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Abstract

Lindgrenite [Cu3(OH)»(Mo0QOy,),] with a hollow and prickly sphere-like architecture has been synthesized via a simple and mild
hydrothermal route in the absence of any external inorganic additives or organic structure-directing templates. The hierarchical
lindgrenite particles are hollow and prickly spheres, which are comprised of numerous small crystal strips that are aligned
perpendicularly to the spherical surface. Two factors are important for the formation of hollow and prickly architecture in the present
process. One is the general phenomenon of Ostwald ripening in solution, which can be responsible for the hollow structure; the other is
that lindgrenite crystals have a rhombic growth habit, which plays an important role in the formation of prickly surface. Furthermore,
Cu3Mo,09 with the similar size and morphology can be easily obtained by a simple thermal treatment of the as-prepared lindgrenite in

air atmosphere.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Lindgrenite; Cu3Mo0,00; Hollow sphere; Prickly sphere; Hydrothermal synthesis

1. Introduction

The chemical synthesis of inorganic materials with
unusual and novel architectures has attracted considerable
attention, due to the fact that the shape and texture of
materials strongly influence their properties [1-4]. Synthe-
sizing inorganic materials with complex architectures could
therefore be relevant to the design of new type inorganic
materials. In particular, the hollow sphere with a nan-
ometer to micrometer scale is one of important forms
among various morphologies, which has some promising
applications such as controlled-release capsules of various
substances (drugs, cosmetics, and dyes), photonic crystals,
catalysts, sensors, and chemical reactors [5-11]. The
general approach for preparing such hollow structures is
based on the use of various templates [5—11]. Nevertheless,
the introduction of templates or other additives into the
synthetic route undoubtedly leads to more synthetic
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procedures and causes impurities in the final products.
Therefore, developing simple template-free methods seems
to be more promising due to various expected advantages,
such as the relatively low cost, high purity, and large-scale
production.

Molybdenum oxide-based materials are of contemporary
interest due to their promising applications in the area of
catalysis, absorption, electrical conductivity, magnetism,
photochemistry, sensors, and energy storage [12-21].
Copper-based compounds are also the most important
materials, which have been widely used in the area of
catalysis, ion exchange, proton conductivity, intercalation
chemistry, photochemistry, and chemistry materials
[22,23]. For example, atacamite [Cu,(OH);Cl], malachite
[Cuy(OH),COs5], and libethenite [Cu,(OH)PO,4] have been
widely investigated due to their special properties and
applications [24-27]. As one of comparatively rare copper
minerals, lindgrenite [Cuz(OH),(Mo0Q,),] was originally
found in Chile and first described by Palache [28].
Recently, lindgrenite has attracted extensive interests in
various research fields [29-32], for example, its crystal
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structure, Raman spectra, catalytic effect, and thermal
decomposition behavior (from lindgrenite to CusMo,0g)
have been widely investigated.

It is well accepted that there is a close relationship
between the morphology and their properties of inorganic
materials, i.e., the morphology influences their properties
since the crystal shape dictates the interfacial atomic
arrangement of materials. However, the reports on the
growth and morphology of lindgrenite crystals are very
few. Herein, we report a simple hydrothermal route (in the
absence of any inorganic additives or organic templates) to
synthesize lindgrenite with a hierarchical sphere-like
architecture. To the best of our knowledge, such a hollow
and prickly sphere-like architecture of lindgrenite has not
been reported.

2. Experimental section

The lindgrenite microspheres were synthesized by
hydrothermal treatment of a Cu(CH3;COO), (hereafter
abbreviated as CuAc,) solution in the presence of
Na,MoO, at 110°C. The starting solutions of analytical
grade CuAc, and Na,MoO, were freshly prepared.
Synthetic lindgrenite microspheres were prepared by the
titration of a 0.25M CuAc, solution with a 0.25M
Na>,MoO, solution under vigorous stirring at room
temperature for 30min, then ultrasonicated for 10min.
The bluish slurry mixture was transferred into a Teflon-
lined stainless steel autoclave of 80 mL capacity, filled up to
70% of the total volume. The autoclave was sealed and
heated at 50-110°C for 1-12h in an electric oven, the
autoclave was then cooled down to room temperature
naturally. Green precipitates were filtered and washed with
deionized water and anhydrous ethanol (respectively),
several times; the final products were dried at 50 °C (more
than 5h) for further characterizations. The phase and
crystallographic structure of the samples were determined
by powder X-ray diffraction (XRD, D/Max 2400, Rigaku,
by a diffractometer equipped with the graphite mono-
chromatized CuKo radiation) in the 26 angles ranging from
10° to 70°. The morphology and size of these microspheres
were characterized by scanning electron microscope (SEM,
JSM-5600LV, JEOL). FT-IR spectra were recorded on a
Fourier transform infrared spectrometry (FT-IR, KBr disc
method; NEXUS) in the range of 4004000 cm .

