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Three-dimensional ordered macroporous ZIF-8
nanoparticle-derived nitrogen-doped hierarchical
porous carbons for high-performance lithium-—
sulfur batteriesy
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Lithium—sulfur (Li-S) batteries have attracted considerable attention due to their ultra-high specific
capacity and energy density. However, there are still problems to be resolved such as poor conductivity
of sulfur cathodes and dissolution of polysulfides in organic electrolytes. Herein, a novel ZIF-8-derived
nitrogen-doped connected ordered macro—-microporous carbon (COM-MPC) was developed by a dual
solvent-assisted in situ crystallization method within a face-centered cubic stacking sphere template,
which acts as an advanced sulfur host for enhanced Li-S battery performance. Compared with the
conventional predominant microporous C-ZIF-8, the unique hierarchical macro—microporous structure
with nitrogen doping not only renders polysulfide intermediates enhanced entrapment by confining the
effect of micropores and chemisorption of doping N atoms, but also facilitates electrolyte accessibility
and efficient ion transport owing to the ordered macroporous structure. Benefitting from this, the COM-
MPC@S$ cathode delivers a high initial specific capacity of 1498.5 mA h g~! and a reversible specific
capacity of 1118.9 mA h g~. Moreover, the COM-MPC@S$ cathode exhibits 82.3% of capacity retention
within 10th to 50th cycle at 0.5C and a large capacity of 608.5 mA h g~ after 50 cycles at a higher rate
of 1C, and this enhanced cycling stability and rate capability demonstrate great practical application

rsc.li/rsc-advances potential in Li—S battery systems.

1 Introduction

Electric vehicles whose core components contain energy storage
systems have expanded rapidly in recent years, driving the
demand for high capacity batteries to increase sharply.
Compared with transition metal-based cathodes in currently
dominant Li-ion batteries (LIBs), sulfur could combine much
more Li" ions under the consumption of the same amount,??
endowing lithium-sulfur (Li-S) batteries with remarkable
theoretical specific capacity (1675 mA h g~ ') and energy density
(2600 W h kg™'),* which could greatly relieve the range anxiety
of users for electric vehicles. Besides, the advantages of low cost,
environmental friendliness and abundant reserve make sulfur
quite appropriate for commercial applications. However, except
for the theoretical capacity, the state-of-the-art Li-S batteries are
not a patch on LIBs in almost all respects, making it merely
a potential rather than actual successor at present. In terms of
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cathode, extremely low conductivity of sulfur and lithium
sulfide, severe volume variation (~80%) upon cycling and, most
importantly, the reaction intermediate polysulfide dissolving
and freely shuttling in the electrolyte, which lead to a series of
problems such as self-discharge, anode corrosion and electro-
Iyte depletion, are the main barriers that need to be handled in
pursuit of good practical cell performance.

To overcome the aforementioned technical obstacles,
various efforts have been devoted to optimizing the structure of
conductive cathodes by adopting novel materials,>® altering the
constitution of liquid electrolytes or using solid electrolytes,”™*
and protecting and stabilizing Li-metal anodes.”>"* Most of
these studies have focused on designing cathodes such as
porous carbons,'*** graphene/graphene oxide nanosheets,'®"”
conductive polymers'®' and metal oxides/chalcogenides,*
which have been explored to improve Li-S battery performance.
Particularly, porous carbon materials are considered as most
promising candidates, which can not only improve active sulfur
utilization via enhancing the electronic conductivity of
composite materials and accommodate volume expansion by
means of abundant porosity, but also alleviate the “shuttle
effect” of polysulfides via physical restriction of their narrow
pores.”>** According to the pore size, porous carbons are clas-
sified into three categories: (i) microporous carbons (<2 nm),
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which have been proved as the excellent container for sulfur
homogenization and confining, tend to demonstrate abnormal
electrochemical properties when the pore were extremely
cramped;*?* (ii) mesoporous carbons (>2 nm and <50 nm),
which can sustain high sulfur loadings on account of the larger
pore, enhance sulfur encapsulation as well as lithium ion
transport of Li-S batteries;'* (iii) macroporous carbons (>50
nm), owing to their tremendous pore size,>*?* usually act as an
auxiliary structure to promote electrolyte immersion. To
comprehensively utilize the advantages of the different afore-
mentioned apertures, the construction of a hierarchical
porosity structure whose effects have been frequently reported
previously for electrochemical energy storage/conversion
applications, such as in LIBs,””*® Li-O, batteries,* EDLC,***!
hydrogen storage devices®*** and fuel cells**® was very
important.

