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ABSTRACT: Sodium-ion batteries (SIBs) are considered as one of the most favorable alternative devices for sustainable
development of modern society. However, it is still a big challenge to search for proper anode materials which have excellent
cycling and rate performance. Here, zinc selenide microsphere and multiwalled carbon nanotube (ZnSe/MWCNT) composites
are prepared via hydrothermal reaction and following grinding process. The performance of ZnSe/MWCNT composites as a SIB
anode is studied for the first time. As a result, ZnSe/MWCNTs exhibit excellent rate capacity and superior cycling life. The
capacity retains as high as 382 mA h g after 180 cycles even at a current density of 0.5 A g~'. The initial Coulombic efficiency of
ZnSe/MWCNTSs can reach 88% and nearby 100% in the following cycles. The superior electrochemical properties are attributed
to continuous electron transport pathway, improved electrical conductivity, and excellent stress relaxation.
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B INTRODUCTION

With the pollution of environment and the exhaustion of
natural resources, the green and more efficient energy storage
systems are urgently demanded. Among all kinds of energy
storage devices, lithium-ion batteries (LIBs) are the muost
successful one, which have been widely used in various
fields.' > However, the lithium source is very poor in earth,
which limits the large-scale application of LIBs. Sodium, whose
physical and chemical properties are similar to those of lithium,
is considered to be a promising candidate to substitute lithium
because of its moderate price and high abundance. However,
the relatively larger radius of Na" compared with Li* causes a
larger volume change and poorer cycling stability of electro-
des.®™” Thus, searching for an electrode material with superior
rate performance and cyclic stability is still a major challenge for
sodium-ion batteries (SIBs).

Many metal selenides and sulfides are explored as electrode
materials for LIBs and SIBs because they are environmentally
benign as well as delivering high capacity, such as SnSe,,'”""
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FeSez,lz_15 NiSez,16 CoSez,”_ZO MoSeZ,21 CoS,”” and FeS.”*
However, these materials suffer from poor electrochemical
properties, which is ascribed to their sluggish kinetics and large
volume variations during charge—discharge processes. To
circumvent these problems, designing a hierarchical struc-
571921 and compositing transition-metal chalcogenides
with carbon-based materials'>'*'#**7** have been proven to be
effective strategies. It is known that the nanostructure facilitates
good electrochemical performance; however, the nanoparticles
are easy to aggregate. Hierarchically structured materials
assembled with nanostructures are porous, which can prevent
nanoparticulates from self-aggregating, as well as relieve the
stress caused by the repeated charge—discharge process.”*”’
For instance, Zhang et al. synthesized hierarchical FeSe,
microspheres composed of numerous nanooctahedra, exhibit-
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Figure 1. (a) XRD pattern of the obtained ZnSe microspheres and (b) crystal structure of ZnSe.
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Figure 2. Structural characterization of ZnSe/MWCNTs: (a) Raman spectrum; (b) XPS spectrum of the Zn 2p peak; (c) XPS spectrum of the Se 3d
peak; and (d) N, sorption isotherms and pore size distribution (inset).

ing superordinary sodium storage capability."> Zhu and his co-
partners prepared FeS nanodots embedded in carbon nano-
wires by the combination of an electrospinning technique and a
biomolecular (L-cysteine)-assisted hydrothermal method, show-
ing a distinct reversibility.”> Now, ZnSe is widely used in
photodetectors,28 solar cells,”’ biomedical labels,*® and photo-
catalyst.’** In addition, ZnSe also exhibits electrochemical
activity as an anode material for LIBs.*>™*® It has been reported
that the ZnSe—rGO composites deliver a specific capacity as
high as 778 mA h g~! at 1000 mA g~ after 400 cycles.”® These
results indicate that ZnSe is a potential electrode material
because of its relatively higher capacity compared with
commercial graphite. Therefore, it is worth investigating the
sodium storage performance of ZnSe microspheres.

In this paper, we report for the first time a uniform
microsized ZnSe spheres composed of primary nanoparticles
mixed with multiwalled carbon nanotubes (MWCNTSs) which
are adopted as an effective conductive network. The ZnSe/
MWCNT composites exhibit obviously better electrochemical
performance than that of ZnSe/acetylene black (AB) as SIB
anode materials. The ZnSe/MWCNT composites deliver a
capacity as high as 382 mA h g after 180 cycles at 0.5 A g7,
corresponding to a capacity retention of 94% (compared to the
second cycle capacity). Quantitative kinetics analysis revealed
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that the sodium storage performance of ZnSe/MWCNTs is
mainly dominated by the diffusion behavior. The initial
Coulombic efficiency of ZnSe/MWCNTs can reach 88% and
nearby 100% in the following cycles, making it a favorite
candidate for the SIB anode material.

