A Versatile Preparation of Mesoporous Single Layered Transition Metal Sulfide/Carbon Composites

for Enhanced Sodium Storage
Xing Zhang ! Wei Weng 2 Hao Gu >, Zibo Hong 1 Wei Xiao?, Feng (Ryan) Wang 3 WeiLi*, Dong Gu**
! The Institute for Advanced Studies, Wuhan University, Wuhan, Hubei 430072, P. R. China

2 College of Chemistry and Molecular Sciences, Wuhan University, Wuhan, Hubei 430072, P. R. China

: Department of Chemical Engineering, University College London, Roberts Building, Torrington Place,

London WCI1E 7JE, UK
¢ Department of Chemistry, Fudan University, Shanghai 200433, P. R. China
*Corresponding author:

E-mail address: DGu@whu.edu.cn

Keywords: mesoporous materials, single layered, transition metal sulfide, sodium ion battery, full

cell

Accepted Article

This article has been accepted for publication and undergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences
between this version and the Version of Record. Please cite this article as doi:_
10.1002/adma.202104427.

This article is protected by copyright. All rights reserved.

") Check for updates


https://doi.org/10.1002/adma.202104427
https://doi.org/10.1002/adma.202104427
https://doi.org/10.1002/adma.202104427
mailto:DGu@whu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202104427&domain=pdf&date_stamp=2021-10-22

Accepted Article

WILEY-VCH

Abstract

Transition metal sulfides are promise electrochemical energy storage materials due to their
abundant active sites, large inter-layer space and high theoretical capacities. Especially for sodium
storage. However, the low conductivity and poor cycling stability at high current densities hampered
their applications. Herein, we report a versatile dual-templates method to elaborate ordered
mesoporous single layered MoS,/carbon composite with high specific area, uniform pore size and
large pore volume. The single layered MoS, is confined in the carbon matrix. The mesopores
between the composite nanorods provide fast electrolyte diffusion. The obtained nanocomposite
shows a high sodium storage capability, excellent rate capacity, and very good cycling performance.
A 310 mAh g' capacity can remains at 5.0 A g" after 2500 cycles. Furthermore, a SIB full cell
composed the MoS,/carbon composite anode and a NasV,(PO,); (NVP) cathode maintains a specific
capacity of 330 mA h g* at 1.0 A g"* during 100 cycles. The mechanism is investigated by in situ and

ex situ characterizations as well as density functional theory (DFT) calculations.
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1. Introduction

Sodium ion batteries (SIBs) has been considered as auspicious alternatives for the state-of-the-art
lithium ion batteries (LIBs) because of the rich natural abundance (Na: 2.3 wt% vs. Li: 0.0017 wt%).
6] However, owing to the bigger ionic radius of Na* (1.02 A) compared to Li* (0.76 A), the reaction
kinetics of SIBs is sluggish with severe volume changes. 47101 T\ o-dimensional (2D) transition metal
sulfides with high theoretical specific capacity (670 mAh g™ for MoS,) and tunable interlayer spacing
have widely been investigated as desirable anode materials for SIBs. ***®! However, the inadequate
charge/mass transfer, ™ and large volume variation during the charge/discharge cycling tends to
deteriorate cycling stability and high-rate performance. ¥ To solve these issues, strategies on
modulation of microstructure, expansion of interlayer distance, as well as incorporation with various

conductive matrixes, have been employed. #7921

Amphiphilic molecules and polymers such as cetyltrimethylammonium bromide (CTAB),
oleylamine, oleic acid, and polyvinyl pyrrolidone (PVP) have been used as expander and/or carbon

precursors to synthesize large interlayer space or single layered MoS,/carbon composites to improve

[2,22-26] [18]

their electrochemical kinetics and structural stability. Wang et al prepared a
three-dimensional MoS, nanoflowers with an expanded interlayer spacing on double layer carbon
tubes with the assistance of PVP. Zhu et al. prepared a single layered ultra-small nanoplates of MoS,
embedded in carbon nanofibers by an electrospinning process. ) Mesoporous materials with large
specific surface area, narrow pore size distribution and large pore volume offer abundant active sites
and efficient mass/charge transfer for sodium storage. Traditionally, ordered mesoporous metal
sulfides and selenides materials are synthesized by using ordered mesoporous silica as hard
template (e.g. Pluronic P123 for SBA-15). Y Normally, the organic templates (such as Pluronic

P123 for SBA-15) are removed by calcination or other methods before the mesoporous silica are

used as hard-templates. However, the as prepared mesoporous silica with the organic templates are
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still inside the pore channels are seldom be used directly as templates due to their pore channels are
blocked. Unexpectedly, the nitrogen sorption results (Figure S1) of the untreated SBA-15 (with P123
still inside, named as SBA-15-P123) show that it already has an open pore framework with

considerable specific surface and pore volume. These features make it a potential hard template.

