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Abstract: The preparation of exquisite
hierarchical worm-like Co;_ S (x=
0.75) microtubes by a one-pot com-
plex—surfactant-assisted hydrothermal

tron microscopy, transmission electron
microscopy, and high-resolution trans-
mission electron microscopy were used
to characterize the samples. The exper-
imental results indicate that the “soft

template” surfactant cetyltrimethylam-
monium bromide and the chelating
ethylenediamine both play important
roles for the formation of hierarchical

method is successfully achieved for the
first time. The hierarchical structures of
the microtube wall are assembled from
numerous interleaving hexagonal nano-
plates. X-ray diffraction, X-ray photo-
electron spectroscopy, scanning elec-

Introduction

Recently, synthesis of hierarchical structures based on the
assembly of nanoscale building blocks has attracted signifi-
cant interest from chemists and materials scientists owing to
their novel functions in the development of advanced de-
vices and systems.! Hierarchical micro- and nanostructures
with hollow interiors are of particular interest because of
their potential for wide-ranging applications, especially in
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Co,_,S microtubes. A possible forma-
tion mechanism for the growth process-
es is proposed. Additionally, the elec-
trochemical and magnetic properties of
Co,_,S microtubes were systematically
studied.

optical, electronic, magnetic, and sensing devices ranging
from photonic crystals to drug-delivery carriers and nano-
reactors.> Considering that tailoring the external morphol-
ogy of hollow structures would endow them with unique
properties, it is thus desirable to explore hierarchical hollow
structures with various well-defined and novel geometrical
architectures. Many recent efforts have been devoted to the
controllable organization of primary building blocks into hi-
erarchical hollow structures. To date, most reported hier-
archical hollow structures are hollow spheres that are assem-
bled from various nanobuilding units, such as nanowires,¥
nanorods,”) nanobelts,®! nanoribbons,”) nanosheets,®'?
nanocubes,'*** octahedron-like nanocrystals,™ and hollow
nanospheres.“é] In addition, hierarchical hollow cages, in-
cluding rhombododecahedral silver cages,[”] cubic MoS,
cages,"™ and octahedral and cubic Cu, ,Se cages,"” have
been obtained through different strategies. However, the
synthesis of hierarchical hollow micro- and nanotubes has
rarely been reported until now. Very recently, hierarchical
tubular structures of CuS constructed from nanoflakes have
been successfully synthesized by the groups of Yu and
Xie.?*2!l Xu et al. reported the synthesis of a highly ordered
array of hierarchical nanotubes constructed from Cu,O
hollow nanospheres by using a sacrificial template
method.” In addition, in situ self-assembly of thin ZnO
nanoplatelets into hierarchical mesocrystal microtubules
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with surface grafting of nanorods has been demonstrated.””
Pan et al. prepared worm-like silica nanotubes by a simple
sol-gel method.”¥

As one of the most complicated metal chalcogenides (var-
iations in phases and stoichiometric compositions), cobalt
sulfides are of particular interest as a result of their unique
catalytic, electrical, optical, and magnetic properties and
their potential applications in hydrodesulfurization and hy-
drodearomatization in many industrial fields.”>?” In addi-
tion, cobalt sulfides have also been used in solar cells be-
cause of their high solar absorption, which is due to the
strong intrinsic absorption coupled with surface morphology
effects.”® Due to these important properties, many recent
efforts have been dedicated to the synthesis of micro- and
nanocrystals of cobalt sulfides with various morphologies,
such as Co,Sg and CoS, nanoparticles,”” CoS nanowires, 3!
thin films,®? octahedrons of Co;S,! and sea urchin-like
C0,Ss.*! Tt is worth noting that Co;S, nanotubes® and
cobalt sulfide hollow nanocrystals® have been fabricated
based on the Kirkendall effect. However, to the best of our
knowledge there has been no report on the synthesis of hier-
archical tubular structures of cobalt sulfide. Herein, we pres-
ent a one-pot complex—surfactant-assisted hydrothermal
method for growth of unusual Co,_,S (x=0.75) worm-like
microtubes assembled by hexagonal nanoplates in high
yield. The forming mechanism of the novel hierarchical-
structured cobalt sulfides was proposed in terms of the ex-
perimental results. In addition, the electrochemical and
magnetic properties of Co,_,S were systematically studied.

