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[ ————N Na-lon Battery

Tin Sulfide-Based Nanohybrid for High-Performance
Anode of Sodium-lon Batteries

Jaewon Choi, Na Rae Kim, Kyungmi Lim, Kyojin Ku, Hyeon Ji Yoon, Jin Gu Kang,
Kisuk Kang, Paul V. Braun, Hyoung-Joon Jin,* and Young Soo Yun*

Nanohybrid anode materials for Na-ion batteries (NIBs) based on conversion
and/or alloying reactions can provide significantly improved energy and power
characteristics, while suffering from low Coulombic efficiency and unfavorable
voltage properties. An NIB paper-type nanohybrid anode (PNA) based on tin
sulfide nanoparticles and acid-treated multiwalled carbon nanotubes is reported. In
1 M NaPF dissolved in diethylene glycol dimethyl ether as an electrolyte, the above
PNA shows a high reversible capacity of =1200 mAh g™! and a large voltage plateau
corresponding to a capacity of =550 mAh g7' in the low-voltage region of =<0.1 V
versus Na'/Na, exhibiting high rate capabilities at a current rate of 1 A g7 and
good cycling performance over 250 cycles. In addition, the PNA exhibits a high
first Coulombic efficiency of =90%, achieving values above 99% during subsequent
cycles. Furthermore, the feasibility of PNA usage is demonstrated by full-cell tests
with a reported cathode, which results in high specific energy and power values of
=256 Wh kg™! and 471 W kg™!, respectively, with stable cycling.
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1. Introduction

Na-ion batteries (NIBs) have attracted much attention as
a next-generation power source for portable mobile elec-
tronics, electric vehicles, and large-scale energy storage (grid

Sungkyunkwan University energy storage) because of the wide availability, low cost,
Suwon 16419, South Korea and abundance of Na.l'*l The similarity of NIB chemistry to
N. R. Kim, H.J. Yoon, Prof. H.-J. Jin that of Li-ion batteries (LIBs), which are the major power
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sources in current electronic devices, enhances their near-
future technological potential.l'"*l However, the unfavorable
energy and power characteristics of NIBs compared to those

K. Lim, K. Ku, Prof. K. Kang of LIBs are critical issues to be resolved, originating from
Department of Materials Science and Engineering the intrinsic differences between Na and Li. The Na-ion is
Seoul National University =55% larger and 330% heavier than the Li ion, exhibiting
Seoul 151-742, South Korea a 0.33 eV higher electropotential (vs elemental metal).l']
Prof. Y. S. Yun In addition, the commercial success of LIBs is partly due
Department of Chemical Engineering to the use of the graphite, which, however, exhibits poor
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Na-ion storage capacity. Thus, a more suitable anode mate-
rial is required for NIBs, exhibiting a high capacity with a
low-voltage plateau (<0.1 V vs Na*/Na), high rate capability,
DOI: 10.1002/smll.201700767 and long-term cycling stability.[) Hard carbons (disordered
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graphitic carbons) were initially proposed as an anode mate-
rial for NIBs, since they could deliver a reversible capacity
of =300 mA h g! with a low-voltage plateau corresponding
to =50% of the total capacity.”°1 Nevertheless, the specific
capacity is still lower than that of the conventional graphite-
based LIB anode (=372 mA h g™!), and the rate capability and
cycle lifetime are also insufficient. Although more advanced
carbon-based anode materials have been recently developed
through nanostructured design and tuning of the local carbon
microstructure, the specific capacities and working voltages
are still inferior to those of LIBs, moreover, these materials
generally show a large irreversible capacity due to the large
surface area that induces the formation of excess amount of
solid-electrolyte interphase (SEI).014 Therefore, various
alternative anode materials based on metals/alloys,['5-20]
metal oxides/sulfides/phosphides,?'?"] and organic mate-
rialsi?33% have been explored. Among them, tin sulfide (SnS)
has a high theoretical capacity of =1020 mA h ¢!, with its
charge storage mechanism featuring both the conversion
reaction of sulfur and the alloying reaction of tin, described
by Equations (1) and (2):5'-34