We herein report a versatile dual-templates strategy to fabricate single layered mesoporous
transition metal sulfide/carbon composites by using SBA-15-P123 as the template. The
mesostructured silica framework provides a confined space to prevent the metal sulfides from
growth outside the channels. While Pluronic P123 polymer serves a matrix to facilitate the metal
sulfides precursor highly dispersed and acts as the carbon source. The dual-templates strategy
avoids the use of additional carbon source, and poisonous sulfur source (such as S, H,S), resulting in
an eco-friendly and controllable process. Specifically, single layered mesoporous MoS,/carbon
materials (denoted as SMSC-x-Mo-y, where x represents the template (1 represent SBA-15-P123, 2
for MCF-P123, 3 for KIT-6-P123, 4 for MCM-41-CTA" and 5 for pure P123)and y represent different
metal sulfide loading amounts) are constructed with the MoS; loading up to 80 wt% and surface area
up to 237 m? g™. The detailed physicochemical properties of all the composites are summarized in
Table S1. When evaluated as an anode material for SIBs, the SMSC-1-Mo-2 shows excellent cycling
stability and outstanding high-rate performance. Furthermore, this method is also suitable for

synthesizing other two-dimensional metal sulfide/carbon composites such as WS, and ReS, with

[11] [32] [33]

potential applications such as energy storage, ™ catalysis, " biomedicine, ®®and sensor.

2. Results and Discussion

As illustrated in Figure 1a, thiourea is mixed with SBA-15-P123. Then, H;PMo01,0,, (PMA) is added

to the mixed solution during magnetic stirring. After the solvent evaporated, thiourea and PMo,,

This article is protected by copyright. All rights reserved.

4



Accepted Article

WILEY-VCH

are impregnated into the pore of silica template. Owing to the existence of thiourea, there is no
need to add extra harmful sulfur vapor and/or H,S gas at the following vulcanization process in Ar
atmosphere. As the temperature increased, P123 is pyrolyzed and simultaneously intercalated into

the layer space of MoS, nanosheets. Finally, after template removal, a series
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Figure 1. a) Schematic illustration of the formation process of SMSC-1-Mo. b) SAXS patterns. c) XRD
patterns. d) N, adsorption/desorption isotherms and pore size distribution of SMSC-1-Mo-2. e) SEM
image, f,g) TEM images, h) HRTEM image, i) STEM image and j) corresponding elemental mappings
of SMSC-1-Mo-2.
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of single layered mesoporous MoS,/C composites (SMSC-1-Mo-1, SMSC-1-Mo-2, SMSC-1-Mo-3) with
the carbon content of 30, 26 and 20% are formed. The carbon contents are determined by
thermogravimetric analysis (TGA) (Figure S2). Pure P123 and SBA-15-OH (silanol-rich SBA-15) B4 are
also used as templates for the synthesis. Single layered MoS, is also observed in the transmission
electron microscopy (TEM image) of SMSC-5-Mo by only using P123 as the soft-template and carbon
source (Figure S3). Single layered MoS,; is absent by using SBA-15-OH as the template (named as
meso-MoS,, Figure S4). TEM image of meso-MoS, shows an interlayer spacing of 0.65 nm (Figure
S4b), indicating that P123 plays an important role in formation of single layer MoS, structure. The
carbon content of annealed thiourea@SBA-15-P123 is 7.7 % (Figure S5 and S6). When annealing
SBA-15-P123 without impregnating thiourea in Ar, P123 is completely decomposed and there is
almost no residual carbon. The thiourea may facilitate the carbonization process of P123 to a certain
degree. Thus, the P123 is pyrolyzed and simultaneously intercalated into the inter layer space of

MoS, sheets during the formation of MoS,.

