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Aqueous-Solution Growth of GaP and InP Nanowires: A General Route to
Phosphide, Oxide, Sulfide, and Tungstate Nanowires

Yujie Xiong,'™" Yi Xie,*!*"! Zhengquan Li,"”! Xiaoxu Li,”! and Shanmin Gao"’

Abstract: A general synthetic route has
been developed for the growth of
metal phosphide, oxide, sulfide, and
tungstate nanowires in aqueous solu-
tion. In detail, cetyltrimethylammoni-
um cations (CTA*) can be combined
with anionic inorganic species along a
co-condensation mechanism to form la-

growth of nanowires. For example,
GaP, InP, y-MnO,, ZnO, SnS,, ZnS,
CdWO,, and ZnWO, nanowires have
been grown by this route. To the best
of our knowledge, this is the first time

Keywords: cetyltrimethylammoni-
um bromide - gallium - indium -

that the synthesis of GaP and InP
nanowires in aqueous solution has
been achieved. This strategy is expect-
ed to extend to grow nanowires of
other materials in solution or by vapor
transport routes, since the nanowire
growth of any inorganic materials can
be realized by selecting an appropriate

mellar inorganic-surfactant intercalat-
ed mesostructures, which serve as both
microreactors and reactants for the

nanostructures
surfactants

Introduction

Controlling the shape of nanostructures at the mesoscopic
level is one of the most challenging issues presently faced by
synthetic inorganic chemists, since dimensionality plays a
critical role in determining the physical properties of materi-
als."! One-dimensional (1D) nanostructures such as wires,
rods, belts, and tubes, whose lateral dimensions fall any-
where in the range of 1 to 100 nm, have become the focus of
intensive research, owing to their unique applications in
mesoscopic physics and fabrication of nanoscale devices. In
the past decade, significant progress of nanowire growth has
been made, with respect to improved uniformity, fine mono-
dispersion, and high yield of products. In detail, nanowires
have been grown by many methods, such as electrochemis-
try,”! templates (mesoporous silica, carbon nanotubes,
etc.),”) emulsion or polymetric systems,!! arc discharge,"
laser-assisted catalyic growth,® solution,”! vapor transport,®
and organometallic and coordination chemistry methods.”)
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reaction and its corresponding lamellar

phosphorus - ) )
inorganic—surfactant precursors.

Generally, nanowires of the most important inorganic mate-
rials have unique growth mechanisms as well as synthetic
routes (chemical or physical approach).l’l Despite these ex-
citing developments, a general synthetic strategy to grow
nanowires is still significant to both nanotechnology and
fundamental research.

Among these important inorganic materials, group IITA
phosphide nanocrystalline semiconductors have been of in-
terest, because of their fundamental physical properties with
large direct energy gaps, as well as their potential applica-
tions in high-speed digital circuits, microwave devices, and
optoelectronics.''! Compared to the I-VII and II-VI semi-
conductors, the IITA phosphides have a greater degree of
covalent bonding, a less ionic lattice, and larger exciton di-
ameters. Recently, there have been considerable efforts to
explore new routes to synthesize IIIA phosphide nanowires
or nanorods, including laser catalytic growth,'?! vapor depo-
sition,” sublimation,™ and carbon nanotube template!
methods. The solution route is also an effective way to pre-
pare nanowires; Buhro et al. have pioneered the solution-
liquid-solid (SLS) model for InP nanowhiskers with diame-
ters ranging from 20 to 200 nm.'® Cheon et al.'"! also suc-
cessfully grew GaP nanorods by means of thermal decompo-
sition of a single molecular precursor tris(di-fers-butylphos-
phino)gallane (Ga(P'Bu,);) in a hot mixture of amine stabil-
izers (liquid phase) at 330°C. Banin et al.'® reported the
synthesis of InP nanorods from the reaction between tris(tri-
methylsilyl)phosphine ((TMS);P) and InCl; in trioctylphos-
phine oxide (TOPO) with gold nanoparticles as catalysts at
360°C. From the green chemistry point of view, water is an
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ideal media for the solution route to IIIA phosphide nano-
wires, driving us to explore the possibility of growing IIIA
phosphide nanowires in aqueous solution under mild condi-
tions.