SnS+2Na* +2¢~ <> Na,S+ Sn (1)

@)

Thus, 1 mol of SnS can store 5.75 mol of Na. The above
reactions are accompanied by a large volume change during
sodiation/desodiation, leading to poor cycling stability.?!-34
Therefore, a general strategy to improve the electrochemical
performance of SnS features both downsizing it to nanom-
eter-scale and producing nanohybrids with nanocarbon or
coating a carbon layer on the surface of the nanostructured
SnS.B1-381 Lu et al. reported SnS/reduced graphene oxide and/
or hard carbon nanocomposites with a reversible capacity
of =640 mA h g7, good rate capabilities at specific current
rates from 50 to 500 mA g~', and stable behavior during 30
discharge/charge cycles.’2l In addition, Zhu et al. reported
3D porous interconnected SnS/carbon nanocomposites with
a reversible capacity of =920 mA h g™! and respectable rate
and cycling performances.**] While these reports demon-
strate the potential merits of SnS-based nanohybrids as NIB
anodes, it was found that the first Coulombic efficiencies and
working voltages of these materials are not satisfactory. How-
ever, the SnS@graphene nanohybrids reported by Zhou et
al. show a low-voltage plateau with a reversible capacity of
~300 mA h g! at a low specific current rate (=30 mA g).3!]
The authors claim that this plateau originates from the
Sn—Na alloying reaction, which is supported by previous
theoretical and experimental results.?* Nevertheless, many
reported Sn—Na alloying reactions show unfavorable voltage
characteristics in their galvanostatic discharge/charge pro-
files for Na-ion storage.[1>102>3233] The contradicting results
are possibly due to the different electrochemical resistance
of electrode materials. For the SnS@graphene nanohy-
brids, a low equivalent series resistance (ESR) of =50 Q was
observed, possibly caused by the graphene-based nanohybrid
architecture.’!l However, these hybrids exhibit a low voltage
plateau when a low specific current rate is applied, limiting

4Sn+15Na* +15e~ <> Na5Sn,
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their power characteristics. In addition, the high specific
surface area of nanohybrid materials inevitably causes sig-
nificant side reactions at the electrode/electrolyte interface,
leading to low Coulombic efficiencies. Therefore, in order
to achieve better-performing nanohybrid anode materials,
their key parameters such as Coulombic efficiency and ESR
should be improved.

In this study, we report a paper-type nanohybrid anode
(PNA) based on SnS nanoparticles and acid-treated multi-
walled carbon nanotubes (A-MWCNTs). Combined with the
use of a new electrolyte system based on a linear-chain sol-
vent, diethylene glycol dimethyl ether (DEGDME), instead
of the conventional carbonate-based one, it is demonstrated
that the PNAs show a first Coulombic efficiency of =90.0%
and a large low-voltage plateau of =550 mA h g~!, with a
specific capacity of =410 mA h g~! maintained even at a high
specific current rate of 1 A g~!. These energy and power char-
acteristics surpass those of the conventional graphite-based
LIB anode. Additionally, the PNAs are mechanically flexible,
also exhibiting a potential advantage for enhanced volu-
metric and gravimetric energy densities due to the absence
of the current collector, binder, and conducting carbon com-
ponents. Moreover, the feasibility of PNAs was demonstrated
by full-cell tests with a reported cathode, which showed
high specific energy and power values of =256 Wh kg™ and
471 W kg™, respectively.

