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Abstract: Due to their high specific capacity and long cycle life, bimetallic sulfides are the preferred
choice of researchers as anodes in sodium-ion batteries (SIBs). However, studies indicate that this
class of materials often requires expensive elements such as Co, Sb, Sn, etc., and their performance
is insufficient with the use of inexpensive Fe, V alone. Therefore, there is a need to explore the
relationship between metal cations and anode performance so that the requirements of cost reduction
and performance enhancement can be met simultaneously. In this work, a series of partially replaced
sulfides with different cation ratios have been prepared by a hydrothermal method followed by
heat treatment. By partially replacing Co in NiCo sulfides, all samples show improved capacity and
stability over the original NiCo sulfides. As a result, the metal elements have different oxidation
states, which leads to a higher capacity through their synergistic effects on each other. Mn-NiCoS
with 10% replacement showed satisfactory capacity (721.09 mAh g−1 at 300 mA g−1, 662.58 mAh g−1

after 20 cycles) and excellent cycle life (85.41% capacity retention after 1000 cycles at 2000 mA g−1).

Keywords: sodium-ion batteries; anode; multi-metal sulfides; partial cation replacement

1. Introduction

Lithium-ion batteries (LIBs), as a very mature energy storage technology, have been
widely and successfully used in many applications [1,2]. Demand for LIBs also has been on
the rise in recent years with the growth of the e-society [3]. However, the limited and uneven
distribution of lithium resources limits the further development of LIBs [4,5]. This main
reason led to sodium-ion batteries (SIBs) with similar configurations being investigated
and considered as a future alternative to lithium-ion batteries. As is well known, the
Stokes radius of alkali metal ions (Li+, Na+, K+. . .) decreases with the increase in atomic
number [6]. This means that the Stokes radius of sodium ions is smaller than that of lithium
ions, which makes sodium ions have high ionic conductivity in low-concentration sodium
salt electrolytes. This indicates that sodium ion batteries can use low-concentration sodium
salt electrolytes, which has a cost advantage compared to lithium-ion batteries. In addition,
the solvation ability of sodium ions is lower than that of lithium ions (about 25–30%
smaller), indicating better interfacial ion diffusion ability [7–10]. However, achieving high
capacity and stability in SIBs’ anode materials remains challenging because sodium ions
have a larger intrinsic radius than lithium ions, which may cause worse stability during
charging and discharging [11]. To address this issue, various anode materials have been
investigated.

Among different anode materials, the limited reversible capacity of carbon-based
materials limits their widespread use, even though they are inexpensive and easily avail-
able [12,13]. Sn- and Sb-based anode materials can exhibit high sodium storage capacity (Sn
can theoretically reach 847 mAh g−1 in sodium-ion batteries, and Sb can reach 660 mAh g−1
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in sodium-ion batteries). However, during the insertion/extraction process of sodium ions,
they will experience severe volume expansion (420% for Sn, 390% for Sb), leading to struc-
tural collapse and rapid capacity decay [14,15]. Due to this intrinsic limitation, they are far
from practical application, even though many efforts have been made. Moreover, transition
metal sulfides are considered a promising choice for anode materials, due to their high
capacity for multiple electron reactions, good redox activity, and smaller volume structure
changes during sodium storage [16–19]. Combining these sulfides with highly conduc-
tive carbon-based materials typically increases the electrode stability performance [20–23].
However, the introduction of carbon-based materials may have negative effects, such as
increasing the relative volume of the electrodes and reducing the tap density, which can
affect the whole device’s performance [24,25]. Further research is required to enhance the
performance in such non-carbon conditions. In addition, it has been found that when a new
metal element is introduced to form binary metal sulfides, there is a significant performance
improvement compared to single metal sulfides [26,27]. Progress has been made in the use
of binary metal sulfides as anodes for SIBs. For example, Gao et al. [28] have introduced Cr
into Sb2S3 to form CrSbS3. Due to the Cr-S support, the electrodes obtained a high capacity
of 544 mAh g−1 after 100 cycles at 0.2 A g−1 and maintained a capacity retention rate
of 100% after 4600 cycles at 20 A g−1. A FeCoS4@carbon nanotube graphene hybrid [29]
exhibited smaller volume changes during repeated sodium storage/desalination processes,
resulting in excellent rate performance and longer cycle life. It showed excellent cycling
stability, with a stable capacity at 680 mAh g−1 after 1000 cycles under the current of
2.0 A g−1. By [30] inducing the growth of SnCoS4 particles on layered reduced graphene
oxide (rGO), SnCoS4@rGO showed excellent sodium storage capacity, reaching a high
specific capacity of 696.05 mAh g−1 at a current density of 0.1 A g−1. Even after 1000 cycles
at a current density of 5 A g−1, it retained a stable capacity at 606 mAh g−1. However,
most of the reported binary metal sulfides contain Co, Sb, Sn, Mo, Cr, etc. These metallic
elements are often characterized by an uneven distribution, small reserves, and high costs.
This is inconsistent with the original aim of replacing LIBs with SIBs and therefore makes
reducing costs difficult. Moreover, when more cost-effective metal elements are used, they
often exhibit unsatisfactory performance, such as Fe-V sulfides [31]. This is an indication
that current research is inadequate. For the economic use of the metals and to improve the
performance of multi-metal sulfides, further studies are required to investigate the effect of
interactions between different metal cations on anode performance [32].