Recently, metal-organic framework (MOF) materials, which
consist of metal ions bridged by multidentate organic ligands
through coordinate bonds, have been widely applied for elec-
trochemical energy storage and conversion domains including
sulfur immobilization benefiting from their ample porosity,
diverse structures, tunable pore size, massive surface area and
stable chemical properties.** Moreover, most pristine MOFs
possess poor electronic conductivity; therefore, using MOFs as
sacrificial templates to obtain porous carbons by a simple one-
step calcination process also attracts much attention.?” Apart
from inheriting properties of abundant porosity, high surface
area from the precursor to boost the electron contact with sulfur
and redox activity, the MOF-derived porous carbons achieve
homogeneous heteroatom doping owing to organic ligands,
which could restrain the migration of polysulfides by chemi-
sorption.*® However, the ordered coordination between metal
cations and organic ligands results in a relatively narrow pore
distribution, mainly microporosity, of most MOFs, which limits
the performance of MOFs and derived carbons in lithium-
sulfur batteries. In fact, predominant microporosity in the
cathode obstruct electrolyte immersion as well as Li* ion
transportation, causing redox kinetics inhibition and poor cycle
stability,* while pure macropores are unable to prevent poly-
sulfides from shuttling. Thus, the rational design of MOF-
derived carbons with hierarchical pore structures is essential
and important in pursuing for high capacity, enhanced rate
capability and long-term cycle stability.

Herein, we report the fabrication of ZIF-8-derived nitrogen-
doped connected ordered macro-microporous carbons (deno-
ted as COM-MPCs) by a dual solvent-assisted in situ crystalli-
zation method within face-centered cubic (fcc) stacking sphere
templates. Based on abundant micropores inherited from ZIF-8,
the COM-MPC introduces 3D interconnected ordered macro-
pores that stem from removing the fcc template to obtain
a hierarchical porous structure. The COM-MPC@S composite
cathode was then prepared by a melt-diffusion process, deliv-
ering an initial discharge capacity of 1498.5 mA h g ' and
retaining 828.1 mA h g~ " after 30 cycles at 0.1C. Furthermore,
benefiting from better electrolyte accessibility and efficient ion
transport of the macroporous structure, the composite material
demonstrates better rate capability than some other
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materials.>***** The COM-MPC@®@S cathode exhibits a capacity
retention of 82.3% within 10th to 50th cycle at 0.5C and still
maintains a large capacity of 608.5 mA h g~ " after 50 cycles at
a higher rate of 1C, with a coulombic efficiency of over 97%.
These excellent electrochemical properties make the hierar-
chical porous carbon materials with connected ordered mac-
ropores and micropores promising candidates in lithium-
sulfur battery systems.

2 Experimental section
2.1 Materials and synthesis

2.1.1 Synthesis of fcc stacking polystyrene sphere
templates. First, submicron-sized monodisperse polystyrene
spheres were prepared by a soap-free emulsion polymerization
method** with some modification. In a typical synthesis, 59 mL
of styrene (Sinopharm, AR), which was washed with a 10 wt%
NaOH (Aladdin, AR) solution and 500 mL of aqueous solution
containing 1.2 g of PVP (Sinopharm, AR, K30), was poured into
a 1 L three-necked flask. The mixture was then headed to 84 °C
under magnetic stirring at an appropriate rate. After the
temperature of the mixture became stable, 50 mL of 20 wt%
K,S,03 (Sinopharm, AR) solution was added to the flask for
initiating the polymerization reaction. Maintaining the
constant reaction temperature and stirring speed for 24 h,
a milky emulsion of monodisperse polystyrene spheres was
acquired.

