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We examine the crystal structure and growth direction of nanowire arrays grown from copper surfaces atCu2S
room temperature. By using X-ray di†raction (XRD), transmission electron microscopy (TEM) and electron
di†raction (ED) techniques, the monoclinic nanowires are shown to grow preferentially along the c-axis,Cu2S
characterized by a layered structure. This result may shed light on the unusual growth mechanism of the Cu2S
nanowires.

I. Introduction
There is a keen interest in the synthesis of one-dimensional
(1D) nanomaterials.1 Strategies have been developed to syn-
thesize 1D materials under ambient or mild conditions.2h10
On this line, we have recently discovered that by exposing a
surfactant-treated copper surface to in air at room tem-H2Sperature, straight and long nanowire arrays are grownCu2Sdirectly from the copper surface with a good crystallinity and
a large aspect ratio.11,12 This has opened opportunities to
study the e†ect of dimensionality on the electronic properties
of the semiconducting which is an important photovol-Cu2S,
taic material.13 Further experiments showed that under
appropriate conditions, the nanowires could be grownCu2Seven without the surfactant treatment.14 The traditional
vaporÈliquidÈsolid mechanism does not appear to be applic-
able in the nanowire growth under such a mild condi-Cu2Stion. Therefore, the question as to how the nanowiresCu2Sgrow on the copper surface remains to be answered.

In order to unravel the growth mechanism of the Cu2Snanowires, it is important to study the crystal structure and
the growth direction of the nanowires. This presents a formi-
dable challenge because the room temperature phase of Cu2Sis monoclinic. Fortunately, the nanowires could beCu2Sgrown in arrays approximately perpendicular to the copper
surface, and this facilitates the XRD analysis. In the work pre-
sented below, we investigate the structural aspect of the Cu2Snanowires using XRD, TEM and ED techniques.

II. Experimental

The procedure for nanowire synthesis on copper surfaceCu2Shas been described elsewhere.11,12,14 Copper foils (99.8%,
Aldrich) with a majority of the (200) and (220) crystal planes
parallel to the surface were found to be e†ective in producing
the nanowires. Before use, copper foils with a thicknessCu2Sof 0.25 mm were carefully cleaned for D5 min in ultrasonic
baths of diluted hydrogen chloride solution and absolute
ethanol, respectively, followed by drying in a vacuum or an
inert gas atmosphere. The copper foils (0.5 cm] 0.5 cm) were
placed in a reactor.14 A gas Ñow consisting of a mixture of

oxygen (99.8%) and hydrogen sulÐde (99.8%, Aldrich) at a
molar ratio of to between 2 : 1 and 3 : 1 was directedO2 H2Sto the reactor. The total pressure in the reactor was kept at
D1.05È1.08 atm. The reaction lasted for 8È10 h at room tem-
perature. During reaction, the reactor was kept in the dark.
Powder samples were obtained by carefully peeling o† the

nanowires from copper surface. Powder X-ray di†rac-Cu2Stion measurements were carried out with a Philips PW 1830
instrument with a 1.54 Cu rotating anode point source.A�
Two samples were measured using XRD: the nanowireCu2Sarrays on a copper surface and the nanowire powderCu2Swith relatively random orientations on a glass substrate. TEM
imaging and electron di†raction experiments were performed
on JEOL 4000EX and Hitachi HF-2000FE transmission elec-
tron microscopes, under operating voltages of 400 and 200
kV, respectively. For TEM observations, the powdersCu2Swere transferred to copper grids coated with holey carbon
Ðlms. Large area images were taken with a scanning electron
microscope (JOEL 6300 SEM operated at 15 kV).

III. Results and discussion
When exposed to a mixture of and the copperH2S O2 ,
surface turned dark red immediately, and then shining cyan
and gray in a short time span. After 10 h reaction, the copper
surface became black and Ñu†y, indicating the formation of
dense nanowire arrays. Fig. 1 shows a typical SEMCu2Simage (side view) of the as-prepared nanowire arrays onCu2Sthe copper surface. The nanowires are D5 lm long and D50
nm thick with a reasonable uniformity, as conÐrmed by TEM
observations. They are straight, evidently well-aligned, and
approximately perpendicular to the copper surface.

XRD patterns of the nanowire array sample on aCu2Scopper surface and the nanowire powder sample areCu2Sshown, respectively, as traces a and b in Fig. 2. All the appar-
ent peaks in the XRD pattern for the powder nanowiresCu2Scan be indexed according to the monoclinic as indi-Cu2S15,16
cated in Fig. 2b. There is a small shoulder, however, at about
39¡ in the XRD pattern of the nanowire powder (Fig.Cu2S2b). This di†raction peak cannot be assigned to any crystal
plane of the monoclinic but can be indexed as the (200)Cu2S,
di†raction of monoclinic copper oxide (CuO).15

3750 Phys. Chem. Chem. Phys., 2001, 3, 3750È3753 DOI: 10.1039/b104046b

This journal is The Owner Societies 2001(



Fig. 1 A side-view SEM image of the nanowire arrays on aCu2Scopper foil substrate. Note that the nanowires are roughlyCu2Saligned perpendicular to the copper surface.

