Downloaded viaNORTHWEST UNIV on July 15, 2019 at 00:20:02 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

; ETTERS @ Cite This: Nano Lett. 2018, 18, 7949-7954 pubs.acs.org/NanoLett

Nitrogen-Doped Carbon Nanotube Forests Planted on Cobalt
Nanoflowers as Polysulfide Mediator for Ultralow Self-Discharge and
High Areal-Capacity Lithium—Sulfur Batteries

Lianbo Ma,” Huinan ]:in,.l- Wenjun Zhang; Peiyang Zhao," Guoyin Zhu,” Yi Hu, Renpeng Chen,’
Zuoxiu Tie," Jie Liu,"*® and Zhong Jin*

"Key Laboratory of Mesoscopic Chemistry of MOE, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing,
Jiangsu 210023, China

*Department of Chemistry, Duke University, Durham, North Carolina 27708, United States

O Supporting Information

ABSTRACT: Lithium—sulfur (Li—S) batteries with high theoretical .
energy density have caught enormous attention for electrochemical &S | anneal (]  800°C Sulfur
power source applications. However, the development of Li—S 6'! Qg Hel

batteries is hindered by the electrochemical performance decay that

resulted from low electrical conductivity of sulfur and serious shuttling R 0
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usually restricted by the low areal sulfur loadings (1.0—3.0 mg cm™2). 3 28 ; . Sy 1 O
When the areal sulfur loading increases to a practically accepted level % I N e s i B
above 3.0—5.0 mg cm™?, the areal capacity and cycling life tend to 3 = %;;:;E;EEE‘_E; §500 IRARRsnas LSS
become inferior. Herein, we report an effective polysulfide mediator é 2215 4 mg e sulfur o % 3.1 mgem?suffr
composed of nitrogen-doped carbon nanotube (N-CNT) forest °© . iié:é:;i:i:lﬁliﬂi . 5, S 8&mpema str
planted on cobalt nanoflowers (N-CNTs/Co-NFs). The abundant 0 o o Xo w0 00 LI s

pores in N-CNTs/Co-NFs can allow a high sulfur content (78 wt %)

and block the dissolution/diffusion of polysulfides via physical confinement, and the Co nanoparticles and nitrogen heteroatoms
(4.3 at. %) can enhance the polysulfide retention via strong chemisorption capability. Moreover, the planted N-CNT forest on
N-CNTs/Co-NFs can enable fast electron transfer and electrolyte penetration. Benefiting from the above merits, the sulfur-
filled N-CNTs/Co-NFs (S/N-CNTs/Co-NFs) cathodes with high areal sulfur loadings exhibit low self-discharge rate, high
areal capacity, and stable cycling performance.
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Lithium—sulfur (Li—S) batteries show great promise as or low areal sulfur loadings (usually 1.0—3.0 mg cm™2) in the

next-generation energy storage devices owning to their cathodes, which make them less attractive for practical

high theoretical capacity (1675 mAh g') and energy density adoptions. Increasing the areal sulfur loadings in electrodes
(2600 Wh kg™"),'* which is about one order of magnitude to improve the energy density of Li—S batteries would be an
greater than that of lithium-ion batteries (LIBs). Moreover, attractive solution. Nevertheless, the effective contact between
sulfur is nontoxic and reserve abundant in nature, and this electroactive sulfur and electrolyte would be significantly
enables Li—S batteries with better environmental friendliness deteriorated, and also the serious self-discharge of batteries
and more attractive cost advantage compared to LIBs.*® would unavoidably appear,'® thus causing serious influence to
Unfortunately, besides these above merits, Li—S batteries also the electrochemical performance, especially the capacity and
face several critical challenges including the low electrical cycling Stabﬂit}’-w_m In this regard, it is crucial to achieve high
conductivity and volume expansion of elemental sulfur, the energy density Li—S batteries under high areal sulfur loading
easy dissolution of intermediate polysulfides, and most (>5.0 mg em™) accompanying with long cycling lifespan
importantly, the low cycling stability.”"® Although strenuous (more than 200 cycles) and low self-discharge rate.
efforts have been made to alleviate these issues, the Herein, we report the design of an effective polysulfide
achievements on improving the energy density of Li—S mediator composed of nitrogen-doped carbon nanotube (N-
batteries are still severely limited.”™° CNT) forest planted on cobalt nanoflowers (N-CNTs/Co-

