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ABSTRACT: The abundance of sodium resources has recently
motivated the investigation of sodium ion batteries (SIBs) as an
alternative to commercial lithium ion batteries. However, the
low power and low capacity of conventional sodium anodes
hinder their practical realization. Although most research has
concentrated on the development of high-capacity sodium
anodes, anodes with a combination of high power and high
capacity have not been widely realized. Herein, we present a
simple microwave irradiation technique for obtaining few-
layered, ultrathin two-dimensional SnS, over graphene sheets in
a few minutes. SnS, possesses a large number of active surface
sites and exhibits high-capacity, rapid sodium ion storage
kinetics induced by quick, nondestructive pseudocapacitance.
Enhanced sodium ion storage at a high current density (12 A

}’% Microwave Irradiation
¢ ox L
® Sn
i L
\

Thiourea

g™"), accompanied by high reversibility and high stability, was demonstrated. Additionally, a rationally designed sodium ion full
cell coupled with SnS,//Na;V,(PO,); exhibited exceptional performance with high initial Coulombic efficiency (99%), high
capacity, high stability, and a retention of ~53% of the initial capacity even after the current density was increased by a factor of
140. In addition, a high specific energy of ~140 Wh kg™" and an ultrahigh specific power of ~8.3 kW kg™ (based on the mass of
both the anode and cathode) were observed. Because of its outstanding performance and rapid synthesis, few-layered SnS, could
be a promising candidate for practical realization of high-power SIBs.

KEYWORDS: sodium ion battery, SnS,, anode, high power, energy storage

B INTRODUCTION

Attempts to develop high-performance sodium ion batteries
(SIBs) with characteristics equivalent to those of lithium ion
batteries (LIBs) have been the focus of increasing attention in
recent years.”” Owing to the natural abundance of sodium
resources and the similar working chemistry and energy density
of LIBs, SIBs are an appealing and low-cost candidate for large-
scale smart grid applications.” As a result of ongoing research
on cathode materials for SIBs, a variety of layered oxides,
phosphates, and fluorides with high capacity and high rate
properties have been identified.”

However, developing high-capacity anode materials for
adoption in commercial SIBs remains challenging.”” Although
graphite anodes have been successfully applied in commercial
LIBs, they do not support the intercalation reaction with Na*
ions. Many amorphous carbon materials such as hard carbon,
carbon sheets, carbon quantum dots, and nanostructured
carbon have been studied as alternative anode materials for
SIBs.'’”"* Unfortunately, high-energy-density SIBs cannot be
realized using these materials owing to the poor specific
capacity of carbonaceous anodes.'” Despite their high
theoretical capacity, many metal oxide anodes showed inferior
reversible capacity resulting from poor sodium ion ki-
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netics."*7'® Metals and metal sulfides have attracted consid-

erable attention for the development of high-energy-density
SIBs.'” Among several studied anodes, layered SnS, with a two-
dimensional (2D) structure is highly interesting owing to its
high reversible discharge capacity, which makes it promising for
use in high-energy SIBs. A large interlamellar spacing (0.59 nm)
and open structure between the layers afford an ideal structural
arrangement that provides a short diffusion path for storage of
the relatively large sodium ions.'”"®

High-performance SnS, anodes delivering a high specific
capacity and longer cycle life have been studied recently.'®
However, the power characteristics of SnS, anodes are
unsatisfactory, and further development is necessary toward
their use as a high-power, high-capacity anode material for
SIBs.'””” The fundamental problem arises from the sluggish
diffusion processes during the alloying and conversion
reactions, which lead to a poor output power. Overcoming
the sluggish diffusion process by using fast pseudocapacitive
storage could be a favorable strategy for achieving high-power
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Figure 1. Schematic of synthesis of few-layered SnS,.
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anodes.”’ Although pseudocapacitive charge storage has been
realized for metal oxide anodes, pseudocapacitive storage in
metal sulfides is still in a nascent stage and needs to be
investigated.'”* SnS,, which is an anisotropic crystal with a
large interior space, can easily facilitate rapid sodium ion
storage.