Fcc-PS templates were prepared by a quick self-assembly
method with the help of centrifugal force. The aforemen-
tioned emulsion was ultrasonicated for 30 min to be well
dispersed and then centrifuged at 2000 rpm for 36 h. Drying the
precipitations at 60 °C overnight, we obtained the 3D ordered
polymer sphere templates.

2.1.2 Synthesis of COM-ZIF-8. First, 5.70 g of Zn(NOj3),-
-6H,0 (Aladdin, AR) and 4.73 g of 2-methylimidazole (Aladdin,
AR) were dissolved in 45 mL methanol (Sinopharm, AR) one
after another to make a high concentration of the reactant
solution. Then, around 4 g of washed polystyrene template was
soaked in the above-mentioned reactant solution for 1 h and
then placed under a negative pressure of —0.8 MPa for 10 min to
guarantee as much reactant immersing into the void of poly-
styrene templates as possible. The treated templates were taken
out and dried at 60 °C overnight (denoted as preZIF-8@Fcc-PS).
Furthermore, preZIF-8@Fcc-PS were soaked in 60 mL of meth-
anol and ammonia (Sinopharm, AR, 25-28%) mixed solvent
(1 :1 ratio, by volume) under —0.6 MPa for 3 min before the
mixture stood at normal temperature and pressure for 24 h. At
this stage, preZIF-8@Fcc-PS would split into pieces resulting
from the crystallization force. Subsequently, the mixed solvent
was poured away and the obtained fragments were dried for
several hours (ZIF-8@Fcc-PS). At last, ZIF-8@Fcc-PS was
immersed into dimethyl formamide (DMF, Sinopharm, AR) for
24 h to remove the polystyrene sphere templates, and this
process was repeated 5 times in order to wash completely.

2.1.3 Synthesis of ZIF-8. As a contrast, general ZIF-8 on the
micron scale was also synthesized as follows.*® First, 500 mL of
methanol solution containing 8.106 g of 2-methylimidazole and

This journal is © The Royal Society of Chemistry 2020
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8.106 g of 1-methylimidazole were slowly poured into 500 mL of
methanol solution containing 7.344 g Zn(NOs),6H,0O under
magnetic stirring. Stirring continued for 90 seconds and the
mixture was made to stand at room temperature for 24 h. The
precipitate was recovered by centrifugation, washed with
ethanol and dried at 60 °C overnight.

2.1.4 Preparation of the COM-MPC. The COM-MPC was
prepared by a simple procedure of pyrolysis. Typically, the
COM-ZIF-8 sample was heated up to 800 °C at a rate of
5 °C min~' and maintained for 5 h, which was carried out in
argon flow in a tube furnace. After that, the obtained sample
was dipped into 33% HCI solution for 48 h under magnetic
stirring, for wiping off the residual Zn during carbonization.
Filtrated and washed with DI water, the sample was subse-
quently dried at 80 °C for several hours. For comparison, ZIF-8
was carbonized using the same procedure.

2.1.5 Synthesis of COM-MPC@S composites. The COM-
MPC and sublimed sulfur (Aladdin, AR) were mixed in 2:3
mass ratio in a quartz mortar via grinding and then the mixture
was sealed in a Teflon container filled with argon. After that, the
container was thermally treated at 155 °C for 24 h to promote
sulfur infiltration thoroughly into the holes of the COM-MPC.
As a contrast, C-ZIF-8 was treated using the same procedure
(denoted as C-ZIF-8@S5).

2.2 Material characterization

Scanning electron microscopy (SEM, ZEISS - GeminiSEM 300, 2
kV) was used for investigating the microstructure of the samples
prepared in this study. X-ray diffraction (XRD, BRUKER - D8
Advance) was applied to analyse the phase of the samples with
Cu(Ke)) radiation. To ascertain the sulfur loading of COM-
MPC@S and C-ZIF-8@S, thermogravimetric analysis (TGA,
NETZSCH - sta449c) was conducted in argon by heating up to
550 °C at a rate of 15 °C min~ ". The surface chemical state of the
COM-MPC was probed by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher - ESCALAB 250Xi) with monochromatic Al
Ko radiation. Raman spectra analysis was performed using
a Thermo Fisher DRX at a laser wavelength of 633 nm. The
nitrogen adsorption-desorption analysis was performed using
a Micromeritics ASAP 2460 after 14 h degassing at 200 °C, and
the values were calculated by the Brunauer-Emmett-Teller
(BET), Barrett-Joyner-Halenda (BJH) and Horvath-Kawazoe
(HK) methods.

