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Nanocrystalline SnS, coated onto reduced graphene oxide:
demonstrating the feasibility of a non-graphitic anode with
sulfide chemistry for potassium-ion batteries

A sulfide-based anode for potassium-ion batteries is
demonstrated. The material consists of SnS, nanocrystals
anchored onto reduced graphene oxide and has an
impressive capacity of 350 mA h g% A new class of high
capacity anodes for potassium-ion batteries is uncovered.
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An anode material incorporating a sulfide is reported. SnS; nano-
particles anchored onto reduced graphene oxide are produced via a
chemical route and demonstrate an impressive capacity of 350 mAh g2,
exceeding the capacity of graphite. These results open the door for a
new class of high capacity anode materials (based on sulfide chemistry)
for potassium-ion batteries.

In order to move towards clean energy sources and sustainable
development, advancements in energy storage systems suitable
for large-scale applications are critical." Recently, a range of
secondary rechargeable battery systems based on a variety of
cation (Na*, K*, Mg>*, AI**, Zn®*") and anion (F~, Cl") shuttles
have been developed as alternatives to Li-ion batteries.>™®
Although Li-ion batteries are a dominant battery technology
at present due to their attractive energy densities, they may face
extensive headwinds in their practical applications in the
future. In particular, the low abundance and uneven geographical
distribution of lithium (predominantly found in South America) are
serious concerns.” For these reasons, alternative “rocking chair”
batteries are in the spotlight of international research interest.
Potassium is an abundant chemical element with chemical
properties similar to those of lithium. Consequently, a “rocking
chair” battery utilising K' ions may be realized. Unlike sodium-
ion batteries that have attracted significant attention from the
research community in the last five years, potassium-ion cells
are in an earlier stage of evolution, although the interest in
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these systems is clearly increasing.® Initial candidates to be
cathode and anode materials have been investigated. For
example, Prussian blue,”'® FeSO,F,"" amorphous FePO,"> and
Fe/Mn-based oxides™ have been evaluated on the cathode side.
Mostly carbon materials have been investigated as negative
electrodes. In particular, it has been reported that graphite can
be an appealing choice of an anode as K" ions are able to
intercalate into graphite to form a stage I intercalation compound,
KC, (implying a theoretical capacity of 278 mA h g~ )."*™° Studies of
carbon anodes have also been extended to hard and soft
carbons,"” and reduced graphene oxide.’® Inorganic anodes are
much less studied, with only potassium titanate'® and alloying-type
materials (with Sn,'® Sb,>*° and Sn,P;>' active components)
reported so far.

Metal sulfides have been considered to be promising anode
materials for lithium-ion and sodium-ion batteries.>* Some of
these compounds (e.g., sulfides of tin SnS and SnS,) are
speculated to react with the corresponding alkali metal through
a combination of sequential conversion and alloying reactions,
which results, hypothetically, in a high capacity in excess of
1000 mA h g *.*>* The experimental results are quite contra-
dictory, however. For instance, a high capacity of SnS material
(~1000 mA h g~ ") has been reported in lithium cells by Kumar
et al.”® but lower values of about 600 mA h g~' have been
measured in other reports.”>>> Notably, metal sulfides are not
evaluated yet as anode materials for potassium-ion batteries,
with one exception of MoS, that was able to intercalate a modest
amount of potassium.>®

Herein, the anode performance of a high capacity metal
sulfide in potassium cells is reported for the first time. A composite
material consisting of nanocrystalline SnS, dispersed on sheets of
reduced graphene oxide (rGO) is prepared and analyzed as a model
system. The dispersion of the active component in the form of small
nanoparticles located on a two-dimensional carbon support allows
us to minimise effects associated with possible volume change
during cycling. It is shown that a significant capacity exceeding the
theoretical capacity of graphite in potassium cells can be measured.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 An XRD pattern of the produced electrode material. The peaks of
tin sulfide are indexed according to the standard diffraction pattern of the
hexagonal SnS; phase.

