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N
anostructure titanium dioxide
(TiO2), as a promising photocata-
lyst in photodegradations of most

pollutants in water and air, has been exten-
sively studied, mainly due to its superior
ability of destruction of organic
contaminants.1,2 TiO2 occurs mainly in three
different polymorphs, which are anatase,
rutile, and brookite, and it was reported that
the phase composition of TiO2 has effect
on its photocatalytic property. Although the
photocatalytic activity of rutile is still indis-
tinct, several groups found that rutile phase
shows higher photocatalytic activity than
anatase, and a lot of experimental evidence
supported that the existence of a synergis-
tic effect between the anatase and rutile
phases is beneficial for reducing the recom-
bination of photogenerated electrons and
holes, which usually results in an enhance-
ment of photocatalytic activity.3�7 How-
ever, it is known that anatase modification
of TiO2 can be obtained first in all solution
synthesis pathways and it is even believed
that anatase with particle size of 10�20 nm
is a thermodynamically stable modification
of TiO2, when considering the contribution
of surface energy.8�10 More recently, rutile
nanostructures have usually been synthe-
sized via various solution routes. For in-
stance, Aruna and co-workers have synthe-
sized rutile nanocrystals from titanium
isopropoxide in the presence of nitric acid
via hydrothermal method. Wang et al. have
presented a method to fabricate pure rutile
nanocrystals by the thermohydrolysis of
TiCl4 in HCl-alcohol aqueous solution at
40�90 °C. Yang et al. have prepared rod-
like and star-like rutile nanocrystals from
TiCl4/HCl solution by a sonochemical
method.11�18 However, in spite of the
above successes, the ability to control the
crystal structure and size of TiO2 is still diffi-

cult in identifying suitable preparation pro-
cesses. It should be mentioned that the for-
mation of rutile is at the expense of anatase
appeared in the early stage.19 With regard
to anatase-rutile composites, the synthesis
of anatase-rich composite may be
facile,3,20�23 whereas the ability to control
the phase ratio in rutile wealthy range still
remains a challenge because the products
usually grow into pure rutile phase rapidly.

Ionic liquids (ILs) have been widely stud-
ied as a new kind of reaction media owing
to their unique properties such as extremely
low volatility, wide liquid temperature
range, good thermal stability, good dissolv-
ing ability, designable structures, high ionic
conductivity, and wide electrochemical win-
dow.24 Very recently, ILs have been used as
solvents, reactants, or templates for the syn-
thesis of inorganic nanomaterials with
novel morphologies and improved
properties.25�27 As to TiO2, the synthesis
of highly crystalline anatase nanoparticles
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ABSTRACT Pure rutile and rutile-anatase composite TiO2 nanoparticles have been successfully synthesized

via an ionic liquid-assisted method by hydrolysis of titanium tetrachloride in hydrochloric acid. It is found that the

phase composition (ratio of rutile to anatase) of the products increases with increasing the content of ionic liquid

[Emim]Br (1-ethyl-3-methyl-imidazolium bromide), therefore, TiO2 nanoparticles with controlled phase

compositions can be obtained in high yields. The structural and morphological characterizations of the resulting

samples are investigated by means of X-ray powder diffraction (XRD), transmission electron microscopy (TEM),

high-resolution TEM (HRTEM), and Brunauer�Emmett�Teller (BET) analysis, and the results indicate that the

diameters of the anatase nanoparticles are in the range of 4�6 nm and the well-defined rutile nanorods are about

3�6 nm in diameter and 20�60 nm in length. More importantly, we find that the [Emim]� ions can serve as

capping agents based on their strong interactions with the (110) facets of rutile, and the [Emim]Br favors the

formation of the rutile structure with a rod-like shape due to the mutual �-stacking interactions of imidazole

rings. We believe that this method can be developed into a general way to synthesize other metal oxide

nanoparticles on a large scale.

KEYWORDS: nanostructures · rutile · rutile-anatase nanocomposite · ionic
liquid · phase control
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in ionic liquid media have been developed by some

groups.28�31 For example, anatase nanocrystals with

uniform size and shape have been synthesized via a

microwave-assisted route in IL. In addition, Kaper and

co-workers have fabricated 148 � 3.8 nm rutile nano-

rods by an IL-assisted sol�gel reaction.32 However,

there is no report on the phase controlled synthesis of

rutile-rich TiO2 in IL, and it is still a challenge to explore

a facile one-step route for the fabrication of high-quality

rutile nanomaterials in this new kind of reaction

medium.

