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ABSTRACT: Layered tin monosulfide (SnS) is a promising anode material for <_

sodium-ion batteries because of its high theoretical capacity of 1020 mA hg™". Its  £,00] o & 2 Currentwork
large interlayer spacing permits fast sodium-ion transport, making it a viable %:

candidate for sodium-ion capacitors (SICs). In this work, we designed and [ w0l %

synthesized oriented SnS nanosheets confined in graphene in the presence of '?i 2

poly(diallyl dimethyl ammonium chloride) by electrostatic self-assembly during £ Heconpan £

hydrothermal growth. SnS nanosheets growing along (100) and (00) directions are & * I 7000 L, 10600

suppressed because of the confinement by graphene, which exhibit smaller Power density (WKg ')
thickness and particle size. These nanostructures expose abundant open edges

because of the presence of Sn**—0O, which offers rich active sites and Na* easy transport pathways. Vacancies formed at these
edges along with S and N codopants in the graphitic structure synergistically promoted Na" surface adsorption/desorption.
Such nanocomposites with SnS nanosheets confined by N,S codoped graphene demonstrated significantly enhanced

pseudocapacitance. The SICs delivered excellent energy densities of 113 and 54 W h kg™" at power densities of 101 and 11 100

www.acsami.org

W kg™, respectively, with 76% capacity retention after 2000 cycles at 1 A g™".
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1. INTRODUCTION

With the consumption of traditional fossil energy and
deterioration of the environment, the development and
utilization of renewable energy become extremely urgent
during this century. Because of their unstable output of energy,
electrochemical energy storage devices are key technologies to
adjust and accelerate effective application of green energy.' ™
Lithium-ion battery technology has made rapid development
during the past decades, which has the advantages of high
energy density and power density among various types of
batteries.* However, the expensive raw materials arising from
the scarcity of lithium resources seriously affected lithium-ion
battery applications in the stationary largescale energy storage
devices.”™"

Based on this situation, developing other high efficient
energy storage technologies with low cost to replace the
lithium-ion battery is an urgent mission for the future energy
storage market. Among this, the sodium-ion battery (SIB) is
considered as the most attractive storage technology because of
its abundant sodium resource in nature, mature processing
technology, and the similar electrochemical properties as the
lithium-ion battery.”'? Although the storage mechanism of the
lithium-ion battery is similar with the SIB, both based on
alkaline ions reversibly move back and forth between cathode/
anode materials. Most of the conventional lithium-ion battery
materials are no longer suitable for SIB, which owing to the
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larger ionic size of sodium (1.02 A) and higher standard
electrode potential of sodium (~—2.71 V vs SHE) than those
of lithium. Especially for the graphitic anode materials readily
insert with Li*, can only intercalate a small amount of Na* for
SIB."' As a result, a large number of new anode materials have
been introduced as electrode materials for SIBs during the past
few years.'> Among various alternative anode materials of SIB,
layered transition metal sulfides (cobalt sulfides,"” molybde-
num sulfides,"* iron sulfides, etc.ls) have caused great concern
because of their unique two-dimensional layered structure and
large interlayer spacing, which are beneficial for the mechanical
stability because of the smaller volume changes during the
cycling process. Besides, weaker M—S bonds in the metal
sulfide than M—O bonds in the metal oxide can also be
favorable for sodiation/desodiation process, exhibiting higher
reversible capacity and initial Coulombic efficiency than some
nongraphitic carbon and metal oxide anode materials for the
SIB."® As a typical example, orthorhombic tin sulfides (SnS)
have a unique two dimensional layered structure with large
interlayer spaces (0.56 nm),'” along with weak van der Waals
forces between adjacent Sn—S layers, which is beneficial to Na*
intercalation process. The theoretical capacity of SnS can
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achieved to 1020 mA h g_l, showing higher theoretical
capacity than that of pristine Sn based on conversion reaction
from SnS to Sn and alloying reaction from Sn to Na;sSn,.'*
Nevertheless, large volume expansion in the process of a large
amount of Na* participating in the electrochemical reaction,
inherent low electrical conductivity, loss of polysulfide and
sluggish sodiation kinetics, which lead to increased decaying of
capacity and poor rate performance. In order to overcome
these issues, manz modification strategies, such as synthesis of
nanoparticles,”'”~>* heteroatom doping to expand the
interlayer spacing,”>”>° and introduction of carbon ana-
logs,""*° have been investigated and evaluated. Inspired by
the pervious works, constructing nanostructures for metal
sulfide materials with high surface area and two-dimensional
nanostructure, could shorten the ion diffusion pathway and
guarantee numerous active sites for Na* diffusion and storage.
As a result, SnS is considered as a promising high energy
density anode material for SIBs.'”~>"*’

