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Highly Dispersed Cobalt Clusters in Nitrogen-Doped
Porous Carbon Enable Multiple Effects for High-

Performance Li-S Battery

Rui Wang, Jinlong Yang,* Xin Chen, Yan Zhao, Wenguang Zhao, Guoyu Qian,
Shunning Li, Yinguo Xiao,* Hao Chen, Yusheng Ye, Guangmin Zhou, and Feng Pan*

The lithium—sulfur (Li-S) battery is considered a promising candidate for

the next generation of energy storage system due to its high specific energy
density and low cost of raw materials. However, the practical application of
Li-S batteries is severely limited by several weaknesses such as the shuttle
effect of polysulfides and the insulation of the electrochemical products

of sulfur and Li,S/Li,S,. Here, by doping nitrogen and integrating highly
dispersed cobalt catalysts, a porous carbon nanocage derived from glucose
adsorbed metal-organic framework is developed as the host for a sulfur
cathode. This host structure combines the reported positive effects, including
high conductivity, high sulfur loading, effective stress release, fast lithium-ion
kinetics, fast interface charge transport, fast redox of Li,S,, and strong
physical/chemical absorption, achieving a long cycle life (86% of capacity
retention at 1C within 500 cycles) and high rate performance (600 mAh g™

at 5C) for a Li-S battery. By combining experiments and density functional
theoretical calculations, it is demonstrated that the well-dispersed cobalt
clusters play an important role in greatly improving the diffusion dynamics of
lithium, and enhance the absorption and conversion capability of polysulfides

in the host structure.

1. Introduction

Lithium Dbatteries are key energy storage devices to meet the
large-scale utilization of clean energy and electrical vehicles.['?
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Among them, Li-S batteries with multi-
electron reaction have attracted more
attention due to their ultrahigh theoretical
energy density (2600 Wh kg™!).3-%! How-
ever, a series of problems restrict the prac-
tical application of Li-S batteries, such
as poor conductivity”) and large volume
changel® between Li,S (discharge) and
S (charge) conversion, fast capacity decay
due to polysulfides (Li,S,, 3 < n < 8)
shuttle between cathode and anode in
liquid electrolyte,®!1 and so on.

To solve above-mentioned problems
and improve the cycle performance, it is
of great significant to design and fabricate
excellent sulfur hosts for lithium—sulfur
batteries. Summarizing the previous lit-
eratures,['>17] a good sulfur host structure
should possess the following essential
characteristics: 1) achieving high elec-
tronic conductivity to reduce the polari-
zation resistance of sulfur cathode by
mixing with advanced carbon materials
(graphene, carbon nanotubes, and porous
carbon)82% or/and conductive polymers.!l 2) Large specific
surface area to realize high sulfur loading and provide more
electric contact sites. 3) Nanostructure to shorten the migra-
tion distance of internal lithium ion. 4) Porous structure to
absorb liquid Li,S, (3 < n < 8) and prevent their shuttle effect.
According to these characteristics, many interesting struc-
tures have been reported as sulfur host to boost the lithium—
sulfur batteries performance, such as multichannel carbon
nanofibers!'? and CMK-3.' However, even using such highly
conductive structure, lithium-sulfur batteries still suffer from
quick decay, which results in poor cycle performance.