The electrochemical performance, cyclic stability, and rate cap-
ability of the SnS,-reduced graphene oxide (SnS,-rGO) system
are discussed.

The composite material was prepared by H,S treatment of a
peroxostannate-graphene oxide composite in accordance with
a previously reported procedure.”” The X-ray diffraction (XRD)
pattern of the produced electrode material is shown in Fig. 1.
The diffraction signature is consistent with the hexagonal
phase of SnS, (standard diffraction file # 01-083-1705) although
the peaks are significantly broadened due to the small size of
crystallites in the material. The analysis of the XRD peaks of the
SnS, phase indicates that the crystallite shape is anisotropic.
Using the Scherrer equation, we have calculated sizes of 11.3
and 10.1 nm from the (100) and (110) diffraction peaks, while
the crystallite size calculated from the (001) diffraction peak is
only 2.9 nm. These findings are consistent with the platelet
morphology of the SnS, particles, with the reduced thickness of
the crystallites along the [001] direction. Indeed, crystal habit of
this type is frequently found for unsupported SnS,,”**° and has
also been recently confirmed by Liu et al.** and by Zhuo et al.*®
for SnS, supported on graphene oxide. The X-ray photoelectron
spectroscopy (XPS) characterization of the electrode material is
shown in the ESIf (Fig. S1). In brief, a minor amount of
elemental sulfur is detected in addition to the sulfide. A minor
presence of tin oxide impurity is also revealed. We estimate
from the energy-dispersive X-ray spectroscopy (EDS) analysis
that the sample contains 76.2 and 5.5 wt% of SnS, and SnO,,
respectively.

The results of the electron microscopy characterization are
shown in Fig. 2. According to the scanning electron microscopy
(SEM) image (Fig. 2a), a collection of crumbled nanosheets can
be observed in the sample, confirming its two-dimensional
nature. SEM and bright-field scanning transmission electron
microscopy (STEM) images of the same individual SnS,-rGO
sheet are presented in Fig. 2b and c. Apart from the bending-
thickness contrast in the specimen, additional contrast, originating
from the SnS, coating, is visible in the STEM image. A diffraction
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Fig. 2 TEM data for SnS,-rGO: (a) SEM image of an area in the sample;
(b and c) SEM and STEM images of an individual SnS,-coated sheet of rGO;
(d) selected area diffraction pattern; (e) energy-filtered TEM image (color
scheme: red — sulfur, green — carbon); and (f) HAADF STEM image to visualize
SnS, nanoparticles (brighter contrast from tin) on the surface of rGO.

pattern (Fig. 2d) consists of polycrystalline rings that can be indexed
to the SnS, phase (standard diffraction file # 01-083-1705). The rings
are continuous, without separate bright spots, indicating the small
size of SnS, crystallites on the surface of rGO. An energy-filtered
image is shown in Fig. 2e, and the distribution of the graphene
oxide nanosheets is depicted using the green color (the contrast is
stronger in the wrinkles due to the accumulation of dense carbon).
The distribution of sulfur on the surface is shown with the red color.
The sulfur coating is continuous, without individual particles
visible. Considering the resolution of this mapping technique
(1-2 nm), this is consistent with the assumption that a very
dense coating of small nanoparticles exists on the surface.
Indeed, as revealed by a high angle annular dark-field (HAADF)
STEM image (Fig. 2f), tin-containing nanoparticles with sizes of
a few nm (a brighter contrast from Sn as a heavier element) exist
on the surface. Additional SEM, transmission electron micro-
scopy (TEM) and STEM images of SnS,-rGO can be found in the
ESIT (Fig. S2 and S3).