The sodium-ion capacitor (SIC) is a new type of hybrid
capacitor, since the first research began in 2012.” Its working
principle is to use the battery type materials of SIBs as the
anode and the capacitor type material (such as active carbon)
as the cathode. During the charging process, anion ions (such
as ClO,”) move toward the cathode to form electrical double
layers, and sodium ion migrates to the anode to produce
faradaic reaction; electrons are transferred from the cathode to
the anode in an external circuit.””">* As a result, the hybrid
devices can combine the advantages of a battery and a
supercapacitor by adapting their individual working manner. In
addition, the hybrid devices can operate at large potential
windows because two electrodes can perform at different
potential ranges.” As a result, the sodium-ion hybrid storage
system can achieve high energy density and power density
simultaneously by optimizing both cathode and anode
materials.* In order to match the rapid adsorption/desorption
non-Faraday reaction process, the anode materials for sodium-
ion hybrid capacitors are needed to have high electrochemical
reaction kinetics. Some two dimensional metal sulfides, such as
MoSe,,”” SnS,.”*" exhibit excellent rate capability at high
current density mainly because of the contribution of
pseudocapacitance; meanwhile, they show excellent rate
performance as the anode of SIBs. In addition, density
functional theory (DFT) calculations also confirm that such
metal sulfide materials exhibit pseudocapacitance from charge
transfer and double layer capacitance contribution from a large
surface area.””””*’ These unique advantages of metal sulfide
materials make them potential electrode materials with high
energy density to be used as SIC anodes.

Inspired by the new understanding of metal sulfide, in this
work, we systematically investigated the orthorhombic SnS,
with a typical layered structure and large interlayer spacing, as
the anode for SICs. According to electrostatic self-assembly
with poly(diallyl dimethyl ammonium chloride) (PDDA), the
growth of SnS nanosheets along (100) and (0/0) directions can
be confined in the graphene with smaller thickness and particle
size. This structure is preferred for Na® to intercalate along the
Z-axis with open edges. Meanwhile, the open edges of SnS
possess a lot of vacancies, and along with the N,S codoped
graphene structure, they provide abundant active sites for Na*
pseudocapacitance storage. As a result, as an anode for the SIB,
the SnS/rGO exhibits much better electrochemical stability,
higher rate capability, and a higher ratio of capacitance
contribution in the whole capacity than that of pure SnS. As an

anode material for SICs,the SnS/rGO composite presented
energy densities of 113 W h kg™ at 101 W kg™' and 54 W h
kg™" at 11 100 W kg™, with 76% capacity retention after 2000
cyclesat 1 A g\

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. Graphene oxide (GO) powder (purity >
99 wt %) was purchased from Daying Juneng Technology and
Development Co., Ltd. (China). The thickness of GO is 0.55—3.58
nm. The PDDA (1 wt %), K,SnO;-3H,0 and L-cysteine were
purchased from Aladdin without further purification.

2.2. Synthesis of the SnS/rGO Composite. The SnS/rGO
composite was prepared via electrostatic self-assembly under hydro-
thermal treatment followed by a thermal reduction approach. In a
typical procedure, 0.1 g of graphite oxide was first distributed in a 100
mL of deionized water to form uniform yellow suspension by
ultrasonication for 3 h. A portion of 5 mL of PDDA solution was
slowly dropped into the 50 mL of GO solution and subjected to
magnetic stirring for 1 h to realize the electrostatic self-assembly
process. Then, 0.3 g of K,SnO;3-:3H,0 and 0.5 g of L-cysteine were
dissolved in the mixture under magnetic stirring for 1 h. After that, the
mixture was transferred to a 100 mL stainless steel Teflon-lined
autoclave. The autoclave was sealed and the temperature was
maintained at 200 °C for 24 h before cooling down to room
temperature. Then, the dark green precipitation product was washed
three times with deionized water and vacuum dried at 60 °C for 24 h.
Then, the intermediate product was further heated to 600 °C for 2.5 h
in a tube furnace under the Ar atmosphere to obtain the SnS/rGO
composite. For comparison, the original SnS was prepared in the same
way just without adding GO.

2.3. Material Structural Characterization. The morphologies
and crystalline structures of SnS and SnS/rGO composites were
characterized by high-resolution transmission electron microscopy
(HRTEM, G2F20 S-TWIN), field-emission scanning electron
microscopy (JEOL JSM7500), and X-ray diffraction (XRD, Rigaku
D/Max III diffractometer with Cu Ka radiation). The surface
elemental states of the samples were characterized by X-ray
photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB
250Xi). The content of carbon in the composite was characterized
by thermogravimetric analysis (METTLER TOLEDO TGA/
SDTAS851e) in air at 20 °C/min. The zeta potentials of GO-PDDA
and GO suspensions were determined using a Zetasizer 3000HS
(Malvern Instruments). Raman spectroscopy was determined using a
Renishaw RM1000 equipped with a He—Ne laser at an excitation
wavelength of 532 nm.

2.4. Electrochemical Characterizations. The slurry was
prepared by blending the active materials with ketjen black (KB) as
the conductive agent and carboxymethyl cellulose as the binder in a
weight ratio of 8:1:1 to form uniform slurry. The mixture slurry was
coated on a copper foil and predried at 60 °C. Then, the electrodes
were further vacuum dried for 24 h before use. The typical mass
loading was 1.1 + 0.1 mg cm™ for each ®14 electrode piece. In
addition, we further tested the electrochemical properties of SnS/rGO
of 2.3 + 0.1 mg cm™> for each @14 electrode piece.

