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ARTICLE INFO ABSTRACT
Keywords: Despite high theoretical capacity (1675 mAh g’l) and low cost of the lithium/sulfur (Li/S) batteries, their in-
Lithium/sulfur battery dustrial road is impeded by rapid capacity loss and poor rate performances caused by the dissolution of lithium
S-3DOMPPy@ZnO composite cathode intermediate in the electrolyte. In this work, a composite is reported, which consists of highly dispersed ultrafine

Three-dimensional porous polypyrrole

(~5 nm) zinc oxide (ZnO) nanocrystals decorated on conductive three-dimensionally macroporous polypyrrole
Ultrafine ZnO nanocrystals

(3DOMPPy) inverse opal, for polysulfides immobilization in Li/S batteries. Compared with carbon matrixes,
3DOMPPy provides a stronger lithium polysulfides binding site, due to its unique macroporous structure.
Through constructing 3D ordered macroporous structure of PPy, a fast electron transfer pathway and an efficient
buffer space for sulfur are provided. Furthermore, polar ZnO can confine polysulfides greatly by chemical ad-
sorption, which is verified by density functional theory calculations. Consequently, S-3DOMPPy@ZnO demon-
strates durable long-term cyclability (794.5mAhg~! after 300 cycles at 0.1 C) as well as a remarkable rate
capability (515.6mAhg~! at 2C).

1. Introduction strongly expected [1-3]. Recently, Li/S batteries has attracted a lot of
attention because of high theoretical capacity (1675mAhg™1), low

With the ever-growing demands for rechargeable batteries, an ex- cost, and environmental benignity [4-6]. Nevertheless, several chal-
plosive growth of next-generation energy storage technologies is lenges still need to be solved before the large-scale practical
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applications of Li/S batteries systems [7-9]. First, sulfur and its in-
soluble discharge products are both electrically insulating, which limit
the utilization of sulfur and lower the rate capability of Li/S batteries.
Second, large volume variation of sulfur (~80%) causes hidden dangers
for electrode structure stability. Thirdly, the “shuttle effect” caused by
soluble lithium polysulfides (Li>Sy, 4 < x < 8) usually brings about
poor cycling life, unsatisfactory rate performance.

Therefore, to address the mentioned problems, much effort has been
expended over recent decades to explore the appropriate sulfur host
materials. The introduction of carbon materials, including graphene
[10], carbon nanotube [11], and micro/mesoporous carbon [12],
regulated polysulfides dissolution/shuttling by physical confinement.
Compared with carbon matrixes, polypyrrole (PPy) provides a stronger
lithium polysulfides binding, due to its unique long chain conjugate
structure and porous morphology [13]. Thus, a large number of PPy
with diverse structure, such as nanotube [14], hollow nanosphere [15]
and nanofiber [16], were recently reported to composite with sulfur,
exhibiting an enhanced electrochemical performance.

Recent studies have revealed that the porous PPy matrix can not
only provide obvious immobilization towards polysulfides, but also
alleviate the volume change of sulfur during discharge/charge process
[17]. However, a challenge for the application of porous PPy as a sulfur
host is their high interfacial impedance due to the poor wettability of
the porous PPy against lithium polysulfides, which causes a poor con-
tact and leads to an inefficient interaction between porous PPy and li-
thium polysulfides.

To cope with these notorious posers, a composite, that consist of
highly dispersed ultrafine (~5 nm) zinc oxide (ZnO) nanocrystals de-
corated on conductive three-dimensionally macroporous polypyrrole
(3DOMPPy) inverse opal, is designed and synthesized in this work.
Such elaborately designed 3DOMPPy@ZnO can synergistically combine
the merits of three-dimensionally ordered macroporous polypyrrole and
ZnO nanocrystals when used as for polysulfides immobilization of Li/S
batteries. Specifically, ultrafine ZnO nanocrystals was high-dispersedly
grown on the surface of 3DOMPPy, which could significantly improve
the wettability between porous PPy and lithium polysulfides, and de-
crease the interface resistance. In addition, the large mesopores con-
structed from conductive PPy favors the rapid transport of Li ions as
well as ensures a high and homogeneous loading of sulfur. What’s more,
polar ZnO suppresses the dissolution of polysulfides effectively by
chemical adsorption, which is verified by density functional theory
calculations.