SnS, does not exhibit pseudocapacitive storage in its bulk
form. However, highly exfoliated few-layered metal chalcoge-
nides exhibit different chemical and physical properties
compared to their bulk counterparts.””** Few-layered SnS,
can provide a large number of active sites and ion diffusion
paths, and the open structure could afford highly favorable fast
pseudocapacitive sodium ion storage. The 2D SnS, nano-
architecture embedded in an electrically conductive carbon
network could drive fast pseudocapacitive sodium storage,
suggesting that a high-power sodium storage system is possible.
Mechanical and chemical exfoliation are the most common
strategies for preparing highly exfoliated layered metal
chalcogenides.24 However, these techniques are tedious and
layered SnS, could undergo irreversible chemical and structural
modification.”” Further, the long-duration reaction techniques
could result in a stacked structure with large bulky micro-
structures, hindering the realization of high-power anodes.”®
Exfoliation of layered compounds to thin layers by rapid
heating by a microwave technique is currently attracting
attention. Furthermore, its simplicity, low cost, and short
reaction time, along with the possibility of mass-scale synthesis,
makes the microwave technique highly advantageous.”’ ™’

Herein, we report ultrafast (a few minutes) microwave
synthesis of highly exfoliated few-layered SnS, grown over few-
layered graphene sheets (SnS,/G). SnS,/G was found to be
highly mesoporous, and it supported the sodium storage
kinetics owing to its short sodium ion diffusion path. The
rationally designed SnS,/G delivered fast sodium ion storage
kinetics resulting from surface pseudocapacitive storage
behavior and thus shows potential for use as a high-power

anode. The tailored architecture provided a large number of
active sites and buffered any volume changes during sodium ion
insertion; it demonstrates a high capacity and an outstanding
rate capability, outperforming conventional metal oxides and
carbonaceous sodium anodes.

Our most important finding is that when pseudocapacitive
SnS, was assembled into a sodium full cell with Na,V,(PO,),
(NVP), the device performed extremely well, delivering a high
specific energy of 140 Wh kg™ and an extremely high specific
power of 8.3 kW kg™ (based on the combined mass of the
anode and cathode). In addition, outstanding stability for 150
cycles with 85% capacity retention was achieved, and the
proposed material offers a promising platform for the
development of high-power SIBs for next-generation large-
scale energy storage devices.

B METHODS

Material Preparation. The starting materials, anhydrous tin(II)
chloride anhydrous (99%, Alfa) and thiourea (99%, Sigma-Aldrich)
were used as received without further purification. GO was prepared
by exfoliation of graphite oxide using a modified Hummers method. In
a typical synthesis of the SnS,/graphene hybrid, GO was well
dispersed in a water/ethanol mixture by sonication. The tin salt and
thiourea (1:5.3 mol. ratio) was then added to the solution, which was
again stirred well. The mixture was then carefully transferred to a
microwave oven and exposed to microwave irradiation (Daewoo, 700
W) for 20 min. The resultant product was washed well with water and
ethanol several times to remove the residuals and then dried at 90 °C
overnight. Pristine SnS, was obtained by a similar procedure without
the addition of the GO dispersion. The as-synthesized SnS, and SnS,/
graphene were used directly for electrochemical characterization
without any further heat treatment.

Material Characterization. To characterize the morphology of
the samples, FE-SEM (S4700, Hitachi, Japan) and HR-TEM
(TECNAI, Philips, Netherlands, 200 KeV) were employed. XRD
analysis was performed using a Rigaku Rint 1000 (Japan) instrument
with a Cu Ko radiation source. Raman spectra were recorded with a
confocal microprobe Raman system (Lab Ram HR 800, Horiba,
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Figure 2. (a) XRD patterns of SnS, and SnS,/G; SEM images of (b) SnS, and (c) SnS,/G; and (d—f) TEM images of SnS,/G.

