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The solvothermal synthesis route to mesoporous TiO2 using a vinylphenol polymer structure-directing
agent (SDA) was optimized to provide a high yield of bilayer nanosheets. The resultant TiO2 material
exhibited a high BET area of 420 m2 g1 after the removal of SDA. Structural analysis of the nanosheets
was carried out using powder X-ray diffraction, high resolution-transmission electron microscopy,
Raman spectroscopy and solid-state NMR. The results indicated that the TiO2 material consisted mainly
of the bilayer nanosheets with (010) facet-dominant anatase crystal structure. The thickness of the
nanosheet was 0.75 nm, corresponding to two unit-cell parameters along the b-axis in the anatase
crystal system. More than 10% of the surface Ti atoms were terminated with bridging OeH groups and
€ nsted and Lewis acid sites. Accordingly, the
coordinatively unsaturated Ti atoms, which acted as Bro
anatase nanosheets exhibited catalytic performance in the liquid-phase FriedeleCrafts alkylation of aromatic compounds.
© 2015 Elsevier Inc. All rights reserved.
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1. Introduction
Titanium oxide is one of the most important metal oxides and is
widely applied in photocatalysis, gas sensing, solar energy conversion, and lithium-ion battery [1e4]. The versatility of titanium
oxide in both scientiﬁc and industrial purposes comes from its
intrinsic properties of wide band gap, high refractive index, good
photoactivity, and high stability [5e7]. The properties depend
signiﬁcantly on the crystal morphology and thickness. Accordingly,
to achieve high performance, there have been enormous efforts to
synthesize titanium oxide nanorods, nanotubes, nanoparticles, and
nanosheets [8e11]. Among the nanostructured titanium-oxide architectures, two-dimensional nanosheets exhibited an extraordinarily high efﬁciency due to the ultrathin thickness with enlarged
surface area. Moreover, nanosheets have an exclusively large proportion of one dominant facet on the surface. The nanosheets with
selectively exposed surface area can achieve the synergistic effect of
large surface area and high surface energy [12,13].

* Corresponding author. Center for Nanomaterials and Chemical Reactions,
Institute for Basic Science, Daejeon 305-701, Republic of Korea. Tel.: þ82 42 350
2870; fax: þ82 42 350 8130.
E-mail address: rryoo@kaist.ac.kr (R. Ryoo).
http://dx.doi.org/10.1016/j.micromeso.2015.10.019
1387-1811/© 2015 Elsevier Inc. All rights reserved.