The electrochemical performances of SnS and SnS/rGO anodes
were evaluated by testing CR2032-type half-cells, which use sodium
foil as the counter electrode and the abovementioned electrode piece
as the working electrode. NaClO, (1 M) dissolved in dimethyl
carbonate and propylene carbonate (PC) (v/v = 1:1), by adding
another S wt % fluoroethylene carbonate addictive were used as the
electrolyte. The glass fiber (Whatman, GF/D) was used as the
separator. The electrochemical stabilities of SnS and SnS/rGO were
investigated by galvanostatic charge/discharge tests in the potential
range 0.01-2.5 V at different current densities (NEWARE instru-
ment). The electrochemical impedance spectroscopy (EIS) tests were
conducted in a frequency ranging from 100 kHz to 10 MHz on an
electrochemical workstation (Shanghai Chenhua, CHI660D). The
cyclic voltammetry (CV) curves were measured at a scan rate of 0.1
mV s”' between 0.01 and 3 V on the same workstation.
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Scheme 1. Schematic Diagram of the Fabrication Process of the SnS/rGO Composite; First, Graphite Oxide Solution Are
Modified by PDDA To Graft Positive Charges because of the NH," Groups of PDDA; Then, SnO;>~ Are Easily Wrapped on
the Surface of NH,*-Modified GO and Further Adsorb L-cysteine Molecular Move around SnO;>"; Under the Hydrothermal
Condition, L-Cysteine Are Hydrolyzed To Form H,S and CH;COOH, Which React with SnO;*~ To Form SnS,; During This
Process, PDDA Functions as a Glue Molecule To Induce the Growth of Layered SnS, Distributed on the Surface of GO;

Finally, at a Higher Heating Temperature, SnS, Can Be Reduced to SnS because of Sulfur Release
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For the SICs, activated carbon (AC), KB, and polyvinylidene
fluoride were mixed in the weight ratio of 7:2:1 to form a
homogeneous slurry using N-methylpyrrolidone as the solvent.
Then, the slurry was coated on an aluminum foil as the current
collector. The AC//SnS/rGO hybrid capacitor was assembled by the
AC electrode as the cathode and presodiated SnS/rGO as the anode
with the same separator and electrolyte for SIB. The presodiated SnS/
rGO electrode was cycled for 3 cycles at 0.2 A g™ to discharge at 0.01
V, followed by dismantling the cells. All the cells were assembled in
the Ar-filled glove box with O, and H,0O below 0.5 ppm.
Galvanostatic charge/discharge tests of the SICs were optimized by
adjusting the potential range and current densities. The energy and
power density of SICs were calculated according to the following
formula.”

t
E= / v dt
ty (1)

_ E
=5 )
where V refers to the voltage, I is the current density, and ¢ is the time
of each charge/discharge cycle. The capacitance was calculated based
on the gross mass of both anode and cathode materials.

3. RESULTS AND DISCUSSION

The synthesis procedure of the SnS/rGO composite is
illustrated in Scheme 1. First, GO was modified by PDDA to
change the charge of the GO surface from negative to positive.
Table S1 displayed the zeta potential of GO at different pH
values. The zeta potential of GO can be changed from —33.16
mV at pH = 5 to +38.74 mV after PDDA addition of 1 mg/
mL. Owing to the strong cationic polyelectrolyte with the
positive charge of PDDA, it can be easily adsorbed on the
surface of GO through electrostatic attraction.”™** Then,
SnO;*~ can be further adsorbed onto the surface of GO by the
NH," groups of PDDA. The SnO,*" ions on the surface of GO
generate many nucleation sites to attract L-cysteine molecular
move around them under the hydrothermal reaction process.
Then, under the hydrothermal condition, L-cysteine plays as a
sulfur donor to convert SnO;>” to SnS,. XRD patterns of
hydrothermal grown samples are shown in Figure 1a, revealing
hexagonal SnS, is the only crystalline phase. The main
diffraction peaks are index to the JCPDS no. 23-0677. Finally,
the SnS, nanosheets are converted into SnS nanosheets by
annealing owing to the dissociation of SnS, by the reaction of
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Figure 1. (a) XRD pattern of pure SnS, prior to heat treatment; (b)
XRD patterns of SnS and SnS/rGO; (c) Raman spectra of SnS/rGO;
and (d) TG curve of the SnS/rGO.

SnS, (s) é SnS(s) + in(g) at high temperature, which is in

good agreement with the literature.™

Figure 1b shows the XRD patterns of SnS and SnS/rGO
samples. All main diffraction peaks can be assigned to the
orthorhombic SnS in both SnS and SnS/rGO samples, which
agree with the JCPDS no. 39-0354. The crystal size of SnS/
rGO and SnS are further analyzed based on (040) and (002)
diffraction peaks according to the Scherer equation, and the
results are presented in Table S2.

