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Green and Facile Fabrication of MWNTs @Sb,S; @ PPy
Coaxial Nanocables for High-Performance Na-lon Batteries

Sai Wang, Shuang Yuan, Yan-Bin Yin, Yun-Hai Zhu, Xin-Bo Zhang, and Jun-Min Yan*

Renewable intermittent energies such as solar and wind
power stimulate energy storage market for low-cost batteries
that can store electricity in large scale. Meanwhile battery
research has been stimulated towards high energy and high
voltage by the development of numerous applications ranging
from cell phones, laptops, electric and hybrid energy vehi-
cles.? During the past two decades, Li-ion batteries (LIBs)
have attracted worldwide attention among the various avail-
able energy-storage technologies, but when we consider the
insufficiency and unevenness of lithium resources in the
Earth's crust, Na-ion batteries (NIBs) would be a better choice
for the next-generation energy storage system (ESS). NIBs
show the same “rocking chair” principle as LIBs, so the uti-
lization of Na instead of Li can mitigate the short supply of
lithium sources in an economic way due to the widespread
sodium sources and the low price.>>) Compared with carbon-
based anode materials that exhibit limited capacities,/®®l
metallic and intermetallic materials show a much higher
specific capacity via conversion or alloy mechanisms.3->9-13
Chen and co-workers reported an aerosol spray pyrolysis
method to prepare ultra-small Sn nanoparticles embedded
in carbon with a capacity of 415 mAh g! at 1000 mA g! for
500 cycles.”! Sn,, P;@amorphous Sn-P composites reported
by Chou et al. delivered a stable capacity of 465 mAh g at
100 mA g~! over 100 cycles.l'] Zhao and Manthiram obtained
Bi—Sb alloy through high-energy mechanical milling and the
desodiation capacity of the alloy was 375 mAh g™! accompa-
nied with a capacity retention of 78% at the 50th cycle.'!l Bao
and co-workers synthesized SbO,@RGO composite through a
wet-milling method and a reversible capacity of 352 mA h g™!
was obtained even at 5 A g~1.1'2]

The relatively higher theoretical capacity of Sb,S; made it
especially promising among metallic and intermetallic mate-
rials.'*-16l Both conversion and alloy mechanisms are involved
when Sb,S; is utilized as an anode material for NIBs, one mole
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of Sb,S; can accommodate twelve moles of electrons and Na*
ions. The reaction process could be described as:

Sb,S; +6Na* +6e” = 2Sb+3Na,S 1)
2Sb+6Na* +6e” = 2Na;Sb

The theoretical capacity for the conversion reaction
(Equation (1)) is 473 mAh g! and for the whole reaction
(Equation (1) + Equation (2)) it is 946 mAh g~!. Although there
have been several reports on the Sb,S;™ and Sb,S; based com-
posites for NIBs, the use of toxic chemical reagents or high
energy mechanical instrument was involved in some of the pre-
vious works, which might not be suitable for extensive produc-
tion.">-20 Therefore, a new method of synthesizing Sb,S3 or
Sb,S3 based composites by an environmental and convenient
method with high yield is significant for the commercial pro-
cess of Sb,S; for NIBs.

Combining nanostructured active materials with electroni-
cally conductive matrix has been considered as basic strategy for
the design of electrodes for ion batteries.[?'->l Carbon nanotubes
(CNTs) are highly conductive and possess good mechanical
property, which make them a good choice for enhancing elec-
trochemical properties of the poor conductive active materials.
Recently, some novel methods were utilized on the synthesis
of CNTs-based materials for ion batteries, red phosphorus-
SWCNTs composite as anode material for NIBs was reported by
using a facile vaporization-condensation method.?*! Schiith and
co-workers fabricated mesoporous Co;0,@CNT arrays as anode
material for LIBs through a controllable nanocasting process.?’!
With the help of electrostatic spray deposition technique, MoS,—
graphene-CNT composites were prepared as anode for LIBs. 8!
Besides that, the environmental stability, facile synthesis, high
conductivity, and thermal stability make polypyrrole (PPy) a pro-
moting one among the conducting polymers which leading to
frequent researches on PPy for improving the electrochemical
properties of ion batteries.[2%3%