Recently, some novel chemical strategies, including strong
chemical adsorption,[1®22l polarity miscibility,?}! and catalysis
redox, 2426 have been adopted in Li-S batteries to block the
shuttle effect and accelerate the conversion of sulfur species.
For example, many reportsi??28l show that there was signifi-
cant chemical adsorption between pyridinic/pyrrolic nitrogen
and liquid Li,S,, thus blocking liquid intermediates around the
nitrogen during charge/discharge and enhancing the polarity
of the carbon-based materials, resulting in greater contact with
polar polysulfides, thereby enhancing interfacial charge transfer.
In addition, many transition metals and their compounds,
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such as oxides (C03;042% Fe,053%), sulfides (ZnS,P! VS,,B32
CoS,,1?*l TiS,*4), nitrides/phosphides (TiN,%) CoPB®)), also
show strong chemical adsorption to Li,S,. Meanwhile, they
also play important roles as catalysts to accelerate the kinetic
reaction process of Li ions and polysulfides, improving high-
rate capacity and stability of Li-S batteries.?¥ Therefore, if
we can take all these advantages and integrate multiple func-
tions in single sulfur host, including high conductivity, high
sulfur loading, effective stress release, fast lithium-ion kinetics,
fast interface charge transport, fast redox of Li,S,, and strong
(physical/chemical) absorption, it would be very promising to
achieve high-performance lithium-sulfur cathode.
Metal-organic frameworks (MOF) and their derivatives are
considered as excellent candidates for designing host structures
with multiple effects due to their large Brunauer—-Emmett—
Teller (BET) area, abundant pore structure, easily controlled
size and morphology, feasible element doping, and so on. For
example, Zhou et al.*’] first used a variety of MOF (MIL-53 (Al),
NH2-MIL-53 (Al), HKUST-1, ZIF-8) as host materials thereby
obtaining long-cycle Li-S batteries. However, the long battery life
was obtained only at a low sulfur content (30 wt%) because of
the special pore structure and electrical conductivity. Thus, more
studies?33%4 have focused on applying multifunctional pyro-
Iytic carbon materials derived from MOF as host structures for
Li-S batteries. For instance, Li et al.*® reported that a new type of
ZIF67-derived sulfur host containing cobalt and N-doped graphitic

ZnCo-ZIF

e’

ZnCo-ZIF@G

L\

1)Carbonization
L —
2)Sulfur loading

0‘ 6 8 10 12 14 16 18
partical size (nm)

"y

200 nm
——

www.advenergymat.de

carbon exhibited an outstanding high rate response of up to 5C.
However, cobalt nanoparticles in the host are very easy to agglom-
erate, which can only provide limiting reaction active sites.

Herein, we firstly used MOF to adsorb glucose and then
carbonated to obtain a nitrogen-doped porous carbon (N-PC)
nanocage with uniformly dispersed cobalt catalysts. The host
structure derived from MOF enables high performance of
Li-S battery with long cycle life (86% of the capacity retention
within 500 cycles) and high rate performance (600 mAh g! at
a high current density of 7.5 A g!). The high performance of
this Li-S battery is mainly attributed to the multiple effect of
the host structure on the intermediate of polysulfides (Li,S,)
during charge and discharge. Combining with experiments and
density functional theory (DFT) calculations, we demonstrated
that the well-dispersed cobalt clusters greatly improved the dif-
fusion dynamics of lithium and the enhanced absorption of
polysulfides in the host structure.

2. Results and Discussions

The schematic diagram of synthesis route for sulfur cathode
with multiple-effect host structure is shown in Figure 1a. First,
as-prepared ZnCo-ZIF (synthesis method and structural char-
acterization are shown in Figures S1 and S2 in the Supporting
Information) was soaked into glucose solution. Glucose with
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Figure 1. a) Schematic diagram of synthesis route for N-PC@uCo/S cathode with multiple effects. b) SEM, ¢,d) TEM, e) HR-TEM, f) HAADF-STEM
images, and the corresponding g) C, h) S, i) Co, and j) N elemental mapping of N-PC@uCo/S. Inset of (c) is the distribution of Co cluster, inset

of (e) is the corresponding FFT diffraction pattern.
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molecule size <0.6 nm can be absorbed into the ZnCo-ZIF
structure and formed a composite (ZnCo-ZIF@G) thanks to
suitable pore size (1-2 nm) of ZnCo-ZIF (Figure S3, Supporting
Information). Then, the nitrogen-doped porous carbon with
uniformly dispersed cobalt clusters (N-PC@uCo) was obtained
after the carbonization of ZnCo-ZIF@G. The obtained matrix
was used as host structure by thoroughly mixing with sulfur
powder (76 wt% of sulfur content, the detailed descriptions of
experiments are given in the Supporting Information) to get a
sulfur cathode material (N-PC@uCo/S), as shown in Figure 1a.