The simultaneous realization of high energy density and long NFs), which can be used as an efficient sulfur host material for
cycling lifespan is always the very initial motivation of Li—S
battery research.'” However, in the present literature, the high Received: September 28, 2018
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Li—S batteries. The sulfur-mixed N-CNTs/Co-NFs (S/N-
CNTs/Co-NFs) cathodes have micromesoporous structure
and ultrahigh electrical conductivity, exhibiting strong
chemisorption capability with sulfur species and electro-
catalytic effect for polysulfide conversion. Moreover, the highly
conductive channels of N-CNT forest decorated on the N-
CNTs/Co-NFs can facilitate the fast electron transport and
allow fluent electrolyte penetration, which are critically
important to the electrochemical performance of Li—S
batteries with high areal sulfur loadings. As a result, the S/
N-CNTs/Co-NFs cathodes with very high areal sulfur loadings
exhibit remarkably low self-discharge rate and stable cycling
performance.

Results and Discussion. Figure la shows the detailed
synthesis procedures of N-CNTs/Co-NFs and S/N-CNTs/
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Figure 1. Synthesis process and microscopic characterizations of the
samples. (a) Schematic synthesis approach of N-CNTs/Co-NFs and
S/N-CNTs/Co-NFs. (b—d) SEM and (e) TEM images of CoO,-
based nanoflowers. (f—i) SEM, (j, k) TEM, and (I, m) HRTEM
images of N-CNTs/Co-NFs. (n) SEM image and (o—r) elemental
mapping results of S/N-CNTs/Co-NFs.

Co-NFs. Starting with a hydrothermal method and followed by
a thermal annealing process, flower-like CoO,-based structure
was synthesized. Then, through a chemical vapor deposition
process under Ar/H, atmosphere with ZIF-67 as both the
carbon and nitrogen sources,”> Co nanocrystals were first
formed and then served as the catalysts to promote the growth
of N-CNT forest on the surface of flower-like structures. After
chemical etching by using HCl solution (1.0 M), N-CNTs/
Co-NFs material was successfully fabricated. Finally, through a
typical melt-diffusion strategy for the loading of sulfur, the
sulfur composite of S/N-CNTs/Co-NFs was prepared.
Figure 1b—d show the morphology of CoO,-based nano-
flowers, which exhibits the typical hierarchical features. The
Co0,-based nanoflowers are composed of closely assembled
nanoplatelets. The size of CoO,-based nanoflowers is about 2—
3 pum, and the thickness of CoO,-based nanoplatelets is about
30 nm (Figure le). The surface of CoO,-based nanoplatelets
can facilitate the catalytic growth of N-CNT forest. Figure 1f—i
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display the scanning electron microscopy (SEM) images of as-
prepared N-CNTs/Co-NFs. The N-CNTs/Co-NFs still
maintains the original morphology of CoO,-based nanoflowers
(Figure 1g), while the surface of nanoplatelets became rougher
and fluffy, owing to the growth of N-CNT forest. As supplied
in Figure 1h and i, the N-CNTs were grown in every
directions, and the entire surface of nanoplatelets was covered
by the densely grown N-CNT forest. As a result, the N-CNT
forest was well planted onto Co-NFs, forming a superstructure
with high stability and integrity. Transmission electron
microscopy (TEM) was further conducted to study the
structure features of N-CNTs/Co-NFs. Figure 1j and k present
the typical TEM images of N-CNTs/Co-NFs, which reveal the
porous nanostructure of N-CNT forest. The length of N-
CNTs can reach several hundred nanometers, and the
remaining Co catalyst nanoparticles (about 8—15 nm)
underneath the N-CNTs can be clearly observed. The high-
resolution TEM (HRTEM) image in Figure 1l discloses a
lattice distance of 0.334 nm, corresponding to the (002) planes
of N-CNTs, while the HRTEM image in Figure 1m reveals a
lattice distance of 0.204 nm belonging to the (111) planes of
metallic Co nanoparticle served as the catalyst for N-CNTs
growth. Figure In—r display the typical SEM images of S/N-
CNTs/Co-NFs after the loading of sulfur and the correspond-
ing elemental mapping results. As illustrated, the S/N-CNTs/
Co-NFs in Figure 1n maintains the initial morphology of N-
CNTs/Co-NFs, and no aggregated sulfur particle was observed
on the surface. The elemental mapping results (Figure 1o—r)
show the presence of C, N, Co, and S elements, demonstrating
the homogeneous distribution of sulfur in S/N-CNTs/Co-
NFs.

