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Na* batteries (SIBs) have been emerging as the most promising candidate for the next generation of sec-
ondary batteries. However, the development of high-performance and cost-effective anode materials is
urgently needed for the large-scale applications of SIBs. In this study, carbon dots confined bimetallic
sulfide (NiCo,S4) architecture (NiCo,S;@CDs) was proposed and synthesized from assembling nanosheets
into cross-stacked superstructure and the subsequent confinement of carbon dots. This novel decussated
structure assembly from nanosheets is greatly beneficial to the structure stability of electrode material
during the successive charge/discharge processes. Besides, the CDs based carbon conductive network
can enhance the electrical conductivity for facilitating the easy transport of electron/Na*. Benefitting
from these advantages, NiCo,S,@CDs exhibits high-rate performance and an ultralong cycling life in SIBs.
Specifically, the specific capacity of NiCo,S;@CDs can reach the discharge specific capacity as high as
568.9 mAh/g at 0.5 A/g, which can also maintain 302.7 mAh/g after 750 cycles at 5.0 A/g. Additionally,
ex-situ characterization techniques such as ex-situ XRD and ex-situ XPS were employed to further explore
the sodium storage mechanism of the NiCo,S4@CDs anode.
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Advanced energy storage technology is essential for exploiting
future sustainable and renewable energy supply. Lithium-ion bat-
teries (LIBs) are commonly utilized as a power source for a series
of applications, containing portable electronics and transportation,
owing to their high energy density and extended lifespan [1-4].
However, the scarcity and costly nature of lithium resources have
become a challenge due to the continuously growing need for en-
ergy storage solutions in the market, making it increasingly diffi-
cult for lithium for the future energy demands. Sodium, as an ele-
ment with the same group as lithium, exhibits comparable chem-
ical characteristics to lithium. Besides, sodium-ion batteries (SIBs)
display similar electrochemical behavior to that of LIBs, which en-
dowed SIBs as promising alternative to LIBs. However, the elec-
trochemical reaction kinetics and storage capacity of SIBs are in-
evitably suppressed owing to the larger ionic radii of Na* (1.02A)
in comparison with Li* (0.76 A), as well as the high relative atomic
masses of Na (23, 6.9 for Li) [5-7]. Therefore, developing anode
materials that have high reversible capacity and stable cycling per-
formance for Na* storage is a critical challenge for SIBs [8-10].

Transition metal sulfides (TMSs) have become one of the best
electrode materials for SIBs due to their excellent theoretical ca-
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pacity and abundant active sites [11,12]. Moreover, compared to
single-metal sulfides, mixed metal sulfides (MMSs) have received
growing interest in the energy storage domain thanks to their abil-
ity to generate synergistic effects, possess lower band gaps and
higher conductivity [13]. NixCo3.xS4 compound is a promising elec-
trode material for SIBs, as it exhibits richer redox reactions and
higher specific capacitance compared to its respective single-metal
sulfides (NiSx/CoSx) [14,15]. However, the cycle life and rate per-
formance of NixCos.4S,4 are hindered by volumetric expansion that
occurs during the redox process. According to literature reports,
structural engineering that enhances material stability is an effec-
tive means of improving volume expansion [16]. For example, Li
et al. synthesized nickel boride (Ni-B) nanosheets within hollow
Ni-Co sulfide nanospheres and found that the Ni-B component
could reinforce the structural stability of the electrode material.
The reversible capacity after 200 cycles at 1.0 A/g was 251.9 mAh/g,
which represented a significant improvement over bare NiCo,S,4
[17]. Liu et al. synthesized NiCo,S4@MoS, core shell nanostructures
via a hydrothermal method, which enhance the contact between
the electrolyte and the core/shell nanostructure and promote the
rate of Nat diffusion. At 6.4 A/g, a capacity of 155 mAh/g was
delivered, and the Coulombic efficiency remained above 99% af-
ter 400 cycles [18]. In addition, introducing a highly conductive
and buffering matrix is considered a highly effective approach,
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Fig. 1. SEM of (a) NiCoCP, (b) NiCo,S4, (¢, d) NiCo,S,@CDs. (e, f) TEM images of NiCo,S4@CDs. (g) HRTEM image of NiCo,S4@CDs, inset in (g) shows the inverse FFT patterns.
(h-j) HRTEM image of CDs in NiCo,S,@CDs, inset in (j) shows the inverse FFT patterns. (k-0) Mapping images of NiCo,S;@CDs.