3. Results and discussion

Lindgrenite [Cu3(OH)>(Mo0Qy),] crystallizes in a mono-
clinic space (P2;/n, No. 14) with lattice parameters
a=5394A, b=14023A, ¢=5608A, and B =98.50°
(Z =2) [30]. A prominent feature of lindgrenite structure
is the strip of edge-sharing of CuO4(OH), octahedra that
runs parallel to the c-axis (Fig. 1). These strips are cross-
linked by MoO, tetrahedra that share corners with
CuO4(OH), octahedra; each MoQ, tetrahedron links three
strips together, with the fourth linkage occurring along
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Fig. 1. (a) Strips of edge-sharing CuO4(OH), octahedra running parallel
to the c-axis in lindgrenite crystallographic structure. Transparent
tetrahedron represents MoQy; green octahedron represents CuOg.
(b) Schematic illustration of lindgrenite growth habit, which is obtained
from {http://www.webmineral.com/java/Lindgrenite.shtml). A tubular
habit parallel to (010) is predominant, and generally there is an elongation
more or less pronounced in the direction of the vertical axis, which is in a
good agreement with the previous reports [28].

these strips (Fig. 1). The crystal structure of lindgrenite has
some similarities with malachite, which has a layered
crystal structure, therefore it can easily form the platelet-
like morphology in the absence of any templates [28]. XRD
patterns of the as-prepared lindgrenite sample are shown in
Fig. 2, and all peaks can be clearly indexed as a pure
monoclinic phase of lindgrenite and matched well with the
reported data (JCPDS card File No. 86-2311). No
diffraction peaks of other phases or amorphous copper
compounds were observed in XRD patterns, indicating a
high purity and crystallinity of the final products.

Fig. 3 shows the general morphology of the as-prepared
lindgrenite samples. The common diameter of the as-
prepared lindgrenite microspheres falls in the range of
50-60 um with an averaged size of 55 um. Interestingly, the
lindgrenite crystallites can self-organize into spherical
assemblies or “dandelions” with a puffy appearance. The
lindgrenite microspheres are in fact built from small crystal
strips that contain even smaller one-dimensional (1D)
nanoribbons (as shown in Fig. 1b). These crystal strips,
analogous to the “parachutes” in a dandelion, are aligned
perpendicularly to the spherical surface, pointing toward a
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common center. This one-pot hierarchical organizing
scheme relies primarily on geometric constraint of building
blocks, which 1is similar to the previous work [7].
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Fig. 2. XRD patterns of hollow and prickly lindgrenite microspheres

prepared at 110°C and 12h. The solid curve is the experimental XRD

pattern; the dashed curve is the simulated pattern, which is carried out
using the data in JCPDS card File No. 86-2311.

Remarkably, as shown in Fig. 3c, the “dandelions™ are
coreless with a hollow cavity. The feathery shell comprises
loosely packed crystal strips, having communicable inter-
crystal space to its central interior. It is observed that the
interior surface of these spheres is more compact than
the exterior surface (as shown in Figs. 3¢ and 8b). Under
the reported experimental conditions, the lindgrenite
products are almost all in this hierarchical morphology.
FT-IR spectra of lindgrenite and Cu;Mo,0y (after the
thermal treatment of lindgrenite at 600 °C and 5h in air,
SEM images and XRD pattern are shown in Fig. 9) are
shown in Fig. 4. Comparing with the incorporation of
OH™ anions in CuzMo0,0y samples, it is clear that the
bands of OH stretching modes in lindgrenite shift to the
lower wavenumbers, and split into two bands (as shown in
Fig. 4 indicated by the dashed line). This is due to the
existence of hydrogen bond in the lindgrenite crystal
lattice. The different kinds of bonds in the lindgrenite
crystal lattice (which are formed in a different sequence or
at different reaction stages) play different roles during the
hydrothermal process [21,22]. The hydrogen bonds in the
crystal structure (formed at the end of crystallization of
lindgrenite, which are different from the Cu—O bonds that