B RESULTS AND DISCUSSION

The X-ray diffraction (XRD) pattern of ZnSe microspheres
(Figure 1a) displays that the diffraction peaks are in accordance
with the standard JCPDS no. 00-001-0690. The crystal
structure corresponds to F43m space group cubic ZnSe. The
average crystallite sizes of the ZnSe nanoparticles are calculated
by Scherrer equation, which is determined to be 11.79 nm.
Figure 1b reveals the schematic crystal structure of ZnSe,
indicating that Zn atoms coordinate with four Se atoms to form
the pyramidal [ZnSe,] units. The pyramidal [ZnSe,] units
connect with each other through sharing chains.

Figure 2a manifests the Raman spectrum of ZnSe/
MWCNTs. It shows four peaks at 141, 253, 1337, and 1598
cm™". The signals at 141 and 253 cm ™" are in well agreement
with the 2TA and LO modes of ZnSe,*” respectively, whereas
the MWCNTs show two characteristic peaks at the area of
1337 and 1598 cm™!, which can be ascribed to the D- and G-
bands.*® X-ray photoelectron spectroscopy (XPS) measure-
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Figure 3. (a) FESEM image of ZnSe microspheres; (b) FESEM image of ZnSe/MWCNTs; (c) EDS mapping images of ZnSe/MWCNTs; (d,e)
TEM images of ZnSe/MWCNTs; and (f) HRTEM image of ZnSe/MWCNTs.
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Figure 4. Electrochemical performance of ZnSe/MWCNTs and ZnSe/AB electrodes for SIBs: (a) initial galvanostatic cycling curves at a current
density of 0.2 A g; (b) cycling performance at 0.2 A g'; (c) rate performance in the current range of 0.1—5 A g™'; (d) Nyquist plots for ZnSe/
MWCNTs and ZnSe/AB electrodes; and (e) long-life cycling performance of ZnSe/MWCNTs and ZnSe/AB electrodes at 0.5 A g™'.

ment was conducted to further confirm the components of
ZnSe/MWCNTs. Figure 2b,c shows the XPS spectra obtained

from Zn and Se regions of

ZnSe/MWCNTs. The signals

located at 1021, 1044, and 54 eV can be ascribed to Zn 2p;),,
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Zn 2p, 5, and Se 3d, respectively.”” This confirms that the as-
prepared samples consist of pure ZnSe with no impurities. The
porosity of ZnSe microspheres is analyzed with the N,
adsorption and desorption analyses (Figure 2d). The specific

DOI: 10.1021/acsami.8b02819
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Figure S. (a) CV profiles of ZnSe/MWCNTs at various scan rates after five cycles and (b) log(i) vs log(v) plot for ZnSe/MWCNTs obtained from

the CV data.

BET surface area is determined at a value of 39.3 m* g™', and
the Barrett—Joyner—Halenda adsorption pore volume is 0.159
cm® g, The pore size distribution is mainly in the range of 2—
30 nm, centered at about 12 nm (the inset of Figure 2d).

The morphological studies of ZnSe microspheres and ZnSe/
MWCNT composites are characterized by field emission
scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), and high-resolution transmission electron
microscopy (HRTEM) (Figure 3). Figure 3a presents the
FESEM image of ZnSe microspheres. It can be observed that
the ZnSe microspheres are very uniform (about 2 ym) and in a
narrow-sized distribution. Because of the tubular shape of
MWCNTSs, they can form an interconnected electronically
conductive network between single ZnSe microspheres, which
can guarantee efficient and fast electron transportation (Figure
3b). Energy-dispersive system (EDS) mapping images of ZnSe/
MWCNTs indicate the homogeneous distribution of zinc (Zn),
selenium (Se), and C in the obtained product (Figure 3c). The
elemental mapping images of ZnSe/AB are also tested, as
shown in Figure S1. The TEM images displayed in Figure 3d,e
further manifest the microstructure of ZnSe/MWCNTs. It
reveals that ZnSe microspheres are composed of nanoparticles
and possess a porous architecture. The HRTEM image of
ZnSe/MWCNTs (Figure 3f) displays that the lattice distance is
about 0.32 nm, corresponding to the (111) crystal plane of
ZnSe.