Small angle X-ray scattering (SAXS) patterns of all the SMSC-1-Mo samples in Figure 1b clearly
show four well-resolved scattering peaks that can be ascribed to (100), (110), (200), and (210) planes
of two dimensional (2D) hexagonal symmetry with the space group of p6mm, indicating good
replication of the ordered mesoporous silica template. Powder X-ray diffraction (XRD) patterns
(Figure 1c) of meso-MoS, shows distinct reflections of 2H phase MoS, (JCPDS No. 37-1492). While
the (002) reflection peak of all the SMSC-1-Mo composites disappears, suggesting no stacking of
MoS, layers in the c direction. Beside the two reflection peaks at 33.5° and 59.1° of (100) and (110)
planes of MoS,, the SMSC-1-Mo composites also display two weak reflections at ~7.5° and 17.6°,
which are attributed to the reflection from adjacent single layered MoS, sheets. [18,20.23,26] Thase two
peaks shift to lower degree positions with the decreasing of MoS, content, indicating higher single

layered MoS, content formed. B537 As shown in Figure 1d and Figure S7a, the nitrogen
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adsorption-desorption isotherm of SMSC-1-Mo-2 and the other two composites have two
distinguishable capillary condensation steps, coinciding with a type IV isotherm. The
Brunauer-Emmet-Teller (BET) surface areas of SMSC-1-Mo-1, SMSC-1-Mo-2, and SMSC-1-Mo-3 are
calculated to be 237, 190 and 182 m” g™. The pore volumes are 0.39, 0.29 and 0.22 cm® g™* (shown in
Table S1). Scanning electron microscopy (SEM) (Figure 1e) image of SMSC-1-Mo-2 shows a rod-like
morphology which analogous to the SBA-15 template. TEM (Figure 1f and g) images confirm the 2D
hexagonal structure and single layered MoS, sheets occur. High-resolution TEM (HRTEM) image
(Figure 1h) clearly shows the lattice of MoS, sheet. The interplane spacing is ~0.26 nm, consistent
well with (101) crystal plane of 2H phase of MoS,. The Fast Fourier Transform (FFT) image displays a
typical hexagonal lattice structure. Similar structures appear in SMSC-1-Mo-1 and SMSC-1-Mo-3
(Figure S8). Surprisingly, the element of N is detected besides Mo, S and C in SMSC-1-Mo-2 (Figure
1j) based on scanning transmission electron microscopy (STEM) (Figure 1i). Figure S9 shows the

content of N is about 3.0 wt%, consistent well with the result of elemental analysis (Table S2).

Furthermore, Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were carried out
to analyze the chemical composition of SMSC-1-Mo-2 and meso-MoS,. As shown in Figure 2a, the
bands of 383-385 and 407-411 cm™ are assigned to in-plane Elzg and out-of-plane A;; vibrational
modes of MoS,. The frequency separation between Elzg and A;, modes of SMSC-1-Mo-2 (23.4 cm) is
much lower than that of meso-MoS, (26.8 cm™), suggesting an enlarged layer spacing of
SMSC-1-Mo-2. 2% The relative intensity ratio (/o/ls) values of D and G peaks is 0.78 for
SMSC-1-Mo-2, demonstrating the existence of amorphous carbon. ®*® The full-scan XPS spectra
(Figure S10a) also indicate the existence of Mo, S, C, N and O elements both in SMSC-1-Mo-2 and
meso-MoS,. The above residual carbon and N-doping in the samples originate from the pyrolysis of
P123 and decomposition of thiourea. As shown in the high-resolution XPS spectra of Mo 3d and S 2p

(Figure 2b), the two peaks of SMSC-1-Mo-2 at ~232.6 and 229.4 eV are attributed to Mo*"in the 2H
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MoS,. ' Meanwhile, the peaks at ~161.8 and 162.9 eV are assigned to S 2P3;, and S 2P,,. 20.39]
Compared to meso-MoS,, the characteristic peaks of Mo*" and S 2p for SMSC-1-Mo-2 shift toward
the lower binding energy, indicating increased electron cloud density in the vicinity of MoS,. % As
depicted in Figure 2c, the high-resolution XPS spectrum of N 1s in SMSC-1-Mo-2 is divided into five
peaks, including graphitic N (400.7 eV), pyrrolic N (399.7 eV), pyridinic N (398.1 eV), N-Mo band
(396.2 eV), and Mo 3p (394.8 eV). Besides, the peak of N-Mo band at about 396.1 eV also appears in