such as the introduction of carbon materials, which can effectively
suppress the volume expansion and prevent their self-aggregation,
thereby improving the cycling life of the electrode material [19-
22]. Sun et al. synthesized NiCo,S;@rGO nanocomposites with re-
duced graphene oxide (rGO) as a protective matrix. The rGO coat-
ing effectively immobilized the transformation products of NiS,
and CoS, generated during the phase transition of NiCo,Sy4, thereby
enhancing the structural stability and mitigating volumetric expan-
sion. As a result, the NiCo,S,@rGO composite maintained a ca-
pacity retention rate of over 95% after 100 cycles, while exhibit-
ing a high reversible capacity of 621 mAh/g at 0.1 A/g [23]. Fan
et al. immobilized NiCo,S; nanosheets onto the surface of carbon
nanotubes (CNTs), which reduced the impact of volume expansion
on NiCo,S4 and increased the conductivity of the composite elec-
trode material. The NiCo,S4@CNTs electrode showed a capacity of
169.29 mAh/g (10 A/g) in SIBs [24]. Despite their excellent electro-
chemical performance, both reduced graphene oxide and carbon
nanotubes face high costs that hinder their further development
and application. Therefore, it is imperative to investigate novel and
cost-effective carbon material composite electrodes. Carbon dots
(CDs), as a new type of zero-dimensional (OD) carbon material
with ultra-small particle size (less than 10 nm), can greatly allevi-
ate the aggregation of composite materials, improve their conduc-
tivity, and provide stable support for the structure of the compos-
ite material [25-28]. Compared to traditional carbon materials, the
introduction of CDs shows great potential for further exploration.
Recently, coordination polymers (CPs), also called metal-organic
framework materials (MOFs), constructing by the combination of
metal ions and organic ligands, have been acknowledged as a
highly effective category of electrochemical energy storage mate-
rials owing to their exceptional strengths in tunable pore struc-
tures and high specific surface areas [29-31]. In this study, nickel-
cobalt bimetal coordination polymer (NiCoCP) was firstly syn-
thesized by a co-precipitation method and used as a sacrificial
template. Then, NiCo,S;@CDs cross-stacked architecture was ob-
tained through high-temperature sulfidation of NiCoCP and the
subsequent carbon coating process from the carbonization of glu-
cose. These carbon dots (CDs) loaded in NiCo,S, can effectively
increase the conductivity of the electrode material. When em-

ployed as anodes in SIBs, NiCo,S4@CDs delivered a rate capacity
of 568.9 mAh/g at 0.5 A/g and could maintain a discharge specific
capacity of 302.7 mAh/g after 750 cycles at 5.0 A/g.

The process for synthesizing the NiCo,S,@CDs with hierarchi-
cal layered structure decorated with carbon dots is illustrated in
Fig. S1 (Supporting information). Initially, NiCoCP precursors were
prepared using the coprecipitation method. Nanosheets of nickel-
cobalt bimetallic polymer assembled through static adsorption be-
tween Ni(CN),2- and Co?* ions. Sodium citrate was used to in-
duce self-assembly, resulting in the formation of cross-stacked cu-
bic nanoflowers. Afterwards, the NiCoCP precursor underwent ad-
ditional high temperature sulfidation treatment to yield nickel-
cobalt bimetallic sulfide NiCo,S4. This transition metal sulfide was
derived from metal-organic frameworks (MOFs), and was charac-
terized by abundant internal pores, providing the possibility of
loading glucose. NiCo,S, loaded with glucose was then heated at
200 °C for 3h, causing the carbonization of glucose into carbon
dots. This ultimately resulted in the formation of NiCo,S;@CDs
with a hierarchical layered structure decorated with carbon dots.

