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N-Doping Induced Lattice Expansion of 1D Template
Confined Ultrathin MoS, Sheets to Significantly Enhance
Lithium Polysulfides Redox Kinetics for Li—S Battery

Minzhe Chen, Nan Wang, Wei Zhou, Xiaoyan Zhu, Qikai Wu, Ming-Hsien Lee,
Dengke Zhao,* Shunlian Ning,* Maozhong An,* and Ligui Li*

Preparing MoS,-based materials with reasonable structure and catalytic
activity to enhance the sluggish kinetics of lithium polysulfides (LiPSs)
conversion is of great significance for Li-S batteries (LSBs) but still remain a
challenge. Hence, hollow nanotubes composed of N-doped ultrathin MoS,
nanosheets (N-MoS, NHTs) are fabricated as efficient S hosts for LSBs by
using CdS nanorods as a sacrifice template. Characterization and theoretical
results show that the template effectively inhibits the excessive growth of
MoS, sheets, and N doping expands the interlayer spacing and modulates the
electronic structure, thus accelerating the mass/electron transfer and
enhancing the LiPSs adsorption and transformation. Benefiting from the
merits, the N-MoS, NHTs@S cathode exhibits an excellent initial capacity of
887.8 mAh g~! and stable cycling performances with capacity fading of only
0.0436% per cycle at 1.0 C (500 cycles). Moreover, even at high S loading that
of 7.5 mg cm~2, the N-MoS, NHTs@S cathode also presents initial excellent
areal capacity of 7.80 mAh cm~2 at 0.2 C. This study offers feasible guidance
for designing advanced MoS,-based cathode materials in LSBs.

1. Introduction

Lithium—sulfur batteries (LSBs) owing to
inexpensive cost, extraordinary theoretical
capacity (1675 mAh g~!) and energy density
(2600 Wh kg~!) are considered to be one of
the most favorable energy storage solutions
to meet the current energy crisis.['?] Un-
fortunately, despite years of research, many
inherent factors of sulfur cathode, such as
insulating nature of sulfur and discharge
products (Li, S/Li,S,), severe volume expan-
sion (next to 80%), and the “shuttle effect”
remain unsolved, thus resulting in low sul-
fur utilization, poor rate performance, and
cycle life, which severely restrict the large-
scale application of LSBs.>! To deal with
the problems, numerous efforts have been
devoted to design advanced sulfur hosting

cathode such like porous carbon,l®) metal
oxides,”! sulfides,®l and nitrides.[) Among
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them, MoS, has been got widespread concern due to the
unique S—Mo-S like sandwich structure and good adsorption and
catalytic capacity of lithium polysulfides (LiPSs).['*!!] However,
severe stacking between lamellae can be occurred in conventional
MoS, due to the van der Waals forces, which is not conducive to
high sulfur leading and fully expose the active sites.l'>13] Those
disadvantages make MoS,-based materials not satisfy the com-
plex cathodic sulfur conversion reaction in LSBs.

The morphology and electronic structure of materials greatly
affect their performance in LSBs. For examples, a large
number of researches (Ni-Fe-P/NC,[**l NiS,cPCF,**] and
CNTs/Co,S,@NCl®)) have proven that the hollow architectures
can provide more sulfur storage spaces, expose more electrode—
electrolyte contact areas, and alleviate volume changes during
cycling compared to other structures, thus exhibits higher bat-
tery performance and stability. Moreover, many theoretical and
experimental results shown that reasonably regulating electronic
structure by doping suitable heteroatoms can enhance the kinetic
and reduce the energy barriers in battery reaction, which can
also significantly enhance the performance of the battery. For in-
stance, the Co, 4Zn, ; Te, @NC shows much more enhanced bat-
tery performance than CoTe, @NC because the lattice strain in-
duced by Zn doping changes the coordination environment and
electronic mechanism around Co to balance the adsorption and
catalysis of LiPSs.l'’] Inspired by the above, assembling MoS,
nanosheets into hierarchical hollow architectures and further
regulating its electronic structure by heteroatom doping is a fea-
sible strategy to solve the issues of MoS, and realize their full
merits in LSBs.[1#2°] However, based on the strong van der Waals
forces on MoS, layers, how to simultaneously control the MoS,-
based materials with highly uniform hollow architectures and ap-
propriate electronic structure by a simple way is still a significant
challenge.

