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Recently, heterostructure interfaced construction by binary metal selenide or metal oxide/metal selenide
configuration has been attracting attention as anodes for sodium-ion batteries (SIBs). Especially, modification
strategies such as formation of core-shell structure consisting of heterointerface can be a solution to resolve the
issue of metal selenide electrodes. In this paper, new multicomponent metal compounds with heterointerface
structure are firstly designed and suggested as anode for SIBs. The yolk-shell microsphere consisting of hetero-
geneous NiCo selenide@NiCo selenite core-shell nanospheres was prepared by spray pyrolysis and facile sele-
nization and subsequently partial oxidation processes. NiCo selenide nanocrystals, which constitute the yolk-
shell structure, are partially transformed into the NiCo selenide@NiCo selenite phase during the oxidation
process. Notably, this process induces the nanoscale Kirkendall effect, leading to the transformation of the metal
selenide nanocrystals into a hollow nanosphere morphology. As a result, the material adopts a hollow nano-
sphere structure with a NiCo selenide@NiCo selenite core-shell configuration. To the best of our knowledge,
metal selenide@metal selenite core-shell configuration with hollow nanosphere is proposed for the first time.
Heterointerface as well as yolk-shell structure consisting of hollow nanospheres showed synergistic effect for
efficient and excellent sodium ion storage.

1. Introduction process leads to capacity degradation, ultimately impeding their prac-

tical viability [11,12].

Recently, sodium-ion batteries (SIBs) have gained attention as an
alternative to lithium-ion batteries (LIBs) because of the wide avail-
ability of sodium resources [1-4]. In the process of researching suitable
anodes for SIBs, metal selenides are evaluated as a strong anode
candidate based on their high theoretical capacities and the large slab
space between their 2-D planes [5-8]. However, metal selenides are
hindered by their inherently low electronic conductivity and structural
degradation caused by significant volume changes during cycling
[9,10]. Furthermore, the dissolution of selenium due to soluble poly-
selenide intermediates during the NaySe formation and decomposition
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To correct above critical issues, modification strategies such as
coating with carbonaceous material including nanostructure have been
applied to resolve issues of metal selenides electrodes [13,14]. Poly-
dopamine such as conductive polymer coating and its decomposed
carbon coated metal selenides were diversely reported as anode mate-
rials for SIBs. Liu et al. synthesized heterostructure SnSey/ZnSe@poly-
dopamine nanobox by co-precipitation method, selenization, and
coating process in liquid phase [15]. The conductive and flexible poly-
dopamine shell can serve as a protective buffer for the SnSey/ZnSe yolk,
effectively mitigating pulverization and aggregation issues during
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cycling. Metal-organic frameworks derived metal selenides were mostly
coated by nitrogen-doped carbon component by in-situ carbon encap-
sulating during heat-treatment, which was applied to anode materials
for SIBs [16,17].

Recently, heterostructure interface construction by binary metal
selenide or metal oxide/metal selenide configuration has been attracting
attention due to the various advantages, which were derived from het-
erointerfaces [18,19]. Specifically, bimetallic compounds consisting of
two transition metals demonstrate a synergistic effect, resulting in
improved electrochemical performance compared to single metal com-
pounds [20-23]. This improvement is primarily due to the broader
range of electrochemical redox reactions and the synergistic interactions
between different transition metal atoms [24,25]. Li et al. reported the
fabrication of CoSe/MoSe;-C nanosphere heterostructure via facile sol-
vothermal process, and simultaneous selenization and carbonization
strategies [26]. The heterostructure combines the advantages of both
CoSe and MoSe, simultaneously, which is favorable for sodium ion
storage as well as lowering the ion diffusion energy barrier and thus
enabling rapid charge transfer. Zhao et al. developed MoO, nanoclusters
anchored on two-dimensional (2D) MoSey-graphene interfaces,
enhancing the reversible conversion of MoSe; for use as a long-lasting
anode in sodium-ion batteries and sodium-ion capacitors [27].

