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Hollow and dense SnS sub-microspheres constructed from self-
assembled nanosheets wrapped in a nitrogen-doped carbon shell
were prepared by a low-cost, process
followed by annealing. The lithium-ion storage capacities of the

facile solvothermal

hollow and dense spheres were tested and compared as anodes
in lithium-ion battery half cells. The hollow microspheres showed
low internal charge transfer resistance, good buffering of volume
changes during lithiation and delithiation and good rate and cy-
cling performance. After 1000 cycles, the hollow SnS composite
still delivered a capacity of 420 mA h g* at 1.0 A g%, which is
2.5 times higher than that of the dense spheres. The capacity re-
tention from the second cycle on was 84% and 75%, respectively.
The superior lithium storage performance of the hollow particles
arise from their pronounced porosity, hierarchical architecture
from the self-assembled nanosheets and well-controlled uniform
carbon shells.

1. Introduction

Rechargeable lithium-ion batteries (LIBs), which have high
energy densities and acceptable safety features, are the most
widely used energy-storage devices since their successful com-
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mercialization in the 1990s. Intensive research has been
performed to identify potential materials to replace conven-
tional graphite anodes to improve the energy density and cy-
cling stability."™* Among various candidates, tin-based com-
pounds have attracted attention, because of their low cost,
high theoretical capacity and high abundance.>® SnS, which
has a high theoretical capacity (752 mA h g™"), is a promising
candidate and thus has attracted considerable research inter-
est.”' Its unique two-dimensional (2D) crystal structure, in
which graphene-like atomic layers are held together by van
der Waals forces enables convenient intercalation and
deintercalation of Li"."*™'® However, the overall low conductiv-
ity and massive volume change of bulk SnS upon Li" interca-
lation/deintercalation limit its reaction kinetics and make it
difficult to retain the integrity of the composite electrode and
the electrical contact between particles and the conductive
matrix.

Two strategies are often used either separately or in com-
bination to tackle the issues mentioned above: nano-
structuring and compositing with conductive materials.
Nanostructuring has involved the design of 1D nanobelts,®
nanorods,'”*® 2D nanosheets,'*>* nanoflakes,”® and 3D
nanoflowers.”**” Among the various architectural designs,
hollow structures are particularly advantageous, because they
shorten the Li" and electron diffusion paths, increase the
amount of electrochemically active sites by creating more
electrode/electrolyte interfaces, and can better accommodate
the strain induced by volume changes during cycling. How-
ever, complicated and expensive processes such as laser abla-
tion and sacrificial templating are usually required to fabri-
cate hollow structures.”®**° Formation of composites of SnS
with conductive materials such as carbon nanotubes,*’
graphene,"®?** and conductive polymers®®*” is an effective
method for improving the conductivity. However, these con-
ductive materials are often expensive.

Here, we report a facile and low-cost process for fabricat-
ing hierarchical hollow submicrospheres assembled from
SnS nanosheets of four to six atomic layers, and protected
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with a uniform layer of nitrogen-doped carbon. The nano-
scale thickness of the sheets ensures short Li' and electron
diffusion paths. The hollow interior enables relaxation of
the volume expansion toward either the exterior or interior
and this flexibility helps to maintain the structural integrity.
Dense SnS spheres with the same composition and a similar
morphology were also prepared for comparison to prove the
morphological advantages of the hollow spheres. The
electrochemical performance of the hollow SnS/nitrogen-
doped carbon composite was better than that of the dense
spheres in terms of specific capacity, cycling stability, and
rate capability.

2. Experiments
2.1 Synthesis of SnS, submicrospheres

In a typical synthesis of hollow SnS, (H-SnS,) submicro-
spheres, 0.1 mmol of tin(u) acetate and 40 pl of 4-methoxy-
benzyl mercaptan were dissolved in a mixture of 3 ml of eth-
ylene glycol, 2 ml of oleic acid and 0.5 ml of ethanol by
continuous stirring for 30 min at room temperature. The pre-
cursor solution was then sealed in a 10 ml glass vessel with a
Teflon cap and heated in a CEM Hybrid microwave reactor at
200 °C for 10 min. The obtained yellowish product was re-
peatedly rinsed with ethanol, acetone, and pyridine by centri-
fugation at 4000 rpm, followed by vacuum drying at 60 °C
overnight to obtain H-SnS, submicrospheres. For the synthe-
sis of dense SnS, (D-SnS,), the volume ratio of the three co-
solvents is adjusted to 5 ml of ethylene glycol, 0.5 ml of oleic
acid and 0.5 ml of ethanol.