The morphology and structure of the samples were character-
ized using SEM, TEM, and EDS techniques. The SEM images of the
precursor NiCoCP are displayed in Fig. 1a, from which the mor-
phology of this material can be visually observed to consist of
uniformly sized and evenly dispersed 3D cubic nanoflowers, each
of which is composed of multiple smooth nanosheets that cross-
stack with each other. Fig. 1b illustrates SEM images of NiCo,S,
after undergoing high-temperature sulfidation treatment, reveal-
ing the retention of the basic morphology of the NiCoCP precur-
sor while exhibiting a rougher surface. Upon magnification, numer-
ous small nanoparticles are observed on the surface. Figs. 1c and
d presents SEM images of the final sample, NiCo,S,@CDs. While
the surface morphology is similar to that of NiCo,S,, significant in-
ternal changes have taken place, which will be further elucidated
in subsequent investigations. The TEM images of NiCo,S4@CDs are
presented in Figs. 1e and j, which confirms that the nanoflowers in
NiCo,S4@CDs are composed of multiple nanosheets cross-stacked
with each other. The HRTEM image of NiCo,S4@CDs displayed in
Fig. 1g shows two sets of lattice fringes corresponding to the 311
plane (d = 0.28nm) and 220 plane (d = 0.33nm) of the NiCo,S,4
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Fig. 2. (a) XRD pattern of NiCo,S,@CDs. High-resolution XPS spectrum of (b) Ni 2p, (c) Co 2p, (d) N 1s, (e) S 1s, (f) C 1s.

phase. The HRTEM images of the CDs in NiCo,S4@CDs depicted
in Figs. 1h-j show that the CDs have a size range below 10nm,
and the insert in Fig. 1j reveals a lattice spacing of 0.21 nm that
matches well with the (100) plane of graphite carbon, thereby con-
firming the formation of CDs. Figs. 1k-o display the EDS analysis
results, which confirms the presence of Ni, Co, S, N, and C elements
in the synthesized NiCo,S,@CDs, thereby validating its successful
synthesis.

The XRD spectra were used to study the information of the
purity and crystal structure of the prepared samples. Fig. 2a dis-
plays the XRD diffraction pattern of the target product, showing
characteristic peaks at 16.3°, 26.8°, 31.5°, 38.3°, 46.4°, 50.4°, 55.2°,
65.1°, 69.2°, and 78.0° that correspond to the (111), (220), (311),
(400), (422), (511), (440), (533), (444), and (731) lattice planes of
cubic phase NiCo,S4@CDs according to JCPDS card No. 20-0782.
The diffraction peaks of the sample are clear and sharp, with no
excess peaks observed, indicating its high crystallinity. XPS analy-
sis was performed to examine the surface elemental composition
and electron structure of the NiCo,S;@CDs nanocomposite mate-
rial. Fig. S2 (Supporting information) presents the complete mea-
surement spectrum of the composite material in the 0-1400eV
range, revealing six types of characteristic peaks that indicate the
presence of Ni, Co, S, C, N, and O elements. The presence of the
O element can be explained by the surface oxidation of the ma-
terial. The peaks observed at 860.7 and 879.1eV in Fig. 2b corre-
spond to satellite peaks of Ni 2p, while the peaks at 851.6/868.7 eV
and 854.5/872.4eV can be ascribed to Ni2* and Ni3*, respectively
[32-34]. The Co 2p signal spectrum in Fig. 2c was fitted as Co
2p3j; (776.8/780.0eV) and Co 2py); (791.9eV[795.8eV) two spin-
orbit double peaks, indicating that cobalt exists in two states of
Co3+ and Co2* in the sample, accompanied by two satellite peaks
located at 784.8 and 801.6eV, possibly due to oscillation of high
spin Co%* [35-37]. Fig. 2d shows the N 1s fine spectrum. The three
characteristic peaks detected at 397.0, 397.7, and 399.2eV can be
assigned to pyridinic nitrogen, pyrrolic nitrogen, and graphitic ni-
trogen, respectively [38,39]. N doping can introduce more defects,
improving electronic conductivity and providing more active sites
for Na* storage. As shown in Fig. 2e, the S 2p fine spectrum ex-
hibits two prominent peaks located at 160.8 eV and 162.0 eV, which
correspond to S of S 2p3p, and S 2pqp,, respectively. The peak lo-
cated at 163.3eV is attributed to the bonding between S and met-
als [40,41]. The high-resolution C 1s spectrum shown in Fig. 2f re-
veals a spectral peak at 284.8eV corresponding to C-C bonding,