Herein, we develop 1D highly uniform hollow nanotube com-
posed of N-doped ultrathin MoS, nanosheets (N-MoS, NHTs)
as versatile cathode materials for LSBs batteries by a simple
hydrothermal-nitridation route using CdS nanorods (CdS NRs)
as the sacrificial templates. Characterization and theoretical re-
sults show that unique 1D hollow architectures increase the
S loading. In addition, N doping modulates the electrons in
MoS, and induces layer spacing expansion, which is accelerat-
ing the mass/electron transfer and enhancing the chemisorp-
tion and transforming ability of LiPSs. In consequence, N-MoS,
NHTs@S$ cathode presents significant advancements in the op-
eration of LSBs, which exhibits excellent initial capacity (1276.9,
887.8, and 733.7 mAh g! at 0.1, 1.0, and 2.0 C, respectively)
and relative low polarization. Moreover, even in high sulfur load-
ing mass (7.5 mg cm™?), it also presents brilliant initial areal
capacity of 7.80 mAh cm~? and the capacity keeps alive in 4.80
mAh cm~ with better capacity-retention (CR) of 61.54% after
100 cycles.

2. Result and Discussion

Figure 1a illustrates the synthesis details of N-MoS, NHTs@S
sample. At first, the uniform and smooth CdS NRs with a di-
ameter of ~100 nm are obtained via one-step hydrothermal re-
action (Figure Sla, Supporting Information). Subsequently, the
well-uniform MoS, nanosheets are uniformly wrapped on the
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smooth surface of CdS NRs (MoS, @CdS NRs) via the hydrother-
mal reaction, which still maintain the nanorod structure with
a roughened surface appearance (Figure S1b, Supporting Infor-
mation). Then, the N-MoS, NHTs are obtained by annealing.
Because of the CdS templates, N-MoS, NHTs also exbibit the
nanorod-like morphology (Figure Slc, Supporting Information).
The main compared sample (MoS, NHTs) indicates the similar
morphology with N-MoS, NHTs (Figure Sle, Supporting Infor-
mation). By contrast, the MoS, without CdS templates presenting
the flowers-like morphology is calcined under the same pyrolysis
process (Figure S1d, Supporting Information). The results show
that the CdS templates can effectively control the morphology of
MoS,. Finally, the S powders are combined with the as-prepared
materials through conventional melt diffusion method to form
N-MoS, NHTs@S. In Figure S1f of the Supporting Information,
the N-MoS, NHTs@S can still retain their former nanorod mor-
phology, and no apparent large sulfur particles can be found,
demonstrating the most of S powders are confined to the hollow
tube.

Furthermore, the TEM is further carried out to evaluate the
unique interlayer structure of N-MoS, NHTs sample. Figure 1b
indicates that N-MoS, NHTs shows a hollow tube structure with
diameters of ~80 nm. In addition, in Figure 1c, one can find that
the number of layers of MoS, in N-MoS, NHTs is ~2-3 layers,
less than that MoS, without CdS templates (~10 layers) (Figure
S2a,b, Supporting Information), suggesting that confinement ef-
fect of template inhibits the aggregation of MoS, nanosheets,
thus reducing the number of layers (Figure 1d). As a result, a
larger number of active sites are exposed.

The more phase information of as-prepared samples is ana-
lyzed by HRTEM images. In Figure le, one can find that N-MoS,
NHTs show obvious lattice spacings of 0.645 nm, belonging to
MoS, (002) plane.l?!] Moreover, selected area electron diffraction
(SAED) further confirms above results, the clear diffraction ring
attributing to the characteristic (002) facets of MoS, can be ob-
served in Figure le inset. Moreover, in Figure S3 of the Support-
ing Information, there are many defects can be observed in the
N-MoS, NHTs due to N doping.[??) Compared to N-MoS, NHTs,
by seeing the HRTEM images of MoS, NHTs, the lattice spacings
is only 0.616 nm (Figure S4, Supporting Information), smaller
than that of N-MoS, NHTs. This may be due to the expansion of
MoS, layer spacing induced by N doping (Figure 1f). Addition-
ally, the element distribution of N-MoS, NHTs is also studied by
TEM-mapping. In Figure 1g, one can find that the Mo, S, C, N, O
are evenly distributed on the whole hollow structure, and the cor-
responding element contents are evaluated by EDS-TEM spectra,
which are 18.42, 38.43, 25.08, 7.50, and 10.57 at%, respectively.
All above results indicate the target materials have been success-
fully synthesized.