2.2 Synthesis of SnS@NC composite

H-/D-SnS, coated with polydopamine were first prepared. 50
mg of as-obtained H-/D-SnS, were dispersed in 40 ml of Tris-
buffer (50 mM, pH = 8.5) containing 80 mg dopamine-HCI by
ultrasonication for 30 min, followed by stirring for 24 h. The
greenish product was collected and rinsed with Milli-Q H,O
for three times and dried overnight at 60 °C. The dark green
powder was then annealed under a continuous flow of N, gas
in a tube-furnace at 700 °C for 2 h with a ramping rate of 1
°C min~". H-/D-SnS@NC were obtained after cooling down to
room temperature.

2.3 Characterization

Powder X-ray diffraction was applied to study the crystal
structure of the obtained materials using a PANalytical Empy-
rean diffractometer with a Cu Ko radiation (45 kV, 40 mA).
Sample morphologies were characterized by scanning
electron microscopy (SEM) on LEO 1530 Gemini and high-
resolution transmission electron microscopy (HRTEM) on
X-FEG FEI Talos. X-ray photoelectron spectra were measured
with a Sigma 2 spectrometer (Thermo Scientific) using a poly-
chromatic Al Ko X-ray source, where binding energy was cali-
brated taking C 1s = 284.8 eV. Thermogravimetric analysis
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(TGA) was measured on a Mettler Toledo TGA/SDTAS851e in-
strument. N, gas sorption measurements were performed on
a Quantachrome Autosorb iQ at 77 K. Prior to the measure-
ment, the samples were outgassed at 100 °C for at least 24 h.
Brunauer-Emmett-Teller (BET) method was utilized to deter-
mine the specific surface area.

2.4 Electrochemical measurements

9.5 mg of the as-synthesized samples were mixed with 2 mg
of carbon black (Super-P, TIMCAL) as a conductive agent and
2 mg of polyvinylidene fluoride (PVDF, Aldrich) as a binder
in 1.6 ml of 1-methyl-2-pyrrolidone (NMP, Fluka) as a solvent
by ball milling. 120 pul of the obtained homogeneous slurry
was transferred to a Petri dish-like Ti current collector. The
surface area of the electrode is ~1.33 cm?”. After drying at 80
°C overnight under vacuum, electrodes were assembled into
a Swagelok-type cell in an argon-filled glove box. Pure lithium
metal (99.9%, Alfa-Aesar) was used as both reference and
counter electrode, separated from the active material by a fi-
berglass separator soaked in the electrolyte (1 M LiPF in 1:1
wt% ethylene carbonate (EC)/dimethyl carbonate (DMC),
Novolyte). Galvanostatic cycling and cyclic voltammetry were
performed using a Biologic BCS series instrument, while im-
pedance spectroscopy was performed with a Biologic VMP3 at
room temperature. The electrodes were cycled between 0.1
and 3.0 V vs. Li/Li" for varying specific current rates (1 C =
1.0Ag™).

3. Results and discussion

Scheme 1 shows the experimental procedure and the pro-
posed formation mechanism for the hollow (H-SnS@NC) and
dense SnS@nitrogen-doped carbon (D-SnS@NC) submicro-
spheres. In a first step, hollow and dense submicroparticles
composed of self-assembled SnS, nanosheets were grown by
emulsion templating. Under ultrasonication, oleic acid (OA)
forms droplets in ethylene glycol (EG). The number of drop-
lets and their stability is controlled by the OA/EG volume ra-
tio and by addition of ethanol, respectively. Due to their rela-
tively low polarities, Sn(CH3;CO,); and 4-methoxybenzyl
mercaptan (4-MBM) both tend to dissolve in the OA droplets
at room temperature. When the mixture is heated by micro-
wave irradiation, nucleation of the tin species is promoted
by the presence of EG, because 4-MBM reacts with the tin
center in a ligand-exchange process and releases acetic acid,
which is a polar molecule. As a result, SnS, nuclei first form
on the OA/EG interface. At a high OA/EG volume ratio (2:
3), the large amount of OA droplets provides a sufficient
interfacial area to accommodate all nuclei, and therefore
growth and self-assembly only take place at the interface,
resulting in the formation of hollow SnS, particles. In con-
trast, at a lower OA/EG volume ratio of 1:10, the nuclei are
forced to move into the interior of the droplets, because of
the insufficient interfacial area, followed by growth and as-
sembly into dense particles.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic illustration of the experimental procedure and proposed formation mechanism for the hollow (top) and dense (bottom) SnS
submicrospheres composed of self-assembled nanosheets embedded in a nitrogen-doped carbon shell.