In this paper, we designed and suggested new multicomponent metal
compounds with heterointerface structure. The yolk-shell structured
microsphere consisting of heterogeneous NiCo selenide@NiCo selenite
core-shell nanospheres was prepared by spray pyrolysis and facile
selenization and subsequently partial oxidation processes. The NiCo
oxide yolk-shell microspheres were fabricated by single-step spray py-
rolysis. By employing spray pyrolysis, the yolk-shell configuration was
efficiently synthesized without the need for a template method, enabling
rapid and eco-friendly preparation. During the subsequent selenization,
these microspheres were transformed into NiCo selenide while preser-
ving the yolk-shell configuration. NiCo selenide nanocrystals, which
form a yolk-shell structure, undergo partial oxidation with the nanoscale
Kirkendall effect. This process transforms each nanocrystal into a hollow
nanosphere with a NiCo selenide@NiCo selenite core-shell structure,
preserving the overall yolk-shell configuration. The void space arising
from the yolk-shell and hollow nanosphere structures not only acts as a
buffer space to alleviate the volumetric stress generated during cycling
but also shortens the path for Na-ions, thereby enhancing the rate
capability. To the best of our knowledge, metal selenide@metal selenite
core-shell structure with hollow nanosphere is proposed for the first
time. After sodiation and desodiation processes, binary NiCo seleni-
de@NiCo selenite is converted into each single component selenide@-
metal oxide/selenium oxide form as reported in the previous literatures.
The diverse heterointerfaces facilitate rapid charge transfer kinetics,
lower the sodium diffusion barrier, and effectively mitigate polyselenide
dissolution through strong adsorption interactions between the metal
selenide and metal oxide [27]. As expected, the unique integration of
heterointerfaces and yolk-shell structures, featuring hollow nano-
spheres, exhibited a synergistic effect by providing exceptional struc-
tural stability and significantly enhancing sodium-ion transport.

2. Experimental

The NiCo oxide yolk-shell microspheres were prepared via spray
pyrolysis. To prepare the spray solution, 0.1 M cobalt nitrate hexahy-
drate, 0.1 M nickel nitrate hexahydrate, and 0.7 M sucrose were dis-
solved in 1 L of distilled water. This mixture was then atomized with a
1.7-MHz ultrasonic spray generator that features six vibrators. The
droplets, carried by air flowing at 10 L/min, were carried into a quartz
reactor with 50 mm of diameter and 1200 mm of length, kept at 700 °C.
The spray precursor, along with selenium powder, underwent post-
treatment in a tube furnace at 300 °C under a 5% Hy/Ar atmosphere
for 12 h, leading to the formation of NiCo selenide yolk-shell micro-
spheres. To form the heterointerface, the NiCo selenide yolk-shell
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microspheres were further post-treated at various temperatures (400,
450, and 500 °C) in an air atmosphere. Extensive information regarding
the characterization and electrochemical evaluation is provided in the
Supporting Information.

3. Results and discussion

The formation mechanism of the yolk-shell structured microsphere
consisting of heterogeneous NiCo selenide@NiCo selenite core—shell
nanospheres was described in Scheme 1. Firstly, the yolk-shell struc-
tured NiCo oxide microspheres were fabricated by spray pyrolysis
method. The droplet (Scheme 1a-1) containing nickel and cobalt nitrate
and sucrose, which was formed from spray solution by spray generator,
was transformed into NiCo oxide yolk-shell microspheres (Scheme 1a-2)
via repeated combustion/contraction processes, as outlined in previous
study [28]. The synthesized NiCo oxide yolk-shell microspheres under-
went selenization using selenium powder through heat treatment in a
reducing atmosphere. The yolk-shell configuration consisting of NiCo
selenide nanocrystals was obtained as described in Scheme 1a-3. To
construct the heterointerface, NiCo selenide yolk-shell microspheres
(labeled as NCSe-YS) were changed into various composition complexes
(NiCo selenide@NiCo selenite, NiCo selenite@NiCo oxide, and NiCo
oxide configuration) through an oxidation process at 400, 450, and
500 °C, respectively, with the resulting samples denoted as
NCSe@NCSeO-YS, NCSeO@NCO-YS, and NCO-YS, as illustrated in
Scheme 1b-1-3. Among the oxidation processes at each temperature, the
formation mechanism for hollow nanosphere with heterointerface via a
well-known Kirkendall diffusion effect at the nanoscale, is depicted in
Scheme 1c. In the thermal oxidation, the diffusion rates of Ni, Co, and Se
components exceeded that of Oy gas. The outward movement of these
components toward the surface of the NiCo selenide@NiCo selenite in-
termediate resulted in the formation of a hollow cavity at 400 °C [29].
Through a continuous oxidation process, NiCo selenide is converted to
NiCo selenite, and the outermost shell forms a NiCo oxide layer at
450 °C. Finally, it is completely converted to a pure NiCo oxide phase at
a temperature of 500 °C, and the hollow nanosphere structure is densely
converted by sintering.