In this work, a coaxial nanostructure composed of PPy-
coated amorphous Sb,S; grafted on multiwalled carbon
nanotubes (MWNTs) backbones is reported. The structure is
obtained by bottom-up heterogeneous nucleation of amorphous
Sb,S; colloids on MWNTs through a solution-based route and
subsequent surface-coating by a PPy layer through oxidative
polymerization of pyrrole. The MWNTs@Sb,S;@PPy nano-
cables deliver a considerable discharge capacity of 596 mAh g
at 100 mA g! with a capacity retention of 84% over 80 cycles.
The reported green synthesis process of MWNTs@ Sb,S; @PPy
is simple and gives a high yield without the assist of any lethal
or volatile toxic chemical substances, the requirement for high
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Scheme 1. Schematic illustration of the two-step wet-chemical synthesis method of MWNTs@

Sb,S;@PPy.

temperature and special equipment is also avoided, thus this
facile synthesis of MWNTs@ Sb,S;@PPy might be accessible to
an industrial scale.

Scheme 1 demonstrates the synthetic procedure of the
MWNTs@Sb,S;@PPy. Generally, amorphous Sb,S; col-
loids can be gradually formed in the progress of dropping the
CH;CSNH, ethanol solution into the SbCl; ethanol solution at
50 °C. When the SbCI; solution contains a certain amount of
MWNTSs, Sb,S; colloids prefer to form on the surface of MWNTs
through the heterogeneous nucleation mechanism. Next the
pyrrole monomer can be readily polymerized at room tempera-
ture on the surface of MWNTs@Sb,S; with C;,H,5SO,Na and
(NH,),S,0g which acts as directing agent and oxidizer, respec-
tively. In the coaxial nanocables not only the charge transfer can
be facilitated by the three-dimensional (3D) network of MWN'Ts
but also the volume expansion, dissolution and aggregation of
Sb,S3 can be alleviated by the PPy layer. For convenience, in
the next paragraphs “MS” and “MSP” are set as logograms for
“MWNTs@Sb,S;” and “MWNTs@ Sb,S; @PPy”, respectively.

Figure 1a shows the X-ray diffraction (XRD) patterns of the
bare MWNTs, the as synthesized MS and MSP. The two peaks
at 26° and 43° of MWNTs are respectively indexed to the (002)
and (101) reflections of hexagonal graphite. But there are no
obvious crystalline Sb,S; phases can be identified for both of
the as-synthesized MS and MSP. This indicates the structure of
the Sb,S; in the two composites is amorphous. As can be seen
from the insets of Figure la, the samples color changes obvi-
ously during the two-step synthetic procedure which is in line
with Scheme 1, namely the optical color of the bare MWNTs
turns from black to atrovirens after the nucleation of Sb,S; and
the optical color of MS turns from atrovirens to black blue after
the polymerization of pyrrole. X-ray photoelectron spectroscopy
(XPS) measurements were further performed for confirma-
tion of the existence of Sb,S; in MS. Figure 1b exhibits the O
1s peaks of the MWNTSs, the two main peaks in the range of
535 to 530 eV can be indexed to the presence of some carbox-
ylic and hydroxyl functions such as C-O-C, C-O-OH, C-OH,

MWNTs@Sb,S,@PPy
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C=0, 0—C=0 onto the MWNTs surface.}1:3]
In addition to the O1s peaks, Figure 1c shows
the presence of two extra peaks for Sb 3d;),
and Sb 3ds;, at 538.25 eV and 528.75 eV,
respectively.>* In Figure 1d the S 2p spec-
trum of MS shows two peaks at 162 eV for
S 2py); and 160.8 eV for S 2ps,, which is a
powerful evidence of sulfide formation on the
MWNTs.24 In order to accurately confirm the
existence of Sb,S; in MS, energy-dispersive
X-ray spectroscopy (EDX) was carried on as
shown in Figure 1e. Ignore Cu, C, and O ele-
ments originate from the TEM support film
or the MWNTS, the elemental stoichiometry
of MS is focused on the two investigated
spots and the result indicates the atomic
ratio of Sb:S is 8.32:11.57, which is close to
the ideal ratio 2:3. All of these spectrometric
analyses provide sufficient evidences for the
existence of amorphous Sb,S; in MS.

