RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 18 RSC Advances

Facile one-step mechanochemical synthesis of [Cu(tu)]Cl*1/2H,0

nanobelts for high-performance supercapacitor

Di Guo, Hongxu Guo*, Yingchang Ke, Dongfang Wang, Jianhua Chen,
Qingxiang Wang, Wen Weng
College of Chemistry & Environmental, Minnan Normal University, Zhangzhou

363000, PR. China (E-mail to H. X. Guo: guohx@mnnu.edu.cn; Fax:

086-596-2520035; Tel: 086-596-2591445)

Abstract

A facile one-step mechanochemical process from CuCl,*2H,0 and thiourea to
fabricate novel [Cu(tu)]Cl*1/2H,0 nanobelts has been observed for the first time, and
the nanobelts were used as an electrode material for a supercapacitor. The
[Cu(tu)]Cl*1/2H,0 nanobelts with staggered arrangement have lengths longer than 10
um, and exactly straight nanobelts are 300 nm in width, and the extreme ends of
nanobelts are around 30-50 nm in width. The specific capacitance of the
[Cu(tu)]Cl*1/2H,0 nanobelts was up to 1145 F-g'1 at scan rate of 5 mVes" and 922
F'g'1 at current density of 10 A'g'1 in a 2 M KOH electrolyte. Simultaneously, the
retention was maintained at 72.4% after 500 cycles at 10 Asg”'. The corresponding
equivalent circuit for the [Cu(tu)]Cl*1/2H,0 was also discussed. This study provides a
facile, green, and large-scale method to fabricate novel nano-complexes with high
supercapacitor activity.
Keywords: [Cu(tu)]CI*1/2H,O; Nanobelts; Mechanochemical synthesis; Energy

storage and conversion; Nanocrystalline materials; Electrical properties
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1. Introduction

The increasing demand for energy has emerged to be one of the major topics,

alongside the energy storage and conversion from clean and renewable energy sources.

! Supercapacitors, also called electrochemical capacitors, are found to be promising
for energy storage devices due to their high power densities, fast recharge capability
and long cycle life.? Supercapacitors commonly store energy on the basis of either ion
adsorption/desorption (electric double-layer capacitor, EDLCs) or multiple redox
reactions (pseudocapacitors). The pseudocapacitors have a growing interested due to
their higher energy densities than EDLCs and higher power densities than batteries.’

Combination of electrode materials,” including carbons,” metal oxides,® nitrides
and polymers,” with the latest generation of coordination polymers have been
explored for supercapacitors. Coordination polymers, as a class of hybrid materials
built from metal ions and organic bridging ligands, have aroused tremendous interest
because of their tunable structure and properties. Compared to conventional organic
or inorganic nanomaterials, nanoscaled coordination polymers (NCPs) have been
attracted more and more attention due to those interesting physical and chemical
properties.®” Recently, the application of the NCPs is mainly focused on sensors,'
catalysis,'' selective separation,'> and optics.”” The Ni-based MOFs exhibited a
capacitance of 668 Feg™' at current density of 10 Aeg”.'* And the most traditional
methods for the preparation of coordination polymers was hydrothermal or
solvothermal methods."

In this paper we firstly report the facile and rapid synthesis of [Cu(tu)]Cl*1/2H,0O
nanobelts from CuCl,*2H,0 and thiourea by a facile one-step mechanochemical
method, and their application as electrode for supercapacitors with excellent energy

storage properties. It should be noted that the mechanochemical synthesis is actually
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faster and more convenient than the conventional solvent-based methods.'® The
as-prepared nanobelts exhibited high specific capacitance of 1145 Feg™' at scan rate of
5mVes" and 922 Feg™ at current density of 10 A+g” in a 2 M KOH electrolyte. Good
rate capability and cycling performance that the retention was maintained at 72.4%
after 500 cycles at 10 A+g™' were also demonstrated. This study provides a facile,
green, and scale method to fabricate novel nano-complexes with high supercapacitor

activity.