The compositions and crystallinity of N-CNTs/Co-NFs and
S/N-CNTs/Co-NFs were first studied by the XRD results. As
shown in Figure 2a, the conspicuous peaks in the XRD pattern
of N-CNTs/Co-NFs can be indexed into the metallic Co
(JCPDS card, No. 89—4307). Moreover, a wide and weak peak
(~25°) belonging to N-CNTs is also achieved. Besides these
above diffraction peaks, S/N-CNTs/Co-NFs also exhibits the
additional diffraction peaks of elemental sulfur. Raman
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Figure 2. Structural characterizations of N-CNTs/Co-NFs and S/N-
CNTs/Co-NFs. (a) XRD patterns, (b) Raman spectra, (c) N,
adsorption—desorption isotherms, and (d) pore size distribution
curves of N-CNTs/Co-NFs and S/N-CNTs/Co-NFs.
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spectroscopy was conducted to identify the structural features
of carbon and sulfur components. The Raman spectra of both
N-CNTs/Co-NFs and S/N-CNTs/Co-NFs in Figure 2b
display the typical D and G bands of carbonaceous materials.
Moreover, S/N-CNTs/Co-NFs also exhibit the Raman peaks
of elemental sulfur,”’ further indicating the preparation of
sulfur composite. The specific surface area and pore size
distribution of N-CNTs/Co-NFs before and after the loading
of sulfur were investigated by N, adsorption—desorption
measurements (Figure 2¢,d). The N-CNTs/Co-NFs exhibits
typical micromesoporous N, adsorption—desorption isotherms
with a Brunauer—Emmett—Teller (BET) surface area of about
286.6 m* ¢!, and the pore volume reaches 0.67 cm® g~'. The
large number of micropores can adsorb polysulfides and
alleviate the shuttling effect, while the mesopores can ensure
the high loading content of sulfur and enhance the areal
capacity.”¥*> After the loading of sulfur, the resultant S/N-
CNTs/Co-NFs exhibits a greatly reduced BET surface area of
1348 m’ g7'; meanwhile, the pore volume decreases
dramatically to only 0.13 cm® g™,

The chemical states of S/N-CNTs/Co-NFs were further
studied by X-ray photoelectron spectroscopy (XPS), as shown
in Figure S1. The survey XPS spectrum of S/N-CNTs/Co-NFs
(Figure Sla) reveals the presence of C, N, Co, and S elements,
and the N content is measured to be about 4.3 at. %. The high-
resolution XPS spectrum at N 1s region (Figure S1b) can be
well fitted into three N species including pyridinic N (398.6 +
0.2 eV), 2pyrrolic N (400.0 = 0.2 eV), and graphitic N (401.1 +
0.2 €V).” The pyridinic and pyrrolic N species can bond with
sulfur species, thus enhancing the retention of polysulfides in
Li—S batteries. By fitting the high-resolution XPS spectrum at
S 2p region in Figure Slc, the chemical state of sulfur in S/N-
CNTs/Co-NFs can be well understood. The S 2p XPS
spectrum can be deconvoluted into two peaks, and the geaks at
163.7 and 164.7 eV belong to the Sg molecules. 2% In
addition, the accurate sulfur content in S/N-CNTs/Co-NFs
was determined by thermogravimetric analysis (TGA) result
under N, atmosphere from room temperature to 800 °C. As
presented in Figure S2, owing to the large number of pores and
high pore volume of N-CNTs/Co-NFs, the sulfur content in
S/N-CNTs/Co-NFs can be as high as 78.0 wt %. When
employed as sulfur cathode for Li—S batteries, the S/N-CNTs/
Co-NFs with porous nanostructures, highly electrical con-
ductive channels, and strong chemisorption capability with
sulfur species can effective alleviate the issues caused by the
low electrical conductivity of sulfur and the severe shuttle
effect of polysulfides.