Results and Discussion

Characterization of Co,_,S hierarchical microtubes: The
phase compositions and phase structures of the samples
were examined by X-ray powder diffraction (XRD). As
shown in Figure 1, all the diffraction peaks can be indexed
to pure hexagonal phase Co, .S with lattice constants a=
0.3380 nm and ¢=0.5185 nm (JCPDS card No. 42-0826). No
other impurity peaks were detected. Further evidence for
the chemical composition of the cobalt sulfide was investi-
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Figure 1. XRD pattern of Co, S microtubes obtained after 24 h at
160°C.
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gated by XPS. Figure 2 shows the XPS spectra obtained
from the Co and S regions of the Co,_,S. The Co2p spec-
trum (Figure 2a) has a peak at 778.4 eV that can be attribut-
ed to sulfided Co—S, whereas the emission peak at 781.0 eV
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Figure 2. XPS spectra of a) Co2p and b) S2p for Co,_,S microtubes.

could be from oxidized Co—O because cobalt ions have a
very strong affinity for atmospheric oxygen. A broadened
peak at higher binding energies can be attributed to a satel-
lite signal. In the S2p spectrum (Figure 2b), the peak at
162.1 eV corresponds to the binding energies of Co—S.*!
There is also a peak for O impurity, due to the surface ab-
sorption of the samples exposed to air during processing.

The morphologies of the products synthesized by hydro-
thermal treatment at 160°C for 24 h were examined by
field-emission scanning electron microscopy (FE-SEM). A
large number of well-defined, worm-like, one-dimensional
(1D) Co,_,S microstructures with an average length of
about 15 um were formed, as shown in Figure 3a. No other
morphologies were detected, indicating a high yield of these
worm-like microstructures. Figure 3b shows a high-magnifi-
cation SEM image of the samples that reveals that the sur-
face of the 1D microstructure is not smooth. More detailed
morphologies (shown in Figure 3c and d) show that the sur-
face of the worm-like 1D structure is assembled from nu-
merous interleaving hexagonal nanoplates that have a side
length of around 90 nm and a thickness of 22 nm.

Chem. Eur. J. 2010, 16, 6625 —-6631
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Figure 3. Low magnification (a,b) and high magnification (c.d) SEM
images of the as-synthesized Co,_,S microtubes.

The morphology and interior structures of the 1D micro-
structures were further investigated by transmission electron
microscopy (TEM). The TEM image of the as-prepared
Co,_,S is shown in Figure 4a. The obvious contrast between

Figure 4. a) TEM image of the hollow Co,_,S nanotube and b) HRTEM
image of the Co,_,S nanoflake (inset shows the SAED pattern).

the dark edge and pale center confirms the hollow structure
of the 1D microstructure. The exterior diameter of the tube
was about 1.5 um, with a wall thickness about 400 nm. The
above results demonstrate that large-scale Co,_.S worm-like
microtubes with a hierarchical surface and hollow inner
structure have been successfully fabricated. Because of its
unique architecture, this novel hierarchical microtube might
find applications in areas such as delivery systems, storage
systems, catalysis, chemical sensing, and separation. The hi-
erarchical structural wall creates a large specific surface
area, which was measured by using the Brunauer-Emmett—
Teller (BET) technique and found to be 46.24 m*g~'(see
Figure S1 in the Supporting Information). To confirm the
chemical stoichiometry of the synthesized products, we per-
formed energy-dispersive X-ray spectroscopy (EDX). A rep-
resentative EDX pattern recorded for the microtubes re-
vealed that the hierarchical structures are composed of Co,
S, and C, and the ratio of cobalt to sulfur atoms is 0.75:1.
Further structural characterization of the Co,_,S micro-
tubes was gained by using small-angle electron diffraction
(SAED) and high-resolution TEM (HRTEM). The SAED
pattern (Figure 4b, inset) shows that the nanoplates are
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single crystals with a hexagonal phase corresponding to
Co,_,S. Figure 4b shows a representative HRTEM image of
a nanoplate. Lattice fringes with spacings of 0.289 nm are
clearly visible, which agrees well with the lattice spacing of
(100).