Herein, GaP and InP nanowires have been synthesized in
aqueous solution for the first time. This route has also been
extended for the growth of y-MnO,, ZnO, SnS,, ZnS,
CdWO,, and ZnWO, nanowires.

Results and Discussion

Before we discuss our experimental results, we will intro-
duce our general strategy for the synthesis of metal phos-
phide, oxide, sulfide, and tungstate nanowires in aqueous
solution.

General route for metal phosphide, oxide, sulfide, and tung-
state nanowires: Our present work was enlightened by the
“step-edge decoration”"”) model of growing nanowires, in
which nanowires form at step edges of substrate surface
when removed from the em-

bedding polymer film. Analo-

gously, nanowires should also !
be grown on the edge of lamel- i i
lar inorganic—surfactant interca- other TANSPOI Do
lated mesostructures, since their e i
interlayer interaction can be di- SOLUTION
minished from the edges under 1)
appropriate conditions and la-
mellar sheets will be rolled into
separate scrolls to serve as mi-
croreactors. These lamellar
mesostructures can form by means of a co-condensation
mechanism of inorganic species with ionic surfactant mole-
cules, in the presence of appropriate ratio of surfactant,
water, oil, and co-surfactant.

A recent work®” of Li group confirms the above idea:
they showed that [CTAL>*[WO,]*~ (CTA* =cetyltrimethyl-
ammonium cation) lamellar compounds can serve as single
precursors for the growth of tungsten and its oxide nano-
wires by pyrolysis (above 700°C) in a tube furnace. Howev-
er, a single-precursor pyrolysis technique is only appropriate
for the nanowire growth of few materials. Herein, a general
strategy was put forward for the growth of nanowires: a
one-pot aqueous solution reaction is established that can
produce the target products, in which one of reactants can
be combined with ionic surfactant molecules to form lamel-
lar inorganic-surfactant intercalated compounds in aqueous
solution. The lamellar compounds can act as both micro-
reactors and reactants in the designed reaction. Hence, the
nanowire growth of any material will be realized, as long as
an appropriate reaction and its corresponding lamellar inor-
ganic-surfactant precursors can be found. This strategy can
also be extended to the vapor transport technique, if it is
more to synthesize the appropriate the target materials by
means of vapor-phase reactions, in which the lamellar inor-
ganic—surfactant compounds also act as both microreactors
and reactants.

to the CTA™ ions.

Chem. Eur. J. 2004, 10, 654—660 www.chemeurj.org

The growth model for nanowires by means of the present
solution route can be proposed as follows (Scheme 1).

1) Lamellar inorganic-surfactant intercalated mesostruc-
tures form through a co-condensation mechanism of in-
organic with ionic surfactant molecules. In this work, the
cationic surfactant cetyltrimethylammonium bromide
(CTAB) and anionic inorganic species were chosen as
units to form lamellar inorganic—surfactant intercalated
compounds. The lamellar mesostructures, which form
before the subsequent reactions, can be characterized by
low-angle X-ray diffraction (LA-XRD) patterns.

2) Along with the reactions with other reactants in solution,
the lamellar sheets began to loose at the edges and then
rolled into separate scrolls.

3) Since the reactant of inorganic species was fixed in la-
mellar mesostructures, other reactants would be trans-
ported from the solution into the scrolls with heat move-
ment of molecules. The scrolls should serve as micro-
reactors, in which the solution reactions took place and
produced the final nanowires of target products.

