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Sodium-ion batteries (SIBs) are considered promising energy storage devices and substitutes for lithium-ion
batteries in the near future, and their anode materials play crucial roles in their electrochemical
performance. Molybdenum disulfide (MoS,) has attracted significant attention as an SIB anode material
owing to its high theoretical capacity (670 mA h g™%) and 2D structure with a large layer space (0.65 nm
vs. 0.33 nm of graphite). In this work, 3D polystyrene (PS) microspheres were adopted as sacrificial
templates to construct a hierarchical macroporous C@MoS, composite, which has rarely been reported
for SIB anodes. This unique design synergistically integrated conductive macroporous carbon networks
with 2D-layered MoS,, enabling super Na* storage capability and unprecedented cycling stability in SIBs.
In particular, a capacity of 438 mA h g~* after 100 cycles at a current density of 500 mA g~* and
a capacity of 319.4 mA h g™t after 1000 cycles at 1000 mA g~! were achieved owing to its unique
macroporous structure. Furthermore, the high electronic conductivity, large surface area, and rich
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1. Introduction

The intermittent output property of renewable energy has
pushed the rapid development of energy storage systems, such
as lithium-ion batteries (LIBs),"* super capacitors,* redox flow
batteries, and sodium-ion batteries (SIBs).* Among these, SIBs
have shown great industrial application potential owing to their
low cost, rich reserves, and similar structures and reaction
mechanisms with those of commercial LIBs.>® Meanwhile,
compared with LIBs, SIBs have many advantages in terms of
low-temperature performance, rate performance, and safety.*®
However, there is a big difference between SIBs and LIBs,
especially in anode materials.>* Na" (0.102 nm) is not ther-
modynamically stable in graphite because of its weak Na-C
interaction.””** Therefore, the development of suitable anode
materials is imminent for the rapid development of SIBs.
Molybdenum disulfide (MoS,) has a typical 2D layered
structure, which is similar to graphite but with a larger layer
space (0.65 vs. 0.33 nm), and it has shown great potential as an
anode material in SIBs;'**” however, the inherent low conduc-
tivity and instability caused by MoS,'s high surface energy
hinder its wide application. To address these drawbacks,
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various strategies have been adopted, such as changing the
structure or morphology of MoS,, expanding the layer spacing
of MoS,, and making carbon-based composites to improve both
the conductivity and stability of MoS, nanosheets.'***® Vari-
able carbon-MoS, composites with different compositions and
structures were reported to show good potential in SIBs;****® for
example, Zheng et al. prepared 3D MoS, with a macroporous
foam structure through SiO, templates, and this material
showed superior specific capacity and cycling stability in SIBs.>®
However, HF or strong alkali was needed to remove SiO,
templates, which was dangerous and time-consuming. There-
fore, it is crucial to develop a more facile and eco-friendly
method to build macroporous carbon-MoS, composites with
high SIB performance.

Herein, a carbon-MoS, composite with a macroporous
structure was fabricated through a facile hydrothermal method
using 3D polystyrene (PS) microspheres as templates. The 3D PS
templates could be easily removed during the carbonization
process, providing an efficient way to build carbon-MoS,
composite structures with tuneable macropore sizes. The
sample showed an excellent cell capacity of 438 mA h g~ " after
100 cycles at a current density of 500 mA g~ " and super stability
with a capacity of 319.4 mA h g ' after 1000 cycles at
1000 mA g~ . This performance stemmed from (i) hierarchical
Na' and charge transport pathways through interconnected
macroporous carbon networks, (ii) enhanced surface area and
reactive sites from well-dispersed MoS, nanosheets, and (iii)
relieved mechanical stress and volume expansion during
cycling from the macroporous network.
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2. Experimental
2.1 Preparation of 3D PS templates

50 mL of styrene was added to a three-necked round-bottom
flask containing 500 mL of water; then, 2.5 g of PVP was
added under a N, atmosphere. 1 g K,S,0g was dissolved in
50 mL of deionized water and was quickly added to the flask to
initiate the polymerization reaction of styrene. After being
stirred at 94 °C for 24 h, the mixture was cooled, and mono-
dispersed polystyrene nanospheres in colloidal form were ob-
tained. It is worth noting that the stirring speed during the
polymerization process should be kept below 500 rpm. Over-
night vacuum filtration of these polystyrene nanospheres yields
3D PS templates.

