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Qingxue Lai*a and Yanyu Liang *a

Li–S batteries have been attracting increasing interest owing to their remarkable advantages of low cost,

high theoretical capacity and high theoretical energy density. Nevertheless, the severe “shuttle effects” of

lithium polysulfides have markedly limited the performance of the cells and further hindered their

commercial applications. Herein, a novel scheme combining a transformation strategy with ammonia

treatment was developed to fabricate ZIF-8-derived nitrogen-doped hierarchically porous carbon

(NHPC/NH3). When NHPC/NH3 was used as a host of sulfur, the obtained S@NHPC/NH3 cathode for Li–

S cells presented an initial specific capacity of 1654 mA h g�1 and an outstanding cycling stability with

only 0.27% attenuation per cycle from the 30th cycle to 130th cycle. Together with the theoretical

calculation, it was concluded that such excellent electrochemical performances should be attributed to

the suppressed “shuttle effect” via both physical and chemical adsorption of lithium polysulfides in the

optimized microporous structures with effective nitrogen doping sites as well as the improved kinetics

owing to the abundant meso/macroporous structures.
Introduction

With the increasing demand for energy, the exploration of high-
efficiency electrochemical energy storage device is imminent.1,2

As a new energy technology, lithium-ion batteries (LIBs) have
acquired enormous progress over the past 30 years.3,4 Never-
theless, their energy density reached its limit in that system.5,6

Meanwhile, Li–S batteries have been attracting attention
because of their advantages including high specic capacity,
high energy density, high security and environmental friendli-
ness.7–9 Nonetheless, their application is seriously blocked by
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the high solubility of lithium polysuldes resulting in the irre-
versible loss of active materials.10,11

In order to resolve the above-mentioned problem,
researchers pay more attention to the cathode materials, sepa-
rators, electrolytes and so on.12–15 As for the cathode materials,
the typical idea is to design an electrically conductive material
that can conne the active substance and relieve the movement
of lithium polysuldes. Since the report of Nazar et al. on the
CMK-3 conductive network,16 a variety of sulfur–carbon (C/S)
composites have been employed as cathode for Li–S cells.17–19

For example, Dong et al. provided hybrid micro–mesoporous
graphitic carbon spheres as sulfur containers.20 Due to their
dual structure, the sulfur cathodes show superb electro-
chemical performance such as high specic capacity, excellent
rate performance and good cycling stability. In addition, an
ordered meso–microporous core–shell carbon was prepared by
Huang et al., who discussed the effects of microporous and
mesoporous core–shell carbon on lithium polysuldes.21 The
microporous and mesoporous structure served as a barrier and
an accommodation for sulfur species to improve their perfor-
mance. The advantages of C/S materials as the cathode of Li–S
cells are as follows: (i) the excellent electronic conductivity of
carbon can ameliorate the electronic conductivity of sulfur
composites; (ii) the abundant porous structure can provide
a large accommodation for active materials and volume
changes; (iii) the diversied structures have different functions,
for example, the microporous structure exhibits a strong phys-
ical adsorption of lithium polysuldes, whereas the
RSC Adv., 2020, 10, 17345–17352 | 17345
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mesoporous and macroporous structures are conducive to the
transmission of lithium ion, which results in an improved
performance of the Li–S batteries.16,22–24

Recently, a great deal of studies have shown that the intro-
duction of heteroatoms into the carbon conductive network can
enhance the adsorption of lithium polysuldes on account of
the nature of heteroatom doped carbons (polar) and lithium
polysuldes (polar).25,26 MOFs are a kind of crystalline porous
material27 and MOF (e.g., ZIF-8 and ZIF-67) derived carbon has
been attracting much attention as cathode materials for Li–S
batteries because of their high specic surface area, diversied
structures and inner heteroatom doping.28–31 Therefore, the
design of a hierarchically porous heteroatom-doped carbon
such as a nitrogen doped carbon conductive network is
considered as an effective strategy, which can improve the
electron conductivity of the sulfur composite as well as suppress
the shuttle effect of lithium polysuldes by physical conne-
ment and chemical bonding.

