, crystals are washed off
with HCl and most of the Na" ions are replaced with H" ions
(Chuetal. 2016; Vaenas et al. 2015). However, these TNTs
when undergo 2nd step of hydrothermal treatment in the
presence of HF and ethanol, it causes the tube structure of
TNTs to re-open into sheet like structure. The anatase TiO,
in TNTs possess both H- and O-terminated surfaces with
high surface energy thus, restricts the formation of large
anatase sheets. Fluorine being low bonding energy element
and having strong bonding ability with Ti can provide an
effective mean to stabilize the high energy surface (Dozzi
& Selli 2013; Zhang et al. 2015). Among other anatase
crystalline facets, {001} surfaces are favourably fluorinated
and hence energetically stabilized as compared to {101}
surfaces (Wen et al. 2015). Consequently, preventing
the anatase TiO, sheets from rolling back. Moreover,
addition of ethanol plays the role of synergistic capping
agent and reaction medium along with HF. It has also been
confirmed through various theoretical and experimental
evidences that lower alcohols act as protecting agents. They
dissociates heterolytically in acidic mediums to give alkoxy
groups (CH,CH,0O"), which bind to under-coordinated Ti*"
cations on the surface of {001} and {101} facets (Yang
et al. 2009). However, preferential adsorption occurs on
{001} facets due to higher density of 5-fold coordinated
Ti on {001} facets which results in restricted growth of
crystal in [001] direction.

On the other hand, direct use of TiO, (instead of
TNT as precursor) for the formation of TNS will lead to
untransformed crystal structures that will otherwise occur
in the presence of NaOH. Therefore, it is believed that
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FIGURE 7. XPS survey spectra of TNS

without NaOH treatment, which is actually responsible
for the transformation of anatase TiO, particles into
sheet like structure, there would be no stabilized {001}
exposed crystal facets. Resultantly, TNS without NaOH
treatment are expected to show low catalytic activity due
to absence of {001} exposed crystal facets. Hence, the
remarkable features of solvothermally synthesized TNS via
two step procedure make it suitable for various catalytic
applications.

CONCLUSION

The TiO, nanosheet-like structures were successfully
synthesized by a simple solvothermal chemical route using
hydrofluoric acid and ethanol as capping and stabilizing
agents. These synthesized nanosheets have small size
in the range of 20-40 nm with high surface area of 73
m?/g. In addition, the majority of this specific surface
area is composed of highly reactive exposed {001} facets
(60%). The synthesized nanocatalyst is expected to have
high catalytic activity due to its small size, high surface
area and high percentage of exposed highly reactive
{001} facets. The present work motivates us to further
utilize the synthesized TiO, nanosheets in the field of
biofuel production, due to its promising characteristics as
nanocatalyst.
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