As proposed in previous literature reports, the phase transi-
tion involves the dissociation of hexagonal SnS, in the initial
stage, followed by S depletion at high temperatures:>'~*%3°

SnS,(s) 2 SnS(s) + %sx(g)

There are two major reasons why the polydopamine (PDA)
coating should be done before the heat treatment. First, PDA
can be transformed into a layer of nitrogen-doped carbon on
the particle surface and enhance the overall conductivity of
the electrode. But more importantly, the uniform coating of
the SnS, nanosheets prevents their melting and coalescence
into bulk particles,*® preserving the unique layer structure of
each nanosheet during the phase transition. Overall, the hol-
low and dense hierarchical structures are well retained and
even strengthened during heat treatment.*>*> The heating
temperature is kept at 700 °C to make sure that the formed
graphitic carbon layer has sufficient conductivity. At the same
time, we found that the ramping rate (1 °C min™") has to be
carefully adjusted to avoid the collapse of the hollow
structure.

Fig. 1 and S17 show the X-ray diffraction (XRD) patterns of
the intermediate SnS, and the final H-SnS@NC and D-
SnS@NC. All the diffraction peaks in Fig. S11 can be well
indexed to hexagonal SnS, (ICSD no.: 00-021-1231). The trans-

a (a) SnS-hollow
*8n

(b) SnS-dense

Intensity (a.u.)
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Fig. 1 XRD patterns of (a) H-SnS@NC and (b) D-SnS@NC and
reference pattern of SnS (bottom).

This journal is © The Royal Society of Chemistry 2020

formation of SnS, to SnS by heat treatment at 700 °C (Fig. 1)
is confirmed, because all the characteristic peaks can be
indexed to the orthorhombic phase of SnS (ICSD no. 00-075-
2115). Exceptions are three impurity peaks at 44.0°, 54.3°,
and 62.7°, which arise from metallic Sn. The Sn impurity is
the product of complete reduction of SnS by carbon.

We used thermogravimetric analysis (TGA) in air to deter-
mine the carbon content of H-SnS@NC and D-SnS@NC. The
results are shown in Fig. S2.f For H-SnS@NC, the 4.6%
weight loss below 350 °C is attributed to removal of adsorbed
H,0. The oxidation of C to CO, between 380 and 520 °C re-
sults in a weight loss of 48.5%. A slight weight gain was
detected between 600 to 800 °C caused by the oxidation of
the metallic Sn. A simple calculation showed that the compo-
sition of H-SnS@NC was SnS (46.4 wt%), C (49.7 wt%) and
Sn (3.9 wt%). Analogously, the composition of D-SnS@NC
was determined as SnS (34.7 wt%), C (64.2 wt%) and Sn (1.1
wt%). The 14.5 wt% higher carbon content of the dense sam-
ple leads to a slightly larger specific surface area (292 m> g ")
compared with that of 275 m* g™* for H-SnS@NC (Fig. $31).