Herein, ZIF-derived nitrogen-doped hierarchically porous
carbon with the optimal micro/meso/macroporous structure
has been fabricated as a sulfur host material by a novel trans-
formation strategy with ammonia assisted thermal treatment.
In the rst step, NHPC (N represents “nitrogen-doped”, HPC
represents “hierarchically porous carbon”) was synthesized
through the pyrolysis of the ZIF-8/PVP composite. Subsequently,
NHPC/NH3 (N represents “nitrogen-doped”, HPC represents
“hierarchically porous carbon”, NH3 represents “ammonia post
treatment”) was prepared by etching NHPC under an ammonia
atmosphere. NHPC/NH3 has strong physical and chemical
adsorption for lithium polysuldes due to their optimized
micro/meso/macroporous structure and nitrogen doping. The
adsorption effect on polysuldes by NHPC/NH3 was explored in
a Li2S6 solution and further veried by theoretical calculation.
When S@NHPC/NH3 was used as a cathode, it showed a high
specic capacity of 1654 mA h g�1 and good reversibility, indi-
cating the effectiveness of the hierarchically porous structure
and nitrogen-doped carbon for the high-performance Li–S cells.

Results and discussion

The schematic of the synthesis process of NHPC and NHPC/
NH3 are shown in Scheme 1. At the beginning, the ZIF-8
nanoparticles were produced through chemical bonding
between zinc nitrate and 2-methylimidazole. Next, the assembly
process between ZIF-8 and polyvinyl pyrrolidone (PVP) pro-
ceeded at room temperature due to the extensive electropositive
zinc ions on the surface of ZIF-8 and the functional groups of
PVP. With respect to the pyrolysis process, the PVP section in
the intermediate of ZIF-8/PVP was already converted into an
amorphous carbon network with the temperature rising to
500 �C, while the ZIF-8 nanoparticles retained its original
structure. When the pyrolysis temperature increased, ZIF-8
started to decompose until 900 �C.32 Consequently, ZIF-8
nanoparticles were successfully transformed into 3D nitrogen-
doped hierarchically porous carbon (NHPC) under the strong
surface interaction between ZIF-8 and the PVP-derived carbon
network. Eventually, NHPC/NH3 was obtained via further
17346 | RSC Adv., 2020, 10, 17345–17352
optimizing themicro/meso/macroporous structure of the NHPC
by ammonia treatment.

Based on the above scheme of the assembly and trans-
formation of ZIF-8 nanoparticles into 3D nitrogen-doped hier-
archically porous carbon, the physical and chemical
characterizations were carried out. The X-ray diffraction (XRD)
pattern and the corresponding images of ZIF-8 as shown in
Fig. 1a–c, the average size of ZIF-8 nanoparticles is around
80 nm, which is well consistent with the experimental expec-
tation. From Fig. 1a and S1a,† we found that the intensity of the
diffraction peaks of ZIF-8/PVP is weakened in comparison with
the counterpart of ZIF-8, which indicates that ZIF-8 was
successfully crosslinked with PVP in accordance with the image
of SEM (Fig. S1b†). The ratio of ZIF-8 and PVP in the interme-
diate was also discussed. The SEM images of NHPC with
different ratios between ZIF-8 and PVP and the corresponding
TEM images were shown in Fig. S2.† It is obvious that the
optimum ratio is 1 : 2 for the construction of ZIF-8/PVP-derived
3D well-dened porous structure. Furthermore, the diffraction
peaks of the intermediate of ZIF-8/PVP disappeared in the
NHPC aer the pyrolysis process. To further optimize the
structure of NHPC, the follow-up method of ammonia treat-
ment was adopted. As shown in Fig. 1d–f, it is remarkable that
the presence of meso/macroporous structures are observed
within the NHPC/NH3 skeleton aer the ammonia treatment
compared to NHPC. The reason could be attributed to the
replacement of carbon atoms with nitrogen in the process of
NH3 treatment, thus achieving the effect of pore enlargement.33