Scanning electron microscopy (SEM)
was performed to observe the morphology
change from the bare MWNTs to the MSP. As shown in the
Figure Sla,b (Supporting Information), the surface of the bare
MWNTs is smooth and their diameters are about 10-15 nm.
Obviously, after the Sb,S; nucleation procedure, Sb,S; parti-
cles with sphere or cylinder shapes are anchoring uniformly
on the surfaces of the MWNTs and no aggregation of Sb,S;
is found. The average diameter of MS nanocables is about
40-50 nm (Figure Slc,d, Supporting Information). It is also
evident that after the polymerization of pyrrole, PPy also is not
tend to agglomerate (grows into micron or submicron parti-
cles) (Figure Slef, Supporting Information). There seems no
obvious difference in morphology between MS and MSP except
that the diameters of the former are thinner than the later
(50-60 nm). Transmission electron microscope (TEM) was used
to further examine the morphology difference between the two
samples. The TEM images of MS (Figure 2a,b) illustrate that
Sb,S; particles anchor on the MWNTs tightly with a smooth
and clean surface. After the polymerization of pyrrole, the sur-
face of the composites (Figure 2c,d) becomes very rough and
there is a clear boundary can be observed between Sb,S; and
PPy. The average thickness of the PPy layer is about 5-10 nm.
In addition, Selected area electron diffraction (SAED) patterns
of MS with faint rings diffraction spots (Figure 2e) also indicate
the amorphous structure of Sb,S; and the elemental mapping
images of MS (Figure 2f) confirm the uniform distribution of
S and Sb elements around the MWNTs. The N element origi-
nated from PPy could be clearly seen and distributed uniformly
on MSP as exhibited in Figure S2, Supporting Information,
which demonstrated the uniform coating of PPy on MS.

The existence of the PPy layer in MSP was also proved by
Fourier transform infrared spectroscopy (FTIR) spectra as
shown in Figure 3a. Compared with the FTIR spectra of the
MWNTs and MS, the corresponding characteristic transmit-
tances of PPy in the spectra of MSP were obviously observed
at 1687.4, 1554.7, 1197.7, 1037.3, and 918.5 cm™, which are
similar to those reported for PPy synthesized with different
reaction conditions.*>>7] The peak at 1687.4 cm™! is attributed
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Figure 1. a) XRD patterns of the bare MWNTs, the as synthesized MS and MSP and the insets are the optical images of the three samples. b) XPS
spectrum of O s of the bare MWNTs. c) XPS spectrum of O 1s and Sb 3d of MS. d) XPS spectrum of S 2p of MS_e) EDX spectroscopy of MS.

to C-N bond and the peak at 1554.7 cm™! corresponds to the
C=C stretching. The peak at 1197.7 cm™ corresponds to the
breathing vibration of the pyrrole ring. The peaks at 1037.3 cm™
and 918.5 cm™! are attributed to the in-plane and out-of-plane
deformation vibrations of C—H band on the pyrrole ring,
respectively. In consistent with the TEM results, these results
also demonstrate that the PPy layer has uniformly formed on
the surface of MS.

Thermogravimetric analysis (TGA) (Figure 3b) was applied
to determine the content in each of the two composites. The
weight ratio between MWNTs and Sb,S; in MS is about 24:76
and the weight ratio between MWNTs, Sb,S; and PPy in MSP

Part. Part. Syst. Charact. 2016, 33, 493-499
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is about 19:59:22. The calculations are based on the fact that the
remaining products after heat treatments of MS and MSP from
room temperature to 800 °C at a heating rate of 10 °C min™! in
a muffle furnace are pure phase Sb,0, (Figure S3, Supporting
Information). The conversion from Sb,S; to Sb,0, during high-
temperature treatment is in conformity with the literature that
previously reported on the TGA analysis of Sb,S;.5¥!