2.2 Synthesis of porous C@MoS,

100 mg of 3D PS nanospheres were dissolved in 50 mL of
deionized water under ultrasonic treatment. Then, 500 mg of
glucose, 300 mg of sodium molybdate, and 600 mg of thiourea
were added in turn, and then the mixture was placed into an
autoclave for hydrothermal treatment at 200 °C for 24 h. After
the autoclave was cooled, the sample was collected and washed
using DI water and ethanol to remove organic impurities and
surface impurities from the products and then dried in an oven
at 80 °C for 24 h. The dried sample was carbonized at 800 °C for
2 h, and the atmosphere used for the carbonization process was
N, with a flow rate of 50 mL min ' in a tubular furnace, and the
porous C@MoS, composite sample was obtained. No washing
occurred after the carbonization process.

2.3 Synthesis of C@MoS, control sample

The synthesis is similar to porous C@MoS,, but without the
addition of PS templates, the other steps are the same.

2.4 Materials characterization

High-resolution scanning electron microscopy (HRSEM) was
conducted using Hitachi S5500. High-resolution transmission
electron microscopy (HRTEM) was conducted using the TECNAI
G2 F30. X-ray diffraction (XRD) measurements were conducted
on Rigaku D/Max 2500/PC. Raman spectroscopy was performed
using a LabRAM HR 800 Raman spectrometer. XPS was carried
out using KRATOS Axis Ultra DLD. The vacuum degree in the
analysis room was 9.8 x 10~ "° Torr. The TGA was carried out in
an air atmosphere using a Netzsch thermogravimetric TG 209
F3 Tarsus® analyzer with a heating rate of 5 °C min " till 700 °C
and then cooled naturally. The nitrogen sorption experiments
were performed at 77 K using Micromeritics ASAP 2020. The
CO, sorption experiments were performed at Micromeritics
TriStar IT 3020.

2.5 Electrochemical characterization

The battery was assembled using a CR2032 coin cell. By mixing
the active material, acetylene black, and polyvinylidene fluoride
as a binder at a weight ratio of 7: 2 : 1; then pasting it onto a Cu
foil current collector and drying in a vacuum oven at 60 °C, the
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anode was made. The acetylene black and binder content in the
electrode composition (7:2:1) enhances mechanical integrity
and electronic conductivity, which are crucial for MoS, elec-
trodes that have significant volume changes and low inherent
conductivity during cycling. Although it may reduce electrode
mesoporosity, optimizing this content is necessary to balance
structural stability, electronic conductivity and ion trans-
portation rate for better performance. Metallic Na pieces were
used as counter/reference electrodes. Although two-electrode
cells are simpler and more commonly used, they have the
potential drawbacks of reference/counter electrode polarization
at high current densities in SIBs; therefore, three-electrode cells
are recommended when it is available.’*** A glass fiber
membrane (Whatman/F) was used as a separator. The electro-
Iyte is formed by 1 M NaClO, in EC : PC (1 : 1 vol%) + 5 wt% FEC.
The galvanostatic discharge/charge measurements were per-
formed in the voltage range of 0.01-3 V (vs. Na/Na') on a NEW-
ARE Dbattery testing system. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) tests were per-
formed at an electrochemical workstation (Autolab). CV was
measured in a voltage range of 0.01-3 V at room temperature.
The EIS of the electrodes was measured by applying a 5 mV
amplitude signal at a frequency of 0.01 Hz to 100 kHz.