ILs have already been proven to be an excellent me-

dia for the synthesis of inorganic materials. As a bur-

geoning field, clarifying the following two issues will be

very important for future research. The first issue is

how can the characteristics of ionic liquids, such as

hydrogen-bonding, ��� interaction, and molecular

cluster, be applied to synthesize inorganic materials?

The second issue is how can this novel synthesis tech-

nology be used to provide insight into potential synthe-

sis mechanisms for many other materials?

Herein, we report a facile ionic liquid-assisted syn-

thesis of pure rutile and rutile-anatase composite nano-

particles by hydrolysis of titanium tetrachloride in hy-

drochloric acid. The ionic liquid, [Emim]Br (1-ethyl-3-

methyl-imidazolium bromide), can serve as a capping

agent based on its strong interaction with the (110)

facet of rutile. More specifically, we demonstrate that

[Emim]Br favors the formation of rutile structure with a

rod-like shape due to the mutual �-stacking of imida-

zole rings. The ratios of rutile to anatase in the products

can be controlled and TiO2 nanoparticles with arbitrary

phase compositions can be obtained in high yields by

means of this simple method.

RESULTS AND DISCUSSION
Structural Characterization, Morphology, and BET Analysis of

TiO2 Nanoparticles. The experiment was conducted in a

water-[Emim]Br complex system containing hydrochlo-

ric acid and TiCl4 at 100 °C for 24 h. Hydrochloric acid

served as an acidic catalyst to control the hydrolysis

speed of titanium source and its concentration was set

to 6 mol · dm�3. The ratios of rutile to anatase in the

products could be controlled by changing the concen-

trations of [Emim]Br in the system. The detailed reaction

conditions were listed in Table 1.

As shown in Figure 1, the X-ray powder diffrac-

tion (XRD) patterns illustrate the crystalline phase

evolution of TiO2 synthesized in the presence of

[Emim]Br with different concentrations. In the ab-

sence of [Emim]Br, anatase with minor amounts of

brookite is formed. Brookite disappears with the ad-

dition of [Emim]Br and, instead, rutile appears. In-

creasing the concentration of [Emim]Br leads to fur-

ther growth of rutile phase, and the product (S-6) is

close to pure rutile structure in about 0.602

mol · dm�3 [Emim]Br. The Raman spectrum of S-6 ex-

hibits four absorption bands at 141, 247, 442, and

605 cm�1, which are in good agreement with the

characteristic mode of the rutile phase,33 therefore,

it further confirms the XRD result (see Figure S1 in

the Supporting Information). The relative phase per-

centages of TiO2 can be routinely appraised as a

function of XRD peak areas of different crystallo-

graphic forms (anatase and rutile), based on the fol-

lowing equations34

WA ) KAIA ⁄ (KAIA + IR)(KA ) 0.886)

WR ) IR ⁄ (KAIA + IR)

where WA and WR are the weight fraction of anatase

and rutile and IA and IR are obtained from the peak ar-

eas of anatase (101) and rutile (110) diffractions, respec-

tively. Accordingly, the phase contents of anatase and

TABLE 1. Preparation Conditions, Phase Contents, Crystalline Sizes, and BET Surface Areas of TiO2

sample [Emim]Br /mol · dm�3 anatase/% rutile/% crystalline size anatase/nm crystalline size rutile/nm SBET/m2 · g�1

S-0 0 92 6.0 127
S-1 0.110 72.8 27.2 5.2 5.5 157
S-2 0.218 64.7 35.3 4.8 5.4 172
S-3 0.314 55.1 44.9 4.3 5.4 186
S-4 0.408 32.9 67.1 4.8 5.8 169
S-5 0.541 8.8 91.2 3.6 5.7 165
S-6 0.602 0 100 5.8 152