The chemical composition of H-SnS@NC was further ana-
lyzed by X-ray photoelectron spectroscopy (XPS). The XPS
survey spectrum in Fig. S41 shows the presence of C, N, O,
S, and Sn. Among the four fitted peaks in the C 1s spectrum
in Fig. 2a, the peak at 284.7 eV has the highest intensity
and shows the predominance of graphitic carbon. The two
minor peaks at 285.7 and 286.5 €V indicate the presence of
sp> and sp® bonds between carbon and nitrogen, respec-
tively. The peak at 288.4 eV represents C-O, and its low
intensity confirms the nearly complete transformation of the
PDA coating. The N 1s spectrum in Fig. 2b show the pres-
ence of quaternary N (401.1 eV), pyridinic N (398.7 eV), and
pyrrolic N (400.4 eV), and indicate successful nitrogen dop-
ing of the carbon shell. In the Sn 3d spectra shown in
Fig. 2c the peaks at 495.2 and 486.7 eV are assigned to Sn
3ds, and Sn 3ds),, respectively, of Sn>* in SnS. Two minor
peaks from Sn° 3ds, and Sn0 3d;, were detected at 485.3
eV and 493.7 eV, respectively, which supports the TGA data
that the content of the metallic Sn impurity is very low. Only
S 2ps), is observed in the S 2p spectrum (Fig. 2d), proving
the presence of SnS.*?74%43:44

CrysttngComm, 2020, 22, 1547-1554 | 1549
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Fig. 2 High-resolution (a) C 1s, (b) N 1s, (c) Sn 3d and (d) S 2p XPS spectra of H-SnS@NC.

The scanning electron microscopy (SEM) images of the in-
termediates H-SnS, and D-SnS, are shown in Fig. 3a and b.
The H-SnS, sub-micron-sized particles with diameters of 400-
600 nm consist of self-assembled nanosheets that are inter-
connected with each other on the particle surface. The SEM
image of D-SnS, does not differ significantly from that of H-
SnS,, except for a slightly larger average diameter and a
broader size distribution (400-800 nm). The transmission
electron microscopy (TEM) image in Fig. 3¢ shows that the
entire submicron H-SnS, particle is hollow and consists of a
shell of nanosheets. In contrast, the TEM image of D-SnS,
points to a dense structure in the interior (Fig. 3d). The high-
resolution TEM (HRTEM) image and the fast Fourier trans-
form analysis in Fig. 3e clearly show that the H-SnS, nano-
sheets are arranged into stacks of six to eight layers. The total
thickness is around 5 nm with an interplanar spacing of ap-
proximately 0.59 nm, which corresponds to the distance be-
tween the (001) planes of hexagonal SnS,, as shown in the
side view in Fig. 3f.

The morphologies of H-SnS@NC and D-SnS@NC obtained
after heat treatment of H-SnS, and D-SnS, were examined by
SEM and TEM (Fig. 4). The SEM image in Fig. 4a shows that
the surface features of the H-SnS@NC microparticles are
retained after carbon coating, but the thickness of the nano-
sheets is larger than in the case of H-SnS,. Overview SEM im-
ages at low magnifications of H-SnS@NC (Fig. S5at) and D-
SnS@NC (Fig. S5b7) proved the uniformity of the as-obtained
particles. Brighter color contrast is still observed in the mid-
dle part of the particle in the TEM image in Fig. 4c,
suggesting that the hollow structure did not collapse at high

1550 | CrysttngComm, 2020, 22, 1547-1554

temperatures probably due to the slow temperature-ramping
rate and the stabilizing effect of the carbon shell. The high-
angle annular dark-field imaging HAADF and energy-
dispersive X-ray spectroscopy (EDX) mapping in Fig. 4e for
Sn, S, and C show a weaker signal intensity in the middle,
which confirms the porous structure. The elements are uni-
formly distributed within the particle shell, indicating good
compositional homogeneity. Fig. 4g shows an HRTEM image
of a carbon-coated single nanosheet. The thickness of the
SnS nanosheet is similar to that of SnS,, but the interplanar
spacing is 0.56 nm, which corresponds to the (100) plane
(Fig. 4h). The carbon shell has a thickness of about 5 nm.
Therefore, the total thickness of the carbon-coated SnS is 15
nm, which corresponds well to the surface features observed
in SEM. Such a morphology is beneficial when H-SnS@NC is
used as anode material in a LIB. The electrolyte can penetrate
the shell, and because of the hollow structure, the nano-
sheets exposed to the interior and to the exterior are all di-
rectly in contact with Li*. This results in a short Li" diffusion
path length equal to half of this thickness (around 7.5 nm),
ensuring an efficient redox reaction. The SEM image of D-
SnS@NC (Fig. 4b) is similar to that of H-SnS@NC (Fig. 4a),
but the lack of strong contrast differences in the TEM image
(Fig. 4d) points towards a dense interior. The HAADF and
EDX mapping in Fig. 4f confirm this observation. To provide
further experimental proof of the hollow and dense structural
features respectively, we cut the particles with a focused ion
beam. SEM images of the cross-sections are shown in Fig.
S6a-d,i and the EDX line scans of the element profiles along
the particle diameter are shown in Fig. S6e-h.f The hole in