To investigate the effects of planted N-CNT forest on the
electrochemical performances, a control sample was prepared
with pure N, carrier gas instead of Ar/H, mixture. In this case,
the control product is noted as carbon layer coated Co
nanoflowers (CL/Co-NFs), which retains the initial flower-like
morphology, but no N-CNTs were observed from the SEM
images in Figure S3a, b. Moreover, the thickness of
nanoplatelets on CL/Co-NFs increases due to the coating of
carbon layer. The SEM image and corresponding elemental
mapping results (Figure S3c-g) reveal the presence of C, N,
and Co elements. After filling sulfur into CL/Co-NFs, the
sulfur content in S/CL/Co-NFs determined by the TGA curve
is 75.7 wt % (Figure S4). For better comparison, another
control sample termed as S/CNTs was also prepared with
commercial CNTs as the sulfur host. Figure SSa shows the
typical SEM image of S/CNTs, which shows almost no sulfur
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particles on the surface, indicating the good result of sulfur
filling. The corresponding XRD pattern reveals the coexistence
of CNTs and elemental sulfur (Figure SSb). Additionally, the
sulfur content in S/CNTs disclosed by the TGA curve reaches
68.8 wt % (Figure SSc).

The electrochemical performances of S/N-CNTs/Co-NFs
as sulfur cathode were first evaluated in Li—S coin cells, with a
normal areal sulfur loading of 1.0—1.5 mg cm™. For
comparisons, the control samples of S/CL/Co-NFs and S/
CNTs were also examined under the same experimental
conditions. Figure 3a displays the galvanostatic charge/
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Figure 3. Electrochemical performances of S/N-CNTs/Co-NFs, S/
CL/Co-NFs, and S/CNTs cathodes with the areal sulfur loading of
1.0—1.5 mg cm ™2 (a) Initial galvanostatic charge/discharge profiles,
(b) Nyquist plots, (c) cycling performances, and (d) rate perform-
ances of S/N-CNTs/Co-NFs, S/CL/Co-NFs, and S/CNTs cathodes.
(e) Long-term cycling performance and corresponding Coulombic
efficiencies of S/N-CNTs/Co-NFs cathode at 1.0 C.

discharge profiles of S/N-CNTs/Co-NFs, S/CL/Co-NFs,
and S/CNTs cathodes during the first cycle at 0.2 C. Each
profile displays two discharge plateaus and one large charge
plateau. The first discharge plateau is related to the reduction
of Sg to long-chain polysulfides (Li,S,, 4 < x < 8), and the
other discharge plateau corresponds to the further reduction
from long-chain polysulfides to short-chain insoluble poly-
sulfides (Li,S, and Li,S).””*° The single charge plateau
suggests the one-step oxidation of short-chain polysulfides to
elemental sulfur.’’ ™ The initial discharge capacity of S/N-
CNTs/Co-NFs cathode reaches 1262 mAh g~’, higher than
those of sulfur cathodes based on control samples. More
importantly, the S/N-CNTs/Co-NFs cathode exhibits the
longer and more stable discharge profile with much smaller
potential polarizations compared to those of S/CL/Co-NFs
and S/CNTs cathodes, further implying the electrocatalytic
effect of N-CNTs/Co-NFs on polysulfide conversions.”* The
performance enhancement of N-CNTs/Co-NFs composite
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mainly originated from the synergistic effect of doped nitrogen
heteroatoms and embedded Co nanoparticles.” ™" The
resistance characteristics of S/N-CNTs/Co-NFs, S/CL/Co-
NFs, and S/CNTs cathodes were then investigated. As
indicated by the electrochemical impedance spectroscopy
(EIS) profiles in Figure 3b, the S/N-CNTs/Co-NFs cathode
shows very low charge-transfer resistance, which is very
conducive to the electrochemical performance.

Figure 3¢ compares the cycling performance of S/N-CNTs/
Co-NFs, S/CL/Co-NFs, and S/CNTs cathodes at 0.2 C. The
S/N-CNTs/Co-NFs cathode shows much better cycling
stability within the initial 60 cycles. The discharge capacity
of S/N-CNTs/Co-NFs cathode decreases to 1131 mAh g71 at
the fourth cycle, and then it keeps almost stable. A high
discharge capacity of 1069 mAh g~" is still achieved at the 60th
cycle, corresponding to the high capacity retention of 84.7%. In
contrast, the S/CL/Co-NFs and S/CNTs cathodes deliver
much lower discharge capacities of only 782 and 637 mAh g™
at the 60th cycle, respectively. The resistance characteristics of
these sulfur cathodes after testing at 0.2 C were then
investigated. As shown in Figure S6, all the sulfur cathodes
exhibit the decreased charge-transfer resistances after cycling,
turther indicating the good charge transfer properties.