= rolling _ growth
-, — Jm—— [
other g s

reactants T

2} 3)

Scheme 1. Schematic formation illustration for the nanowire growth from lamellar inorganic—surfactant meso-
structures. The dark dots in lamellar mesostructures represent inorganic species, and the light dots correspond

Special case of each as-desired material

Metal phosphide: Our previous research® indicates that
GaP and InP nanoparticles can be synthesized in aqueous
system, taking advantage of the reaction of M(OH),~ (M=
Ga, In) with PH;, which was produced from the white phos-
phorus dismutation in alkali solutions. Based on the above
general strategy, M(OH),” should be a good candidate of
anionic inorganic species that will most probably participate
in constructing lamellar inorganic—surfactant intercalated
mesostructures. By selecting the appropriate ratio of CTAB,
water, oil, and n-hexanol, CTA™ can be combined with
M(OH),” ions to give [CTA]*[M(OH),]” lamellar meso-
structures. Thus a novel aqueous solution route was put for-
ward to grow GaP and InP nanowires. The main reaction
process are given in Equations (1)-(3).

CTA* + M(OH); — [CTAJ*[M(OH),]- 1)
P, +30H™ +3H,0 — PH, + 3H,PO; 2)

[CTAJ*[M(OH),|” + PH, — MP + 3H,0 + OH™ + CTA*
3)

The [CTA]*[M(OH),]” lamellar inorganic-surfactant
mesostructures have been characterized by low-angle X-ray
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diffraction (LA-XRD) patterns. The inset of Figure 1A
shows a typical low-angle XRD pattern of the lamellar
mesostructures, which were obtained by maintaining the solu-
tion of CTAB, Ga(OH),”, water, n-hexanol, and n-heptane
in an autoclave at 160°C for 24 h without adding other reac-
tants. The peaks in the low-angle XRD pattern can be in-
dexed as the (001) and (002) reflections of a lamellar meso-
phase, indicating that the intermediate of lamellar inorgan-
ic—surfactant mesostructures forms in the formation process
of GaP or InP nanowires.

The phase and purity of as-obtained nanowires were de-
termined from the X-ray diffraction (XRD) pattern, shown
in Figure 1A and B. All the reflection peaks can be indexed
to the pure zinc blende (cubic) structure of GaP (JCPDS
card 12-191, a=5.448 A) and InP (32452, a=5.869 A), re-
spectively. No characteristic peaks were observed for other
impurities, such as Ga,0; and In,0;. Compared with that of
bulk materials, the intensity of the (111) diffraction peak de-
creases to 80 % of standard data and its width is slightly nar-
rower than that of the others. This most probably results
from the fact that most of nanowires lie on a silicon slice,
that the crystal planes perpendicular to nanowire growth
axis have a small diffraction probability, and that the dimen-
sion along growth axis has large scale. The other six equiva-
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lent crystal planes of {111} in the cubic structure also partici-
pate in diffraction, but are not influenced by growth orienta-
tion. These two features indicate the nanowire growth orien-
tation along one plane of {111}.

The panoramic morphologies of as-obtained GaP (Fig-
ure 2A) and InP (Figure 2B) were examined by field emis-
sion scanning electron microscopy (FE-SEM), in which the
solid samples were mounted on a copper mesh without any
dispersion treatment; this indicates that the products consist
of nanowires with diameters of 10 nm in average and lengths
up to 6 um. It is worth noting that the yield of InP nano-
wires (22 %) is much lower than that of the GaP nanowires
(56 %), most probably a result of the difficulty in producing
In(OH),”. More details about the structures of the nano-
wires were investigated by the electron diffraction (ED) pat-
terns and high-resolution transmission electron microscopy
(HRTEM). The HRTEM images and ED patterns of GaP
(Figure 2C) and InP (Figure 2D) nanowires show that the
as-obtained GaP and InP nanowires are structurally uniform
and monocrystalline, growing along [111] and [111] direc-
tion, respectively.