Titanium oxide nanosheets have been synthesized as several
different crystal structures through top-down [14e17] or bottomup routes [18e23]. For example, the Sasaki group reported that
0.75 nm-thick titanate nanosheets could be obtained via exfoliation
of titanium oxide crystals [14]. In the study, stabilization of individual sheets with surrounding cations was reported to prevent restacking of each exfoliated nanosheet. On the other hand, Stucky's
group investigated a bottom-up method to synthesize anatase TiO2
nanosheets [13]. These investigators developed a non-aqueous
synthesis route to 0.75-nm thick anatase TiO2 nanosheets, using
oleylamine as a capping agent. Chen et al. reported another
bottom-up route to rutile TiO2 nanosheets using TiF4 and hydrochloric acid [23].
In previous work, titanium oxide nanosheets exhibited the same
apparent morphologies, but the crystal structures were different
(i.e., anatase, rutile, or titanate) depending on synthesis methods.
Such structural differences are very important since many physicochemical properties of titanium oxides are markedly inﬂuenced
by their crystal structure [24,25]. Even when the crystal structures
are the same, the surface chemical properties of the nanosheets can
be different according to the exposed facets [12]. Hence, elucidation
of the detailed structures is essential for determining applications.
However, structural analysis of titanium-oxide nanosheets conducted so far has been performed with as-synthesized samples
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containing an organic structure-directing agent (SDA), a capping
agent, or a surface stabilizer. These agents were needed because the
nanosheets collapsed, agglomerated, or increased in thickness
upon calcination at high temperature to remove SDA [26,27].
Without removing the organic SDA, the as-synthesized nanosheets
exhibited poor efﬁciency in applications. Thus, it is necessary to
remove organic SDA from the nanosheets while still preserving
their structures, thereby permitting accurate characterization of
the bare structure.
Recently, a synthetic route to mesoporous titanium oxide with
crystalline frameworks was developed by using random copolymers of 4-vinylphenol and methyl methacrylate (PVP-coPMMA) as an organic SDA [19]. Typically, the titanium oxide obtained in this manner exhibited nanosponge morphologies with
disordered mesopores and pore walls about 3 nm or thicker. The
synthesis was also able to yield 0.7-nm thick crystalline nanosheets. The synthesized nanosheets corresponded to a thickness of
two layers of Ti atom. The nanosheets were mostly stacked in
parallel, collapsing or agglomerating during the removal of organic
SDA through calcination. In some cases, the nanosheets were
loosely assembled to construct a ‘house-of-cards’ type of mesoporous morphology. The mesopores could be retained by the
nanosheet walls even after the removal of the organic SDA. However, the synthesis of such titanium oxide nanosheets was only
occasionally successful over a particularly narrow range of conditions, causing the synthesis to be difﬁcult to reproduce.
In the present work, we have studied the synthesis conditions to
obtain the two-Ti-atom-thick titanium oxide nanosheets exhibiting
a ‘house-of-cards’ assembly in high purity. Based on the synthesis
study, we were able to obtain the house-of-cards nanosheet samples exhibiting a BrunauerEmmettTeller (BET) speciﬁc surface
area of 420 m2 g1, which was unprecedentedly high among titanium oxide materials. The synthesized nanosheets maintained
their structure even after the complete removal of the organic SDA.
The establishment of such nanosheet synthesis enabled us to
investigate detailed structural and physicochemical properties of
the titanium oxide nanosheets with high accuracy. The analysis of
the titanium oxide nanosheets was conducted by powder X-ray
diffraction (XRD), high resolution-transmission electron microscopy (HR-TEM), argon adsorption-desorption isotherms, Raman
spectroscopy, and magic-angle-spinning (MAS) solid state 1H NMR.
This combined analysis has conﬁrmed that the crystal structure of
the bilayer titanium oxide nanosheet is anatase TiO2, with preferential growth along the ac plane. In addition, we show that the
€ nsted and
surface of the anatase nanosheets possesses both Bro
Lewis acid sites, so that the TiO2 nanosheets can exhibit moderate
catalytic activity in liquid-phase FriedeleCrafts (FC) alkylation.
2. Experimental
2.1. Synthesis of titanium oxide nanosheets
Titanium oxide nanosheets were synthesized following the
solvothermal method using poly(4-vinylphenol-co-methyl methacrylate) (PVP-co-PMMA, SigmaeAldrich) [19]. A number of samples were synthesized using raw materials with various
compositions. The typical synthesis procedure to obtain a house-ofcards nanosheet sample with high BET area was as follows: PVP-coPMMA (2.16 g) was dissolved in dimethylformamide (150 mL, DMF,
SigmaeAldrich, 99.8%) under magnetic stirring in a round bottom
ﬂask. Titanium (IV) chloride (3.03 mL, SigmaeAldrich, 99.9%) was
added dropwise to the solution and reﬂuxed at 60  C for 12 h under
continuous stirring. After the mixture was cooled to room temperature, distilled water (2.96 mL) and triethylamine (19.1 mL, TEA,
SigmaeAldrich, 99%) were added dropwise to the mixture