Coin cells with metallic Na as counter electrodes were assem-
bled to evaluate the electrochemical properties of MSP and MS.
Figure 4a shows the cyclic voltammograms (CV) curves of MSP
vs. Na*/Na at a scan rate of 0.025 mV s™! between 0 and 2 V.
In the first cathodic scan, a sharp peak at 0.8 V is attributed to
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Figure 2. a,b) TEM images of MS. ¢,d) TEM images of MSP. e) SAED patterns of MS. f) Elemental mapping images of MS.
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Figure 3. a) FTIR spectra of the MWNTs, MS, and MSP. b) TGA curves of the MWNTs, MS, and MSP.
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Figure 4. a) CV curves of MSP. b) Discharge—charge curves of MSP at 50 mA g~'. ¢) Cycle performance of MSP at 100 mA g~'. d) Rate performance

of MSP.

the reaction between Na* with sulfur atoms (Equation (1)) and
some irreversible decomposition of the electrolyte results in
forming a solid-electrolyte interface (SEI) film. The second and
third peaks at 0.37 and 0 V correspond to Na* alloying reaction
with Sb (Equation (2)) and Na* insertion into MWNTS, respec-
tively.1>1039-41] The reaction between Na* and the MWNTs is
also evidenced by the CV curves of the MWNTs vs. Na*/Na as
shown in Figure S4a (Supporting Information). The MWNTs
give a relatively high initial discharge capacity of 963 mA g~
(Figure S4b, Supporting Information), which is consistent with
the two strong irreversible CV peaks at 1 and 0.5 V that origi-
nate from the SEI formation on different active surfaces of the
MWNTs.[*!l In the first anodic scan, three peaks at 0.09, 0.79,
and 1.32 V correspond to Na* extraction out of MWNTs, Na-Sb
dealloying reaction (Equation (2)) and Na,S-Sb conversion reac-
tion (Equation (1)), respectively. In the second and subsequent
scans, the cathodic peaks shift to relatively high potentials
and the areas between the CV curves become smaller, which
is in line with the forming of SEI in the first discharge pro-
gress. During the first scan, the absence of the cathodic peak
around 0.26 V (emerges from the second scan) corresponds the
alloying reaction between Na* and Sb, which may be covered
by the peak originates from the SEI formation on the MWNTs
and this phenomenon appears both for MSP and MS. Thus in
the succeeding scans the potential pairs at 0.83/1.32 V; 0.26,
0.38/0.79 V; 0/0.09V separately agree well with the conver-
sion—deconversion reactions between Na' and sulfur atoms

Part. Part. Syst. Charact. 2016, 33, 493-499
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(Equation (1)); the alloying-dealloying reactions between
Na* and Sb (Equation (2)); the insertion-extraction reactions
between Na* and the MWNTs. As shown in Figure S5a (Sup-
porting Information), cyclic voltammetry was also carried out
on MS electrode, it can be observed that the CV peaks of MS
show almost same locations as compared with the PPy-coated
one, indicating the two samples share the same electrochemical
reaction mechanism.

The discharge—charge curves of MSP and MS at three dif-
ferent cycles at a current density of 50 mA g are shown in
Figure 4b and Figure S5b (Supporting Information). It is worth
stressing that all of the capacities are calculated based on the
mass of the whole active materials rather than only the Sb,S;.
The initial discharge curves of the two composite powders are
consisted of slight plateaus near 1 and 0.5 V, which are in agree-
ment with the two cathodic peaks observed at 0.8 and 0.37 V. Two
weak charge plateaus can be observed at around 0.8 and 1.4V,
corresponding well with the two oxidation peaks at 0.79 and
1.32 V in the CV curves. The initial discharge and charge capac-
ities of MSP are 839 and 626 mAh g™! and the corresponding
capacities of MS are 844 and 742 mAh g!. The initial capacities
and the initial Coulombic efficiency of MSP (75%) are lower
than that of MS (88%) which should be attributed to the relative
extra inactive PPy film (22% weight of MSP) as the PPy parti-
cles only give a reversible capacity about 25 mAh g~L. The role of
the MWNTs in enhancing the electrochemical properties of MS
is obviously seen as the bare Sb,S; particles only give a lower
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initial discharge capacity of 612 mA g™ accompanied with
a fairly low Coulombic efficiency (63%) and the discharge
capacity fades quickly to 332 mA g at 24 cycles (Figure S4b,c,
Supporting Information). The electrochemical impedance spec-
troscopy (EIS) results demonstrate that the charge transfer
resistance of the materials decreases from Sb,S; to MSP, which
indicates that both MWNTs and PPy films play roles in guaran-
teeing the charge transfer of the composites (Figure S4d, Sup-
porting Information).

