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The fabrication of cuprous oxide (Cu2O) with various morphologies has attracted extensive interest due
to its applications in solar energy conversion, electrode materials, sensors, and catalysts. Herein, we
report a facile controllable route for Cu2O microcrystals with various architectures via a hydrothermal
method without using templates or surfactants. Six types of Cu2O microcrystals including petalody octa-
hedral, concave truncated octahedron, truncated octahedron, octahedron, sphere-like, and sphere are
obtained accompanying with Cu precipitation or urchin-like CuO particles due to the modifying of pH
values. The petalody octahedral pattern of Cu2O is for the first time found here under the condition of
pH 7–8. Additionally, possible growth mechanism for multi-patterned Cu2O and compositional evolution
is discussed via preferential growths induced by selective absorption of acrylic acid and decomposition of
lactic acid in the present reaction system. These experimental results prove a versatile and facile strategy
for Cu2O microcrystals with special and complex architectures, which may highlights their potential
applications due to the improved surface activity, catalytic, or photoelectric performance.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Functional inorganic materials with unusual and novel mor-
phologies have attracted considerable attention due to their poten-
tial applications in various fields such as solar cells, super
capacitors, catalysts, medicine, electronics, and cosmetics [1–4].
Comprehensive understanding and efficient controlling of the
crystal morphologies are correspondingly of dramatic importance
because of the strong determination of crystal shape and texture
on their properties [5]. A great number of materials with various
morphologies have been reported including nanosheets/-rods/-
wires/-tubes [6–10], polyhedral nanoparticles [11], hollows [12],
core–shell structures [13], nanocages, and nanoframes [14]. Cu-
prous oxide (Cu2O), a p-type semiconductor with direct band gap
around 1.9–2.2 eV, has been regarded as one of the most promising
materials for solar energy conversion [15], electrode materials [16],
sensors [17], and catalysis [18]. Various methods have been
devoted to the synthesis of Cu2O nanoparticles with different
morphologies, among which hydrothermal synthesis has been
considered as one of the most versatile routes due to its well-
controllability [19], low cost, and potential for large-scale produc-
ll rights reserved.
tion [20]. However, to obtain the unconventional polyhedron is
still a challenge because surfaces with high reactivity usually
diminish rapidly during the crystal growth process as a result of
the minimization of surface energy. Thanks to the efforts from a
large number of research groups, a myriad of Cu2O micro- and
nanocrystals such as nanowires [21], multipods [22], nanocubes
[23], octahedra [24], and cuboctahedra [25] have been prepared
with reasonable quality and quantity. It is accepted that the phys-
ical and chemical activity greatly depends on its structural param-
eters, such as geometry and morphology. Recently, the strategy of
using organic templates and/or additives such as polyethylene gly-
col (PEG) or cetyl trimethyl ammonium bromide (CTAB) has been
widely applied to control the morphologies of inorganic materials
through the effects on nucleation and growth of inorganic particles
[26,27]. However, the added templates or surfactants usually lead
to the impurity of resulting materials, and the controllability of
morphologies is not as well as expected.

In this paper, we report a facile and versatile hydrothermal
method for synthesis of multi-patterned Cu2O microcrystals with-
out any assistance of templates or surfactants. This approach is in-
volved with lactic acid as reducing agent through adjusting of
which Cu or CuO with interesting morphologies was surprisingly
fabricated. The morphological evolution and possible growth
mechanism are also explored from the decomposition of lactic acid
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and its property. To the best of our knowledge, Cu2O with novel
petalody octahedral or concave truncated octahedron architecture
has never been reported by any chemical synthesis method. This
approach highlights the potential feasibility of diverse inorganic
microparticles prepared by simple hydrothermal method.
2. Experimental

All of the chemical reagents in this experiment were analytical
grade and used as received without further purification. In a typical
procedure, the solution consisted of 0.4 M CuSO4 and 3 M lactic
acid was stirred vigorously for 15 min to ensure complete dissolu-
tion. After 3 M lactic acid added into the solution, the pH of the
mixture is less than 1, and a few drops of NaOH adding into the
mixture for adjusting to pH 1. Then, appropriate 8 wt.% aqueous
NaOH solution was added for adjusting pH values. Finally, the
obtained blue solution was intensively stirred for 0.5 h at room
temperature, and then, the mixed solution was transferred into a
Teflon-lined stainless steel autoclave (at a pressure of 0.6–
0.8 MPa, capacity 100 ml) filled up to 60% of the total volume.
The autoclave was sealed and maintained at 120 �C for 14 h in an
oven. After reaction, the autoclave was cooled down to room tem-
perature naturally. The precipitates were washed with ultrapure
water and anhydrous ethanol (respectively) for several times to
remove residual solutions. Finally, the as-prepared products were
dried at 45 �C and collected for further characterizations.

