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Synthesis of polycrystalline cobalt selenide nanotubes
and their catalytic and capacitive behaviorst
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Polycrystalline Cog gsSe nanotubes are successfully prepared by using Co(CO3)35Clg.20(OH)4 10 Nanorods as

precursor through a solvothermal process. The as-prepared CoggsSe nanotubes show efficient catalytic

performance for decomposition of hydrazine hydrate at room temperature. The catalysts can be
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repeatedly used and their repeatability is also excellent. The Cog gsSe nanotubes can also be applied as

supercapacitor electrode materials. Galvanostatic charge-discharge measurements show that the Cog gsSe
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1 Introduction

As an important transition metal chalcogenide, cobalt selenide
has attracted much attention due to its important applications
in many areas such as solar cells, catalysts, and wastewater
treatment.'® Cobalt selenide has a variety of compounds such
as CoSe,, CoSe, CoygsSe, CosSe, and Co,Ses;.” > Cobalt
selenide nanomaterials have been prepared by diverse
methods including hydrothermal method,” solvothermal
method,"® microwave-assisted polyol process,"> mechanical
alloying,”® and potentiostatic electrodeposition route.'*
However, to date, synthesis of cobalt selenide nanotubes and
their application as electrochemical supercapacitor electrode
materials have rarely been reported.

In recent years, electrochemical supercapacitors have been
a new research hot spot in the energy storage area due to their
advantages of high power density, high specific energy density,
fast charging-discharging rates, long cycle life and so forth,
compared to rechargeable batteries and conventional dielec-
tric capacitors. The materials studied for capacitor electrodes
are mainly of three types: carbon,'>'® metal oxide,"™"
electronically conducting polymers.*>?** Carbon materials
(activated carbon, carbon nanotube, graphene, etc.) are widely
used for electric double-layer capacitors. Metal oxides and
conducting polymer are widely used for pseudocapacitors. In
general, the pseudocapacitors show higher energy density than
the electric double-layer capacitors. RuO, is widely studied as a
pseudocapacitor electrode material with very high specific
capacitance.>® However, its high cost and low abundance
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nanotube electrode has a specific capacitance of 238 F g~ " at a current density of 1 A g~ " after 100 cycles
of activation, and retaining 90.3% of the capacitance after the next 1900 cycles.

limits its practical application. Other transition metal oxides
such as MnO,,*® NiO,*® and Co;0, (ref. 27) have also been
studied. These electrode materials show limited energy density
than RuO,. Conducting polymer-based materials also have
some disadvantages such as a lower cycle life and slow ion
transport kinetics. Therefore, the development of alternative
supercapacitor electrode materials with low cost and improved
performance is of great importance.

Hydrazine has been widely used in many fields. The
decomposition of hydrazine is particularly important for a
number of industrial and scientific research areas including
monopropellant satellite thrusters, gas generators, and pure
hydrogen production for fuel cells. One of the best commercial
catalysts for hydrazine decomposition is the Ir/Al,O; (Shell
405) catalyst. However, iridium is very rare and expensive.
Hence, researchers have turned to developing cheaper
catalysts. Some transition metal compounds such as cobalt
selenide (Co,gsSe),” tungsten carbide (WC),>® and molybde-
num nitride (Mo,N)** have been reported for catalytic
hydrazine decomposition.

In this paper, we report a simple template-directed route for
the preparation of polycrystalline Co,gsSe nanotubes under
solvothermal conditions. The Co,gsSe nanotubes can be
applied as an efficient catalyst for decomposition of hydrazine
hydrate in water at room temperature, and can be repeatedly
used with stable catalytic activity. An electrode made from
Coy.s5Se nanotubes exhibits a specific capacitance of 238 F g~
at a current density of 1 A g”' in 1 M KOH, and a low
capacitance loss of 9.7% after 2000 cycles. A comparison
between the Co, gsSe nanotubes and nanoparticles reveals that
the CoggsSe nanotubes have better catalytic and capacitive
properties. These results show that the Co, g5Se nanotubes are
promising for application in the fields of catalysis and
supercapacitor.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ce40152a
http://dx.doi.org/10.1039/c3ce40152a

2 Experimental

All chemical reagents were of analytical grade and were used
without further purification.

