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Sodium/potassium-ion batteries (NIBs and KIBs) are considered
the most promising candidates for lithium-ion batteries in
energy storage fields. Tin sulfide (SnS2) is regarded as an
attractive negative candidate for NIBs and KIBs thanks to its
superior power density, high-rate performance and natural
richness. Nevertheless, the slow dynamics, the enormous
volume change and the decomposition of polysulfide inter-
mediates limit its practical application. Herein, microcubes SnS2

were prepared through sacrificial MnCO3 template-assisted and

a facile solvothermal reaction strategy and their performance
was investigated in Na and K-based cells. The unique hollow
cubic structure and well-confined SnS2 nanosheets play an
important role in Na+/K+ rapid kinetic and alleviating volume
change. The effect of the carbon additives (Super P/C65) on the
electrochemical properties were investigated thoroughly. The in
operando and ex-situ characterization provide a piece of direct
evidence to clarify the storage mechanism of such conversion-
alloying type negative electrode materials.

Introduction

The need for high-capacity retention has prompted extensive
investigation into developing multiple forms of sustainable
power transformation and storage systems. Recently, LIBs have
been employed in electric vehicles since the 1990s. However,
the limited availability of lithium resources can’t meet the
growing demands of energy storage devices.[1–5] These motiva-
tions are triggering the investigation of NIBs and KIBs because
of the natural richness of sodium and potassium resources. In

addition, the potential of K+/K (� 2.92 V vs. [SHE]) is close to
that of Li+/Li (� 3.04 V vs. [SHE]) and lower than that of Na+/Na
(� 2.71 V vs. [SHE]), making NIBs and KIBs a good alternative to
replace LIBs. Moreover, due to its affordable manufacturing
process and impressive gravimetric energy density, aluminum
foil serves as an excellent current collector for NIBs and KIBs.
Recently, the development of negative electrode material for
NIBs and KIBs has been a major effort.[6–11] However, NIB and KIB
electrode materials are hindered by low specific capacity,
unstable cycling performance, and sluggish charge transfer
kinetics because Na+ (1.06 Å) and K+ (1.38 Å) have larger radius.
Therefore, designing the negative electrode material capable of
high reversible capacities and stable cyclical behavior is of great
significance for NIBs and KIBs.

Up to now, many research works reported that some
negative carbonaceous materials (soft carbon, graphite, and
hard carbon) were explored for NIBs and KIBs.[12,13] Nevertheless,
the Na and K storage performance of the commercial graphite
is unsatisfactory. Many non-carbonaceous negative electrode
materials, which can store the alkali ions via conversion and
alloying mechanisms, have been investigated for NIBs and KIBs,
showing enhanced specific capacity as opposed to carbon-
containing.[14] Among the available choices, Sn-based metal
sulfides stand out as promising candidates for negative electro-
des, thanks to their high theoretical capacity.[15] Unfortunately,
the main drawbacks of these negative electrode materials are
the tremendous volume expansion and fast capacity decay
upon cycling. Additionally, the larger radius compared to Li+

results in slower Na+ and K+ diffusion and charge transfer
kinetics. Therefore, some effective solutions to overcome the
abovementioned questions were applied, in particular structural
/morphological design and hybrid structure of the negative
electrode materials. Recently, various morphologies with nano-
structures (nanowalls, nanosheets, nanoparticles) have been
investigated. Zhou et al.[16] developed a distinctive nanowall
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electrode material, exhibiting a sodium storage performance of
576 mAh g� 1. Fang et al.[13] synthesized few-layered SnS2-rGO
nanosheets, providing a capacity of 448 mAh g� 1 for KIBs.
Designing nanostructured active material is beneficial for short-
ening diffusion paths for Na+/K+, enhancing electron transfer,
increasing electrochemical reaction efficiency, and buffering the
mechanical strain of repeated charge and discharge operations.
However, the rational design and facile fabricated SnS2-based
architectures capable of highly exposed active sides, large
surface area and excellent stability remain a significant
challenge.