The microscale structure of NHPC and NHPC/NH3 was
characterized by nitrogen adsorption/desorption isotherm and
pore size distributions, as illustrated in Fig. 2a, S3a and b.† The
low-pressure adsorption curves and hysteresis loops in medium
to high pressure reveal the existence of micropores and meso-
pores in NHPC as well as NHPC/NH3.34 NHPC/NH3 has a higher
specic surface area of 1020 m2 g�1 and pore volume of 1.173
cm3 g�1 compared to that of 1013.41 m2 g�1 and 1.253 cm3 g�1

for NHPC. Meanwhile, according to Fig. 2a, we observe that the
contribution of micropores to the specic surface area of NHPC/
NH3 is higher than that of NHPC. Besides, the pore size distri-
bution of NHPC/NH3 ranges from 0.6 nm to 63 nm, whereas
that of NHPC ranges from 1.0 nm to 33 nm. The pore width
distribution of NHPC/NH3 was shied to the micropore direc-
tion to reveal the new microporous structures that appeared in
NHPC/NH3. The result is consistent with its nitrogen
adsorption/desorption isotherm. On the other hand, the pres-
ence of macropores indicates that the original pore structures
were enlarged because of the etching effect of ammonia. The
variety of structures is also observed in the photographs of SEM
and TEM (Fig. S2† and 1d–f). The increase in the micropores
can effectively alleviate the “shuttle effect” of lithium poly-
sulde and reduce the loss of active substances.23 Mesoporous
and macroporous structures are facilely conducive to the
transmission of lithium ion. In the case of NHPC/NH3, a large
accommodation for the active substance is realized on account
of the increment of the mesopores and macropores, accord-
ingly, preserving the structural integrity of the cathode.35 The X-
ray photoelectron spectroscopy (XPS) results of NHPC and
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Illustration of the assembly and transformation strategy with subsequent ammonia post treatment to achieve ZIF-8-derived nitrogen-
doped hierarchical carbon (NHPC/NH3).
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NHPC/NH3 are illustrated in Fig. S3c,† with the content of
nitrogen being 8.26 at% and 10.46 at%, respectively. The N 1s
XPS patterns of NHPC and NHPC/NH3 are presented in Fig. 2b
and c, which reveal the presence of ve different types of
nitrogen, namely pyridinic N, pyrrolic N, graphitic N,
quaternary N and –NO2 with binding energies at 398.53 eV,
399.65 eV, 400.8 eV, 402.4 eV and 404.80 eV, respectively. Fig. 2d
illustrates the N 1s XPS patterns of the difference between
NHPC/NH3 and NHPC, which indicates the type of increased
nitrogen including pyridinic N, pyrrolic N, graphitic N. Conse-
quently, the higher content of nitrogen and the optimized
micro/meso/macroporous structure will endow NHPC/NH3 with
strong lithium polysulde adsorption ability.25,26
Fig. 1 (a) XRD patterns of ZIF-8 and NHPC/NH3, (b) SEM image of ZIF-8
images of NHPC/NH3.

This journal is © The Royal Society of Chemistry 2020
S@NHPC/NH3 as the cathode for Li–S batteries was prepared
by a conventional melt-diffusion process36 at 155 �C. The TG
curve of S@NHPC/NH3 is shown in Fig. 3a, and the calculated
content of sulfur in S@NHPC/NH3 is 56 wt%. Raman spectra of
Pure S and S@NHPC/NH3 are shown in Fig. 3b. S@NHPC/NH3

provided the typical characteristic D band at 1356 cm�1 and G
band at 1590 cm�1 of carbon. It should be noted that the Raman
spectrum of Pure S disappeared in S@NHPC/NH3, which means
that there is a uniform distribution of most of the sulfur in
S@NHPC/NH3. In addition, there is no obvious sulfur found in
the SEM image of S@NHPC/NH3 (Fig. S4†). The STEM image of
S@NHPC/NH3 and the elemental mapping results of carbon,
nitrogen, oxygen and sulfur are shown in Fig. 3c–g. The results
, (c) TEM image of ZIF-8, (d) SEM image of NHPC/NH3, (e and f) TEM

RSC Adv., 2020, 10, 17345–17352 | 17347
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Fig. 2 (a) Nitrogen adsorption/desorption isotherm, (b and c) N 1s XPS patterns of NHPC and NHPC/NH3, (d) N 1s XPS patterns of the difference
between NHPC/NH3 and NHPC.
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are in good agreement with the Raman spectrum and the SEM
image of S@NHPC/NH3. The specic surface area of S@NHPC/
NH3 was decreased to 196.76 m2 g�1 and the pore size distri-
bution was about 3 nm (Fig. S5†), showing that the pores within
NHPC/NH3 are occupied by sulfur.