For comparison, the other two host structures, i.e., ZnCo-ZIF
without Co source and without glucose, were also synthesized,
respectively. Observing from scanning electron microscopy
(SEM) images (Figure 1b and Figure S4, Supporting Informa-
tion), the octahedral morphologies of ZIF were well maintained
for all three samples after carbonization. However, transmission
electron microscopy (TEM) images (Figure 1c—e and Figures S5
and S6, Supporting Information) demonstrate that the micro-
structure of these three samples is very different. For the host
structure without Co source, Zn atoms are volatilized and only
nitrogen-doped porous carbon framework remains, while in the
sample without glucose, the cobalt nanoparticles with average
size of =15 nm are segregated in the center of N-PC framework
because cobalt source are molten and local agglomeration is
gradually formed at high temperature. Consequently, the host
structure is found to be a nitrogen-doped porous carbon with
aggregated cobalt particles (N-PC@aCo). As shown in Figure 1c,
in the host structure with glucose, many cobalt clusters with
average size of 8-10 nm are uniformly dispersed in whole
N-PC. The Co content in N-PC@uCo composite is =6.09 wt%
by using weighting method and SEM—energy dispersive X-ray
spectroscopy (EDS) analysis (Figure S7, Supporting Informa-
tion). Thermogravimetric analysis (TGA, Figure S8, Supporting
Information) shows that glucose is first carbonized at 410 °C to
form a stable carbon structure inside ZnCo-ZIF, which will fur-
ther form a stable graphitized sp? carbon structure (Figure 1d)
at higher temperature, thus preventing the aggregation of
cobalt and increasing dispersion during the decomposition of
ZnCo-ZIF at T > 600 °C. Combining high-resolution transmis-
sion electron microscopy (HR-TEM) image with fast Fourier
transform (FFT) diffraction pattern (Figure 1d) and X-ray dif-
fraction (XRD) (Figure S9, Supporting Information), we further
confirmed the existence of sp? carbon and metallic Co cluster in
the N-PC@uCo composite. Therefore, we conclude that the fab-
rication of various host structure is successful as designed, and
the dispersity and size of Co cluster can be effectively controlled
in the synthesis process by adding glucose.

The sulfurization of three cathodes was realized by melting
sulfur with the three-host structures. It can be observed from
SEM images (Figures S10 and S11, Supporting Information),
the original morphology can be maintained without agglom-
eration after loading sulfur, indicating that the sulfur has been
effectively adsorbed to the inside of host structures. Further-
more, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and the corresponding
EDS mapping were used to identify the microstructure of these
sulfur cathodes. The HAADF-STEM images of N-PC@uCo/S
and N-PC@aCo/S (Figure 1f and Figure S12, Supporting
Information) further illustrate the regular nanostructure
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of the composite. The elemental maps of C, S, Co, and N in
N-PC@uCo/S composite clearly demonstrate that the elements
are homogeneously distributed in the framework of N-PC. In
particular, the signal of Co for N-PC@uCo/S cathode is more
uniform than that in N-PC@aCo/S cathode, which is con-
sistent with our design.

In order to identify the multiple effects of the host mate-
rials, detailed features of host and sulfur cathode structures are
explored further by a series of characterizations. As shown in
Figure 2a, nitrogen adsorption/desorption isotherms of three
host structures show the joint of type I and IV isotherms,
indicating the presence of both micropores and mesopores.
Figure 2b shows that N-PC@uCo host has largest the pore
volume of 0.98 cm? g™! among the samples, which are attrib-
uted to the appearance of mesopores with size between 10 and
50 nm and micropores with an average size of 1.5 nm. Mean-
while, BET specific surface area of N-PC@uCo is deduced to
be 1185.36 m? g7, which is larger than that of N-PC@aCo
(907.7 m? g1y and N-PC (1014.1 m? g™!) hosts. The abundant
micropore/mesopore structure of N-PC@uCo provides suffi-
cient space to host S nanoparticles and the large surface area of
N-PC@uCo efficiently ensures high contact interface between
active materials and host. The improved BET surface area of
N-PC@uCo is contributed by ZnCo-ZIF precursor, proper
heating condition and the effect of glucose. First, BET surface
area of ZnCo-ZIF is up to 1743.2 m? g™! (Figure S3c, Supporting
Information), which is higher than that of most reported ZIF
and thus making it possible to obtain carbonated product with
high BET surface area. Second, calcination conditions including
heating rate, temperature, and time are also very critical. We
used a low heating rate <2 °C min~! to maintain the framework
structure of ZIF, which was supported by the similar pore size
(1-3 nm) of ZIF (Figure S3d, Supporting Information) before
and (Figure 2b) after calcination. In addition, the evaporating
of zinc is at T > 800 °C.I*! Keeping ZIF at 900 °C for 3 h allows
the zinc to evaporate without acid leaching. Third, glucose is
preferentially carbonized to stable carbon framework inside
ZnCo-ZIF, which not only reduces the coordinated metal ions
(Zn?*" and Co?*) and promote metallic Zn evaporation,*?l but
also is like an obstruction to prevent the aggregation of metallic
Co at higher temperature. Therefore, we think that the proper
heating condition and the effect of glucose make BET surface
area of ZIF not go down too much after carbonization.