The morphological properties of NiCo oxide yolk-shell microspheres,
which were prepared by single-step spray pyrolysis method, were dis-
played in Fig. S1. The low-magnified SEM image (Fig. S1a) revealed that
there was a slight deviation in the size distribution of all spherical
microsphere. It was attributed to size variations of droplets, which were
formed by spray generator. The one droplet was decomposed and
formed to one microsphere. The high magnified SEM image (Fig. S1b)
revealed the development of yolk-shell configuration in the micro-
spheres. The formed sprayed precursor yolk-shell powder represented
the NiO-NiCo04 composite phase as indicated by the XRD results in
Fig. Slc. It might be attributed to the production of the precursor using
the spray solution with Ni and Co 1:1 M ratio. The NiCo oxide yolk-shell
microspheres were successfully converted into the NiCo selenide yolk-
shell microsphere (NCSe-YS), and their morphologies represented that
yolk-shell structure was kept well as shown in Fig. S2a and S2b. The
crystal structure of NCSe-YS exhibited mixed nickel and cobalt selenide
phases as revealed by XRD data in Fig. S2c.

The NCSe-YS sample was oxidized at 400, 450, and 500 °C, respec-
tively, and their morphological and crystal structures were concretely
investigated. The morphological characteristic of NCSe@NCSeO-YS,
which was prepared at oxidation of 400 °C, was exhibited in Fig. 1.
The SEM images in Fig. 1a and b revealed that yolk-shell structure was
well maintained after oxidation from NCSe-YS. The TEM images in
Fig. 1c and d clearly show the formation of an inner yolk@void@shell
structure, as well as a distinct hollow nanosphere configuration after the
oxidation process. The formation of the hollow nanospheres is attributed
to the creation of NiCo selenide@NiCo selenite through nanoscale Kir-
kendall diffusion. Detailed TEM images presented in Fig. le and f
illustrate the morphology of the small-sized hollow nanospheres. By
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Scheme 1. Schematic illustration of (a) formation mechanisms for yolk-shell structured NiCo selenide microsphere via spray pyrolysis and subsequent selenization
process, (b) oxidation process at various temperatures to synthesize yolk-shell microspheres with different compositions, and (c¢) formation of hollow-structured NiCo
selenide@NiCo selenite nanocrystals via nanoscale Kirkendall diffusion, followed by a gradual sintering process that becomes more pronounced at higher tem-
peratures, resulting in densely structured NiCo selenite@NiCo oxide and NiCo oxide nanocrystals.

different diffusion rate between nickel, cobalt, selenium, and oxygen,
dense structured NiCo selenide nanocrystals were transformed into NiCo
selenide@NiCo selenite core-shell structured hollow nanospheres.
Fig. 1g presents a high-resolution (HR) TEM image showing clear lattice
fringes with spacings of 0.29 and 0.24 nm. These measurements corre-
spond to the (423) and (211) crystal planes of the NiCo selenide and
NiCo selenite phases, respectively. Selected area electron diffraction
(SAED) patterns in Fig. 1h confirmed the presence of NiCo selenide and
NiCo selenite phases in of yolk-shell microsphere consisting of NiCo
selenide@NiCo selenite nanocrystals. Fig. 1i displays elemental map-
ping images that vividly illustrate the development of a yolk-shell
structured microsphere with metal selenide and metal selenite
components.

The morphologies of yolk-shell microspheres, which were synthe-
sized at oxidation of 450 and 500 °C (NCSeO@NCO-YS and NCO-YS,
respectively), were shown in Fig. 2. Even though oxidation at higher
temperature than 400 °C, overall microsphere retained yolk-shell
structure as displayed in Fig. 2(a)-2(d). High magnified SEM images
(Fig. 2b and d) verified that the size of nanocrystals consisting of yolk-
shell microspheres was gradually increased as oxidation occurs at a
higher temperature. On the other hand, the crystal structures of three
yolk-shell microspheres, which were prepared at oxidation 400, 450,
and 500 °C, respectively, were confirmed to vary depending on tem-
perature, as shown in Fig. 2e, while the yolk-shell configuration
remained consistent during the oxidation process. From the XRD anal-
ysis (Fig. S2c¢), the mixed nickel and cobalt selenide phases of NCSe-YS
were identified. Following the oxidation process at 400 °C for 9 h, the
surface of the (Ni,Co)Ses nanocrystals was converted to the (Ni,Co)SeO3
phase, as indicated by the XRD data in Fig. 2e. For a sufficiently long