The crystallite sizes of SnS/rGO along (040) and (002) are
16 and 11 nm, respectively, while those of SnS were 43 and 20
nm, indicating that the orientation growth of SnS in the SnS/
rGO along (0I0) and (00!) directions are suppressed by the
graphene, as reported in literature.** It is also worth noting
that there are no characteristic diffraction peaks of rGO at
25.4° for the SnS/rGO composite,which might result from the
random restacking of rGO layers.*> The Raman spectra further
certify the existence of rGO in the SnS/rGO composite. Figure
Ic shows two peaks located at 1350 and 1580 cm™’,
corresponding to defects and disorders of the carbon structure
(D band) and the vibration of the carbon atoms with sp

DOI: 10.1021/acsami.9b 14098
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Figure 2. (a) XPS spectra of SnS and SnS/rGO, (b) N 1s, (c) C 1s, (d) S 2p, and (e) Sn 3d in SnS and SnS/rGO.

SnS nanoflake

[

Electron path

Y (002)

(o}

morphous
layer

-
-

(040)

Figure 3. (a,) SEM images of SnS and SnS/rGO, respectively; (b,c) TEM images of SnS; (d) the resulting fast Fourier transform pattern; (f—h)
TEM images of SnS/rGO; (i) schematic diagram of the working principle of SnS/rGO; (j) (040) crystal plane spacing test; (k1) schematic
illustration of the 2-dimensional SnS structure viewed along (100) and (00!) zone axes with inserted (002) (red plane) and (040) (blue plane)

planes.

electronic configuration in a hexagonal lattice (G band),
respectively.* Another broad peak appears at 2700 cm™ for
the SnS/rGO composite, indicating the formation of a
multilayer graphene structure.””*”** The intensity of the D
band is much higher than that of the G band in the SnS/rGO
composite (Ip/Ig = 1.11), indicating thehighly disordered
structure of graphene. The content of carbon in the SnS/rGO
composite was estimated by thermogravimetric analysis
(Figure 1d). Considering that SnS completely converted to
SnO, with no change of weight, the weight loss of the

41366

composite is assigned to the oxidation of carbon and is
estimated to be 29%.

Surface chemical bonding states in the SnS/rGO composite
were studied by means of XPS. As shown in Figure 2a, Sn, O,
N, S, and C elements were observed in the SnS/rGO
composite, with peaks at binding energies of 700—760 eV
(Sn 3p), 531 eV (O 1s), 480—500 eV (Sn 3d), 390—410 eV
(N 1s), 282295 eV (C 1s), 210—240 €V (S 2s), 150—170 eV
(S 2p).*® A pronounced N 1s peak at 390—410 €V suggests the
successful incorporation of the N element into the SnS/rGO

DOI: 10.1021/acsami.9b 14098
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Figure 4. (a) CV curves of SnS/rGO at 0.1 mV s™'; (b) galvanostatic discharge/charge curves of SnS/rGO for initial three cycles at 0.1 A g™"; (c)
cycling performance of SnS and SnS/rGO at 0.5 A g™'; (d) rate performance of SnS/rGO and Sn$ at different current densities.

composite because of the release of NH; from L-cysteine.*’
The N spectrum in Figure 2b reveals it has three kinds of N
species: pyridine N, pyrrole N, and oxidized N. The pyridine N
and pyrrole N are ascribed to the N atoms substituting the C
atoms of graphene on the edges or defect sites, which might
increase the electrochemical activity sites for Na* intercalation/
extraction.””*”>? The same results can be observed in C s of
the SnS/rGO composite, Figure 2c. The primary carbon
species is graphitic carbon, which is located at 284.6 eV. In
addition, there are also other two weak peaks at 285 and 289
eV, implying the presence of C—N/C—S§ and O—C=0 bonds.
On comparison of S 2p spectra of SnS and SnS/rGO
composites (Figure 2d), it shows that peaks at 162.35 and
161.2 eV can be assigned to the S 2p;;, and S 2p,,
respectively, of S*” in SnS. For the SnS/rGO composite, S
2p3,, and S 2p,,, peaks of SnS slightly shift to lower binding
energy, demonstrating that the density of electron clouds
around SnS$ increased after incorporation of graphene.*® Other
two peaks located at 165.07 and 163.8 eV are caused by the
formation of —C—S—C— heterocyclic configuration during
heat-treatment in SnS/rGO.">" For the Sn 3d spectra of SnS
and SnS/rGO composites (Figure 2e), there are two peaks at
494.1 and 485.7 eV, which are indexed to Sn>*. Two small
peaks at 494.1 and 486.8 eV are ascribed to Sn**, indicating
edges of SnS were oxidized because of the unstable state of
Sn®*>*> The peak intensity of Sn*" in SnS/rGO is much
stronger than that of pure SnS, which may be ascribed to
expose more edges for SnS/rGO because of smaller particle
sizes. The high-resolution spectrum of Sn 3d in SnS/rGO
reveals a little shift toward lower bond energy than those of
pure SnS, which suggests possible shifting of electron clouds
from graphene to SnS. This might be attributable to the fact
that SnS has the characteristic of a p-type semiconductor and it
has a large number of electron holes.*