Therefore, based on this idea, the most common binary transition metal sulfides,
Co-Ni sulfides, were chosen as the basic object of study. Due to the similar physical and
chemical properties of cobalt and nickel, binary metal sulfides in equal molar ratios are
studied as a standard in this work [33]. Typically, the influence of the metal cations on
anode performance was investigated by partially replacing the more crucial and expensive
element, Co. After evaluating different options, manganese was selected as a viable element
to replace Co. The selection fits the goal of using abundant resources in SIBs, as Mn is
abundant in the earth’s crust. Furthermore, the larger ionic radius of Mn ions may improve
material conductivity and increase material spacing, resulting in good electrochemical
performance [34–37]. Different ratios of sulfides, partially replaced with cations, were
prepared while maintaining the original nanosheet structure. Additionally, a series of
characterizations were used to analyze the relationship between cation ions and anode
performance under partial replacement. The results showed that all partial replacements
improved performance compared to the un-replaced sulfides. This can be attributed to the
synergistic effect between the metal cations. Specifically, when 10% of Co was replaced
with Mn, the resulting anode displayed high capacity (721.06 mAh g−1 at 300 mA g−1)
and good rate performance (583 mAh g−1 at 8 A g−1). It also shows long-term stability,
retaining 85.41% of its capacity after 1000 cycles at 2000 mA g−1.
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2. Materials and Methods
2.1. Materials

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O), sodium acetate anhydrous (CH3COONa),
and sublimed sulfur (S) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Cobalt nitrate hexahydrate (Co(NO3)2·6H2O) was purchased from
Beijing Innokai Technology Co., Ltd. (Beijing, China). Polyethylene glycol (PEG-200) was
purchased from Shanghai Titan Scientific Co., Ltd. (Shanghai, China). Manganese nitrate
tetrahydrate (Mn(NO3)2·4H2O) was purchased from Aladdin Chemical Reagent Co., Ltd.
(Shanghai, China). All the chemicals used in this work were of analytical grade and used
as such without further purification.

2.2. Synthesis of NCS Nanosheets

Nickel-cobalt nanosheets (NCS) were prepared by a solvothermal method and fol-
lowing heat treatment, as shown in Figure 1. Firstly, 5 mmol Co(NO3)2·6H2O (1.455 g),
5 mmol Ni(NO3)2·6H2O (1.454 g), and 20 mmol NaCH3COO (1.64 g) were added into
40 mL PEG-200, respectively. The solution was stirred at room temperature for 1.5 h until
completely dissolved. The solution was then transferred into a stainless steel autoclave
(80 mL) and heated at 200 ◦C for 16 h. After cooling to room temperature, the thin-layer
structured precursor was collected and washed with deionized water and ethanol, respec-
tively. Then, the precursors were obtained after drying at 60 ◦C for 12 h under vacuum.
After that, sublimated sulfur and precursor (mass ratio of 4:1) were placed at each end of
the boat. The sublimated sulfur was placed upstream and transferred to a tube furnace.
The sample was heated at 550 ◦C under a 5% hydrogen-argon mixture with a heating rate
of 3 ◦C/min for 3 h. After the tubular furnace was naturally cooled to room temperature,
the obtained products were collected and named NCS.
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Figure 1. Schematic illustration of the basic synthesis process of NCMS.