2. Result and Discussion

Tetrahedral zinc blende (ZB) SnS nanocrystals were pre-
pared via a colloidal synthetic route. Field-emission trans-
mission electron microscopy (FE-TEM) images show that
the SnS nanocrystals are =500 nm long on one side with a
high crystallinity (Figure 1a,b). Most of the SnS nanocrystals
have similar tetrahedral structures, with a narrow particle
size distribution observed by field-emission scanning elec-
tron microscopy (FE-SEM) at low magnification (Figure 1c).
Although the colloidal synthetic route can achieve a high
SnS nanocrystal yield, carefully chosen synthetic conditions
are required. The well-defined morphologies and crystal
structure were obtained by controlling the Sn/S ratio, tem-
perature, and reaction time (see Figure S1 in the Supporting
Information). When the reaction temperature is higher than
230 °C, or the relative sulfur content compared to the Sn pre-
cursor content is greater than =10 mol%, an orthorhombic
plate structure is favored over the ZB tetrahedron.*! Half
of the eight (111) faces of the tetrahedral structure have
different surface free energies, affecting how the surfactant
binds. Polarity could induce the formation of the tetrahe-
dral ZB SnS nanocrystals.?”l Figure S2 (Supporting Infor-
mation) displays characteristic X-ray diffraction (XRD)
peaks of the tetrahedral ZB SnS structure, which include
strong (111), (200), and (220) peaks at 26.5°, 30.7°, and 44.0°,
respectively. MWCNTSs with a high persistence length were
acid-treated to achieve oxygen functionalization and puri-
fication. The morphologies of A-MWCNTs are shown in
Figure 1d, exhibiting an interconnected network structure
and a high aspect ratio above 100. The A-MWCNTSs have a
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Figure 1. Morphological characterization of ZB SnS nanoparticles, A-MWCNTs, and PNAs. a) FE-TEM image and b) high-resolution FE-TEM image of
ZB SnS nanoparticles (inset of selected area diffraction pattern). c) FE-SEM images of ZB SnS nanoparticles. d) FE-TEM image of A-MWCNTs. FE-SEM
images of e,f) the fractured surface at different magnifications and g) the top surface of PNAs.

C/O ratio of 6.7, and their buckypapers have high electrical
conductivities of =2.3 x 10' S cm™.. Further specific informa-
tion on A-MWCNTs can be found in Figure S3 (Supporting
Information).

PNAs were prepared by simple vacuum filtration of
the mixture of the prepared SnS nanoparticles and the
A-MWCNTs dispersion. The thickness of A-MWCNTSs and
the corresponding SnS nanoparticle fraction are tunable by
controlling the respective volumes and ratios. As shown in
Figure 1le, PNAs of =25 um thickness were prepared using a
0.05 wt% dimethylformamide (DMF) dispersion of solutes
containing =60 wt% of SnS nanoparticles and =40 wt% of
A-MWCNTs. The magnified fractured surface and top sur-
face SEM images show that SnS nanoparticles were thor-
oughly bound by the A-MWCNT networks (Figure 1f,g). The
weight ratios of SnS and the A-MWCNTs in the resulting
PNAs were confirmed by thermogravimetric analysis (TGA)
in air (Figure S4, Supporting Information). The TGA curve
shows a residual weight of =60.3%, which is almost iden-
tical to the initial weight ratios of SnS and A-MWCNTs
introduced during preparation. These results support the
conclusion that the SnS nanoparticles are homogeneously
dispersed in the A-MWCNT matrix; hence they show similar
local weight ratios of around 60%. The XRD patterns of the
PNAs show the characteristic peaks for both tetrahedral ZB
SnS nanocrystals and A-MWCNTs (Figure S2, Supporting
Information), indicating that their intrinsic structures are pre-
served in the physical mixture.

