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Abstract

This paper reports on the creation of a unique form of single crystalline two-dimensional (2-D) copper microdendritic plates and
proposes a new crystal growth mechanism in an aqueous environment. The crystals are formed via reduction of CuSO4 with starch
in aqueous solution. The 2-D crystals are typically �300 nm thick and �50 lm wide, and consist of rhombic petals of (1 1 1) planar ori-
entation. The plates are found to nucleate at the centre in polyhedral shapes and grow outwards along zigzag growth paths along the
h11�2i directions. Formation of such a crystal morphology is attributed to three different growth controlling criteria. The formation
of polyhedral crystalline nuclei is controlled by the Gibbs–Wulff theorem, driven by the need to minimize the total surface energy for
nucleation; growth of the crystal to form a 2-D rosette morphology is controlled by the planar expansion kinetics of low surface energy
crystallographic planes; the zigzag dendritic growth pattern is dictated by the Cu2+ concentration gradient at the crystal growth fronts in
the solution.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It is of interest to create crystalline materials on the
micro- and nanoscales of various geometrical shapes and
morphologies [1–3]. Many novel materials synthesis meth-
ods have been studied to create such materials, such as sol–
gel techniques [4], nanoskiving [5], microwave heating [6],
gas etching [7], vapor deposition [8], laser ablation [9]

and electrochemical deposition [10,11], to name a few.
Among the various techniques hydrothermal processing is
a widely contested method. With no physical constraints,
such as in the case of solidification of molten metal, hydro-
thermal environments allow “free” growth of crystals, thus
allowing the manipulation and control of the size and
shape of various types of solid crystals by exploiting the
intrinsic and extrinsic crystal growth mechanisms and
kinetics. Owing to this unique characteristic hydrothermal
processing has been used to synthesize a wide range of
metallic and other more complex compound materials with
novel crystal forms, targeting a wide range of applications
[12], ranging from imaging [13], to catalysts [14], to gas
sensing [15] and to energy storage materials [16]. This study
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uses copper as a model material to investigate the mecha-
nism of crystal formation via in situ conversion in an aque-
ous environment.

Copper and its oxides have been extensively studied in
recent years with reports on the formation of copper
(and copper oxide) nano- and microcrystals under hydro-
thermal conditions with various one-dimensional (1-D),
two-dimensional (2-D) and three-dimensional (3-D) mor-
phologies, including 1-D nanowires [17–19], Cu–C microc-
ables [20,21] and Cu–PVA cables and necklace-like
structures [22,23], 2-D nanoplatelets [24–26], 3-D equaxial
particles and cubes [27–29], 3-D leaf-like rosettes [30] and
3-D dendrites [31–33]. Intrinsically, due to the high symme-
try of the fcc lattice, low surface energy and fast growth
rate of the close packed {1 1 1} planes, copper microcrys-
tals have a high tendency to grow into equiaxial forms
confined by the {1 1 1} and {1 0 0} planes.

The use of different copper salts and reducers is found to
influence the growth of copper crystals. More deliberately,
addition of surfactants and capping agents is found to be
effective in controlling the morphology of the crystals
formed, by selectively altering the growth habit of certain
crystallographic planes [34]. A range of surfactants have
been used, including sodium dodecyl benzene sulfonate
(SDBS) [17], sodium dodecyl sulfonate (SDS) [24], poly(vi-
nyl alcohol) (PVA) [20,22,23], cetyltrimethyl ammonium
bromide (CTAB) [21] and poly(ethylene glycol) (PEG)
[25]. In most cases the effect of surfactants has been attrib-
uted to their selective adsorption onto certain crystallo-
graphic planes, thus preventing/capping free growth of
the crystals in directions normal to these planes and result-
ing in preferential growth. This generalized explanation is
largely phenomenological, often with little direct experi-
mental evidence to support the claim. In some cases the
reducer used may also be regarded as playing the role of
surfactant, such as in the case of the formation of 1-D cop-
per microwires using CuSO4 and vitamin C (VC) [19],
where vitamin C was believed to function as both the redu-
cer and the capping agent simultaneously to enable the
observed preferential crystal growth.