The electrochemical performances of ZnSe/MWCNT and
ZnSe/AB samples are investigated by assembling the half-cells.
The cyclic voltammetry (CV) curves of ZnSe/MWCNT
electrodes are recorded between 0.01 and 3.0 V (Figure S2).
The initial curve shows an obvious cathodic peak at 0.24 V and
an anodic peak at 0.99 V. The sharp cathodic peak is ascribed to
the conversion from ZnSe to metal/Na,Se and the formation of
SEI layer on the electrode,”*’ whereas the anodic peak can be
ascribed to the transformation reaction from metal to metal
selenides on the electrode. In the following cycles, the cathodic
peak is shifted to higher potential, which is attributed to the
structure and volume change resulting from the conversion
reaction, whereas the following CV curves are overlapped well,
indicating an excellent cycle reversibility of electrodes.

The initial cycling profiles of ZnSe/MWCNT and ZnSe/AB
electrodes at 0.2 A g~ are presented in Figure 4a. Both samples
show similar low discharge plateaus at around 0.3 V and similar
charge plateaus at around 1.0 V, which corresponds well to the
redox peaks in CV graphs. The ZnSe/MWCNT electrode
delivers a first discharge capacity of 447 mA h g, a much
higher value than that of ZnSe/AB, to be specific, only 332 mA
h g_l. Figure S3 describes the cycling curves of ZnSe/MWCNT
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and ZnSe/AB electrodes after 80 cycles, which show similar
appearance, indicating an identical electrochemical reaction of
ZnSe in both composites. Figure 4b presents electrochemical
performance of ZnSe/MWCNT and ZnSe/AB electrodes. The
capacity retentions of ZnSe/MWCNT and ZnSe/AB electrodes
after 80 cycles are 83 and 79%, respectively. Compared with
ZnSe/AB electrodes, ZnSe/MWCNT electrodes show better
electrochemical performance, delivering relatively high capacity.
It is noted that in the initial few cycles, the capacity of ZnSe/
MWCNT electrode decreases. Then, the capacity increases
slowly and finally stabilizes at a value of about 362 mA h g™
The increased capacity can be attributed to the reactivation of
ZnSe/MWCNT microspheres.”' The reactivation of the
electrode can lead to more defects and active site formation,
facilitating the sodium storage.

The rate performances of ZnSe/MWCNT and ZnSe/AB
samples are tested in the range of 0.1—5 A g~' (Figure 4c). The
discharge capacities of ZnSe/MWCNTs are 370, 350, 324, 313,
288, and 271 mA h g_1 at different rates of 0.1, 0.2, 0.5, 1, 2,
and 5 A g7, respectively. When the rate recovers to 0.1 A g™,
the discharge capacity of ZnSe/MWCNTs can still reach 352
mA h g7'. It can be obviously observed that the rate
performances of ZnSe/AB are inferior to that of ZnSe/
MWCNTSs. Figure S4 displays the cycling plots of ZnSe/
MWCNTSs at various rates in accordance with Figure 4c. It
shows stable charge—discharge curves, indicating excellent rate
performance of ZnSe/MWCNTs. The above results demon-
strate that the ZnSe/MWCNT electrodes have better cycling
capacity and rate performance than ZnSe/AB electrodes. It is
reported that the surface area of MWCNTSs can significantly
affect the enhancement of the rate capabilities and electro-
chemical performances.*>*

To gain insights of the factors that enhance the electro-
chemical performance of ZnSe/MWCNTs, the electrochemical
impedance spectra are measured (Figure 4d). The Nyquist
plots show that the electrolyte and cell component resistance
(R,), the solid electrolyte interface (Rgg;), and charge-transfer
resistance (R,) of the as-prepared ZnSe/MWCNTs are smaller
than those of ZnSe/AB (Table S1). This demonstrates the
faster kinetics of the as-prepared ZnSe/MWCNTs, facilitating
the electrode to enhance electrochemical performance.