2. Experimental methods
2.1. Preparation of SiO, sphere arrays

The SiO, sphere arrays were prepared by evaporating silica colloids
solvent. Details on the preparation methods can be found in published
literature [18]. Briefly, the silica colloids were obtained by stirring the
mixture of 20 mL of tetraethyl orthosilicate (TEOS), 200 mL ethanol,
and 20 mL of aqueous ammonia (NH3'H,0) with 40 mL of deionized
water for 12 h at 40 °C. Followed by evaporating the solvent at 70 °C for
24 h, the ordered silica sphere nano-arrays were collected. The dia-
meters of the SiO, nanospheres was around 300 nm.

2.2. Synthesis of 3DOMPPy

The 3DOMPPy was achieved by using silica sphere nano-arrays as
templates. The silica sphere nano-arrays were mixed with 200 mL of
distilled water containing 2 g of hexadecyl trimethyl ammonium bro-
mide (CTAB). Then, 0.5g pyrrole monomer was slowly added into
above solution followed by vigorously stirring for 2h in an ice bath
(0-5°C). Subsequently, 60 mL of 0.15 mol/L FeCl; mixture was added
dropwisely to the mentioned solution and maintained for 12h. The
product was centrifuged and washed repeatedly by distilled water.
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Finally, 5wt% HF solution was employed to remove the SiO, sphere
arrays. The resulting 3DOMPPy product was centrifuged, cleaned and
dried at room temperature.

2.3. Synthesis of 3DOMPPy@ZnO and S-3DOMPPy@ZnO composite

The 3DOMPPy@ZnO composite was fabricated by an in situ solu-
tion method. Firstly, 3.0 g of Zn(COOH), and 1.0 g of KOH were pre-
dissolved in 60 and 40 mL methyl alcohol, respectively. Then, well
dispersed of 30 mL methyl alcohol containing 0.5 g 3DOMPPy mixed
with as-prepared Zn(COOH), solution kept stirring at 60 °C. Then, the
as-prepared KOH solution was mixed with above solution and reacted
for 2h. The resulting powder was collected by centrifugation. Finally,
the 3DOMPPy@ZnO was obtained by vacuum dry under 80 °C.

The S-3DOMPPy@ZnO was synthesized by a simple hydrothermal.
Typically, 3DOMPPy@ZnO was mixed with commercial sulfur at mass
ratio of 1:3 and poured into a Teflon-lined autoclave at 155 °C for 6 h.

2.4. Electrochemical measurements

The cathode was made by blending 80% S-3DOMPPy@ZnO, 10%
acetylene black, and 10% polyvinylidene fluoride (PVDF), and dis-
persed in 1-methyl-2-pyrrolidinone (NMP) to form a homogeneous
slurry. The resultant slurry was coated on carbon coating aluminum foil
substrates with doctor blade, followed by drying in a vacuum oven at
60 °C for 12h. Subsequently, the prepared electrode was cut into a
circular disk and pressed at 8 MPa. Coin cells 2025 were assembled in a
highly pure argon glove box (MBraun). Lithium metal and microporous
polypropylene (Celgard 2400) served as anode and separator, respec-
tively. The electrolyte is consisted of 1M lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) in dimethoxy ethane (DME) and
1,3-dioxolane (DOL) (1:1 v/v) with 0.1 M LiNO3 as additive. The as-
sembled cells were galvanostatically charged and discharged between
1.5 and 3.0V versus vs. Li*/Li at different current densities on a
multichannel battery cycler (Neware CT-4008) testing system.