The possible growth mechanism of Co,_,S hierarchical mi-
crotubes: To reveal the morphology evolution of the hier-
archical tubular structures of Co,_,S, time-dependent shape
evolution experiments were performed by intercepting inter-
mediate products at different reaction stages under 160°C.
In the initial stage, an examination of the intermediate prod-
ucts collected after thermal treatment for 30 min shows the
existence of a large number of irregular nanoplates (Fig-
ure 5a). After a reaction time of 1 h, some nanoplates began
to interconnect randomly, as shown in Figure Sb. After 2 h,
the dominant morphology of the product is worm-like mi-

Figure 5. SEM images of samples obtained by hydrothermal treatment at
160°C for different time intervals: a) 0.5, b) 1, ¢) 2, and d) 5 h. e,f) Low
and high magnification SEM images, respectively, for the product after
10 h.

crostructures that are built from many interleaving but ex-
tensive curling nanoplates (Figure 5c), and the hollow interi-
or structure can clearly be seen from the open ends of the
worms. After a reaction time of 5 h, the curling nanoplates
on the surface of some tubes gradually crystallize into hex-
agonal nanoplates, as shown in Figure 5d. As the reaction
proceeded further, an ultrahigh yield of hierarchical tubular
structures assembled from well-defined hexagonal nano-
plates was obtained, as shown in Figure Se and f.

To develop a comprehensive understanding of the forma-
tion mechanism of the hierarchical worm-like Co,_,S micro-
tubes, we further investigated the influence of varying the
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experimental parameters on the assembled morphology. It is
known that organic surfactants can act as structure-directing
agents or “soft templates” and are widely used to prepare
nanostructured materials with peculiar morphologies. To in-
vestigate the influence of cetyltrimethylammonium bromide
(CTAB) on the shape evolution in our current synthesis, a
control experiment was carried out in the absence of CTAB,
with the other parameters kept the same. It was found that
no microtubes formed under these conditions, but aggregat-
ed flowerlike nanospheres together with a few nanoparticles
were observed instead (see Figure S2a in the Supporting In-
formation). Another experiment was carried out by using an
appropriate dosage of poly(vinylpyrrolidone) (PVP; K30) as
the soft template. However, only irregular nanoplates and
nanospheres composed of nanoplates were obtained (see
Figure S2b in the Supporting Information) under similar
conditions. If poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (P123) was used instead
of CTAB, the products were mainly nanorods with a rough
surface (see Figure S2c¢ in the Supporting Information). Ex-
periment carried out by substituting CTAB with sodium do-
decyl sulfate (SDS) gave a product of nanoparticles with a
size of about 300 nm (see Figure S2d in the Supporting In-
formation).

Ethylenediamine (en) is known to be a strong chelating
agent that can form a complex with metal ions.”* The influ-
ence of en on the Co,_,S microtubes was also investigated.
For comparison, an experiment was carried out in the ab-
sence of en. A typical SEM image is presented in Figure S3
in the Supporting Information, and indicates that the prod-
uct contains only irregular aggregates. The main reason for
this observation is likely to be that the reaction rate of Co**
and S~ is too fast under these conditions. Here, the function
of en is to form a complex with Co** ions through a coordi-
nation interaction that controls the release rate of Co®*
from the complex, thus lowering the precipitation rate of
CoS and enhancing the product regularity. Based on the out-
comes of the above experiments, we believe that both the
CATB soft template and the en complexation play impor-
tant roles in the formation of hierarchical Co,_,S micro-
tubes.