Using templates as precursors provides specific advantages
compared to traditional synthesis routes, including the forma-
tion of different morphologies and porosities.[17] Hollow porous
nanostructures can be fabricated through MnCO3 as a sacrificial
template. MnCO3 has obtained much attention because of its
different morphologies, large surface and void volume. Herein,
we report microcubic SnS2 consisting of ultra-thin nano-layers,
which are grown with a microcubic MnCO3 template. The
detailed synthesis of homogeneous MnCO3 microcubes in
Supporting information. Microcubic MnCO3 templates are
removed through HCl solution washing, and hierarchical
structured SnS2 microboxes are finally obtained. The micro-

cubes SnS2 have highly exposed active sides, large surface area
and excellent stability, therefore high performance of Na and K
storage capacity are expected. Due to the inherently low
conductivity of SnS2, carbon agents (Super P/C65) are crucial for
the percolation and electrochemical performance of SnS2

material. However, studying the properties and the effect of
different carbon additives in SnS2-based electrodes is still
lacking so far, the effect of the conductive agent (Super P/C65)
on the electrochemical properties were investigated thor-
oughly. Microcubic SnS2 is employed as the negative material in
both Na and K half-cells to investigate its storage performance
for sodium and potassium. Structural changes and morpholo-
gies various are investigated by in operando XRD and ex-situ
SEM.

Results and Discussion

SnS2 Microcubes Structural Characteristics and Surface
Properties

Figure 1a shows XRD diffraction patterns of microcubic SnS2,
which agrees with SnS2 (PDF#23-0677) with the space group of

Figure 1. (a) XRD diffraction pattern and (b) Tin 3d, (c) sulfur 2p and (d) carbon 1s XPS spectra of the microcubic SnS2 sample.
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P�3m1. The MnCO3 microcubes template are associated with
trigonal MnCO3 (R�3c, ICSD: 80868) in Figure S1.[18] The element
states and chemical composition of as-prepared SnS2 was
investigated by XPS measurements. As shown in Figure 1b, the
Sn 3d spectrum, reveals two peaks at 495.3 (Sn 3d3/2) and
486.7 eV (Sn 3d5/2), confirming Sn (+4) in the SnS2 sample.[12,19]

In Figure 1c, peaks at 161.8 (S 2p3/2) and 163.1 eV (S 2p1/2)
signify S (2� ) in SnS2. Moving to Figure 1d, the C 1s spectra
exhibit three distinct peaks corresponding to 289.2 eV (O� C=O,
285.0 eV (C� C/C=C) and 286.2 eV (C� O), respectively.[20,21] These
results confirmed that SnS2 has been successfully synthesized.

MnCO3 microcube templates are uniform with an average
size of ca. 2–3 μm (Figure 2a). Owing to uniformity and micro-
size, MnCO3 can work well as the template to support the
subsequent growth of SnS2 nanosheets. The SEM image of the
MnCO3@SnS2 (Figure 2b) shows that MnCO3 microcubes are
uniformly coated with ultrathin SnS2 nanosheets. After the
MnCO3 template was removed, the 3D hierarchical SnS2 nano-
structure was retained. We observe that a cracked SnS2 micro-
cube clearly shows a hollow interior (Figure 2c). The TEM image
(Figure 2d) confirms the hollow cavity in the final sample, which
agrees with the SEM results. Three diffraction rings with layer
spacings of 0.61, 0.317, and 0.180 nm, correspond to the (001),
(100), and (110) layers of SnS2 in Figure 2f.[12,16,22] The SEM-EDS
reveals the microcubic SnS2 (Figure S2a) consisting of Tin
(Figure S2b), S (Figure S2c), and C (Figure S2d), which indicates
the homogeneous distribution of chemical composition in the
SnS2 nanosheets. Furthermore, the pronounced peak at
309.5 cm� 1 is due to A1g Raman-active vibrational mode. Addi-
tionally, Organic Elemental Analysis, detailed in Table S1, reveals
a carbon content of 4.3 % (Figure S3).