2.5. Material characterization

The crystalline structures of 3DOMPPy, 3DOMPPy@ZnO and S-
3DOMPPy@ZnO were studied using an X-ray diffractometer (XRD,
Smart Lab, Rigaku Corporation) with a Cu-Ka radiation. The archi-
tectures of the compound were observed by field emission scanning
electron microscopy (SEM, S4800, Hitachi Limited). Transmission
electron microscopy (TEM, JEM-2100F, JEOL) with energy dispersive
spectroscopy (EDS) was employed to observe interior structure. The
thermogravimetric analysis (TGA, SDT Q-600. TA Instruments-Waters
LLC) was operated under air or N, flow with heating from 50 °C to
800 °C at 10 °C min ~ *. Thermo Scientific K-Alpha XPS spectrometer was
employed for X-ray photoelectron spectroscopy (XPS) with Al Ka X-ray
source. Fourier transformation infrared spectra (FTIR, V80, Bruker
Corporation) were analyzed the surface composition of the composites.

2.6. Theoretical calculations

The atomic configurations and binding energies were simulated
using the VASP program according to the Density Theory Functional
(DFT) calculations within the Perdew-Burke-Ernzerhof (PBE) ex-
change-correlation functional for Generalized Gradient Approximation
(GGA). A planewave cutoff energy of 400 eV was used to describe the
interactions. A 3 X 3 unit cell was employed to model the ZnO (101)
surface with Li»Se. The structures were granted to relax until the forces
acting on the atoms were less than 0.03 eV A~ and the vacuum height
was set to 15 A.
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Fig. 1. Schematic of preparation procedure of 3DOMPPy@ZnO and S-3DOMPPy@ZnO.

3. Results and discussion

The overall synthetic procedure for S-3DOMPPy@ZnO was pre-
sented in Fig. 1. SiO, was used as sacrificial template to prepare
3DOMPPy, and ZnO was compounded to synthesize 3DOMPPy@ZnO
by in-situ solution growth. Finally, the complexation of sulfur was
achieved by simple hydrothermal reaction.

Fig. 2a showed the typical SEM image of 3DOMPPy, and an ordered
macroporous structure over tens of microns can be observed. The
higher magnification as shown in Fig. 2b revealed the size of the

macropores is ca. 250 nm, which was smaller than the diameter of the
original silica spheres, indicating the 3DOMPPy contract after the re-
moval of the silica opal. The shrinkage of the 3DOMPPy was due to
densitify by dehydration and solvent removal [18]. Fig. 2c revealed the
SEM image of 3DOMPPy@ZnO composite, and from the image, the
ordered macroporous structure was still well maintained after loading
ZnO nanocrystals, which would facilitate the higher sulfur loading and
charge transfer during the electrode reactions. To verify ZnO nano-
crystals was uniformly deposited on the 3DOMPPy, EDS mapping was
performed in the 3DOMPPy@ZnO composite (Fig. 2d). The bright spots

Fig. 2. SEM images of (a, b) 3DOMPPy with different magnifications; (c¢) 3SDOMPPy@ZnO; (d) The corresponding element mapping of 3DOMPPy@ZnO.
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Fig. 3. TEM image of (a) 3DOMPPy; (b-c) 3DOMPPy@ZnO with different magnifications; (d) HRTEM and the corresponding FFT, inverse FFT, lattice spacing image

of 3DOMPPy@ZnO; (e) 3DOMPPy@ZnO and corresponding element mapping.

corresponded to the presence of the elements of C, N, O and Zn, in-
dicating ZnO nanocrystals were distributed uniformly throughout the
whole area.

Fig. 3a displayed the TEM result of the as-prepared porous
3DOMPPy sample with macroporous pores of ~250 nm in diameter,
where interconnected channels were evident. The arranged macropores
and the associated channels benefited the loading of sulfur and shorten
the transport length of ions. The successful growth of uniformly dis-
tributed ZnO crystals on 3DOMPPy were demonstrated in Fig. 3(b-c).
Fig. 3b showed ZnO nanocrystals were successfully loading on
3DOMPPy without aggregation, and corresponding selected area elec-
tron diffraction (SAED) pattern (inset of Fig. 3b) revealed polycrystal-
line characteristics feature with homogenous diffraction rings, ex-
hibiting a high crystallinity of ZnO nanocrystals. From Fig. 3¢, the ZnO
nanocrystals were uniformly dispersed on the macropore walls of the
3DOMPPy and the average size of the ZnO nanocrystals was about 5 nm
based on nanocrystals randomly selected. The 3D porous structure of
the 3DOMPPy@ZnO composite effectively confined the aggregation of
ZnO nanocrystals [19]. The HRTEM of 3DOMPPy@ZnO composite was
shown in Fig. 3d, the lattice fringes could be clearly calculated to be
0.25nm of (101) plane and 0.26 nm of (00 2) plane for ZnO respec-
tively. Fig. 3e showed TEM images of 3DOMPPy@ZnO composite and
corresponding element mapping, which further confirmed ZnO was

uniformly distributed throughout the 3DOMPPy.