By seeing the XRD pattern (Figure 1h), N-MoS, NHTs ex-
hibit the six obvious diffraction peaks arising at about 20 = 14°,
26°, 33°, 39°, 50°, and 58°, which can be indexed to 2H-MoS,
(PDF#37-1492) and graphite 2H-C (PDF#75-1621), respectively.
And, the MoS, NHTs present similar peak shape of N-MoS,
NHTs, which confirms that crystal phase is not changed after N
doping. Interestingly, the main peak is shifted to bigger angle
direction compared to N-MoS, NHTs, which is accordance with
the HRTEM results and further confirms that N doping induces
the enlargement of MoS, interlayer spacing. And the intensity
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Figure 1. a) The design and the fabrication of N-MoS, NHTs@$S composites. b,c) HRTEM images for N-MoS, NHTs. d) The layers of MoS, before
using CdS NRs template. €) The HRTEM and FFT plots images for N-MoS, NHTs, where the inset is the SAED pattern. f) The change of interlayer space
after N doping. g) Element mappings (Mo, S, C, N, O) of N-MoS, NHTs. h) XRD patterns of the MoS, NHTs and N-MoS, NHTs.
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Figure 2. a) Raman spectra and b) EPR patterns of N-MoS, NHTs and MoS, NHTs. High-resolution XPS spectra of ¢) N 1s, d) Mo 3d, and €) S 2p
regions of N-MoS, NHTs and MoS, NHTs. f) TGA of N-MoS, NHTs@S and MoS, NHTs@S under N, atmosphere.

of N-MoS, NHTs is lower than that of MoS, NHTs indicating
the smaller MoS, layers of N-MoS, NHTs (Figure S5, Supporting
Information), which correspond to the result of HRTEM. Raman
spectra (Figure 2a) of samples exhibit two characteristic peaks
at 378 and 403 cm™', which correspond to the E, ' and A, of
MosS,, respectively. The E,,' involves in-layer displacements of
Mo and S atoms, and the A;, stands for out-of-layer symmetric
displacements of S atoms along the c-axis.[?*?*] Most importantly,
the peaks of them both shift negatively after N doping, which is
also strong evidence to testify the expansion of interlayer space.
In EPR spectra (Figure 2b), where the g-value of 2.002 can be as-
signed to S vacancy sites from excess unpaired electrons in MoS,,
and the N-MoS, NHTs show the higher peak density than MoS,
NHTs, further indicating that there are more defects in N-MoS,
NHTs after N doping.

Then, to investigate the valence state and chemical composi-
tion, the XPS analysis is performed. In high-resolution N1s spec-
tra (Figure 2c), N-MoS, NHTs exhibit two peaks after deconvolu-
tion, ascribing to Mo—N peak (398.57 eV) and Mo 3p peak (395.53
eV), respectively.?>2¢] The appearance of Mo—N bond after N
doping further confirms that the N atoms successfully doped in
to MoS,. Moreover, one can find that the bind energy (BE) of
Mo 3p positively shifts ~0.3 eV compared to MoS, NHTs, which
suggest that the N doping can effectively regulate the electronic
structure of MoS,. The Mo 3d spectra further prove the results. In
Figure 2d, two fairly high peaks can be observed in Mo3d spectra
of N-MoS, NHTs, which are belonging to Mo*+ (232.85/229.63
eV) and Mo®* (236.16 eV).l¥”] Furthermore, the BE of Mo 3d
shows a clearly positive shift compared to that of MoS, NHTs
sample. The S 2p spectra of N-MoS, NHTs (Figure 2e) present
two peaks (S 2p,, in 163.57 eV and S 2p;, in 162.42 eV for S—S
bonding of MoS,),[?8] which further prove the existence of 2H
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MoS,. And the positive shift of BE of S 2p also demonstrates the
effective adjustment of electronic structure by N doping, which
can help to improve the catalytic and adsorption capacity toward
LiPSs.[?]

To investigate the properties of N-MoS, NHTs in LSBs, the rel-
evant S cathode composites, named N-MoS, NHTs@S$, are fab-
ricated (see the Experiments Section for details). In Figure S6 of
the Supporting Information, N-MoS, NHTs@S show the distinct
diffraction peaks being consistent with sulfur (PDF#89-2600),
suggesting that the successful immersion of sulfur into the host
materials. The specific surface area (SSA) and average pore vol-
ume (APV) of the materials also play important roles for perfor-
mance in LSBs,3% which can be analyzed by the N, adsorption—
desorption measurements. In Figure S7a,b of the Supporting
Information, the N-MoS, NHTs possess the appropriate SSA
(52.420 m? g~!) and APV (0.220 cm® g~!), which suggest that N-
MoS, NHTs can provide much S storage. After S loading (Figure
S7¢, Supporting Information), the SSA and APV reduce to 12.075
m? g7t and 0.045 cm® g1, respectively, indicating S has been in-
filtrated into pore and channels. In addition, the load capacity of
S is estimated via TGA (Figure 2f), which are ~60% and 58% for
N-MoS, NHTs@S and MoS, NHTs@S$, respectively, which fur-
ther prove that the N-MoS, NHTs have a high S storage capacity.