The electrochemical tests of PNAs were conducted by
punching the paper (without any substrate, binder, and
super P) in a 1 M NaPF; solution in DEGDME as an electro-
lyte. Cyclic voltammograms (CVs) of PNAs show several dis-
tinct peaks (Figure 2a). In the first cycle, a large cathodic peak
centered at 0.84 V is observed, together with three oxidation
and reduction peaks at 0.05/0.01, 0.19/0.20, and 0.69/0.63 V,
indicating the occurrence of Na alloying/dealloying
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reactions.’] Note that the low-voltage redox peak is mark-
edly high in the intensity, indicating a well-defined low-
voltage capacity. As shown in Figure S5 (Supporting
Information), the low-voltage capacity do not originates from
an Na metal plating reaction. In addition, the observed peak
pair at 1.08/1.33 V is attributed to the conversion reaction
with sulfur.’!] The Na-ion storage mechanism of PNAs was
investigated in greater detail by ex situ XRD characterization
at different states of charges (SoCs), as shown in Figure 3.
The ex situ XRD patterns of PNAs sodiated at 1 and 0.7 V
versus Na*/Na show several initial SnS peaks disappearing
and new NaySn,, Na,Ss, and Sn,_,S peaks appearing at 0.7 V.
This result indicates that the large cathodic peak at 0.84 V in
the CV curve mainly originates from the structural change of
SnS after Na-ion insertion, and not from the irreversible
capacity due to the formation of a SEI layer. Upon discharge
to 0.01 V versus Na*/Na, the presence of Na;sSn, was
detected, revealing the full progress of the theoretical Sn—Na
alloying reaction and supporting the CV result. Moreover,
HNaS and Na,S, peaks were detected, showing that the reac-
tion was slightly deviated from the theoretically predicted
one (Na,S). The hydrogen atoms probably originate from
A-MWCNTs, which could react with Na and S in a complex
reaction. During the following charge to =0.4 V, the HNaS
peak disappeared, suggesting a possible transformation to
Na,S,. Additionally, the Na;sSn, peak also disappeared, and
several Sn metals and SnS peaks were detected. The deal-
loying of Na;sSn, to Sn corresponds to the low-voltage pla-
teau, and the presence of SnS peaks represents the reversible
assembly of the initial SnS structure. Whereas similar SnS, Sn,
and Na,S, peaks were found at =1.4 V, no distinct peaks were
detected after full charging to 2.7 V versus Na*/Na, indicating
that the reassembled SnS structure is amorphorized as the
Na ions are extracted. Based on these CV data and ex situ
XRD results, we can confirm that Sn and S mainly contribute
to the reversible Na-ion storage by undergoing alloying and

small 2017, 13, 1700767
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Figure 2. Electrochemical properties of PNAs. a) Cyclic voltammograms recorded at a sweep rate of 0.1 mV s~! in a voltage window of 0.01-2.7 V
versus Na*/Na. Galvanostatic discharge/charge profiles in an electrolyte comprising 1 m NaPF, dissolved in b) DEGDME and c) EC/DEC (1:1 v/v)
at a current rate of 300 mA g~! in a voltage window of 0.01-2.7 V versus Na*/Na. d) Cycling performance at a current rate of 300 mA g~* during
50 cycles in a voltage window of 0.01-2.7 V versus Na*/Na. €) Cycling performance at a current rate of 300 mA g~* (Inset of galvanostatic discharge/
charge profiles for 1st, 2nd, 100th, 150th and 250th cycles) and f) rate capabilities at different current rates of the low-voltage plateau in a voltage

window of 0.01-0.5 V versus Na*/Na.