The surface morphology was performed using a QUANTA 200F
SEM (FEI, American) scanning electron microscope operating at
an accelerating voltage of 30 kV. The samples were sputter-coated
with gold before examination. The phase composition of the crys-
talline structure of products was analyzed by X-ray diffraction
(XRD) on a Phillips X’Pert diffractometer equipped with Cu Ka radi-
ation at a scan rate of 5� min�1.
Fig. 1. XRD patterns of as-prepared mic
3. Results and discussion

3.1. Phase formation of as-prepared microparticles

Full chemical environments from pH = 1 to pH = 14 were carried
out to study the preparation conditions for Cu2O microparticles.
Fig. 1 shows the XRD patterns for the phase determination of the
resulting particles. It is found that pure cubic phase of Cu was ob-
tained under pH value range of 1–6 and the peaks can be clearly
indexed as (111), (200), and (220) planes (JCPDS card File No.
04-0836. space group Fm-3 m (225), a0 = 0.3615 nm). The sharp
diffraction peaks indicate a high purity and crystallinity of the final
product. Fig. 1b shows the XRD patterns of microparticles prepared
under different alkaline conditions (pH = 7–13). All peaks can be
clearly indexed as a pure cubic phase of Cu2O and matched well
with the reported data (JCPDS card File No. 05-0667. space group
Pn-3 m (224), a0 = 0.427 nm), while the different XRD pattern
shown in Fig. 1c of resulting particles prepared under the condition
of pH 14 is indexed as monoclinic CuO (JCPDS No. 45-0937). These
results reflect that the alkali concentration plays a crucial rule in
synthesis of resulting compositions.

3.2. Structure and morphology of Cu2O microcrystal

Fig. 2 reveals the typical low- and high-magnification morphol-
ogies of resulting Cu2O microparticles, which clearly shows an evo-
lution of Cu2O with several different appearances. The pattern
shown in Fig. 2a could be simply described as an octahedron with
each side face of petalody surfaces instead of equilateral triangles.
There are several petals in each face, and the length of edge is in
range of 10–15 lm. For all we know, this petalody octahedral pat-
tern has not been found in any other reports. With the slightly in-
crease in alkali environments, a progressive evolution is
represented from petalody octahedral structure to the concave
roparticles synthesized at pH 1–14.



Fig. 2. SEM images of low- and high-magnification morphologies of Cu2O microcrystals prepared under different pH values (a and b) pH = 7, (c and d) pH = 7.5, (e and f)
pH = 8, (g and h) pH = 9.
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truncated octahedron through each petalody faces developing into
a short enclosed (Fig. 2c). The number of petals in one face is de-
creased, and the edge of eight faces tends to be straight and
smooth, thus the length of edge is decreased to about 5–8 lm. Un-
der the preparation condition of pH 8.0, interesting truncated octa-
hedral Cu2O with sharp edges was seen in Fig. 2e, which is
bounded with eight trapeziform prism faces and six quadrilateral
end caps with the edge length of 3–5 lm. The surface of the trun-
cate octahedron is covered with both {100} and {111} faces, but it
is mainly occupied by the {111} faces. While the {100} surfaces
constantly decrease in area, concurrently, the {111} planes contin-
ually gain in area, eventually leading to perfect octahedral Cu2O
microcrystals with a length of edge to 3–4 lm when the solution
adjusted to pH 9. The crystals were further grown on the basis of
truncated octahedral microcrystals, which could be thought of as
the framework of an octahedron, the formed crystal faces can be
identified by stereological analysis of scanning electron micro-
graphs taken from crystal samples at different viewing directions,



Fig. 3. SEM images of low- and high-magnification morphologies of Cu2O microcrystals prepared under different pH values (a and b) pH = 10, (c and d) pH = 11, (e and f)
pH = 12, and (g and h) pH = 13.
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the morphological characteristics of {111} facets are not fully
changed, and their original edges, apexes, and new edges of pits
are still in the same plane.

