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ABSTRACT

Nanoribbons of Cu(OH)2 have been synthesized by coordination self-assembly in solution. Techniques of XRD, TEM, HRTEM, SEM, ED, EDX,
and XPS have been used to characterize the morphology, structure, and composition of the nanoribbons. The Cu(OH)2 nanoribbons are
20−100 nm in width, several nm in thickness, and up to 100 µm in length. The basic building blocks of the coordination self-assembly are the
square planar complexes of Cu2+, which are continuously supplied in a controlled manner from the Cu2S nanowires. NH3 serves as a molecular
transporter in the nanoribbon assembly process. The advantages of our method for the nanoribbon synthesis lie in the low temperature and
mild reaction conditions, which permit large scale production at low cost.

Introduction. One-dimensional (1D) materials (nanowires,
nanotubes, nanobelts, and nanoribbons) have been the focus
of considerable interest because of their fundamental im-
portance and potential applications in areas such as nano-
devices. Many methods have already been developed for the
fabrication of 1D materials. Among these methods, many
are based on high-temperature processes such as vapor-
liquid-solid (VLS) growth,1-6 laser ablation,7,8 and vapor-
solid (VS) reaction.9 Other methods exploit the confined
spaces of hard templates, e.g., alumina,10 track-etching
polycarbonate membrane,11,12 calix[4]hydroquinone nano-
tubes,13 silica,14 Cr2GaN,15 mica,16 and soft templates, e.g.,
liquid crystal,17 reverse micelle,18 surfactant templates.19-21

In recent years, low-temperature growth of nanowires
without templates has been reported. Buhro et al. have grown
InP nanowires by a solution-liquid-solid (SLS) process.22

Nanowires of Ag23 and Se24,25 have been synthesized in
solution by Xia et al. Using a hydrothermal method, Qian’s
group has synthesized CdS26 and Mg(OH)227 nanorods.
Recently, we have also synthesized Cu2S nanowire arrays
at room temperature by gas-solid reaction.28,29 These

methods have potential advantages of relatively low cost,
high purity, and large-scale production.

Accompanying the advance in nanowire growth technol-
ogy is the growing interest in the control of the nanowire
morphology. In addition to the cylindrical nanowires, nano-
cables,30,31nanotubes,32,33nanocones,34 nanoneedles,35 nano-
strips,36 nanoribbons,37-40 and nanobelts8,41,42have also been
fabricated at high temperatures.

Here we report the first coordination self-assembly of Cu-
(OH)2 nanoribbons in an aqueous solution without any
surfactant. Cu(OH)2 is a layered material, and its ortho-
rhombic crystal structure may prove to be ideal for the
assembly of nanoribbons. The idea is schematized in Scheme
1. As is well known, Cu2+ prefers square planar coordination
by OH- (a), and this leads to an extended chain (b). The
chains can be connected through the coordination of OH-

to dz2 of Cu2+, forming a two-dimensional (2D) structure (c).
Finally, the 2D layers are stacked through the relatively weak
hydrogen bond interactions, and become a three-dimensional
(3D) crystal. A key point is that under the right conditions,
the crystal growth rate is expected to be quite different,43

which is the basis for the fabrication of the Cu(OH)2

nanoribbons. In this work, Cu2S nanowire arrays with* Corresponding author. E-mail: chsyang@ust.hk
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a large surface area and open structure were used as a
controlled delivery source of Cu2+ for the nanoribbon
assembly in an aqueous solution under oxidative and alkaline
conditions. Cu2+ was then transported to the assembly sites
by NH3 in the form of coordination complexes.

Experimental Section.The synthesis of Cu2S nanowires
on copper surfaces has been described previously (O2/H2S
) 1.0; reaction time: 10 h).29 Before the preparation of Cu-
(OH)2 nanoribbons, the Cu2S nanowires were washed with
an aqueous solution of HCl (1.0 M) for∼20 min and
subsequently with deionized water three times to remove
surface impurities. The Cu2S nanowires on a copper foil were
then immersed into an aqueous solution of ammonia (Al-
drich, 0.01 M, pH) 9-10). After reacting for 2 h, a blue
layer formed on the surface of the substrate. Finally, the
samples were taken out of the reactor after a given reaction
time, washed with deionized water three times, and dried in
air.

Scanning electron microscopy (SEM) of the samples was
carried out using JEOL 6300 at an accelerating voltage of
15 kV. For transmission electron microscopy (TEM, Hitachi
HF-2000 FEG and Philips-CX20 at 200 kV, and JEOL
4000EX at 400 kV) characterization, the Cu2S nanowires
and Cu(OH)2 nanoribbons were grown on Cu grids directly.
X-ray diffraction (XRD) spectra of the samples were taken
on a powder X-ray diffractometer (Philips PW-1830).