When the XRD pattern was recorded directly on the as-
prepared nanowires on the copper surface, the di†rac-Cu2Stion peaks became sharper and cleaner, and many di†raction
peaks which appeared in Fig. 2b became smaller or disap-
peared (Fig. 2a). This is clearly a consequence of the alignment
of the straight nanowires perpendicular to the copperCu2Ssurface as already revealed in the SEM image in Fig. 1. By
comparing the intensities of the di†raction peaks of traces a
and b in Fig. 2, it is found that the intensity of the dif-(204)
fraction peak has undergone the largest increase from the
powder sample to the nanowire array sample. This indicates
that the crystal plane of the nanowires are parallel(204) Cu2Sto the surface of the copper substrate. In conjunction with the
SEM image of the as-prepared nanowires (Fig. 1), theCu2Snanowires are likely to grow in a direction closely perpendicu-
lar to the crystal plane, i.e. the c axis of the monoclinic(204)

because the angle between the plane and the c axisCu2S (204)
is 90¡.

Although the average alignment direction of the Cu2Snanowires is perpendicular to the copper surface, some nano-
wires are tilted from the copper surface normal, as can be seen
in the SEM image (Fig. 1). As a result, di†raction peaks from
the crystal planes which are not parallel to the plane, can(204)
still be observed but with a dramatically reduced intensity. We
calculated the relative intensity (I(hkl)/I(204))/(Is(hkl)/Is(204))
of each di†raction peak based on the data in Fig. 2a, and
plotted it as a function of the angle between the di†raction
plane and the plane as shown in Fig. 3. Clearly, the rela-(204)
tive di†raction intensity decreases exponentially as the di†rac-
tion plane deviates from the plane. This evidence(204)

Fig. 2 XRD patterns of nanowires (a) from the as-preparedCu2Snanowires on a copper foil substrate, and (b) from a powderCu2Ssample. The vertical dotted and dashed lines indicate the di†raction
peak positions and intensities of powder monoclinic and CuO,Cu2Srespectively.

Fig. 3 The dependence of the relative di†raction peak intensities of
crystal planes (hkl) on the angle between (hkl) and The solid line(204).
is obtained from Ðtting to an exponential function.

supports the conclusion that the growth direction of the Cu2Snanowires is perpendicular to the crystal plane.(204)
Fig. 4a displays part of a single nanowire, which isCu2Sstraight with a uniform thickness of D45 nm. A high

resolution TEM image of this nanowire is shown in Fig. 4b.
Clear-cut fringes are revealed in the core region of the nano-
wire, especially the fringes in a perpendicular direction which
extend through the whole nanowire length with a fringe
spacing of D3.3 The nanowire appears to be well-A� .
crystallized although the outer portion consists of some nano-
particles. Selected area electron di†raction (SAD) was
conducted on this nanowire, and the pattern is shown in Fig.

Fig. 4 TEM images and selected area electron di†raction pattern of
a single nanowire. (a) A low magniÐcation TEM image ; (b) highCu2Sresolution TEM image and (c) selected area electron di†raction
pattern along the zone axis [201] of Cu2S.
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4c. The well-deÐned di†raction pattern supports the good
crystallinity of the nanowire. The periodically distributed dif-
fraction reÑections appearing in the pattern can be indexed as
the [201] zone of the monoclinic Combining the elec-Cu2S.
tron di†raction pattern (Fig. 4c) with the corresponding
images shown in Fig. 4a and Fig. 4b, the growth direction of
the nanowire is determined to be perpendicular to theCu2Scrystal plane of the monoclinic which is consistent(204) Cu2S,
with that concluded by the XRD analysis. Besides the reÑec-
tions of the [201] zone, there are eight di†use and ill-shaped
di†raction spots remaining in the di†raction pattern. Of those
di†raction spots, four are located on the same ring (see Fig.
4c) with an inter-plane distance (d-spacing) of D2.5 ThisA� .
d-spacing is consistent with those of (002) and of the(16 11)
monoclinic CuO.15 The other two di†raction spots are on a
ring with D1.5 d-spacing, which matches that of of theA� (16 13)
monoclinic CuO. Therefore, in conjunction with the XRD
analysis, it is suggested that the nanowires consist of a mono-
clinic core with the growth direction parallel to theCu2Sc-axis and a shell of epitaxially grown copper oxide (CuO)
nanoparticles.

Fig. 5a shows the atomic arrangement viewed along the c
axis of the monoclinic It can be seen clearly that in theCu2S.
sulfur-containing atomic layers, the sulfur atoms are arranged
in a triangular lattice, and one third of the copper atoms are
coordinated in the interstices. Each sulfur atom is coordinated

with 6 Cu atoms from the sulfur layer and from the neighbor-
ing copper layers. The layered structure can be better appre-
ciated from Fig. 5b, where the atomic arrangement is viewed
along the [201] zone axis. The sulfur layers and copper layers
alternate along the c-axis. The inter-layer distance is 3.375 A� ,
which is consistent with the inter-plane distance of (204).15,16
This layer structure can reproduce the ED pattern in Fig. 4c
and HRTEM image in Fig. 4b. Such a layer structure seems to
be unique, which may explain why the c-axis is the preferred
growth direction of the nanowires.17Cu2S

IV. Summary and conclusions

Using SEM, TEM and XRD, we have examined the crystal
structure of the nanowires directly grown from a copperCu2Ssurface. We have shown that the nanowires grow along a
direction closely parallel to the c-axis of the monoclinic Cu2S.
This is likely to throw light on the growth mechanism of the
nanowires. For example, the nanowires may follow a layer-by-
layer growth mechanism by inlaying sulfur atoms into the
copper crystalline domains. Certainly, one has to consider the
thermodynamics such as the energy requirements and the
kinetics such as the mass transfer of the growth process to
attain a whole and coherent picture of the growth mechanism
of the nanowires on copper surface.Cu2S

Fig. 5 Atomic arrangement of a monoclinic nanowire. (a) Viewed along the c axis ; and (b) viewed along the [201] zone axis.Cu2S
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