The S source in our experiments also plays a vital role in
the formation of the as-obtained hierarchical tubular struc-
ture. Parallel experiments were carried out by substituting
thioacetamide (TAA) with L-cysteine, Na,S, and CS,, respec-
tively. As shown in Figure S4 in the Supporting Information,
only irregular nanocrystals can be formed under these con-
ditions. Moreover, when the reaction temperature is de-
creased to 120°C only irregular nanoparticles with an aver-
age size of 300 nm are observed (see Figure S5 in the Sup-
porting Information). When the reaction temperature is in-
creased to 200°C, the products are still worm-like micro-
tubes.

It is generally accepted that template-directed synthesis
provides a simple and high-throughput procedure that also
allows the complex topology present on the surface of a
template to be duplicated in a single step.””! The self-assem-
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bly of surfactant molecules in aqueous solution lead to the
formation of micelles or vesicles that can act as soft tem-
plates for the synthesis of organic and inorganic hollow
structures.”™® A previous report showed that in some surfac-
tant systems, long worm-like micelles form at higher concen-
tration.’”) The molecules of CTAB organize into worm-like
micelles at the concentration used in our experiments, which
may act as a “soft template” for preparing the worm-like
microtubes of Co,_,S. The formation mechanism of Co,_,S
samples may involve the following steps: First, a Co’" ion
coordinates with an en molecule to form [Co(en);]**, while
TAA is hydrolyzed to give S* in the base environment.
Then Co** ions (slowly released from the Co?*—en complex)
react with $? to form 2D Co,_,S nanoplates, the formation
of which is based on the traditional nuclei formation growth
theory.™ Driven by minimization, the chemical potential of
the tiny nanoplates, and the total energy of the system, the
small primary nanoplates can stack or connect to each
other. Subsequently, hierarchical tubular microstructures
can be formed by the aggregation and deposition of the
nanoplates and by the oriented function of worm-like mi-
celles of CTAB. As the growth continues, the curling nano-
plates on the walls of the tubes are transformed into well-
defined hexagonal nanoplates. On the basis of the above re-
sults, a schematic illustration of the possible formation
mechanism of the Co,_,S worm-like microtubes is presented
in Scheme 1.

[Co(en),]* + TAA

|
o 00
0%,
*% e

Crystallization

Deposition

Scheme 1. Schematic illustration of the formation processes of hierarchi-
cal worm-like Co,_,S microtubes.

Electrochemical properties: Figure 6 shows the cyclic vol-
tammetry (CV) curves of electrodes fabricated from Co,_,S
with aqueous 6M KOH as the electrolyte at various scan
rates. The shapes of the CV curves show that the capacitive
characteristic of the cobalt sulfide is distinguishable from
that of the electric double-layer capacitance, for which the
CV curve is close to the ideal rectangular shape. Two pairs
of redox peaks can be observed in the CV curves and the
peak currents are linearly proportional to the sweep rate,
which suggests that the capacitance mainly results from the
pseudocapacitive capacitance caused by two quasi-reversible
electron-transfer processes. A previous report suggests that
the redox transitions of cobalt sulfide in alkaline system

Chem. Eur. J. 2010, 16, 6625 —-6631
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Figure 6. The CV curves of electrodes fabricated from cobalt sulfide
(electrolyte: 6M KOH) at various scan rates: 5 (——), 10 (s«++), 20
(==-), and 50 mVs™" (=--).

should take place between different valence states of
cobalt.?! The electrochemical redox reaction can be as-
sumed to be as follows:

charge
CoS+OH =——=—CoSOH+H,O ¢~ (1)
discharge
charge
CoSOH +OH =———=C0SO+H,0+¢" 2)
discharge