3. Results and discussion

PS nanospheres can be used as hard templates to build 2D or 3D
macroporous structures because they can be easily removed.*>**
The preparation process of porous C@MOoS, is facile, as shown
in Fig. 1. Only a one-pot hydrothermal treatment and carbon-
ization process are required. 3D PS nanospheres were prepared
by overnight vacuum filtration, and after drying, it was used as
a template for the 3D macrospore fabrication of Porous
C@MoS,. As shown in Fig. S1,} the PS nanospheres exhibit
a regular spherical shape with a uniform particle size distribu-
tion of ~200 nm. After overnight vacuum filtration, the PS
nanospheres gather together and form an ordered 3D arrange-
ment, which is an ideal template for preparing macroporous
structures. PS templates, glucose, sodium molybdate, and
thiourea were mixed and hydrothermally treated at 200 °C for
24 h. Then, 2D layered-MoS, and carbon precursors were coated
on 3D PS templates. After carbonization at 800 °C for 2 h, the
porous C@MoS, composite sample was obtained.

g
PS nanospheres
( Sodium molybdate )
\ Thiourea /'
\ Glucose 7
-~

-

l Hydrothermal

I reaction
y
i
]
]

[ ———Y
200°C,24 h
Fig. 1 Schematic of the preparation process of porous C@MoS,.

Porous C@MoS:2

PS@Carbon precursors/MoS:
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The scanning electron microscopy (SEM) image of porous
C@MoS, is shown in Fig. 2a, demonstrating the nano-sized
spherical morphology with a typical 2D-layered structure of
MoS, on their surface (~350 nm). Transmission electron
microscopy (TEM) further confirmed its macroporous structure
with a pore size of ~200 nm, which is the same as the diameter
of the prepared PS nanospheres. Molybdenum disulfide nano-
sheets are massively generated on a macroporous carbon
framework, providing solid contact with carbon while exhibit-
ing a high surface area of MoS,. No PS nanospheres were found,
indicating the complete removal of PS templates after high-
temperature carbonization.**** The high-resolution trans-
mission electron microscopy (HRTEM) image shown in Fig. S2+
reveals a layered lattice spacing of 0.77 nm, matching the (002)
plane of 2H-MoS,, confirming the well-preserved layered
structure of MoS, in porous C@MoS,. Finally, elemental
mapping tests (Fig. 2c-f) show a uniform distribution of Mo, S,
and C elements, indicating a uniform distribution of molyb-
denum disulfide on the macroporous carbon framework.*

To illustrate the importance of this novel macroporous
structure, a control sample without a pore structure design was
fabricated under similar conditions, denoted as C@MoS,. In
Fig. S3,T it is found that only micron-sized carbon particles were
obtained, with MoS, nanosheets coated on their surfaces.

The XRD results of porous C@MoS, and C@MoS, depicted
in Fig. 3a clearly show the diffraction peaks at 26 of 33.04°,
39.64° and 58.58°, corresponding to (100), (103) and (110)
planes of MoS,, respectively.** The absence of (002) reflections
indicates that the MoS, mainly exists in single layers or few
layers in these C@MoS, composites.*> The 17.8° diffraction
peak is likely attributed to the (004) diffraction peak, indicating
the presence of the 1T phase of molybdenum disulfide.** The
XRD patterns were examined using the same XRD machine. The
relatively weak peak intensity of C@MoS, suggests that the
MosS, possesses poor crystallinity. Moreover, the absence of the
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17.8° diffraction peak in C@MoS, may signify that it does not
contain or contains only a negligible amount (below the
detection threshold of the XRD) of (004) planes, thereby further
confirming its poor crystallinity. The characteristic peaks of the
in-plane mode of Ej, at 379.1 cm ™' and the out-of-plane mode
of A, at 403.2 cm™ ! in MoS, can be clearly observed in the
Raman spectra.** The two characteristic peaks at 1357.3 cm™*
and 1592.4 cm~ ' in Fig. 3b correspond to the D (disordered)
band and G (graphite) band of the carbon material derived from
glucose carbonization, with the D band relatively stronger,
indicating the existence of carbon defects in both samples.
Based on the Raman analysis, the D/G ratios of porous C@MoS,
and C@MoS, are 2.58 and 1.89, respectively. This suggests that
the porous C@MoS, material exhibits a higher degree of
structural disorder and defects, which can be attributed to its
porous structure.*