2.1 Synthesis of Co(CO3)¢.35Cly.20(0OH); .10 Nanorods

C0(C03)0.35Cly.20(OH);.10 Nanorods are used as a precursor for
the preparation of CoggsSe nanotubes. The procedure for the
synthesis of Co(CO3)y35Cly.20(OH);.1o nanorods has been
reported by us previously,’® as summarized following:
CoCl,-6H,0 (1.190 g, 0.005 mol) and CO(NH,), (0.300 g,
0.005 mol) were dissolved in 50 mL deionized water together,
then the solution was transferred into a Teflon lined stainless
steel autoclave with a capacity of 60 mL and heated at 120 °C
for 10 h. After that, the autoclave was cooled to room
temperature naturally. The pink precipitates were filtered off,
washed with deionized water and absolute ethanol for several
times each, and then dried in vacuum at 60 °C for 2 h.

2.2 Preparation of NaHSe solution

Firstly, NaBH, (0.080 g, 0.002 mol) was dissolved in 2 mL
deionized water in a glass bottle. Then, Se powder (0.079 g,
0.002 mol) was added into the glass bottle. The glass bottle
was sealed and gently shaken until the black Se powder was
completely dissolved and a milky solution was obtained.

2.3 Synthesis of Co, ssSe nanotubes

In a typical procedure, 0.107 g of the Co(CO3).35Cly.20(OH); .10
sample and 2 mL of freshly prepared NaHSe solution were
loaded into a Teflon lined stainless steel autoclave of 60 mL
capacity, and then the autoclave was filled with ethanol up to
80% of its total volume. The autoclave was heated at 140 °C for
8 h, and then cooled to room temperature naturally. The black
precipitates were filtered off, washed with deionized water and
absolute ethanol for several times each, and dried in a vacuum
at 60 °C for 2 h.

As a comparison, Co,gsSe nanoparticles were prepared by
substituting Co(CO3)p.35Clp.20(OH);.10 With CoCl,-6H,0 while
the other conditions were kept unchanged.

2.4 Characterizations

X-ray powder diffraction (XRD) patterns were obtained on a
Japan Rigaku D/max-y B X-ray diffractometer equipped with
graphite monochromatized Cu Ko radiation (4 = 0.154187 nm).
X-ray photoelectron spectra (XPS) were obtained on an
ESCALab MKII X-ray photoelectron spectrometer with non-
monochromatized Mg Ko X-ray as the excitation source. The
binding energies in XPS analysis were corrected by referencing
C 1s to 284.60 eV. The field emission scanning electron
microscopy (FESEM) images were taken with a Hitachi S-4800
scanning electron microscope. The transmitting electron
microscopy (TEM) images and energy dispersive X-ray spec-
trum (EDX) were recorded on a FEI Tecnai G* 20 high-
resolution transmission electron microscope performed at an
acceleration voltage of 200 kv.

2.5 Catalytic activity measurements

The catalytic degradation of hydrazine hydrate was conducted
according to the following procedure: the as-prepared Co, gsSe
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sample (0.050 g) was dispersed into an aqueous solution of
hydrazine hydrate (0.002 M, 50 mL) at room temperature
(about 25 °C), and then the solution was placed in the dark
and stirred vigorously with a magnetic stirrer. At intervals of 10
min, 3 mL of the suspension was taken out, centrifuged, and
the supernatant liquid was collected for further characteriza-
tion.

The concentration of hydrazine hydrate was measured
spectrophotometrically according to a previous report with
minor modifications.>" The color reagent was composed of
p-dimethylaminobenzaldehyde (8 g), ethanol (50.0 mL), and
concentrated hydrochloric acid (50.0 mL). In a typical
procedure, 0.5 mL supernatant liquid, 2.5 mL color reagent
and 22.0 mL distilled water were mixed together and left for 10
min. Then the mixed solution was measured with a Shimadzu
UV-3010 spectrometer. The concentration of hydrazine hydrate
was determined from the calibration curve which was
constructed beforehand.