Results and Discussion.Shown in Figure 1 are XRD
spectra of the samples before (A) and after (B) the nano-
ribbon growth reaction. Before reaction, only the as-prepared
Cu2S phase appeared (Figure 1A). New peaks showed up
after reacting for 48 h (Figure 1B), indicating the formation

of orthorhombic Cu(OH)2. At the same time, the diffraction
peaks of the monoclinic Cu2S, albeit still present, were
reduced significantly in their intensities after reaction.
According to the XRD spectrum (Figure 1B), the cell
parameters of Cu(OH)2 are calculated to be:a ) 2.9791 Å,
b ) 10.5417 Å, andc ) 5.2599 Å, which are in good
agreement with the literature values of bulk Cu(OH)2 (a )
2.9471 Å,b ) 10.5930 Å, andc ) 5.2564 Å). A conspicuous
feature of the Cu(OH)2 diffraction peaks is their broadness,
which indicates the small size of the Cu(OH)2 crystals. The
average size of the Cu(OH)2 crystals has been estimated to
be 12 nm by the Debye-Scherrer equation (B ) 0.89λ/
(Dcosθ)). This is consistent with the TEM results as will be
described below. The blue Cu(OH)2 layer could be separated
from the black Cu2S layer by applying a small lateral force.
The XRD pattern of the blue Cu(OH)2 sample after separa-
tion is shown as the spectrum C in Figure 1. It exhibits almost
only the Cu(OH)2 diffraction peaks, demonstrating the effect
of sample separation.

Figure 2A presents a low magnification TEM image of
the Cu(OH)2 sample. It appears that the sample consists
entirely of very long ribbon-like nanostructures with a
relatively uniform width (∼20-100 nm) and sharp boundary
on this scale. The ribbon morphology can be appreciated
from the thinning in the smooth bend and wring sections
indicated with black and white arrows in Figure 2A and the
black arrow in Figure 2B; this thinning would not occur for
cylindrical nanowires. The inset of Figure 2A shows a select
area electron diffraction (SAD) pattern taken from the region
including lots of nanoribbons, in which the primary ring
pattern, diffraction induced by polycrystal, can be indexed
with the orthorhombic Cu(OH)2. The diffraction intensity
is, however, not uniform over some rings, indicating the
existence of preferential orientation or texture structure in
the Cu(OH)2 nanoribbons. Higher magnification TEM images
(Figure 2B,C) show that the ribbon-like Cu(OH)2 is either
single nanoribbon with the typical width of∼20-100 nm
(Figure 2C) or a bundle of the single nanoribbons, as
indicated by white arrows in Figure 2B. In comparison to
the single nanoribbon, the bundled nanoribbons usually have

Scheme 1. Schematic Showing the Coordination Assembly
Growth of Cu(OH)2 Nanoribbons

Figure 1. XRD patterns of (A) pure Cu2S nanowires on Cu foil
before the growth of Cu(OH)2 nanoribbons; (B) Cu(OH)2 nano-
ribbons and the remaining Cu2S nanowires on Cu foil; and (C) pure
Cu(OH)2 nanoribbons after separation.
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a wider width from several tens (Figure 2B) up to several
hundred (Figure 3C) nanometers. The thickness of the Cu-
(OH)2 nanoribbons can be estimated to be smaller than 10
nm from the TEM image (Figure 2B). Cavities or holes have
been seen to distribute uniformly over the nanoribbons
(Figure 2B,C).

Shown in Figure 3A,B are high-resolution transmission
electron microscopy (HRTEM) images of the single and a
bundled Cu(OH)2 nanoribbon, respectively. Evidently, both
types of Cu(OH)2 nanoribons are not single crystalline. The
crystallites with different orientations can be distinguished.
The boundaries between the single nanoribbons can be
clearly seen from the image (Figure 3B), indicating that the
bundled nanoribbons are likely produced in the form of
intergrowth of single nanoribbons rather than mechanical
overlapping. Although the nanoribbons are polycrystalline,
orientations of the crystallites are not random but coordinated,
in evidence of the electron diffraction pattern (the inset of
Figure 3C) corresponding to a bundled nanoribbon (Figure
3), where some very strong reflections can be seen, although
they are quite diffuse. A striking scattering feature induced
by the boundary effect is also identified, which is perpen-
dicular to the axial direction of the bundled nanoribbons.
Some of the reflections are indexed matching the [1h10] zone
of the orthorhombic Cu(OH)2, as labeled in the diffraction
pattern. Crystallographic analysis indicates that the growth
direction is very closed to the [100] in average, and a single
nanoribbon is enclosed with the (010) and the (001) as side
and top planes. As a result, the nanoribbons are not single
crystalline, but the crystallites composed do not randomly
connected together, instead the crystallites tend to orient their

[100] crystal direction to be parallel to axis direction of Cu-
(OH)2 nanoribbon, and their (010) and (001) crystal planes
to parallel to the enclosed surface of the nanoribbons on
average.

To gain a better understanding of the mechanism of the
nanoribbon growth, we have studied the time course of the
reaction by TEM and SEM. Figure 4 shows TEM (A) and
SEM (B, C, and D) images of Cu(OH)2 nanoribbons obtained
after different reaction times. After reacting for 0.5 h (Figure
4A), nanoribbons can be seen around the Cu2S nanowires,

Figure 2. TEM images of Cu(OH)2 nanoribbons at different
magnifications. Inset of (A): ED pattern taken from the region
including many Cu(OH)2 nanoribbons.