Another approach to controlling crystal growth is
through the use of complexing agents, which help control
the release and existence of the feedstock ions in solution
[30–33]. This is a mechanism of controlling the growth rate
of the crystals without directly altering the growth habit of
the crystals. Xue et al. [33] reported the formation of 3-D
branched copper dendrite structures produced through an
electrode-less galvanic displacement reaction between Zn
and Cu2+. In this work they used acetate as a complexing
agent to control the release of Cu2+ into solution and to
reduce the rate of crystal growth [33]. The copper dendrites
were formed under diffusion-limited growth conditions,
followed by an oriented attachment mechanism. Other
complexing agents used for Cu2+ are glycerol [17], cop-
per–glycine [31] and diethanolamine (EDA) [18,32], which
encourage the formation of soluble copper complexes at
certain adjusted pH levels. It was suggested that steric

hindrance and charge restriction of these copper complexes
on certain crystallographic planes are responsible for the
preferential growth of 1-D Cu nanowires [17,18].

In the light of what has been reported in the literature
we consider two fundamentally distinctive formation
conditions that influence crystal growth in an uncon-
strained solution environment. The first is chemically
assisted preferential growth using surfactants in the system.
In this case selective adsorption of specific chemicals to cer-
tain crystallographic planes prevents crystal “growth” in
the corresponding directions, thus encouraging preferential
growth of others. This mechanism is widely accepted in the
field.

The second is the rate controlled growth of crystals,
influenced by restricted diffusion or supply of feedstock
species in the environment. In this case the inherent growth
habits of crystals are exploited under near equilibrium
conditions. This mechanism is not often explicitly acknowl-
edged, and knowledge of and experimental evidence for it
are lacking in the literature, compared with those for the
first mechanism.

In this work we explored a new crystal formation condi-
tion, by which the growth rate of the Cu crystals is pushed
to the limit by unrestricted “explosive” reduction of Cu2+

in solution. Under such conditions the crystal morphology
is dictated by the intrinsic growth kinetics of different crys-
tallographic planes. Consequently, a new copper crystal
form of 2-D single crystalline dendritic plates has been
created. Such a unique structure has not been reported in
the literature to date. The experimental evidence collected
enables us to propose a new mechanism of formation for
such crystals.

2. Experimental procedure

Two-dimensional Cu single crystalline plates were syn-
thesized by means of hydrothermal reduction of CuSO4

with starch. In a typical procedure the precursors were
mixed in distilled water to form solutions of 20 g l�1 starch
and 0.05 M CuSO4 and then treated in a Teflon-lined auto-
clave at 160 �C for 6 h. After treatment the autoclave was
cooled naturally to ambient temperature. The solid prod-
ucts were collected by filtering, washed with distilled water
and ethanol at least four times, and dried at 60 �C for 24 h.
Hydrothermal experiments were also performed at different
temperatures for varied durations and for a range of pre-
cursor concentrations to study the reduction and crystal
growth processes.

Powder X-ray diffraction (XRD) analysis was conducted
using a Siemens D5000 diffractometer with CuKa radiation
(k = 0.1541 nm). Crystal orientation was also determined
by means of electron backscattering diffraction (EBSD).
The morphologies and microstructures of the synthesized
samples were observed using a Zeiss 1555 field emission
scanning electron microscope, a JEOL-3000F transmission
electron microscope for high resolution transmission
electron microscopy (TEM) and energy filtered TEM
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(EFTEM), and a JEOL2100 TEM for selected area electron
diffraction (SAED). Compositional analysis was carried out
by means of X-ray energy dispersive spectrometry (EDS).