As shown in Figure 2c, the XRD patterns of three sulfur cath-
odes show characteristic peaks of sulfur and indicate that sulfur
with high degree of crystallinity was composited with different
cathode host successfully. As analyzed by TGA (Figure 2d), the
content of sulfur in N-PC@uCo, PC@aCo, and N-PC are 76%,
66%, and 73%, respectively. Inset of Figure 2d shows that the
start temperature of quality loss was different for three sam-
ples, and N-PC@uCo has a highest start temperature (=200 °C)
compared to other sulfur cathodes, suggesting that N-PC@uCo
has a strong binding effect with sulfur. Furthermore, the elec-
trical conductivities of three host structures before and after the
sulfur loading were tested by using the four-point probe instru-
ment. It can be seen from Figure 2e that the electrical conduc-
tivities of N-PC@uCo either before or after sulfur loading are
higher than that of N-PC and N-PC@aCo. The improved elec-
trical conductivity with the well-wrapped sulfur in N-PC@uCo
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Figure 2. a) N, adsorption/desorption isotherms and b) pore size distrib

ution of three host structures: N-PC, N-PC@aCo, and N-PC@uCo, c) XRD

patterns, d) thermogravimetric analysis (TGA) patterns, e) conductivity, and binding energy of f) S 2p, g) C 1s, h) N 1s, and i) Co 2p in three sulfur

cathodes: N-PC@uCo/S, N-PC@aCo/S, and N-PC/S.

should lead to significant depolarization in the electrode, and a
facile electrochemical reaction kinetic is thus expected.

To investigate the existential form of C, N, S, Co elements in
three sulfur cathodes, high-resolution X-ray photoelectron spec-
troscopy (XPS) measurements were carried out (Figure 2f-i).
The binding energy of S2pM**4 (Figure 2f) confirms the
valence state of elemental sulfur. As shown in Figure 2g, the
fitted Cl1s spectrum showed a main peak at around 284.8 eV,
corresponding to sp? carbon, and peaks at 285.8 and 287.6 eV,
assigned to C=N bonds and C—N species, respectively.l¥! These
results exactly confirmed the high conductivity of carbon frame-
work and the formation of C—N bonds during the annealing
process. The presence of nitrogen species in three sulfur cath-
odes were further revealed by the high-resolution N 1s spec-
trum (Figure 2h). Three characteristic peaks were located at
398.6, 400.8, and 401.3 eV, which corresponded to pyridinic,
pyrrolic, and graphitic N species, respectively.*>% Figure 2i
shows two characteristic peaks located at 780.3 and 795.9 eV in
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the high-resolution Co 2p spectrum, which are attributed to the
metallic cobalt.*’#8] Previous reports illustrate that a N-doped
carbon surface facilitates the oxidization of Li,S, (n = 3-8) by
enhancing the adsorption energy and, consequently, improves
the sulfur utilization and cyclic performance.*->2

To further demonstrate how the multifunctional cathode
works, we compared the electrochemical performances of three
cathodes (N-PC@uCo/S, N-PC@aCo/S, and N-PC/S) at 0.1C
(1C = 1675 mA g!) over 100 cycles (Figure 3a). The initial dis-
charge capacities of N-PC@uCo/S, N-PC@aCo/S, and N-PC/S
reach 1380, 1214, and 1122 mAh g7!, with corresponded
columbic efficiency of 99.5%, 98.1%, and 96.4%, respectively.
After 100 cycles, the capacity of N-PC@uCo/S, N-PC@aCo/S,
and N-PC/S were 1150, 832, and 567 mAh g}, respectively. For
further comparison, the rate performance of all the samples was
evaluated at various current rates. The galvanostatic charge/
discharge profiles of three cathodes at different rates of 0.1C,
0.2C, 0.5C, 1.0C, 2.0C, and 5.0C are depicted in Figure S13 in
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Figure 3. Electrochemical performance of N-PC@uCo/S, N-PC@aCo/S, and N-PC/S cathodes. a) Discharge capacity and columbic efficiency at 0.1C,
b) rate capacity from 0.1C to 5C, c) cycling stability at 1C for 500 cycles with sulfur loading of 1.8 mg cm™2, d) cycling capacity and columbic efficiency

of N-PC@uCo/S with sulfur loading of 1.8, 2.7, and 3.8 mg cm™.