[41]

meso-MoS,. N-doping boosts the electrical conductivity, beneficial to electrochemical

performance. 4%

The effects of N-doping on the MoS, structures are demonstrated by X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra. The average
valence of Mo species is proportional to valence photon energy, representing that the species with

higher oxidation state has a higher absorption threshold position. ®* Figure 2d
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Figure 2. a) Raman spectra of SMSC-1-Mo-2 and meso-MoS,. b) XPS spectra of the Mo 3d and S 2p

regions, and c) N 1s region with fitting curves for SMSC-1-Mo-2 and meso-MoS,, respectively. d)
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XANES and e) Fourier-transformed Mo K-edge EXAFS spectra of pristine MoS,, SMSC-1-Mo-2, and

meso-MoS,. f) R space Mo K-edge EXAFS spectra of SMSC-1-Mo-2.

shows that the absorption edge of meso-MoS, and SMSC-1-Mo-2 shift to high energy compared with
Mo foil, representing that the Mo species in the meso-MoS, and SMSC-1-Mo-2 composite have
higher oxidation state. The absorption threshold position of SMSC-1-Mo-2 (19993.4 eV) and
meso-MoS, (19993.5 eV) are slightly lower than that of MoS, (19994.0 eV). This suggests that the Mo
species have a lower Mo valence. The change of valence is caused by the formation of N-doping,
which is further confirmed by EXAFS. B> The SMSC-1-Mo-2 and meso-MoS, have smaller Mo-S (2.0
A) and Mo-Mo (2.8 A) peaks in Figure 2e, ascribed to the N-doping (see Figure 2f) and defects in the
MoS,. *>**1 The coordination number of Mo-N in SMSC-1-Mo-2 and meso-MoS, are 1.002 and
0.89. The detailed structural parameters, including coordination number and bond distance of the
aforesaid samples, are illustrated in Figure S11 and Table S3. These observations further confirm

that the N atoms are successfully doped into the MoS, crystal.

Electrochemical performances of the above samples are investigated as the anode material for
SIBs. The first cathodic scan in cyclic voltammetry (CV) (Figure S12c) of meso-MoS, electrode shows
three reduction peaks at about 1.31, 0.75 and 0.36 V, attributed to the intercalation of Na® into the
MoS, layers, the conversion of Na,MoS, to Na,S and Mo, as well as the electrolyte decomposition
and formation of solid electrolyte interfaces (SEI), respectively. "**® The reduction peak of
SMSC-1-Mo-2 at about 1.3 V is almost disappeared (Figure 3a). It implies that the intercalation
reaction of Na® into MoS, nanosheets is minor. Instead, Na* might be adsorbed on the surface of
single layered MoS, by the interfacial storage mechanism, which is a typical capacitively controlled

charge storage behavior. ®® Such feature has been proved to impart fast kinetic and long durability to
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electrode materials. ™ In the subsequent scans, the feature related with SEI film gradually
disappears from the CV curves. Owing to the irreversible capacity loss caused by the formation of SEI
film, the area of CV curve for the first scan is dramatically decreased. The subsequent two curves
after the first cycle almost overlap, indicating a stable surface state, structure and electrochemical
reversibility after the initial activation process. [48-50] Owing to the identical chemical composition, CV
profiles of SMSC-1-Mo-1 (Figure S12a) and SMSC-1-Mo-3 (Figure S12b) are nearly the same to that of

SMSC-1-Mo-2, demonstrating similar sodium storage mechanism.