2.3. Synthesis of Mn-Replaced NCS Nanosheets

The preparation of Mn-replaced NCS nanosheets was almost the same as that of NCS
nanosheets. Different ratios of replaced NCS were obtained by adding Mn(NO3)2·4H2O
and adjusting the ratio of Mn(NO3)2·4H2O and Co(NO3)2·6H2O. Equimolar amounts of
Co(NO3)2·6H2O were replaced with 0.25 mmol, 0.5 mmol, and 0.75 mmol of Mn(NO3)2·4H2O,
respectively. In other words, the total molar amounts of Mn and Co remain constant. The
replaced samples were named NCMS-5, NCMS-10, and NCMS-15, respectively.

3. Results and Discussion
3.1. Material Characterization

To explore the effect of Mn replacement on the morphology, the structures of samples
with different replacement ratios before and after sulfidation are investigated. Uniform
distributed layered nanosheets of nickel-cobalt precursor can be seen in Figure 2a. This
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thin-layer structure with a thickness of about 10 nm (Figure S3) is conducive to increasing
the contact area between the active material and the electrolyte and can fully expose
the surface active sites. This is very helpful for accelerating mass transfer and electron
transfer, which is beneficial as a pseudo capacitive anode material for high-performance
sodium ion batteries. As the Mn ratio increases, the nanolayer structure of the nanosheet
precursor remains unchanged compared to the Ni-Co precursor without Mn-replacement
(Figure 2b–d). As shown in Figure 2e–g, sulfides all maintained the nanosheet structure
of the precursors without sulfidation. High-temperature sulfidation makes the surface
of the sample become rough and granular. This irregular surface provides more sites for
electrochemical reactions, which may increase capacity. The detailed surface structure of
samples has also been confirmed by TEM images (Figure 2i–k). From the TEM images of
NCS, NCMS-5, and NCMS-10, it can be seen that the surface of the nanosheets is composed
of different small nanoparticles. However, the surface of NCMS-15 is relatively smooth
(Figure 2h) and also exhibits irregular holes. This expands the contact surface with the
electrolyte, allowing for faster reaction kinetics [38,39]. As shown in Figure S4, NCMS-15
has thicker nanosheets compared to the other samples. Nevertheless, all the sulfides exhibit
a similar nanosheet structure, indicating that the replacement by Mn retains the original
structure. The difference is that when the percentage increases to 15%, the particles on the
surface form larger sheets. In contrast, the surface is composed of dispersed particles at
low ratios. This difference may explain the following electrochemical evaluations. The
corresponding EDX images (Figure 2i) show the elemental distribution of NCMS-10. Co, Ni,
Mn, and S are well distributed on the NCMS nanosheets. The uniformity of the prepared
samples may also be shown.
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Figure 2. (a–d) SEM images of NCS, NCMS-5, NCMS-10, and NCMS-15 precursors. (e–h) SEM
image of NCS, NCMS-5, NCMS-10, and NCMS-15. (i–l) TEM image of NCS, NCMS-5, NCMS-10, and
NCMS-15. (m) Element mapping images of NCMS-10.
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X-ray diffraction was used to identify changes in the crystal structure of the samples.
Figure 3a shows the XRD patterns of Ni-Co sulfides with different replacing rations. The
patterns can be matched to the standard card (PDF 12-0723). The peaks at 15.3◦, 29.6◦,
31◦, 47.3◦, and 51.7◦ are attributed to the (111), (311), (222), (511), and (440) crystal planes,
respectively. This indicates that Ni-Co sulfides with different replacing rations have been
successfully synthesized. It is also shown that the crystal structure remains intact despite
the replacement of Co ions by Mn ions with a larger size. Because the atmosphere used
for the sulfidation process contains hydrogen, part of the Ni was reduced. And the tiny
characteristic peak of Ni at around 45 degrees was observed. As shown in Figure 3b, as
the Mn ratio increases, the XRD diffraction peaks shift towards small angles (dashed line
in Figure 3b). This is due to the larger radius of Mn compared to that of both Ni and Co
atoms. A large radius reduces the diffraction angle, because the lattice spacing is negatively
correlated with the diffraction angle when Co has been replaced by Mn. This facilitates
the expansion of lattice volume, leading to reduced volume changes during charging
and discharging.
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10 samples.