2. Experimental

All reagents in the experiment were analytical grade and used without further
purification. [Cu(tu)]Cle1/2H,O nanobelts was prepared by a facile green
mechanochemical synthesis as follows: First of all, thiourea (0.7612 g, 10 mmol) were
ground into powder. Then, CuCl,*2H,0 (0.8524 g, 5 mmol) were ground together in a
mortar for 20 minutes with sporadic drops of C,HsOH to keep reactants wet. The
resulting solid was washed with H,O to remove excess raw materials and dried at
60 °C for 10 h. Light-green powders of as-prepared nanobelts were obtained (yield:
91%).

The as-prepared product was characterized with X-ray powder diffractometer
(XRD, Bruker D8 Advance, Cu-Ka radiation), fourier transform infrared spectroscopy
(FTIR, Nicolet 6700), scanning electron microscopy (SEM, JEOL JSM-6010),
transmission electron microscopy (TEM, FEI Tecnai G2 F20), thermo gravimetric (TG,
Netzsch STA449F3), X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250Xi). The specific surface area of sample was calculated by the

Brunauere-Emmette-Teller (BET, Micrometrics GEMINI VIl 2390) equation.

The electrochemical properties were measured using a potentiostat (CHI660E,
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Shanghai Chenhua Limited, China) based on a conventional three-electrode system
consisted of the working electrode, a platinum as the counter electrode, and a
saturated calomel electrode as the reference electrode in a 2 M KOH electrolyte. The

working electrode was prepared by mixing [Cu(tu)]Cl*1/2H,0O nanobelts (80 wt%) as

active material with acetylene black (10 wt%), and poly(tetrafluoroethylene) (10 wt%).

Then, the resulting mixture with several drops of ethanol was coated onto a piece of
nickel foam (1.0 cmx1.0 cm) using a spatula. Finally, the fabricated electrode was
pressed at 2 MPa to a thin foil and then dried under vacuum at 60 °C forl10 h. The
mass loading of the sample was about ~2 mg. EIS data was performed with a
frequency range from 0.1 Hz to 100 kHz at open-circuit potential. The amplitude of

the applied sine wave potential in each case was 5 mV.

3. Results and discussion

The crystal structure of the [Cu(tu)]Cle1/2H,O nanobelts was determined by
XRD. It can be seen from Fig. 1 that the diffraction pattern in this pattern can be
indexed to be the monoclinic phase of [Cu(tu)]Cl*1/2H,O (JCPDS No. 53-0121) from
the reference document.'”'® The strong and sharp diffraction peaks in the XRD
pattern indicated that the product was well crystallized. And the main peak of the
[Cu(tu)]Cl*1/2H,0 nanobelts was located at 8.2°, corresponding to its polymeric
nature.

The FTIR spectra (Fig. 2) of [Cu(tu)]Cl*1/2H,0 nanobelts and thiourea exhibited
vibrational bands in the usual region of 400~4000 cm™. It can be seen clearly that the
main characteristic peaks in thiourea molecular were also observed in the

[Cu(tu)]Cl*1/2H,0 compound. The bands at of 3500-3000, ~1600, ~1400 and

4
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1300-1000 cm™ were ascribed to the stretching vibration of N—H, the bending
vibrations of N—H, the stretching vibration of C—N and C=S, respectively.17 And the
split peak at 1658 cm” of the [Cu(tu)]Cl+1/2H,O nanobelts was ascribed to the
bending vibration of the crystallized H,O. The peak at 1085 cm™ of C=S vibrational
mode was found in thiourea, while the peak of the C=S vibrational mode was located
at 1053 cm™ in the [Cu(tu)]Cl+1/2H,0 nanobelts, which thus red shift in the bands
suggests that the Cu-S bond formed in the compound. The peak at 750 cm” was

attributed to the bond Cu-S."