To evaluate SnS,-rGO electrodes in potassium cells, electro-
chemical tests were carried out in two-terminal half cells with
potassium metal as a counter electrode. The selected charge-
discharge profiles recorded at 25 mA g~ " are shown in Fig. 3a—c.
The initial discharge capacity is around 630 mA h g~* and the
first charge capacity is 355 mA h g~ '. The Coulombic efficiency
improves in the subsequent cycles: e.g., the discharge and
charge capacities are 363 and 340 mA h g~ " in the third cycle,
and 342 and 312 mA h g ' in the tenth cycle. The cyclic
voltammetry curves for a SnS,-rGO electrode are shown in
the ESIT (Fig. S4). The electrochemical activity of the SnS,-rGO
material is on average well above 0 V vs. K/K', a behavior quite
different from that of graphite in potassium cells that exhibits
plateaus at low potentials with respect to potassium. It has been
previously suggested that low potentials on the graphitic or hard
carbon anodes (with respect to the corresponding alkali metal) in
lithium and sodium-ion batteries may lead to safety risks under
certain conditions due to the metal plating. The anodes operating
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Fig. 3 Electrochemical characterization of SnS,—rGO material in potassium
cells: (a—c) charge—discharge curves in the first, third and tenth cycles at a
current rate of 25 mA g% (d) cyclic stability at the same current rate;
(e) charge—discharge profiles in the fifth cycle obtained for cells cycled at
various current rates (25 mA g~*-2 A g™%; and (f) the corresponding plot of
reversible capacity as a function of the current rate.

at higher average potentials vs. the corresponding metal are
potentially interesting as they allow eliminating this issue. The
SnS,-based system appears to be an example of such an anode in
potassium cells.

In order to probe the potassium storage mechanism, we
attempted XRD analysis of the electrodes stopped at 0.01 V vs.
K/K" in the first discharge and at 2 V vs. K/K" in the first charge
of potassium half-cells (Fig. S6, ESIT). The XRD patterns collected
from electrodes extracted from three cells are shown in each
instance. Subtle XRD peaks were visible in the XRD patterns of
the electrodes discharged to 0.01 V (Fig. S6, left-hand side
column, ESIT); however, the intensities were extremely weak
due to the severe nanocrystallinity of the sample. In such a
situation, it is difficult to assign the XRD peaks to phases
reliably. After careful consideration, we were able to establish
that the positions of the peaks in the 25-35° range may fit with
the expected positions of the strong peaks for KSn and K,Se
phases. However, some of the other peaks for these phases were
not observed, and the assignment of XRD peaks is preliminary
at this stage. We propose that a more detailed study using bulk,
large size SnS, crystals (in order to obtain clear, easy-to-interpret
XRD patterns) needs to be performed in the future to confirm
the mechanism for the material. We also observed broadened
XRD peaks in the 50-70° range but were not able to assign those
to any known phase. Sharp peaks with strong intensities
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observed in the patterns originate from the copper foil and
XRD sample holder. The XRD patterns of the electrodes charged
back to 2 V vs. K/K" (Fig. S6, right-hand side column, ESI{) do
not display any detectable XRD signatures (except the strong
peaks from the Cu foil and sample holder), suggesting that
amorphization of the active compounds in the electrode takes
place upon charging the half-cell. On the basis of these preliminary
observations, it may be possible that a variation of the sequential
conversion and alloying-dealloying mechanism proposed, for
example, for lithium cells’® is in play here; however, further
detailed studies will be required to verify that. To evaluate the
possibility of such a mechanism on a preliminary level, we may
correlate the level of capacity in this work with the level of capacity
recorded for the same material previously in other types of cells.
Studies of the electrochemical reactivity of SnS,-rGO with lithium
and sodium have been conducted by the groups of Prikhodchenko
and Lev,”””** and capacities of 1027 and 610 mA h g~ ', respectively,
have been observed. Much lower capacities in sodium and
potassium cells indicate that the exact operating charge storage
mechanism of SnS, in both cells is likely to be different from
the mechanism in lithium cells.