Japan). The nitrogen adsorption/desorption isotherms were recorded
by a Micromeritics ASAP 2010 surface area analyzer to characterize the
BET surface area and porous texture. TGA (STA 1640, Stanton
Redcroft Inc, UK) was performed at a heating rate of 5 °C min™"
under air to determine the graphene content.

Electrochemical Measurement. The electrochemical perform-
ance of both half-cells and full cells was evaluated using CR2032 coin
cells. The electrodes used to examine the half-cell performance of SnS,
had the following composition: 80% active material, 10% Ketjenblack
(conductive carbon), and 10% poly(acrylic acid) binder. To fabricate
the anodes, the electrode slurry was rolled over copper foil and then
dried at 120 °C overnight in a vacuum oven. The typical mass loading
of the anode was 1.5 mg cm™. Sodium foil is used as the counter
electrode, and glass fiber separators were employed. Cyclic
voltammetry and galvanostatic charge/discharge studies were
performed using a Bio-Logic electrochemical workstation (SP-150,
France) and a Won-A-Tech Battery tester (WBCS 3000, Korea),
respectively. The discharge capacity and current density calculations in
the half-cell studies of SnS, included the masses of both SnS, and
graphene.

For the sodium full cells, SnS,/G and an in-house-fabricated NVP
are employed as the anode and cathode, respectively. The composition
of the cathode is similar to that mentioned above, and the cathode
slurry was coated on a stainless foil and then dried at 120 °C overnight
in a vacuum oven. The typical cathode mass loading was ~3—3.5 mg
cm™2 Before full cell assembly, the SnS,/G anode was cycled against
sodium foil in the half-cell configuration a few times to eliminate the
initial irreversible capacity loss (a common practice adapted by other
studies).'”'>'® The electrolyte consisted of NaClO, in 1:1 (v/v)
ethylene carbonate:dimethyl carbonate. All the operations were
performed inside an argon-filled glovebox. To obtain an appropriate
cell balance, the negative-to-positive capacity ratio was set to
approximately 1.2. In the full cell, the current density and capacity
calculations considered only the mass of the cathode. The energy and
power density calculations for the full cell are based on the combined
mass of both the anode and cathode. NVP was synthesized by a sol—

gel technique described in our grevious report, and reduced GO
served as the conductive network.” The electrochemical performance
of NVP is given in Supporting Information (SI).

B RESULTS AND DISCUSSION

Nanostructured few-layered SnS,/G was synthesized directly
through a one-pot microwave irradiation procedure without any
additional calcination step. Briefly, when SnCl, was dissolved in
a graphene oxide (GO) suspension, Sn** was adsorbed over the
GO surface owing to strong electrostatic interactions with
surface functionalities. Defect sites on the graphene sheets
provided nucleation spots for the formation of SnS, crystals.
During microwave irradiation, thiourea supplied an adequate
sulfur source and atmosphere for the formation of SnS, crystals
over the graphene layers. Microwave irradiation in the presence
of the highly exfoliated graphene sheets synergistically inhibited
the formation of large particles and facilitated the production of
few-layered crystals.”””" The formation of SnS, crystals over
graphene is illustrated in Figure 1.