oxidation time, as confirmed in the TEM results of Fig. 1le and f, voids
were formed inside the nanocrystals due to the nanoscale Kirkendall
diffusion effect, forming hollow nanospheres. When the temperature
was slightly raised and oxidized at 450 °C, all (Ni,Co)Ses nanocrystals
were oxidized, and a mixed phase of (Ni,Co)SeOs, NiO, and NiCo,04 was
formed. After the high oxidation temperature at 500 °C, (Ni,Co)SeOs
phase was vanished and finally, mixed NiO and NiCo04 phases were
observed as shown in Fig. 2e. To further validate the structural and
compositional changes resulting from the oxidation temperature, TEM
analysis was conducted on the NCSeO@NCO-YS and NCO-YS samples.
As shown in Fig. S3a-d, the TEM images of these samples reveal yolk-
shell morphologies consistent with their SEM results. However,
compared to the TEM image of the NCSe@NCSeO-YS sample (Fig. 1),
these samples exhibit larger crystal sizes due to high-temperature
oxidation. Notably, the nanocrystals (or nanospheres) in these samples
were observed to exhibit a dense structure rather than a hollow
morphology, likely due to sintering during the oxidation process. In fact,
the nanocrystals within each sample were observed to exist in a range of
sizes. To provide a detailed analysis, we measured the crystal (nano-
sphere) sizes present in the samples and represented their distribution
curves, as shown in Fig. S4. Consequently, it was found that, compared
to NCSe@NCSeO-YS, the NCSeO@NCO-YS sample exhibited a slightly
larger crystal size distribution, while the NCO-YS sample showed a
significantly larger crystal size distribution. In addition to their dense
structure, the larger crystal sizes increase the Na-ion diffusion path
inefficiently and reduce the number of active sites for Na-ion interac-
tion, ultimately leading to decreased electrochemical reactivity. More-
over, the HR-TEM images and SAED patterns (Fig. S3e-h) confirm that
the nanocrystals present in each sample are composed of NiCo
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Fig. 1. Morphological characteristics of NCSe@NCSeO-YS: (a,b) SEM images, (c-f) TEM images, (g) HR-TEM image, (h) SAED pattern, and (i) elemental map-

ping images.

selenite@NiCo oxide (NCSeO@NCO-YS) and NiCo oxide (NCO-YS),
respectively. Additionally, the elemental mapping images, as shown in
Fig. S5, further validate these compositions by demonstrating the uni-
form distribution of each element.

XPS analysis was used to examine the chemical valence and surface
compositions of NCSe-YS, NCSe@NCSeO-YS, NCSeO@NCO-YS, and
NCO-YS, with the results presented in Fig. 3 and Fig. S6. In Fig. 3a,
distinct Ni 2p3,» and Ni 2p;,» doublets for both nickel selenide and
nickel selenite and their satellite peaks (marked as “Sat.”) can be
observed. The Ni 2p spectrum exhibited Ni 2p3,» and Ni 2p; /» at binding
energies of 852.8 and 870.1 eV, respectively, corresponding to the
typical Ni-Se bonding [30,31]. Additionally, the strong reactivity of
nickel selenide with oxygen led to partial oxidation, forming nickel
selenite. This is evidenced by the peaks observed at 855.0 and 873.2 eV
[32]. The Co 2p spectrum revealed two prominent peaks corresponding
to cobalt selenide at 778.1 and 793.1 eV, and two peaks for partially
oxidized cobalt selenite at 780.2 and 796.2 eV [33-35]. Fig. 3c presents
the Se 3d spectrum, which features a prominent peak that can be
deconvoluted into two distinct peaks at 54.3 and 55.3 eV. These peaks
are attributed to Se 3ds,» and Se 3ds,» and suggest the presence of NiCo
selenide phase. [35,36]. The peaks observed at 58.7 and 60.2 eV are
related to NiCo selenite phase due to the partial oxidation [37]. After
oxidation at 400, 450, and 500 °C, yolk-shell microspheres exhibited