The electrochemical performance of NHPC/NH3 as a sulfur
host in Li–S batteries was assessed in the form of coin cells with
Fig. 3 (a) TG curves of S@NHPC/NH3 and NHPC/NH3 and Pure S, (b) Ram
NH3 and elemental mapping of (d) carbon, (e) nitrogen, (f) oxygen, (g) su

17348 | RSC Adv., 2020, 10, 17345–17352
a S@NHPC/NH3 cathode, a lithium metal anode and a poly-
propylene separator. In addition, coin cells using the S@NHPC
cathode were also assembled under the same condition for
comparison. The cyclic voltammetry (CV) curve of the S@NHPC/
NH3 cathode is shown in Fig. 4a. The cathodic peak of 2.3 V is
reasonably assigned to the reduction of sulfur into long-chain
lithium polysuldes (Li2Sn, 4 # n # 8), while the cathodic
an spectra of S@NHPC/NH3 and Pure S, (c) STEM image of S@NHPC/
lfur.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Cyclic voltammetry curve of the S@NHPC/NH3 cathode, (b) charge/discharge profiles of S@NHPC and S@NHPC/NH3 cathodes at
200 mA g�1, (c) rate performances of S@NHPC and S@NHPC/NH3 cathodes, (d) electrochemical impedance spectra of S@NHPC and S@NHPC/
NH3 cathodes before cycle, (e) cycling performance and coulombic efficiency of S@NHPC and S@NHPC/NH3 cathodes at 200 mA g�1.
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peak at about 2.0 V should be attributed to long-chain lithium
polysuldes that are transformed into short-chain lithium pol-
ysuldes (Li2Sn, 2 # n < 4). The anodic peak at 2.5 V is ascribed
to the conversion of short-chain lithium polysuldes to sulfur.
Notably, the anodic peak that migrates to the negative direction
aer the rst cycle is attributed to the unstable system in the
beginning. In comparison, with the CV curve of the S@NHPC
cathode (Fig. S6a†), it is clear that the cathodic peaks are shied
to the positive direction whereas the anodic peaks are shied to
the negative direction in the case of the S@NHPC/NH3 cathode.
As shown in Fig. 4b, the three discharge potential plateaus (at
�2.3 V, �2.1 V and �1.7 V) represent the conversion of S8 to
Li2Sn (4# n# 8), Li2Sn (4# n# 8) transforming to Li2Sn (2# n
# 3) and the formation of Li2S2/Li2S. The charge potential
plateaus (at �2.3 V) represent the conversion of Li2S2/Li2S to
sulfur. Meanwhile, the overpotential of the S@NHPC/NH3

cathode is 0.213 V while it is 0.401 V for the S@NHPC cathode,
suggesting the improvement of redox kinetics aer the
ammonia assisted treatment, which is attributed to the pres-
ence of the macroporous structure. The specic capacities of
the S@NHPC/NH3 cathode (Fig. 4b and S6b†) is 1654 and
This journal is © The Royal Society of Chemistry 2020
1340 mA h g�1 at the current density of 200 mA g�1 and
400 mA g�1 in the rst cycle process, respectively. In contrast,
the S@NHPC cathode delivers 1417 mA h g�1 and
1206 mA h g�1 under the same condition. The initial discharge
capacities of S@NHPC/NH3 and S@NHPC are higher than their
charge capacities owing to the presence of by-products in the
rst discharge process. Besides, a large amount of sulfur
appeared on the surface of NHPC (Fig. S7†), which reduced the
utilization of active substance. The rate performance of
S@NHPC/NH3 and S@NHPC cathodes at different current
densities are shown in Fig. 4c. With the increase in the current
density from 200 to 3000 mA g�1, the specic capacities in the
rst discharge cycle of the S@NHPC/NH3 cathode is 1563, 684,
537, 485, and 422 mA h g�1. However, the S@NHPC cathode
exhibits an awful rate performance; it only delivers 1115, 454,
332, 213, and 140 mA h g�1 at the rate of 200, 400, 1000, 2000
and 3000 mA g�1, respectively. These results indicate that the
meso/macroporous structure of the NHPC/NH3 material
promotes charge transport and the microporous structure
restrains the shuttle effect of lithium polysuldes by NH3