The phase structures of the pristine SnS, (SnS,) and SnS,/G
were confirmed by X-ray diffraction (XRD) measurements. The
XRD patterns of SnS, and SnS,/G in Figure 2a confirm that
pure phases of the materials were obtained; the patterns can be
readily assigned to hexagonal-type SnS,. The XRD spectrum of
SnS,/G displays an additional peak at ~25.9° originating from
the (002) plane of the graphene layer; the position of this peak
indicates that the graphene was reduced by the microwave
irradiation and thiourea.”” The broadened and less intense
(001) diffraction peak of SnS,/G indicates the formation of
unstacked and few-layered SnS, crystals.'”*" The growth along
the (001) plane of SnS, and agglomeration of SnS, layers were
strongly disrupted by the presence of the graphene layers.'”**
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Field emission scanning electron microscopy (FE-SEM) images
of SnS,(Figures 2b and S1) show nanoplate morphology with a
thickness of ~5 nm, where the nanoplates are aggregated and
form a hierarchical spherical flower-like morphology. However,
SnS,/G shows densely packed and nonagglomerated SnS,
particles over graphene sheets, where the particle agglomeration
was strongly inhibited by the presence of the graphene sheets
(Figure 2c). The elemental mapping of SnS,/G (Figure Slc)
shows the uniform distribution of Sn, S, and C elements. The
transmission electron microscopy (TEM) image of SnS,/G in
Figure 2d further reveals that well-dispersed, few-layered SnS,
was grown over the graphene sheets and shows good
interconnection. The lattice fringes of high-resolution TEM
(HR-TEM) images reveal an interlayer spacing of ~0.596 nm,
which corresponds to the (001) plane of hexagonal SnS,. The
HR-TEM images further reveal that the number of stacked
SnS, layers is as low as three (Figure 2e,f). Furthermore, few
disorders and defects are observed in the exfoliated layered
structure, so the material is favorable for the insertion of more
sodium ions into the layered structure.”™** The transparency
of the graphene in the TEM images indicates that only a few
graphene layers are present. The corresponding selected area
electron diffraction pattern shows clear concentric rings,
indicating that the SnS,/G is highlz crystalline and can be
well indexed to hexagonal-type SnS,.”®

The surface feature of GMMS is further investigated by XPS
studies and given in Figure S2. The Sn 3d spectrum of SnS,/G
shows two peaks at ~487 and 495.5 eV, corresponding to the
Sn 3ds;, and Sn 3d;,, photoelectron emission spectrum of
tetravalent Sn. Furthermore, the deconvoluted C 1s spectrum
shows the reduced intensity of oxygen containing functional
groups, revealing that graphene layers exist in reduced nature.
The Raman spectrum of SnS, and SnS,/G in Figure 3a shows a
strong peak at ~312 cm™’, which is assigned to the first-order,
in-plane vibrational Aj;mode of hexagonal-type SnS,. The
intensity of A;; mode becomes much weaker due to phonon
confinement, indicating a presence of a few-layered architecture
in SnS,/G, and this is in correlation with TEM analysis.
Furthermore, the two characteristic bands of graphene, the G
and D bands, are clearly visible at ~1326 and 1596 cm™,
respectively.”” The G band originates from vibrations in the
graphitic sp” carbon atom planes, and the D band is ascribed to
defects and disorders in the graphene layers. The calculated I,/
I; intensity ratio is ~1.07, and the high value indicates the
highly defective nature of the graphene sheets after microwave
irradiation.”® Additionally, a broad 2D band of graphene is also
present at ~2700 cm™', indicating that the graphene sheets are
predominantly a mixture of single-layer and few-layer nano-
sheets. However, pristine SnS, does not show G and D bands,
indicating the absence of carbon. The results are in good
agreement with the HR-TEM and XRD results. The well-
exfoliated few-layered graphene could play a dual role by
enhancing the electronic conductivity and immobilizing the
SnS, particles by inhibiting particle detachment from the
graphene sheets during high-volume-change reactions."’

The N, adsorption/desorption isotherms of SnS, and SnS,/
G are shown in Figure 3b and indicate the highly mesoporous
nature of SnS,/G. The Brunauer—Emmett—Teller (BET)
surface area of SnS, is ~25 m® g”'; with the addition of
graphene, it increases dramatically to ~80 m® g~'. SnS,/G
exhibits a type IV isotherm, and the major contribution to the
surface area is that of the graphene sheets.” Further, like the
graphene sheets, SnS, has a high concentration of mesopores,
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Figure 3. (a) Raman spectrum of SnS, and (b) nitrogen adsorption/
desorption isotherms of SnS, and SnS,/G.

as demonstrated by the Barrett—Joyner—Halenda plot (inset:
Figure 3b). The presence of a large number of smaller
mesopores contributes greatly to the short sodium diffusion
path in the SnS, layers and also the ability to accommodate
large volume changes during sodium storage, thereby affording
high current density.*' The weight percentage of graphene in
SnS,/G is quantitatively calculated to be ~13% from the
thermogravimetric analysis (TGA) curves (Figure S3).