The cyclic stability of the SnS,-rGO electrodes is shown in
Fig. 3d. In a standard electrolyte of 0.75 KPF, in a mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC), the
electrode retains an attractive capacity of more than 280 mA g~
(in excess of the theoretical capacity of graphite) for the first
25 cycles. The capacity, however, starts to decay subsequently
(longer cycling data are shown in Fig. S5, ESIf). This is in
contrast to the behaviour of the same electrode in sodium cells
with an optimized electrolyte (containing fluoroethylene carbonate
(FEC)), where a stable capacity of about 600 mA h g ' was
observed. Indeed, FEC has been identified as a useful additive to
standard sodium-ion battery electrolytes, capable of improving the
cyclic stabilities of various electrode materials.**** To check the
applicability of the FEC additive in potassium cells, we conducted
a cyclic stability test of the SnS,-rGO electrode in the same
electrolyte after adding 3 vol% FEC to the formulation (the data
are in Fig. S5, ESIt). Surprisingly, the cyclic behavior is inferior to
the cyclic stability in the standard, unmodified electrolyte. These
results indicate that the function of electrolyte additives typical for
more established lithium or sodium cells may be different in the
new potassium-ion batteries. Indeed, Komaba et al.*® also studied
the influence of the FEC additive on the cyclic stability of graphitic
anodes in potassium cells. Similarly, an addition of the FEC to the
electrolyte formulation led to the deterioration of the cyclic
performance. It may be concluded that the role of the FEC additive
is different in sodium and potassium cells. Another electrolyte
additive may be more effective in the potassium cells to improve
the cyclic stability of the electrodes.

A set of coin cells was used to test the rate capability of the
composite. The mass loading was controlled in the 0.8-0.9 mg cm 2
range for each electrode. The cells were set to charge and discharge
at a fixed current in the 25 mA g~ '-2 A g ! range. Fig. 3e shows the
capacities and charge-discharge profiles for the cells at various
currents (the data are from the fifth cycles). As it follows from Fig. 3f,
the rate capability of the SnS,-rGO electrodes is reasonable,

This journal is © The Royal Society of Chemistry 2017
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with reversible capacity (that is, the capacity measured upon
charging a half-cell) of about 120 mA h g™ still remaining at a
high current of 2 A g~ .

The obtained electrochemical data demonstrate a new class
of high capacity anodes for potassium-ion batteries. This class
includes metal sulfides, and the first example of SnS, material
deposited on reduced graphene oxide is explored here. A
significant capacity of 350 mA h g~' is measured, which is in
excess of the theoretical capacity of graphite (278 mA h g™") in
potassium cells and is superior to many reported materials.
E.g., hard and soft carbons have demonstrated slightly inferior
capacity to that of graphite.”"” A relatively limited capacity
(~250 mA h ¢g”') has been reported in Sb-carbon composites
(although the proposed theoretical capacity is quite high,
660 mA h g~ ").>° Comparable capacity levels (~385 mA h g )
have been demonstrated by the Sn P;-based electrodes.”” In this
context, the studied sulphide-rGO system demonstrates an
attractive capacity and opens the door for high capacity sulfide
materials and their composites to be explored as potential
materials for potassium-ion batteries.

In summary, a SnS,-rGO composite material was evaluated
as a possible anode material for potassium-ion batteries. Structural
studies demonstrate that the active component is in the form of a
hexagonal SnS, phase with possible negligible impurities of SnO,
and elemental sulfur. The SnS, nanoparticles have an anisotropic
morphology of platelets with the reduced crystal thickness along
the [001] direction. The nanoparticles are well dispersed on the
nanosheets of rGO. The material demonstrates an attractive
capacity of about 350 mA h g™, exceeding the capacity of graphite.
A high capacity (above 250 mA h g™') is retained for the first
30 cycles but capacity decay is observed afterwards. Future
studies are required to optimize the cyclic stability. Intriguingly,
it is observed that the addition of FEC beneficial for sodium
cells does not improve the cyclic stability and, in fact, has an
opposite effect. This study reveals a new type of high capacity
potassium-ion battery anode based on sulfides and will stimulate
the development of non-graphitic anode materials.

This work was supported by the Russian Science Foundation
(grant 16-13-00110) and carried out with the support from the
Deakin Advanced Characterization Facility. Financial support
from Deakin International Postgraduate Scholarship is also
acknowledged.
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