2.3 Electrochemical measurements

To prepare the cathode slurry, 70 wt% COM-MPC@S (or C-ZIF-
8@S) composite, 20 wt% acetylene carbon black and 10 wt%
polyvinylidene fluoride (PVDF) were uniformly blended in a N-
methyl pyrrolidone (NMP) solvent under magnetic stirring for
4 h. The slurry was blade-coated on an aluminum foil and then
dried successively in a blast and vacuum drying oven at 60 °C
overnight. After drying, the composite was tailored into discs of
13 mm diameter and tabletting under 6 MPa to form the
working electrode. In order to examine the electrochemical
performance of the COM-MPC®@S cathode and comparison
samples, the working electrode was assembled into a 2032-type
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coin cell with a lithium foil serving as the counter electrode and
Celgard 2400 polypropylene as the separator in a glovebox full of
argon. The electrolyte (70 uL per cell) was constituted by 1 M
lithium bis-trifluoromethanesulfonimide (LiTFSI) dissolving in
a mixed solvent of 1,3-dioxolane and 1,2-dimethoxyethane (DOL
and DME, 1:1 ratio, by volume), with 1 wt% LiNO; as the
additive. Cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) tests were carried out using a CS310H
(CorrTest Co., Ltd, Wuhan) electrochemical workstation. CV
tests were performed at a potential window of 1.5-2.8 V versus
Li*/Li at a scan rate of 0.1 mV s~ ', while the EIS was collected
within the frequency range of 100 kHz to 0.01 Hz. Galvanostatic
charge/discharge measurement was conducted using a LAND
CT 2100A (LANHE Co., Ltd, Wuhan) battery tester.

3 Results and discussion

Fig. 1 schematically outlines the preparation process of the
COM-MPC. First, the highly ordered fcc stacking polystyrene
sphere (PS) templates were obtained by centrifuging the
monodisperse PS emulsion at a suitable speed. The interspace
of the templates was then crammed with a concentrated
methanol solution of zinc nitrate hexahydrate and 2-methyl-
imidazole. Subsequently, under the effect of the methanol/
ammonia mixture, the reactants in PS templates were induced
to grow into ZIF-8 crystals, yielding ZIF-8@Fcc-PS. Finally, after
eliminating PS templates by dissolving in excess dime-
thylfformamide (DMF), the product, ie., connected ordered
macroporous ZIF-8 (COM-ZIF-8), was thermally treated at 800 °C
to implement carbonization, and the COM-MPC was acquired.
As a contrast, pure microporous N-doping carbon was also
synthesized via straightly carbonizing the conventional ZIF-8
(denote as C-ZIF-8).

Fig. 2 displays the SEM images of samples after carboniza-
tion, which unmasks the difference in morphology between the

Filling
reactant and
Crystallization

il

Carbonization

—

.

COM-ZI

>

F-8

COM-MPC

Fig. 1 Schematic of the preparation process of the COM-MPC.
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Fig. 2

COM-MPC and C-ZIF-8. The ordered periodic macroporous
array inherited from fcc stacking PS templates (Fig. 2a) with
a pore size of ~210 nm was merely observed within the COM-
MPC. Moreover, unlike the truncated rhombic dodecahedron
shape of C-ZIF-8 (Fig. 2d) consisting of quadrates and hexagons,
the microstructure of COM-ZIF-8 is composed of 6 square faces
and 8 triangular faces, presenting the appearance of

(a) SEM images of fcc stacking PS templates. (b and ¢) SEM images at different magnifications of the COM-MPC. (d) SEM images of C-ZIF-8.