In order to analyze the anchoring ability of as-prepared sam-
ples toward LiPSs, visual adsorption measurements (VAM) are
carried out. In Figure 3a inset, one can find that the N-MoS,
NHTs/Li, S, solution has been changed from brown-yellow to al-
most clarified after 1.0 h compared to MoS, NHTs/Li, S, solution,
demonstrating that N doping can boost the adsorption LiPSs abil-
ity. Additionally, these corresponding UV-vis spectra (Figure 3a)
between the range of 200-800 nm confirmed the results, in which
N-MoS, NHTs/Li, S, shows the lowest Li, S;-relevant absorbance
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Figure 3. a) UV absorption spectra of Li,S¢ solution assimilated by Super P, MoS, NHTs, and N-MoS, NHTs powders, where the inset is the straight-
forward phenomenon of the Li,S¢ adsorption experiments. b) XPS of Lils regions of N-MoS, NHTs after soaking in Li,S¢. c) The optimal adsorption
configuration of Li,Sg on MoS, and N-doped MoS,. d) CV curves at 0.1 mV s~' and e) the Li* diffusion coefficient. f) Three cycles of CV curves of
N-MoS, NHTs cathode at 0.5 mV s~ g) The galvanostatic charge and discharge (GCD) at 0.1 C curves. Li,S deposition profiles of h) N-MoS, NHTs/CP

and i) MoS, NHTs/CP.

peaks. To deeply reveal the high-adsorption capacity of LiPSs, the
MoS, NHTs and N-MoS, NHTs after VAM are also characterized
by XPS. In XPS spectrum (Figure S8a, Supporting Information),
where one can find a new formed peak (Li 1s), which indicates
that the LiPSs are adsorbed on the sample. Additionally, from
high-resolution Lils spectrum (Figure 3b), two fitting peaks at-
tributed to Li-S (56.63 eV) and Li-N (58.43 eV) can be observed,
the formation of Li—N bond confirms that N doping enhances the
lithiophilic property of MoS,, thus boosting the adsorption capac-
ity of LiPSs.[*132] Furthermore, theoretical calculation also proves
the Li, S, can be easier to adsorb on N-MoS, NHTs. In Figure 3c,
one can find that the Li, S, can be adsorbed on N sites and S sites
after N doping, thus N-doped MoS, show lower adsorption en-
ergy (—3.52 eV) than that of MoS, (—3.00 eV). The N 1s, Mo 3d,
and S 2p spectra (Figure S8b-d, Supporting Information) also
demonstrate that there is strong chemisorption between Li,S,
and N-MoS, NHTs, the BE of N 1s and Mo 3d are shifted after
VAM. Moreover, it is remarkable that the double peaks discovered
in 169.74 and 168.32 eV signify polysulfate and thiosulfate, which
are both the intermediate of LiPSs conversion.**] The formation
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of intermediate indicates that N-MoS, NHTs display rapid redox
kinetics of LiPSs conversion. In addition, by seeing the XPS spec-
tra of MoS, NHTs after adsorption experiment (Figure S9, Sup-
porting Information), no obvious Li—N bonds can be observed,
which further indicate that N doping can enhance the adsorp-
tion capacity toward LiPSs by the strong chemical interaction,
and therefore more effective suppression of the “shuttle effect”
to improve the cycling stability and utilization of S for LSBs.
Then, the electroactivity of the N-MoS, NHTs@S cathode (S
load ~ 1.2 mg cm™2) is assembled by systematic electrochemical
testing. In Figure 3d, CV curves shows two significant cathodic
peaks at ~2.3 and 2.0 V, ascribing to the reduction conversion
of Sg to the high-order LiPSs (Li,S,, 4 < x < 8) and next change
to low-order insoluble Li,S/Li,S,, and two evident anodic peaks
at 2.3 and 2.4 V are attributed to the transition of Li,S/Li,S,
to long-chain Li,S, and S,.**] The voltage gap (AV) between
reduction and oxidation peaks of N-MoS, NHTs@$ cathode
is only 388 mV, lower than that of MoS, NHTs@S (AV = 412
mV). Moreover, N-MoS, NHTs@S$ has the higher current peaks
(I,) both in oxidation and reduction process compared to MoS,
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NHTs@S, which shows that N-MoS, NHTs@S exhibits faster
redox kinetics with low polarization during the cell reaction. Tafel
pots calculated from the CV curves can be used to investigate
the electrocatalytic ability.3*! In Figure S10a—c of the Supporting
Information, N-MoS, NHTs@$S shows lower Tafel slopes that of
66.13, 88.41, and 72.14 mV dec™! at peak I, peak II, and peak II1,
respectively, than that of MoS, NHTs@S (88.19, 102.8, and 94.78
mV dec™!), further indicating that N-MoS, NHTs@S possesses
the more excellent redox kinetics for sulfur bidirectional reaction.