Figure 7 shows the charge—discharge behavior of the
Co,_,S electrode between —0.3 and 0.35 V at a current den-
sity of 5 mA cm2; the shape of the discharge curve does not
show the capacitance characteristics of a pure double-layer
capacitor, which is in agreement with the results of the CV
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Figure 7. Charging—discharging behavior of a cobalt sulfide electrode at a
current density of SmAcm™ in 6M KOH electrolyte.

curves. A nonlinear variation in potential versus time
(—0.1~0.35) indicates typical pseudocapacitance behavior
caused by the electrochemical redox reaction at the inter-
face between electrode and electrolyte, whereas a variation
in potential versus time (—0.3~—0.1) parallel to the poten-
tial axis indicates pure double-layer capacitance behavior
from the charge separation at the electrode—electrolyte in-
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terface. The specific capacitance (C) of the cobalt sulfide
compound in the electrode is calculated from the discharge
curve by C=IA#/(mAV), in which I is the discharge current,
m is the mass of the compound, AV is the potential window
during discharge and At is the total discharge time. The spe-
cific capacitance value is 201 Fg~', which is quite low com-
pared with a previously reported cobalt sulfide nanowire
(508 Fg™).” This may be due to the more slack structure
and larger specific surface area of the cobalt sulfide nano-
wires.

Magnetic properties: The magnetic characterization of the
samples was performed by using a superconducting quantum
interference device (SQUID) magnetometer. Magnetic
properties of the Co,_,S microtubes are derived from zero-
field-cooled and field-cooled (ZFC and FC) curves and
from magnetization curves at 5 K. The results of ZFC and
FC temperature-dependent measurements performed on
Co,_,S microtubes with a 0.01 T field are shown in Figure 8.
The FC curve shows a uniform decay and reaches the ZFC
curve close to the peak, which indicates the superparamag-
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Figure 8. ZFC (m) and FC (A) magnetization curves of Co,_.S measured
under an applied magnetic field, H, of 0.01 T as a function of tempera-
ture. The cooling field was 5.0 T. Inset: An extended part of the ZFC
curve, Tg=7.8 K.

netic behavior at high temperature. For ZFC measurement,
the sample was cooled from room temperature to 2 K with-
out applying an external magnetic field. For the FC experi-
ment, the sample was cooled from room temperature under
an applied magnetic field of 5.0 T. Subsequently, the sample
magnetization was recorded under an external magnetic
field of 0.01 T as the temperature was increased. The ZFC
curve exhibits a broad peak at the blocking temperature, 75,
of 7.8 K (Figure 8, inset), which corresponds to the Néel
transition. At low temperatures, the FC magnetization rap-
idly increases with decreasing temperature, becoming about
four times larger than the ZFC magnetization at 7=2 K.
This low-temperature behavior of the FC magnetization
curve can be attributed to the surface spins, which are
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frozen in the external field direction. At higher tempera-
tures, the particle moments are free to undergo thermal fluc-
tuations and the ZFC and FC curves merge together.

Below Ty, at 5 K, we measured the hysteresis loop (M-H
curve) of Co,_,S microtubes. Figure 9 shows the small hys-

Experimental Section

Chemicals: Cobaltous acetate tetrahydrate (Co(CH;COO),-4H,0), thio-
acetamide (TAA), ethylenediamine (en), sodium sulfide (Na,S), carbon
disulfide (CS,), L-cysteine, cetyltrimethylammonium bromide (CTAB),
poly(vinylpyrrolidone) (PVP), and
sodium dodecyl sulfate (SDS) were
purchased from the Beijing Chemical
Reagent  Company. Poly(ethylene
glycol)-block-poly(propylene  glycol)-

block-poly(ethylene glycol) (P123) was
purchased from Sigma-Aldrich.