etching. The electrochemical impedance spectra of the
RSC Adv., 2020, 10, 17345–17352 | 17349
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Fig. 5 (a) The view of a Li2S6 molecule on the pyridinic N, (b) pyrrolic N, (c) graphitic N, (d) the corresponding binding energy.
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S@NHPC and S@NHPC/NH3 cathodes (before cycle) are shown
in Fig. 4d. The charge transfer resistance of the S@NHPC/NH3

cathode is lower than that of the S@NHPC cathode, indicating
the with rapid electron and Li-ion transport of the S@NHPC/
NH3 cathode in the redox process. The cycling performance of
the S@NHPC/NH3 and S@NHPC cathodes is further investi-
gated, as demonstrated in Fig. 4e. The former delivers a specic
capacity of 568mA h g�1 aer 130 cycles, while the latter obtains
a specic capacity of 327 mA h g�1 aer 30 cycles. These
enhanced electrochemical performances are rationally attrib-
uted to the fact that the hierarchical structure not only
possesses a strong adsorption capacity to inhibit the migration
of lithium polysuldes due to the abundant microporous
structure, but also improves the Li-ion diffusion rate through
the meso/microporous framework.37,38 Owing to the existence of
a large number of microporous structures in materials, the
voltage range of the electrochemical test was set to 1–3 V to
release the full capacities, and the coulombic efficiency was
lower than that of the S@NHPC cathode.39 Further, the elec-
trochemical impedance spectra of the S@NHPC/NH3 cathode
(aer cycle) is shown in Fig. S8,† indicating that NHPC/NH3 has
good stability. NHPC/NH3 as a host for Li–S batteries delivers an
outstanding capacity along with stable cycle performance. This
can be rationally attributed to the optimized micro/meso/
macroporous structure and high nitrogen content of the
NHPC/NH3 material. (i) The homogeneously distributed hier-
archical porosity within the NHPC/NH3 skeleton can promote
ion transport. (ii) The combination of the elevated proportion of
micropore with high nitrogen doping can effectively suppress
the “shuttle effect” via both physical connement and chemical
adsorption of lithium polysuldes during the continuous
charge–discharge process.

To gain better insight into the adsorption effects of the N-
doped carbon, on the one hand, we conducted the adsorption
test of NHPC and NHPC/NH3 for lithium polysuldes. Fig. S9†
17350 | RSC Adv., 2020, 10, 17345–17352
shows the image of a Li2S6 solution (0) and that with the addi-
tion of NHPC (1) and NHPC/NH3 (2) for 3 h. It can be seen that
the solution containing NHPC/NH3 is colorless while the solu-
tion of NHPC retains the pristine color. On the other hand, we
carried out density functional theory (DFT) calculation to
simulate the binding of polysuldes on these substrates where
the Li2S6 species was chosen as a representative since it is
a common intermediate in Li–S batteries. The optimized
geometrical structures of Li2S6 species on NHPC/NH3 and the
corresponding binding energies are presented in Fig. 5.
According to the summaries of recent theoretical studies, the
optimal binding energy of soluble polysuldes on the anchoring
material are in the range from 0.80 to 2.00 eV.40–42 Our simula-
tions revealed that the binding energy of the Li2S6 species on the
graphitic N-dopant (one carbon atom is substituted by one N
atom) is only 0.51 eV, suggesting a considerably weak adsorp-
tion. Thus, Li2S6 species is very likely to diffuse away from the
cathode to the organic solvent, leading to the obvious shuttling
effects. On the contrary, the doping of pyridinic- or pyrrolic-N
leads to a much stronger binding strength with Li2S6 species,
and the binding energies are 1.45 and 1.33 eV, respectively.
These computational results have demonstrated our experi-
mental observations about the distinct anchoring capabilities
of pyridinic N or pyrrolic N for Li–S batteries.
Conclusions