The room-temperature (RT) photoluminescence spectra
of the as-synthesized GaP and InP nanowires have also
been measured. The experiments show the emission of InP
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Figure 1. XRD patterns of the as-obtained A) GaP (the inset shows a low-angle XRD pattern of the [CTA]*[Ga(OH),]” lamellar inorganic-surfactant
mesostructures), B) InP, C) y-MnO, (the inset shows a low-angle XRD pattern of the [CTA]*[MnO, | lamellar inorganic-surfactant mesostructures),
D) ZnO, E) ZnS (the inset shows a low-angle XRD pattern of the [CTA],**[Zn(OH),]*" lamellar inorganic-surfactant mesostructures), F) SnS,,
G) CdWO, (the inset shows a low-angle XRD pattern of the [CTA],>*[WO,]*~ lamellar inorganic—surfactant mesostructures), and H) ZnWO, nanowires.
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Figure 2. FE-SEM images of the as-grown A) GaP and B) InP nanowires.
HRTEM images of the as-grown C) GaP and D) InP nanowires (insets
are their ED patterns). Room-temperature photoluminescence spectra of
E) GaP and F) InP nanowires.

nanowires (Figure 2E) at 1.55eV, with a blue-shift of
0.15 eV from the bandgap of bulk InP, resulting from the di-
ameter of 10 nm, which is within the exciton Bohr diameter
of InP (19 nm). This is also consistent with the reported
data of 10 nm InP nanowires by Lieber et al.'*! The emis-
sion of as-obtained GaP nanowires (Figure 2F) is at 2.79 eV
and close to the bandgap of bulk GaP, since their diameters
are out of exciton Bohr diameter of GaP (5.5 nm).!"”

The size control of as-obtained nanowires in a certain
range can be realized by adjusting some experimental pa-
rameters (e.g., amount of M(OH),, reaction temperature,
and time). For example, wirelike assemblies of InP nanopar-
ticles with diameter of approximately 8 nm (Figure 3A)

Figure 3. A) TEM image of the as-prepared wire-like assemblies of InP
nanoparticles with diameter of approximately 8 nm by decreasing the
adding amount of In(OH), . B) and C): FE-SEM images of the as-pre-
pared InP nanowires with diameters of approximately 15 nm and 20 nm
at 160°C for 48 h and 200°C for 24 h, respectively.

were obtained by decreasing the amount of In(OH),~, while
other experimental parameters were kept constant; InP
nanowires with diameters of approximately 15nm (Fig-
ure 3B) or 20 nm (Figure 3C) were prepared by means of
the above designed route at 160°C for 48 h or 200°C for
24 h, respectively. Since the diameters of as-obtained InP
nanowires are within their exciton Bohr diameter
(19 nm),i”*! their size-dependent effects will be evident.
From the room-temperature photoluminescence spectra
(Figure 4 A), one can see that a systematic shift to higher
energy exists as the nanowire diameters are reduced below
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Figure 4. A) Room-temperature photoluminescence spectra of InP nano-
wires with diameters of 20, 15, 10, and 8 nm. B) Emission energy maxima
versus nanowire diameter. The experimental data are fit with EMM
(solid line).

20 nm, in agreement with the concept of quantum confine-
ment. The emission energy of InP nanowires with diameters
of 20, 15, 10 and 8 nm shifts from 1.42 to 1.59 eV, displaying
a size-dependent relationship that is in accordance with the
results of Lieber etal.l'”! The size-dependent relationship
(Figure 4B) can be fit well with an effective mass model
(EMM). The diameters of GaP nanowires are also controlla-
ble, but out of exciton Bohr diameter of GaP (5.5 nm), no
size-dependent properties can be observed.

Metal oxide: The selected anionic inorganic species to con-
struct lamellar inorganic-surfactant intercalated mesostruc-
tures were MnO,~ and Zn(OH),>". The following reactions
are designed to grow y-MnO, and ZnO nanowires [Egs. (4)
and (5)].