Investigation of the Microcubes SnS2 Electrode in Na-Half Cell

Our previous research demonstrated that fluoroethylene
carbonate (FEC) additive enhanced cycling performance.[18]

Therefore, subsequent electrochemical studies are performed
with 5 wt % FEC.[23] The effect of carbon on an electrode is not
univocal, but it depends on the electrode composition and can
vary with the active material chosen (as well as with the
microstructure properties of each active material). This study
focuses on two different carbon additives (Super P and C65) on
the Na+-ion storage performance in the microcubic SnS2

electrode. Figure 3a and b display the cyclic voltammetry (CV)
plots for the SnS2 electrode, respectively. At the first Na
insertion process, the cathodic peak (1.72 V) presents the
formation of NaxSnS2.

[16,24] Then NaxSnS2 transfers to Na2S and
Sn with more Na+ insertion, corresponding to one small peak
at 1.07 V. With more Na+-ion insertion into the microcubic SnS2

electrode, the formed metallic Sn alloying with Na and the
formation of Na� Sn alloying and the solid electrolyte interphase
(SEI) occurs at 0.47 V.[22,25,26] Correspondingly, during the first de-
sodiation process, Na3.75Sn de-alloyed and final conversed into
NaxSnS2.

[27] The SnS2 +C65 electrode exhibits higher capacity
retention than the SnS2 +Super P electrode. The de-sodiation
capacity increases during the first 10 cycles. Two reasons are

possible for the de-sodiation capacity increase in the first 10
cycles. One is activation process: the SnS2 electrode activation
process continues for some cycles with a gradual capacity
increase. The other one is pulverized SnS2 nanoparticles are
distributed on carbon additives after the first cycles, which can
improve the electrochemical reaction efficiency between the
SnS2 nanoparticles and electrolyte. After that the de-sodiation
capacity decreases upon cycling. Ex-situ SEM demonstrates the
reason for the SnS2 electrode specific capacity decrease from
the 10th to 100rd cycle (Figure S4 and S5), The electrode consists
of agglomerate nanoparticles and a large bulk after 10 cycles.
The nanoparticle agglomeration transfers into a smaller one at
the 100rd cycle, the formed smaller particle most probably is
amorphous, which results in de-sodiation capacity decline upon
cycling. Rate performances are conducted and shown in
Figure 3d. The SnS2 electrode, when combined with C65,
exhibits enhanced rate performance and stability (Figure S6).
Our previous research work demonstrated that Super P could
cause active material to have more cracks and interrupt
electronic conductive path, resulting in SnS2 +Super P electrode
having lower de-sodiation capacity.[18] The specific capacity
experiences an initial increase for the first 20 cycles, followed by
a decrease from 20 to 100 cycles (Figure S5). This could be due
to the activation process and SEI formation.[28,29] The Na storage
capacity of the microcubic SnS2 electrode (with C65) reaches
208 mAh g� 1 a notable improvement compared to the reported
value of pure SnS2 at 90 mAh g� 1.[30]

To further investigate the SnS2 structural transformation
when Na+ insertion, the in operando XRD patterns during the
1st sodiation process were recorded. Some diffraction peaks of
(001), (100), (101), (110) and (201) planes at 3.7°, 4.3°, 6.5°, 11.0°
and 11.3°appear at the pristine stage (Figure 4a). During the
sodiation process, the diffraction peaks (001) and (101) planes
of the SnS2 composite become weaker and shift to a lower 2θ
angle. At the 1.06 V, It can be observed a serial of new
diffraction peaks of NaxSnS2 (3.5°), Na2S(4.2°, 6.0°), Na15S4 (7.0°)
and Sn (9.6°) emerge, the Na2S diffraction peak intensity gets
stronger, implying the formation of Sn and sodium polysulfide,
which corresponds well with the CV measurements. It is
noteworthy that the small broad peak of Na15S4 is observed,
indicating that the formed Na15S4 is amorphous.[31]

