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KCusS; microslabs and microbelts have been synthesized using a composite-hydroxide mediated (CHM)
approach without the presence of an organic surfactant. X-ray powder diffraction results indicate that the
belts possess a monoclinic KCusS; crystalline structure. Scanning electron microscopy (SEM) and high
resolution transmission electron microscopy (HRTEM) were used to obtain detailed characterization of
the microstructure and nanostructure of this material. Measurements of the UV-vis absorption spectrum
have been performed, and the results reveal that this material is semiconducting with a bandgap of

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The ternary K-Cu-S family, including KCus3S, [1], KCusS3 [2],
K3CugSg [3] and KCu;S,4 [4] has attracted much research interest
over the past 30 years. There is arich variety of solid state chemistry
occurring in these compounds because copper can adopt differ-
ent coordination numbers [5]. For example, KCu4S3 is composed
of double layers built up of tetrahedral CuS,4 units that are sepa-
rated by potassium ions, and KCusS, is composed of chains with
a [CuyS4] column interlinked by two Cu atoms. These chains are
also separated by potassium ions. Because the Cu(l) atoms adopt
trigonal-planar coordination in the [CusS4] columns, and the Cu(II)
atoms adopt tetrahedral coordination between adjacent [CugS4]
columns, the structure of K3CugSg is more like KCu3S,. The main
difference is that the distance between the [CusS4] columns is
greater because adjacent columns are interlinked by chains consist-
ing of two copper atoms and two sulfur atoms. The KCu7S4 structure
can be related to that of KCu3S, by interlinking adjacent Cu,[CugS4]
layers to the columns and then forming a channel structure (see
Supplementary information).

Additionally, some of these materials exhibit low temperature
phase transitions and resistivity anomalies [4,6-8]. Results of mea-
surements of their electronic properties indicate that mixed-valent
KCuy4S3 and K3CugSg are metallic, but that KCu3S; and KCu;S4
are semiconductors, for they have no partially filled bands [9,10].
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Whangbo and co-workers reported that the resistivity anomalies
of K3CugSg and KCu;S4 at low temperature do not originate from
charge density wave instability, but are caused by an order-disorder
transition of the Cu* ions in the structure [10,11]. Hwu and co-
workers proposed a one-dimensional diffusive ordering model that
indicates that the phase transition is caused by vacancy ordering
involving Cu* ion diffusion along the Cu(2)-Cu(2) zigzag chains.
They validated this explanation through electron diffraction mea-
surements [12-14]. However, some researchers have noticed that,
although the structure of KCusS; not only possesses the building
blocks found in KCu;Sg, it also possesses the layered structure of
K3CugSg. Ohtani et al. have studied the electrical properties and
phase transitions of TICus3S,, but not KCu3S, [15]. The properties
of KCus3S, have rarely been studied, perhaps because it is difficult
to obtain a pure-phase sample of this compound by melting an
excess mixture of alkali and sulfur together with copper powder
[1]. To the best of our knowledge, up to now there have been no
reports of work on the synthesis and characterization of the KCusS;
nanostructure. In this letter, we report on the synthesis and char-
acterization of KCu3S; microstructure and nanostructure through
a novel approach. In addition, the optical properties of KCusS, are
investigated.

2. Experimental details

Mass produced KCusS; with microstructural and nanostructural detail has been
obtained by the composite-hydroxide mediated (CHM) approach in the absence of
any organic surfactant [16]. A mixture of 0.024 g elemental sulfur and CuCl,-2H,0
at a molar ratio of 3:2 was placed in a Teflon vessel, which also contained 20 g of
composited hydroxides (NaOH/KOH =51.5:48.5). The vessel was then covered by a
Teflon cover, and put into a furnace, which was preheated to 230°C. The hydrox-
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ide solution was stirred by shaking the covered vessel to ensure uniformity of the 001
mixed reactants after they were completely molten. After the mixture reacted, the
vessel was taken out and cooled to room temperature for 48 h. A one-dimensional
KCusS; belt-like structure was obtained after filtering and washing the product first
with deionized water and then with hot water to remove the surface hydroxides.
The resulting product was examined by X-ray powder diffraction (XRD) (Bruker
D8 Advance with Cu K, radiation) and field-emission scanning electron microscopy
(SEM) (Hitachi S-4800). Detailed microstructural analysis was performed using high
resolution transmission electron microscopy (HRTEM) (JEOLJEM-2100) and selected
area electron diffraction (SAED). Absorption spectra measurements were performed
on a UV-vis near-infrared spectrometer (Hitachi U-3500).
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3. Results and discussion

The XRD spectrum of the sample synthesized at 230°C is shown 1 L J I )
in Fig. 1. All of the sharp diffraction peaks correspond to mono- 10 15 20 25 30 35 40 45 50 55 60 65
clinic KCus$S; (the standard JCPDS file No. 34-338 is at the bottom) 20 (degree)
with lattice parameters of a=14.773 A, b=3.946 A and c=8.182A.
No diffraction peaks from CuS, S or other components were found Fig. 1. XRD pattern of the KCu3S, microslabs deposited on Si (00 1) substrate.
in the synthesized material. Considering the reagents and products,

Fig. 2. (a) A low-magnification SEM image of KCu3S; microslabs synthesized at 230°C, the insert on the upper right is the EDS spectrum of microslabs. (b) The enlarged detail
of one end of a KCu3S; microslab. (c) The enlarged detail of the lateral geometry of a KCusS;, microslab. (d) A low-magnification SEM image of some bent KCusS, microbelts
synthesized at 200°C. (e) The lateral image of a bent belt showing the representative thickness of a single KCusS; microbelt. (f) Nanobelts obtained by ultrasonic treatment.
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we infer that the chemical reaction is:
15S + 42KOH + 12CuCl; — KCus3S; + 24KCl + 7K,S03 +21H,0

From this reaction, we see that hydroxides not only play a role
as solvents for lowering the reaction temperature, but also take
part as reactants. In addition, we observe that the (001)and (003)
peaks of KCusS, are very strong, a result that reveals that a large
number of (00 1) crystallographic facets of KCusS, are exposed in
the as-synthesized product.