2[CTAJ*[MnO,]” + 3H,0, — 2y-MnO, + 2 H,O

4
+30, +20H" +2CTA* )

[CTAJ3"[Zn(OH),]*” — ZnO + H,0 +20H™ +2CTA"
(5)
The inset in Figure 1C shows the low-angle XRD pattern
of the [CTA]*[MnO,] lamellar mesostructures, which were

obtained by maintaining the solution of CTAB, KMnO,,
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water, n-hexanol, and n-heptane in an autoclave at 160°C
for 24 h without adding other reactants. The peaks in the
low-angle XRD pattern can be indexed as the (001) and
(002) reflections of a lamellar mesophase.

The phase and purity of as-obtained product by the pres-
ent route was determined by the XRD pattern (Figure 1C
and D). All the reflection peaks can be indexed to pure or-
thorhombic y-MnO, (JCPDS card 14-644, a=6.36, b=
10.15, ¢=4.09 A) and wurtzite ZnO (JCPDS card 36-1451,
a=3.249, c=5206 A), respectively. No characteristic peaks
were observed for other impurities, such as a-, 5-MnO,,
Mn(OH),, and Zn(OH),.

The panoramic morphologies of the as-grown y-MnO,
and ZnO nanowires were examined by FE-SEM. From Fig-
ure SA, one can see that the diameters of y-MnO, nanowires
are 20nm on average and that their lengths range from
1 um to 2 um. Figure 5B shows a typical FE-SEM image of
as-grown ZnO nanowires, with diameters of 15nm and
lengths up to 2 um.

/_;9‘ 20 nm

500, nm

\
20 nm
>, 320 o

b

500 nn 400 nm

Figure 5. FE-SEM images of the as-grown A) y-MnO,, B) ZnO, C) ZnS,
D) SnS,, E) CdWO,, and F) ZnWO, nanowires.

Metal sulfide: As for the growth of metal sulfide nanowires,
we selected Zn(OH),>~ and Sn(OH)¢>~ as the anionic inor-
ganic species to construct lamellar inorganic—surfactant in-
tercalated mesostructures. The reaction can be formulated
as follows, taking ZnS as the example [Eq. (6)].

[CTAJ*[Zn(OH),*~ + CH,CSNH, — Zn$

6
+CH;COONH, +20H™ +2CTA* (©)

The inset in Figure 1E shows the low-angle XRD pattern
of the [CTA],>*[Zn(OH),]* lamellar mesostructures, which
were obtained by maintaining the solution of CTAB,
Zn(OH)/>, water, n-hexanol, and n-heptane in an autoclave
at 160°C for 48 h without adding other reactants. The peaks
in the low-angle XRD pattern can be indexed as the (001)
and (002) reflections of a lamellar mesophase.

The phase and purity of as-obtained product by the pres-
ent route was determined from the XRD pattern (Figure 1E
and F). All the reflection peaks can be indexed to pure
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wurtzite ZnS (JCPDS card 36-1450, a=3.820, ¢=6.257 A)
and hexagonal SnS, (JCPDS card 23-677, a=3.648, c=
5.899 A), respectively. No characteristic peaks were ob-
served for other impurities, such as ZnO and SnO.,.

The panoramic morphologies of as-grown ZnS and SnS,
samples were examined by the FE-SEM. From Figure 5C,
we can see that the ZnS samples contain some nanowires
with diameters of 10 nm and lengths of approximately 2 um.
Figure 5D shows a typical FE-SEM image of the SnS, sam-
ples; they show the formation of SnS, nanowires with aver-
age diameters of 20 nm and lengths ranging from 2 um to

3 pm.

Metal tungstate: In the above cases, the lamellar compounds
provided the metal source for the growth of target nano-
wires. Further studies reveal that lamellar inorganic—surfac-
tant intercalated mesostructures can also provide anions for
the synthesis of oxysalt nanowires. As examples, CAWO,
and ZnWO, nanowires were grown from lamellar [CTA],>*
[WO.J.