Figure 1. XRD patterns of TiO2 synthesized with different con-
centrations of [Emim]Br. (S-0) 0; (S-1) 0.110; (S-2) 0.218; (S-3)
0.314; (S-4) 0.408; (S-5) 0.541; (S-6) 0.602 mol · dm�3. A, B, and
R represent anatase, brookite, and rutile, respectively.
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rutile in the products synthesized with different con-
tents of [Emim]Br are calculated and listed in Table 1.
It can be found from the results that the rutile phase
content almost linearly changes with the concentration
of [Emim]Br in the range of 0�0.602 mol · dm�3. These
results indicate that the rutile content can be controlled
by simply varying the concentration of [Emim]Br. More-
over, the average crystallize sizes of anatase and rutile
in the samples are calculated by employing
Debye�Scherrer formula based on the anatase (101)
and rutile (110) diffraction peaks, and the results are
tabulated in Table 1. We also estimate the surface ar-
eas (SBET) of the samples by BET method (shown in
Table 1). It is found that the SBET shows high value in
the range from 120 to 180 m2 · g�1, and the SBET in-
creases at the beginning but intends to decrease with
further increasing the rutile content. In addition, the re-
sults of C, H, N elemental analysis display that no
[Emim]Br obviously resides at the samples after wash-
ing with distilled water and anhydrous alcohol for sev-
eral times.

As confirmed by the XRD pattern of rutile phase,
the half-peak breadth of (110) reflection is distinctly
larger than that of (101) reflection, which suggests that
the rutile structure is oriented-growth. We investigate
the TEM images of the samples synthesized with differ-
ent contents of [Emim]Br. Figure S2a�d show the TEM
images of S-0, S-2, S-5, and S-6, respectively (see the

Supporting Information). S-0 mainly contains about

4�6 nm cube-like nanoparticles, whereas S-2 and S-5

consist of both rod-like and cube-like nanoparticles.

Well-defined rod-shaped nanoparticles in 3�6 nm di-

ameter range are found in S-6 and their lengths are in

the range of 20�60 nm. Moreover, the rutile structure

grows into the main phase and the rod-like nanoparti-

cles become the dominant component, which suggests

that the cube-like particles are anatase and the rod-

like ones are rutile. As shown in Figure 2a-c, the HR-

TEM images of samples S-0, S-5, and S-6 can further sub-

stantiate this suggestion. For rutile particles, (1�10)

and (1�20) planes can be determined by the approxi-

mate 72° interfacial angle and the d-spacing of 0.324

and 2 � 0.205 nm, respectively. The growing processes

have made the rutile (110) surface occupy a dominant

exposed plane (Figure 2a,b); moreover, the [001] direc-

tion, the preponderant growth direction, agrees with

the equilibrium shape of a crystal in the rutile

phase.35,36 Two kinds of two dimension lattice fringes

are observed in anatase particles, which agrees with the

truncated bipyramid shape (Figure 2c). The shape and

crystal planes of this bipyramid-shaped particle is simi-

lar to the equilibrium shape of a anatase crystal,28,29,35

whereas preponderant growth direction is not obvi-

ously observed.

Figure 2. (a�c) HRTEM images of three samples corresponding to S-5 (a), S-6 (b), and S-0 (c), respectively. The inset of (b) is
the corresponding fast Fourier transform (FFT) pattern, which takes along the [�110] zone axis.

Scheme 1. (a) Surface structure of rutile cleaved along the [110] direction and schematic illustration of rutile (110)-c(2�2)-
[Emim]� original cell, moreover, [Emim]� ions locate in the a�e sites, whereas [Emim]� units are omitted for clarity. The large
and small rectangles represent the original cell and rutile cell, respectively. (b) Schematic illustration of a projected view of
[Emim]� ions anchored onto rutile (110) plane to form tight coverage layer via the original cell.
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Effect of [Emim]Br on the Structure and Morphology of TiO2.
According to the results mentioned above, it is found