solution in an ice bath. The solution was subsequently heated for
12 h under stirring at 60  C. The resultant gel composition was 1
TiCl4: 0.33 PVP-co-PMMA: 6H2O: 5 TEA in molar ratio. Solvothermal synthesis was conducted in an oil bath at 150  C for 2 d
under reﬂux with vigorous stirring. The yellow precipitate was
collected by ﬁltration, washed with ethanol, and dried in a
convention oven for 6 h at 60  C. The sample was calcined under a
diluted ozone ﬂow (with N2, 50% v/v) for 6 h at 200  C. The ozone
was generated from oxygen in the lab-scale ozone generator (LABII, Ozonetech).
Bulk anatase TiO2 (Titanium oxide, anatase >99.8% trace metals
basis) and anatase TiO2 nanopowder (Titanium oxide, anatase
<25 nm particle size, 99.7% trace metal basis) were purchased from
Sigma Aldrich. The sample was calcined under ambient atmosphere
at 200  C before characterization and catalytic measurements, and
used as a reference.
2.2. Characterization of titanium oxide nanosheets
Powder X-ray diffraction (XRD) patterns were obtained with a
Rigaku Multiﬂex diffractometer using Cu Ka radiation
(l ¼ 0.1541 nm) at 30 kV and 40 mA (1.2 kW). The XRD scanning
was performed under ambient conditions at steps of 0.02, with an
accumulation time of 4 s. Raman measurement was performed at
room temperature using a high resolution dispersive Raman microscope (ARAMIS) with the laser excitation at 515.5 nm, and
10 mW power. Scans were taken over a range of 100e800 cm1.
High-resolution TEM (HR-TEM) images were taken by using a
Titan G2 ETEM with an accelerating voltage of 80 kV. For TEM
imaging, powder samples were suspended in acetone by ultrasonication. A few drops of the solution were placed onto a holey
carbon ﬁlm-coated 200 mesh copper grid. The speciﬁc surface
area, pore volume, and pore size distribution were analyzed with
argon adsorption-desorption isotherms, which were measured at
87 K with a Micromeritics ASAP 2020 volumetric adsorption
analyzer. Before the adsorption measurements, all samples were
outgassed under a vacuum for 6 h at 200  C. The speciﬁc surface
area was calculated from the adsorption branch in the region of P/
P0 between 0.05 and 0.30 using the BET equation. The non-local
density functional theory (DFT) method was applied for estimating pore size distributions using the argon adsorption in
model slit-shaped pores. X-ray photoelectron spectroscopy (XPS)
measurements were taken in an ultrahigh vacuum using a VG
Sigma Probe. The X-ray beam was generated at 6.4 kW with an Mg
Ka source.
All solid-state NMR spectra were obtained at room temperature
using MAS. 1H NMR spectra were measured by employing a singlepulse sequence with a pulse length of 2.5 ms, a repetition delay of 5 s
and a spinning rate of 10 kHz. Before the 1H NMR measurement, the
samples were outgassed at 200  C and transferred to an NMR
sample rotor with a gastight cap in a glove box to avoid moisture
adsorption. For the quantitative analysis of surface protons, a unilamellar MFI zeolite nanosheet sample (Si/Al ¼ ∞) with known
amount of terminal SieOH groups was provided as an external
reference [28]. 31P NMR spectroscopic measurements were conducted from the trimethylphosphine (TMP, SigmaeAldrich, 97%)
adsorbed TiO2 nanosheets. Prior to the measurement of 31P NMR
spectra, the sample was outgassed at 200  C and transferred into a
Pyrex reactor. TMP was introduced into the sample at room temperature over the vacuum rig. The resulting material was left to
equilibrate for 2 h, and then the physisorbed TMP molecules were
removed by evacuation at room temperature for 1 h. After evacuation, the sample was transferred to an NMR sample rotor and
closed with a gastight cap in a glove box. A single-pulse sequence
with a pulse length of 2 ms and a relaxation time of 5 s was used at a
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spinning rate of 10 kHz. The NMR peaks were deconvoluted using
Lorentzian distributions.
2.3. Acid catalytic reaction
Acid catalytic functions of the TiO2 nanosheets were investigated through FC alkylation reactions using two different alkylating
agents: benzyl alcohol and benzyl chloride. Prior to the catalytic
reactions, all catalysts were evacuated at 200  C for 4 h to remove
physisorbed water molecules. In a reaction using benzyl chloride,
50 mg of catalyst was added to 5.3 mL of toluene (5.3 mL) and
benzyl chloride (0.575 mL). In a reaction using benzyl alcohol,
50 mg of catalyst was added to a mixture of benzene (17.5 mL) and
benzyl alcohol (0.075 mL). All procedures were conducted in a
glove box to prevent moisture absorption. The reactions using
toluene and benzene were carried out at 60 and 80  C, respectively,
for 18 h under a nitrogen atmosphere. Small aliquots of the reaction
mixture were periodically taken and ﬁltered before analysis. The
collected samples were analyzed using gas chromatography
equipped with a HP-1 column (Agilent) and a ﬂame ionization
detector.

Fig. 2. Morphological phase diagram for titanium oxide materials with various
amounts of TEA and H2O.