conversion reactions, respectively. The galvanostatic dis-
charge/charge profiles of PNAs show reversible Na-ion
storage behavior with a high capacity of <1200 mA h g1, as
shown in Figure 2b. Note that the Coulombic efficiency of the
first cycle is =90.0%, despite the large electroactive surface
area of the nanostructure based on SnS nanoparticles and
A-MWCNTs. It implies that the first irreversible capacity
originating from the electrolyte decomposition to form the
SEI layer is relatively small, indicating that the DEGDME-
based electrolyte is not significantly decomposed even at low
voltages (below 1 V vs Na*/Na). Moreover, the Coulombic
efficiency reaches =99.0% in the following cycles, whereas the
galvanostatic discharge/charge profiles of PNAs tested in a
carbonate-based electrolyte (1 m NaPF dissolved in ethylene
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Figure 3. Ex situ XRD patterns of PNAs recorded at different SoCs.
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carbonate (EC):diethylene carbonate (DEC) (1:1 v/v)) dis-
play relatively poor electrochemical performances. In this
case, the reversible capacity is =655 mA h g”!, the Coulombic
efficiency being =63.4 and 92.5% for the first and second
cycles, respectively. In particular, no low-voltage plateau is
found in the carbonate-based electrolyte. This apparent dis-
crepancy in the electrochemical performance was speculated
to originate from the different solvents used and were further
investigated by in situ electrochemical impedance spectros-
copy (EIS) measurements for the first discharge/charge cycle,
as shown in Figure 4. For the DEGDME system, exhibiting
the first irreversible plateau at an early discharge stage, the
EIS profiles show one large semicircle, corresponding to the
charge transfer resistance (R), as shown in Figure 4a. These
semicircles become smaller with discharge time, and another
small semicircle starts to form in their forepart. As a result,
the initial large semicircle is deformed into an oval. Although
the presence of the new semicircle is not clearly confirmed,
the forepart of the oval-shaped semicircles could be attrib-
uted to the surface film resistance (R;), which is generally
caused by the formation of an insulating SEI layer and/or the
deposition of decomposed electrolytes on the electrode sur-
face. Small R; values indicate the formation of a highly con-
ductive and/or thin SEI layer. The ESR gradually decreased
during the discharge process, reaching =13 Q, which is a
remarkably low value for the alloying/conversion reaction-
based electrodes. In the following charge process, the low
ESR value was maintained by an SoC of =10%, and finally
one large semicircle was observed after the full extraction of
Na ions (Figure 4b). Conversely, two large semicircles were
found at the early discharge stage for the EC/DEC system,
exhibiting a plateau (Figure 4c). The first and second

www.small-journal.com

MICRO

(4 of 8) 1700767



1700767 (5 of 8)

m full papers

110

a 10 100
90
80 80
70
3z e 60 g
o 50 ?’
S 90N
30
; 20
20 - 10
0
%0 25 20 15 10 05 00 6 10 20 30 40 50 60 70 60
Voltage (V vs. Na*/Na) Z’ (ohm)
c 1200
100
1000
80
800
2 60 E
< 600 &
3 N
@ a0 400
20 200
__/

0 0
30 25 20 15 1.0 05 00 0 500 1000 1500 2000
Voltage (V vs. Na*/Na) Z’ (ohm)

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

b . (70
o e
0 50
— 20 40 =
g £
~ o
8 40 30 =
7] " N
60
10
80
0
100
30 25 20 15 10 05 00 0 10 20 30 40 50 60 70
Voltage (V vs. Na*/Na) Z’ (ohm)
d . 700
0 o
S 600
20 500
- €
400
R 40 f°,
8 300 N
€ 60
200
80
100
100 0
30 25 20 15 1.0 05 00 0 100 200 300 400 500 600 700

Voltage (V vs. Na*/Na) Z’ (ohm)

Figure 4. In situ EIS profiles of PNAs recorded at several intermittent rest times of the galvanostatic discharge/charge at a current rate of 300 mA g™*:
EIS profiles for a) discharge and b) charge in DEGDME. EIS profiles for c) discharge and d) charge in EC/DEC (1:1 v/v).