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM and TEM images of H- and D-SnS;: (a and c) H-SnS,, (b and
d) D-SnS,. (e) HRTEM image of the cross-section of the nanosheets in
H-SnS; and fast Fourier transform pattern (inset). (f) Crystal structure of
hexagonal SnS; along the b axis. Scale bars in a)-d) are 200 nm.

the cross-sections and downward line scan profile curves for

H-SnS, and H-SnS@NC clearly confirm the hollow structure.
The Li" storage properties of anodes fabricated from H-

SnS@NC and D-SnS@NC composites were investigated in a
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two-electrode cell with Li metal as the counter electrode
(Fig. 5). First, cyclic voltammetry (CV) between 0.01 and 3 V
was performed to gain an understanding of the lithiation
and delithiation process in the H-SnS@NC electrodes. The re-
sults are shown in Fig. 5a. In the first cathodic scan, a peak
was observed at 1.17 V. This peak was not observed in subse-
quent cycles and it corresponds to the formation of Li,SnS
from the reaction of SnS with Li (eqn (1)), which is then re-
duced to metallic tin at 0.95 V (eqn (2)). The weak peak at
around 0.7 V is attributed to an alloying reaction that forms
Li,Sn (x ranges from 0.57 to 1, eqn (3)), followed by the for-
mation of the completely alloyed product Li, ,Sn, indicated
by the peak at 0.3 V (eqn (4)). In the following anodic scan,
the peak at 0.46 V and several sharp peaks between 0.6-0.8 V
point to the de-alloying process of Li, 4Sn that forms Sn parti-
cles (eqn (5)). A minor peak is detected at around 1.86 V, in-
dicating that Sn particles are oxidized to SnS by reacting with
the Li,S matrix (eqn (6)).

SnS + xLi" + xe” — Li,SnS (1)

Li,SnS + (2 - x)Li" + (2 — x)e” — Li,S + Sn (2)
Sn + xLi" + xe — Li,Sn(0.57 < x < 1.0) (3)
Sn + xLi" + xe” — Li,Sn(1.0 < x < 4.4) 4)
Liy 4S — 4.4Li" + Sn (5)

Li,S + Sn — SnS + 2Li" + 2e” (6)

From the second cycle on a cathodic peak appeared at
1.33 V, assigned to the reduction of SnS and the formation of
Sn and Li,S. It is suggested that the Sn particles formed in

Fig. 4 SEM and TEM images of H- and D-SnS@NC: (a and c) H-SnS@NC, (b and d) D-SnS@NC. (e and f): HAADF and EDX element mapping for Sn,
S and C of H- and D-SnS@NC, respectively. (g) HRTEM image of the cross-section of the nanosheets in H-SnS@NC and fast Fourier transform pat-
tern (inset). (h) Crystal structure of orthorhombic SnS along the a axis. All the scale bars in a)-f) are 200 nm.