2.6 Electrochemical measurements

The capacitive performances of the as-prepared CoggsSe
sample were measured on a CHI 660D electrochemical
working station (ChenHua Corp., Shanghai, China) with a
three electrode experimental setup. The working electrode was
prepared by pasting a slurry mixture of the as-prepared
CopgsSe sample (80 wt%), acetylene black (15 wt%) and
polytetrafluoroethylene binder (5 wt%) using ethanol as
solvent onto a piece of nickel foam, and dried under vacuum
at 50 °C for 6 h. Platinum wire and standard calomel electrode
(SCE) were used as the counter and reference electrodes in a 1
M KOH solution, respectively. Cyclic voltammetry (CV) was
performed within a potential range from 0 to 0.5 V at scan
rates from 10 to 200 mV s '. The galvanostatic charge-
discharge characteristics were tested at current densities of 1,
2, 4 and 8 A g~ '. The electrochemical impedance spectro-
scopies (EIS) were conducted by applying a sine wave with an
amplitude of 5.0 mV in the frequency range of 100 kHz to 0.1
Hz.

2.7 Electrochemical calculations

1. Specific capacitances derived from charge-discharge tests
can be calculated from the following equation:**

I xAt
C= mxav @
where C (F g7') is the specific capacitance of the electrode
based on the mass of active materials, I (A) is the current
during discharge process, At (s) is the discharge time, AV (V) is
the potential window (here AV = 0.5 V), m (g) is the mass of
active materials.
2. Energy density and power density derived from charge-
discharge tests can be calculated from the following equa-
tions:*

E:%CVz (2)

P=

z ©
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Fig. 1 XRD pattern of the CoggsSe sample.

where E (Wh kg™ ") is the average energy density; C (F g ') is
the specific capacitance; V (V) is the potential window (here AV
=1.5V); P(W kg™ ') is the average power density and ¢ (s) is the
discharge time.

3 Results and discussion

The phase, crystallinity and purity of the as-obtained sample
were examined by the XRD technique. Fig. 1 shows a typical
XRD pattern of the sample obtained from the reaction of the
precursor sample with NaHSe solution. All of the reflection
peaks in this pattern can be readily indexed to hexagonal
Coy.g5Se (JCPDS card No. 52-1008). The broad reflection peaks
indicate the small size of the samples. No diffraction peaks
corresponding to the precursor can be seen in this pattern,
which indicates that the precursor has been totally converted
into Cog gsSe.

The chemical bonding states of each element on the surface
of Co, gsSe sample were evaluated by the XPS technique. The
XPS survey spectrum indicates the presence of Co and Se as
well as C and O absorbed due to exposure to the air. Fig. 2a
shows the core level spectrum of the Co 2p region, in which
the Co 2ps, 2p12, and two satellite peaks (marked as “Sat.”)
are seen. These peaks are computer fitted and two spin-orbit
doublets characteristic of Co>* and Co®" are considered. The
binding energies of Co*" 2ps5, Co®* 2ps/, Co** 2py), and Co**
2pq/, are 780.9, 779.0, 797.2 and 794.0 eV, respectively, which
are in good agreement with the reported values.** This result
shows that the cobalt elements on the surface of the as-
synthesized Co, gsSe sample have two types of oxide states, i.e.
Co”" and Co®". Fig. 2b shows the core level spectrum of the Se
3d region. The binding energy of 55.4 eV is close to the
reported value.*

The morphology of the as-prepared samples was examined
by FESEM. Fig. 3a and b show FESEM images of the precursor
with different magnification, from which we learn that the
precursor is composed of many nanorod bunches. The

5930 | CrysttngComm, 2013, 15, 5928-5934

46.0k -
44.0k 4
42.0k 4
'S 40.0k
& ]
'@38.0k-_
& 36.0k A
38 ]
= 34,0k 1
32.0k A
30.0k
28.0k
815 810 805 800 795 790 785 780 775 770
Binding Energy (eV)

12.0k

10_01(_- (b) Se 3d

8.0k
6.0k -

4.0k +

Intensity (a.u.)

2.0k

0.0

58 57 56 55 54 53 52 51 50 49
Binding Energy (eV)

Fig. 2 XPS core level spectra of (a) the Co 2p region, and (b) the Se 3d region.