Figure 3a is the scanning electron microscopy (SEM) of
SnS, revealing thick nanosheet structures with aggregated and
stacked bulk structures. The transmission electron microscopy
(TEM) of Figure 3b displays that the individual SnS nanosheet
has nanoparticles of size more than 200 nm. The HRTEM of
SnS (Figures 3c and S1) reveals a thin amorphous layer on the
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surface of SnS nanosheets, probably due to the oxidation of
SnS when exposed to air. Figure 3d shows the lattice fringes of
about 0.283, 0.279, and 0.202 nm, which can be assigned to
the (111), (040), and (141) planes of orthorhombic SnS,
respectively. Figure 3e of SnS/rGO reveals that there are many
SnS nanosheets tightly covered by the graphene framework
and have a thickness of 10—30 nm without stacking and
agglomeration (Figure 3f). Figure 3gh exhibits three lattice
fringes of 0.21, 0.279, and 0.171 nm, corresponding to the
(210), (040), and (160) planes of SnS, respectively. Figure 3j
depicts the line profiles of a curled edge as marked in Figure
3g, showing the (040) plane of orthorhombic SnS. The results
verify that SnS nanosheets exposed many open edges along
(100) and (00!) directions under the confinement of graphene
during the synthesis process, as illustrated in Figure 3i. From
the SnS laminar structures from [100] and [001] axes (Figure
3k,1), those exposed edges can provide an easy way to facilitate
Na* transfer into the (0/0) plane.

Figures 4a and S2a display the CV curves of SnS/rGO and
SnS for the first four cycles. For the first cathodic scan of SnS/
rGO, a significant reduction peak appeared at 0.74 V and
disappeared at the subsequent cycles, which is attributable to
the formation of the SEI layer. In addition, the ex situ XRD
results (Figure S3) show that when discharged to 0.74V, the
main SnS peaks do not exist, while Sn and Na,S peaks appear.
This indicates that this initial discharge process is the
conversion reaction of SnS to Sn and Na,S (SnS + 2Na* +
2e = Na,$), which is in agreement with the previous report.'®
Then, when discharged to 0.01 V, other cathodic peaks were
located at 0.12 V and below 0.02 V. Combing with the XRD
results, it reflects that the conversion of Sn to Na,Sn is a
multistep reaction of Sn. In the first anodic scan of SnS/rGO,
there are two small peaks located at 0.23 and 0.71 V, which are
considered as dealloying of Na,Sn. Then, a strong peak appears
at 1.1 V, and it is mainly composed of Sn and Na,S at this
stage, corresponding to the beginning of conversion from Sn to
SnS. When charged to 2.5 V, the peaks of SnS can be observed
again, which means the reversible redox process of SnS/rGO.
However, there is no Na,Sn alloy found in the first charge/
discharge process in the ex-situ XRD results, which makes it
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probable that formation of Na,Sn alloy is amorphous. From
the second cycle to the fourth cycle, a pair of reduction/
oxidation peaks located at 1.13 V/1.33 V are related to the
mutually redox reaction of SnS and Sn, which indicates that the
conversion reaction between SnS and Sn is reversible.*>** In
addition, the peaks of 0.23 V/0.12 V and 0.71 V/0.65 V can be
assigned to further sodium—tin conversion reactions.”” Note
that a significant oxidation peak appears at 1.75 V and does not
disappear in the following cycles. This can be related to the
desodiation reaction of Na,S, from the —C—S—C bond of
graphene.*’ There is no further S-oxidation reaction observed
at a higher voltage, indicating that S is stable.”® Oxidation/
reduction peaks of SnS/rGO in second to fourth cycles are
highly overlapped, suggesting good electrochemical stability.
Figure 4b displays the charge/discharge profiles of SnS/rGO
for the first three cycles. The first discharge/charge capacities
of SnS/rGO are 807 and 603 mA h ¢!, with an initial
Coulombic efficiency of 74%. The large irreversible capacity is
mainly ascribed to the consumption of Na* to form SEI films
in the initial cycle. This result is also in agreement with the CV
curve of SnS/rGO. It also maintains a discharge capacity of
575 mA h g™" after 100 cycles with still 95% capacity retention
at 100 mA g~' (Figure S2b), while the SnS slowly decreases
from 660 to 110 mA h g™'. Even at a high current density of
500 mA g~ (Figure 4c), the SnS/rGO composite can still
maintain capacity of 500 mA h g™'/370 mA h g after 100/
200 cycles, which is comparable with other published works
related to SnS-based anode materials (Table S3). Figure S2c,d
show some charge/discharge curves of SnS/rGO and SnS. The
polarization of SnS/rGO is obviously smaller than that of SnS
at every current densities, revealing that the graphene
conductive framework provides a more efficient electron
pathway, resulting in an increased capability of Na* ion
sodiation/desodiation. We also further tested the electro-
chemical properties of SnS/rGO at higher loading mass (2.3 +
0.1 mg cm™ for each ®14 electrode piece) to consider the
influence of loading mass for half SIB (labeled as SnS/rGO-
2.3mg/cm?). The electrochemical properties are exhibited in
the Figure S4. When the active material is increased twice,
SnS/rGO-2.3mg/cm” exhibits initial discharge/charge capaci-
ties of 574/454 mA h g_1 with Coulombic efficiency of 79%.
There is only slight decrease in the discharge/charge capacity
compared with the specific capacity of the SnS/rGO electrode
of lower mass loading. Besides, the rate performance of SnS/
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rGO-2.3mg/cm? also displays improved reversible capacity at
2,3, and 5 A g7, indicating that Na* redox kinetics for SnS/
rGO at higher electrode thickness is still remained. In stark
contrast, the capacity of pure SnS rapidly decreases to almost
zero after 70 cycles. Figure S5 shows the charge/discharge
profiles of the SnS after 20, 50, and 70 cycles, which shows that
the polarization sharply increases. The excellent cycling
performance of SnS/rGO is attributed to the smaller SnS
nanosheets whose confined growth by rGO compared to pure
SnS. It largely increases sodium ion diffusion kinetics from the
open edge of SnS layers, which increases its capacity at high
current density. Figure 4d shows that the SnS/rGO composite
delivered reversible capacities of 605, 520, 500, 477, 430, 400,
and 360 mA h g”' at 0.1, 0.3, 0.5, 1, 2, 3, and S A g7,
respectively. It can be quickly restored to a capacity of 610 mA
h g_1 after going back to 100 mA g_l, indicating the satisfied
electrochemical stability of SnS/rGO. However, the capacity of
pure SnS decreased dramatically from 0.3 to 1 A g' and
almost all capacity was lost at higher current densities.