that the [Emim]Br play a critical role in the controlling

the crystal structure and morphology of TiO2 nanopar-

ticles. As demonstrated by Bahnemann et al.,37 which

because of surface acidic and basic properties, positive

charge can absorb on TiO2 surface when pH � 3.5, ad-

sorbing competition between H� and [Emim]� ions will

then be considered. Although H� ion presents higher

electrostatic effect and Lewis acidity, [Emim]� ion may

be have more preference for adsorbing on the TiO2 sur-

face, at least in the second half of the reaction process

as HCl and water gradually volatilizing form the system

at reaction temperature. Besides electrostatic interac-

tions, three other factors can be identified for the ad-

sorption of [Emim]� ion. The first factor makes a point

of a large steric hindrance of [Emim]� ion, which would

hinder the diffusion of H� ions toward the TiO2 sur-

face; the second one is based on the mutual �-stacking

interaction between aromatic rings; and the last influ-

encing factor is the hydrogen-bonding interaction ex-

isting in the O(rutile surface)�H�C([Emim]� rings), be-

cause the H atoms in C2 position of [Emim]� rings

present Lewis acidity.38

Some authors have reported that on TiO2 surfaces,

the possible adsorption configuration of anatase (101)
plane is very similar to that of rutile (110) plane.39 Con-
sequently, the fact that [Emim]Br favors the formation
of rutile structure may be due to the different structures
of anatase (101) and rutile (110) planes. The structure
of rutile (110) plane is believed to be very close to the
bulk truncated geometry and the most stable crystal
face.35,36 In this way, the (110) plane unit cell contains
one 2-fold coordinated bridging O atom above the
(110) truncated plane. The distances between bridging
O atoms along [001], [1�10] and [1�11] directions are
0.296, 0.650, and 0.714 nm, respectively. As shown in
Scheme 1a, if [Emim]� ions vertically adsorbed on the
(110) plane via a rutile(110)-c(2�2)-[Emim]� original
cell (Scheme 1a), the space between [Emim]� ions
along [001] direction is duplicate d001-spacing (0.592
nm). Fortunately, in various directions, the [Emim]� ions
are separated in accordance with the mutual �-stacking

distance (0.6�0.7 nm) between the aromatic rings.40,41

Consequently, we suggest that [Emim]� ions can be al-

lowed to anchor onto rutile (110) plane to form rela-

tively tight coverage layer (Scheme 1b). In comparison

with rutile (110) plane, anatase (101) plane is also the

most thermodynamically stable plane of anatase, how-

ever, this plane is toothed and the distance between

bridging O atoms is not in the space range of the mu-

tual �-stacking between aromatic rings. Therefore, it is

impossible for [Emim]� ions to perpendicularly adsorb

on the anatase (101) plane and construct a tight cover-

age layer. Among the usual crystal planes of anatase,

none of them is suitable for forming coverage layer by

this [Emim]� ion adsorbing model (see Figure S3 in the

Supporting Information). This discussion expounded

that rutile phase is the more favorable oriented growth

at a relatively high initial concentration of [Emim]Br.

In order to confirm the above discussions, two ex-

periments were carried out. First, the obtained pure

rutile (S-6) was added into the same synthetic condi-

tion, except that the concentration of HCl was selected

as 6 and 2 mol · dm�3, respectively (the details were de-

scribed in the Supporting Information). After adsorb-

ing, the samples were adjusted to FT-IR measurements.

The adsorption bands at 1571, 1618, and 1168 cm�1

(see Figure S4 in the Supporting Information) belong
to the imidazole ring skeleton stretching vibration;42,43

the adsorption bands at 3152 and 3099 cm�1 are as-
signed to the stretching vibration of C(2)-H in an imida-
zole ring, become round and weak, which can attribute
to the strong hydrogen bonding interaction formed be-
tween the C([Emim]�)�H-O(TiO2).44 Although, as com-
pared with 2 mol · dm�3 HCl, the adsorption bands of
hydrogen bonding for 6 mol · dm�3 HCl are weaker to
some extent, [Emim]� ions can adsorb on the TiO2 sur-
face and form hydrogen bonds between [Emim]� and
TiO2 surface.

In addition, if the explanations for the mechanism
of effect of [Emim]Br on the structure of TiO2 (shown
in Scheme 1) are reasonable, the structure-directing ef-
fect of ionic liquid on the rutile is closely related to its
ability to self-assemble in ordered structures. It has
been reported that the self-assembled ability of

Figure 3. (a) TEM image of rutile prepared from the medium with 0.1 mol · dm�3 [Bmim]Br. (b,c) TEM and HRTEM images of
rutile prepared from the medium with 0.05 mol · dm�3 [C16mim]Br.
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imidazole-based ionic liquid is affected by the length
of alkyl chain at the 1-position of its cation.45 In our ex-
periments, [Bmim]Br (1-butyl-3-methyl-imidazolium
bromide) and [C16mim]Br (1-hexadecyl-3-methyl-
imidazolium bromide) are also used to synthesize TiO2