Fig. 2 shows SEM images of the as-synthesized samples. The
product synthesized at 230°C for 20h is dominated by slab-like
structures with lengths of several-hundred pm up to even longer
than 1 mm, widths of several pm and a width-to-thickness ratio
of about 2-5 (Fig. 2(a)). The main peak at the starting position and
the appearance of the O signal in the EDS pattern (the insert on the
upper right of Fig. 2(a)) indicate the presence of a SiO, layer on the
surface of the Si substrate. The EDS pattern reveals that there are no
impurities in these slab-like structures. The slab faces are rectan-
gular (Fig. 2(b)), and the slab edges are curved (Fig. 2(c)), which
indicates that they are assembled by combining small building
blocks, not single crystals. The width and thickness of the slab-like
structures decrease with a decrease in the synthesis temperature.
The sample synthesized at 200°C is composed of belt-like struc-
tures. The width of most of the belts is less than 2 wm and the belt
thickness ranges from 100 to 200 nm (Fig. 2(d)). From observations
on kinked belts (Fig. 2(e)), we note that the belts are comprised of a
two-level multilayered structure (insert Fig. 2(e)) that is composed
of stacks of a large number of uniform nanobelts of 30-50 nm in
thickness and 100-200 nm in width. The thickness of the belt-like
structure is the width of the nanobelts. The belt-like structures are
easily split into very thin nanobelts under ultrasonic irradiation.
Fig. 2(f) shows some nanobelts obtained by ultrasonic treatment
for a few minutes. Most microbelts are broken into nanobelts
of 30-50nm in thickness and 100-200 nm in width, dimensions
which are consistent with the layer thickness shown in Fig. 2(e).
The length of the nanobelt is equivalent to that of the microbelts,
indicating that the nanobelts possess high mechanical strength.

TEM and HRTEM images of a KCu3S, nanobelt lying on a TEM
grid are shown in Fig. 3. The width of the nanobelt shown in Fig. 3(a)
is about 120 nm, which agrees with the SEM observation. Fig. 3b
shows an HRTEM image of the nanobelt of Fig. 3(a). The lattice
fringe spacing is 3.763 A, which is about a quarter of the KCusS,
cell parameter (JCPDS No. 34-338). Some vacancies and dislocations
are observed in the image. The electron diffraction pattern of the
nanobelt (Fig. 3(c)) shows a set of typical KCusS; (01 0) diffraction
dots, which reveals that the nanobelt is well crystallized and grows
along the (010) plane. Combining this observation with Fig. 3(a),
it is confirmed that the growth direction of the nanobelt is along
the [100] direction, and that it terminates on £(010) and +(001)
crystallographic planes (as illustrated in Fig. 3(d)). Considering the
structural properties of KCus3S,, the [CusS4] chains not only form
layered units in the (001) plane, but also form layered units in
the (010) plane (see Supplementary information). However, our
results indicate that the strength of the chemical bonds in the (01 0)
plane is greater than those in the (00 1) plane.

Based on the above discussion, a growth mechanism of the
microbelts is proposed as follows: crystalline KCusS, units form
layers growing in the (010) plane along the £[00 1] direction to
form nanobelts. Because of the opposite surface charge on opposite
sides of the nanobelts, they are easily packed to form micro belts,
whose side thickness corresponds to that of the surface plane of
the nanobelts [(010) plane of KCusS;], and whose surface width
corresponds to the thickness plane of the nanobelts [(00 1) plane
of KCus3S,]. This is the reason that the (001) and (00 3) peaks are
very strong in the XRD pattern of the samples.

(010) ! [100]

Fig. 3. (a) A low-magnification TEM image of a KCusS; nanobelt. (b) The selected
area HRTEM image of (a). (¢) The corresponding electron diffraction pattern of (a).
(d) Schematic diagram of the geometrical configuration of a microbelt.
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Fig. 4. UV-vis absorption spectrum of KCusS, at room temperature.

Fig. 4 shows the UV-vis near-infrared absorption spectrum of
KCus3S, belts. From this figure, we observe that KCu3S, shows
intense absorption at a wavelength of 0.43 wm. The long wave
absorption edge of this material is 0.85 pwm. Consistent with this
absorption edge value, we estimate the bandgap of KCusS; to be
1.459eV. The peak appearing at 850 nm is an artifact that was
caused by changing the detector.

4. Conclusions

In summary, KCuzS, microbelts and nanobelts were prepared
via the composite-hydroxide mediated approach with the absence
of any organic surfactants. The microstructure was well character-
ized by SEM and HRTEM. The HRTEM images reveal that there are
numerous defects in the nanobelts. Measurement of the UV-vis



432 L. Huang et al. / Journal of Alloys and Compounds 507 (2010) 429-432

near-infrared absorption spectrum was performed and a bandgap
value of about 1.459eV is calculated from the absorption edge
wavelength. This result indicates that the microbelts are semicon-
ductors.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jallcom.2010.07.140.
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