a cuboctahedron, as shown in Fig. 2b and c. In our previous
work,** the effect of PS templates on MOF crystallization has
been demonstrated. In brief, as shown in Fig. S1,T every sphere
in periodic fce stacking structure is tightly encircled by 12 other
spheres, which divide the space into 14 parts with 6 {100}
orientations and 8 {111} orientations. Thus, the reactant in
templates can only grow towards these directions and
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(a) XRD patterns of the COM-MPC and C-ZIF-8. (b) Raman spectra of the COM-MPC. (c) Nitrogen adsorption/desorption isotherms of the

COM-MPC and C-ZIF-8. (d) Pore size distribution of the COM-MPC and C-ZIF-8 (inset exhibits the size range below 2 nm). (e and f) XPS high-

resolution spectra of N 1s and C 1s.
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eventually form a cuboctahedron with 14 facets. During the
carbonization process, the frame structure of the precursor was
well preserved and the unconventional COM-MPC was
obtained.

To analyze the crystallography of carbonized samples, the
XRD patterns of the COM-MPC and C-ZIF-8 were collected. As
shown in Fig. 3a, both of the diffraction spectra were highly
consistent. According to Bragg's law, the wide diffraction peaks
around 25° and 44° corresponding respectively to the {002} and
{101} facets of graphite indicated that the interlayer distances
vary to a large extent, confirming the formation of amorphous
carbons. In addition, the absence of other impurity phases
verified that zinc was completely eliminated during the proce-
dure of pyrolysis and pickling. As a contrast, the samples before
carbonization were also analyzed by XRD (Fig. S27), which
displays highly coincident diffraction peaks between these
samples and the simulated pattern, demonstrating good crys-
tallinity. For further quantifying the degree of graphitization,
Raman spectroscopic investigation was carried out and the
result is shown in Fig. 3b. Two distinct peaks centered around
1337 cm™ " and 1571 cm ™" could be assigned to the D-band and

COM-MPC
—— COM-MPC@S
—— COM-MPC/S

5
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£
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G-band of carbons, which were usually derived from the disor-
dered structure of sp® hybridization defects and the in-plane
stretching vibration of graphite flakes, respectively.”® The
intensity ratio value of the D-band and G-band (Ip/Is) of the
COM-MPC was 1.04, representing a relatively low graphitization
degree.

N, adsorption-desorption analysis was employed to study
the pore structure of the COM-MPC and the comparison
sample. As shown in Fig. 3c, the type-I isotherms of C-ZIF-8
indicate a predominant microporosity with a BET surface of
910 m?* g~ ', while the COM-MPC displays a larger BET surface of
1033 m® ¢ ! and a curve with combined type-I and type-IV
isotherms, which indicate a hybrid structure of micropores
(type-I) coupled with mesopores (type-IV). Moreover, the ever-
rising adsorption amount at the end of curve of the COM-
MPC proves the existence of macroporous structures.”® The
detailed pore size distribution of samples is illustrated in
Fig. 3d. The COM-MPC possesses a bigger pore volume (0.708
em® g7 vs. 0.459 em® g~ ') and a more diverse pore size above
2 nm than C-ZIF-8, while the microporous part inherited from
ZIF-8 was highly consistent (as shown in inset). Compared with

100
— —— COM-MPC@S
—— C-ZIF-8@S
3
é« 80
13
3 58.2%
-
)
‘S 59.4%
3 60 |
40 f::::ZZ]A_Z:ZZZZ::ZZZZZ:ZZZ::I ____
100 200 300 400 500
Temperature(°C)

(a) SEM image of the COM-MPC@S cathode and the corresponding elemental mappings of (b) carbon, (c) nitrogen and (d) sulfur. () XRD

patterns of the COM-MPC, COM-MPC/S and COM-MPCa@S. (f) TGA curves of COM-MPC@S and C-ZIF-8@s.
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the narrow pore size distribution within C-ZIF-8, such a hierar-
chical porous structure with enhancement in meso/
macroporosity is expected to extra accelerate the electrolyte
immersion and Li* transfer.