The surface chemistry of porous C@MoS, was determined by
X-ray photoelectron spectroscopy (XPS). Three peaks centered at
226.5, 229.3 and 232.5 eV are observed in the high-resolution
XPS spectrum of Mo 3d (Fig. 4b), which are attributed to S 2s,
Mo 3d*?* and Mo 3d*?, respectively. Meanwhile, the peak at
235.3 eV is assigned to Mo®" 3d*?,*%” which is formed by the
oxidation of Mo*" in air. In the S 2p spectrum of porous
C@MoS,, two peaks are observed at 162.3 and 163.5 eV, which is
assigned to S 2p** and S 2p*/?,5* respectively (Fig. 4c). A peak
was also found at 168.7 eV, which may be caused by the
oxidation of the S in the air. Fig. 4d illustrates three peaks at
284.6, 285.74, and 288.7 eV, corresponding to C-C, C-O, and
C=0, respectively.*>** XPS spectra of C@MoS, show similar
peaks, confirming the same chemical configuration with porous
C@MoS,, as shown in Fig. S4.1

The MoS, content was determined by thermogravimetric
analysis (TGA). In Fig. S5, there are three mass losses in porous
C@MOoS,. The first mass loss (<200 °C) was generated by the
evaporation of water that the sample adsorbed from the

Fig. 2 Morphology and nanostructure characterizations of porous C@MoS,. SEM image (a), TEM image (b), high angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) image (c), and the corresponding EDS elemental mapping images of Mo (d), S (e) and

C (f).
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Fig. 3 Structure and composition characterizations of porous C@MoS, and C@MoS,. (A) XRD patterns. (B) Raman spectra.

atmosphere. The second loss in the range of 200-370 °C is
attributed to the oxidation of MoS, (2MoS, + 70, — 2Mo0O; +
4S0,), while the third loss from 400 °C to 490 °C is attributed to
the combustion of carbon.*»** Based on TGA results, assuming
the product at 600 °C is pure MoOj;, the MoS, contents in
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porous C@MoS, and C@MoS, are calculated to be 58.2 wt%
and 70.4 wt%, respectively. Compared to C@MoS, without
templates, porous C@MoS, has a lower MoS, content probably
owing to the use of PS templates altering their ratio based on
the adsorption affinity of carbon and MoS, precursors to PS
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Fig.4 Composition characterization of porous C@MoS,. XPS survey spectrum (a) and high-resolution XPS spectra of Mo 3d (b), S 2p (c), and C 1s

(d).
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spheres. Both N, and CO, adsorption and desorption isotherms
of porous C@MoS, and C@MoS, were tested to fully reveal their
difference in pore structures. Porous C@MoS, demonstrates
a significantly higher surface area, 58.4 m> g ' through N,
adsorption and 65.8 m* g~ via CO, adsorption, in contrast to
C@MOoS,, which exhibits surface areas of 9.1 m® g~ * by N, and
45.2 m* g~ ' by CO, (Fig. S6 and S77).>* Therefore, using 3D PS
nanospheres as templates, we successfully fabricated a novel 3D
MoS, macroporous material with high MoS, loading and
surface area.