semicircles were attributed to R; and R, respectively.
Whereas R; showed similar values throughout the discharge
process, R, changed according to the SoC. Note that R;
exceeds 400 Q for all SoCs of the EC/DEC system, which
could be related to the absence of the low-voltage plateau.
The large polarization inevitably causes the overpotential
during the discharge process, leading to an early voltage cut
off before reaching the Na alloying reaction voltage. In the
following charge process, the overall ESR values are consid-
erably reduced, as shown in Figure 4d. Nevertheless, the ESR
is still above =130 Q, which is at least 10 times higher than
that of the DEGDME system. Based on these EIS data, we
conclude that the solvent system significantly affects the
properties of the SEI layer formed in the first discharge pro-
cess, inducing dramatic differences in electrochemical
performance. These results agree with those of the CV meas-
urements and galvanostatic discharge/charge profiles, as
shown in Figure 2a—c. The cycling stabilities of PNAs were
tested at a current rate of 0.3 A g7!, as shown in Figure 2d.
Although the initial capacity gradually decreased on cycling,
a high value of =946 mA h ¢! was still maintained after 50
cycles. In addition, except for the first cycle, a Coulombic effi-
ciency above 99% was achieved in all cycles without any
additive. This superb cycling behavior contrasts with the
cycling performance of the conventional SnS nanoparticle
electrode system comprising an Al current collector, super P
(20 wt%) and poly(vinylidene fluoride) (10 wt%) (Figure S6).
The conventional SnS nanoparticle anode showed a dramatic
capacity decrease, which was probably induced by the large
volume expansion/contraction of SnS upon cycling.*"! How-
ever, ex situ SEM images of PNAs show that their thick-
ness increased by =40 um (60% of initial value) after full
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sodiation (Figures S7a,b, Supporting Information). In addi-
tion, after desodiation, the nanoparticle structure of SnS was
re-established, although it was different from the original tet-
rahedral shape (Figures S7c,d, Supporting Information) and
amorphous microstructure (Figure 3). This result suggests
that the unique nanohybrid structure can effectively mitigate
the volume change of SnS nanoparticles during sodiation/
desodiation, inducing reversible Na-ion storage behavior. The
cycling stabilities and rate capabilities of the low-voltage pla-
teau of PNAs in the DEGDME-based electrolyte were fur-
ther investigated in a voltage range between 0.01 and 0.5 V
versus Na'/Na (Figure 2e,f). The first reversible capacity of
the low-voltage plateau equaled =550 mA h g~! at a current
rate of 300 mA g~!, which is =1.5 times higher than the value
of graphite (372 mA h g™!) (Figure 2¢). In a number of cycles,
a sharp capacity drop of =50 mA h g~! was observed, and a
capacity of =500 mA h g™! was retained after 250 cycles with
a favorable voltage profile (average voltage of around 0.1 V
vs Na*/Na) (Inset, Figure 2e). This value is still higher than
that of a typical graphite-based LIB anode. Ex situ FE-SEM
images show that the paper-type morphologies of the PNAs
were maintained after 250 cycles, although their thicknesses
expanded by more than a factor of two and their internal
microstructures were covered by reaction products and/or
by-products (Figure S8, Supporting Information). These data
suggest that the interconnected A-MWCNTs can provide
conducting pathways, even under large volume expansions,
while maintaining mechanical robustness in which their orig-
inal paper-type morphologies are still maintained after long-
term cycling. In addition, the low-voltage plateau exhibited
notable rate capabilities and reversibility at current rates
from 0.1 to 1.0 A g7', as shown in Figure 2f. Comparing with

small 2017, 13, 1700767
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Figure 5. Electrochemical performances of PNA//Na,sVPO,g¢F,, NIBs. a) Galvanostatic charge/discharge profiles of the Na,;VPO,gF,
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the rate capability data characterized in a voltage range of
0.01-2.7 V versus Na*/Na, the capacity drop of the low-
voltage plateau with increasing current rate is insignificant,
indicating the major capacity reduction is induced from the
higher voltage section when the current rate is ranged from
0.1 to 1 A g7! (Figure S9, Supporting Information). And the
similar reversible capacities (<1170 mA h g™!) of PNAs were
maintained, when the thickness of PNAs are much increased
by =60 um, as shown in Figure S10 (Supporting Information).