Ex-situ XPS were performed to get further understanding of
the Na-ion storage mechanism. The fresh electrode shows the
Sn 3d, S 2p and C 1s spectra (Figure S7a–c), which is consistent
with the SnS2 powder. At the sodiation of 0.01 V, the peaks of
Sn 3d5/2 and Sn 3d3/2 disappear (Figure S7d), which is due to SEI
layer formation and absorbs the corresponding photoelectrons.
The broadening of the S 2p spectra in Figure S7e, indicates the
conversion and alloying reactions, resulting in sodium poly-
sulfides Na2Sx (2<x<8) formation. The new C� C (283.7 eV) and
CO3 (290.0 eV) bonds imply the electrolyte decomposition
(Figure S7f). At the de-sodiation of 3.0 V, the Sn 3d spectra
appear and shift to lower binding energy compared with the
fresh electrode, which corresponds to Na3.75Sn de-alloyed and
finally conversed into NaxSnS2. The sharp S 2p spectra in
Figure S7h, indicate the decomposition of sodium polysulfides.
There is no obvious change in the C 1s (Figure S7i) compared
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with Figure S7f, which is due to the SEI layer continually
forming.

Investigation of Kinetic Properties and Impedance
Spectroscopy

Multi-scan CV tests were carried out to separate the surface-
and diffusion-controlled reaction in the SnS2 (Super P) and SnS2

Figure 2. Surface morphologies of MnCO3 (a), MnCO3@SnS2 (b), and microcubes SnS2 nanosheets (c), TEM image of SnS2 microcubes nanosheets (d),
microcubes SnS2 diffraction rings (e), SnS2 microcubes nanosheets in HR-TEM (f).
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(C65) electrode (Figure 5a and b). For both the SnS2 (Super P)
and SnS2 (C65) electrodes, an increase in scan rates results in an
escalation of the peak current. The peak current (i) and
scanning speed (v) obey a power-law.[32–34] One anodic peak
(1.20 V) was selected, by fitting the log (i) and log (v), the a and
b values can be calculated.[35–37] The b value can be obtained for
the SnS2 + Super P (b=0.435) and SnS2 +C65 electrode (b=

0.406), respectively. This demonstrates diffusion behavior con-
trols the electrochemical reaction during the initial cycles.

i ¼ avb (1)

log ið Þj j ¼ blog vð Þ þ log að Þ (2)

Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out to investigate the kinetics process in
the Na half-cell. The Nyquist plots of the SnS2 (Super P)
electrode at 0.48 V from the 1st to 40th cycle as presented in
Figure 6a and b. In parallel, Figure 6c and d illustrate the
Nyquist plots at the same potential throughout the 1st to 40th

cycles for the SnS2 (C65) electrode. By building an equivalent
circuit model to calculate the parameters, where Rel denotes the

electrolyte resistance, encompassing components such as the
separator and connectors in Figure 6e.[38–45] The RCT semicircle
diameter increases upon cycling in the SnS2 +Super P electrode.
This implies SEI layer becomes thicker with the cycle number
increase. In the SnS2 +C65 electrode, the diameter of the RCT

semicircle initially decreases and then stabilizes during the
sodiation process. Conversely, there is an observable increase in
the RCT semicircle diameter in the de-sodiation process. This
distinct trend in RCT semicircle diameter variations could be due
to different carbon additives, resulting in varied SEI thicknesses.
The influence of the conductive carbon on the kinetics process
is discussed later. Figure S8 presents Rel, RSEI, and RCT values for
both the SnS2 electrode with different carbon additives at
various cycle states. The electrolyte resistance (Rel) remains
stable for both electrodes. However, the higher RSEI values for
the SnS2 (Super P) electrode compared to the SnS2 (C65)
electrode in the whole 40 cycles. This difference is likely
associated with varying SEI layer thicknesses. The RCT value
increase in both electrode because Na+ insertion results in
electrode volume change and active particles lose contact.[46]

Ex-situ SEM is utilized to monitor alterations in surface
morphology throughout the electrochemical process. Notably,