Fig. 5a shows the first five CV curves of porous C@MoS, at
scan rates of 0.5 mV s~ ' in the range of 0.01-3.0 V. In the initial
CV cycle of porous C@MoS, and C@MoS, (Fig. S8t), the
reduction peaks observed at ~0.7 V are attributed to the inser-
tion of Na* ions between the MoS, layers, and the formation of
a solid electrolyte interface (SEI) layer, which results from the
decomposition of the electrolyte. The reduction peaks at ~0.3 V
are associated with the further formation of Mo and Na,S
through the conversion reaction (Na,MoS, + Na" + e~ — 2Na,$
+ Mo) and the insertion of Na* ions into the graphitic carbon.
The significant oxidation peaks at ~1.75 V correspond to the
oxidation conversion reaction of Mo with partial Na,S to reform
MoS,.”* The second to fifth discharge/charge curves almost
overlap, indicating the high reversibility and cycling stability of
Na' storage in porous C@Mo$S, composites.’*®” Compared with
C@MoS,, porous C@MoS, possesses a much larger CV area and
higher peak currents, indicating its high charge storage capacity
and fast kinetics for charging/discharging reactions. The
second to fifth discharge/charge curves almost overlap, indi-
cating the high reversibility and cycling stability of Na* storage
in porous C@MoS, composites. As depicted in Fig. 5b,
compared to C@MoS,, the porous C@MoS, shows a much
higher initial discharge capacity of 1024 mA h g ' (vs.
740 mA h g™, Fig. S97) at a current density of 0.5 A g™, and the
irreversible capacity loss in the second cycle is mainly caused by
the decomposition of electrolyte and the formation of SEI film.
The initial coulombic efficiency for Porous C@MoS, and
C@MoS, is 62.46% and 58%, respectively. This is probably
because, during the initial charge-discharge cycle, the electrode
material may undergo significant changes during SEI forma-
tion, preventing some sodium ions from being smoothly
extracted from the structure, thereby reducing coulombic effi-
ciency. For the third, tenth, and 100" cycles, the charge/
discharge curves were found to almost overlap, with
a discharge capacity of 452 mA h g~ " after 100 cycles, indicating
the good stability of the porous C@MoS, sample. Fig. 5c pres-
ents the rate performance of the porous C@MoS,. The
discharge capacities of porous C@MoS, are 471, 453, 420, 386,
365 and 338 mA h g~ ' when the current densities are 50, 100,
300, 500, 1000 and 2000 mA g ', respectively, which are
significantly higher than those (375, 348, 325, 300, 286 and
266 mA h g™, respectively) of the C@MoS, sample. Surpris-
ingly, when returning to low current density after high-rate
cycling, the capacity can still return to the original level at
0.1 A g ', which further illustrates the excellent reversibility of
the material. Next, we conducted a cycle stability test using
porous C@MoS, and C@MoS, for 100 cycles at 0.5 A gfl. Once

© 2025 The Author(s). Published by the Royal Society of Chemistry
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again, porous C@MoS, showed better performance when
compared with the control sample (441 vs. 346 mA h g~ ), which
may be caused by its novel structure, with a macroporous
structure providing high surface area and relieving mechanical
stress and volume change during charging/discharging
processes. In addition, long-term cycling stability tests were
conducted at a high current density of 1000 mA g~ . Fig. 5e
shows that it still has a capacity of 319.4 mA h g~ " after 1000
cycles with a coulombic efficiency of 99.7%. In comparison to
porous C@MoS,, C@MoS, exhibited a relatively lower capacity
during the long-term cycling tests. It delivered an initial
capacity of 358 mA h g™, which is significantly lower than the
580 mA h g' of porous C@MoS,. After 1000 cycles at
1000 mA g~', C@MoS, retained a capacity of 223.1 mA h g*
(Fig. S111), while porous C@MoS, maintained a higher capacity
of 319.4 mA h g '. The enhanced performance of porous
C@MoS, may be attributed to its unique structure, featuring
a macroporous architecture that offers a high surface area and
mitigates mechanical stress and volume changes during the
charging and discharging cycles.

Electrochemical impedance spectroscopy (EIS) represents
the Na" diffusion behavior and charge storage behavior. The EIS
profiles shown in Fig. 6a comprise two parts, high-frequency
semicircular and low-frequency inclined lines, representing
charge transfer impedance (R.,) and Warburg impedance (Z,,),
respectively. As can be observed from the Nyquist plots, porous
C@MoS,; has the lowest charge transfer resistance.

We have provided the EIS at different current rates
(Fig. S107t) of these two samples to better illustrate the perfor-
mance differences, especially in relation to porosity. The EIS
spectra reveal that porous C@MoS, exhibits lower ohmic
resistances and charge transfer resistances (R.;) than C@MoS,,
while its steeper low-frequency Warburg slopes indicate more
efficient Na' ion transport, collectively confirming faster ion/
charge transfer via macroporous carbon networks. The diffu-
sion behavior of Na' can be expressed by the equation as
follows:*®

D = RPT2n*Fro2 A*C, (1)

where D is the diffusion coefficient of Na*, R is the gas constant,
T is the absolute temperature, A is the surface area of the elec-
trode, n is the number of electrons transferred per molecule in
the electronic reaction, F is the Faraday constant, C is the
concentration of Na*, and a,, is the slope of the line.