Furthermore, quasi-sphere (Fig. 3a and c) and sphere microcrys-
tals (Fig. 3e and g) of the Cu2O were formed after hydrothermal
treatment from pH 10–13. Cu2O quasi-sphere particles with rough
surfaces are formed with non-uniform size at the pH 10. It is obvi-
ously seen that rough Cu2O sphere crystals constructed of distinct
geometric polyhedron with the diameter ranging from 600 to
800 nm are formed (Fig. 3a). The diameter of quasi-sphere con-
struct with several polyhedrons gets to about 1.2 lm with a further
increase in volume of NaOH adding into the reaction mixture to pH
11. Notably, the spherical Cu2O with the diameter become to 3 lm
(Fig. 3e and g) can be obtained when the pH of the solution is
adjusted to 12–13. Interestingly, the polyhedron disappeared and
the surfaces of Cu2O spheres become smoother, which is different
from that of the quasi-sphere morphology. Moreover, the size and
shape of microparticles are observed uniform and clean.

It is widely accepted that the growth process of crystals is a
kinetically and thermodynamically controlled process that can



Fig. 4. SEM images of Cu microcrystals prepared under different pH values (a) pH = 1, (b) pH = 2, (c) pH = 3, (d) pH = 4, (e) pH = 5, and (f) pH = 6.

Fig. 5. SEM images of CuO microcrystals prepared under pH 14.
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form different shapes with some degree of shape tunability
through changes in the reaction parameters [28]. The growth
mechanism will be discussed to clarify the morphology transition
from petalody octahedral to sphere in the following part.
3.3. Morphologies of Cu and CuO

The resulting microparticles were proved as Cu under the acid
environments by XRD results. Fig. 4 shows the low- and high-mag-
nification SEM images of obtained Cu microparticles. A large num-
ber of irregular polyhedron structures of Cu with anisotropic
polyhedral faces are exhibited. A close examination of the sample
clearly reveals that the sample consists of two kinds of morpholo-
gies, one is agglomerate and the other is polyhedral, which cannot
be explained by classic geometry. More interesting, an aggregation
of tiny particles was formed under strong acid condition of pH 1
and pH 2. However, when more alkali adding into the solution,
the surface of microcrystals reconstructs into sharp faces during
the continuous growth.

The urchin-like CuO was obtained under the strong alkali con-
dition of pH 14 as shown in Fig. 5. The diameter of a spherical
assembly is up to 12 lm, which consists of many irregular strips
radically pointing toward a common center. The ‘‘strips’’ are
approximately 30–80 nm wide and more than 200 nm long. These
crystal strips, analogous to the ‘‘parachutes’’ in a dandelion, are
aligned perpendicularly to the spherical surface, which indicates
that well-defined CuO urchin-like present a high surface area can
be future candidates for potential application in catalysis. Consid-
ering that no additional templates are added into the formation
process, the urchin-like CuO can be thought to have a habit to form
this morphology due to its crystal structure (There was no separa-
tion of individual strip since they firmly assembled in the spherical
structure).
3.4. Growth mechanism of Cu/Cu2O/CuO

In our reaction system, the evolution of resulting product and
various morphologies should be attributed to the influence of lactic
acid since no surfactants/emulsions were used. It is found that [H+]
or [OH�] plays an important role in the decomposition products of
lactic acid such as acetaldehyde, acrylic acid, carbon monoxide, and
carbon dioxide during the whole hydrothermal process [29].

Fig. 6 shows the shape evolution from Cu, Cu2O to CuO micro-
structure as the reaction and pH values. Under alkali condition,
Cu2+ appears firstly as Cu(OH)2 then to a distorted [Cu(OH)4]2� in
the solution through edge sharing complexes with surplus OH�



Fig. 6. Schematic illustration of the shape evolution from Cu, Cu2O to CuO microstructures.
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[30]. It has been reported [29] that the decomposition of lactic acid
happens according to Eqs. (2) and (3) in Fig. 6 simultaneously,
while acetaldehyde has been proved as an effective reductant un-
der alkali condition, which generate Cu2O as shown in Eq. (7) [31].
When more NaOH is added into the solution or other say the pH of
the solution is adjusted up to 14, surplus OH- ions are generated by
the ionization of NaOH under the hydrothermal conditions. It is ac-
cepted that the [OH-] condition is less favorable for the decarbony-
lation of lactic acid seen as Eq. (2) [32]. In respect of the solution
condition with a small amount of acetaldehyde, many researchers
have reported that [Cu(OH)4]2� transforms into monoclinic CuO
microstructures as a result of dehydration reaction just like the
Eq. (8) [33–35].