another at 286.2 eV attributed to C-N/C-S bonding, and a peak at
288.2eV corresponding to C=N/C=0 bonding [19,42]. All the re-
sults indicate the successful preparation of NiCo,S4@CDs compos-
ite material.

Fig. 3 displays the electrochemical properties of the
NiCo,S4@CDs electrode and the NiCo,S; contrast sample. To
assess their rate performance, the materials were subjected to
cycling at different current densities, as illustrated in Fig. 3a. The
NiCo,S4@CDs anode exhibits capacities of 665, 633, 569, 526,
484 and 419 mAh/g at 0.1-5 A/g, respectively. Upon decreasing
to 0.2 A/g, the NiCo,S4@CDs electrode recovers a capacity of
546 mAh/g. In contrast, the NiCo,S, electrode demonstrates lower
capacity than NiCo,S4@CDs at the same current density, indicating
that NiCo,S4@CDs exhibits superior rate performance. Fig. 3b
shows the discharge/charge curves of NiCo,S4@CDs and NiCo,Sy4
electrodes during the first cycle at 0.1 A/g in SIBs. It is evident
that the initial discharge capacity of NiCo,S4@CDs (854.31 mAh/g)
is higher than that of NiCo,S4 (595.7 mAh/g) during the first cycle.
However, the initial Coulombic efficiency of NiCo,S,@CDs (81.6%)
is slightly lower than that of NiCo,S; (85.9%) during the first
cycle. Fig. 3c illustrates the initial five cycles of charge-discharge
curves of NiCo,S4@CDs at 0.1 A/g. In the first cycle of charging and
discharging, the Coulombic efficiency reaches 81%, and in the sub-
sequent cycling process, the charge-discharge curves overlapped
well, indicating that NiCo,S4;@CDs demonstrates high reversibil-
ity during charging and discharging processes. Fig. 3d depicts
the charge-discharge curves of NiCo,S4@CDs at various current
densities, and the curves exhibit two pairs of reaction platforms,
corresponding to the outcomes of subsequent cyclic voltamme-
try (CV) tests. In addition, we compare the rate performance
of NiCo,S4@CDs electrode material with different NiCo,S,; base
electrode materials reported in the literature [13,17,18,23,24,43],
as depicted in Fig. 3e. The figure provides a clear depiction of the
superior rate performance of the NiCo,S4@CDs electrode material
compared to other NiCo,S4-based electrode materials, thereby
endowing it with highly promising prospects for application in
SIBs. Fig. 3f presents the cycle performance of NiCo,S;@CDs and
NiCo,S,4 at 0.5 A/g. Due to inevitable decomposition of electrolyte
solution and formation of solid electrolyte interphase (SEI) mem-
brane, the capacity decayed faster in the first few cycles. However,
by the 10th cycle, the discharge capacity of NiCo,S4@CDs stabilizes
at 631 mAh/g, while that of NiCo,S; only reaches 492 mAh/g.
Additionally, the NiCo,S4@CDs electrode demonstrates outstanding
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Fig. 3. (a) Rate capability of NiCo,S4@CDs in SIBs. (b) The discharge/charge curves of NiCo,S4@CDs and NiCo,S; during the first cycle at 0.1 A/g in SIBs. (c) The dis-
charge/charge profiles of NiCo,S,@CDs at 0.1 A/g in SIBs. (d) The discharge/charge profiles of NiCo,S4@CDs at various current densities in SIBs. (e) The comparison of rate
performance between NiCo,S,@CDs electrode and different NiCo,S4-based electrode materials reported in literature. (f) Cycle performance of NiCo,S4@CDs and NiCo,S, at