the Supporting Information. Compared with the N-PC@aCo/S
and N-PC/S cathodes, the N-PC@uCo/S (Figure 3b) exhibited
much higher capacity at the same discharge rates. When the
current rates were increased from 0.1C to 0.2C, 0.5C, 1.0C,
2.0C, and 5.0C, the electrode exhibits reversible capacities from
1370 to 1180, 1102, 900, 740, and 600 mAh g, respectively. As
the current rate decreased back to 0.1C, the specific capacity of
N-PC@uCo/S cathode recovered to 1320 mAh g!, indicating
good stability and structural integrity of the electrode.

To evaluate the long-term cycling stability, the Li-S bat-
teries based on N-PC@uCo/S cathodes were cycled at high
current densities (Figure 3c). At the current rate of 1.0C, the
N-PC@uCo/S cathode delivers an initial discharge capacity
of 912 mAh gl After 500 cycles, the specific capacity of
N-PC@uCo/S is well maintained at 780 mAh g, with a
capacity retention of 86% and average columbic efficiency
of 99.7%, which corresponds to a low capacity decay of only
0.028% per cycle. Compared with the N-PC@aCo/S and
N-PC/S, the N-PC@uCo/S cathode exhibits much larger
capacity at every cycles and higher retention within 500 cycles
(Figure 3c). Considering that the high areal capacity is crit-
ical for practical application of Li-S batteries, the areal sulfur
loading was increased from 1.8 to 2.7 and 3.8 mg cm™ by
fabricating thick electrodes. It can be observed (Figure 3d)
that N-PC@uCo/S can maintain good discharge capacities of
850 and 675 mAh g! even at high sulfur loadings of 2.7 and
3.8 mg cm™2. Even after 200 cycles, reversible capacities with
680 and 535 mAh g still can be achieved, respectively. Fur-
thermore, we tested the specific capacity of N-PC@uCo/S at a
low rate of 0.2C with a high sulfur loading of 5.9 mg cm™2. This
cathode achieved a high current density of 4.8 mAh cm™ and
capacity retention of 91% for 100 cycles (Figure S14, Supporting
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Information). Under such high S utilization and areal capacity,
it can be predicted that the cathode could achieve an energy
density over 350 Wh kg™! based on current liquid or solid bat-
tery technology.’’! Therefore, we conclude that the excellent
electrochemical performances of N-PC@uCo/S cathode can be
attributed to the special compositions and structures.

Next, we further explored the different effects of three
host structures on the electrochemical behavior of sulfur
cathode. Figure 4a shows the first charge/discharge curves of
N-PC@uCo/S, N-PC@aCo/S, and N-PC/S between 1.7 and 2.7 V.
For the discharge curves, AH; represents the capacity between
2.1 and 2.4 V which is provided by cathodic reduction process
(Sg — Li,S,, 3 < x < 8), AH, represents the capacity between 1.7
and 2.1 V provided by cathodic reduction process (Li,S, — Li,S,/
Li,S). The detailed values of AH; and AH, were given in Figure S15
in the Supporting Information, the higher AH; means that more
Sg converts to lithium polysulfides, whereas longer platform in
the range of AH, indicates that more Li,S, participates in reac-
tion, less dissolution in electrolyte and faster reaction in the
cathode. The results show that N-PC@uCo/S sample has more
Sg conversion and larger platform capacity which can be attrib-
uted to the uniform dispersed Co clusters enhance the adsorp-
tion and redox of polysulfide during discharging process.