In order to deeply understand of the Li* dynamics, the CV
tests at different scan rates (0.1-0.5 mV s™!) are evaluated (Figure
S1la,b, Supporting Information). As the scan rate grows, the an-
odic and cathodic peaks shift positively and negatively, respec-
tively. The shift values of A, C,, and C, peaks in N-MoS, NHTs@$S
are 75, 34, and 79 mV, respectively, lower than those of MoS,
NHTs@S (103, 35, and 121 mV), which is the significant sig-
nal of the enhanced Li* diffusivity and reaction kinetics. As de-
picted in Figure S12a—c of the Supporting Information, the re-
dox peak currents of N-MoS, NHTs@S and MoS, NHTs@S$ be-
ing linear with the square root of scanning rates and the slope of
the curve is in direct proportion to Li* diffusion rate.l*] It is dis-
tinct that the slopes of N-MoS, NHTs@S electrode at three peaks
are larger than that of the MoS, NHTs@S. The Randles—Sevcik
equation (detail in the Supporting Information) is used to cal-
culate the Li* diffusion coefficient (D;*). Through the analysis,
the D;,* of N-MoS, NHTs@S$ (A, C;, C,: 1.46 x 107, 0.32 x 107,
0.61x 1077 cm? s71) are all higher than that of MoS, NHTs@S (A,
C;, C,:1.13%x1077,0.16 X 1077, 0.42 X 1077 cm? s71) (Figure 3e).
Above discussed findings demonstrate that MoS, NHTs@S sig-
nificantly enhances the rate of both solid-liquid and liquid—solid
conversion.

In Figure 3f, the N-MoS, NHTs@S cathode can maintain
good overlap after three CV cycles at 0.5 mV s~!, which demon-
strates that N-MoS, NHTs@S dynamically relieves the dissolu-
tion of LiPSs and boosts the its conversion reversibility during
discharge/charge process. Figure 3g indicates the galvanostatic
charge/discharge (GCD) profiles of N-MoS, NHTs@S and MoS,
NHTs@S at 0.1 C. There are two platforms in discharge curves, in
which the first platform belongs to Sg to Li, S, (4 <n < 8) and the
second one is accordance with long chain LiPSs to Li,S,/Li,S.[>”]
Especially, the first (1st) and the second (2nd) discharge platform
capacity of N-MoS, NHTs@S cathode are 373.2 and 915.8 mAh
g~!, respectively, both higher than that of the MoS, NHTs@$
cathode (362.3 and 811.0 mAh g=!). The discharge platform ca-
pacity ratio between 2nd and 1st is used to analyze the catalytic
efficiency of LiPSs,*¥ and the ratio of N-MoS, NHTs@S$ cath-
ode is 2.45, better than that of MoS, NHTs@S cathode (2.24)
(Table S1, Supporting Information). Besides, N-MoS, NHTs@$S
cathode also exhibits the smaller polarization value (AV, = 106.6
mV), further suggesting N-MoS, NHTs@S possesses exceptional
LiPSs mediation capability due to the addition of N atoms to in-
duce interspace expansion of MoS, and adjust electron distribu-
tion.

The electrochemical impedance spectroscopy (EIS) measure-
ment is helpful to estimate as-prepared materials toward sulfur
dynamics of conversion. Before cycling, all the samples show
one semicircle (high-frequency region) and straight line (low-
frequency region), corresponding to charge transfer (R,) and Li*
diffusion resistance (Z,), respectively (Figure S13a, Supporting
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Information). After cycling, additional semicircles both appear
in two materials cathodes, which are ascribed to form solid elec-
trode/electrolyte interfacel®! (Figure S13c, Supporting Informa-
tion). Due to electrolyte infiltration, the active substances on the
electrode surface are redispersed after cycling. So, the R, and Z,
both become smaller than that of before cycling. By comparison
the R, and Z, of N-MoS, NHTs@S cathode and MoS, NHTs@$S
both before and after cycling (Figure S13b—d, Supporting Infor-
mation), one can find that the N-MoS, NHTs@S cathode mani-
fests the much lower R, (30.575 and 5.353 ) and Z, than those
of MoS, NHTs @S (44.185 and 6.028 Q), which also explain that N
doping can greatly enhance the redox kinetics of MoS, for LiPSs
transformation.