Figure 3d presents the rate performances of S/N-CNTs/Co-
NFs, S/CL/Co-NFs, and S/CNTs cathodes under different
current rates. With the better polysulfide retention capability,
the S/N-CNTs/Co-NFs cathode shows higher specific
capacities than other cathodes under the same current rates.
Increasing the current rate from 0.1 C to 0.2, 0.5, 1.0, and 3.0
C, the specific capacities of S/N-CNTs/Co-NFs cathode
decreases gradually from 1289 to 1140, 986, 847, and 684 mAh
g~!, respectively. However, for S/CL/Co-NFs and S/CNTs
cathodes, the specific capacities decrease dramatically to 330
and 91 mAh ¢! at 3.0 C, respectively. These results
demonstrate the much better rate capability of S/N-CNTs/
Co-NFs cathode.

To further identify the cycling performance, the S/N-
CNTs/Co-NFs cathode was tested for 500 cycles at 1.0 C. As
shown in Figure 3e, the initial discharge capacity of S/N-
CNTs/Co-NFs cathode reaches 1025 mAh g_l, then it keeps
stable during the initial 100 cycles, and finally a high reversible
capacity of 623 mAh g~' is achieved at the 500th cycle. This
corresponds to the capacity retention of about 60.8%,
accompanying with a low average capacity decay of 0.078%
per cycle. Moreover, the Coulombic efficiency of S/N-CNTs/
Co-NFs cathode after cycling 500 cycles at 1.0 C is
approaching 100%, suggesting that the shuttle effect of
polysulfides is well suppressed."”** The excellent electro-
chemical performance of S/N-CNTs/Co-NFs based Li—S$
batteries should be attributed to the structural superiority of N-
CNTs/Co-NFs composite. The Li—S batteries based on S/
CL/Co-NFs and S/CNTs control samples were also
investigated at 1.0 C (Figure S7) and exhibited much inferior
cycling performances with the discharge capacities of only 239
and 109 mAh g™' after 200 cycles, respectively. Moreover,
compared with other representative sulfur cathodes in the
literatures (Table S1),"**"*7>* §/N-CNTs/Co-NFs cathode
also shows good electrochemical performance, demonstrating
its potential as a promising sulfur host for Li—S batteries.

From the above electrochemical results, it can be seen that
S/N-CNTs/Co-NFs cathodes show the much higher electro-
chemical performances than that of S/CL/Co-NFs cathodes.
These improvements may be attributed to the following
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compositional and structural advantages of N-CNTs/Co-NFs:
(1) the N-CNTs/Co-NFs composite has much higher
electrical conductivity than that of CL/Co-NFs (Figure 3b),
owing to the presence of N-CNT forest; (2) the N-CNT forest
in N-CNTs/Co-NFs can serve as the mediator layer to store
much amount of electrolyte and alleviate the shuttling of
polysulfides, which is critical for the Li—S batteries with high
areal sulfur loadings; (3) the Co nanocrystals remained on the
tips of N-CNTs can facilitate the redox reactions of sulfur
species, while for CL/Co-NFs, the Co nanoparticles were
usually encapsulated by carbon layers, which restrict their
electrocatalytic effect.

From a practical perspective on the research of Li—S
batteries, it is critically important to construct novel cathode
materials with high areal capacity and low self-discharge rate.
Therefore, the self-discharge performance and cycling stability
of the S/N-CNTs/Co-NFs cathodes under high areal sulfur
loadings were investigated. Figure 4a shows the time-
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Figure 4. Electrochemical performances of S/N-CNTs/Co-NFs
cathodes with high areal sulfur loadings. (a) Time-dependent open-
circuit voltages of S/N-CNTs/Co-NFs cathodes with different areal
sulfur loadings. (b) Self-discharge rate tests of S/N-CNTs/Co-NFs
cathodes with different areal sulfur loadings with the standing time of
24 h after the 10th cycle at 0.1 C. (c) Cycling stability tests of S/N-
CNTs/Co-NFs cathodes with different areal sulfur loadings (0.2 C).