3. Results and discussion

Titanium oxide samples were synthesized from various molar
ratios of 1 TiCl4: 0.33 PVP-co-PMMA: x H2O: y TEA, where x and y
were varied over 1  x  20 and 0  y  7. The synthesized samples
were ﬁrst characterized by XRD and TEM without calcination. The
result indicated that the titanium oxide materials were amorphous
or crystalline, depending on the synthesis compositions. Crystalline
products exhibited two types of distinct morphology: nanosponges
(composed of nanocrystals 3 nm or thicker, Fig. 1a) [29] and
nanosheets (about 1 nm thick, Fig. 1b). A morphological phase diagram of the titanium oxide nanostructures (Fig. 2) illustrates that
the nanosheets were formed within a very narrow compositional
range of 3  H2O/Ti  6 and 5  TEA/Ti  6 (highlighted as a dashed
rectangle in Fig. 2). Within this range, the nanosheets could be

synthesized with high crystallinity, purity, and reproducibility. A
comparison of the present phase domain for high-purity nanosheets with the synthetic conditions reported by Jo et al. [19] in
Fig. 2 (ﬁlled circle, TEA/Ti ¼ 4.0 and H2O/Ti ¼ 3.0) showed only
small variations in the synthesis compositions. Despite this small
difference, the synthesis condition of Jo et al. gave a mixture of
nanosheets and nanosponges. Based on rigorous searches for
proper synthesis conditions, we selected the composition of TEA/
Ti ¼ 5.0 and H2O/Ti ¼ 6.0 (ﬁlled rectangle in Fig. 2) as a representative synthesis condition for titanium oxide nanosheets. The
nanosheets synthesized at the composition were characterized as
synthesized, and also after calcination with ozone.
Powder XRD patterns of the as-synthesized and ozone-calcined
nanosheets are presented in Fig. 3. The XRD patterns exhibited no
signiﬁcant differences before and after calcination, indicating that

Fig. 1. TEM images of titanium oxide (a) nanosponge and (b) nanosheets.

Fig. 3. XRD patterns of as-synthesized and calcined titanium oxides. Standard JCPDS
diffraction pattern for rutile TiO2, anatase TiO2, and bititanates are represented for
reference.

3.1. Synthesis and structure determination
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the nanosheets did not change markedly in thickness during the
calcination process (200  C with ozone). Three broad diffraction
peaks appeared at the 2-theta positions of 26.4 , 48.9 , and 63.3 .
These XRD peaks were compared with the JCPDS patterns for
anatase, rutile TiO2, and bititanates (Fig. 3). Among the compared
references, the rutile structure could be ruled out easily whereas
the 48.9 -reﬂection was completely missing. The other reference
compounds (anatase and bititanates) were tentatively considered
as a possible structure for the nanosheets in this section. This was
because both reference structures had intense reﬂections near
26.4 and 48.9 . Bulk crystalline anatase and bititanates are supposed to exhibit other resolved low-intensity peaks. In the case of
two dimensional nanosheets, however, some of the XRD peaks
could decrease in intensity due to the extremely small crystal sizes
and the curved-sheet crystal morphologies as shown in Fig. 1b. The
peak position could also shift due to the anisotropic contraction.
Thus, power XRD alone could not determine the crystal structure
without ambiguity.
As shown in Fig. 4, both the calcined and as-synthesized
nanosheet samples exhibited identical Raman spectra with peaks
at 149, 399, 517, and 638 cm1. The observed peak positions are
compared with vibrational modes in the anatase TiO2 structure
(141, 394, 516, and 637 cm1) [30] and the 2-dimensional structure
of bititanates (275, 381, 441 and 70 cm1) [31] in Fig. 4. This
comparison indicated that the synthesized nanosheet did not have
the bititanates structure. The Raman spectrum peaks of the nanosheets were much closer to those for bulk crystalline anatase TiO2.
There was a small difference in the Raman peak positions between
the synthesized nanosheets and bulk anatase TiO2. Such a small
peak shift is known to occur due to the phonon conﬁnement and
non-stoichiometry effects when crystal sizes decrease from bulk to
a nanoscale. By the combined characterization using Raman spectroscopy and XRD, we concluded that the obtained nanosheets
were constructed with an anatase TiO2 crystal structure. Accordingly, the observed four Raman peaks in Fig. 4 can be assigned to
the symmetric stretching vibration (Eg), symmetric bending vibration (B1g), and antisymmetric bending vibration (A1g) of
OeTieO bonding.
The structure of the TiO2 nanosheets was further analyzed by
HR-TEM. Fig. 5a shows a representative TEM image obtained with

Fig. 4. Raman spectra of as-synthesized and ozone-calcined titanium oxide. Representative Raman scatterings of anatase TiO2 and bititanates are provided for reference.