Then, the catalytic performances of various materials are fur-
ther analyzed by symmetric cells test. In corresponding EIS test
(Figure S13e, Supporting Information), N-MoS, NHTs symmet-
ric cells perform a lower R, and a steeper slope compared to
MoS, NHT;, suggesting N-MoS, NHTs are helpful for enhanc-
ing the redox kinetics. The CV analyses (Figure S13f, Support-
ing Information) show that the N-MoS, NHTs and MoS, NHTs
electrodes both have two pairs of redox peaks, which suggest that
there are the redox reactions inside the symmetric cells. In detail,
the cathodic peaks A and B belong to reduce Sg to Li, S and fol-
lowingly reduce to Li,S,/Li,S, respectively. The subsequent an-
odic peaks C and D are corresponding to the inverse oxidation
processes.[*"] Compared to MoS, NHTs electrode, the N-MoS,
NHTS electrode shows greater I, and the smaller A Vvalue, which
suggests that N-MoS, NHTs electrode possesses the better elec-
troactivity and kinetics for sulfur bidirectional reaction.

In addition, the Li,S nucleation experiments are carried out to
analyze the catalytic activity of as-prepared samples for LiPSs con-
version. In Figure 3h,i, N-MoS, NHTs/CP exhibits the higher cur-
rent value and the precipitation capacity (0.049 mA, 151.2 mAh
g~!) than those of MoS, NHTs/CP (0.012 mA, 111.5 mAh g7).
A faster conversion rate can generally be inferred from shorter
nucleation times. Obviously, the time of nucleation of N-MoS,
NHTs/CP is #7500 s, which is faster than that of MoS, NHTs/CP
(9165 s).These results further suggest that N-MoS, NHTs en-
hance electroactivity for conversion of Sy to the Li,S, (4 < x < 8).

The galvanostatic intermittent titration techniques (GITT) op-
erational test, which can monitor the internal resistance and the
lithiation overpotential at various charge—discharge stages, is per-
formed. In Figure S14a,b of the Supporting Information, the
two discharge plateaus can be observed, which correspond to the
conversion from S, to LiPSs, and then following to Li,S,/Li,S.
In addition, one charge plateau can also be found, which is at-
tributable to the reaction from Li,S,/Li,S back to Sg.*!l Com-
pared to MoS, NHTs@S electrode, the N-MoS, NHTs@S elec-
trode presents higher charge/discharge capacity of 1178.3/1119.9
mAh g~!, Coulombic efficiency of 95.0%, and lower voltage dif-
ference (AE) of 224 mV between the equilibrium and operat-
ing states visualization. Moreover, the resistance curves (Figure
Sl4c,d, Supporting Information) calculated by Equation (S2) of
the Supporting Information show that the internal resistances of
N-MoS, NHTs@S are lower than that of MoS, NHTs@S during
the charge/discharge procedures, further confirming the N dop-
ing can boost the ions transfer and redox kinetics.[*?]

Figure 4a shows the rate performance of the prepared ma-
terials, revealing that the N-MoS, NHTs@S cathode exhibits

© 2023 Wiley-VCH GmbH

95U8017 SUOWIWOD SA a1 3(eoldde au Aq peusenob a1e seolie VO ‘85N JO Sa|n. 10) ARl 8UIIUO AB|IA LD (SUONIPUOD-PUR-SLLIBY WD A8 | I ARe.q1|BulUO//SdL) SUONIPUOD pue SWie | au8es *[£202/2T/S0] Uo Akeiqiauliuo A(IM ‘AisIeAIuN Ueme ] feuoleN AQ STOS0EZ0Z |WS/Z00T 0T/I0p/Wod A8 | im* Ake.d 1 jpuluoy/sdny Wwolj pepeojumod ‘8t ‘€202 ‘62898T9T



