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Green synthesis of shape-defi ned anatase TiO2 nanocrystals 

wholly exposed with {001} and {100} facets

A novel green synthetic strategy is developed for synthesizing 

shape-defi ned anatase TiO2 nanocrystals with exposed 

high-energy facets using clay mineral as a morphology-controlling 

reagent, which opens up new opportunities for preparing other 

metal oxide crystals with well-defi ned facets.
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Anatase TiO2 nanocuboids wholly exposed with high-energy {001}

and {100} facets were successfully synthesized by a novel, environ-

mentally benign synthetic strategy using acid-delaminated vermi-

culite (DVMT) and tetramethylammonium hydroxide as synergistic

morphology-controlling reagents, where the DVMT layers act as

effective hard template selectively stabilizing the {001} facets of TiO2.

Titanium dioxide (TiO2), as one of the most promising semi-

conductor materials, has become a topic of intensive study due

to its important applications in a broad range of fields, such as

photocatalysis, dye-sensitive solar cells, photochromic devices

and gas sensing.1–4 The performance of TiO2 is not only

governed by its composition, crystal structure and morphology,

but also by its surface properties.5 In particular, some physico-

chemical properties, such as adsorption, reactivity and selectivity

etc., largely depend on the exposed crystal facets.6–10 In this

scenario, there has been a recent increase in interest in engineering

the morphology of TiO2 with specifically exposed crystal

facets.11–14 For anatase TiO2, theoretical studies indicate that

the order of the average surface energies is g {001} (0.90 J m�2) >
g {100} (0.53 J m�2) > g {101} (0.44 J m�2).5,15 Generally, facets

with high surface energies diminish rapidly during the crystal

growth process as a result of reducing the total surface energy of

crystals. Therefore, the most available anatase TiO2 crystals are

dominated by the thermodynamically stable {101} facets (more

than 94%, according to the Wulff construction15), rather than the

higher-energy ones such as {001} and {100}.15–17 Yang et al.

recently synthesized micrometre-sized anatase TiO2 single crystal-

lites with a large percentage of exposed {001} facets by using

fluorine to stabilize the {001} facets.12 Since then, tremendous

efforts have been made towards the synthesis of well-defined TiO2

crystals with exposed high-energy facets,11,13,18–27 where specific

capping reagents are needed to minimize the surface energy and

control the growth of TiO2 crystals. Typically, F-containing

species are often employed as the capping reagents to release

F� ions for stabilizing the {001} facets,9,28 which imposes serious

environmental problems.29 Therefore, it becomes increasingly

desirable to develop green synthetic methodology to prepare

anatase TiO2 nanocrystals with exposed high-energy facets,

leading to breakthroughs in the rational design of novel

materials for specific practical applications.

In this work, a novel synthetic route is developed that enables

the preparation of anatase TiO2 nanocrystals with both {001} and

{100} facets exposed; the {100} facet is relatively less studied,8 but

shows promising photoactivity as reported by Pan et al.13 The

synthesis represents a green approach as no fluorine-containing

reagents are involved. Briefly, titanium isopropoxide (TTIP) is

used as the TiO2 precursor, tetramethylammonium hydroxide

(Me4NOH) as a dual-functional reagent, both facilitating the

hydrolysis of TTIP and stabilizing the anatase polyanionic cores,

[TixOyHz�1]
� formed in the early stage of crystal growth,30 and

low cost acid-delaminated vermiculite (DVMT) with surface

Si–OH groups (vermiculite, a natural phyllosilicate clay mineral31)

as the hard template controlling the morphology and growth of

the crystal facets (see Fig. S1 and S2, ESIw). Combined optimiza-

tion of such a reaction system leads to the formation of well-

faceted anatase TiO2 nanocrystals, for which the morphology and

size of TiO2 crystals can be controlled simply by adjusting the

ratio of DVMT to TTIP in the hydrothermal reaction system

(experimental details are given in the ESIw). This is the first report
of using a natural clay mineral for the controlled synthesis of well

shape-defined TiO2 crystals with exposed high-energy facets.