Z =R+ g0 7 (2)

As shown in Fig. 6b, the slopes (o) of porous C@MoS, and
C@MoS, are 315.9 and 547.9, respectively. The above results
indicate that MoS, coated on a macroporous carbon framework
exhibited better electrical conductivity and fast Na® reaction
kinetics compared with MoS, on amorphous carbon, which is
consistent with its excellent cycling and rate performance.

To further investigate the charge storage behavior of porous
C@MOoS,, CV curves were obtained at different scan rates (0.4-
1.0 mV s~ ). As shown in Fig. 6¢, the peak current of the CV
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Fig.5 Electrochemical performance of different samples. (a) CV curves of the porous C@MoS; for the first five cycles at a scan rate of 0.5 mV's

-1

(b) Galvanostatic discharge—charge curve of porous C@Mo$S, at 500 mA g~2. (c) Cycling performance of the porous C@MoS, and C@MoS, at
acurrent density of 500 mA g 1. (d) Rate performances of the porous C@MoS, and C@MoS,. We take 1000 mA h g~* as a 1C rate according to the
theoretical capacity of MoS, (670 mA h g~%) and amorphous carbon (~350 mA h g™3). (e) Long-term cycling property and coulombic efficiency of

the porous C@MoS, at a current density of 1000 mA g%,
profiles increases as the scan rates increase, according to the
following equations:

i=a’ (3)
4)

where i is the measured current, a is the adjustable parameter, v
is the scanning rate and b is the slope of the plot of log(i) vs.

logi =blogv + loga

21056 | RSC Adv, 2025, 15, 21051-21060

log(v). As illustrated in Fig. 6¢ and S12,T the b values of porous
C@MoS, (0.874 and 0.812) are higher than those of C@MoS,
(0.827 and 0.764). The b values are close to 1, indicating that
both intercalation and capacitive capacity contribute to Na*
storage, with the latter in the dominant position. The ratio of
the capacitive contribution to the total capacity can be further
determined using the following equation:**

i= k[V + sz”z [5)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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C@MosS; (I) and C@MoS; (ll). (c) CV curves of porous C@MoS, with different scan rates. (d) Contributions of the capacitive and diffusion-

controlled storage at different scan rates of porous C@MoS,.

where kv and k,'/? are related to capacitive-controlled and

diffusion-controlled contributions, respectively. Fig. 6d shows
that, for sample porous C@MoS,, the capacitive storage
contributes the major capacity as the sweep rate increases. The
capacitive contributions are 73%, 77%, 79%, and 81% at sweep
rates of 0.4, 0.6, 0.8, and 1 mV s, respectively. The capacitive
contributions for porous C@MoS, demonstrate a consistent
increase from 73% to 81% as sweep rates increase from 0.4 to
1 mV s~ !, while C@MoS, shows a similar trend from 72% to
79%, indicating enhanced charge storage kinetics in the porous
architecture.

4. Conclusions

Macroporous carbon-MoS, composite was prepared through
a facile hydrothermal treatment method, with PS nanospheres
as hard templates. In comparison with MoS, coated on amor-
phous carbon, the porous C@MoS, sample showed significantly
improved electrochemical performance as anode in SIBs,
providing a stable specific capacity of 438 mA h g~ " after 100
cycles at a current density of 500 mA g ' and a capacity of
319.4 mA h g~ " after 1000 cycles at a high current density of

© 2025 The Author(s). Published by the Royal Society of Chemistry

1000 mA g~ '. This super performance may originate from the
increased specific surface area, enhanced electrical conduc-
tivity, and fast sodium ion transmission rate that is inherited
from its unique macroporous structure of porous C@MOoS,.
This study sheds light on the advantages of material structural
design and can inspire the development of more advanced
electrode materials for the application of high-performance
sodium-ion batteries.
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