3. Results

Fig. 1 shows SEM images of samples synthesized at tem-
peratures from 140 �C to 180 �C for 6 h with 20 g l�1 starch
and 0.05 M CuSO4. Reduction of Cu2+ to Cu was found to
occur at 140 �C, but at this temperature the reduction was
incomplete after 6 h, as indicated by the low sample yield.
The solid particles formed are mostly 3-D blocks of metal-
lic Cu crystals of �30 lm, as seen in Fig. 1a and b. In the
intermediate temperature range 150–160 �C the dominant
microstructure in the sample is 2-D dendritic rosette plates,
as seen in Fig. 1c–f. The 2-D rosettes are mostly circular,
with sizes ranging between 40 and 80 lm diameter.
Fig. 1d and f show enlarged views of two rosette plates.
At the relatively high temperatures of 180 �C and above
the 2-D plates are still the dominant structure in the
samples, but occasional large 3-D structures have also
developed, as seen in Fig. 1g and h. In addition, significant
quantities of spherical particles were also present. These are
the carbonaceous by-product formed by hydrothermal
dehydration of starch [35].

The effect of hydrothermal treatment time was investi-
gated at 160 �C. Fig. 2 shows a collection of SEM micro-
graphs revealing the structure of samples treated for
different times up to 48 h. It is seen that 2-D plates were
the dominant form of Cu in all samples. Extending the
treatment time to beyond 6 h does not seem to result in
any difference in the form of the 2-D Cu crystals, except
that the yield of the sample treated for 4 h appears to be
low and that the samples treated for 48 h appear to contain
more carbonaceous spheres and occasional large geometri-
cal Cu crystals.

Fig. 3 shows SEM micrographs of samples synthesized
at 160 �C for 6 h with different concentrations of Cu2+ in
the starting solution. At low Cu2+ concentrations of
<0.02 M only small 3-D Cu crystal structures were formed,
as seen in Fig. 3a–d. It is clear that the dendritic 2-D Cu
plates were only produced when the Cu2+ concentration
is greater than 0.02 M, as seen in Fig. 3e–h.

Fig. 4 shows an analysis of a dendritic plate synthesized
at 160 �C. Fig. 4a is a SEM image at high magnification. It
is seen that the plate is in the form of interconnected rhom-
bic crystals. The rhombic crystals are typically �1–2 lm in
width and �300 nm in thickness. Edges of all the rhombic
crystals appear to conform to three common directions, as
indicated by the dashed triangle. The three directions are
120� apart. This suggests that all the rhombic petals in the
same rosette have the same crystallographic orientation.
Considering the connectivity of the rhombic petals, each
plate is a single crystal. Fig. 4b shows EDS analysis of the
crystals. The crystals are all pure Cu. Trace amounts of C
and O were also detected. These elements form a thin coat-
ing on the crystal surfaces resulting from the dehydration of

starch in the hydrothermal environment. Fig. 4c shows an
XRD spectrum of the same sample (of a large population
of 2-D Cu plates). All the diffraction peaks are indexed to
fcc Cu (JCPDS no. 04-0836, a = 0.3615 nm), with lattice
parameter a = 0.3622 nm. The intensity ratio of the (2 0 0)
to (1 1 1) diffraction peaks is 0.02, much lower than the
expected value of 0.4 for isotropic powder samples. This
implies that the Cu crystals have a strong preferential
(1 1 1) planar orientation normal to the surface of the
XRD sample.

Fig. 5 shows detailed TEM analysis of a 2-D dendritic
crystal. Fig. 5a shows a bright field image of a dendritic
branch broken off a Cu dendritic plate. All the edges are
parallel in three directions with 60� internal angles, as indi-
cated by the three dashed lines. Fig. 5b shows a high
magnification view of a triangular void in between den-
dritic rhombic crystals. A thin surface layer of greater
transparency is visible along the edges of the Cu crystal-
lites. The average thickness of the layer is �20 nm. The
layer composition was identified using EFTEM, as shown
in Fig. 5c. The micrograph shows the carbon elemental
map, confirming that the outer layer is a carbonaceous
coating, formed by dehydration of starch. Fig. 5d shows
a selected area electron diffraction (SAED) pattern taken
in the normal direction of the Cu plates. The pattern is
indexed to the [1 1 1] zone axis of fcc Cu. This is consistent
with the XRD pattern shown above. This demonstrates
that the 2-D copper dendritic plates are in the (1 1 1) plane.
The edges are parallel to h�110i, as indicated in Fig. 5a.