Fig. 1a shows the X-ray diffraction (XRD) pattern of the TiO2

crystals synthesized using a ratio of 40 g DVMT per molar TTIP

(40 gmol�1, corresponding to the nominal weight ratio of DVMT

to TiO2: 0.5), where the peaks match those of anatase TiO2

(JCPDS No. 21-1272). The phase purity and chemical composi-

tion of Ti and O in the product were further confirmed by

energy-dispersive X-ray spectroscopy (EDS) (Fig. S3, ESIw).
A high-magnification scanning electron microscopy (SEM)

image is presented in Fig. 1b, which clearly shows the well-defined

morphology of tetragonal nanocuboids possessing rectangular

side facets and square top/bottom facets. The selected-area

electron diffraction (SAED) pattern (Fig. 1c, inset) taken from

the part as marked in Fig. 1c confirms the single-crystal structure.

The SAED pattern can be indexed into diffraction spots of the
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[010] zone axis. The high-resolution transmission electron micro-

scopy (HRTEM) image (Fig. 1d) shows four sets of lattice fringes

with spacings of 0.35, 0.35, 0.48 and 0.38 nm, which can be

indexed to (101), (101), (002), and (100) planes of the anatase

phase, respectively. The angles indicated in the corresponding

fast-Fourier transform (FFT) image (Fig. 1d, inset) are B68.31

and B901, which are identical to the theoretical values obtained

for the angles between the {101} and {001} facets and between the

{100} and {001} facets, respectively.5,12 The magnified HRTEM

image (Fig. S4a, ESIw) taken from the central area of the top facet

of an individual nanocuboid (bottom left inset in Fig. S4a, ESIw)
shows two sets of lattices with equal spacings of 0.19 nm and an

angle of 901, which can be indexed to the (200) and (020) crystal

planes. The corresponding FFT pattern (top right inset in Fig. S4a,

ESIw) with sharp diffraction spots can be indexed to diffraction

spots of the [001] zone.12,23 Considering the symmetries of

anatase TiO2, the nanocuboids can be assigned as [001]-axis

elongated single crystals with two end facets of {001} in a square

shape and four side facets of {100} of rectangular shape.25 Based

on the results described above, the global morphology of a free-

standing TiO2 nanocuboid is schematically illustrated in Fig. S4b

(ESIw), wholly exposed with two {001} and four {100} facets.

Clearly, well-faceted anatase TiO2 nanocuboids with wholly

exposed {001} and {100} facets were successfully synthesized in

the presence of DVMT layers. In order to understand the effect

of DVMT on the morphology control of anatase TiO2 nano-

crystals, a series of experiments were carried out by employing

different amounts of DVMT. When DVMT was absent, two

major types of particle morphologies, bipyramidal and rod-like,

coexisting with a small amount of irregular aggregates were

obtained (Fig. 2a and Fig. S5a, ESIw). HRTEM analysis

indicates that the exposed facets of the bipyramidal nanocrystals

are primarily {101} facets (Fig. S5b, ESIw), while the exposed

facets of the rod-like nanocrystals are dominated by both {100}

and {101} facets (Fig. S5c, ESIw), in agreement with what

was observed previously for anatase nanocrystallites.32–34 The

formation of exposed {100} facets might be attributed to the

effect of Me4NOH as previously suggested.30,35–36

When a small amount of DVMT was added to the reaction

system, elongated truncated tetragonal bipyramid nanorods

(length B150 nm; width B35 nm) were obtained, and the

morphology became more uniform (Fig. 2b and Fig. S6a, ESIw).
On the basis of these observations, along with the structural

analysis (Fig. S6b, ESIw) as well as the crystallographic symmetries

of anatase, it is concluded that the nanorods are also single crystals

with a large percentage of {100} facets at the sides and {001} facets

at both ends, concurring with a small amount of {101} facets also

exposed.13,26 This indicates that the DVMT layers can stabilize the

{001} facets of anatase crystals and homogeneously control the

shape during growth. In other words, the solid DVMT layers

likely function as shape-persistent ‘‘hard templates’’, helping grow

the thermodynamically unfavorable crystal facets of anatase TiO2.