Figure 3b and Figure S12d-f display the discharge-charge voltage profiles of different electrodes
for the first three cycles. The initial Coulombic efficiencies (ICEs) are ~55, 42, 62, and 47 %,
respectively. While, the ICE of mesoporous carbon (MC) electrode in FigureS13 is only ~17%. The
irreversible capacity loss for the first cycle is attributed to the irreversible formation of SEI film,
which is commonly known as the electrochemical activation. ™** Owing to the large specific surface
area of the above samples and the introduction of carbon matrix, the decomposition of electrolyte
and irreversible trapping of Na* in the composite could lead to considerable side reactions. It is also
responsible for the low ICE. ***% Among different electrodes in Figure 3c, SMSC-1-Mo-2 electrode
shows the highest specific capacities of 530, 490, 470, 450, 430, 400 and 370 mAh g'1 at 0.05, 0.1,

0.2,0.5,1,2,and 4 A g, respectively.
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Figure 3. Electrochemical performance for SIBs. a) CV curves and b) the first three-cycle discharge
and charge profiles of SMSC-1-Mo-2 electrode. b) Rate capabilities of SMSC-1-Mo-1, SMSC-1-Mo-2,
SMSC-1-Mo-3, MC and meso-MoS, electrodes. d,e) Cycling performances of SMSC-1-Mo-2, MC and
meso-MoS, electrodes at 0.05 and 1.0 A g, respectively. f) Long cycle performance of SMSC-1-Mo-2
at 5.0 A g”. g) The plot of log (scan rate) versus log (peak current) for anodic and cathodic peaks, h)
CV profile with the capacitive contribution at scan rate of 1.2 mV s of SMSC-1-Mo-2 electrode,
respectively. i) Capacitive contribution at different scan rates for SMSC-1-Mo-2 and meso-MoS,

electrodes.
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When the current density reduces to 0.05 A g7, the specific capacity of SMSC-1-Mo-2 (~535 mAh g*)
is slightly higher than the initial value. The CE of SMSC-1-Mo-2 in Figure 3c gradually increases to
stable value (usually near 100%) from a low value in the very first several cycles. This phenomenon is
usually ascribed to the formation of a stable electrode interface (SEl) because a dense SEl can
effectively avoid considerable side reactions and accordingly achieve a high CE after several cycles.
(12134934 Fisure 3d manifests the cycling performances of the above electrodes at 0.05 A g. After
150 cycles, SMSC-1-Mo-2 electrode displays a much higher specific capacity of 570 mAh g™ than that
of meso-MoS, (260 mAh g™) and MC (240 mAh g) electrodes. When the current density reaches to
1.0 A g, SMSC-1-Mo-2 delivers a higher reversible capacity of 385 mAh g after 1000 cycles (Figure
3e). Compared with SMSC-1-Mo-2, meso-MoS, initially shows a stable cycling performance with a
lower capacity of ~200 mAh g before 75th cycle and then undergoes fast capacity fading to ~40
mAh g after 1000 cycles. This phenomenon suggests that meso-MoS, electrode suffers from the
large volume change-induced uncontrolled aggregation. The capacity of MC electrode is only ~80
mAh g after 1000 cycles. The significant cycling difference among the above electrodes implies
better mechanical stability and superior electrochemical performance of SMSC-1-Mo-2.
SMSC-1-Mo-2 maintains a much higher capacity of 310 mAh g™ even at 5.0 A g™ after 2500 cycles
(Figure 3f). Compared with other MoS,-based electrodes in related literatures (Table S4),

SMSC-1-Mo-2 electrode still has great advantages in terms of reversible capacity and cycle stability.

As shown in Figure S14, the area surrounded by the CV curves represents the total amount of
sodium storage during the electrochemical reaction, including capacitive and diffusion contribution.

The proportion of the capacitive contribution is revealed according to the equations as follows:

i=au® (1)
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log (i) = log (a) + b log (u) (2)

Among them, b value is the slope of linear fitting line of the log (i) and log (uv) value. If the b value
approaches to 1.0, a capacitive-controlled process dominates the storage behavior. 531 The b values
of SMSC-1-Mo-2 (Figure 3g) and meso-MoS, (Figure S15b) are 0.94 (peak 1)/0.97 (peak 2) and 0.99
(peak 1)/0.85 (peak 2), suggesting capacitive-controlled process occupies a dominant contribution
for sodium storage kinetics. The capacitive contribution can be further calculated according to the

following equation:
i=k;u+ku™? (3)