The highly favorable characteristics of SnS,/G, including its
ultrathin few-layered architecture, surface defects over the SnS,
layers, highly electrically conductive graphene network, and
short mesoporous sodium conducting channels, could synerg-
istically shorten the sodium ion diffusion length and make it
possible to store a large number of sodium ions in a very short
time. The combination of the high surface area and few-layered
architecture could greatly enhance the electrode—electrolyte
interfacial area and reduce the interfacial resistance. This
suggests that SnS,/G could afford high energy and high power
when it is applied in sodium full cells.

Figure 4a shows the initial charge/discharge curves of SnS,/
G at a current density of 100 mA g~'. The first discharge and
charge capacities of SnS,/G were 950 and 702 mAh g,
respectively, corresponding to a Coulombic efficiency of ~75%.
This low Coulombic efficiency and irreversible capacity loss in
the first cycle are attributed to the formation of the solid—
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Figure 4. (a) Initial charge/discharge curves of SnS,/G and (b) charge/discharge curves of SnS,/G at different current densities; (c) rate
performance of SnS,/G and SnS,; (d) cyclic stability of SnS,/G at 2.5 A g™'; and (e) performance comparison of SnS,/G and previously reported

anodes.

electrolyte interface at a lower Voltage.36’40 However, SnS,/G
showed excellent reversibility from the second cycle onward,
with a Coulombic efficiency near ~99%, as demonstrated by
the good overlap of the charge/discharge curves. A small
plateau at ~1.7 V in the first discharge curve is attributed to the
intercalation of Na ions into the (001) plane.”” The key sodium
ion charge storage occurs around 0.6 V and results primarily
from conversion and alloying reactions involving Na—Sn and
Na—S phase formation, which deliver high capacity. The
discharge mechanism involves initial generation of amorphous
Na,S, and metallic Sn nanoparticles that further undergo the
alloying reaction to form Na;S,. Upon charging, NaS, is
dealloyed to form metallic Sn, which further reacts with Na,S,

40191

to yield a SnS, phase between 1 and 1.5 V. For comparison, the
sodium storage performance of bare SnS, was also tested.'”**
Bare SnS, delivered a lower capacity than SnS,/G and showed
high polarization even under a low current rate (Figure S4).
The low discharge capacity is attributed to poor electronic
conductivity between the SnS, particles, which impedes the
conversion kinetics for sodium storage. The poor electronic
conductivity leads to high polarization and a high interfacial
reaction energy during discharge in pristine SnS,.*> The
obtained reversible specific capacity is much higher than that
of metal oxide and carbonaceous anodes reported for SIBs."®
A superior rate capability is crucial in high-power anode
materials for large-scale storage applications. SnS,/G delivered
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mV s7'; and (d) charge storage contributions at different scan rates.