EIS analyses of SnS and SnS/rGO after 20th, 70th, and
120th cycles show that both the Nyquist plots of SnS/rGO and
SnS compose of one semicircle along with a straight line
(Figure Sa,b). The equivalent circuit, as illustrated in Figure
S6, contains the electrolyte resistance (R,), combination of the
surface SEI film and charge transfer resistance (R; + R,), CPE,
and Warburg impedance (W,).>* Both SnS and SnS/rGO have
similar R, (Figure Sc), indicating there is no big difference in
electrolyte resistance. However, the surface film resistance and
charge transfer resistance (Figure Sd) for SnS dramatically
increased as cycling performance increased (95.2, 115.1, 223.5
Q at 20th, 70", and 120th), compared with the much smaller
change after different cycles for SnS/rGO electrode (20.1,
24.3, and 28.6 Q at 20th, 70", and 120th), which shows that
SnS/rGO has higher electronic conductivity and ionic
conductivity than SnS.

At the same time, Na" diffusion coeflicient are calculated by
the low frequency range of EIS according to the following
formula®>*’

R*T?

Dy+=——7—-—
N AR CY? (3)

a
where R represents the gas constant; A is the surface area of
the electrode; T is the reaction temperature; F is Faraday
constant; n is the number of electrons involved in reaction; and
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C is the concentration of Na* in the electrode material. o is the
Warburg factor, which can be obtained directly from the linear
fitting slope according to resistance of Z versus w~/* (Figure
Se,f). Table 1 shows the Na* diffusion coefficient of SnS and

Table 1. Comparison of Dy, (Na Ion Diffusion Coefficient)
between SnS and SnS/rGO after Different Cycles

Dy, (cm? s71)
SnS
SnS/rGO

after 20 cycles

622 x 1071
478 x 10713

after 70 cycles

2.19 x 107'¢
3.07 x 10783

after 120 cycles

1.99 x 107'¢
1.37 x 1078

SnS/rGO after different cycles. It can be seen that the Na*
diffusion coeflicient of SnS decreases sharply as the number of
cycles increases (6.22 X 1075, 2.19 X 1071 and 1.99 x 10716
cm? s7! at 20th, 70®, and 120%, respectively), which is lower
about 100 to 1000 times after different cycles for the SnS/rGO
electrode (4.78 X 1073, 3.07 x 107", and 1.37 X 107** cm?
s at 20th, 70", and 120%, respectively), which means that
SnS/rGO has higher Na* diffusion kinetics than SnS. SEM
images after 70 cycles of SnS (Figure S7a) and SnS/rGO
(Figure S7b) show that SnS/rGO remains as nanosheet
structures in the matrix of the electrode without agglomeration,
while SnS displays different shapes compared with original
layered structures. TEM of SnS after 70 cycles (Figure S7c)
also indicates that the layered structures of original SnS are
cracked and form random morphology, demonstrating a large
volume change during cycling. In contrast, SnS/rGO (Figure
S7d) presents smaller nanosheets dispersed in the rGO
framework. It confirms that rGO can inhibit the structural
transformation of SnS to some extent and promotes the
formation of a stable interface structure to maintain the
integrity of the electrode structure.

Figure 6a,b showed the CV curves of SnS/rGO and SnS
from 0.1 to 7 mV s™', respectively. With increase of the
scanning rate, the conversion peak of SnS (~1 V for cathodic
process and 1.4 V for anodic process) obviously decreases
compared with that of SnS/rGO, which indicates that the Na*
intercalation in the SnS layers is gradually inhibited.