The inset in Figure 1G shows the low-angle XRD pattern
of the [CTAL?*[WO,]*" lamellar mesostructures, which
were obtained by maintaining the solution of CTAB, WO,*,
water, n-hexanol, and n-heptane in autoclave at 160°C for
48 h without adding other reactants. The peaks in the low-
angle XRD pattern can be indexed as the (001) and (002)
reflections of a lamellar mesophase.

The phase and purity of as-obtained product from the
present route was determined by the XRD (Figure 1G and
H) pattern. All the reflection peaks can be indexed to pure
monoclinic CdAWO, (JCPDS card 14-676, a=5.029, b=
5.859, c=5.074 A) and monoclinic ZnWO, (JCPDS card 15—
774, a=3.648, ¢=5.899 A), respectively. No characteristic
peaks were observed for the other impurities.

The panoramic morphologies of the as-grown CdWO, and
ZnWO, samples were examined by the FE-SEM. Figure SE
shows a typical FE-SEM image of the CdWO, samples,
showing their rod-like morphologies with an average diame-
ter of 15 nm and lengths of approximately 1.5 pm. From Fig-
ure SF, we can see that the ZnWO, samples form nanowires
with diameters of about 20 nm and lengths up to 2 pm.

The differences in diameter and length of these as-synthe-
sized nanowires should result from the different nature of
their corresponding lamellar inorganic—surfactant meso-
structures.

Conclusion

In summary, a general synthetic route has been developed
for the growth of metal phosphide, oxide, sulfide, and tung-
state nanowires in aqueous solution. To the best of our
knowledge, this is the first time the synthesis of GaP and
InP nanowires in aqueous solution has been achieved. The
diameters of as-obtained nanowires are controllable. In par-
ticular, the size-dependent properties of InP nanowires are
observed. The simple process, general strategy, excellent re-
producibility, clean reactions, high yield, and fine quality of
products in this work make the present route attractive and
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significant. This strategy is expected to extend to the growth
of nanowires of other materials by means of solution or
vapor transport routes, since the nanowire growth of any in-
organic materials can be realized by selecting an appropriate
reaction and its corresponding lamellar inorganic—surfactant
compounds.

Experimental Section

GaP and InP nanowires: In a typical synthesis, Ga,0; (0.28 g, 1.5 mmol)
or In,0; (0.42 g, 1.5 mmol) and NaOH (0.48 g, 12 mmol) were dissolved
in distilled water (25 mL). Subsequently, CTAB (1.09 g, 3 mmol), n-hexa-
nol (3 mL), and n-heptane (10 mL) were added into the solution, which
was stirred for 20 min and loaded into a 50 mL Teflon-lined autoclave. Fi-
nally, white phosphorus (1.00 g) and I, (0.75 g; I, was used to transport
the produced H,PO,™ and accelerate the reactions; this has been descri-
bed in our previous work?l) were added into the autoclave, which was
then filled with the distilled water up to 90% of the total volume. The
autoclave was sealed, warmed up at a speed of 0.5°Cmin~' and main-
tained at 160°C for 24 h. It was then allowed to cool naturally to room
temperature. The precipitate was filtered off, washed with benzene, abso-
lute ethanol, dilute HCI, and distilled water several times, and then dried
in vacuum at 60°C for 4 h.

y-MnO, nanowires: KMnO, (0.47 g, 3 mmol), CTAB (1.09 g, 3 mmol), n-
hexanol (3 mL), and n-heptane (10 mL) were dissolved in distilled water
(25 mL); this solution was stirred for 20 min. Subsequently, 3% H,O, sol-
ution was slowly introduced, while magnetic stirring was continued at
50°C. After completion of the reaction, the solution was loaded into a
50 mL Teflon-lined autoclave, which was then filled with the distilled
water up to 90 % of the total volume. The autoclave was sealed, warmed
up at a speed of 0.5°Cmin~' and maintained at 160°C for 24 h. It was
then allowed to cool naturally to room temperature. The precipitate was
filtered off, washed with absolute ethanol and distilled water several
times, and then dried in vacuum at 60°C for 4 h.