Such a templating function of DVMT layers was further verified

by the formation of uniform TiO2 nanocuboids with a narrower

size distribution (length B85 nm; edge width B37 nm) as

indicated by SEM analysis (Fig. 2c). When the DVMT to TTIP

ratio was increased to 80 g mol�1, uniform cube-like particles of

anatase TiO2 were obtained (Fig. 2d and Fig. S7a, ESIw), with
comparable height (ca. 40 nm) and width (ca. 45 nm). The

HRTEM image (Fig. S7b, ESIw) shows clear crystalline lattice

fringes and the corresponding FFT pattern confirms that the

particles are [001]-compressed cuboid anatase single crystals

with four {100} side facets and two {001} top/bottom facets.

The above observations suggest that, with increasing DVMT

content, the ‘‘hard template’’ effects are gradually enhanced,

leading to the transformation from elongated nanorods to cube-

like anatase TiO2 particles (Fig. 3a), corresponding to the appear-

ance of a larger percentage of {001} facets of anatase TiO2

accompanied by the disappearance of {101} facets. Specifically,

the DVMT layers can stabilize the {001} facets of anatase crystals

rather than the {101} facets, which is entirely different from the

Fig. 1 (a) XRD pattern and (b) high-magnification SEM image of

TiO2 nanocuboids obtained in the system with a DVMT to TTIP ratio

of 40 g mol�1. (c) TEM image of the product, and SAED pattern

recorded along the [010] orientation of a representative single crystal

indicated by the rectangle (inset). (d) HRTEM image taken from the

edge of the single crystal.

Fig. 2 SEM images of TiO2 nanoparticles obtained in the system with

different ratios of DVMT to TTIP: (a) 0, (b) 20, (c) 40 and (d) 80 g mol�1.
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previous strategy in which F� ions interact strongly with {001}

facets to reduce the surface energy leading to the preferential

formation of these facets.12,18,25,28 In the present system, the

selective interaction of the DVMT layers with the {001} facets is

understandable when comparing the surface structures of the

(001) and (101) planes of anatase TiO2. The exposed external

surfaces of the DVMT layers were covered by Si–OH groups

(where the O are apical oxygen atoms Oa of the SiO4 tetrahedral

sheet), and the distance between the bridging Oa atoms within the

hexagonal arrangement of DVMT is 0.53 nm (Fig. 3b), which is

equal to that of the bridging O2c atoms within the relatively flat

(001) plane of TiO2 (Fig. 3c). In contrast, the (101) plane of TiO2

is toothed (Fig. S8, ESIw), and there are no bridging O2c atoms

with equal distance to that of the Oa atoms of the DVMT layer.

In addition, the arrangement of O2c atoms in one (001) plane of

anatase TiO2 is similar to that of Oa atoms of the DVMT layer

(Fig. S9, ESIw). Accordingly, the hydrogen-bonding interaction

of O2c from TiO2 and H–Oa from DVMT could allow the

DVMT layers to selectively stabilize the {001} facets. Meanwhile,

heterogeneous nucleation can occur on the surface of DVMT

layers in the presence of a larger amount of DVMT, enhancing

the matching of the (001) planes of anatase TiO2 with the DVMT

layers, thereby retarding crystal growth along the c-axis.

In summary, a novel and environmentally benign synthetic

strategy has been developed for the synthesis of anatase TiO2

nanocrystals with wholly exposed {001} and {100} facets using

low cost DVMT and Me4NOH as synergistic morphology-

controlling reagents, and a plausible mechanism for this process

is formulated on the basis of the morphological development

with the ratio of DVMT to TTIP in the reaction system.

Systematic investigations suggest that the DVMT layers play a

critical role in selectively stabilizing the {001} facets of anatase

TiO2. The finding provides a facile and green approach towards

the fabrication of shape-defined TiO2 nanocrystals with high-

energy facets preferentially exposed, and opens up new oppor-

tunities for preparing other metal oxide crystals that are of strong

catalytic or photocatalytic interest. Further study into the growth

mechanism of shape-defined TiO2 single crystals in the presence

of DVMT layers is currently ongoing in our laboratory.
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Fig. 3 (a) Relationship between the percentage of high-energy facets

and the ratio of DVMT/TTIP (insets are schematic models of anatase

TiO2 for the different ratios of DVMT/TTIP). (b) The DVMT layer

surface and O atoms represented by red spheres (Oa and Ob refer to

apical and basal oxygen atoms, respectively). (c) (001) Surface of

anatase TiO2, and Ti and O atoms are represented by grey and red

spheres, respectively (O2c refers to two fold O).
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