nanoparticles. The XRD results indicate that in the two
synthetic systems, pure rutile can be obtained as the
concentration of [Bmim]Br and [C16mim]Br is reached
to 0.1 and 0.05 mol · dm�3, respectively (see Figure S5
in the Supporting Information). The morphologies of
the as-prepared two samples are investigated by TEM.
Figure 3 shows the typical TEM and HRTEM images of
the rutile synthesized in [Bmim]Br and [C16mim]Br. Fig-
ure 3a shows that the rutile prepared in [Bmim]Br con-
sisted of nanorods, whose diameters are about 6 nm
and lengths are more than 100 nm. Figure 3b and c are
the TEM and HRTEM images of the rutile synthesized
in the [C16mim]Br. It also can be found that the lengths
of the rutile nanorods are increased with the increas-
ing of the alkyl chain length (Figure 3b). Moreover, the
HRTEM image of a typical nanorods is shown in Figure
3c, from which one can see that the lattice spacing is
0.324 nm, corresponding to the (110) plane of rutile.
Therefore, the [001] direction is the preponderant
growth direction, which is consistent with the S-6.
Based on the above discussions, it can be speculated
that self-assembled ability of ionic liquids has promi-
nent influence on the structural orientation of rutile.
Therefore, the adsorption model (Scheme 1) can ratio-
nally explain the influence of ionic liquid on the struc-
ture and morphology of the product. In order to control
the phase compositions (ratio of rutile to anatase) of
the products, furthermore, considering that [Emim]Br
has good solubility in water and anhydrous ethanol and
can be easily washed form the products, we therefore
employed [Emim]Br in the synthetic system.

Possible Formation Mechanism of TiO2 Nanoparticles with
Controlled Phase Composition. It has been reported that ana-
tase formed in early stage can be converted into
rutile.19 To investigate the phase evolution of the TiO2,
time-dependent experiments were carried out and the

resulting products collected at different reaction times
were analyzed by XRD. As shown in Figure S6 (see the
Supporting Information), when the reaction time was
12 h, anatase was observed as the main phase, whereas
rutile with minor anatase existed in the sample at 15 h.
These results indicated that the formation of rutile is still
at the expense of anatase appeared in the early stages.

We found that the concentration of HCl has influ-
ence on the phase component of the as-synthesized
TiO2 (see Figure S7 in the Supporting Information). In
fact, such a 6 mol · dm�3 HCl solution is more than re-
quired to construct pure rutile nanoparticles. When the
concentration of HCl is increased, the anatase as a coex-
istent phase appears in the product, further increasing
the concentration, moreover, results in a distinct in-
creasing of anatase phase. To further study the effect
of HCl concentration, a series of control experiments in
the absence of [Emim]Br have been performed by
changing the concentrations of HCl from 1 mol · dm�3

to 2, 3, 4, 5, and 6 mol · dm�3. The XRD results, shown in
Figure 4, display a similar evolution tendency of crystal
structure and indicate that the rutile and anatase
phases can meet with each other when the concentra-
tion of HCl is ca. 3 mol · dm�3.

Figure 4. XRD patterns of TiO2 nanoparticles synthesized
with different concentrations of HCl in the absence of [Emim-
]Br: (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6 mol · dm�3.

Scheme 2. Illustration of the nucleation pathways that lead to TiO2 nanocomposites with different rutile contents: (a) with
different concentrations of HCl without [Emim]Br, (b) in the present of [Emim]Br.
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In addition, besides the concentration of HCl, the con-
tent of [Emim]Br also play an important role in control-
ling the phase component of the final product. In a given
initial concentration of HCl, the content of [Emim]Br will
become the only decisive factor for the phase compo-
nent. As discussed above, the change in rutile content of
samples shows a nearly linear relation with the content of
[Emim]Br. At the beginning, anatase structure is favored,
anatase phase, therefore, predominates in the products.
The HCl gradually volatilizes from the system with increas-
ing the reaction time, at the same time rutile structure ap-
pears and grows at the expense of anatase. When the
concentration of HCl is decreased to a given threshold
value, the reaction must be terminated to ensure the
presence of anatase in the final products. On the basis of
the above experimental results, it is reasonable to believe
that the [Emim]Br and HCl have cooperative effects on
the phase composition of TiO2 nanoparticles, and we pro-
pose the possible formation mechanism of TiO2 nanopar-
ticles with controlled phase composition (Scheme 2).

As shown in previous studies by others, when [HCl] �

2 mol · dm�3, [TiO(OH2)5]2� monomer becomes pre-
dominant in a TiCl4 solution with low concentration,
which is prone to condense via olation. In this way, only
edge-sharing linear nuclei can be formed, which leads to
the rutile phase (Scheme 2a).46,47 If [HCl] � 3 mol · dm�3,
an intermediate species, [Ti(OH)2Cl2(OH2)2]0 seems to be
dominant and will then combine with each other to form
anatase phase (Scheme 2a).48

Generally, the crystal growth of TiO2 in acidic me-
dium can be explained as follows:12,49,50 discrete TiO6 oc-
tahedra form Ti-OH2