XPS is used to identify changes in elemental valence, allowing for analysis of the
effects of replacement on the elements. From the plots of Ni (Figure 4), all the samples
exhibit a strong peak at 855.1 eV (Orange line), corresponding to Ni2+. However, both
NCMS-10 and NCMS-15 have another peak at 857.4 eV (Pink line), indicating the presence
of Ni3+. The results showed that as the replacement amount of Mn increased to 10%, Ni in
the compound was present at both +2 and +3 valences, which is beneficial for high capacity
during sodium storage. From the XRD test, the sample contains minor amounts of metallic
nickel. However, the Ni 2p3/2 peak position in the nickel sulfide is very close to metallic
nickel. The peak located at 852.58 eV (Green line) can be related to the formation of Ni
sulfide and metallic Ni [40–42]. In addition, the strong peak at 780.4 eV (Orange line) and
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the satellite peak at 785.46 eV (blue line) in the Co 2p3/2 spectrum correspond to Co2+.
Another peak at 778.08 eV (Green line) is related to the presence of Co3+, but it may also
contain a small amount of metallic cobalt [43–45]. This indicates the presence of both +2
and +3 valence states of Co. In the core energy-level spectrum of Mn 2p3/2, the peaks
at 641.4 eV (blue line) correspond to Mn2+ [46]. The satellite peaks at 647.1 eV (Yellow
line) are also characteristic of Mn2+. As the spectrum of Mn is susceptible to be influenced
by other elements, there are two peaks at 644.6 eV and 638.1 eV (Orange line), which
is the Ni Auger line [47,48]. For all the samples, the +2 valence state should be present.
Notably, the characteristic satellite peak of Mn2+ in NCMS-10 indicates the presence of
the +2 valence state. And the peak at 641.6 eV (Purple line) in NCMS-10 is related to the
presence of Mn3+ [49] and may overlap with the Mn2+ peak. It indicated the simultaneous
presence of Mn2+ and Mn3+ in NCMS-10. Moreover, the characteristic satellite peak of
Mn2+ in NCMS-15 may be overlapped with the Auger peak of Ni. Therefore, the above
XPS spectra demonstrate the presence of Mn, Co, and Ni elements in the prepared samples.
These results confirm that NCMS has multivalent metal elements, which are essential for
improving the electronic conductivity of nanosheets and are beneficial for the high-speed
performance of sodium storage electrode materials. Moreover, in the S 2p (Figure S1b)
spectrometer, four sets of characteristic peaks of S2− can be obtained within the range of
160~166 eV. The two peaks centered around 160.78 and 162.01 eV belong to the 2p3/2 of
S2−, and the other two peaks belong to the 2p1/2 characteristic.
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3.2. Electrochemical Performance