clearly different Ni 2p, Co 2p, and Se 3d spectra comparing to those of
NCSe-YS. In the Ni 2p spectra, Ni 2p3,, and Ni 2p; 2 peaks associated
with nickel selenite and nickel oxide gradually appeared as the oxidation
temperature increased. The fitted peaks of Ni 2ps,, and Ni 2p; /o at
binding energies of 853.7, 871.1 eV, and 855.3, 872.8 eV were corre-
sponded to nickel selenide and nickel selenite, respectively as shown in
Fig. 3d. From 450 °C oxidation, nickel oxide-related peaks were
observed at binding energies of 855.5 and 857.5 eV (Ni 2p3,2) and 873.0
and 875.0 eV (Ni 2p; 2) as shown in Fig. S6a and S6d [38,39]. The fitted
peaks of Co 2p3,» and Co 2p;,» exhibited similar appearance. The
binding energies of 778.1, 794.0 eV, and 780.4, 796.5 eV were corre-
sponded to cobalt selenide and cobalt selenite, respectively, from 450 °C
oxidation, cobalt oxide-related peaks were observed at binding energies
of 780.4, 782.4 eV (Co 2p3,7) and 796.5 and 798.2 (Co 2p;,2) as shown
in Fig. S6b and S6e [40,41]. As compared to Se 3d peak of NCSe-YS in
Fig. 3c, the peaks of metal selenite clearly represented after oxidation
process as shown in Fig. 3f. The O 1 s spectra, shown in Fig. S6¢ and S6f,
were analyzed to reveal three distinct peaks at 530.2, 531.4, and 533.1
eV. These peaks correspond to lattice oxygen (01), adsorbed oxygen at
surface vacancies (02), and oxygen in physisorbed or chemisorbed
water (03), respectively [42]. For samples oxidized at 450 °C, a peak
related to metal selenite was identified in O 1 s (Fig. S6c¢), which is
supported by the XRD result in Fig. 2e. To demonstrate the thermal
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Fig. 3. XPS spectra of (a-c) NCSe-YS and (d-f) NCSe@NCSeO-YS samples corresponding to (a,d) Ni 2p, (b,e) Co 2p, and (c,f) Se 3d.

stability of developed material, thermogravimetric (TG) analysis on
NCSe@NCSeO-YS and NCSe-YS samples was conducted, as shown in
Fig. S7. The TG curves of both samples exhibited weight loss patterns
above approximately 400 °C, attributed to the conversion of metal
selenide or selenite into metal oxide. Interestingly, compared to NCSe-
YS, NCSe@NCSeO-YS exhibited a phase transition at relatively higher
temperatures. This behavior is attributed to the presence of the selenite
phase in NCSe@NCSeO-YS, indicating that the NiCo selenide@NiCo
selenite core-shell structure not only enhances the electrochemical
performance but also improves the thermal stability of the material.

In this study, the oxidation process at 400 °C demonstrated that
metal selenide materials can be partially oxidized to form a metal
selenite phase. Furthermore, when the oxidation process was conducted
at higher temperatures, the metal selenite phase was completely

oxidized to form a metal oxide phase. This suggests that excessively high
temperatures during oxidation should be avoided to ensure the forma-
tion of the selenite phase. From this perspective, it is also essential to
investigate the effect of atmosphere and heat treatment time on the
phase transition behavior. First, the oxidation process previously con-
ducted at 400 °C in an air atmosphere was modified by replacing the air
atmosphere with an Ar atmosphere for post-treatment. As shown in
Fig. S8, unlike in the air atmosphere, the metal selenide materials did
not undergo oxidation under the Ar atmosphere, and some metallic
phases (Ni or Co) were observed. This indicates that the presence of
oxygen in an air atmosphere is essential for forming metal selenite.
Additionally, the effect of oxidation time was evaluated by conducting
oxidation at 400 °C for 3 h and 15 h, referred to as 400 °C 3 hr and
400 °C 15 hr, respectively. As shown in Fig. S9, the XRD pattern of the
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400 °C 3 hr sample primarily exhibited peaks corresponding to the
selenide phase, along with weak peaks indicative of the selenite phase.
In contrast, the XRD result of the 400 °C 15 hr sample revealed distinct
peaks corresponding to the selenite phase, while also showing the
presence of some oxide phase. These findings demonstrate that, in
addition to appropriate temperature and atmosphere, time is also a
critical factor in forming the metal selenite/metal selenide interface.
Furthermore, our synthesis conditions are shown to represent optimal
synthesis conditions for achieving this interface.