dependent open-circuit voltage profiles of Li—S batteries
based on S/N-CNTs/Co-NFs cathodes with 3.1, 5.2, and 6.5
mg cm > sulfur, respectively. Under the sulfur loading of 3.1
mg cm™2, the open-circuit voltage of S/N-CNTs/Co-NFs
cathode was slowly dropped from 2.79 to 2.40 V after the
standing time of 500 h. By increasing the sulfur loading to 5.2
mg cm™% the open-circuit voltage of S/N-CNTs/Co-NFs
cathode only dropped from 2.75 to 2.33 V after storing for 500
h. Even at very high sulfur loading of 6.5 mg cm™, the open-
circuit voltage of S/N-CNTs/Co-NFs cathode dropped from
2.75 to 2.26 V after 500 h. Thus, the open-circuit voltage
decays of S/N-CNTs/Co-NFs cathodes with 3.1, 5.2, and 6.5
mg cm™* sulfur are calculated to be 0.028%, 0.031%, and
0.036% per hour, respectively. Figure 4b displays the cycling
performance of S/N-CNTs/Co-NFs cathodes with different
areal sulfur loadings with the resting time of 24 h after the 10th
cycle. After fully charged and stored for 24 h, the capacity
losses at the 11th discharge step of the S/N-CNTs/Co-NFs
cathodes with the sulfur loadings of 3.1, 5.2, and 6.5 mg cm™>
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are only 5.84%, 6.11%, and 10.2%, respectively. Moreover, the
self-discharge rates of two control samples were also examined
(Figure S8), exhibiting fast potential drop rates and high
discharge capacity losses even under low areal sulfur loadings
(9.8% for S/CL/Co-NFs and 11.4% for S/CNTs after storing
for 24 h). All of these results indicate that the N-CNTs/Co-
NFs can efficiently alleviate the self-discharge behavior of Li—$
batteries.'”

The cycling performances of S/N-CNTs/Co-NFs cathodes
with various areal sulfur loadings at 0.2 C are displayed in
Figure 4c. The initial discharge capacities of S/N-CNTs/Co-
NFs cathodes with 3.1, 5.2, and 6.5 mg cm™2 sulfur are 936,
841, and 659 mAh g_l, corresponding to the areal capacities of
2.90, 4.37, and 4.28 mAh cm™? respectively. The achieved
highest areal capacity for S/N-CNTs/Co-NFs cathode is about
4.37 mAh cm™, which is relatively high among the reported
sulfur cathodes in literature (Figure §9).2955761 After 100
cycles, the discharge capacities of S/N-CNTs/Co-NFs
cathodes with 3.1, 5.2, and 6.5 mg cm™? sulfur slightly
decreased to 772, 643, and 455 mAh g~' (2.39, 3.34, and 2.96
mAh cm™2), respectively, and the corresponding capacity
retentions are 82.5%, 76.5%, and 69.0%. The achieved high
electrochemical performance of S/N-CNTs/Co-NFs cathodes
under high areal sulfur loadings can be attributed to the highly
conductive network and smooth ion diffusion in the
hierarchical nanostructure of N-CNTs/Co-NFs. The planted
N-CNT forest provides conductive channels for fast electron
transfer, and the flower-like architecture of N-CNTs/Co-NFs
with large surface area and high porosity can maintain good
contact interfaces with electrolyte. As a result, the S/N-CNTs/
Co-NFs composite shows promising performances for high
areal-capacity Li—S batteries.

Conclusions. In summary, here we propose the rational
design and preparation of flower-like Co nanostructure with
planted N-CNT forest as a promising sulfur host for Li—S
batteries. Benefiting from the high electrical conductivity,
abundant micromesopores, strong chemisorption capability
with sulfur species, and electrocatalytic effect for polysulfide
conversion, the S/N-CNTs/Co-NFs cathodes exhibit the very
low self-discharge rate and stable cycling performance under
high areal sulfur loadings. We expect this work may provide
new insights for the construction of hybrid sulfur host
materials to achieve high-performance Li—S batteries for
practical utility.
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