Figure 4e demonstrates the long-life cycling performances of
ZnSe/MWCNTs and ZnSe/AB at 0.5 A g~'. The first and
second cycle capacities of the ZnSe/MWCNT electrode are
480 and 405 mA h g7, respectively. Even after 180 cycles, the
capacity of the ZnSe/MWCNT electrode can still reach 382
mA h g7'. The capacity retention is 94% compared to the
second cycle capacity. However, after cycling the same cycles,

DOI: 10.1021/acsami.8b02819
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Figure 6. (a,b) EDS mapping images and spectrum of ZnSe/MWCNTs after 100 cycles, respectively and (c) in situ XRD patterns recorded during

galvanostatic cycling of the ZnSe/MWCNT electrode.

the ZnSe/AB electrode can only deliver a low capacity of only
224 mA h g_l. In addition, the initial and second Coulombic
efficiencies of ZnSe/MWCNTs are about 88, 96%, and nearby
100% in the following cycles (Figure S5), making it a favorite
candidate for SIB anode material.

To evaluate the electrochemical kinetics of ZnSe/MWCNTs,
CV profiles of ZnSe/MWCNTs tested with various scan rates
are displayed in Figure Sa (0.2—0.8 mV s™'). On the basis of
the correlation of peak current (i) and the scan rate (v)**

i=a’

In which i refers to the peak current, v represents the scan
rate, a and b are parameters that can be adjusted. The b value
indicates the type of Na" insertion/extraction, which is settled
by the slope of log(v)—log(i) plots. When the b value is 0.5, the
current is precisely in proportion to the scan rate square root,
indicating the diffusion-controlled behavior. For the b value of
1.0, the electrochemical reaction can be mainly ascribed to
pseudocapacitive capacity. For the oxidation peak at 1.05 V,
log(v) is linearly related to log(i) plots (Figure Sb). The b value
is 0.61, which is close to 0.5. It demonstrates that the capacity
of ZnSe/MWCNTs is mainly contributed by the ionic diffusion
behavior.

To further explain the excellent electrochemical performance
of the ZnSe/MWCNT electrode, the elemental mappings
(Figure 6a) and EDS pattern (Figure 6b) of the ZnSe/
MWCNT electrode after 100 cycles are characterized. In
addition, the SEM images of ZnSe/AB after 100 cycles are
depicted in Figure S6. It is observed that the morphologies of
ZnSe microspheres in both composites can be well-preserved
after sodium-ion insertion. The results demonstrate that the
porous structure can suppress the volume variation of ZnSe
microspheres caused by repeating insertion/extraction of Na,
enhancing the cycling stability of ZnSe microspheres. For the
first time, in situ XRD was employed to explore the Na* storage
mechanisms of ZnSe/MWCNTs. The in situ experiment was
conducted at room temperature, and the structural trans-
formation is depicted in Figure 6¢c. During the initial sodiation
process, the peaks at 27° and 45° are well-consistent with (111)
and (220) planes of ZnSe, respectively. Proceeding the
electrochemical reaction, the typical peaks weaken slowly and
finally disappear. The above results demonstrate that sodium-
ion insertion induces the amorphization of the ZnSe electrode

during the charge—discharge process. The similar phenomenon
also occurs in other anode materials.**®

On the basis of the aforementioned results, the superior
electrochemical properties of ZnSe/MWCNTs are attributed to
the cooperation of the porous structure and the continuous
conductive network. The porous structure can accommodate
the volume variation, provide open channel for sodium ion to
insert, and keep the structural stability. The MWCNT
conductive network enhances the electron-transfer kinetics.
Integrating the advantages of porous microspheres and
MWCNT matrix can significantly increase the cycling and
rate performance of the ZnSe electrode.

Bl CONCLUSIONS

The ZnSe/MWCNT composites are successfully prepared
through hydrothermal reaction and following grinding process.
When assessed as the anode electrode material for SIBs, it
manifests superior rate capability and long cycling life. In
particular, the ZnSe/MWCNT electrode can still retain the
capacity as high as 382 mA h g™ after 180 cycles at a current
density of 0.5 A g~". The initial Coulombic efficiency of ZnSe/
MWCNTs can reach 88% and nearby 100% in the following
cycles, enabling it a good candidate for SIB anode material. The
predominant electrochemical performance of ZnSe/MWCNT
composites is ascribed to continuous electron transport
pathway, enhanced electrical conductivity, and excellent stress
relaxation.
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