300 nm

Fig. 3 (a, b) FESEM images of the precursor Co(CO3)0.35Clo.20(0OH)1.10 sample,
and (c, d) the CoggsSe sample obtained by reacting the precursor with NaHSe
solution.
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nanorods are needle-like, with diameters of 150-300 nm, and
lengths of several micrometers. Fig. 3¢ shows a FESEM image
of the Co, g5;Se sample prepared by treating the precursor in
NaHSe solution at 140 °C for 8 h. From this image we learn
that the as-prepared sample is composed of many rod-like
nanomaterials that resemble the precursor. However, a FESEM
image (Fig. 3d) with higher magnification shows that the rod-
like nanomaterials are actually nanotubes. Some of the
nanotubes are broken, and their open ends can be clearly
seen. The surfaces of the nanotubes are very rough because the
nanotubes are polycrystalline and are composed of many tiny
nanoparticles. From the comparison of the morphologies of
the precursor and final Co,gsSe sample, it is reasonable to
conclude that the precursor serves as a sacrificial template for
the preparation of Co,gsSe nanotubes.

The morphology and microstructure of the as-prepared
Cog gsSe sample was further examined by TEM and HRTEM.
Fig. 4a shows a TEM image of the nanotubes, and the hollow
structure of CoygsSe nanotubes can be clearly seen. Fig. 4b
gives a SAED pattern of a Cog gsSe nanotube, in which several
diffraction rings are seen, suggesting that the CoggsSe
nanotube is polycrystalline. Fig. 4c is a HRTEM image taken
at the side of a CoqgsSe nanotube. The observed interplanar
spacing is 0.27 nm, which corresponds to the separation
between (101) lattice planes of CoygsSe. The elemental
composition of the CojgsSe nanotube is further confirmed
by EDX analysis. EDX spectrum of the Co,gsSe nanotube
shown in Fig. 4d indicates the presence of Co, Se as well as C,
Cu and Cr which come from TEM copper grid. This result is
consistent with the XRD and XPS analysis.

The prepared CoggsSe nanotubes can act as an efficient
catalyst for the decomposition of hydrazine hydrate. The
concentration of hydrazine hydrate was measured using a
spectrophotometric method. As hydrazine hydrate is colorless,
p-dimethylaminobenzaldehyde was applied as a chromogenic
agent in acidic conditions to form a yellow hydrazone with an
absorption maximum at 456 nm. Fig. 5a shows the time-
dependent UV-vis absorption spectra of a hydrazine hydrate
aqueous solution with p-dimethylaminobenzaldehyde as chro-
mogenic agent in the presence of Co,gsSe nanotubes as
decomposition catalyst. The intensity of the absorption peak
centered at 456 nm gradually decreases with increasing time
due to the concentration decreasing of hydrazine hydrate. This
result indicates that hydrazine hydrate is gradually degraded
with the presence of Co,gsSe nanotubes as decomposition
catalyst. The decomposition rate of hydrazine hydrate reaches
over 90% after 30 min. Fig. 5b shows the comparison of the
catalytic efficiency between Cog gsSe nanotubes and nanopar-
ticles. It is obvious that CoggsSe nanotubes have higher
catalytic activity. After completion of the catalytic reaction, the
catalysts were collected by centrifugation without washing,
and then were used repeatedly. Fig. 5¢ shows a comparison of
the degradation rates of hydrazine hydrate in the presence of
Cog gsSe nanotubes at different cycles. From this figure we
learn that the catalytic activity of the CoqgsSe nanotubes is
stable during the cycle process.

The capacitances of Cog gsSe nanotubes were characterized
in a three-electrode electrochemical cell with 1 M KOH
solution as the electrolyte by CV and charge-discharge
measurements. Fig. 6a shows the CV curves of the Co,gsSe

5
keV

Fig. 4 (a) TEM image of the CoggsSe nanotubes; (b) SAED pattern of the Cog gsSe nanotube; (c) HRTEM image of the Cog gsSe nanotube; (d) EDX spectrum of the

Cop gsSe nanotube.
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Fig. 5 (a) Time-dependent absorption spectra of a hydrazine hydrate aqueous
solution with p-dimethylaminobenzaldehyde as chromogenic agent in the
presence of CoggsSe nanotubes as decomposition catalyst; (b) comparison of
the catalytic effect of CoggsSe nanotubes and nanoparticles; (c) degradation
rate of hydrazine hydrate in the presence of CoggsSe nanotubes at different
cycles.
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Fig. 6 (a) CV curves of the CoggsSe nanotubes electrode at various scan rates;
(b) galvanostatic charge—discharging curves of the CoggsSe nanotubes
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Fig. 7 (a) Stability test in terms of specific capacitance for the Cog gsSe
nanotubes electrode; (b) Nyquist plot of Cog gsSe nanotube supercapacitor cell.