XPS analysis was performed to determine the elemental
composition and chemical state of the COM-MPC. The
comprehensive XPS spectrum displayed in Fig. S31 shows that
only C, N and O elements can be detected on the surface of the
COM-MPC. Owing to the inexistence of oxygen elements in the
COM-ZIF-8 precursor, the oxygen signal is probably assigned to
oxygen or water adsorbed within pores being combined into the
carbon framework chemically under the action of high
temperature during carbonization.*® In addition, we success-
fully achieved uniform in situ nitrogen doping in the porous
carbon with a N content of 8.78% originating from the 2-
methylimidazole ligand. According to the N 1s high-resolution
spectrum (Fig. 3e), the N element in the COM-MPC mainly
exists in three forms, namely pyridinic-N with a binding energy
of 398.4 eV, pyrrolic-N with 400 eV and graphitic-N with
401.3 eV, accounting respectively for 38.7%, 29.6%, and 31.7%
of the total nitrogen content. Owing to the strong chemical
interaction between Li-N, the doped nitrogen, mainly pyridinic-
N and pyrrolic-N, is expected to serve as a reacting active site to
immobilize polysulfides via this chemical adsorption effect,
thereby improving the battery capacity and coulombic effi-
ciency. Moreover, as illustrated in the C 1s high-resolution
spectrum (Fig. 3f), three peaks located at 284.8, 285.8 and
289 eV correspond to the sp? carbon, C-N/C-O, and O=C-O
bonds, respectively.

The COM-MPC@®@S and C-ZIF-8@S composites were prepared
by a simple melt-diffusion process. As shown in Fig. 4a, the
cuboctahedron shape with ordered macropores of the COM-
MPC was well preserved after loading sulfur. Furthermore,
a fraction of sulfur coat on the external surface without any
aggregation of sulfur being observed and the element mapping
(Fig. 4d) illustrate the homogeneous distribution of sulfur.
These results indicated that element sulfur was successfully
impregnated into porous carbons via capillary forces during the
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melt-diffusion process. The XRD patterns of the composite
(Fig. 4e) further confirmed the incorporation of sulfur.
Compared with the COM-MPC/S mixture that was only ground,
the hot-melted COM-MPC@S cathode had a broad peak at
around 25° corresponding to the amorphous carbon while the
diffraction peaks corresponding to sublimed sulfur were still
distinct, which indicated that a part of sulfur was embedded in
the porous wall, while another part remained on the external
surface. The test results of C-ZIF-8@S are displayed in Fig. S4,f
which is in good agreement with the COM-MPC@S cathode in
terms of sulfur impregnation. To ascertain the sulfur content in
these composites, TGA analysis was performed as illustrated in
Fig. 4f. The main mass loss in the temperature region from
220 °C to 515 °C was attributed to the thermal escape of sulfur,
which can be divided into two different stages. The rapid quality
decrease of the sample between 220 °C and 340 °C corre-
sponded to the evaporation of sulfur on the external surface of
the host where the sulfur could escape easily, while the slower
process between 340 °C and 515 °C was assigned to the sulfur
encapsulated in the porous wall limited by the narrow pore
size.*” Here, 59.4% sulfur was loaded in the COM-MPC@S
composite (58.2% for C-ZIF-8@S), in accordance with the
mass ratio during synthesis process.

In order to study the electrochemical performance of the
COM-MPC@S cathode, the composite material, conductive
agent and binder were mixed in proportion to prepare the
working electrode, and the coin cells were assembled using
lithium metal as the counter electrode. The cyclic voltammetry
curve of the COM-MPC@®@S cathode for the first three cycles is
shown in Fig. 5a. The two reduction peaks at 2.35 V and 2.03 V
during the cathodic scan corresponded respectively to the
process of Sg ring molecule transforming into soluble Li,S, (4 =
n = 8) and further reducing to insoluble Li,S,/Li,S, while the
peak at 2.47 V during the anodic scan corresponded to Li,S,/
Li,S being oxidized to Sg. In addition, apart from the typical two-
step reduction of element sulfur, the potential hysteresis
phenomenon that large discharge current retains in the range
of 1.5 V to 1.9 V after the second reduction peak was observed.
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Fig. 5 (a) CV curves of the COM-MPC@S$ cathode at 0.1 mV s~ (b) Galvanostatic charge/discharge profiles of the COM-MPC@S cathode at
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This phenomenon is more common in positive electrode
materials with abundant micropores,**?* where the sulfur needs
extra energy to overcome the strong adsorption force caused by
the restriction of narrow pore size and the low-order small
sulfur molecules (S,-,) are unstable due to their high energy
state, indicating that the microporous structure of the COM-
MPC well limits the sulfur. Furthermore, the curves at
different cycles show no obvious change, demonstrating the
good electrochemical reversibility and cycle stability of COM-
MPC®@S materials.