ZnO nanowires: Zn(CH;COO), (0.33 g, 1.5 mmol) was dissolved in distil-
led water (25 mL), and then solid NaOH slowly was added and the solu-
tion stirred till the pH was about 13. Then the solution was loaded into a
S50 mL Teflon-lined autoclave, which was filled with CTAB (1.09 g,
3 mmol), n-hexanol (3 mL), n-heptane (10 mL), and distilled water up to
90% of the total volume. The autoclave was sealed, warmed up at a
speed of 0.5°Cmin~' and maintained at 160°C for 24 h. It was then al-
lowed to cool naturally to room temperature. The precipitate was filtered
off, washed with absolute ethanol and distilled water several times, and
then dried in vacuum at 60°C for 4 h.

ZnS and SnS, nanowires: Zn(CH;COO), (0.33g, 1.5mmol) or
SnCL5SH,0 (0.53 g, 1.5 mmol) was dissolved in distilled water (25 mL),
and then solid NaOH slowly was added and the solution was stirred till
the pH was about 13. Subsequently, CTAB (1.09 g, 3 mmol), n-hexanol
(3mL), and n-heptane (10 mL) were introduced into the solution, which
was stirred for 30 min and then loaded into a 50 mL Teflon-lined auto-
clave. Finally, CH;CSNH, (0.225g, 3 mmol or 0.375g, 5mmol) was
added into the autoclave, which was then filled with distilled water up to
90% of the total volume. The autoclave was sealed, warmed up at a
speed of 0.5°Cmin~' and maintained at 160°C for 48 or 24 h . It was then
allowed to cool naturally to room temperature. The precipitate was fil-
tered off, washed with absolute ethanol and distilled water several times,
and then dried in vacuum at 60°C for 4 h.

CdWO, and ZnWO, nanowires: Na,WO, (0.99 g, 1.5 mmol), CTAB
(1.09 g, 3 mmol), n-hexanol (3 mL), and n-heptane (10 mL) were dis-
solved in distilled water (25 mL); this solution was stirred for 30 min and
then loaded into a 50mL Teflon-lined autoclave. Subsequently,
CdCL,-2.5H,0 (0.35 g, 1.5 mmol) or ZnCl, (0.21 g, 1.5 mmol) was added
into the autoclave, which was then filled with the distilled water up to
90% of the total volume. The autoclave was sealed, warmed up at a
speed of 0.5°Cmin~' and maintained at 160°C for 48 or 24 h. It was then
allowed to cool naturally to room temperature. The precipitate was fil-
tered off, washed with absolute ethanol and distilled water several times,
and then dried in vacuum at 60°C for 4 h.

Chem. Eur. J. 2004, 10, 654—660 www.chemeurj.org

Characterization: X-ray diffraction (XRD) patterns were performed with
a Japan Rigaku D/max yA X-ray diffractometer equipped with graphite
monochromatized high-intensity Cuy, radiation (A=1.54178 A), in which
the sample of small amount was not ground, but fully dispersed with eth-
anol. Field emission scanning electron microscopy (FE-SEM) images
were recorded on a JEOL JSM-6700F SEM. High-resolution transmis-
sion electron microscopy (HRTEM) images and electronic diffraction
(ED) patterns were carried out on a JEOL-2010 TEM at an acceleration
voltage of 200 KV. UV/Vis spectra were recorded on a JGNA Specord
200 PC UV/Vis spectrophotometer. The room-temperature photolumi-
nescence spectra were collected on a Jobin Yvon-Labram spectrometer
with an He-Cd laser.
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