Cylic voltammetry (CV) was conducted at a scan rate of 0.1 mV s1
within the potential range of 0.001-3.0 V for five cycles, to assess the
capacity for sodium ion storage in yolk-shell microspheres containing
nickel cobalt selenide, selenite, and oxide, as illustrated in Fig. 4. The CV
curve of NCSe@NCSeO-YS (Fig. 4a) showed several cathodic and anodic
peaks corresponding to electrochemical reaction of NiCo selenide and
NiCo selenite and sodium ions. The broad cathodic peak near 0.75 V
observed during the initial discharge process is attributed to the
reduction of NiCo selenide to metallic Ni, Co, and Na,Se, in addition to
the conversion of NiCo selenite into metallic Ni, Co, Se, and NasO
[43,44]. Therewith, selenium is sodiated, resulting in the formation of
NaySe. Simultaneously, reduction peaks at around 0.75 V were also
corresponded to formation of solid electrolyte interphases (SEI) layer
[44]. During the initial anodic scan, the first small oxidation peak at 1.3
V was linked to the oxidation of metallic Ni and Co to their respective
oxides (nickel and cobalt) as well as the decomposition of NaO [43].
The final oxidation peak at 2.1 V was corresponded to conversion of
metallic Ni and Co phases back into NiCo selenide as well as the
oxidation of NaySe into Se and some Se into SeO, [45]. After the initial
cycle, multiple heterointerfaced NiSey/CoSex/NiO/CoOx/SeO2/Se yolk-
shell microspheres electrode was formed, which facilitated to enhanced
sodium ion storage properties. After the initial cycle, all the redox re-
action peaks were relevant to reversible conversion reaction of NiSey,
CoSey, NiO, CoOy, SeO,, and Se with sodium ion. The CV curves of
NCSeO@NCO-YS and NCO-YS exhibited similar cathodic and anodic
peaks during the discharging and charging processes. In the initial dis-
charging process, the small cathodic peak at 1.0 V was commonly
related to the formation of sodium intercalated compounds for NiCo
oxide [46]. The cathodic peak at 1.0 V of NCSeO@NCO-YS was addi-
tionally attributed to reduction of NiCo selenite to NiCo oxide and
NagSe. The obvious sharp cathodic peak at 0.1 V represented to reduc-
tion of NiCo oxide to metallic Co, Ni, and NayO [47]. In subsequent
anodic scan, both electrodes exhibited two oxidation peaks at 0.8 and
1.3 V. These peaks correspond to the oxidation of metallic Ni and Co to
their respective oxides and the decomposition of NayO. [48]. As for the
NCSeO@NCO-YS, small oxidation peak at 1.9 V were observed, which
were related to the oxidation of NasSe into Se and some Se into SeOs,.
Typically, a significant drop in the current at the cathodic peak between
the 1st and 2nd cycles suggests a loss of irreversible capacity. However,
it is notable that between the second and fifth cycles, both the peak
intensity and the area under the CV curves progressively rise, reflecting
an enhancement in the electrochemical reversibility.

To further validate the electrochemical reaction mechanism, ex-situ
XRD analysis was performed on NCSe@NCSeO-YS electrode in its fully
discharged and charged states. Fig. S10 presents the XRD patterns of the
fully discharged NCSe@NCSeO-YS (denoted as NCSe@NCSeO-YS-D)
and the fully charged NCSe@NCSeO-YS (denoted as NCSe@NCSeO-
YS-C). During the initial discharging process, the NCSe@NCSeO-YS
anode underwent a transformation into the ultrafine Ni/Co nano-
crystals dispersed within the NapsSe/NayO matrix. As reported in previ-
ous studies, the discharged products formed through the conversion
reactions of metal chalcogenides typically exhibit low crystallinity,
leading to weak XRD peaks [49,50]. Nevertheless, the XRD pattern of
the NCSe@NCSeO-YS-D electrode showed distinct peaks corresponding
to metallic Ni and Co, allowing for their identification to some extent.
Additionally, SEI layers primarily composed of NaOH and NaF were
observed. After the subsequent charging process, the NCSe@NCSeO-YS-
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Fig. 4. CV curves of (a) NCSe@NCSeO-YS, (b) NCSeO@NCO-YS, and (c) NCO-
YS electrodes.