Fig. 6 shows EBSD analysis of a Cu rosette plate.
Fig. 6a shows a misorientation image of the plate, in which
a central point was selected as the reference and misorien-
tation relative to that point in all other areas is expressed in
color according to the color scale provided. The single crys-
talline plate showed a maximum misorientation of 5�, obvi-
ously caused by plate curling. Fig. 6b shows a secondary
electron image of the plate. Fig. 6c shows the pole figures
in the three low index directions of the plate. It is evident
that the plate is a single crystal or a unique (1 1 1) planar
orientation perpendicular to the plate surface. The three
in-plane h�110i directions (thus the three in-plane h�211i
directions) are also identified, as indicated in Fig. 6b.

Fig. 7 shows SEM images of three different morpholo-
gies of copper rosette crystal plates. The plate shown in
Fig. 7a is from a sample treated at 150 �C for 6 h. The plate
is circular in shape. The plate shown in Fig. 7b is from a
sample treated at 160 �C for 6 h but from a solution con-
taining10 g l�1 starch. This plate has a hexagonal profile
and exhibits a clear sixfold symmetry, as indicated by the
arrows. The directions of the “ridges” are the three h�211i
directions in the (1 1 1) plane. The small triangle inside
the micrograph indicates the orientation of the small crys-
tal rhombi. The plate shown in Fig. 7c is from a sample
synthesized at 160 �C for 6 h using a 30 g l�1 starch solu-
tion. This plate is triangular and has a threefold rotational
symmetry. The directions indicated by the arrows are also
the three h�21 1i directions in the (1 1 1) plane. This
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Fig. 1. SEM images of Cu samples synthesized with 20 g l�1 starch and 0.05 M Cu2+ for 6 h at different temperatures: (a, b) 140 �C; (c, d) 150 �C; (e, f)
160 �C; (g, h) 180 �C.
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Fig. 2. SEM images of Cu samples synthesized at 160 �C with 20 g l�1 starch and 0.05 M Cu2+ for different periods of time: (a, b) 4 h; (c, d) 12 h; (e, f)
24 h; (g, h) 48 h.
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Fig. 3. SEM images of Cu samples synthesized at 160 �C for 6 h with 20 g l�1 starch and different Cu2+ concentrations: (a, b) 0.005 M; (c, d) 0.01 M; (e, f)
0.02 M; (g, h) 0.05 M.

7182 X. Xu et al. / Acta Materialia 59 (2011) 7177–7188



Author's personal copy

morphology is essentially the same as the one shown in
Fig. 7b, except that only one side of each of the three
h�211i directions was developed.

It is also evident in Fig. 7 that all these plates have nucle-
ated from the centre (as indicated by the arrows in the
micrographs) and grown outwards in a radial manner.
Fig. 7d shows the details of a core in the centre of a plate.
The core is a 3-D polyhedral crystal. The facets of the crys-
tal can be easily recognized, as labelled in the figure. The
top (1 1 1) plane is parallel to the surface of the plate,
implying that this is the expanding plane for formation
of the crystal plate.

4. Discussion

Formation of 2-D Cu dendritic plates in hydrothermal
environments involves three processes, including Cu2+

reduction, Cu crystal nucleation and 2-D dendritic plate
growth.

4.1. Cu2+ reduction and crystal formation

The formation of a large quantity of Cu crystals indi-
cates that the reduction of Cu2+ to Cu by starch occurred
under hydrothermal conditions. The minimum conditions
for reduction appear to be 140 �C and 4 h, with 160 �C
for 6 h with 20 g l�1 starch and 0.05 M Cu2+ being the
optimal conditions to produce uniform 2-D Cu single

crystalline plates. This is consistent with previous observa-
tions of Cu2+ reduction from CuCl2 [31], CuSO4 [25,30]
and Cu(NO3)2 [32,33] under similar hydrothermal condi-
tions. In addition, carbonization of starch also occurred
[36], as evidenced by the formation of a thin carbonaceous
coating on the copper crystals (Fig. 5b) and free carbon
spheres (Figs. 1g and 2h). This is also consistent with pre-
vious studies [19,20].