remarkable performance by retaining a capacity of ~647, 579,
531, 490, and 460 mAh ¢! at 0.25, 0.5, 1, 1.5, and 2 A g7/,
respectively. Even at a robust 12 A g~', where conversion is
sluggish and alloy-type anodes fail to work, SnS,/G retained a
decent discharge capacity of ~172 mAh g'. A charge/
discharge plateau is clearly visible even at this high current,
indicating fast reaction kinetics. Furthermore, SnS,/G displayed
excellent capacity recovery, delivering over ~650 mAh g™
when the rate current was brought back to 0.1 A g'. The
discharge capacity is almost equal to the initial capacities,
confirming the structural integrity of the SnS,/G architecture,
which enables it to withstand a harsh environment. In contrast,
SnS, showed poor rate performance, delivering a discharge
capacity of ~120 mAh g™' at 0.5 A g”' and inferior capacity
recovery (Figure 4b,c). The capacity retention of SnS,/G at a
high current is superior to that of metal oxide and carbonaceous
anodes. Figure 4d shows that the rate capability of the few-
layered SnS,/G is several times higher than that of previously
reported analogous metal sulfides and metal selenides.'®***
Note that the capacity and current density calculation includes
the mass of both the active SnS, and graphene, whereas many
earlier reports used only the mass of SnS, in the carbon matrix.
Additionally, Table S1 compares the performance of microwave
synthesized SnS,/G with previously reported SnS, systems.
This superior rate performance is expected to support the
development of high-power SIBs. The high rate performance of
SnS,/G originates mainly from the well-dispersed, few-layered
SnS, morphology, which provides a large number of reaction

sites for sodium storage. Low polarization along with ultrafast
charge transfer reactions enabled this superior rate perform-
ance. Additionally, the graphene sheets greatly enhance the
sodium diffusion kinetics by providing short 2D electron-
conducting channels. Furthermore, the few-layered SnS, and
graphene sheets synergistically mitigate any mechanical stress
and strain during high-current conditions. SnS, does not exhibit
this behavior, so it does not provide the fast sodium storage
kinetics. HR-TEM and SEM was employed to assess the
structural stability of SnS,/G after cycling. SEM images show
that SnS, particles are well adhered to the graphene layer even
after cycling. The HR-TEM images in Figure S5 confirm that
the layered structure is well maintained with almost no change
and is well preserved even after high-current conditions. The
volume changes with sodiation/desodiation can easily accom-
modated by layered graphene sheets.

Durability at a high current rate is also crucial to practical
application, and the long-term performance of SnS, anodes at
high current rates has not yet been investigated. Figure 4e
shows the long-term cyclic stability of SnS,/G. At 2.5 A g7/,
SnS,/G delivered a specific capacity of 394 mAh g~' and
retained a capacity of ~338 mAh g™ after 150 cycles,
corresponding to a retention of 86% with nearly 100%
Coulombic efficiency. This material exhibited promising
stability even at a high current density, indicating strong
potential for its use in high-power sodium full cells. In contrast,
SnS, exhibited poor cyclic stability, losing the ability to store

sodium ions within a few cycles even at a low current (Figure

40192 DOI: 10.1021/acsami.7b11040

ACS Appl. Mater. Interfaces 2017, 9, 40187—40196


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11040/suppl_file/am7b11040_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11040/suppl_file/am7b11040_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11040/suppl_file/am7b11040_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b11040

ACS Applied Materials & Interfaces

Research Article

(a) 40 (b) 150
35 18 [ 0.05 - T=A g
o6 0.2
120 Maaan 05
3.0 st — I o1 Mdd33130 1T
R — l“dcycle ;ﬁ 105 5 0.3 m\ 25 Q1D
> — 2 cycle| <«
< 25 W s W0F S
2 5" cycle T [ \ s X
S 20 g °r <
° - !
S 50mA g §_ 60 |- eoes)
1.5 O 45}
1.0 30 |
L 15
0.5 PR IR T SR TN N ST ST SR SR NI N N 0 i N P R TP T R TP T R P |
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 0 5 10 15 20 25 30 35 40 45 50
. -1
Capacity (mAh g) Cycle (Nos)
(C) 4.0 (d) 150 120
35 135 1
B 120 100
3.0 —1"cycle T 105 | 1 3
- 10" cycle i - 80 =
> 25 h 90 By
. = — 125" cycle E L 4
- - Y
Eo - —50" cycle %’ L= I - é
E : ——100" cycle| S 60| i =
< - 4
5L —150"cycle| O 45| 40
1.0 - 30 N 20
I 15+ ]
0.5 PR IO T TSN SN ST NN S SN ST NI S | 0 [ PRRNEN [N WA T SRR [T VRN NN S NN WO AT S NN SN NN S N 0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 0 15 30 45 60 75 90 105 120 135 150
Capacity (mAh g'l) Cycle (Nos)
@ |
g
=z Our work
= @ O 09 o
S 100 MO0/ NLTLO, =)
o= - 113 O Prussian blue//Hard carbon o
=  [13] @ FeO //Na FeFe(CN), (54] [+ TS,
g [53] JNa N Q Zle//l\amNum, in, 0,
=] 1161 Sh@Ti0, //Na,V (PO ), 21]
g L
5 NaTi(PO,) //Na,NiFe(CN) @ IS1I
I : 45] o ,
é [ Graphite//Na, _CoQ,
- @ NaMnO //NaTi (PO ),
[56]
10 L M| PP
10* 10° 10*