Figure 3. CV plots of the microcubic SnS2 electrode (a–b); charge-discharge profiles and rate performance of the microcubic SnS2 electrode at different specific
currents (c–d).
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nanoflakes interconnect with conductive carbon in the initial
electrode, as illustrated in both Figure S9a and Figure S9d. The
EDS elemental mapping (Figure S10a) indicates that microcubic
SnS2 and carbon additive material are homogenous. In the
initial discharge process, the electrode‘s surface morphology
(Figure S9b and e) exhibits a porous structure featuring
numerous small spheres. The working electrode presents large
aggregate and structure pulverization at the end of the 1st

charge state (Figure S9c and f). The particles become smaller
after the 1st de-sodiation process. EDS measurements confirm a
uniform distribution of Tin, Sulfur, Na, and Carbon within

sodiated products, along with an even distribution of Sn and S
within desodiated products, as shown in Figure S10b and c.
Based on the abovementioned analysis, it is demonstrated that
Na+-ion insertion into active material results in distinct cracks
and large agglomeration in the sodiation state, while the crack
of active material changed small when Na+-ion extraction.

Figure 4. In operando XRD plots of the microcubic SnS2 material and discharge-charge curves (a) during the 1st electrochemical measurement. The zoom areas
of XRD in some chosen region (b) and (c).

Figure 5. (a–b) Multi-scan CV plots of the microcubic SnS2 electrode at different scanning speeds; b-value of the microcubic SnS2 electrode by linear fitting at
anodic peak 1.20 V (c).
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Study on K Storage Performance and Kinetic Characterization

The SnS2 electrode shows good electrochemical behaviors in
NIBs. Hence, it’s valuable to further explore the K storage
performance. Cyclic voltammetry (CV) plots for the SnS2

electrode during the initial cycles in KIBs are depicted in
Figure 7a and b. In the initial K-ion insertion process, the SnS2

phase transfers to the SnS and K2S (1.92/1.94 V).[47–50] Addition-
ally, the cathodic peaks (0.75, 0.5 V) are associated with Sn and
SEI layer formation. Finally, the metallic Sn alloying with K
(K4Sn23 and KSn) appeared at 0.15 V. These abovementioned

peaks become weaker at the 2nd to 5th cycle, this is because of
some irreversible phase transition and amorphization processes.
Similarly, the peak spanning from 0.52 V to 1.05 V corresponds
to KSn de-alloying and the formation of KxSnS2 during the 1st

de-potassiation process. The favorable electrochemical reversi-
bility of SnS2 in the potassiation and de-potassification reactions
is evident through the substantial overlap of CV curves.

Ex-situ XPS analyses were carried out to study the K-ion
storage behaviors of the microcubes SnS2. Similarly, the high
resolution of the Sn 3d, S 2p and C 1s spectra of the fresh
electrode agrees well with the SnS2 powder (Figure S12a–c).

Figure 6. The Nyquist plots of the microcubic SnS2 electrode with two different carbon additives at the potential of 0.48 V sodiated (a, c) and de-sodiated
states (b, d); the equivalent circuit model (e).
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The Sn 3d spectra disappear when potassiation to 0.01 V, and
the broadening of S 2p are observed in Figure S12d–e, which is
attributed to SnS2 transfers to SnS, K2S, metallic Sn and K� Sn
alloying products. The new C� C (283.8 eV) and CO3 (290.8 eV)
bonds indicate the decomposition of EC, DMC and KFSI
(Figure S12f). When de-potassiation to 3.0 V, the Sn 3d shows
broadening of Sn 3d3/2, which is related to KSn de-alloying and
the formation of KxSnS2 during the 1st de-potassiation process.
The S 2p spectra becomes shrap and small broaden peak
appears (160.0 eV), which is due to potassium polysulfides K2Sx

(2<x<8) decomposition (Figure S12g–h). The C 1s spectra
shows sharp peak of C� C (284.2 eV) at the de-potassiation of
3.0 V, which is could be due to SEI decomposition during the
charge process (Figure S12i).

