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In this work, peony-like structured MoS, with intercalation of polyani-
line and crystal defects was prepared by a simple hydrothermal
method. The defect-rich structure and broad interlayer distance can
effectively provide vast ion transport paths to enhance the ion diffu-
sion rate. PA-MoS; can maintain 157.7 mA h g at 0.1 A g~ after
80 cycles and 77.8 mA h g at 1 A g * after 750 cycles.

Lithium-ion batteries (LIBs) play a vital role in the field of
secondary batteries owing to their high specific capacity as well
as power density." Other secondary batteries, including
sodium-ion,>™ potassium-ion,>® and zinc-ion batteries”® are
exploited as potential alternatives for LIBs in energy storage.
Among of them, aqueous zinc-ion batteries (ZIBs) have success-
fully attracted great research attention due to their outstanding
theoretical specific capacity (820 mA h g ') and negative
potential. However, their reversible capacity has been hindered
and impeded by the electrostatic repulsion of zinc ions and low
potential windows. Therefore, it is urgent to seek suitable
cathode materials to improve Zn** storage property.” Up to
now, Mn-based, V-based and Prussian blue analogs (PBA)
materials have been widely used as cathodes for ZIBs. Mn-
based electrode shows high voltage windows and distinguished
rate properties. However, the dissolving of Mn*" in electrolyte
during the (dis)charge process extremely bars the long-cycle
performance.'”"" Though V-based materials own super long-
cyclic stability and excellent reversible capacity, whether the
vanadium pentoxide or vanadate, both of them will bring a
negative impact on the environment.'>'* Besides, PBA
embraces a superior voltage plate (1.5 V) than that of V-based
cathodes (0.8 V). Unfortunately, it delivers a poor reversible
capacity of 50-80 mA h g~ and inferior cycling stability."*"
Fortunately, the layered transition metal sulfides have been
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presented as promising cathodes for ZIBs. Their large layer
spacing can accelerate the transport of charge and release the
volume variation during the (de)intercalation periods.'®™®
MoS2 is a layered metal sulfide with weak der Waals forces
and low energy for insertion metal cations."**°

In this work, peony-like structural 2H-MoS, nanosheets with
the intercalation of polyaniline serve as a cathode of AZIBs. The
polyaniline (PA) was successfully intercalated into the interlayer
space of the material, and not only acts as a “pillaring” to support
the structural stability but also enlarges the lattice spacing to
provide abundant Zn** diffusion transport channels. A schematic
illustration of the intercalation/extraction process of Zn-ions dur-
ing the cycling process is shown in Fig. S1 (ESI). The MoO;
nanobelt (Fig. S2a and b-d, ESIt) was prepared as a precursor for
synthesizing MoS, and PA-MoS,. After the hydrothermal sulfida-
tion process, the MoS, was successfully prepared (Fig. S3a, ESIf).
Interestingly, because of the long-term high temperature sulfida-
tion process, the nanobelt structure of MoO; was destroyed. The
MoS, demonstrates peony-like morphology in which the sulfide
grows layered structures (Fig. S3b, ESIT). After the intercalation of
PA, the peony-like structure was also maintained (Fig. 1a and b).
Furthermore, the petal-like lamella of PA-MoS, was observed
(Fig. 1c). The HRTEM image in Fig. 1d indicates the two interlayer
distances of 0.62 and 0.98 nm, which both belong to the (002)
phase of PA-MoS,. The formation of 0.98 nm was due to the
intercalation of PA enlarging the interlayer spacing. Besides, there
exists a crystal defectrich structure (Fig. 1d), in which the
abundant crystal defects break the basal plane, enlarge the lattice
spacing and reduce the energy barriers.”’* Besides, they also
provide enough pathways on numerous edges to enhance the
diffusion rate of zinc ions for the further improvement of the rate
performance and long-term cycling stability of the PA-MoS,
electrode. Energy dispersive spectroscopy-mapping profiles could
verify the homogeneous distribution of S, Mo, O, C, and N
throughout the PA-MoS, (Fig. 1e-h and Fig. S4a, b, ESIY).

In the XRD pattern of PA-MoS, (Fig. 2a), the interplanar spacing
of the diffraction peak (002) was broadened to be 0.98 nm, which
was corresponding to the description from the TEM image in
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Fig. 1 (a and b) SEM images. (c and d) TEM images. (e and h) Elemental mappings of PA-MoS, (the green boxes present the lattice defects).