Power density (Wh kg’])

Figure 6. (a) First charge/discharge curves of SnS,/G/NVP full cell; (b) rate performance of full cell; (c) cyclic stability of full cell at 1 A g™'; (d)
charge/discharge curves at 1 A g”'; and (e) Ragone plot comparing energy and power output of full cell with previously reported values.

$6). Consequently, the effect of graphene content on SnS,/G is
also evaluated (Figure S7). The low quantity of graphene (7%)
is not favorable for achieving a stable cycle performance as it is
insufficient for accommodating SnS, particles and overcoming
the volume change during sodiation/desodiation. While, a high
quantity (21%) is not favorable for achieving a high capacity as
a high quantity of graphene layers will block sodium movement.

To better understand the fast sodium storage kinetics of
SnS,/G, cyclic voltammetry (CV) tests were performed at
various scan rates (Figure Sa). The CV curves display a sharp
cathodic peak at ~0.6 V corresponding to the alloying and
conversion reaction kinetics that form the Na S, phase. The
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broad anodic peak at ~1.2 V corresponds to reformation of the
SnS, phase. As the scan rate increases, the shape of the CV
curves is preserved well, indicating an extremely fast reaction.*”
The charge storage behavior can be evaluated in terms of the
correlation between the scan rate and the measured output
current in the CV curves, which can be obtained from the
power law equation i = ar®, where i is the output current (A), a
and b are constants, and v is the scan rate (mV s™!). For
diftusion-controlled processes, b is 0.5, whereas for surface-
limited pseudocapacitive behavior, b is 1.*° The output current
in CV tests is directly proportional to the sweep rate according
to the power law, and b is calculated to be ~0.9, implying that
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sodium charge storage in SnS,/G is controlled mainly by
surface pseudocapacitive reactions (Figure Sb). This explains
the outstanding fast rate performance of SnS,/G compared to
conventional anodes based on sluggish diffusion-controlled
storage mechanisms,'>" 7>

Furthermore, the quantitative storage contributions in SnS,/
G can be evaluated from the relationship i(V) = kv
(capacitive) + k,v'? (diffusion-limited), where k, and k, are
suitable constants obtained from linear plots of 1'% vs i(V)v'/?
at a certain voltage. The pseudocapacitive current as a
percentage of the total current at a fixed voltage can be
quantitatively calculated by separating the current response (i)
at the fixed voltage (Figure $8)." As a result, at 1 mV s7!, the
pseudocapacitive contribution to the total capacity is calculated
to be 73%, as shown in Figure Sc,d. In addition, the fast
pseudocapacitive contribution increases and the slow diffusion-
limited intercalation contribution decreases with increasing
scan rate. This clearly implies that few-layered defective SnS,
nanosheets embedded in highly conductive graphene offer a
large number of active sites for surface-induced pseudocapaci-
tive sodium storage.