The coefficient k; and k, are related to the contribution of capacitive and ion diffusion, respectively.
As shown in Figure 3h, when the scan rate reaches 1.2 mV st the capacitive contribution in
SMSC-1-Mo-2 reaches 96.6%, indicating most of the capacity contribution originates from the
surface of the composite. Compared with meso-MoS,, the higher capacitive contribution in
SMSC-1-Mo-2 (Figure 3i) is mainly attributed to the following structural advantages: 1) the single
layered structure can rationally shorten ion diffusion pathways and decrease the Na* barrier to
facilitate fast charge carrier transport; 2) the introducing carbon matrix leads to rapid electron
transfer within the entire electrode; 3) the large specific surface area provides sufficient active area
for adsorption and desorption of Na®, thus leading to an excellent rate performance for

SMSC-1-Mo-2, 8135354

Electrochemical impedance spectroscopy (EIS, Figure S16) experiments show that the charge
transfer resistances both before and after 150 cycles of SMSC-1-Mo-2 are much lower than those of
the meso-MoS, electrode. The result further demonstrates the superior electronic conductivity and
fast Na* kinetic diffusion in the solid materials, as well as the enhanced capacitive-like storage

behavior of SMSC-1-Mo-2 during cycling. (0331 |1n order to further study the reaction kinetics of
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SMSC-1-Mo-2 and meso-MoS, anodes, the galvanostatic intermittent titration technique (GITT) test

is shown in Figure S17a. According to Fick’ second law: ***%

(4)

where 1, mg, Mg, Vy, and S stand for the time of current pulse (s), the mass, the molar mass, the
molar volume of active materials, and the area of electrode, respectively. The calculation of AEs and
AET are displayed in Figure S17b. Figure S17 (c,d) show that the diffusion coefficient of Na* for
SMSC-1-Mo-2 electrode is slightly higher than that of meso-MoS,, suggesting faster Na* diffusivity in

SMSC-1-Mo-2.
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Figure 4. Structure evolution on Na® extraction/insertion. a) In situ Raman test of SMSC-1-Mo-2 for
the first cycle. b) Corresponding ex situ HRTEM images of SMSC-1-Mo-2 electrode at different stages

of the first cycle.
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Figure 4a shows in situ Raman result of SMSC-1-Mo-2 for the first cycle. Along with the
discharging process, the peaks of A;, (~406 cm™) and Elzg (~384 cm™) gradually attenuate. As the
voltage reduces from open circuit potential (OCP) to 0.8 V, the two peaks almost disappear. This
situation remains the same until 0.01 V. During the charging process, the aforesaid two peaks
gradually appear at about 1.5 V and become more apparent when the voltage increases to 3.0 V,
indicating the reappearance of MoS,. According to the detailed diagram of in situ Raman spectra
from 395 to 425 cm?, A;; peak has a slight shift, indicating the unobvious Na*
intercalation/deintercalation process, which agrees well with the CV curves of SMSC-1-Mo-2. This
phenomenon is ascribed to the single layered MoS, which has enough layer space to rapidly adsorb
Na*.™® There is almost no significant shift in the position of the two peaks after cycling, further

explaining the extraordinary structural stability of SMSC-1-Mo-2.

The corresponding ex situ HRTEM images in Figure 4b illustrate the phase transformation of
SMSC-1-Mo-2 at different stages. During Na® insertion, the crystal structure of single layered MoS,
weakens and discharging product (Na,S) appears, indicating the conversion reaction taking place at
the voltage of 1.5 V. Owing to the more active sites in single layered MoS, are directly exposed than
that in  multi-layer MoS,, the SMSC-1-Mo-2 electrode achieves a rapid Na'
intercalation/de-intercalation and thereby receives an enhanced rate capability. Along with the
discharging process going on to 0.01 V, single layered MoS, nanosheets nearly disappears and is
mainly converted to Na,S and Mo. When the voltage increases to 3.0 V, the single layered MoS,
nanosheets reappear, revealing the excellent reversibility of SMSC-1-Mo-2 anode. The
corresponding TEM images in Figure S18 further illustrate the single layered MoS, nanosheets
periodically disappear/appear upon cycling. Slight nanoparticles also appear after cycling. According
to the HRTEM analysis in Figure S18, the nanoparticles might be Na,S, generated from the

conversion reaction. These Na,S nanoparticles also disappear/appear periodically upon cycling.[ss]
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The morphology of SMSC-1-Mo-2 in Figure S19 (a,b) is well-maintained after 150 cycles. In addition,
owing to the existence of the amorphous carbon, the severe aggregation in single layered MoS,
materials during repeated cycling is significantly alleviated, leading to the superior high-rate

capability and excellent long-term cycle stability.