0.5 A/g in SIBs. (g) Cycle performance of NiCo,S;@CDs at 5 A/g in SIBs.

long-term cycle stability, as demonstrated in Fig. 3g, where it
retains a capacity of 302.7 mAh/g after 750 cycles at 5 A/g.

To deeply study the electrochemical mechanism of the
NiCo,S4@CDs electrode in SIBs, cyclic voltammetry (CV) measure-
ments were performed at different scan rates, spanning from
0.1mV/s to 1.0mV/s. As shown in Fig. S3a (Supporting infor-
mation), the CV curves at different scan rates are essentially
identical except for the position shift of the oxidation-reduction
peak, indicating the existence of pseudocapacitance behavior of
NiCo,S4@CDs electrode during cycling. To confirm this behavior,
a linear fitting of log(scan rate) and log(peak current) values was
conducted. The slope obtained from the fitting reflects the state
of the electrochemical reaction process. Typically, a slope value
of 0.5 indicates that the charge-discharge process is governed
by ion diffusion, while a value of 1.0 suggests that the charge-
discharge process is controlled by surface capacitance. As shown
in Fig. S3b (Supporting information), the slopes b of the log(ip)-
log(v) curves at different peak currents are 0.78 (peak 1), 0.74
(peak 2) and 0.82 (peak 3), indicating that the charge-discharge
process of NiCo,S4@CDs electrode exhibits both pseudocapacitance
and ion diffusion reactions. The capacitive contribution ratio of
NiCo,S4@CDs electrode was tested at a scan rate of 1.0mV/s, in-
dicate a pseudocapacitance contribution ratio of 91.7% (Fig. S3c
in Supporting information), which is consistent with expectations.
Furthermore, Fig. S3d (Supporting information) displays the calcu-
lated pseudocapacitance contribution ratios at different scan rates.
Upon increasing the scan rate from 0.1 mV/s to 1.0mV/s, the pro-
portion of pseudocapacitance contribution gradually rises from 77%
to 92%. This observation suggests that the sodium storage process
of the NiCo,S4@CDs electrode is primarily governed by pseudoca-
pacitance, and this dynamic mechanism promotes the rapid sodia-
tion/desodiation of Na* in the NiCo,S4@CDs electrode.

The galvanostatic intermittent titration technique (GITT) is a
method based on the potentiostatic measurement to determine