Fig. 4a showed the XRD patterns of SDOMPPy, 3DOMPPy@ZnO and
S-3DOMPPy@ZnO composites. The 3DOMPPy exhibited a broad peak
around 24.8°, which was a characteristic peak of amorphous poly-
pyrrole [20]. Furthermore, the crystalline patterns of 3SDOMPPy@ZnO
exhibited diffraction peaks at 31.6°, 34.4°, 36.1°,47.6°, 56.6°, 62.9° and
67.8°, which can be assigned to ZnO (JCPDS NO. 36-1451) [21]. Here,
the calculated ZnO nanoparticle size was ~5.6 nm based on its (110)
peak according to Scherrer equation [22], which was in accordance
with measured HRTEM result. The sharp diffraction pattern in S-
3DOMPPy@ZnO represented the orthorhombic phase sulfur (PDF#08-
024), indicating sulfur was successfully incorporated into the compo-
site. The Fourier Transform infrared spectroscopy (FTIR) revealed that,
in addition to C=C bond, there are four C-N bonds in 3DOMPPy and
3DOMPPy@ZnO (Fig. 4b). As mentioned before, the C-N sites played an
important role in following advantages: i) a strong bonding for lithium
polysulfide; ii) active sites for hosting ZnO nanocrystals. It not only
helped relieve shuttle effect of polysulfides, but also favoured the
growth and stabilization of ZnO ultra-fine nanocrystals. The content of
3DOMPPy and sulfur content were determined by TGA as seen in
Fig. 4(c, d). The 3DOMPPy content up to 77.8 wt% in 3DOMPPy@ZnO
composite can be analyzed from Fig. 4c. In the TGA curve of S-
3DOMPPy@ZnO composite, there was a continuous weight decrease of
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Fig. 4. (a) XRD patterns of 3DOMPPy, 3DOMPPy@ZnO and S-3DOMPPy@ZnO; (b) FTIR spectra of 3DOMPPy and 3DOMPPy@ZnO; TGA curve of (c) 3DOMPPy@
ZnO composite in air; (d) Pure sulfur, 3DOMPPy@ZnO and S-3DOMPPy@ZnO composite under Ar atmosphere; (e) Nitrogen adsorption/desorption isotherms and (f)
pore size distributionthe of the 3DOMPPy@ZnO composite; XPS spectra of (g) survey, (h) Zn 2p and (i) S 2p of the S-3DOMPPy@ZnO composite.

3DOMPPy@ZnO at 100°C in Fig. 4d, subsequently, sulfur and
3DOMPPy shown a quality loss simultaneously. The first weight loss
from 40°C to 100°C was explained as the evaporation of residual
moisture. The mass loss at 100 °C was for the collapse of the 3DOMPPy.
Evidently, sulfur thoroughly vanished at 300 °C, so the content of sulfur
in S-3DOMPPy@ZnO was calculated to be 60.7%. It was worth noting
that the evaporated temperature of sulfur in S-3DOMPPy@ZnO was
lower than pure sulfur sample due to the uniform dispersion of nano-
sized sulfur in S-3DOMPPy@ZnO compared to the bulk sulfur [23].
Nitrogen adsorption/desorption isotherms and pore size distribution of
the 3DOMPPy@ZnO composite were shown in Fig. 4 (e, f). The high
specific surface area (92.349 m?/g) and uniform pore size distribution
(~6.42nm) have significant positive effect on the loading of sulfur,
which leads to excellent electrochemical performance. The chemical
states of S-3DOMPPy@ZnO had been characterized by XPS as shown in
Fig. 4 (g-i). The Zn 2p spectrum can be fitted into Zn 2p5,, (1021.8 eV)
and Zn 2p;,, (1044.9eV) states, respectively. The S 2p spectrum in
Fig. 4i can be deconvoluted into four peaks at 161.9, 163.6, 164.8, and
168.8 eV, corresponding to Zn-S, S-S 2ps,5, S-S 2p3,1, and sulfate bonds,

respectively. The sulphate species was caused by the oxidation of sulfur.
The strong Zn-S peak implied the polar interactions between Zn and S
can effectively adsorb lithium polysulfide, which alleviated shuttle ef-
fect during the reaction.