This journal is © The Royal Society of Chemistry 2020

CrysttngComm, 2020, 22, 1547-1554 | 1551


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ce01147a

Open Access Article. Published on 31 October 2019. Downloaded on 12/4/2025 10:04:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Communication CrysttngComm
a b, c ——  w
01f oasy 0808V H-SnS@NC 12000 @
25 1050 nnnéumug'muénuunému:“““! 0
_ o Ogo0! s 'Ogoa| S
g 0.0 ;2.0 5 90013 80 o
£ ;’15 £ 750! 2
g E 2 600f 0 &
304 S10 8 asofue, Boooa,O5C. | $9000 05
o 8 e, Boooa. g
0.5 300 %0s. i Wasad 00 =
150 \I’On‘!‘un" .”: r“:‘ 0§
0.2 0.0 . = ; Vooos' 0
00 05 10 15 20 25 3.0 0 250 500 750 1000 1250 N 5 10 15 20 25 30
Voltage (V vs LilLi%) Capacity (mAh/g) Cycle number
d e <
— 800 LSNS@NC 100 S
S L ey
ﬁ 4180 €
& 600 1Alg k)
< H-SnS@NC o
460 &
2 \ I )
= 400
) a0 8
s 8
] L D-SnS@NC £
'l e e 20 O
38
o 1 ' 1 1 1 ) ' 1 1 °
100 200 300 400 500 600 700 800 900 1000
Cycle number
€ 200 . g 1o
>—H-SnS@NC 6 9 [T H-sns@NC H-SnS@NC
—o— D-SnS@NC 4 o’ B o-si NC 05
il g® _
° = 0.0
I g
H 3% § 05
[ = E
g 5 3
O 20} -1.0 -
[ Diffusive
1.5 [ Capacitive
00 50 100 150 200 250 0 01 02 03 05 07 1 00 05 10 15 20 25 3.0
Z' (ohm) Scan rate (mVis) Potential (V vs. LilLi")

Fig. 5 (a) CV curves of H-SnS@NC at a scan rate of 0.05 mV s™%. (b) Galvanostatic discharge-charge curves of H-SnS@NC for the 1st, 2nd and 5th
cycles at a current density of 100 mA h g™. (c) Rate performance of H-SnS@NC (hollow spheres) and D-SnS@NC (dense spheres) electrodes at a
current density between 0.1 to 2.5 A g™* with blue for discharge and red for charge, coulombic efficiency displayed with green square for H-
SnS@NC and purple square for D-SnS@NC. (d) Cycling performance of the H- and D-SnS@NC electrode at a current density of 1 A g% (e) Nyquist
plots of the H- and D-SnS@NC electrodes. (f) The percentage of the capacitive contribution from H- and D-SnS@NC electrodes at different scan

rates. (g) Capacitive and diffusive contributions at 1.0 mV s™.

the previous cathodic cycle (eqn (2)) catalyze the reaction,
and this leads to a higher reaction voltage. The intensities of
the cathodic peaks at 0.7 and 0.3 V, and all the anodic peaks
in the second cycle, were lower than the corresponding peaks
in the first cycle due to solid electrolyte interface (SEI) forma-
tion. The position of the anodic peak at 1.86 V remained the
same, which confirmed that the conversion and alloying reac-
tions are reversible. The CV curve of D-SnS@NC in Fig. S7at
shows a similar voltage profile, but a larger capacity loss, in-
dicating higher polarization, because of a longer Li" diffusion
pathway as a result of the dense structure.

Charge/discharge tests were performed for H-SnS@NC
electrodes in the voltage range 0.01-3.0 V at 0.1 C (1 C = 1000
mA g'). The results are shown in Fig. 5b. The initial dis-

1552 | CrysttngComm, 2020, 22, 1547-1554

charge and charge capacities were 1250 and 750 mA h g™,
corresponding to an initial coulombic efficiency of 60%. The
capacity loss is mainly attributed to the formation of the SEIL
In the fifth cycle, a reversible capacity of 550 mA h g™ was
obtained. The galvanostatic discharge-charge curves for D-
SnS@NC electrodes are plotted in Fig. S7b.f The discharge
capacity decreases from 1004 mA h g™ (1st cycle) to 507 mA
h ¢ (2nd cycle) and to 402 mA h g™ (5th cycle). These
values are much lower than in the case of the H-SnS@NC
electrode, presumably due to the difficulties of the Li* and
the electrolyte to reach the core of the particle, and thus to
involve the internal part of the particles in the electro-
chemical process. The rate performances of H-SnS@NC and
D-SnS@NC were compared in Fig. 5¢ to show the merit of the