Galvanostatic charge/discharge profiles of the COM-MPC@S
cathode at 0.1C is shown in Fig. 5b (the comparison sample is
shown in Fig. S51), and two obvious discharge plateaus and the
potential hysteresis phenomenon can be observed, which
agrees well with the CV curves. Moreover, the C-ZIF-8@S
composite possessed an excellent initial discharge specific
capacity of 1306.4 mA h g™, while the COM-MPC@®S cathode
with large pores showed a higher capacity of 1498.5 mA h g™*
which was close to 90% of Li-S batteries' theoretical capacity. In
the second cycle, the C-ZIF-8@S and COM-MPC@S composites
severally exhibited reversible specific capacities of 945 mAh g ™"
and 1118.9 mA h g%, and then decayed to 636.5 mA h g~ ' and
828.1 mA h g™ ' after 30 cycles, which were 67.4% and 74.0% of
their initial values, respectively. The outstanding performances
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of these two materials benefit first from the highly dispersing
sulfur in the porous material and then from the spatial
confinement of its micropores and the chemical adsorption of
the doping N elements, which can effectively alleviate the
dissolution and shuttle of polysulfide ions. Besides, it can be
seen that the COM-MPC®@S material is superior to the tradi-
tional C-ZIF-8@S in terms of the initial capacity and capacity
retention rate, proving that the introduction of the macro-
porous structure effectively improves the performance of the Li-
S battery.

To further study the effect of the connected macroporous—
microporous structure, the cycle performances of the COM-
MPC@S cathode at rates of 0.5C and 1C were tested with C-
ZIF-8@S serving as a comparison. At a relatively large rate of
0.5C (Fig. 6a and b), the COM-MPC@S cathode displayed an
initial specific capacity of 1341.7 mA h g~ and still retained
a reversible capacity of 707.2 mA h g ' after 50 cycles. The
capacity retention rate within 10-50 cycles was 82.3% with the
corresponding coulombic efficiency of above 97%, showing
good cycle stability and recoverability. In contrast, the perfor-
mance of C-ZIF-8@S was slightly worse, demonstrating a lower
initial specific capacity of 1171.6 mA h g ' with only
574.8 mA h g~ left after 50 cycles, and the capacity retention
within 10-50 cycles was 75.8%. When the rate was further
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Fig. 6 Cycling performances of (a) COM-MPCa@S and (b) C-ZIF-8@S composite electrodes at a rate of 0.5C. Cycling performances of (c) COM-

MPC@S and (d) C-ZIF-8@S composite electrodes at a rate of 1C.
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increased to 1C (Fig. 6¢ and d), the performance gap between
the two became more obvious. The initial discharge specific
capacity of the COM-MPC@S cathode can reach
1221.8 mA h g, and a capacity of 608.5 mA h g * can be
maintained after 50 cycles, while C-ZIF-8@S has only a low
capacity of 438.9 mA h g~ after 50 cycles. In addition, the C-ZIF-
8@S electrode produces a huge drop immediately in capacity in
the second cycle compared with the initial cycle, while the COM-
MPC@®@S cathode has no difference from the discharge trend at
low rates, indicating that the latter is more suitable for cycling
under the large rate. The good capacity and stability of the
COM-MPC@S cathode at high rates are mainly attributed to the
introduction of the ordered macropore structure. The con-
nected macropores promote the unimpeded circulation of the
electrolyte in it, better infiltrating the active material, short-
ening the diffusion path and accelerating the transmission rate
of Li" ions, so it can withstand the charge transmission
requirements of large current at high rates. Moreover, a larger
specific surface area can expose more pyridine nitrogen/pyrrole
nitrogen active sites and hence effectively absorb the polysulfide
ions in the reaction process, inhibit their shuttle in the elec-
trolyte and improve the cycle stability of Li-S batteries.