The feasibility of PNAs as a NIB anode was investi-
gated by assembling full cells with a reported cathode mate-
rial, Na; sVPO,¢F,;.[*] The electrochemical performance
of the cathode was first tested in a voltage range between
2.5 and 4.4 V versus Na*/Na, using 1 M NaPF, dissolved in
DEGDME as an electrolyte, as shown in Figure 5a. The gal-
vanostatic charge/discharge profiles of the Na; VPO, 4F,
cathode agreed with the previously reported ones,*! showing
a reversible capacity of =106 mA h g™' at a current rate of
100 mA g'. The specific design of the full cells is schemati-
cally depicted in Figure S11 (Supporting Information). To
assemble the full cells, PNAs were pre-cycled as half cells
with Na metal in a voltage range between 0.01 and 0.5 V
versus Na*/Na for 10 cycles, and the open-circuit-voltage of
PNAs was tuned to 0.5 V versus Na*/Na in order to mainly
utilize the low-voltage plateau (Figure S11, Supporting
Information). Figure 5b shows the galvanostatic charge/dis-
charge profiles of PNA//Na; sVPO,¢F,; NIBs at different
current rates between 2.0 and 4.35 V. At a current rate
of 25 mA g7, an average voltage of 3.6 V and a reversible
capacity of 71.0 mA h g! were achieved, corresponding to a
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specific energy and power of =256 Wh kg™! and =90 W kg™,
respectively. As the current rates increased to 50, 75, 100,
and 150 mA g7l the average voltages and capacities gradu-
ally decreased, resulting in the reduction of specific energy
to =241, =225, =211, and =189 Wh kg, respectively, while
the respective specific powers record =176, =253, =321, and
=471 W kg™! (Table S1, Supporting Information). The Ragone
plot of PNA//Na, sVPO,¢F,; NIBs shows the relationship
of their energy and power characteristics more clearly, as
depicted in Figure 5c. Worthwhile to note is that the spe-
cific energy of PNA//Na; sVPO,gF,; is superior to the ones
observed for previously reported systems such as CoCOP//
LiFePO,®l  V(O,4//lithiated graphite,*] Sb  nanorod/
P,-Na,;Ni; sMn,;0,,1* Sb@TiO,_//Na;V,(PO,),;-C[*! and
Sb-0-G/Na;V,(PO,);,*! demonstrating the practicability
of PNA-based NIBs as an alternative to LIBs. Moreover,
the PNA//Na, sVPO,sF,, NIBs showed stable cycling per-
formances over 50 consecutive cycles, displaying an =75%
capacity retention (Figure 5d).

3. Conclusion

In conclusion, highly crystalline ZB SnS nanoparticles
with =500 nm lengths and homogeneous size distributions
were fabricated using a colloidal synthetic route featuring
a controlled Sn/S ratio, reaction time, and temperature and
combined with A-MWCNTs with a high aspect ratio to yield
the mechanically flexible composite electrode for NIBs. In
1 M NaPF; dissolved in DEGDME as an electrolyte, these
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PNAs showed a high reversible capacity of <1200 mA h g™!
and a high Coulombic efficiency of =90% in the first cycle.
In addition, PNAs exhibited a significantly large plateau cor-
responding to a capacity of =550 mA h g7! in the low-voltage
area of =0.1 V versus Na*/Na, showing high rate capabili-
ties, good reversibility, and stable cycling performance over
250 cycles. Ex situ XRD patterns of PNAs at different SoCs
revealed that the low-voltage plateau originates from the
reversible formation of Na;sSn, in Sn—Na alloying reactions
along with the conversion reaction between S with Na ions
contributing to the specific capacity. The results of in situ EIS
revealed that PNAs show much lower R; and ESR values
(13 Q) in DEGDME than in conventional carbonate-based
solvents. The small R; and high first Coulombic efficiency
could account for the low-voltage plateau in DEGDME
electrolyte system. The feasibility of PNA application was
confirmed by tests of full cells assembled using a reported
cathode, Na; sVPO,¢F;;. The PNA//Na,sVPO,¢F,; NIBs
showed a specific energy and power of =256 Wh kg™! and
=471 W kg!, respectively, with stable cycling.