The impacts of diffusion and capacitance on the charge/
discharge process are analyzed using the following formula.**

(4)

i=a1)b

i(v) = kp + k' (s)
where a and b are adjustable parameters, i and v are the peak
current and scan rate.

According to the previous reports, the value of b is used to
measure the pattern of charging and discharging behaviors: b =
0.5 means the capacity is controlled by the diffusion pattern,
while b = 1.0 reflects capacity as the capacitance controlled
pattern. The b value of the cathodic and anodic scan for SnS/
rGO are calculated to be 0.939 and 0.886, respectively, (Figure
6¢), indicating dominant pseudocapacitance contribution at a
high sweep rate. In contrast, the b value for SnS is 0.652 and
0.614 (Figure 6d), which means the diffusion-controlled Na*
storage is the main contribution for whole reversible capacity.
The result is also supported by the previous reports of SnS/
rGO materials for sodium-ion batteries.*>**>*

The total current response (i(v)) consists of the diffusion-
controlled process (kw'/*) and the capacitive-controlled
process (k,v) at the corresponding voltage. Figures 6e and
S8a show the area proportions of the diffusion contribution
and capacitance contribution of SnS/rGO and SnS in the CV
curve at a scan rate of 7 mV s~', respectively, which directly
reflect the main capacity contribution coming from Na*
pseudocapacitance storage at a high scan rate. Figures 6f and
S8b further show the calculated capacitive contribution rate of
SnS/rGO and SnS, which can be seen that it occupies high
capacitive contribution rate at every sweep rate for SnS/rGO.
The phenomenon implies that Na* storage mechanism in the
SnS/rGO composite are mainly ascribed to the rapid chemical
adsorption/desorption because of the abundant edges of
layered SnS and rGO. However, it is noteworthy that the
pseudocapacitance contributions of SnS at different sweep
rates are very low. At 0.1 mV s™', the pseudocapacitance
contribution of SnS is only 22%. Even at 7 mV s/, the
pseudocapacitance contribution ratio is 67%. As a result, the
diffusion-controlled Na" storage in pure SnS might be largely
hinderedbecause of the larger bulk size of pure SnS, which
further causes low rate capability.

Based on the above analysis results, introduction of graphene
in the SnS structure first decreases the agglomeration of SnS
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and (f) the percentage of SnS/rGO capacitive
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the AC//SnS/rGO SIC device at 1 A g™* (e) Ragone plots of SICs in the current work compared with that reported in previous studies.

during the fabrication process. Because of the confinement of
graphene, the growth of SnS along (010) and (00!) directions is
suppressed, which displays smaller thickness and particle size.
Second, the smaller SnS nanosheets exposed many open edges
along (/00) and (00!) directions, providing an easy way to
facilitate Na* transfer into the (0/0) plane, which can be
confirmed by the Na' diffusion coefficients after different
cycles. In addition, these active open edges also possess a lot of
vacancies because of the presence of Sn**—0O, which provide
many active sites for Na* pseudocapacitance storage on the
surface of SnS. Meanwhile, the presence of pyridine N, pyrrole
N, and C—N/C-S on the edges or defect sites in the graphene
structure also synergistically increases electrochemical activity
sites for Na* storage.

Figure 7a shows the CV curves of AC//SnS/rGO SICs at
different potential windows with 0.1 mV s™'. Tt can be clearly
seen that no matter the voltage window 0—4.2 or 1—4.5 V, the
CV curves of the AC//SnS/rGO SICs display large polar-
ization above 4.2 V, which cannot display an ideal rectangular
shape. When the potential window was set at 0—4, 0.5—4, and
1—4V, there is only a minor polarization near the 4 V. In order
to find the optimal potential window, we further compare the
cycle stability of AC//SnS/rGO SICs at the voltage window at
0—4,0.5—4,and 1-4 Vat 1l A g_l, respectively.