C electrode displayed peaks corresponding to various phases, including
metal oxides, metal selenides, and selenium oxides. These results are
well-aligned with the CV data, confirming the consistency of the
observed electrochemical behavior.

In-situ EIS was employed to confirm the electrochemical reaction
mechanisms of NCSe@NCSeO-YS, NCSeO@NCO-YS, and NCO-YS. Their
electrochemical properties were compared at selected potentials during
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the initial sodiation/desodiation stage, as illustrated in Fig. 5. Beginning
at an open-circuit potential of 3.0 V, discharge and charge experiments
were carried out within the voltage range of 0.001 to 3.0 V at a current
density of 0.05 A g~L. The colored dots in Fig. 5a-c represent the specific
potentials selected for in-situ EIS measurements. The Nyquist plots show
a depressed semicircle at high frequencies, another semicircle at mid
frequencies, and a sloping line at low frequencies. The high- and mid-
frequency semicircles correspond to interfacial resistance (Rgej, linked
to the formation of SEI layers) and charge transfer resistance (R,
respectively, while the low-frequency sloped line is related to the
diffusion of Na ions. The variation trends of total resistance (Rt), which
is the sum of Ry (solution resistance), Rgej, and R, were observed as
shown in Fig. 5d-f. Three oxidized yolk-shell microspheres electrodes
exhibited similar variations of R values during the initial discharging/
charging stage. At the beginning, the Ry, value dropped sharply to 1.0 V,
likely due to the aging of sodium ions that triggered the initial sodiation
process, despite the ample aging period of 12 h [51]. At reduction to 1.0
V, the rapid decrease in Ry, value has been alleviated because of
structural stress resulting from volume expansion via the conversion
reaction of NiCo selenide and NiCo selenite with Na ions, which
possessed resistance characteristics [52]. During the subsequent
charging process, the Ry, was gradually sustained and showed a slight
increase from 1.3 to 1.9 V. This change is attributed to the structural
strain caused by the conversion reaction of NiCo selenide or NiCo oxide.
However, the formation of multiple heterointerfaced NiSey/CoSex/NiO/
CoOy/Se03/Se influenced low resistance value even though reformation
of nickel cobalt compounds after the charging process [53]. The sodium
diffusion coefficients for the three samples were assessed based on the
in-situ EIS results presented in Fig. 5g-i. The Na-ion diffusion coefficient
(Dna+) can be calculated using the equation below:

NCSe@NCSeO-YS

NCSeO-NCO-YS

Applied Surface Science 685 (2025) 162094

Dya; = 0.5(RT/Sn*F*Co)’

Comprehensive details on parameter values are available in earlier
research [54]. The variation trends of the sodium diffusion coefficient
for the three samples were the opposite of the resistance values, as
shown in Fig. 5d-f. In addition, the oxidized three yolk-shell micro-
spheres exhibited similar variation trends of Dy, during the initial
cycle. After 1.0 V for discharging process, the Dy, values consistently
increased until discharging end, which was due to the formation of ul-
trafine metallic Ni and Co over the amorphous NaySe and NayO matrix
[21,55]. It contributed to enhance the diffusion rate of sodium ions.
Throughout the following charging process, Dy, maintained a steady
trend up to 1.3 V. The reduction of Dy, from 1.3 to 1.9 V was due to the
structural transformation induced by the conversion reaction of NiCo
selenide or NiCo oxide, which hinder the movement of sodium ions.
After charging process end, the rapid decrease in Dy, value has been
owing to formation of multiple heterointerfaced structures. Among the
three oxidized yolk-shell microsphere electrodes, NCSe@NCSeO-YS
exhibited the lowest Ryt values and the highest Dy, value during the
overall initial cycle. It revealed that yolk shell oxidized at 400 °C, where
the most heterointerfaces (NiSey/CoSey/NiO/Co0y/Se05/Se) were
formed, showed excellent resistance and sodium diffusion characteris-
tics during the initial cycle.