The cycling performance between 0 and 2 V at a current
density of 100 mA g™' of MSP is shown in Figure 4c. After five
cycles activation at 50 mA g!, MSP delivers a considerable dis-
charge capacity of 596 mAh g™! at 100 mA g!. The 85th (80th
at 100 mA g!) reversible discharge and charge capacities of
MSP are 500 and 492 mAh g!, respectively, the corresponding
capacity retention measured after the five activation cycles is
84%. MS delivers relatively high discharge capacities above
650 mAh g at 50 mA g in the initial cycles, actually, the
capacities fade quickly and a considerable discharge capacity of
511 mAh g! can be obtained after 33 cycles. The capacity of MS
fades dramatically at 100 mA g! with a capacity retention of only
9% after the 80th cycle (Figure S5c, Supporting Information).
To gain additional insight, the rate tests of MSP and MS were
also measured (Figure 4d and Figure S5d, Supporting Informa-
tion). MSP shows a remarkable rate performance with reversible
discharge capacities 690 mAh g ! at 50 mA g}, 560 mAh g at
100mA g1, 495 mAh g 'at200mA g}, 436 mAh g tat 500mA g,
413 mAh g! at 1000 mA g7, 376 mAh g at 2000 mA g! and
280 mAh g! at a relatively high rate of 5000 mA g, As the rate is
reset to 50 mA g, stable discharge capacities above 500 mAh g™
over 25 cycles can be obtained. When it comes to MS although at
some low current densities the composite exhibits higher capaci-
ties than MSP, the capacities fade obviously at current densities
higher than 200 mA g! and the composite exhibits a relatively low
capacity of 46 mAh g™' at 5000 mA g'. There is no consider-
able cycle performance can be obtained as the rate is reset to
50 mA g! for MS. To directly demonstrate that the unique coaxial
nanostructure causes MSP to have a considerable electrochemistry
performance, Sb,S;, PPy, and MWNTs with weight ratio 19:59:22
(the same as MSP) were also directly mixed as active materials to
make the electrodes, which show a negligible electrochemical per-
formance as shown in Figure S6 (Supporting Information).

Such a unique hybrid structure of MSP manifests improved
electrochemical performance should be explained through
the following reasons. (i) The highly conductive and flex-
ible MWNTs matrix could provide a 3D electronic network
for the electrolyte easily diffusing into the internal electrode
area.?6-2841] (ii) The nanoscale Sb,S; could provide more active
sites for electrochemical reaction, which would be in favour
of releasing higher capacity.}* (iii) Except guaranteeing the
charge transfer, the outmost ductile PPy layer could also main-
tain the integrity of the electrode structure through further
relieving the volume expansion and acting as a protective layer
to alleviate the dissolution of Sb,S5.293% Thus the integration
of these advantageous structural features makes MSP demon-
strate a considerable electrochemical performance.

In summary, MWNTs@ Sb,S;@PPy coaxial nanocables have
been obtained by a two-step wet-chemical method through
bottom-up heterogeneous nucleation of amorphous Sb,S;
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colloids on MWNTs and subsequent surface-coating by PPy
layer. A considerable discharge capacity of 596 mAh g at
100 mA g! with capacity retention of 84% over 80 cycles can
be obtained as the nanocables are employed as anode mate-
rial for NIBs. Importantly, the green synthetic procedure of
the MWNTs@ Sb,S;@PPy is simple and high-yield without the
assist of lethal or volatile chemical substances, high tempera-
ture or special equipment. All of these indicate its potential in
NIBs industrial technologies in the future.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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