Cyclic voltammetry (CV) was used to determine the reactions during the charging
and discharging of the electrodes. To further investigate the partial replacement, the curves
of NCMS-10 with different cycles have been displayed in Figure 5a. A strong peak at 0.69 V
during the first cathode scan corresponded to the formation of a solid electrolyte interface
(SEI) and the conversion reaction related to sodium storage in NCMS-10 nanosheets. Dur-
ing anodic scanning, there is a clear peak at around 1.685 V, corresponding to the reaction
of sodium removal on the surface of the electrode material. During the second charging
and discharging process, three distinct peaks appeared at 1.35 V, 0.58 V, and 0.23 V. The
first two peaks were related to the formation of NiS2, CoS2, and Na2S. The peak at 0.23 V
represents the subsequent conversion reaction, indicating that NCMS-10 undergoes multi-
step electrochemical reactions. From Figure S4, it can be seen that except for NCS, all other
samples have a peak near 0.2 V. This indicates that the introduction of Mn enhances the
electrochemical reaction during the charging and discharging process, thereby increasing
the capacity. Meanwhile, a large radius of Mn could damage the structural stability of the
electrode material, resulting in decreased stability. However, from the second scan, it is indi-
cated that NCMS-10 possesses high reversibility and stability during repeated charging and
discharging, as the CV curves nearly overlap. Figure 5b shows the charging/discharging
curves of NCMS-10 under different cycles at a current density of 0.3 A g−1. In the first
cycle, a high discharge specific capacity of 721.09 mAh g−1 can be obtained, with an initial
Coulombic efficiency of 97.98%. This high initial Coulombic efficiency can be attributed
to the large amount of Na+ stored in different electrochemical conversion reactions that
occur in the initial stage. The discharge capacity for the 5th, 10th, 15th, and 20th cycles of
NCMS-10 is 649.7, 634.4, 646.5, and 662.6 mAh g−1, respectively. This indicates that the
prepared sample exhibits high-capacity performance when used as an anode material for
sodium-ion batteries. In addition, similar curves at different cycles also indicate the stability
of the material. As shown in Figure S5, the introduction of Mn enhances the capacity of the
samples. Rate performance is demonstrated to evaluate the effects of different replacement
ratios. As shown in Figure 5c, significant improvements in the rate performance can be
observed for the original samples after replacement. The capacity of the material gradually
increases as the replacement percentage increases. The results indicate that the replacement
strategy effectively increased the capacity of the original bimetallic sulfide, but a suitable
ratio is still required to enhance the rate performance associated with the increased capacity.
Among them, NCMS-10 performs better in the high current density, exhibiting a more stable
rate performance. The NCMS-10 electrode displayed a good reversible specific capacity at
different current rates ranging from 0.3 A g−1 to 8 A g−1, with capacities of 686.6, 623.7,
616.2, 604.6, 595.7, 595.1, 593.8, and 583 mAh g−1, respectively. The electrode capacity
also returned to 672.1 mAh g−1 when the current density was returned to 0.3 A g−1. The
higher capacity performance can be attributed to electrode activation at different current
densities. The reasons for the improved performance were analyzed using a Nyquist plot
in the frequency range of 0.01 to 100 kHz. To better explain the Nyquist diagram, we have
inserted an equivalent circuit in Figure 5d. It includes the internal impedance (Rs) of the
battery, the charge transfer resistance (Rct) at the interface between the electrode and the
electrolyte, the impedance of the double-layer capacitor (CPE), and the Warburg factor
(Zw) of the ion diffusion resistance. The Nyquist diagram can be roughly divided into
two parts, a semicircle and a line, where the semicircle represents the interfacial transfer
resistance of sodium ions. The smaller the diameter of the semicircle, the lower the re-
sistance, which is more conducive to charge transfer. Figure 5d provides a comparison
chart after 20 cycles. Compared with NCS, the Rct of NCMS-10 decreased from 30.45 Ω to
4.034 Ω after being replaced by Mn, which is also lower than that of NCMS-5 and NCMS-15
nanosheets (7.803 and 8.675 Ω), indicating that NCMS-10 has better chemical reaction
kinetics. In addition, compared to the Nyquist plot of NCMS-10 with 0 cycles (Figure 5e),
the semicircle (Rct) after 20 cycles can be ignored. Compared to NCS, the Rct of NCMS-10
is only 4.034 Ω, which is lower than that of NCMS-5 and NCMS-15 (7.803 and 8.675 Ω).
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The replaced NCS has the highest Rct of 30.45 Ω, which is larger than all the replaced
materials. The data indicate that replacement can effectively improve the chemical reaction
kinetics performance, and NCMS-10 has better performance. In addition, compared to the
Nyquist plot of NCMS-10 with 0 cycles, the semicircle (Rct) after 20 cycles can be ignored,
corresponding to the good stability described above. Hence, appropriate substitution of
atoms can increase the active sites of electrochemical reactions, increase crystal defects, ac-
celerate the transport of sodium ions, and improve rate performance. As shown in Figure 5f,
NCMS-10 exhibits superior rate performance compared to recently reported transition
metal sulfide materials. The advantages of this partial replacement strategy are further
demonstrated. The cycling performance of samples with different replacement ratios at a
rate of 2 A g−1 is shown in Figure 5g. As shown in the curves, the NCMS-10 exhibits both
high capacity and considerable stability, maintaining 85.41% of its capacity after 300 cycles.
It is also observed that the performance is better than the original samples, regardless of the
percentage of replacement. The results show that replacement can improve performance
through the synergistic effect of metal ions. To further demonstrate the superiority of the
NCMS-10, more cycles have been tested at a high current density of 2 A g−1. As shown in
Figure 5h, it can achieve a high capacity of 621.9 mAh g−1 after 1000 cycles, maintaining
73.2% of its capacity. Although there was a noticeable decrease in capacity during the initial
30 cycles (from 751.3 mAh g−1 to 648.8 mAh g−1), it remained relatively consistent during
the following cycles.
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of NCMS-10 at 0.3 A g−1. (c) Rate performance of NCS, NCMS-5, NCMS-10, and NCMS-15 from
0.3 to 8.0 A g–1. Nyquist plots of (d) different electrodes after 20 cycles at 0.3 A g−1, respectively,
and (e) NCMS-10 before and after 20 cycles. (f) Comparison of rate performance between NCMS-10
and previously reported materials. (g) Comparison of cycling performance of different electrodes at
2 A g−1. (h) Cycle performance of NCMS-10 at 2 A g−1.
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To further investigate the effect of partial replacement on anode performance, CV
curves with different scan rates (0.1–0.8 mV s−1) were tested for different replaced samples
(Figure 6a). It can be seen that all the peak currents of the CV curves increase as the scan
rates increase. They all show similar shapes during different scan rates, indicating good
rate performance and charge transfer kinetic processes. Faraday and surface capacitive
contributions to charge storage can be distinguished using Equation (1):