DFT (Figure 5) calculations reveal the models of Na adsorption on single MoS, and MoS,/graphene
(MoS,-G (002)) surface. The adsorption energy of Na on MoS,-G (002) is -1.80 eV, much higher than
that (-1.50 eV) on MoS,. The higher adsorption energy indicates that Na can be more easily anchored
on the MoS,-G (002) configuration than the single MoS,, resulting in higher Na storage ability in the

former case. Such an enhanced ability for anchoring
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Figure 5. a) Optimized structures for the adsorption of Na on MoS, and MoS,-G (002) as well as the
corresponding isosurfaces of local charge density difference (Green and red denote -1.25x10° and
1.25x10° e per A® isosurfaces, respectively). b) Bader charge analysis for determining the Electron
transfer from Na to MoS, and MoS,-G (002). c) Total density of states (TDOS) of MoS, and MoS,-G
(002). d) Migration energy of Na from one adsorption site to adjacent adsorption site. e) Schematic

illustration of superior electrochemical performance of SMSC-1-Mo-2 composite.

Na results from the synergy effect between MoS, and graphene, which tunes the electron transfer
ways around the Na atoms. Electron transfer occurs mainly between Na and S atoms for the
MoS,-Na (adsorption of Na on MoS,) configuration, which means electrons of Na are lost and
accumulated around the nearby S atoms (Figure 5a). Instead, the lost electrons of Na are allocated
on both nearby S atoms of MoS, and adjacent C atoms of graphene for MoS,-G (002)-Na
configuration (adsorption of Na on MoS,-G (002)). Tuning the electron transfer by addition of
graphene is further revealed by the Bader charge analysis (Figure 5b). It means that the lost 0.80 e’
of Na are completely transferred to MoS, on the MoS,-Na configuration, while the depleted 0.77 €’
of Na are distributed on both MoS, (0.12 e) and graphene (0.65 e’) on the MoS,-G (002)-Na
configuration. Therefore, the existence of graphene on MoS, tunes the electrons transfer between
Na and the composites, contributing to more easily anchoring of Na for SIBs. Another merit of
adding graphene to the MoS, materials is the enhanced conductivity (Figure 5c), as shown by the
change from the semiconductor-characteristic TDOS of MoS, to conductor-characteristic TDOS of
MoS,-G (002). The increased conductivity accelerates the charge transfer. Moreover, the existence
of graphene promotes the migration of Na atoms (Figure 5d), as shown by the lower migration
barriers of Na on MoS,-G (002) than that on MoS,. This promotion results in fast reaction kinetics

and excellent electrochemical performance. The DFT calculations and the experiment results all
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demonstrate that the superior electrochemical performance of SMSC-1-Mo-2 is mainly attributed to
its highly predominated charge storage mechanism of the capacitive process. As illustrated in Figure

5e, the incorporation of carbon on MoS2 sheet surface promotes the Na storage and charge

transfer.
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Figure 6. Electrochemical performance of sodium ion full batteries. a) Schematic illustration of
assembling sodium ion full battery (SMSC-1-Mo-2//NVP) with SMSC-1-Mo-2 and NVP as anode and
cathode, respectively. b) CV and c) charge-discharge curves of SMSC-1-Mo-2//NVP at 2™ cycle. d)
Rate capability and e) cycling performance of SMSC-1-Mo-2//NVP in the cut-off voltage of 0.5-3.2 V.

f) Optical image of the sodium ion full battery powering a LED bulb.

In view of the prominent performance of SMSC-1-Mo-2 electrode in half-cell, sodium ion full cells

are constructed by using NazV,(PO,); (NVP) as the cathode (Figure 6a). Before assembling the full