The temperature, concentration and time series experi-
ments suggest two crystal formation regimes for morpho-
logical development. Regime I represents low conditions
for Cu2+ reduction, including low hydrothermal treatment
temperatures (e.g. 140 �C, Fig. 1), short times (e.g. 4 h at
160 �C, Fig. 2) and low Cu2+ concentration levels (e.g.
0.01 M or below, Fig. 3). Under these conditions small
polygonal, equiaxial 3-D particles are the dominant mor-
phology of Cu crystals formed. Regime II represents condi-
tions of massive Cu2+ reduction, including high
temperatures and high Cu2+ concentrations. Under these
conditions large 2-D dendritic plates are the dominant mor-
phology of the Cu crystals formed.

The experimental evidence also demonstrates that
within Regime II time and temperature have little effect
on the quantity or morphology of the 2-D Cu crystals
formed. This implies that the process is controlled by the
thermodynamic conditions for Cu2+! Cu reduction. Once
the thermodynamic conditions are met reduction is
expected to occur in an explosive, instantaneous manner
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Fig. 4. Detailed SEM images, EDS spectra and XRD pattern of 2-D Cu dendritic plates synthesized under optimal hydrothermal conditions.
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in the solution. Given that Cu does not survive in atomic
form in solution the reduced Cu atoms crystallize simulta-
neously into Cu crystals. In this regard, the reduction and
crystallization rates are interlocked and synchronized. Of
the two the rate of crystal growth is obviously the factor
controlling the reaction.

4.2. Cu crystal nucleation

It is evident that the 2-D dendritic Cu crystal plates
nucleate from the centre, as seen in Fig. 7a and c. The
nuclei are 3-D polyhedral crystallites. A general criterion
for crystallite formation, at least in the nucleation stage
in an unconfined environment, is to achieve the lowest total
surface energy as expressed by the Gibbs–Wulff theorem
[37,38]. This criterion dictates the exterior shape of the
crystals formed. Cu has an fcc structure. It has been
reported that the surface free energies of the three low
index crystallographic planes of {1 1 1}, {1 0 0} and
{1 1 0} are 938.7, 1005.8 and 1106.1 erg cm�2, respectively
[39], following the order r{111} < r{100} < r{110} [40]. This
implies that the {1 1 1} planes have the highest thermody-
namic driving force to grow, or the highest rate of expan-
sion, followed by the {1 0 0} and then {1 1 0} planes. It
is clear in Fig. 7c that the nucleus has a 3-D polyhedral

shape bounded by four {1 1 1} planes and three {1 0 0}
planes, as viewed from the top. These are the two plane
families with the lowest surface energies.

The shape of the crystallite may be described by a linear
growth rate parameter g = L[100]/L[111], which is defined as
the ratio of the linear dimension of the crystallite along the
h1 0 0i direction (L[100]) to that along the h1 1 1i direction
(L[111]) [41]. In this case g = 0.87. For a crystallite bounded
in two sets of planes of {1 0 0} and {1 1 1} the shape may
also be described by a planar expansion parameter
u = A(111)/A(100), which is defined as the ratio of the total
surface area of the {1 1 1} planes to that of the {1 0 0}
planes. In this case u = 0.577.

This means that the planar expansion rate of the {1 1 1}
planes is 57.7% that of the {1 0 0} planes, in contradiction
to the expectation based on consideration of the surface
energies of the two planes. This implies that the planar
growth rate of a particular plane is dictated, or restricted,
by the minimum total surface energy requirement, i.e. the
Gibbs–Wulff theorem, instead of the thermodynamic driv-
ing force for the growth of the plane at this nucleation
stage. In other words, at the nucleation stage the Gibbs–
Wulff theorem is the controlling mechanism of crystal for-
mation. This is evident in samples synthesized at low Cu2+

concentrations (Fig. 3a and c) and low temperatures

)022(

)202(
)202(

Fig. 5. TEM analysis of Cu plate produced by hydrothermal treatment at 160 �C for 6 h: (a) TEM micrograph of connected rhombus Cu petals; (b)
carbonaceous coating on Cu seen along the edges of Cu petals; (c) carbon mapping of the area shown in (b) identifying the carbon content of the surface
coating; (d) SAED pattern of the Cu plate with the ½�111� zone axis perpendicular to the plate surface.
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(Fig. 1a), where the dominant solid phase morphology
formed is 3-D equiaxial blocks.