Fig. 3. SEM images of hollow and prickly lindgrenite microspheres prepared at 110°C and 12 h: (a) panoramic morphology, scale bar = 100 um; (b) a
detailed view on an individual sphere, scale bar = 10 um; (c) the crashed hollow microsphere, scale bar = 5 um; and (d) the general surface structure of

hollow spheres, scale bar = 2 um.
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are formed during the crystallization, and the Mo—O bonds
that have been formed before the crystallization of
lindgrenite) may have significant effects on the formation
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Fig. 4. FT-IR spectra of samples: (a) lindgrenite prepared at 110 °C and
12h. (b) CuzsMo0,09 obtained from the thermal treatment of the as-
prepared lindgrenite at 600 °C and 5h in air atmosphere.

of rhombic morphology. Some similar experiments have
been employed for evaluating the role of hydrogen bonds
in crystal growth [26]. It is obvious that peaks appearing in
the range of 1300-400cm™' changed largely after the
thermal treatment. This is due to the difference of these two
kinds of crystal structures of Cu3(OH),(MoQO,), and
Cu3zMo0,0y (mainly due to the difference of Cu—O and
Mo-0 bands in the crystal lattice). The crystal structure of
Cu3(OH)»(Mo00Oy,), consists of strips of edge-sharing CuOg
octahedra that are cross-linked by MoQ, tetrahedra [28].
The crystal structure of CuzMo,0g consists of strings of
corner-sharing CuQOg octahedra linked to CuOs square
pyramids and MoO, tetrahedra by edges and corners,
respectively [17].

Concerning the formation process of hollow and prickly
structure, lindgrenite samples prepared at different reaction
stages (stage 1 at 50°C and 1h; stage 2 at 60 °C and 2h;
stage 3 at 70 °C and 6 h; stage 4 at 80 °C and 8 h) have been,
respectively, studied by SEM and XRD measurements.
Several obvious evolution stages can be observed and are
shown in Figs. 5 and 6. Lindgrenite colloids are initially
formed under the synthetic condition, and the initially
formed colloids are aggregated together with a spherical

Fig. 5. SEM images of lindgrenite samples prepared at different reaction stages: (a) stage 1 at 50 °C and 1 h, scale bar = 5 um; (b) stage 2 at 60 °C and 2 h,
scale bar = 5 and 1 pm (inset), respectively; (c) stage 3 at 70 °C and 6 h, scale bar = 10 and 2 um (inset), respectively; and (d) stage 4 at 80 °C and 8 h, scale
bar = 10 and 2 um (inset), respectively.
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Fig. 6. XRD patterns of lindgrenite samples prepared at different reaction
stages: (a) stage 1 at 50 °C and 1 h; (b) stage 2 at 60 °C and 2 h; (c) stage 3
at 70 °C and 6h; (d) stage 4 at 80°C and 8h; and (e) the target sample
prepared at 110°C and 12 h, namely Fig. 2.

appearance, which indicate a nucleation-aggregation me-
chanism with no room and time for the crystal growth at
the high supersaturation level. With the reaction continu-
ing, the concentration of reactants decrease, the reaction
rate slows down, the crystal growth rate will gradually
become the dominant step, and the prickly lindgrenite
crystals appeared on the sphere surface at the end of
synthetic process. The formation of lindgrenite hierarchical
architecture indicates that the nucleation and growth of
lindgrenite are well controlled in our present synthetic
process. With the reaction temperature and time increas-
ing, samples have a tendency to gradually crystallize (from
XRD patterns of these samples as shown in Fig. 6).
Meanwhile, it can be seen that the size of particles of
the initial, intermediate, and final stages of samples is
gradually enhanced. This result indicates that the whole
synthetic system provides an appropriate crystal growth
environment for the formation of such a novel hierarchical
architecture. Our reaction process might be deduced as a
typical Ostwald ripening mechanism, which is perhaps
the phenomenon most well known to today’s material

Fig. 7. SEM images of lindgrenite architectures (using CuCl, instead of Cu(Ac), as the copper source, prepared at 110 °C and 12h): (a) panoramic
morphology, scale bar = 500 um; (b) a detailed view on a flower-like architecture, scale bar = 50 um; (c) a detailed view on an individual sphere, scale
bar = 50 um; and (d) the general surface structure of the as-prepared spheres, scale bar = 20 um.
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chemists. This ripening process involves “the growth of
larger crystals from those of smaller size which have a
higher solubility than the larger ones’ [33,34], and it has
been commonly observed in general crystal growth for
more than a century.