To investigate the Li-ion diffusion kinetics in the three cath-
odes, the cyclic voltammetry (CV) at different scan rates from
0.1 to 0.4 mV s™! were carried out (Figure 4b and Figure S16,
Supporting Information). One major peak (I,) can be observed
in charge process and two peaks (Iz and Ic) in discharge
process. I, represents the anodic oxidation process and corre-
sponds to Li,S,/Li,S — Sg + Li. Iy between 2.1 and 2.4 V repre-
sents the cathodic reduction process of Sg — Li;S, (3 < x < 8),
and I between 1.7 and 2.1 V represents the cathodic reduction:
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Figure 4. a) First charge/discharge voltage profiles of three sulfur cathodes with multiple effects, b) CV curves of N-PC@uCo/S at scan rates from
0.1t0 0.4 mV s™, c) CV curves peak current of I, (anodic oxidation process, Li,S,/Li,S—Sg+Li), d) Ig (cathodic reduction process, Sg—Li,S,, 3 <x < 8),
e) Ic (cathodic reduction process, Li,S,—Li,S,/Li,S) for three cathodes with multiple effects, f) calculated energy barriers for Li-ion diffusion and the
corresponding diffusion pathways for g) graphene, h) graphitic N@G, i) pyridinic N@G, j) pyrrolic N@G, and k) Co cluster, the green, gray, silvery,

blue balls represent lithium, carbon, nitrogen atoms, respectively.

Li,S, — Li)S;/Li,S (3 £ x < 8). The lithium ion diffusion kinetics
can be obtained according to the Randles—Sevcik equation!3!:32

Ir=(2.65%10°)n**SD}’Cv*” (1)

where Ip is the peak current, n represents electron number,
S represents electrode area, Dy is the Li ion diffusion coef-
ficient, Cy; is the Li ion concentration in the electrochem-
ical reaction, v is the scan rate. As shown in Figure 4c—e, all
the slopes of Ip/W’ curves have positive correlation with Dy;.
The detailed slope values of the curves (Ip/V*?) of Iy, I, I¢ for
three sulfur cathodes are fitted and calculated in Figure S17 in
the Supporting Information. Compared to N-PC@aCo/S and
N-PC/S, N-PC@uCo/S has an improved Li diffusion. There-
fore, the results show that the highly dispersed Co clusters in
N-PC@aCo/S can effectively accelerate the Li diffusion reaction.

To deeply understand why the uniform dispersed Co clusters
can effectively accelerate the Li-ion diffusion kinetic process,
we used density functional theory to calculate the barrier for
Li diffusion on different samples (Figure 4f=k). The top views
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of Li diffusion path on graphene, graphitic N@G, pyridinic
N@G, pyrrolic N@G, and Co cluster are shown in Figure 4g-k.
Based on these paths, the energy barriers for Li ion transfer
were 0.28, 0.42, 0.27, 0.49, and 0.05 eV, respectively (Figure 4f).
We understand from the simulation results that N in the sub-
strate can alter the diffusivity of Li ions to some extent, and that
the lowest barrier energy (0.05 eV) for Li* transfer is obtained
on Co cluster, which will most probably accelerate the kinetic
reduction process: Li,S, + Li* — Li,S,/Li,S.

To probe the electrochemical conversion of polysulfides at the
electrode/electrolyte interface, we assembled symmetric cells
containing a 0.4 m Li,S;-DOL/DME solution as the electrolyte
and N-PC, N-PC@aCo, or N-PC@uCo as the electrodes, and
performed CV to oxidize and reduce the Li,S; on the electrodes.
Under identical measuring conditions, it is clearly observed
that the N-PC@aCo and N-PC@uCo cells show higher CV
current density (Figure 5a) together with lower charge transfer
resistance than that of N-PC (Figure 5b), which demonstrates
the Co cluster play a great role to accelerate redox conversion
of polysulfides on the electrode surface. Furthermore, we used
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Figure 5. a) CVs at the scan rate of 10 mV s7', b) EIS spectra in the frequency range of 50 mHz-200 kHz, c) Tafel plots and exchange current densities
of symmetric cells containing a 0.4 m Li,S¢-DOL/DME solution as the electrolyte and N-PC, N-PC@aCo, or N-PC@uCo as the electrodes.