Fig. 1d. The chemical composition of PA-MoS, was investigated via
XPS (Fig. 2b), which reveals the existence of the chemical composi-
tion of Mo, S, C, N, and O. Besides, the high-resolution Mo and S
spectra are shown in Fig. 2c and d, respectively. In Fig. 2c, the two
peaks of 231.5 and 228.35 were attributed to Mo*" 3ds/,, and Mo®"
3ds,, of 2H phase MoS,, respectively, indicating that there is no
existence of Mo*";4 of 1T phase MoS,, which could illustrate the
movement of the (002) crystal planes in Fig. 2a just only because
of the expansion of the interlayer spacing rather than the for-
mation of 1T phase MoS,. Besides, the peaks located at 234.8 and
225.5 eV corresponded to Mo®" 3d,, and S 2s, respectively. And
the peak of Mo®" 3d;, could be assigned to the surface oxidation.
In Fig. 2d, the high-resolution S spectra could be split into S 2p;/,
(162.38 eV) and S 2ps, (161.28 eV).>* Therefore, the pure 2H phase
PA-MoS, was successfully attained.

In Fig. 3a, the initial three CV curves at 0.1 m V' s~ * were greatly
repetitive and overlapped, which could prove the reversible Zn**
de(intercalation) during the cycling process. Fig. 3b exhibits the rate
properties of the PA-MoS, and MoS, at diverse current densities
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Fig. 2 (a) XRD pattern, and (b—d) XPS spectra of PA-MoS,.
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from 0.1 to 3 A g~ *. The specific capacities were reduced with the
enhancement of the current densities, in which the electrode
demonstrated the distinguished reversible capacity of 154.5, 119.4,
102.5, 91.3, 83.2, 76.0, and 63.9 mA h g * at 0.1, 0.5, 0.8, 1.2, 1.6, 2,
and 3 A g, respectively. Importantly, the discharge capacity was
immediately increased to 146.7 mA h g~ ' when the current density
returned to 0.1 A g~ ' from 3 A g~ '. However, the MoS, delivers a
poor rate performance. It only delivers the specific capacity of 125.4,
83.4, 69.3, 62.9, 57.9, 52.9, and 44.3 at 0.1, 0.5, 0.8, 1.2, 1.6, 2, and
3 Ag . And when the current density is back to 0.1 A g, the MoS,
reveals a discharge capacity of 96.3 mA h g~ . The PA-MoS, and
MosS, both express the highly invertible insertion/extraction process
of Zn* but the PA-MoS, exhibits a superior electrochemical property.
Meanwhile, the galvanostatic charge/discharge (GDC) graph of rate
performance was exhibited in Fig. 3c, in which the same charge/
discharge plateaus could be seen. The PA-MoS, demonstrated
prominent rate capability (Fig. 3d)**>° and outstanding cycling
stability (Table S1, ESIt) in comparison with other reported
molybdenum-based and other metal sulfides. PA-MoS, embraces
the reversible capacity of 157.7 mA h g~ ' at 0.1 A g~ " in the 80th
cycle with a retention rate of about 100% (Fig. 3e). And the GDC
curves at 0.1 A g~ were demonstrated in Fig. 3f, in which the GDC
curves reveal a greatly repetitive and overlapped ability. A similar
voltage platform could be observed. The SEM images after cycling at
0.1 A g~ " were revealed. The particles next to the peony-like structure
may be the conductive agent and binder agent. Though the structure
was degraded after cycling, the peony-like structure and petal-like
lamella of PA-MoS, could still be seen, which leads to prominent
and stable cycling ability (Fig. S5a and b, ESIt). Besides, the long-
term durable cycling stability is displayed in Fig. 3g, in which the
material delivers an excellent specific property of 77.8 mA h g~ " at
1 Ag " And the galvanostatic charge-discharge curves are shown in
Fig. S6 (ESIt), where there is only a slight attenuation. In particular,
after 750 cycles, it not only maintains the coulombic efficiency of
approximately 100% but also remains at the initial discharge capacity
of 78.4%. In contrast, the MoS, only delivers 33.7 mAhg 'at1Ag™ "
in the 750th cycle, manifesting that the intercalation of PA enhances

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Initial three CV curves at 0.1 m V™! s7%. (b) Rate performance of PA-MoS, and MoS.,. (c) Galvanostatic charge—discharge profiles at different
current densities of PA-MoS,. (d) Comparison of the rate performance of PA-MoS, and other metal sulfides. (e) Cycling performance at 0.1 A g%
(f) Galvanostatic charge—discharge curves at 0.1 A g% of PA-MoS,. (g) Long-term cycling stability at 1 A g* of PA-MoS, and MoS,.

the electrochemical performance of MoS, because the enlargement of
the lattice spacing has a good effect on the reversible capacity.”
Meanwhile, the defectrich structure can effectively provide vast ion
transport paths to enhance the ion diffusion rate.>®

To further explore the kinetics of the as-prepared material, EIS
and the galvanostatic intermittent titration technique (GITT) was
tested. The Nyquist diagram indicates a semicircular curve asso-
ciated with charge transfer between the electrolyte and the electrode
at the high-frequency area and a diagonal line associated with ion
diffusion at low frequency. The EIS pattern reveals the inherent
resistance (R;) and charge-transfer resistance (R.) of PA-MoS, at the
initial cycle and after 10 cycle states (Fig. S7, ESIt). At the initial cycle,
the electrode shows the low R of 0.92 Q and R, of 115.8 Q. After
10 cycles, both the inherent and charge transfer resistance was
decreased (R, = 0.84 Q, Ry = 42.26 Q).