In the presence of strong acid, Gunter reported that lactic acid
will decarbonizes to acetaldehyde and CO approximately under
the temperature of 300 �C. In order to test the reducibility of acet-
aldehyde under the acid condition, we replaced the lactic acid with
acetaldehyde under the same pH, time, and temperature with pre-
vious experiments. While no Cu particles were obtained, which
indicate that acetaldehyde is not able to reduce Cu2+ to Cu. In
our hydrothermal system at 120 �C, a probable mechanism for
the presence of Cu is involved with an intermediate carbon-based
product like CO as an excellent reductant, which favors the forma-
tion of pure metallic copper just seen as the Eq. (6). From the above
discussion, it is shown that the evolution of resulting production
depends on the reactions involved with lactic acid under different
pH conditions.

The drastic shape tailor of Cu2O shown in Fig. 2 is also an inter-
esting and meaningful phenomenon. In the past several years, sys-
tematic control of Cu2O including morphology, crystallinity, and
structure has been reported through external agent [36]. Sun and
his co-workers [37] reported that selective adsorption of ethanol
molecules on different positions of Cu2O octahedral particles
leaded to a designated tailoring on {111} facet to synthesize etch-
ing-limited branching architectures. It is indicated that the prefer-
ential adsorption of capping agent in solution to different crystal
facets determines the formation of various morphologies. In our
system under the pH range of 7–13, the capping agent here should
be the acrylic acid, which is also produced through Eq. (3) accom-
pany with Eq. (2) under the alkali condition. The introduced acrylic
acid molecules prefer to adsorb onto the higher energy surfaces
during the crystal growth. The adsorption stabilizes the facets
and thus hinders the growth rate perpendicular to it, which
changes the growth rates of different crystal directions, it is also in-
duces the surface energy rearrangement of each face of the Cu2O.
This leads to the exposure of the large {111} surfaces and the for-
mation of the final Cu2O microcrystal. Thus, these new morpholo-
gies of Cu2O crystals could form under a kinetic growth regime;
however, it is still remains a great challenge to exploit a facile route
to understand the growth habit of {111} facets and achieve the
well-defined different morphology of Cu2O growth on {111}
facets.

The strong alkali used in the above precipitation reaction played
a vital role during the synthesis based on the experimental results.
The high concentration of [Cu(OH)4]2� in the whole reaction pro-
cess due to the strong alkaline media accelerates the dehydration
of [Cu(OH)4]2�, which leads to the high quantity of CuO nuclei
according to Eqs. (4), (5) and (8). The formation process of CuO
urchin-like microcrystalline can be expressed as follows:
[Cu(OH)4]� was hydrolyzed to CuO nuclei via hydrothermal treat-
ment and the small CuO nuclei were assembled into microparticles
under acrylic acid adsorption at the high energy faces. The forma-
tion of urchin-like CuO nanostructures was controlled by the kinet-
ics under the high concentration of NaOH.
4. Conclusions

In summary, we showed a simple hydrothermal method for the
preparation of well-controlled Cu2O microcrystals with novel mor-
phologies and transformation to Cu or CuO by adjusting pH condi-
tions. The micropattern of petalody octahedral and concave
truncated octahedron Cu2O was firstly reported here under the
condition of pH 7–8. The Cu2O morphologies evolve from petalody
octahedral, concave truncated octahedron to truncated octahe-
dron, octahedron, sphere-like and ultimately to sphere strongly
show the dependence on increased alkali condition. The possible
growth mechanism of all kinds of microcrystals has been discussed
in terms of a preferential growths induced by selective absorption
of acrylic acid. Moreover, the Cu precipitation and urchin-like CuO
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were also formed under the acid or strong alkali condition due to
the different decomposition of lactic acid in the present reaction
system. These results reported here provide a facile pathway for
novel multi-morphologic Cu2O microcrystals with well-controlla-
bility. Further works on the special characteristic and applications
of these microcrystals will be involved including the possibilities of
improving performance based on Cu2O electrodes in photovoltaic,
sensors, and battery applications.
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