Tafel slope and exchange current density to quantify the cata-
lytic activity of each sample in polysulfide formations. Tafal
plots of the three electrodes, derived from CV experiments, are
displayed in Figure 5c. Based on the following formulal®*>°]

nN=a+blgl (2)

where, 1 is the overpotential, I is the current density. The cal-
culated exchange current densities of N-PC, N-PC@aCo, or
N-PC@uCo were 1.43, 3.56, and 4.52 mA cm2 for the cathodic
process and 1.40, 3.08, and 4.17 mA cm™ for anodic process.
The higher exchange current density value of N-PC@uCo rel-
ative to that of N-PC and N-PC@aCo confirms the enhance-
ment in rate of polysulfides conversion reactions. Therefore,
we conclude that the highly dispersed Co clusters as catalyst
in N-PC@aCo/S can effectively accelerate the reduction of
polysulfides.

To further study the absorption effect between Li,S, (x = 4,
6, 8) and samples, the first-principle simulations were per-
formed. As shown in Figure 6a, graphene, graphitic N@G,
pyridinic N@G, pyrrolic N@G, and Co cluster were selected
as the representative to calculate the binding energy with Li,S,
(x = 4, 6, 8). From the top view of adsorption conformations
of Li,S, (x = 4, 6, 8) and graphene, graphitic N@G, pyridinic
N@G, pyrrolic N@G and Co cluster, we can conclude that the
chemical interaction is the most important interaction between
the Li ion in Li,S, (x = 4, 6, 8) and graphene, graphitic N@G,
pyridinic N@G, pyrrolic N@G, and Co cluster. The binding
energy can be calculated according to references.’>°¢57] The
binding strengths between Li,S, (x =4, 6, 8) and graphene, gra-
phitic N@G, pyridinic N@G, pyrrolic N@G, and Co cluster are
shown in Figure 6b, and it is found that the Co cluster has the
highest binding energy for Li,S, (x = 4, 6, 8) as compared to
graphene, graphitic N@G, pyridinic N@G, pyrrolic N@G.

Next, polysulfide adsorption experiments (Figure 6¢), XPS
results (Figure 6d,e), and in situ beaker cell observation experi-
ments (Figure 6f) were used to verify the strong absorption
effect of highly dispersed Co cluster on polysulfide. As shown
in Figure 6c, after adding of N-PC@uCo and N-PC@aCo, both
colors of Li,Sg solution immediately become colorless, while
for N-PC, the Li,S4 solution just turns lighter. This indicates
the stronger adsorption ability of Co cluster with sulfur spe-
cies is consistent with the theoretical simulation. XPS data
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were collected on the N-PC@uCo solid with Li,S,. As illus-
trated in Figure 6d, the S 2p spectrum of N-PC@uCo-Li,Sq
shows four peaks. Two peaks situated at 161.8 and 162.8 eV,
respectively, are assigned to the terminal (Sy!) and bridging
(Sg%) S atoms in Li,Sg, the positive shift (=0.5 eV) of St ~! and
bridging Sg’ peaks in N-PC@uCo-Li,S; confirms electron
transfer between N-PC@uCo host and electronegative poly-
sulfide.[**°8 While another two peaks at 166.8 and 167.9 eV are
attributed to the binding energy of polythionate and thiosul-
fate complex, which are caused by the polysulfide redox reac-
tion with N-PC@uCo.>%% the Co—S bond in Co 2p (Figure Ge)
further confirms the chemisorption of Li,S; on the surface of
Co cluster. In addition, we used in situ beaker cell observation
experiments to contrast the polysulfide dissolved in electrolyte
of N-PC/S, N-PC@aCo/S, and N-PC@uCo/S (Figure 6f). It
can be clearly observed that at the initial moment, the color of
the electrolyte for all cells was clear and transparent. However,
after discharged for 15 h at 0.025C (1C in Figure S18, Sup-
porting Information) many yellow materials were in electro-
lyte for N-PC/S which corresponded to polysulfide dissolution.
Different from the N-PC/S, less polysulfides appeared in elec-
trolyte for N-PC@aCo/S. More importantly, the electrolyte
for N-PC@uCo/S cell was still clear and transparent, demo-
nstrating almost no polysulfide appeared during cycling.
These results demonstrate that high dispersion of Co cluster
in sample can make Co cluster trap more lithium polysulfides
and then accelerate the redox during cycling which plays a great
role in enhancing the stability of Li—S battery.