� via protonation of Ti-OH groups,
and then these protonated octahedra are easy to com-
bine with -OH groups of other TiO6 octahedra to con-

struct Ti�O�Ti oxygen bridge bonds by elimi-
nating a water molecule. For a given acidity, if
[Emim]� ion is allowed to substitute H� ion,
the consequence will be that [Emim]�O-Ti
group and related species favor the linear nu-
clei via edge-sharing TiO6 octahedra based on
the mutual �-stacking between aromatic rings
(Scheme 2b). Others have already found the di-
rect interaction between imidazolium-type
ionic liquids and TiO6 octahedra in synthe-
sized process.31,32 The interaction between
[Emim]� and TiO6 octahedra could be a deci-
sive factor for the formation of rutile phase due
to the spatial effect, which is beneficial for the
catenarian nuclei via edge-sharing polycon-

densation between TiO6 octahedra. It has also been
shown by chelation of citrate to TiO6 octahedra that
edge-sharing chain is favored for nucleation process.31,32

Besides the effect of controlling the structure, as a tem-
plate, [Emim]Br can also strengthen the oriented-growth
habit of rutile structure. When the concentration of HCl
and [Emim]Br are 1 and 0.218 mol · dm�3, respectively, as
shown in Figure 5a, rutile nanorods with (3�5) � (10�50)
nm can be successfully synthesized; however, cube-like
nanoparticles with ca. 25 nm are obtained without em-
ploying [Emim]Br (Figure 5b). These results can be re-
garded as evidence to further confirm the existence of in-
teractions between [Emim]� and TiO6 octahedra and the
rationality of the mutual �-stacking between aromatic
rings.

CONCLUSIONS
In summary, pure rutile and rutile-anatase nanocom-

posites have been successfully synthesized by hydroly-
sis of titanium tetrachloride in hydrochloric acid with
the assistance of [Emim]Br. The content of rutile in the
composites can be controlled by simply adjusting the
amount of [Emim]Br added to the synthetic system. Ac-
cording to this approach, the composites with arbi-
trary content of rutile have been rationally and repro-
ducibly prepared in high yields. This method has
following obvious advantages: The process is simple;
The reaction can be performed under atmospheric
pressure in a glass vessel, and no high-pressure and
high temperature apparatus is needed; Products are
highly crystalline and their components are control-
lable. We believe that this method can be developed
into a general way to synthesize other metal oxide
nanoparticles on a large scale.

METHODS
Synthesis of TiO2 Nanoparticles. In a typical synthesis of TiO2 nano-

particles, 1 mL of pure titanium tetrachloride was added drop-
wise to 50 mL of hydrochloric acid, and the concentration of the
acid was 6 mol · dm�3. The final titanium concentration in the
mixtures was 0.15 mol · dm�3. Different amounts of [Emim]Br

was added to the above solution, and then the solution was
transferred into a glass beaker. Thereafter, the solutions were
heated and aged at 100 °C for 24 h in an oven. The product was
separated by centrifugation, washed with distilled water and an-
hydrous ethanol for several times.

Instruments and Characterizations. XRD measurements were per-
formed on a Rigaku D/max 2500 diffractometer with Cu K� radia-

Figure 5. TEM images of rutile nanoparticles synthesized in 1 mol · dm�3 HCl: (a) with
0.218 mol · dm�3 [Emim]Br; (b) without [Emim]Br.

A
RT

IC
LE

VOL. 3 ▪ NO. 1 ▪ ZHENG ET AL. www.acsnano.org120



tion (� � 0.154056 nm) at 40 kV and 120 mA, using a nickel fil-
ter. TEM and HRTEM images were recorded with a Tecnai G2 20
S-Twin transmission electron microscope operating at an accel-
erating voltage of 120 and 200 kV, respectively. Raman spectra
were measured in the frequency range 80�4000 cm�1 using
Bruker RFS-100 FT-Raman spectrometer using the 1064 nm
wavelength of an argon laser with 500 mW power as an excita-
tion source. The N2 adsorption measurements were carried out
at �196 °C after drying in vacuum at 100 °C on a CHEMBET-3000,
and the BET surface areas of the samples were calculated using
the BET (Brunauer�Emmett�Teller) equation. The elemental
analyses were performed on Elementar-Vorio EL CHN analyzer.
The FT-IR spectra were recorded from KBr tablets in the region of
4000�1000 cm�1 on a Nicolet Magna 560 spectrometer.
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