The rate performance of the COM-MPC@S composite was
tested, and C-ZIF-8@S was still used as a reference. As shown in
Fig. 7, as the current increases, the internal polarization resis-
tance of the battery becomes larger, resulting in a rapid
decrease in the output voltage and a gradual decrease in
capacity. The COM-MPC@®@S cathode demonstrated a reversible
specific capacity of 688.4 mA h g !, 573.9 mA h g ' and
472.3 mA h ¢! at 0.5C, 1C, and 2C, respectively, and back to
652.6 mA h g~ " when the current returns to 0.5C, indicating the
good structural stability, electrochemical reversibility and
capacity recovery of the COM-MPC host. In contrast, the rate
performance of C-ZIF-8@S was slightly worse, possessing
a specific capacity of 380.4 mA h ¢! and 227.6 mA h g~ ' at the
rate of 0.5C and 1C respectively, and only an extremely low
capacity of 103.3 mA h g~ ' at 2C. Additionally, with the increase
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in the charge/discharge rate, the gap of capacity released by C-
ZIF-8@S and COM-MPC@S composites continuously
increased, indicating that the latter has more excellent large
rate performance and cycle stability.

To further uncover the charge transport and lithium ion
diffusion process at the electrode interface of this hierarchical
porous carbon-based material and study its electrical conduc-
tivity, electrochemical impedance spectroscopy (EIS) was
carried out on the COM-MPC®@S composite cathode material
that has not discharged, and the C-ZIF-8@S composite partici-
pated as a contrast. The results of the Nyquist plot of these two
materials are presented in Fig. 8, both of which are composed of
a semicircle in the high-frequency region and an inclined
straight line in the low-frequency region. The intercept between
the plots and the Z'-axis represents the internal resistance R.,
which includes the inherent ohmic resistance of the electrode
and electrolyte. The R, value of COM-MPC@S and C-ZIF-8@S
are 3.54 Q and 2.54 Q respectively, indicating the good
conductivity of these composites. The diameter of the semi-
circle in the high-frequency region is related to the charge
transfer resistance (R..), which represents the difficulty of the
electrode reaction.*® The R, value of the COM-MPC®@S
composite is 74.4 Q, which is obviously smaller than 85 Q of
the C-ZIF-8@S, proving that the introduction of macropores
promotes the infiltration between the electrode material and
the electrolyte, resulting in a higher transmission efficiency of
lithium ions in the matrix and shortened diffusion distance,
making the electrode reaction easier to proceed.

4 Conclusion

In summary, we have synthesized novel connected ordered
macroporous ZIF-8 by a dual solvent-assisted in situ crystalli-
zation method within the fcc stacking sphere template, which
was then carbonized to prepare COM-MPCs and used as a sulfur
host. Due to its unique macro-microporous structure with

This journal is © The Royal Society of Chemistry 2020
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nitrogen doping, this composite possesses an outstanding
capacity and cycling stability. The as-prepared COM-MPC@®@S
cathode delivers a high initial specific capacity of
1498.5 mA h g ' and a reversible specific capacity of
1118.9 mA h g~'. Apart from that, compared with traditional
predominant microporous C-ZIF-8@S, COM-MPC@S exhibits
enhanced cycling stability and rate capability. The capacity
retention reaches 82.3% within 10th to 50th cycle at 0.5C and
still maintains a capacity of 608.5 mA h g ' after 50 cycles at
a higher rate of 1C, with a coulombic efficiency of over 97%. The
improved performances can give the credit to the well-defined
hierarchical macro-microporous structure of the COM-MPC
host, which renders element sulfur enhanced electrical
conductance, allows for entrapment of polysulfide intermedi-
ates by the confined effect of micropores and chemisorption of
doping N atoms, and facilitates electrolyte accessibility and
efficient ion transport benefitting from the macroporous
structure. These excellent electrochemical properties endow the
hierarchical porous carbon materials having connected and
ordered macro-micropores with great practical application
potential in lithium-sulfur battery systems.
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