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

(b)%,
0z " 21600 100
S <« <
E 3 E ..... Capacity-retention: 92.3 % 180 >
| ~ IR 2 7
2" HFR S -
= &= o Capacity-retention: 83.4% = E
8 800 o 8 goo s . o
] s 8 ' i 40 -2
Capacity-retention: 73.2 % 0
o £ o £
2 400 o N-Mos,NHTs@s| 20 2 2 4001 o nvos,NHTs@S +20 3
P ) @ MoS, NHTs@S 3 £ @ N-MoS, NHTs@S 8
8 9 Unit ='C ' ' 9 Mos@s (&) 8 0 o MoSz.@S i i i 01C 0
[=] 0 10 20 30 40 50 60 a 0 20 40 60 80 100
Cycle number Cycle number
(c) = (d) _
1200 125 —-100
< i - c i o
< "k S 104 o &
£ b, > é 10 80 >
800{" c 81 c
2 N g & 160 &
s [ %‘ 61 ©
S y L L40 ©
g 400 - g 4% 40 e}
o £ V] Capacity-retention; 5 .o .m? : 61.54 % b
= @ N-MoS; NHTs@S: , 3 e 2. Capacity-retentiong g ;g e : 60.79 % 20 3
c @ MoS, NHTs@S Capacity-retention: 52.9 % b © ——7.5mg cm2-02C 2
S gl teses ' . __to¢, © g 0l=60maem®o2c N-MoS, NHTs@S | ©
S 0 100 200 300 400 500 0 20 40 60 80 100
(e) Cycle number Cycle number
M ~
[\/1 Fast electron diffusion [\/| High specific capacity o

[\/] More actice sites exposure [\/| Enhanced cycle stabilty

Cathode
Anode Separator

o B> ' Modify Cathode
o @ “ ‘ E‘\'p
® . o i
w [ g
R,

S

°°

LS Li,
e ® Enhanced
LiPSs

c ) Transform
f Li,S LS w

Figure 4. a) Rate (0.2—4 C) performances and persistent behavior at b) 0.1 Cand c) 1.0 C of N-MoS, NHTs@S, MoS, NHTs@S5, and MoS, @S cathodes.
d) The areal capacity of N-MoS, NHTs@S cathodes under 0.2 C with high sulfur loading. e) Reaction principle of LSBs batteries with N-MoS, NHTs@S.

impressive initial discharge capacity (IDC) at different rates (0.2,
0.5, 1.0, 2.0, 3.0, and 4.0 C) of 1145.9, 1014.4, 920.5, 849.2, 800.3,
and 732.5 mAh g, respectively, superior to other comparative
samples. The rate switched back to 0.2 C, the N-MoS, NHTs@S
cathode can also maintain the 89.1% capacity (1021.1 mAh g™')
of its initial value, which suggests that N-MoS, NHTs@S pos-
sesses the good charge/discharge stability. In addition, by com-
paring the differences of the corresponding GCD profiles of as-
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prepared samples (Figure S15a—c, Supporting Information), one
can find that N-MoS, NHTs@S shows lower polarization values
than those of the comparison samples at different current density
(Figure S15d, Supporting Information).

To further study the long-term cycling durability of the N-
MoS, NHTs@S$, the cycling properties at 0.1 C for 100 cycles are
first observed in Figure 4D, in which N-MoS, NHTs@S shows
the high IDC of #1276.9 mAh g™! and also can maintain high
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CR of 92.3% (the 100th cycle capacity is 1178.2 mAh g™'). In
comparison, the IDC of MoS, @S and MoS, NHTs@S$ cathodes
are only 941.6 and 1173.1 mAh g™', much worse than that of
N-MoS, NHTs@S. Moreover, after cycling test, the CRs are
only 83.4% and 73.2%, respectively, further confirming N-MoS,
NHTs@S has the excellent stability in LSBs. And the specific
energy of N-MoS, NHTs@S (335.45 Wh kg™'), calculated by
Equations (S3) and (S4) of the Supporting Information, is also
higher than that of not N-doped materials (308.19 Wh kg~?). The
results are also supported by the long-term cycling tests at higher
current densities. At 1.0 C, N-MoS, NHTs@S$ shows the higher
IDC (887.8 mAh g~!) than that of MoS, @S (506.1 mAh g™') and
MoS, NHTs@S (662.6 mAh g=') cathode (Figure 4c). After 500th
cycle, N-MoS, NHTs@S still keeps the initial capacity of 78.2%
(low capacity-decay rate per cycle of 0.0436%), and surpasses the
MoS, @S (52.9%) and MoS, NHTs@S (41.6%). Additionally, the
N-MoS, NHTs@S$ cathode also can achieve high IDC of 724.7
mAh g-! with splendid cyclic stability (CR of 61.8% and low
capacity-decay rate per cycle of 0.0293%) at 2.0 C (Figure S16,
Supporting Information).