4.3. Two-dimensional rosette plate growth

As presented above, the 2-D Cu dendritic plates are in
the (1 1 1) planar orientation and each plate is a single crys-
tal, grown out by expansion of the (1 1 1) planes from the
nucleus. Such growth is obviously abnormal, deviating
from the Gibbs–Wulff theorem for equilibrium crystal
forms.

In a cubic system there are four equivalent {1 1 1}
planes. Fig. 8 shows three possible shapes of fcc crystals
when different the h1 1 1i planes are allowed to grow. When
all four planes expand equally the crystal forms an octahe-
dron (Fig. 8a). Once a perfect octahedron is formed from a
truncated shape further growth of the crystal will have to
rely on repeated 2-D surface nucleation on every facet. This
is obviously a difficult process requiring a high level of
coordination among the four pairs of {1 1 1} planes.

A second possibility is when two of the four h1 1 1i
planes grow. In this case the crystal will form a rhombic
prism, as shown in Fig. 8b1. In this case growth of the
two expanding{1 1 1} planes is confined only to the length
direction of the crystal, which is [1 1 0]. The growth of these
two planes suppresses the growth of the other two {1 1 1}

planes, which may form the ends of the rhombic prism.
This process is self-sustainable, but requires careful syn-
chronization between the two growing {1 1 1} planes. Such
growth has occasionally been observed, and is evident in
Fig. 2h. If one of the two planes grows more than the other
in the lateral direction of the prism growth of the other
plane may be suppressed. This will result in the third case,
in which only one plane is allowed to expand. Fig. 8c1
shows the crystal formed when only one (1 1 1) plane
grows. In this case the crystals may form hexagonal, trian-
gular or rhombic 2-D plates, as observed in this study.

The hexagonal platelets (as a generic term for all three
shapes mentioned above) may be viewed as having two
halves, separated by the middle horizontal locus. The bev-
elled edge facets of the top half are the {0 0 1} and {1 1 1}
planes in an alternating arrangement. The bottom half is a
mirror image of the top. The bottom edge plane adjacent to
a {0 0 1} edge plane is a {1 1 1} plane, and vice versa, as
shown in Fig. 8c2. Fig. 8c3 shows the geometry of theð0�11Þ
plane in a cross-section along the A–A line in Fig. 8 c1.

Such preferential growth obviously deviates from the
Gibbs–Wulff theorem. The growth of a (1 1 1) plane con-
forms to the expected growth rate of individual crystal
planes on the basis of surface energy, or thermodynamic
driving force, considerations. Such growth breaks down
the intrinsic fcc crystal symmetry. The reason for this

(b)5°

(c)

(a) 

Fig. 6. EBSD analysis of 2-D Cu dendritic crystal orientation: (a) misorientation map relative to central point A; (b) secondary electron image of the plate;
(c) (0 0 1), (1 1 0) and (1 1 1) pole figures.
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abnormal growth is the difference between the crystal
growth kinetics and the explosive nature of the Cu2+ ion
reduction reaction in solution. As discussed above, both

the first and second possible mechanisms of growth
described in Fig. 8 require high levels of coordination
among all the growing planes. Such conditions are only

)001( )111(

)111( )111( )010(

)111(

)100(

Fig. 7. Typical morphologies of 2-D dendritic Cu plates, including (a) circular, (b) hexagonal and (c) triangular rosette crystals. (d) The polyhedral nucleus
of at the centre of a plate.
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)111(
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]111[
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(c3) A-A

]112[

Fig. 8. Geometrical shapes of cubic crystals formed by expanding the {1 1 1} planes: (a) octahedron formed when all four {1 1 1} planes expand equally;
(b1) rhombic prism formed when two {1 1 1} planes grow in parallel; (b2) cross-section of the rhombic prism shown in (b1); (c1) hexagonal (or triangular
or rhombic) plate formed when one (1 1 1) plane grows; (c2) bisected cut-away view of the hexagonal crystal shown in (c1) cut off along the ð0�11Þ plane;
(c3) ð0�11Þ plane geometry in the cross-section of the hexagonal crystal.
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achievable at extremely slow growth rates, and are not
permitted under the current conditions.