Synthesis: All chemical reagents were
] of analytical grade and were used
/ . without further purification. Typically,

1.0 4 ....--
T=5K -
| /‘)

08 0.25
3 0.0 i
£ E]
s 2 0007
S .05 2

=
1.0  eemep -0.25

ethylenediamine (en; 4mL) was
added to a solution of Co(CH;COO),
(0.1 mmol) in deionized water (4 mL)
with stirring. After the solution turned

-60000 -40000 -20000 0 20000 40000 60000 -—3x10°

H (Oe)

Figure 9. Magnetization (M) versus magnetic field (H) of Co,_ S was recorded at 5.0 K from —50000 to
50000 Oe. Inset: The enlarged magnetization curve between —3000 and 3000 Oe.

teresis loop at lower field at 5 K, which indicates the exis-
tence of a weak ferromagnetic component. This result sug-
gests that the obtained Co,_,S microtubes are ferromagnetic
at low temperature. The magnetic hysteresis loops show the
coercive force (H.) value and the saturated magnetic (M,)
moment at 5.0 K are 300 Oe and 1.008 emug™', respectively.
These results suggest that there are strong interactions be-
tween the nanoparticles of Co,_,S microtubes that result in
a high M, value.

Conclusion

We have demonstrated a facile one-pot hydrothermal syn-
thesis of unusual hierarchical worm-like Co,_,S microtubes
assembled from hexagonal nanoplates with the assistance of
CTAB and en. Experiments indicated that the surfactant,
complexing agent, S source, and reaction temperature could
affect the formation and morphology of the product. The
possible formation mechanism of the novel hierarchical-
structured cobalt sulfides was presented in detail. Electro-
chemical measurements indicated that the specific capaci-
tance of Co,_,S microtubes is 201 Fg~'. The magnetic char-
acterization suggests that the obtained Co,_,S microtubes
are ferromagnetic at low temperature. These unusual hier-
archical tubular microstructures have potential applications
in areas such as delivery systems, storage systems, electron-
ics, and catalysis. This simple and efficient approach demon-
strates new capacities of template-assisted synthesis in the
architecture of hollow structures and in construction of
structurally complex nanomaterials.
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yellow, CTAB (0.05g) and TAA
(0.3 mmol) were added sequentially.
After stirring for 15 min, the resulting
mixture was transferred into a Teflon-
lined stainless steel autoclave and
heated at 160°C for 24 h. After the au-
toclave was allowed to cool to RT, the
black products were separated by cen-
trifugation, washed several times with distilled water and ethanol, and
then dried under vacuum at 60°C for 4 h.

H (Oe)

Characterization: X-ray powder diffraction (XRD) analysis was mea-
sured by using a Siemens D5005 diffractometer with Cuy, radiation (1=
1.5418 A). Field-emission scanning electron microscopy (FE-SEM)
images were obtained by using a XL30 ESEM FEG microscope. Trans-
mission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) images were obtained by using a JEM-
2100F microscope with an accelerating voltage of 200 kV. A Thermo ES-
CALAB 250 X-ray photoelectron spectrometer equipped with a standard
and monochromatic source (Alg,; hv=1486.6 eV) was employed for sur-
face analysis. The Brunauer-Emmett-Teller (BET) surface area was mea-
sured by using a Micromeritics Tristar 3000 analyzer at 77.4 K. The mag-
netic properties of the samples were measured by using Quantum Design
SQUID MPMS XL-7 instruments. All electrochemical measurements
were conducted by using a PARSTAT 2273 electrochemical workstation
(USA). The working electrodes of the ECs were fabricated by mixing the
prepared powder with acetylene black (25 wt%) and poly(tetrafluorene
ethylene) (PTFE) binder (5 wt % ). A small amount of distilled water was
added to the mixture to produce a more homogeneous paste. The mix-
ture was pressed on to nickel foam current-collectors to make electrodes.
Electrochemical characterization was carried out in a conventional three-
electrode cell with 6M KOH as the electrolyte. Platinum foil and a satu-
rated calomel electrode (SCE) were used as the counter and reference
electrodes, respectively.
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