In summary, a novel transformation strategy assisted with
ammonia treatment was successfully developed to fabricate ZIF-
8-derived nitrogen-doped hierarchically porous carbon (NHPC/
NH3). As a sulfur host for Li–S batteries, on the one hand, the
meso/macroporous structure leads to the fast reaction kinetics.
On the other hand, the microporous structure and strong
anchoring capabilities of pyridinic N or pyrrolic N effectively
alleviate the “shuttle effect”. Consequently, it presented
This journal is © The Royal Society of Chemistry 2020
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a higher specic capacity of 1654mA h g�1 and satisfactory cycle
sturdiness. The proposed scheme provides a way for the
modication of novel carbon materials for energy storage.
Experimental
Assembly of the ZIF-8 nanoparticle

At the beginning, 6.0 g Zn(NO3)2$6H2O and 13.2 g 2-mIm were
dissolved in 280 mL methanol. Next, the above two solutions
were mixed together and stirred for 24 h at 20 �C, followed by
centrifugation and washing with methanol for three times and
vacuum drying at 60 �C to obtain the ZIF-8 nanoparticles.
Preparation of NHPC and NHPC/NH3

As for ZIF-8/PVP, 200 mg ZIF-8 and 400 mg PVP were dissolved
in 10 mL and 15 mL methanol aer which the two solutions
were mixed together and stirred until the solvent evaporated
completely. Then, ZIF-8/PVP was carbonized at 900 �C under N2

atmosphere and kept for 2 h. Subsequently, the products were
poured into 0.5 M H2SO4 for 12 h and washed with distilled
water to neutrality. NHPC was obtained aer vacuum drying at
60 �C for 24 h. NHPC/NH3 was prepared by etching NHPC under
NH3 atmosphere. Typically, NHPC was treated at 900 �C under
N2 atmosphere, followed by treatment under NH3 for a few
minutes. Finally, NHPC/NH3 was obtained aer cooling to room
temperature.
Preparation of the sulfur cathodes

In general, NHPC/NH3 and sulfur powder were mixed through
grinding for 30 min. Then, the mixture was added to a sealed
vacuum vessel and heated for 12 h at 155 �C to obtain S@NHPC/
NH3. The cathode electrodes are composed of 70 wt% active
material S@NHPC/NH3, 20 wt% Super P and 10 wt% binder
(poly(vinylidene uoride)), which were coated on an Al foil and
dried under vacuum at 60 �C for 12 h. Finally, the electrode was
cut into a coin-shape with a diameter of 12 mm and dried at
60 �C for 2 h.
Materials characterization

The morphology of the samples was investigated by SEM and
TEM. XRD patterns were analyzed by BRUKER D8, Cu Ka.
Nitrogen adsorption/desorption isotherm were recorded with
a Micromeritics ASAP 2020 instrument at 77 K. XPS was tested
by Kratos AXIS Ultra spectrometer with a source gun of Al Ka
and spot size of 400 mm. Raman spectra were recorded on a Lab-
RAM HR800 (Horiba Jobin Yvon).
Electrochemical measurement

CR2016-type coin cells were assembled in an Ar-lled glovebox.
Lithium metal foil was used as the anode, aluminum metal foil
was used as the current collector and Celgard 2400 was used as
the separator. The galvanostatic charge–discharge equipment
was used to carry out electrochemical measurement. Cyclic
voltammetry (CV) was performed with 0.1 mV s�1 scan rate and
This journal is © The Royal Society of Chemistry 2020
electrochemical impedance spectroscopy (EIS) was performed
with an amplitude of 5 mV from 10�2 to 105 Hz.
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