Accepted Article

cell, the SMSC-1-Mo-2 anode is pre-sodiated for 3 cycles to prevent the side reactions between the

electrode and electrolyte. The ratio of cathode material (NVP) to anode material (SMSC-1-Mo-2) is
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~6, calculated based on the charge capacities of SMSC-1-Mo-2 and NVP in Figure S20. Voltage cutoff
window of SMSC-1-Mo-2//NVP is designed as 0.5-3.2 V for all of the charge-discharge processes. As
shown in Figure 6b, two broad peaks at 1.58, 2.52 V in cathodic sweep and 1.32, 1.81 V in anodic
sweep appear in the CV of the full cell. As shown in Figure 6c, the discharge and charge specific
capacities are ~600 and 630 mA h g™ with a CE of 95.2% at a current density of 0.05 A g™ (based on
the mass of SMSC-1-Mo-2). Figure 6d shows the rate capability of the SMSC-1-Mo-2//NVP from 0.1
to 4.0 A-g™. The average specific capacities of the SMSC-1-Mo-2//NVP are 394, 365, 337, 296, 251,
201 mAh g* at the current densities of 0.1, 0.2, 0.5, 1.0, 2.0, 4.0 A-g"* after 5 cycles, respectively.
Importantly, when the current density returned to 0.1 A-g"l, the SMSC-1-Mo-2//NVP recovers to
nearly 350 mAh-g*, indicating excellent rate performance. After 100 cycles at 1.0 A g™ (Figure 6e),
the specific capacity is retained ~330 mA h g™. In Figure 6f, an LED bulb is successfully lighted up by
the assembled SMSC-1-Mo-2//NVP full cell. When compared to other MoS,-based full cells in Table
S5, the performance of SMSC-1-Mo-2//NVP full cell is also outstanding. The superior performance
for both SIBs and full cells is ascribed to the following two aspects: ( i) The incorporation of
amorphous carbon, defects and N-doping, as well as the establishment of MoS,-carbon
heterointerface can enhance the electronic conductivity, increase numerous active sites for sodium
storage, accelerate charge transfer, prevent the stacking of single layered MoS, nanosheets and
thereby maintain the structural stability during the cycling; (i) Single layered MoS, and ordered

mesoporous nanostructure can expose more active sites and accelerate the ion diffusion kinetics.

Apart from excellent performance, a security, eco-friendly, convenient and controllable method
for unique materials is of great importance to practical application. In this work, to further
demonstrate the generality of this method, different single layered mesoporous MS,/C (M=Mo, W,
Re) composites are successfully synthesized by using other mesoporous silica templates (e.g.

MCF-P123, KIT-6-P123, MCM-41-CTA") and metal precursors (e.g. PMA, H;PW;,040 and NH,ReQ,). As
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shown in Figure S21(a-c), single layered MoS, nanosheets occur in SMSC-2-Mo templated from
MCF-P123, SMSC-3-Mo templated from KIT-6-P123, and SMSC-4-Mo templated from MCM-41-CTA",
respectively. The XRD patterns of the above samples in Figure S21(d-f) also demonstrate the single
layered MoS,, consistent with the TEM images. The XRD pattern of SMSC-1-W templated from
SBA-15-P123 in Figure S22a shows no crystal plane diffraction peak appearance at 14.4°, indicating
there is no stack along (002) plane, and thus proving the sample is single layered WS, nanosheets.
The result corresponds to its TEM image in Figure S22b. Similarly, taking the NH,ReQ, as the metal
precursor, the single layered mesoporous ReS,/C (SMSC-1-Re) templated from SBA-15-P123 is
successfully obtained according to Figure S23, demonstrating the generality of this synthetic

approach. The physicochemical properties of the above samples are also summarized in Table S1.

3. Conclusion

In summary, a versatile, eco-friendly, and general synthesis strategy has been developed to
exclusively fabricate single layered mesoporous metal sulfide/carbon composite. The obtained
MoS,/carbon nanocomposites have a high specific surface area of up to 237 m” g and high MoS,
content of up to 80%. The unique single layered structure significantly promotes the electrical
conductivity and structural stability. As expected, the SMSC-1-Mo-2 displays a remarkable
electrochemical performance with prolonged cycle life, superior reversible capacity and excellent
rate capability. Besides, the reaction mechanism of SMSC-1-Mo-2 has been systematically
investigated by in situ and ex situ characterizations. This work could be expected to guide the future
designing protocol for various mesoporous single layered transition metal sulfide/carbon composite

materials.
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Mesoporous single layered MoS,/carbon composite is successfully synthesized and displays
remarkable electrochemical performance for both sodium ion batteries and sodium ion full cells. The
reaction mechanism has been systematically investigated by in situ and ex situ characterizations.
This work might be expected to guide the future designing protocol for various mesoporous single

layered transition metal sulfide/carbon composite materials.
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