When adjusting the voltage window at 1—4 V, the overall
performance is better than those of other voltage window
ranges of 0—4 and 0.5—4 V, which indicates that the voltage
window has reached an optimal match for this SIC system.
This might be result from at the lower working voltage, partial
irreversible Na—Sn alloying reaction may occur due to the
unbalance cathode/anode reaction rate. Therefore, we
consider 1—4 V as the optimized voltage window to test the
performance of AC//SnS/rGO SICs. The electrochemical
performance and energy density of AC//SnS/rGO SICs with a
different mass ratio of AC to SnS/rGO were evaluated during
1—4 V, and the results are shown in Figure S10a. First, the
electrochemical properties of the AC half-cell are tested to
choose the appropriate cathode/anode ratio. As shown in
Figure S9, the active carbon displays specific capacities of 100,
71, 62, 53, 50, 48, 40, and 33 mA h g_1 at 0.02, 0.05, 0.1, 0.3,
05, 1,2, and 3 A g_l, respectively. Besides, it obtains stable
specific capacity of 45 mA h g™ at 0.5 A g/, which is suitable
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as the cathode material for SICs. The test results of active
substances with different mass ratios of cathode and anode
electrodes are shown in Figure S10b,c. When the ratio of
cathode- and anode-active substances was set at 2:1 (the
cathode and anode active substances was 2.2 + 0.1 mg cm™>
and 1.1 + 0.1 mg cm™> for each ®14 electrode piece,
respectively), the rate and long-term cycle performance were
the best, which indicates the balance of capacity of cathode/
anode and the maximum energy density of the SIC device.*”*
Hence, the optimal cathode and anode mass ratio was to be
2:1 for the AC//SnS/rGO SICs device. The time—voltage
profiles of AC//SnS/rGO SICs (Figure 7b) display linear
relationship from 0.02 to S A g ', implying capacitance
characteristic during the charge/discharge process. The rate
performance of the AC//SnS/rGO SIC device is shown in
Figure 7c with energy densities of 115, 101, 98, 92, 88, 81, 65,
and S3 W h kg™" at 0.02, 0.05, 0.1, 0.3,0.5, 1, 3, and SA g™,
respectively. When the current density returns to 1 A g/, the
AC//SnS/rGO SIC device can be quickly restored to the
energy density of 80 W h kg™'. The energy density of AC//
SnS/rGO SICs is 61 W h kg_l with high energy maintain,
which can be achieve 76% after 2000 cycles at 1 A g~' (Figure
7d). As we have mentioned in the introduction, the anode
materials for the sodium-ion hybrid capacitor are needed to
have high electrochemical reaction kinetics to match the rapid
adsorption/desorption non-Faraday reaction process of cath-
ode materials. The main Na® storage mechanism in anode
materials is reliable on Na* intercalation/extraction from the
material crystal structure, which is always hindered by the
sluggish Na* transfer and insufficient Na® redox kinetics.
Hence, it is not suitable to use the diffusion-controlled anode
materials in the system of SICs. In addition, the diffusion-
controlled anode materials also suffer from repeated crystal
structural changes, which might result in the collapse of the
structure. From this view, it is also inappropriate to use these
materials for long span of SICs. From this work, we find that
although SnS is an Na® intercalation mechanism anode
material, according to introduction of graphene, the growth
of SnS along (0/0) and (00!) directions is suppressed, which
displays smaller thickness and particle size. Meanwhile, the
active open edges also possess a lot of vacancies, which provide
many active sites for Na* pseudocapacitance storage on the
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surface of SnS. Furthermore, the presence of pyridine N,
pyrrole N, and C—N/C—S on the edges or defect sites in the
graphene structure also synergistically increases electro-
chemical activity sites for Na* pseudocapacitance storage. As
a result, the predominance function of Na* pseudocapacitance
storage for the SnS/rGO composite makes it suitable to
balance the difference of Na* back and forth in the cathode/
anode materials in SICs. The Ragone plot of AC//SnS/rGO
SICs in Figure 7e was compared with SIC data reported in
literature and showed AC//SnS/rGO SICs delivered a high
energy density of 113 W h kg™ under power density of 101 W
kg™'. The power density and energy density of the AC//SnS/
rGO SICs are superior to several SIC devices previously
reported, such as SnSZ/GCA//A-KB,37 COHCF//AC,33
GNTP//GNS,”" Na,Ti,0,,//PC,"* TiO,//CNT,** V,04//
CNT,** Nb,O,//CNT,*® V,0,//CNT,* and Nb,O,//AC"’
devices.

The higher cycling stability for SnS/rGO as the SIC anode
than as the anode for SIBs can be analyzed by the following
reasons. First, the presodiation SnS/rGO electrode as the
anode can avoid large irreversible Na* loss at the initial stage.
In addition, compared with the SnS/rGO electrode for the
SIC, it might also suffer from some side reactions from the
sodium metal during the repeated cycling for SIBs, such as
sodium dendritic growth at low voltage potential, which results
in capacity decaying of SnS/rGO after long cycling. The
optimize voltage window for the AC//SnS/rGO hybrid
capacitor (1—4 V) probably suppresses those side reaction.
The high energy density of AC//SnS/rGO SICs might be
resulted from fast uptaking and releasing of sodium ions to and
from SnS nanosheets. In addition, the diffusion of Na* ions
along the (00!) direction is more accessible to (0/0) direction
for those 2D layered materials. DFT calculation®® indicated
that Sn>" at layer edges is not stable. It inclines to covert to
Sn*" through oxidation, which means it possesses abundant
vacancies to strength Na* storage on its edges. Besides, S and
N codoped in graphene would also promote Na® surface
adsorption/desorption. As a result, the SnS/rGO electrode for
the SIC can maintain higher electrochemical stability.

4. CONCLUSIONS

SnS nanosheets confined growth by S and N codoped
graphene were synthesized through hydrothermal growth of
SnS, in combination with in situ electrostatic self-assembly
followed by annealing. Smaller SnS nanosheets tightly covered
by graphene possess open edges with abundant active sites to
facilitate sodium ion adsorption and shorten diffusion
pathways, resulting in high sodium ion storage capacity and
excellent transport kinetics. The SICs with SnS/rGO as the
anode and AC as the cathode delivered 80 W h kg™' with a
retention of 76% for 2000 cycles at 1 A ¢!, and 54 W h kg™
with a power density of 11 100 W kg™".
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