LSBs with suitable N/P ratio under high S loading and low
electrolyte/sulfur (E/S) ratio (10 < pL mg™') condition are neces-
sary for the commercial application. Therefore, the performances
of MoS, NHTs@S and N-MoS, NHTs@S cathode under high
sulfur loading and low E/S are investigated. In Figure 4d, N-
MoS, NHTs@$ with S loading of 6.0 mg cm 2 exhibits high ini-
tial areal capacity of 6.45 mAh cm~2 at 0.2 C. Remarkably, with
a further increase in sulfur loading mass to 7.5 mg cm™2, N-
MoS, NHTs@S also deliver high initial areal capacity (7.80 mAh
cm~2) and CR (61.53%) after 100 cycles. In sharp contrast, MoS,
NHTs@S cathode under high S loading possesses only low ini-
tial areal capacity of 4.74 and 6.45 mAh cm~ with CR of 59.11%
and 39.81%, respectively (Figure S17, Supporting Information),
which suggests that the cyclic stability of MoS, NHT in high
sulfur loading can be enhanced after N doped. The rate perfor-
mance at high S loading is also investigated (Figure S18a, Sup-
porting Information). Consistent with the low-loading results,
the N-MoS, NHTs@S cathode demonstrates impressive initial
areal capacity at various rates (0.2, 0.5, 1.0, and 2.0 C), which are
4.56, 4.14, 3.14, and 2.40 mAh cm~?, respectively, outperform-
ing other comparative samples. After switching back to 0.2 C,
the cathode maintains 98.7% of its initial areal capacity, equiv-
alent to ~4.50 mAh cm™ (the average values of 5 cycles). Fur-
thermore, the electrochemical performance of batteries with high
sulfur loading is investigated. Even though the AV (405 mV) and
the R, (36.485 Q) all grow due to the increase of the sulfur load-
ing, the batteries with N-MoS, NHTs@S still perform better elec-
trochemical performance (Figure S18b,c, Supporting Informa-
tion). Combined with the above analysis, it can be concluded that
as-made N-MoS, NHTs@S is an excellent S host material for
LSBs. As shown in Figure 4e, the outstanding performance of
N-MoS, NHTs mainly originates from following three reasons.
1) The 1D hollow structure provides more storage space for sul-
fur, thus increases the S loading.[**] 2) CdS NR template prevents
the aggregation of MoS, to expose more active sites.[** 3) The
N doping expands the layer space and regulates the electronic
structure of MoS, sheets, which accelerates the mass/electron
transfer and enhances the intrinsic activity toward the LiPSs
conversion.
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Moreover, DFT calculations are employed to gain insight into
the catalytic mechanism of as-prepared samples for S involved
reaction. Figure S19 (Supporting Information) and Figure 5a,b
show the adsorption model of Li,S, on catalyst surface and the
corresponding adsorption energy, in which N-doped MoS, shows
the higher adsorption energy than that of MoS,, indicating N-
doped MoS, shows the stronger adsorption capacity toward Li, S,..
In Figure 5c¢, the Gibbs free energy change (AG) of each step
from S, to Li, S is also calculated, where the rate determining step
(RDS) is Li, Sg converting to Li, S, the N-doped MoS, displays the
lower AG 0f 0.15 eV, smaller than that of MoS, (0.21 eV), suggest-
ing that N doping can effectively decrease the energy barriers of
RDS and enhance MoS, performance toward the conversion of
LiPSs. The density of states (DOS) is beneficial for understanding
the inner electronic structure difference, exhibited in Figure 5d,e.
Previous studies have shown when the d-band centers are closer
to the Fermi level (0 eV), there is a stronger interaction between
metal and absorbed LiPSs.*] The d-band centers are calculated
to be —3.49 eV for MoS, and —3.27 eV for N-doped MoS,, proving
that N doping can promote the adsorption of LiPSs. In short, the
DFT calculation shows that N doping can lead to the expansion
of interlayer space and adjust electron distribution, ultimately en-
hancing the conversion of LiPSs.

3. Conclusion

In conclusion, we successfully prepare the hollow nanotubes
comprised of ultrathin N-doped MoS, nanosheets as a highly
attractive cathode material for LSBs. Combining theoretical cal-
culation with experimental analysis, one can find that N-MoS,
NHTs show high S loading, strong adsorption capacity for LiPSs,
and low energy barrier of RDS in cell reaction. Hence, the bat-
teries with N-MoS, NHTs@S$ display an excellent performance
with the high initial capacity of 1276.9 mAh g=' at 0.1 C and rel-
atively high CR of 92.3%. Furthermore, even though at 2.0 C, the
N-MoS, NHTs@S$ cathode can still reach relatively high IDC of
724.7 mAh g™! and good cyclic stability (low capacity-decay rate
per cycle of 0.0293% after 1300 cycles). Under high S loading
(7.5 mg cm™2), N-MoS, NHTs@S$ still maintains the high initial
areal capacity that of 7.80 mAh cm~? with good durability (CR of
61.53% after 100 cycles) CR still maintains. This work elucidates
a promising path designing advanced MoS,-based cathodes for
LSBs through morphology control and doping engineering.
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the author.
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