This journal is © The Royal Society of Chemistry 2020
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hollow structure in Kkinetic terms. For the H-SnS@NC
electrode, the specific capacities were 530, 450, 380, 320,
and 290 mA h g™ at 0.1, 0.25, 0.5, 1.0, and 2.5 C, respec-
tively, and these values are much higher than those for D-
SnS@NC. After high rate cycling, the battery was cycled
again at 0.1 C and a capacity of 530 mA h g was recovered.
D-SnS@NC delivered a much lower capacity at the same
rates. At 2.5 C a capacity of only 25 mA h ¢g~' was achieved,
which corresponds to 15% of the value for H-SnS@NC at the
same rate. The coulombic efficiency (the ratio between the
discharge and the charge capacity in the same cycle) of H-
SnS@NC reached almost 100% already after the first 5 cycles
at 0.1 C and remained stable in the following cycles,
whereas D-SnS@NC showed a significantly lower efficiency
at 0.1 C and 0.25 C. The hollow interior improves the rate
performance by reducing the lengths of the electron and Li"
diffusion pathways. More importantly, much higher cycling
stability was observed for the H-SnS@NC electrode, when
both electrodes were cycled at 1 C for 1000 cycles (Fig. 5d).
For H-SnS@NC, a rapid capacity drop from 500 to 370 mA h
g occurred in the first 50 cycles. This might be due to the
slow diffusion of the electrolyte into the hollow interior dur-
ing this period, which leads to continuous formation of an
SEI in the particle interior. However, the electrode soon sta-
bilized once the SEI completely covered all the electro-
chemically active sites on the exterior and on the interior
surfaces of the particles, and a stable pathway for the
electrolyte was created. In the next 600 cycles, we observed a
slow and slight increase in the capacity to around 420 mA h
g~'. This reversible capacity was retained for up to 1000 cy-
cles with a coulombic efficiency of nearly 100%. The cycling
stability of the D-SnS@NC electrode was equally good, how-
ever, with a specific capacity of only 170 mA h g™ after 1000
cycles, almost 2.5 times smaller than that for the H-SnS@NC
electrode. This observation confirms the positive effect of
the hollow structure regarding volume-change buffering and
charge-transfer enhancement.

To gain a better understanding of the electrochemical be-
havior of the H-SnS@NC and D-SnS@NC composites, electro-
chemical impedance spectroscopy (EIS) was performed in the
frequency range 10 Hz to 100 kHz. The semi-circles in the
medium-frequency range in the Nyquist plots in Fig. 5e can
be used to describe the charge transfer resistance between
the electrolyte and the active materials. The smaller circle ra-
dius of the H-SnS@NC particles shows an enhanced charge-
transfer performance because the electrolyte contact with the
hollow sphere from both outer and interior side provides
larger interfacial area. In the low-frequency range, the steep
straight lines for both samples indicate a high diffusion rate
of Li* within the electrode material.>>**™*® As a result, the
beneficial kinetics that arise from the unique hollow struc-
ture explain the better cycling and rate performances of the
hollow sample.

Finally, we investigated the pseudocapacitive contribution
of the H-SnS@NC and D-SnS@NC electrodes to further ex-
plain the highly stable cycling performance. We quantita-
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tively determined the capacitive contribution to the CV plots
at different scan rates (from 0.2 to 10 mV), as described by
Dunn et al.:*>*°

i(V) = kyv + kpp'?

At a specific voltage (V), the current (i) is a combination of
two terms: (k;v) from the contribution of the capacitive be-
havior and (k,"?) from the diffusion-controlled process,
which varies with the scan rate. Fig. 5f shows that the capaci-
tive contributions are similar for the two samples at different
scan rates, both reach about 70% at 10 mV s . This value is
higher than that for a typical conversion mechanism but
lower than that for typical pseudocapacitive materials.>® This
result suggests that we developed an architecture, which of-
fers both a high reversibility of the conversion reaction, giv-
ing a high capacity, and partial capacitive behavior, leading
to good cycling stability. Fig. 5g¢ shows a comparison of the
voltage profiles of the capacitive contributions at 1 mv s
with the entire CV plots. Despite the dominating occupation
of the area, there are still negative peaks at the voltage at
which the redox reactions take place. Accordingly, the mate-
rials show a balanced and beneficial combination of capaci-
tive and diffusive behavior.

4. Conclusion

In summary, hollow and dense SnS hierarchical sub-
microparticles with nitrogen-doped carbon shells were pre-
pared via a facile and cheap solvothermal synthesis route
followed by heat treatment. Compared with the dense
spheres, the particles with hollow interiors gave superior
electrochemical performances with excellent specific capacity,
cycling stability, and rate capability as a direct result of the
unique hollow architecture composed of self-assembled
nanosheets and uniform carbon shells. These advantages
make H-SnS@NC a promising candidate as anode material
for advanced LIBs.
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