The morphology and nanostructure of the [Cu(tu)]Cle1/2H,O nanobelts was
investigated by SEM and TEM. The SEM image Fig. 3a depicts that the
[Cu(tu)]Cl*1/2H,0 nanobelts have lengths longer than 10 pm. Fig. 3b shows a
high-magnification SEM image of the intertwined nanobelts with approximate
dimensions of 300 nm in width. But, the extreme ends of nanobelts are around 30-50
nm in width, and the smooth surface and uniform diameter of each nanobelts along its
entire length indicates its complete growing and ordered array of the structure, as
shown in Fig. 3c and 3d.

The thermal study of the [Cu(tu)]Cl*1/2H,0 nanobelts was performed in Fig. 4.
The first small weight lossed at 50~150 °C, corresponded to the removal of water and
solvent molecules. The [Cu(tu)]CI*1/2H,0 nanobelts showed 45% decreased weight
loss at 162~322 °C, which indicating the elimination of thiourea of
[Cu(tu)]Cl=1/2H;0 nanobelts. A mass loss (18%) from 380 to 800 °C was observed,
which was assigned to the thermal decomposition of the chlorine and framework. And
the final residue was copper under the atmosphere of N»."

The surface chemical composition and chemical states of the samples studied
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were investigated by XPS. The XPS spectra of the [Cu(tu)]Cle1/2H,O nanobelts
sample are shown in Fig. 5. The obvious peaks of Cu, S, Cl, C and N can be clearly
detected in the survey spectrum of the sample (Fig. 5a). The C 1s signal on
[Cu(tu)]Cl*1/2H,0 nanobelts (Fig. Sb) was fitted by three peaks, where the peaks at
288.6 and 287.8 eV were attributed to the organic carbon.'” and the other one at 284.8
eV was attributed to the sp3 C—C bond.”® For the N 1s signal as shown in Fig. 5c, three
fitted peaks in [Cu(tu)]CI*1/2H,0 nanobelts was assigned to N-C (400.1 eV), C-H
(399.5 ¢V).2"** The Cl 2p XPS spectrum (Fig. 5d) can be deconvoluted into three
different signals with binding energies of 199.4, 198.1, and 197.6 eV, corresponding
to Cl 2p3/2, the Cl 2p3/2 coordinated with copper, and Cl 2p1/2, respectively.”** In
the XPS S 2p spectra (Fig. 5e), the deconvoluted doublet peaks located at the binding
energy of 164.0 eV (S 2p1/2 ) and 162.7 eV (S 2p3/2 ) are characteristic of S*.* Fig.
5f showed the XPS spectra of Cu 2p for [Cu(tu)]Cl+1/2H,0 nanobelts. It was notable
that there were two strong peaks around 952.3 and 932.3 eV, which can be indexed to
the Cu 2pi, and Cu 2p;, energy positions of the Cu(l) species with different

coordination.

The N, adsorption—desorption measurement was performed to investigate the
textural characteristics of the [Cu(tu)]Cl*1/2H,0 nanobelts in Fig. 6. It was found that
the isotherms belonged to a type Il corresponding to the basic no pores. An H3-type
hysteresis loop at high relative pressure reflected the formation of slit-shaped pores
from aggregates of nanobelts.”” And the porosity of the [Cu(tu)]Cl*1/2H,0 nanobelts
was calculated by Barret-Joyner—Halenda (BJH) method, which revealed the five
most probable pore diameters of 44.3 nm, 62.5 nm, 83.2 nm, 119.9 nm and 541.5 nm,