The de-potassiation capacity diminishes with an increase in
cycling numbers for both the SnS2 (Super P) and SnS2 (C65)
electrodes (Figure 7c). The SnS2 (Super P) and SnS2 (C65)
electrodes display the same tendency and stable capacity
retention at all specific currents (Figure 7d). The SnS2 (Super P)
electrode yields a de-potassiation capacity (36 mAh g� 1,
0.1 A g� 1). This surpasses the reported pure SnS2 electrode

capacity (21 mAh g� 1 for at the same current) (Figure S11). To
delve deeper into the surface- and diffusion-controlled behavior
for SnS2 electrode in K half-cell, multiple-scan CV measurements
were conducted (Figure 8). A prominent anodic peak was
selected for investigation, and upon linear fitting the log (i) and
log (v), both the SnS2 (Super P) and SnS2 (C65) electrodes
exhibit b value of 0.89. This suggests that the potassiation and
de-potassiation process is governed by the surface capacitive
process.

Figure 9 shows the Nyquist plots of the microcubic SnS2

electrode in the K half-cell. The semicircle diameter increases
from the 1st to the 40th cycle, indicating a rise in RCT with more
K+-ion insertion. The semicircle diameter of SnS2 +Super P is
consistently smaller than that of the SnS2 +C65 electrode at
each cycle, indicating a smaller RCT value when using Super P
additive. Additionally, the RSEI values for both the SnS2 (Super P)
and SnS2 (C65) electrodes were determined using the Relaxis 3
software, as illustrated in Figure S13. RSEI values of the SnS2

(C65) electrode increase from 5148 Ω (1st cycle) to 5793 Ω (40th

cycle) during the K+ insertion process, RSEI values decrease from
6605 Ω (1st cycle) to 3028 Ω (40th cycle) during K+ extraction

Figure 7. Cyclic voltammetry (CV) curves (a–b), charge-discharge profile and rate performance for both miscrocubic SnS2 electrodes in a potassium-ion half-
cell with different carbon additives, respectively (c–d).
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process. While RSEI values of the SnS2 (Super P) electrode shows
different changing tendency. RSEI values decrease from 2755 Ω
(1st cycle) to 736 Ω (40th cycle) during the K+ insertion process
and slightly increase from 362 Ω (1st cycle) to 420 Ω (40th cycle)
during the K-ion extraction process. These different RSEI value-
changing tendencies could be related to SEI thickness and
electrode surface homogeneity when changing conductive
carbon. The surface morphologies of the SnS2 (Super P)

electrode reveals noticeable cracks and extensive aggregation
after the first potassiation. There is some bigger bulk with 1–
2 μm and some cavities in the following process (Figure S14).
The elemental distribution analysis of the SnS2 (Super P)
electrode demonstrates a consistent dispersion of Tin, Sulfur,
and potassium in both the discharged and charged electrodes
(Figure S15).

Figure 8. Multi-scan CV at various scanning speeds (a–b); the log i and log v at one selected peak(c).

Figure 9. The Nyquist plots of the microcubic SnS2 electrode at the potential of 0.48 V at the potassiated (a, c) and de-potassiated state (b, d);
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Conclusions

SnS2 microcubes were prepared through sacrificial MnCO3

template-assisted and a facile solvothermal reaction strategy,
and investigated their electrochemical performance in Na- and
K-half cell. The unique hollow cubic structure and well-confined
SnS2 nanosheets improve Na+/K+ -ion insertion/extraction and
alleviate volume expansion. At 0.2 A g� 1, the SnS2 +C65
electrode achieves a de-sodiation capacity of 208 mAh g� 1. This
performance surpasses the reported capacity of pure SnS2,
which is 90 mAh g� 1 (0.1 A g� 1). Due to the Super P have higher
Na storage capacity leading to more volume expansion, there-
fore, the SnS2 (C65) electrode shows enhanced Na storage
capacity. In comparison, the function of the Super P and C65 is
different in K storage performance. This could be owing to the
K+ storage mechanism being different from Na-ion.
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