The electrochemistry performance of S-3DOMPPy@ZnO was char-
acterized by galvanostatic discharge-charge tests. Fig. 5a showed the
discharge—charge voltage profiles at 1st, 50th, 100th, 200th, and 300th
cycle between 1.5 and 3.0V at 0.1 C. It was clear to see all the dis-
charge—charge curves delivered two obvious discharge plateaus at
2.34V and 2.06V, which was ascribed to the formation of the dis-
soluble long-chain lithium polysulfide (Li>S,, 4 < n < 8) and further
insoluble Li,S, or Li,S, respectively. At the same time, even after 300
cycles, the position of the platform where the redox reaction was placed
did not substantially change, indicating that the shuttle effect of the S-
3DOMPPy@ZnO electrode was significantly suppressed. Furthermore,
the initial discharge capacity was 1053.2mAh g~ ! and the coulombic
efficiency of S-3DOMPPy@ZnO reached approximately 100%
throughout the 300 cycles (Fig. 5b). The retention capacity after 300
cycling was 794.5 mAh g ', which represented a capacity reservation
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Fig. 5. (a) Discharge/charge voltage profiles of S-3DOMPPy@ZnO electrode for the 1 st, 50 th, 100 th, 200 th, and 300 th cycles at 0.1 C; (b) Cycle performance of S-
3DOMPPy@ZnO and S-3DOMPPy electrodes; (c) Rate capability of S-3DOMPPy@ZnO and S-3DOMPPy electrodes; (d) Discharge/charge voltage profiles of S-
3DOMPPy@ZnO electrode at different current density; (e) electrochemical impedance spectroscopy plots of S-3DOMPPy@ZnO cathodes; (f) Cycle performance of S-

3DOMPPy@ZnO electrodes with different sulfur loading.

of 81%, demonstrating a suppression of the shuttle effect and an en-
hanced cycling stability. The capacity attenuation was primarily for the
decomposition of electrolyte and production of the solid/electrolyte
interphase.

Moreover, Fig. 5c presented the rate performances of the S-
3DOMPPy@ZnO and S-3DOMPPy electrode at various current rates.
The specific capacities of 952.3 (0.1 C), 821.5 (0.2C), 689.1 (0.50Q),
593.2 (1 C) and 515.6 (2 C) mAh g71 were delivered, when the c-rate
brought back to 0.1 C after 50 cycles, 845.3mAhg~! was reached,
showing the good rate performance of S-3DOMPPy@ZnO. Additionally,
the discharge—charge voltage profiles from 0.1 C to 2 C also have been
performed (Fig. 5d). After 300 cycles, the discharge plateaus still re-
main stable and overlapping at different current densities, indicating S-
3DOMPPy@ZnO possessed highly reversible redox reactions and fast
reaction kinetics. To confirm the improved electrochemical perfor-
mance, electrochemical impedance spectroscopy (EIS) analysis of S-
3DOMPPy@ZnO electrode was performed in Fig. 5Se. After twenty cy-
cles, the impedance value decreased significantly, indicating that the
active substance was activated and resulted in a much faster interfacial
charge transfer. Cycle performance of S-3DOMPPy@ZnO electrodes
with different sulfur loading were observed at 3, 4, 5mgcm ™2, re-
spectively (Fig. 5f). 2.7, 3.2, 3.4 mAh cm ™2 were achieved at 3, 4,
5mg cm ™ 2, which demonstrated the advantages of 3DOMPPy@ZnO as
sulfur host.