i = a vb, (1)

where i and v represent the peak current and scanning rate, respectively. For better
understanding, Equation (2) is shown, derived from Equation (1):

log(i) = b log(v) + log(a), (2)
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Among them, a and b are two controllable parameters: a is a constant, and b can be
determined by corresponding log(i) and log(v) in Equation (2). Usually, the value range of
b is 0.5~1, indicating mixed control behavior. A value close to 1 indicates the dominance of
capacitive electrochemical behavior, whereas a b value close to 0.5 indicates the dominance
of diffusion-controlled electrochemical behavior [50]. Figure 6b,c shows the b values of
different redox peaks calculated using the above formula. The b values of the oxidation and
reduction peaks of NCMS-10 are 0.7332 and 0.7157, respectively, which are greater than the
b values corresponding to the oxidation and reduction peaks of NCS (0.6924 and 0.6983),
indicating that faster capacitors control the charging and discharging process of NCMS-10.

To further investigate the contribution of the capacitive process at different rates, the
following Equation (3) has been used:

i = k1 v + k2 v1/2, (3)
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where k1 v represents the contribution of capacitive behavior, and k2 v1/2 represents the
contribution of ion diffusion. Figure 6d,e shows the capacitive contribution of NCMS-
10 at different scanning rates. It can be seen that as the scanning speed increases, the
contribution rate of pseudo capacitance also increases. Finally, when scanned at 0.8 mV,
NCMS-10 reaches a contribution of 78.33%, which is higher than that of NCS, NCMS-5, and
NCMS-15 (72.27%, 76.01%, and 77.03%) at the same scanning rate. This indicates that it has
better charge transfer kinetics. It should be noted that though the capacitive contribution of
NCMS-10 is not the highest at a low scanning rate (0.1 mV s−1), it increases more rapidly
at high scanning rates. This indicates that NCMS-10 has faster kinetics at high current
densities, enabling it to charge and discharge quickly in a short duration.

4. Conclusions

Briefly, a series of sulfides with different metal ratios were prepared by partially re-
placing metal cations with Mn in the original sulfides. The replaced samples demonstrated
improved performance compared to the initial materials. This enhancement can be ascribed
to the improved reaction kinetics and sodium ion storage capacity by the introduction of
Mn. Meanwhile, the unique structure can reduce volume expansion and improve stability.
In addition, the irregular surface provides full access to the electrolyte, exposing more active
sites to improve conductivity and rate performance. As a SIB anode, NCMS-10 exhibits
relatively high reversible specific capacity (662.58 mA g−1 at 0.3 A g−1), excellent rate per-
formance (583 mAh g−1 at 8 A g−1), and ultra-long cycle performance (621.9 mAh g−1 after
1000 cycles). These results provide important insights and evidence that the addition of
appropriate amounts of metal atoms can lead to the favorable transformation of bimetallic
sulfides. When used as a SIB anode, it can exhibit high-rate performance and long cycle life
regardless of the potential conversion mechanism of electrochemical reactions.
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