High-energy, high-power SIBs can be realized by using SnS,/
G in conjunction with a suitable high-performance and
kinetically superior cathode. For the full SIB, we coupled
SnS,/G with an in-house-made NVP cathode material. The
large three-dimensional open frameworks in NVP provide large
channels for Na" ion movement, making it a sodium superionic
conductor.**® The high sodium ion conductivity and high
chemical diftusion coeflicient of NVP can provide relatively fast
kirigtgigs that could match well the fast sodium storage of SnS,/
G.™”

The full cells were tested in the voltage range of 0.6—3.8 V.
The initial charge/discharge curves of the SnS,/G//NVP full
cell are shown in Figure 6. A reversible capacity of 115 mAh g™*
was obtained in the first cycle at 0.05 A g~' (based on the
cathode mass) along with a high initial Coulombic efficiency of
~99%, which approaches 100% starting in the second cycle
(Figure 6a). The shape profile and specific capacity are well
maintained throughout subsequent cycles, indicating highly
reversible sodium ion storage in the full cell. The sodium full
cell displays a high average potential of ~2.4 V with a stable
plateau. The storage mechanism in the full cell is as follows: (i)
during charging, sodium ions are deintercalated from the NVP
(V3*/*) and stored in the SnS,/G by the alloying reaction, and
(ii) during discharging, the sodium ions are intercalated back
into the NVP from the SnS,/G.*

Knowledge of the rate capability is essential for estimating
the high-power behavior of a sodium full cell. The sodium full
cell can cycle efficiently even at a high current rate of 7 A g™
and retains ~53% of its initial discharge capacity even when the
current density increases by 140 times (Figure 6b). After the
rate performance test, the full cell showed an exceptional
capacity recovery to ~100 mAh g™ when the current density
was returned to 1 A g~'. This remarkable rate performance is
greatly superior to that of lithium-ion-based energy storage
systems. Figure 6¢,d shows the long-term performance of the
full cell, which showed a superior retention of 90% even after
150 cycles at 1 A g_l. Nevertheless, at this high current density,
the cell performed extremely well, with good retention, making
it a prominent candidate for practical applications.

The Ragone plot in Figure 6d demonstrates the superiority
of the full cell. The Ragone plot compares the energy and
power output (based on the active mass of both electrodes) of

the full cell with those of previously reported sodium full
cells.”>" A high specific energy of ~140 Wh kg™' was delivered
at 60 W kg™'. A remarkable specific power of 8.3 kW kg™ was
achieved, along with a specific energy retention of 74 Wh kg_l,
which is competitive with high-power capacitors and is also
higher than the values of previously reported sodium full
cel]s,21/50,52=58

The exceptional performance of SnS,/G originates mainly
from the nanoscale, few-layered morphology of SnS,, which
exhibits nondestructive fast pseudocapacitive sodium storage.
The highly exfoliated few-layered morphology provides
abundant active sites for the pseudocapacitive reaction. The
large number of mesopore channels originating from the
graphene sheets effectively provides a short sodium ion
diffusion path. The few-layered defective SnS, layers can
accommodate a high volume change upon sodium storage and
therefore maintain their structural integrity for longer cycling
periods. Because of this structural stability, the 2D layered
structure can exhibit greatly reduced interfacial resistance upon

cycling.
H CONCLUSION

Highly exfoliated nanoscale few-layered SnS, over graphene
sheets was synthesized in a few minutes by microwave
irradiation. The few-layered SnS, delivered outstanding
performance with high capacity, ultrahigh rate capability, and
excellent capacity recovery and stability when it was examined
as an anode for SIBs. The highly mesoporous 2D few-layered
SnS, crystals over graphene sheets provide fast pseudocapaci-
tive sodium ion storage that enables better performance than
low-capacity, low-power metal oxide and carbonaceous anodes.
Furthermore, the high-performance SnS, demonstrated ex-
cellent output performance with high stability, a high initial
Coulombic efficiency, a high energy of ~140 Wh kg™, and a
high power of 8.3 kWh kg™ in a full-cell configuration; it shows
strong potential for use in high-power energy storage devices
with performance exceeding that of lithium ion batteries and
capacitors. Our current research provides valuable insight into
the development of high-capacity and high-rate sodium anodes
toward realization of high-energy, high-power SIBs.
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