The diffusion coefficient zinc-ion diffusion of PA-MoS, (D)
was calculated via the GITT method as the following equation:***"

4 (R)\’(AE\’
va=:(5) (32) W

in which the 7, Ry, AE,, and AE, serve as the relaxation time of the
current pulse, the radius of the material particles, the voltage change
in the charge pulse process, and the voltage change produced by
galvanostatic dis(charge), respectively. The GITT curves of PA-MoS,
at 0.1 A g~ " in the second cycle were exposed in Fig. 4a and b. After
calculation, the Dy, value of PA-MoS, stays in the magnitude range
of 107*t0 107 "*® cm”® s7' and 107 to 1072 ecm® s~ over an
entire discharge and charge process, respectively (Fig. S8, ESIT).

This journal is © The Royal Society of Chemistry 2023

The CV test under various scan rates from 0.1to 1 mV 's™*

was carried out to further explain the kinetics of the as-
prepared material (Fig. 4c). With the enhancement of the scan
rate, the CV curves show a similar shape but the mild move-
ment of the anodic and cathodic peaks due to the electrode
polarization, and the oxidation and reduction peaks are posi-
tioned at around 1.01 and 0.71 V, respectively. Meanwhile, its
charge-discharge behavior was measured via the equation of
scan rate (v) and peak current (i): i = av’, in which the b value
ranges from 0.5 to 1.0. When the b value is 0.5 and 1.0, the
electrochemical process is controlled by faradaic intercalation/
deintercalation and the absolute surface capacitance, respec-
tively. As shown in Fig. S9 (ESIt), the b value of the anodic and
cathodic peaks was estimated to be 0.74 (peak 1) and 0.71 (peak
2), respectively. In addition, the peak current can also be
composed of capacitive contribution (k;v) and diffusion con-
tribution (k,v*'?), and the equation is as follows:**

i=kw+ k' (2)
Furthermore, the equation could be transformed to:
i =k + ky 3)

Based on the CV curves and shaded region in Fig. 4d, it could be seen
that ca. 69.9% of the whole capacity belongs to the capacitance at
1mV 's ! of scan rate. The proportions of capacitive influence and
diffusion contribution were revealed in Fig. 4e during the dis(charge)
process at various scan rates from 0.1 to 1.0 m V" s~ ', The capacitive
contribution was 69.9, 66.4, 62.1, 57.4, 49.1, and 40.3% at the scan rates

Chem. Commun., 2023, 59, 1845-1848 | 1847
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Fig. 4 (a and b) GITT curves at 0.1 A g%, (c) CV curves at different scan

rates from 0.1 to 1.0 m V™! s™% (d) Contribution ratio of the capacitance

and diffusion at 0.6 m V"t s™2. (e) Contribution ratio of the capacitance and
diffusion. (f) The galvanostatic charge—discharge curves of PA-MoS; in the
2nd cycle at 0.1 A g%, (g) Ex-situ XRD images of selected states.

of 1.0, 0.8, 0.6, 0.4, 0.2,and 0.1 m V' s, respectively. Fig. 4f shows the
dis(charge) states at different voltages in the 2nd cycle at a current
density of 0.1 A g~ ". As shown in Fig. 4g, this diffraction peak from 15
to 35 A belongs to electrolytes and carbon cloth. Besides, during the
discharge process, the diffraction peak of ca 9.1 A was shifted
negatively with the insertion of zinc ions. When the PA-MoS, was
discharged from 0.2 V, the interlayer distance of the diffraction peak
was shifted to 0.65 nm. Furthermore, as the charge voltage increases
during the charging process, the diffraction peak was shifted positively.

In this paper, layer structured PA-MoS, with polyaniline intercala-
tion and crystal defects was successfully prepared, which exhibits a
high specific capacity of 157.7 mA h g " at 0.1 A g~ after 80 cycles
for the cathode of AZIBs. The reversible capacity of PA-MoS, was
77.8 mA h g~ " at a high current density of 1 A g~ *, and the retention
rate was near 100% after 750 cycles. The enlarged lattice spacing and
the defectrich structure can effectively provide vast ion transport
paths to enhance the ion diffusion rate. Meanwhile, the intercalated
PA between the layers serves as a “pillaring” to support the structural
stability during the charge-discharge process, all of which is con-
ducive to excellent zinc ion storage properties.
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