the electron beam perpendicular to the wide surface of the nanosheet. The top-view TEM image displays two different lattice
fringes with d-spacings of 0.35 nm and 0.48 nm, respectively. The
angle between the two lattices was 70 . The d-spacings were very
similar to those of the (101) (d101 ¼ 0.345 nm) and (002)
(d002 ¼ 0.478 nm) crystal lattices with an included angle (68.7 ) on
the (010) plane of anatase TiO2. Fig. 5b shows a representative TEM
image obtained with the electron beam parallel to the wide surface
of the nanosheet. The side-view TEM image shows lattice fringes, in
which the d-spacings (0.35 nm and 0.38 nm) are close to the (011)
(d011 ¼ 0.345 nm) and (010) (d010 ¼ 0.370 nm) crystal lattices of
anatase TiO2. Thus, both the top- and side-view TEM analyses
indicate that the anatase nanosheets had the (010) plane as the
dominant facets. The thickness of the nanosheet was 0.75 nm, according to the measurement in the TEM images. The thickness
corresponded to two unit cells along the crystal b-axis. A structural
model of the TiO2 nanosheet is given in Fig. 5c and d.
3.2. Argon adsorption, UV/vis and XPS analysis
The argon adsorption-desorption isotherm of the calcined TiO2
nanosheets at 87 K is presented in Fig. 6. The isotherm is of the type
IV, which exhibits a gradual increase of adsorption with a hysteresis
above the relative pressure range of P/P0 ¼ 0.5. The adsorption
branch of the isotherm was used to calculate the BET speciﬁc surface area. The TiO2 nanosheets exhibited much higher surface area
(420 m2 g1) and larger pore volume (0.24 cm3 g1), as compared
with bulk TiO2 anatase (10 m2 g1, 0.02 cm3 g1) and the TiO2
nanosheets previously reported by Jo et al. (350 m2 g1,
0.21 cm3 g1) [19]. To the best of our knowledge, this is the highest
value of BET area reported so far as for anatase TiO2. However, the
pore volume of the TiO2 nanosheets was rather small. The high BET
area with a small pore volume indicated that the nanosheets could
be assembled with a narrow space between neighboring nanosheets, probably not with a fully house-of-card type of structure.
For further elucidation of the porous structure, the pore size distribution was estimated using the NLDFT method for argon
adsorption in model slit-shaped pores. The distribution of the
mesopore diameters obtained in this manner (inset of Fig. 6)
exhibited a sharp peak at 1.3 nm, but the distribution was widely
extended over 8 nm. Such distribution of pore diameters indicated
that quite a few TiO2 nanosheets could be parallel stacked retaining
about 1.3-nm pores between adjacent nanosheets, while others
were more loosely and randomly assembled (TEM images in
Fig. S1).
In Fig. 7a and b, XPS spectra of the 200  C ozone-calcined TiO2
nanosheets are compared with the spectra of bulk anatase TiO2
sample. Both samples exhibited three peaks which were respectively positioned at 458.3 eV (Ti 2p3/2), 464.8 eV (Ti 2p1/2) and
530.6 eV (O 1s). Both XPS spectra are very similar, except for the
decreased peak intensities and increased peak widths in the case of
nanosheets. The broadening of the Ti 2p and O 1s peaks can be
interpreted as a result of increasing amounts of Tinþ (n < 4) and O
oxidation states in nanosheets as compared to the bulk counterpart. Similar phenomena have often been observed for anatase
nanoparticles and nanowires, and the peak changes are attributed
to a large portion of surfaces being terminated by coordinatively
unsaturated Ti and O atoms [32,33].
Fig. 8 shows UV/vis absorbance spectra of the TiO2 nanosheets
and their bulk counterpart. Each spectrum was obtained in a diffuse
reﬂectance mode, and then converted to absorbance. The spectrum
of nanosheets showed a signiﬁcant blue-shift compared to the
spectrum of bulk crystal, representing a higher band gap in the
nanosheets. The band gap was estimated from a Tauc plot, that is,
½FðR∞ Þhv2 vs hv, using the modiﬁed KubelkaeMunk equation [34].
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Fig. 5. HR-TEM images (a, b) and structural models (c, d) of the obtained anatase TiO2 nanosheets. The viewing directions are [010] and [100] in (a, c) and (b, d), respectively.