Figure 3. HRTEM images of a single nanoribbon of Cu(OH)2 (A)
and a bundle of nanoribbons (B). (C) A TEM image of bundled
Cu(OH)2 nanoribbons. Inset of (C): ED pattern of the bundled Cu-
(OH)2 nanoribbons.

Figure 4. TEM and SEM images of Cu(OH)2 nanoribbons after
different growth times. (A) TEM image after 0.5 h; (B) SEM image
after 4 h; (C) SEM image after 3 days; (D) SEM image after 7
days. Inset of (D): higher magnification.
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but they are sparse and short (2.5µm). Note that these
nanoribbons were not grown from the Cu2S nanowires
directly. Most Cu(OH)2 nanoribbon bundles appear like a
sheaf of straw tied in the middle (see arrow in Figure 4A).
This suggests that the nucleation of the nanoribbons occurred
at the tied region, and the growth fronts radiated in opposite
directions. As the reaction time was increased to 4.0 h (Figure
4B), the nanoribbons were grown much longer (∼20 µm),
and a hexagonal-like network of nanoribbons covered the
Cu2S nanowire arrays. The radial growth pattern of the Cu-
(OH)2 nanoribbons is clearly discernible. In addition, at
nanoribbon radiation centers, Cu2S nanowire tips can be seen
(see arrows in Figure 4B). Conceivably, the concentrations
of Cu2+ are higher at these points, a condition that is
favorable for the nucleation of the Cu(OH)2 nanoribbons.
Panel C of Figure 4 shows an SEM image of nanoribbons
obtained after reaction for 3 days. The uniform Cu(OH)2

nanoribbons become much longer (∼70 µm), and still lie
down on the substrate. An SEM image of the Cu(OH)2

nanoribbons grown with a 7-day reaction time is shown in
panel D of Figure 4. Here, the Cu(OH)2 nanoribbons are
even longer (∼100 µm) and have completely covered the
Cu2S nanowire arrays. As the nanoribbons become longer,
they start to grow vertically, and finally form a honeycomb-
like structure. Inside the honeycomb, features shown in
Figure 4B are observed. This morphology may be related to
interplay between the Cu2+ release pattern, the nanoribbon
growth rate, and the attendant hydrodynamics at the micro-
scopic scale.

We now come back to the growth mechanism of the Cu-
(OH)2 nanoribbons as illustrated in Scheme 1. First of all,
the Cu2+ cations come from the oxidation of the Cu2S
nanowires under the basic condition (e.g., Cu2S f CuS+
Cu; Cu+ O2 f Cu2+) and exist in the form of [Cu(NH3)4]2+.
The Cu(OH)2 nanoribbon assembly results from the follow-
ing equilibrium:

It is plausible that the nucleation of Cu(OH)2 starts from
localized regions with relatively high concentrations of [Cu-
(NH3)n]2+. Once the nucleus is formed, the assembly Cu-
(OH)2 nanoribbons can start on it. As mentioned above, the
growth rate is quite different along different directions. We
believe that the>Cu(OH)2‚‚‚Cu(OH)2Cu< chain is the
fastest growing direction and it is therefore the nanoribbon
direction ([100]). For the nanoribbon assembly, the molecular
transport complex [Cu(NH3)n(H2O)m(OH)l](2-l)+ is very im-
portant; it transports Cu2+ to the growing nanoribbon tips
with OH- ligands attached. The attachment of the complex
is likely accompanied by the release of NH3 ligands.
Continuous assembly in this way yields a long chain, and
further assembly of many such chains will then form the
nanoribbons.

There remains an important question: why are the
assembled Cu(OH)2 nanoribbons more like polycrystalline?
To answer this question, one has to examine how the>Cu-

(OH)2Cu< chains are combined. It is likely that some NH3

ligands are trapped between the chains, which may provide
sites for defect growth. However, we have failed to detect
the N element by XPS. Another possibility is that the Cu-
(OH)2 nanoribbon framework is single crytsalline, but the
surfaces are covered with many small nanocrystals that mask
the single crystalline structure of the nanoribbon core.

Conclusions.In summary, we have successfully synthe-
sized Cu(OH)2 nanoribbons that are 20-100 nm in width,
several nm in thickness, and up to 100µm in length by a
simple solution-phase process. Our method relies on the
coordination self-assembly of the square planar complexes
of Cu2+, which are continuously supplied in a controlled
manner from the Cu2S nanowires. NH3 seems to play an
important role in the nanoribbon assembly process as a
material transporter. The advantages of our method for the
nanoribbon synthesis lie in the low temperature and mild
reaction conditions, which permit large scale production at
low cost. The Cu(OH)2 nanoribbons have a flexible and loose
structure, and therefore may lend themselves to be precursors
for the fabrication of other copper-based (e.g., CuO) low-
dimensional materials. These low-dimensional materials in
general promise many potential applications in sensory
devices, catalysis, and superconductors.
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