respectively (Fig. 6, inset).
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The electrochemical properties of the [Cu(tu)]Cle1/2H,O nanobelts as an
integrated electrode were investigated first in the three-electrode configuration with 2
M KOH as the electrolyte. As shown in Fig. 7a, CV profiles were obtained for the
voltage sweeps from -0.2 to 0.8 with a series of scan rates from 5 to 100 mVss™,
which delivered the capacitance of 1145, 974, 826, 657 and 536 F-g'1 at scan rates of
5, 10, 20, 50 and 100 mVss™, respectively. Clearly, the emergence of one pair of the
well-defined redox peaks (-0.05 V and 0.58 V) for the [Cu(tu)]Cl*1/2H,0 sample can
be observed. And the formation of the redox peaks was probably attributed to the
faradaic redox reactions between the electrode material and the alkaline electrolyte.
Moreover, with the increase of scan rate, the anodic peaks shifted to positive potential
while the cathodic peaks shifted to negative potential, which may be originated from
the faster charge and discharge rates and the short ion diffusion path.28 This can be
proved by the fact that the [Cu(tu)]Cle1/2H,0 sample is good electrode materials for
pseudocapacitors, which undergo redox reactions simultaneously with OH’, hence
contributing to the capacitance enhancement of pseudocapacitors. The corresponding
14,29

process of Cu’/Cu?" transition might be represented by the following equation:

[Cu(tu)]CI*1/2H,0 + OH <= [Cu(OH)(tu)]CIl*1/2H,0 +e

The galvanostatic charge discharge curves of the [Cu(tu)]Cl*1/2H,O nanobelts
electrode showed symmetric and reversible charge-discharge processes even at high
current densities, which was indicative of efficient pseudocapacitor formation, as
shown in Fig. 7b. From the discharge curve, the specific capacitance was calculated as

922, 766, 702, 662, 630 and 602 F°g'1 at current densities of 10, 14, 18, 22, 26 and 30

A<g™, respectively.
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The EIS spectra, a magnified view of the high-frequency region and the
corresponding equivalent circuit were carried out in Fig. 7c. At the high frequency, the
below zero part of the curve at the real part indicated the inductive reactance (L,
which was equivalent to inductive component, was related to electrode wire) and the
intersection reflected the low equivalent series resistance (Rs = 0.88 Q, which
included the inherent resistance of the electroactive material, the ionic resistance of
electrolyte, and the contact resistance at the interface between electrode and
electrolyte).” This low value showed the excellent electrical conductivity for the
as-prepared sample. Moreover, the semicircular loop in the high-frequency region
which associated with electrode surface properties and related to the charge-transfer
resistance (Rct) was negligible in the inset. At the low frequency, the Nyquist
impedance plot exhibited a sloped line which represented the diffusive resistance (W),
indicating the fast diffusion process of ions.****

The good electrochemical performance of the [Cu(tu)]Cl*1/2H,0O nanobelts was
further confirmed by the cycling test at 10 Aeg” (Fig. 7d). After 500 cycles, the

[Cu(tu)]Cl*1/2H,0 nanobelts was also capable of retaining 72.4% of the initial

capacitance.

4. Conclusions

In summary, a facile one-step mechanochemical process to fabricate
[Cu(tu)]Cl*1/2H;0 nanobelts has been observed for the first time, and the nanobelts
were used as an electrode material for a supercapacitor. The specific capacitance of
the [Cu(tu)]Cl+1/2H,0 nanobelts was up to 922 Feg™ at current density of 10 Aeg™ in
a 2 M KOH electrolyte. Simultaneously, the retention was maintained at 72.4% after

500 cycles at 10 Asg™. This study provides a facile, green, and large-scale method to
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fabricate novel nano-complexes with high supercapacitor activity.
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Fig. 1. XRD pattern of as-prepared [Cu(tu)]Cl*1/2H,0 nanobelts.
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Fig. 2. IR spectra of [Cu(tu)]CI*1/2H,0 nanobelts and thiourea.
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Fig. 3. SEM images (a and b), TEM images(c and d) of [Cu(tu)]CI*1/2H,0 nanobelts.
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Fig. 7. Electrochemical characterization of [Cu(tu)]Cle1/2H,O nanobelts. (a) Cyclic

voltammetry curves; (b) galvanostatic charge discharge curves; (c) Nyquist plot

and the inset showed the magnifies data and the corresponding equivalent circuit;

(d) cycling stability performance.
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