the chemical diffusion coefficient of electrons/ions in mixed con-
ductors, revealing the relationship between ion diffusion rate and
depth of discharge. Therefore, this technique can help us under-
stand the complex electrode kinetics mechanism. Fig. S3e (Sup-
porting information) shows a complete GITT curve of NiCo,S;@CDs
during a single charge-discharge cycle, demonstrating the re-
lationship between voltage and time. Based on the formula:
D= %("}ﬁ:g" )2(23 )2, the diffusion coefficient of Na* can be cal-
culated from the GITT curve. In the equation, D represents the ion
diffusion coefficient, t is the current pulse duration, and the ef-
fective mass, molar mass, molar volume, and active surface area
of the electrode material are respectively denoted by mg, Mj,
Vm, and S. Additionally, the voltage changes during constant cur-
rent charge/discharge are represented by AE;, while the voltage
changes caused by the pulse are represented by AEs. The values
of T, AE;, and AE; are obtained from the potential response curve
of NiCo,S4@CDs during a relaxation process (Fig. S3f in Support-
ing information). Upon the application of a current pulse, the dis-
charge potential of the electrode exhibits a sudden drop. Imme-
diately following is a relaxation process, during which the poten-
tial slowly decreases (AE;) to maintain equilibrium. After a du-
ration of 7, the current is terminated, resulting in an instanta-
neous increase in potential. As the electrode gradually returns to
its equilibrium state, the potential once again reaches a steady
value (AEs). Figs. S3g and h (Supporting information) reveal that
the NiCo,S4@CDs nanocomposite exhibits an ion diffusion coeffi-
cient that surpasses that of NiCo,S4 (Fig. S3i in Supporting infor-
mation), indicating superior kinetic performance. Furthermore, an
evident voltage drop is observed at approximately 0.5V and 0.9V
during discharge, which can be ascribed to the conversion reaction
occurring between Nat and NiCo,S,@CDs. This observation is con-
sistent with the potential at which the phase transition occurs in
the cyclic voltammetry (CV) curve, reinforcing the validity of this
interpretation.
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To further elucidate the factors contributing to their excel-
lent electrochemical performance, we conducted electrochemi-
cal impedance spectroscopy (EIS) tests on the NiCo,S4@CDs and
NiCo,S,4 electrodes. Fig. S4a (Supporting information) shows the
Nyquist plots of the NiCo,S4@CDs electrode in the initial state, as
well as after the 100th and 200th cycles. The charge transfer re-
sistance (R¢t) was estimated by the diameter of the semicircle on
the real axis, where a smaller R.; corresponds to less resistance to
charge transfer at the electrode-electrolyte interface. Compared to
the initial state, Re gradually decreases with an increasing cycle
number, indicating that R. decreases rapidly with the continuous
activation of the electrode material. The low-frequency oblique line
in the Nyquist plot corresponds to the Warburg impedance (Z,,) of
the electrode, which represents the diffusion of Na* in the elec-
trode and electrolyte. The greater the slope of the oblique line, the
faster the ion diffusion. Notably, from the initial state to 100 cycles
and then to 200 cycles, the slope of the oblique line in the low fre-
quency region increases, indicating that the ion diffusion dynamics
are constantly being enhanced. With continuous activation during
cycling, the ion diffusion and charge transfer in the NiCo,S,@CDs
electrode demonstrate a dynamic enhancement. Furthermore, the
Nyquist plots of the NiCo,S4 electrode and NiCo,S,@CDs are com-
pared in Fig. S4b (Supporting information). It is evident that the R
of the NiCo,S4@CDs electrode is smaller, and the slope of the low-
frequency linear region is larger. These observations suggest that
the NiCo,S4@CDs electrode exhibits superior electronic transport
and ion diffusion capabilities compared to the NiCo,S, electrode.

When compared to the NiCo,S; electrode, the NiCo,S,@CDs
electrode with carbon dots exhibits superior electrochemical per-
formance. It is necessary to analyze the reaction mechanism of the
NiCo,S4@CDs electrode material during charge and discharge pro-
cesses. Firstly, the electrochemical reaction process of the NiCo,S4
and NiCo,S;@CDs composite electrode was investigated using
cyclic voltammetry. The CV curves of NiCo,S, (Fig. S5 in Support-
ing information) and NiCo,S4@CDs (Fig. 4a) exhibit similar peak
shapes and peak potentials, indicating that they have the same re-
dox process. The reduction peak at 118V can be attributed to the
intercalation of Na* into NiCo,S4@CDs, forming NaxNiCo,S4@CDs.
The corresponding reaction is given by xNa* + NiCo,S4@CDs +
xe~ — NaxNiCo,S4@CD.The reduction peaks at 0.78V to 0.6V are
due to the conversion reaction, which generates Ni, Co, and
Na,S. The corresponding reaction is NaxNiCo,S4 + (8 —x)Na™ +
(8 —x)e™ — Ni+ 2Co + 4Na,S [23,24,44]. Two oxidation peaks are

observed at 1.76V and 1.96V during the anodic scan, indicating
the reverse reaction of the conversion process and the deinterca-
lation of Na™. In the second and third cathodic scans, the cathodic
peak potentials shift noticeably compared to the first cycle due to
the irreversible phase transformation and structural evolution of
NiCo,S4@CDs. However, the CV curves of the NiCo,S4;@CDs elec-
trode almost completely overlap after the first cycle, indicating its
excellent electrochemical reversibility.