4. Experimental Section

Fabrication of SnS Nanoparticles and A-MWCNTs: A 50 mL
two-neck Schlenk flask was charged with oleylamine (10 mL)
and vacuum-dried at 110 °C for 3 h, followed by the addition of
sulfur (18 mg, 0.56 mmol) under argon. After 10 min of stirring,
the flask was air-cooled to room temperature. SnCl, (100 mg,
0.53 mmol) was vacuum-dried for 10 min and dissolved in the
above mixture. The reaction flask was heated to 230 °C and held
for 2 h under Ar atmosphere. After the reaction, the resulting
products were several times washed with ethanol and centri-
fuged. The obtained SnS nanoparticles were dried and stored in
a vacuum oven at 30 °C. Pristine MWCNTs (CM-280, Hanhwa
Chemical Co., Ltd., Seoul, Korea) were treated by a mixture of
acids (sulfuric acid:nitric acid = 3:1 v/v) at 60 °C for 6 h to remove
impurities and introduce surface oxygen functional groups. The
obtained A-MWCNTs were neutralized by repetitive filtration
and washing with distilled water. Finally, the A-MWCNTs were
dried and stored in a vacuum oven at 30 °C.

Preparation of PNAs: SnS nanoparticles (21 mg) and A-MWCNTs
(14 mg) were dispersed in DMF (70 g, 99.5%, Sigma-Aldrich, USA)
by ultrasonication. The obtained mixture was filtered on an Ano-
disc membrane filter (47 mm diameter, 0.2 um pores; Whatman).
After drying in a convection oven at 80 °C, the obtained PNAs were
separated from the filter and heated at 300 °C for 2 h.

Material Characterization: Sample morphologies were char-
acterized using FE-SEM (S-4300, Hitachi, Japan) and FE-TEM
(JEM2100F, JEOL, Japan). Chemical states were investigated by
X-ray photoelectron spectroscopy (PHI 5700 ESCA) using mono-
chromated Al Ke: radiation (hv = 1486.6 eV). Raman spectra were
recorded using a continuous-wave linearly polarized laser (wave-
length: 514.5 nm; energy: 2.41 eV; power: 16 mW). XRD (Rigaku
DMAX 2500) was performed using Cu Ko radiation (A= 0.154 nm),
and the instrument was operated at 40 kV and 100 mA. Sample
porosity was analyzed based on nitrogen adsorption and desorp-
tion isotherms obtained at —196 °C using a surface area and poro-
simetry analyzer (ASAP 2020, Micromeritics, USA).
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Electrochemical Characterization: Electrochemical tests of
PNAs, Na, ;VPO, gF, ;, and the corresponding full-cell devices were
conducted using a WonATech automatic battery cycler and CR2032-
type coin cells. In situ EIS tests were performed at room tempera-
ture in the frequency range of 1 MHz to 1 mHz using an impedance
analyzer (ZIVE SP2, WonATech). The working electrodes were pre-
pared by punching PNAs into circles with a diameter of 1/2 inch
and an area density of =2.2 mg cm~2. The SnS nanoparticle-based
electrode and the Na, ;VPO, gF, ; cathode were prepared by mixing
the active material (SnS nanoparticles, 70 wt%) with conductive
carbon (20 wt%) and PVDF (10 wt%) in N-methyl-2-pyrrolidone.
The resulting slurries were uniformly applied onto Al foil. The elec-
trodes were dried at 120 °C for 2 h and roll-pressed. The coin cells
were assembled in a glove box filled with argon, employing a com-
posite electrode with metallic sodium foil and 1 m NaPF, (Aldrich,
purity: 98%) in DEGDME or EC/DEC (1:1 v/v) as the electrolyte.
A glass microfiber filter (GF/F, Whatman) was used as a separator.
The cells were galvanostatically cycled between 0.01 and 2.7 V
versus Na*/Na for half-cells and between 2.0 and 4.35 V for full
cells at various current densities. For the full-cell assembly, PNAs
were precycled as half-cells with Na metal in a voltage range of
0.01-0.5 V versus Na*/Na for 10 cycles, and Na, sVPO, gF,, was
used in a fivefold weight excess to PNA.

Supporting Information

Supporting Information is available from Wiley Online Library or
from the author.
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