It is well-known that both intrinsic and extrinsic factors
(i.e., the crystal structure and growth environment) have
significant effects on the final crystal morphology [35,36].
The geometric shape (habit) of a crystal is determined by
the external expression of a selected set of symmetry-
related faces. In order to further investigate the formation
of the lindgrenite hollow spheres, we have performed a
parallel experiment using CuCl, instead of Cu(Ac), as the
copper source while keeping other reaction conditions the
same. Both kinds of similar architectures (including sphere-
and flower-like architectures) can be obtained, which are
coexistence as shown in Fig. 7. However, the size of these
architectures is larger than that in Fig. 3, and the prismatic
face can be clearly seen on the surface of these architec-
tures. The main reason is likely to be that the diffuse rate of
Cu’" ions in solution is different in both growth
environments; the Cu® " ions can easily form complex with
CH;COO™ anions during the formation of lindgrenite
architectures [23]. The petal of the flower architecture

clearly shows the growth habit of lindgrenite, which
mirrors its crystal nature (comparing Figs. 7b and d with
Fig. 1b). The Ostwald ripening process can be well
elucidated in the crashed hollow structure as shown in
Fig. 8. The smaller crystallites (in the interior surface of
spheres) would eventually dissolve into solution and
regrow on the larger ones (in the exterior surface of
spheres) during Ostwald ripening. This formation process
also can be called as a starburst growth, i.c., the lindgrenite
crystals grow from the center of sphere, and unfilled voids
are left behind and coalesce into large pore. Especially, the
lindgrenite crystals have the rhombic growth habit, which
is essential for this formation process. And the whole
synthetic system provides an appropriate crystal growth
environment for the formation of such a novel hierarchical
architecture.

According to TGA data of lindgrenite that has been
reported in the literature (a broad weight loss in the
temperature range 175—400 °C shows the loss of one water
molecule to give a final composition of CuzMo,0y) [32], a
simple thermal treatment of the as-prepared sample has
been carried out. Interestingly, Cuz;Mo0,09 with a similar
size and morphology can be ecasily obtained after the
thermal treatment in air atmosphere, as shown in Figs. 9

Fig. 8. SEM images of lindgrenite crashed hollow architectures prepared at 110 °C and 12 h: (a) and (b) using Cu(Ac), as the copper source, scale bar = 5
and 1 um, respectively; (c) and (d) using CuCl, as the copper source, scale bar = 20 and 5 pum, respectively.
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Fig. 9. (a) and (b) SEM images of Cu3Mo0,0g obtained from the thermal treatment of the as-prepared lindgrenite at 600 °C and 5 h in air atmosphere, scale
bar = 50 and 10 pum, respectively. (c) XRD pattern of lindgrenite prepared at 110 °C and 12 h (namely Fig. 2). (d) XRD pattern of CuzMo,0 obtained
from the thermal treatment of the as-prepared lindgrenite at 600 °C and 5h in air atmosphere.

and 4 (thermal treatment conditions: the heating rate is
10°C/min from room temperature to 600 °C, then the
temperature is maintained at 600 °C for 5h). The sample
color has been changed from green to brown by the
thermal treatment of the as-prepared lindgrenite. As one of
soot deep oxidation catalysts, Cu3sMo0,09 with a high
activity has been widely investigated [17,18]. The reports on
CuzMo,09 morphology are very few, we have demon-
strated a novel route to obtain Cu3Mo,0g with such an
interesting morphology. The similar processes to obtain
target inorganic materials by the direct calcination of their
precursors have been successfully applied, which provides a
new strategy to prepare inorganic materials with novel
morphologies [26].

4. Conclusions

In summary, we have demonstrated a simple and mild
hydrothermal approach to fabricate the lindgrenite with a
hollow and prickly sphere-like architecture. The possible
formation process of such a hierarchical structure has been

elucidated by SEM and XRD measurements, which can be
ascribed to a starburst growth process, furthermore, the
sphere diameter has a tendency to increase gradually with
temperature and time. The traditional Ostwald ripening is
an underlying mechanism to form the hollow structure.
Another essential factor is the so-called geometric con-
strains of building blocks (i.e., lindgrenite crystals have a
rhombic growth habit), which plays an essential role in the
formation of prickly surface. Moreover, CusMo0,0Og with a
similar size and morphology can be easily obtained by a
simple thermal treatment of the as-prepared lindgrenite in
air atmosphere. This present simple hydrothermal process
does not need any inorganic or organic templates, which
can easily avoid introducing impurities into the final
product, and may also be applicable to the preparation
of other inorganic materials.
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