Subsequently, ex-situ XRD and ex-situ XPS measurements were
implemented to examine the phase change of NiCo,S;@CDs elec-
trode during oxidation and reduction. X-ray diffraction analysis
was performed on the NiCo,S4@CDs electrode material at differ-
ent voltage states under 0.2 A/g, and the ex-situ XRD characteri-
zation observations are presented in Fig. 4b. During discharge to
1.2V, the NiCo,S4@CDs phase still exists due to the intercalation
of Na*t. However, upon further discharge to 0.8V to 0.05V, the
NiCo,S4@CDs phase disappears, and new Co, Ni, and Na,S phases
emerge upon reaction with Na*. The diffraction peak located at
44.9° can be attributed to the (011) plane of metallic Ni (JCPDS
card No. 45-1027), whereas the peak observed at 47.3° corresponds
to the (101) plane of metallic Co (JCPDS card No. 05-0727). In addi-
tion, the characteristic peak at 37.89° belongs to the (542) plane of
Na,S (JCPDS card No. 47-1078). When charged to 0.5V, the Co, Ni,
and Na,S phases still exist. With the proceeding of the reverse re-
action and Nat extraction until full charging, the Co, Ni, and Na,S
phases are completely eliminated, while new diffraction peaks ap-
pearing at 38.56°, 31.0°, 26.4°, and 55.23° correspond to the (400),
(311), (220), and (440) planes of NiCo,S4@CDs, confirming the re-
versibility of NiCo,S4@CDs and corresponding to the oxidation-
reduction process reflected in the CV curve.

The reaction mechanism of NiCo,S4;@CDs was further verified
by ex-situ XPS (Figs. 4c and d). Compared to the original Ni 2p
spectrum in Fig. 2b, the Ni2* and Ni3* bands remain consistent
when discharged to 1.2V. At 0.05V discharge, the Ni2t and Ni3*+
bands decrease, and a new Ni® band appears at 848.2 and 865.2 eV
[8,43]. When charged to 1.8V, the Ni° band still exists due to the
incomplete reverse reaction. At 2.5V full charge, the Ni® band dis-
appears, and the Ni2* and Ni3+ bands reappear. In the Co 2p spec-
trum, compared to the original state in Fig. 2c, Co3* gradually de-
creases during discharge, confirming the occurrence of reduction. A
new metallic Co® (774.3/789.8eV) is observed during the reaction
[8,45]. The charge proceeds until full charge, and Co?* and Co3+
are restored to the initial state, indicating reversibility. The ex-situ
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XPS findings are consistent with the ex-situ XRD results, provid-
ing further support for the intercalation/conversion reaction mech-
anism of NiCo,S;@CDs.

In summary, cobalt-nickel bimetal coordination polymer with
nanosheets cross-stacked architecture has been successfully pre-
pared as precursor via simple co-precipitation reaction. Subse-
quently, high-temperature sulfidation method and carbon dots
loading processes were successively adopted to prepare the fi-
nal NiCo,S4@CDs. Due to the synergistic effects of Co/Ni based
bimetallic sulfides, the introduction of carbon dots and the unique
cross-stacked architecture, NiCo,S4;@CDs demonstrates a higher
discharge specific capacity compared to pure NiCo,S4. Further-
more, NiCo,S4@CDs also delivers an ultra-long cycle life with a dis-
charge specific capacity of 302.9 mAh/g after 750 cycles at 5.0 A/g.
Besides, ex-situ XRD and ex-situ XPS were further applied to inves-
tigate the sodium storage process of NiCo,S;@CDs. The obtained
results were in line with the above-mentioned electrochemical and
battery property results. This study presents an effective approach
for the development of high-performance anode materials for
SIBs.
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