Fig. 6. Argon adsorption and desorption isotherms for calcined TiO2 nanosheets and
bulk TiO2 with pore size distribution.

Fig. 8. UV-vis absorbance spectra for calcined TiO2 nanosheets and bulk TiO2 with
Tauc plot using KubelkaeMunk transformation.

Here FðR∞ Þ is the absorption coefﬁcient, and hv is the absorption
energy. As shown in the inset of Fig. 8, the band gap for nanosheets
was obtained as 3.37 eV from the linear extrapolation of the Tauc
plot. The band gap for bulk crystal was 3.22 eV. The higher band gap
for the nanosheets can be explained by the quantum size effect
originating from the narrow thickness of the nanosheets [35].

3.3. NMR analysis
1

Fig. 7. (a) Ti 2p and (b) O 1s XPS spectra of calcined TiO2 nanosheets and bulk TiO2.

H NMR spectroscopic analysis was performed to elucidate
acidic properties of TiO2 (Fig. 9a). The bulk anatase TiO2 exhibited
only a single peak with the chemical shift of 2.5 ppm. The 2.5-ppm
peak can be assigned to the H atom in terminal TieOH groups,
according to a previous study by Haukka et al. [36]. Compared with
the bulk anatase TiO2 with a single 1H NMR peak, the TiO2 nanosheets exhibited two additional 1H NMR peaks with chemical shifts
of 6.1 and 7.7 ppm. The downﬁeld shifts of these peaks from 2.5ppm indicated that the corresponding H atoms would be more
acidic than H atoms of the terminal TieOH groups. We assigned
these 1H NMR peaks to TieOeHþeTi groups that would act as
€ nsted acid sites. The concentration of H atoms corresponding to
Bro
each 1H NMR peak could be calculated from the NMR peak intensities, using a sample of 2.5-nm thick MFI zeolite nanosheets
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€nsted acid sites have been charanatase TiO2. In recent years, Bro
acterized in protonated titanate nanotubes [40]. In the case of the
ﬂat titanate nanosheets, the surface protons were reported to
€nsted acid
exhibit very low acid strengths. The strength of the Bro
was reported to increase when the titanate sheets were rolled.
€nsted acidity of our anatase nanosheets might be
Similarly, the Bro
related to the surface curvature (see Figs. 1b and 5b). However, as
yet, we have no evidence to support this hypothesis.
3.4. Acid catalytic activity

Fig. 9. (a) 1H MAS NMR spectra of calcined TiO2 nanosheets and bulk TiO2. (b) 31P MAS
NMR spectrum of TMP adsorbed on calcined TiO2 nanosheets.

with a known amount of terminal SieOH groups as an external
reference (Fig. S2). According to the calculation, the TiO2 nanosheets possessed 2.34 mmol of TieOH groups per gram, with
€ nsted
0.78 mmol of TieOeHþeTi groups. The concentration of Bro
acid sites was corresponding to 15.6% of surface Ti atoms on the
nanosheets surface (see the calculation in SI). Compared with the
nanosheets, bulk TiO2 exhibited only 0.52 mmol of TieOH per
gram.
The acidic properties of the TiO2 nanosheets were further
investigated with a 31P NMR technique using trimethylphosphine
(TMP) as a basic probe molecule. In this methodology, the base
€nsted and Lewis acid sites in
molecules can be adsorbed on both Bro
a solid acid catalyst. Different binding afﬁnities between the
€ nsted and Lewis acid sites are known to result in distinguishable
Bro
differences in the 31P NMR chemical shifts. These characteristics of
the 31P NMR method enable quantitative analysis of acid sites in
solid acid catalysts. The 31P NMR technique using the chemical
shifts of organic phosphines and phosphine oxides was developed
by Lunsford et al. [37]. The 31P NMR technique turned out to be very
€ nsted acid sites in zeolite
effective for the characterization of Bro
nanosheets in recent years [38].
The 31P NMR spectrum obtained from the present TiO2 nanosheets after the adsorption of TMP (Fig. 9b) exhibited two peaks
with chemical shifts of 2.9 and 24.1 ppm. The relatively lowﬁeld peak at 2.9 ppm could be assigned to a [(CH3)3PeH]þ complex that would arise from the chemisorbed TMP molecules on
€ nsted acid sites. The other peak at 24.1 ppm was attributed to
Bro
the chemisorption of TMP on Lewis acid sites.36 Based on these
assignments, the intensity of each NMR peak was used for quantitative analysis of the corresponding acid sites. The 31P NMR data
were combined with the aforementioned 1H NMR result, i.e.,
€ nsted acid sites. This calculation gave
0.78 mmol g1 of Bro
0.98 mmol g1 of Lewis acid sites. The concentration of Lewis acid
sites was accorded with 19.6% of surface Ti atoms in the nanosheets
(see SI). Such Lewis acid sites on anatase TiO2 crystal are known to
be due to the coordinatively unsaturated Ti atoms (5 or 4 coordi€nsted acid sites were so far known in
nated) [39]. However, no Bro