The excellent electrochemical properties of S-3DOMPPy@ZnO
cathode was likely attributed to the synergetic effect between ZnO and
3DOMPPy: ZnO not only enhanced the trapping ability for lithium
polysulfide, but also constructed polythionate complex serving as active
site for redox reaction during the cycling; 3DOMPPy can provide con-
tinuous channels for electron transport, and act as reservoir to confine
sulfur. Besides, it accommodated the volume expansion during long
term cycling.

To explore the Lithium polysulfide adsorption abilities, 3DOMPPy
and 3DOMPPy@ZnO were put into as-prepared Li»Se solution (Fig. 6a).
3DOMPPy relied solely on weak physical adsorption, and the adsorp-
tion capacity for lithium polysulfide was not strong enough. In

Li2Ss  3DOMPPy 3DOMPPy

@ZnO
Fig. 6. (a) Lithium polysulfide adsorption of 3DOMPPy and 3DOMPPy@ZnO
which were immersed in 4 mM Li,S¢ solution, (b) Optimized configuration and
the corresponding binding energy of Li»Sg on ZnO (1 0 1) surface.

3DOMPPy@ZnO, the physical adsorption capacity of 3DOMPPy was
added to the chemisorption capacity of ZnO, and the two acted together
to produce significant adsorption for lithium polysulfide. To further
document the chemical adsorption of ZnO on Lithium polysulfide, the
binding energy (Ey) of the lithium polysulfide on the (1 0 1) surface was
explored using DFT calculations. The Li>S¢ was used as the models for
the lithium polysulfide species in this work. As shown in Fig. 6b, the E;,
reaches a relative high adsorption energy value of 6.15 eV by forming
the Li-O bonds between ZnO and Li,Se, which indicated that ZnO can
more efficiently prevent the dissolution of lithium polysulfide.

Fig. 7 (a-b) showed the contact angle measurement before and after
loading ZnO crystals, the results revealed 3DOMPPy@ZnO composite
possessed a smaller contact angle (23.1°) compared with 3DOMPPy
(34.6%), indicating the good electrolyte permeation of 3DOMPPy@ZnO
composite and leading to rapid reaction of Li™ with active material.

The performance of the S-3DOMPPy@ZnO cathode was compared
with other reported results (Table 1). The results showed that the as
prepared S-3DOMPPy@ZnO cathode exhibited a good cycle perfor-
mance, delivering a high stable discharge specific capacity at 0.1 C and
maintaining a low decay even at 300 cycles.
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(a) (b)

3DOMPPy@ZnO 3DOMPPy

Fig. 7. Contact angle photographs of (a) 3SDOMPPy@ZnO; (b) 3DOMPPy.

Table 1
Comparison of the electrochemical performance of previous reports with our
work.

Electrode material ~ Sulfur Current density Reversible Cycle Reference
loading  (discharge) capacity (No.)
(Wt%) (mAh g™ 1)
AB/S/PPy 62 200mAg~? 577 100 [24]
S/A1,03/PPy 67 200mAg~? 730 100 [25]
S@PPy - 0.1C 725 100 [26]
S-PPy 63.3 0.1¢C > 600 50 [27]
AB/S@PPy 67 0.2C 769.3 80 [28]
S-3DOMPPy@ZnO  60.7 0.1C 794.5 300 This work

4. Conclusion

In summary, building on our up-to-date understanding on the high
activity of ultra-fine metal-based nanocrystals in catalysis, we devel-
oped a composite material consists of highly dispersed ultra-fine (~5
nm) ZnO nanocrystals decorated on conductive 3D porous PPy sub-
strate. When the 3DOMPPy@ZnO was used as sulfur host, the porous
3DOMPPy ensured high conductivity, high sulfur utilization and fast
sulfur kinetics. On the other hand, the small ZnO nanocrystals featured
with polycrystalline surfaces ensured strong chemical bonding with
Lithium polysulfide, which could effectively confine polysulfide.
Profiting from the synergistic effect of 3D porous PPy and ultra-small
ZnO, the S-3DOMPPy@ZnO cathode delivered a high reversible capa-
city of 794.5mAh g~ ! after 300 cycles at 0.1 C. The strategy presented
in this study advanced the investigation of high-performance electrode
material for Li/S batteries.
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