This implies that this later stage of crystal growth is con-
trolled by the crystal plane expansion kinetics, as measured
by the thermodynamic driving force for growth, in contrast
to the nucleation stage, in which crystal formation is con-
trolled by the Gibbs-Wulff theorem based on the minimum
total system surface energy criterion. This is easily under-
stood, as that in the early stage of crystal formation the
relative contribution of surface energy to the total system
free energy change is much more significant than in the
later stage, when the crystal has grown to a large size.

4.4. Zigzag growth path

It is also evident that the 2-D single crystal Cu plates are
not solid, but formed of extensive branches. Close exami-
nation of the interior structure of the plates reveals that
the branches extend in a zigzag pattern. Fig. 9 shows a
schematic of the structure to reveal the growth mechanism.
The hexagon in the middle indicates the nucleus, viewed
perpendicular to the (1 1 1) surface. Expansion of the
(1 1 1) plane along one [0�11] direction creates a rhombic
crystal petal, as indicated by branch A. Growth is fed by
the production of Cu atoms via the reduction of Cu2+.
Given that the reduction is explosive and that Cu atoms

do not survive in atomic form in solution crystal growth
must be extremely rapid. This causes depletion of the feed-
stock (i.e. Cu2+) in the solution in front of the growing
crystal petal. This forces the crystal to change its direction
of growth, into a neighbouring h0�11i direction, as indi-
cated by the second arrow. Repeated changes of growth
direction create a zigzag growth pattern of a growing
branch, as indicated by branch B. It is obvious that the
growth direction of the rhombic petal is h0�1 1i and the
branch propagation direction is h11�2i. Branch C shows
the case when one branch of crystal petals splits into two
branches. Fig. 9b shows a detailed view of the interior of
a rosette plate. The zigzag growth paths of some branches
are indicated by the strings of arrows. It is obvious that the
morphology of crystal rosettes predicted by such a growth
mechanism is consistent with the experimental
observations.

5. Conclusions

The key experimental findings may be summarized as
follows.

1. A uniform population of microsized 2-D dendritic plates
of single copper crystals is created via a simple hydro-
thermal process from CuSO4 and starch. The optimum
synthesis conditions for the formation of such structures
are 160 �C for 6 h using aqueous solutions of 20 g l�1

starch and 0.05 M CuSO4.
2. The 2-D dendritic single crystals nucleate as 3-D polyhe-

dral crystallites bounded by all four {1 1 1} planes and
all three {1 0 0} planes.

3. The 2-D dendritic plates are formed by preferential
planar growth of one of the four {1 1 1} planes, in the
form of interconnected rhombic petals. The growth
directions of the rhombic crystal petals are h0�11i. The
propagation directions of the branches of 2-D {1 1 1}
crystal petals are h11�2i.

The discussions of the mechanisms of formation of such
crystals allow the following conclusions to be drawn.

1. In the nucleation stage the shape of the crystallite is con-
trolled by the Gibbs–Wulff theorem for minimum total
surface energy.

2. The growth of the 2-D dendritic crystal plates deviates
from the Gibbs–Wulff theorem and is controlled by
the kinetics of growth based on thermodynamic driving
force principles.

3. The reduction of Cu2+ to Cu by starch occurs in an
explosive manner in aqueous environments when the
appropriate thermodynamic conditions are satisfied.
Reduced Cu atoms cannot survive in solution and thus
must simultaneously form Cu crystals. In this regard,
the reduction rate is limited by the crystal growth rate
and the crystal growth rate is driven to the maximum
by the explosive reduction.

(b)

(a)

Fig. 9. Schematics of the growth mechanism of 2-D Cu dendritic plates.
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4. The zigzag growth pattern is a result of depletion of the
feedstock (Cu2+) in the solution in front of the growth
tip caused by spontaneous explosive growth of the crys-
tal petals.
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