nanotubes electrode at various scan rates from 10 to 200 mV
s~ . The shapes of the CV curves shown here are different from
the CV curves of electric double-layer capacitances that are
close to an ideal rectangular shape, indicating that the
capacity of CoggsSe nanotubes results from the pseudocapa-
citive capacitance.’®?” The galvanostatic charge-discharge
behaviors of the Co, gsSe nanotubes were measured at various
current densities (1, 2, 4, 6 and 8 A g ') with a potential
window between 0 and 0.5 V, and the corresponding results
are shown in Fig. 6b. As expected, the shapes of these charge-
discharge curves are nonlinear. The specific capacitances of
the CoggsSe nanotubes calculated from the galvanostatic
discharge curves using the formula provided in the
Experimental section are 216, 164, 168, 115.2 and 87.4 F g~ !
at1,2,4,6and 8 A g ', respectively, as shown in Fig. 6c. As a
comparison, specific capacitances of the Co,gsSe nanoparti-
cles were also measured, which are 132, 116, 96, 90 and 80 F
g tat1,2,4,6 and 8 A g ', respectively. According to the
results, the CoqgsSe nanotubes have a superior capacitive
property.

The Ragone plot is commonly utilized to illustrate the
energy density (the storage capacity) as a function of power
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density (the rate of charge/discharge) of electrode materials.
The calculations of the energy density and power density are
provided in the Experimental section. As shown in Fig. 6d, the
Cop.s5Se nanotubes has a high energy density of 7.5 Wh kg™ ' at
a power density of 0.25 kW kg ™', and a high power density of 2
kW kg ™' at an energy density of 3 Wh kg™ .

An important requirement for supercapacitor applications
is cycling capability or cycling life. To evaluate the stability of
the Cog gsSe electrode during the charge-discharge cycles, the
values of specific capacitance with respect to charge-discharge
cycle number (up to 2000 cycles) at a current density of 1 A g~*
are measured, as shown in Fig. 7a. From the curve, the specific
capacitance of Co,gsSe electrode was increased from 216 to
238 F g~ ' after the initial 100 cycles. It is believed that these
100 cycles are needed to fully activate the Co,gsSe material.
With increasing cycle number, the specific capacitance slowly
decreases and a deterioration of about 9.7% of the maximum
specific capacitance occurs after the next 1900 cycles. This
result shows that the Co, gsSe electrode has a good long term
cyclic performance.

The EIS, also known as Nyquist plot, shows the frequency
response of the electrode-electrolyte system and is a plot of
the imaginary component of the impedance against the real
component. The impedance of the Cogs;Se nanotube elec-
trode after the 1st and 50th cycles was measured, as shown in
Fig. 7b. In the high frequency domain, a small semicircle is
observed, and in the low frequency section, the plot tends to
be a straight line where the imaginary part of the impedance
rapidly increases. The semicircle in the high frequency range
is attributed to the charge-transfer process at the compound-
electrolyte interface, and the straight sloping line is related to
the diffusive resistance (Warburg resistance) of the electrolyte
entering the interior of the electrode pores and ion diffusion
into the host materials.*®*° After 50th cycling, the sloping line
becomes more sloping than before, demonstrating that the
electrode behaves more closely as an ideal capacitor.

4 Conclusions

In summary, polycrystalline Co,gsSe nanotubes with a well-
defined hollow structure are successfully prepared through a
solvothermal route by using Co(CO3)g.35Cly.20(OH); 10 Nanor-
ods as sacrificial hard templates. The Cog,gsSe nanotubes
exhibit superior catalytic activity than Co,gsSe nanoparticles
for the decomposition of hydrazine hydrate in aqueous
solution at room temperature, and can be used repeatedly
with stable catalytic performance. The Co, gsSe nanotubes can
also be applied as electrode materials for electrochemical
supercapacitors. Electrochemical measurements validate the
excellent pseudocapacitive properties with high specific
capacitance, excellent cycle stability and high rate capability
that are superior to Co, gsSe nanoparticles. Therefore, the good
catalytic and electrochemical properties of the CoggsSe
nanotubes will make them attractive for promising applica-
tions in the fields of catalysis and supercapacitors.
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