We investigated the acid catalytic functions of the TiO2 nanosheets using two separate FC alkylation reactions, which can
€nsted
distinguish between catalysis by either Lewis acids or by Bro
acids. The ﬁrst probe reaction was the benzylation of toluene with
benzyl chloride, which is known to be catalyzed by Lewis acid sites
on titanate nanotubes [40e42]. The reaction was performed in
liquid phase at 60  C, with a toluene-to-benzyl chloride molar ratio
of 12. Commercial bulk anatase TiO2 and anatase TiO2 nanopowder
(105 m2 g1, 0.22 cm3 g1, see Fig. S3 for N2 isotherm) were tested
for comparison. Fig. 10a shows the conversion of benzyl chloride as
a function of reaction time. Bulk TiO2 and nanopowder sample
exhibited negligible (<1%) conversions of benzyl chloride during
the entire reaction period of 18 h TiO2 nanopowder also exhibited
no detectable conversion in spite of its increased surface area. On
the other hand, the nanosheet sample exhibited the conversion of
80% in 6 h. The selectivity for benzyl toluene was more than 90%
(Fig. S4). A high turnover frequency (TOF) of 79.6 h1 was obtained
from the benzyl chloride conversion during the initial reaction
period in less than 20 min. In this calculation, the total number of
catalytic active sites was assumed to be the same as the Lewis acid
concentration which was determined by the aforementioned 31P
NMR method. Thus, the catalytic activity of the nanosheets seemed
to be related to the coordinatively unsaturated Ti sites on the
surface.
The second probe reaction was the benzylation of benzene with
€nsted
benzyl alcohol. This reaction is known to be catalyzed by Bro
acidity [41,42]. The reaction measurement was performed in liquid
phase at 80  C, with a benzene-to-benzyl alcohol molar ratio of 270.
The conversion of benzyl alcohol displayed a similar trend to the
above reaction of toluene with benzyl chloride (Fig. 10b). The
conversion reached 95% in 3 h in the case of the TiO2 nanosheets. A
TOF of 18.4 h1 was calculated from the benzyl hydroxide

Fig. 10. Conversion of (a) benzyl chloride and (b) benzyl alcohol plotted as a function
of reaction time for TiO2 nanosheets, nanopowder, and bulk TiO2.
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€ nsted acid sites, which was
conversion and the number of Bro
determined by 1H NMR. In the cases of both bulk TiO2 and nanopowder, however, no signiﬁcant conversions were detectable even
€ nsted acidity of nanosheets
after 18 h. As mentioned above, the Bro
is due to their unique curved crystal morphology. Hence, we
attribute the reaction of benzene with benzyl alcohol to the
€nsted acid sites located on the surface of the TiO2 nanosheets.
Bro
4. Conclusions
In this work, we obtained a synthesis compositional diagram for
0.75-nm thick TiO2 nanosheets exhibiting high crystallinity. The
TiO2 nanosheets could be obtained with high reproducibility using
the diagram, despite the narrow compositional range. Structural
analyses using XRD, TEM, and Raman spectroscopy revealed that
the nanosheets had an anatase crystal structure with a thickness of
only two unit cells along the b-axis. The framework of the nanosheets was well maintained even after the removal of structuredirecting organic agent by calcination. The calcined nanosheets
exhibited notable catalytic activity in FriedeleCrafts alkylation reactions of aromatic compounds, indicating the existence of both
€ nsted acid sites. The acid sites could be
Lewis acid and Bro
conﬁrmed by 31P NMR and 1H NMR spectroscopic characterization
methods (0.98 mmol g1 of Lewis acid, and 0.78 mmol g1 of
€nsted acid). We attributed the Lewis acid sites to coordinatively
Bro
unsaturated Ti atoms on the surface. However, the origin of the
€nsted acidity still remains unclear.
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