Comparing with other reported MOF derived electrode mate-
rials with high loading sulfur (Table S1, Supporting Informa-
tion), the new sulfur cathode we designed exceeds the most
reported materials in cycle life and high rate capacity, which can
be attributed to the advantages of the host structure obtained
by introducing glucose during ZnCo-ZIF carbonization. First,
N-PC@uCo host has high BET surface area (1185.36 m? g7
with large pore volume (V = 0.98 cm® g7!), which are larger
than that of common annealed MOF (300-500 m? g™!).13>37:44]
Combined with the density of sulfur (p = 1.96 g cm™3),1%! the
sulfur loading within carbon cage was calculated by the fol-
lowing formula

Vxp  0.98x1.96 —66% 3)

Sulfur loading (%) = = =
1+Vxp 1+0.98x1.96

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85U8017 SUOWWID BAIIER1D) 8|qedlidde ayy Aq pausenob afe sajoie YO ‘8sh JO S9n. 10y AIq1 8UIUO /8|1 UO (SUONIPUOD-PUE-SWBI 00" AB | 1M ARe1q)1 U1 |UO//STIY) SUOTPUOD PUe SWLB | 81 88S *[2202/2T/8T] Uo Ariqiauliuo A8|IM ‘ satreiqi] AiseAlun eiguinjoD - kg 1] Aq 0SSE06T0Z WUSe/Z00T 0T/10p/Lod A 1M ARiq1puljuo//sdny wo.y papeojumod ‘6 ‘0202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

a b c
i i 45
Li2Sa . leSs L & Li2Ss - L'zss le
Graphene 4.0 4 -9 graPr_Iit.ic N@G
° —@—pyridinic N@G
< 354 —@—pyrrolic N@G
Graphitic N e o —@~— Metallic Co Cluster
8 3 3.0
@ Q@
& c
Pyridinic N "é, 2.5 Q.
2 201 N-PC@aCo  N-PC@uCo
1.5 3 n\g
i \
‘\-—
10 \875
T T T
LiS, Li,Ss Li,S,
d e f
-1
SZ S2p Metaliic Co ©°%P
—sg o

—— Thiosulfate
Polythionate

R —
%
S ~>

Intensity (a. u.)A
Intensity (a. u.)

N-PC@uCo-Li,S,

Cos | 3

N-PC@uCo-Li,S,

' h

172 170 168 166 164 162 160
Binding Energy (eV)

786 784 782 780 778 776 774
Binding Energy (eV)

N-PC/S N-PC@aColS

N-PC@uColS

Figure 6. a) Atomic conformations and b) calculated binding energy for Li,S,, Li,Se, Li,Sg species adsorption on graphene, graphitic N@G, pyridinic
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experiments, d,e) XPS at the binding energy of S 2p and Co 2p, f) in situ beaker cell observation experiments to contrast the polysulfide dissolved in

electrolyte of N-PC/S, N-PC@aCo/S, and N-PC@uCo/S.

The internal sulfur is in close contact with the carbon frame-
work and hard to dissolve in electrolyte relative to sulfur on the
outside, thus high ratio of internal sulfur (87% = 66%/76%) leads
to very high reversibility during cycling. In addition, glucose itself
converted into sp? carbon to improve the electrical conductivity
of host, thus leading to significant depolarization in the sulfur
cathode. More importantly, the adding of glucose enhances
dispersion of the Co catalyst in carbon cage, which promotes a
high coverage of polysulfide on the surface of catalyst, thus, the
adsorption and conversion of polysulfide are more efficient.

3. Conclusion

In summary, we have designed a porous carbon nanocage with
nitrogen doping and uniform dispersed cobalt catalyst as a
host structure for sulfur. The uniformity and size of Co cluster
can be effectively controlled in the synthesis process by adding
glucose. We found that the fabricated host structure possesses
multiple effects acting as sulfur host, such as high conductivity,
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high sulfur loading, effective stress relief, as well as good con-
tact in the interface between active materials and sulfur host.
Highly dispersed Co cluster in sulfur cathodes can not only
accelerate the lithium-ion diffusion and redox of polysulfide,
but also enhance the absorption of polysulfides. Our work pro-
vides Li/polysulfide kinetics and adsorption benchmarks for
future DFT calculations in Li-S batteries and highlights an
opportunity to exploit transition metal clusters as polysulfide
catalysts for designing high-performance Li-S batteries.
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Supporting Information is available from the Wiley Online Library or
from the author.
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