Comparative analysis of the electrochemical behavior of the three
oxidized yolk-shell microspheres as anodes for SIBs highlighted the su-
perior sodium ion storage properties of NCSe@NCSeO-YS, as illustrated
in Fig. 6. Fig. 6a-c presents the initial discharge and charge potential
profiles of the three electrodes measured at a current density of 0.2 A
g~ L. Several plateaus observed in the initial discharge and charge curves
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Fig. 5. (a-c) In-situ EIS Nyquist plots of NCSe@NCSeO-YS, NCSeO@NCO-YS, and NCO-YS measured at preselected potentials during the initial cycle, (d-f) in-situ EIS
graphs (R vs potential), and (g-i) variations in sodium-ion diffusion coefficients calculated from in-situ EIS results. The error bars originate from the standard
deviation of calculated values. Each experiment was conducted three times to calculate the standard deviation values.
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Fig. 6. Electrochemical properties of NCSe@NCSeO-YS, NCSeO@NCO-YS, and NCO-YS electrodes for SIBs. Initial discharge and charge curves of (a) NCSe@NCSeO-
YS, (b) NCSeO@NCO-YS, and (c) NCO-YS, (d) cycle performances at a current density of 0.2 A g’l, (e) cycle performance at a current density of 1 A g’l, initially
activated at a current density of 0.2 A g~ ! for five cycles, (f) rate performances with subsequent cycling tests performed at a current density of 0.5 A g~ . (g) Nyquist
plots of fresh cells, (h) Nyquist plots after 100 cycles, (i) SEM image after 50 cycles of NCSe@NCSeO-YS.

of the three electrodes corresponded well with the CV results, as
depicted in Fig. 4. The NCSe@NCSeO-YS, NCSeO@NCO-YS, and NCO-
YS electrodes exhibited initial discharge capacities of 608, 627, and
615 mA h g1, respectively, with initial coulombic efficiencies (ICE) of
74, 67, and 70%, respectively. The cycling performances of NCSe-YS,
NCSe@NCSe0-YS, NCSeO@NCO-YS, and NCO-YS at a current density
of 0.2 A g~! were shown in Fig. 6d and Fig. S11. NCSe-YS electrode
exhibited a slight constant capacity decrease up to 50 cycles. The
oxidized heterostructured NCSe@NCSeO-YS showed enhanced cyclic
stability compared to NCSe-YS. It might be attributed to synergistic ef-
fect of formation of multiple heterointerfaced structures after cycling
and construction of NiCo selenide@NiCo selenite hollow nanospheres
via nanoscale Kirkendall diffusion which comprised yolk-shell micro-
sphere. However, it was observed that the cycle stability deteriorated
with increasing oxidation temperature. NCSeO@NCO-YS and NCO-YS

electrodes, which were prepared at 450 and 500 °C, respectively, un-
derwent more severe crystal growth as the oxidation temperature in-
creases. Additionally, crystalized metal oxides react with sodium ions at
a lower potential compared to metal selenides during the conversion
reaction. This is because the metal-O bonds have higher binding en-
ergies than the metal-Se bonds. It indicated that metal oxide was
kinetically disadvantageous in storage reaction with sodium ions
compared to metal selenide, which contributed to cycle instability. After
50 cycles, the NCSe@NCSeO-YS electrode demonstrated a discharge
capacity of 446 mA h g1, with a capacity retention of 92% starting from
the second cycle. Additionally, the Coulombic efficiency approached
nearly 99% by the 10th cycle and maintained high values through to the
50th cycle. In comparison, the discharge capacities NCSeO@NCO-YS
and NCO-YS exhibited 322 and 286 mA h g!, respectively, while
their capacity retentions from the second cycle were 71 and 64%,
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respectively. Moreover, even at a high current density of 1 A g~}
(Fig. 6e), NCSe@NCSeO-YS showed excellent cycling stability, main-
taining a discharge capacity of 414 mAh g~! over 50 cycles. It demon-
strated that the existence of multiple heterostructures improved the
cycle stability since the volume change of active species at a certain
potential was effectively alleviated by the mutual crystal growth
relieving action. To assess the rate performance of oxidized yolk-shell
microsphere electrodes, discharge and charge tests were conducted at
varying rates from 0.1 to 5.0 A g~!, as illustrated in Fig. 6f.
NCSe@NCSeO-YS electrodes exhibited superior rate performance
compared to the NCSeO@NCSe-YS and NCO-YS electrodes due to their
distinctive multi-heterostructure and hollow nanosphere formation.

—
Q
S

(b)
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This unique structure improved the surface reaction rates, optimized
charge movement, and enabled rapid sodium-ion transport kinetics.
NCSe@NCSeO-YS electrode showed reversible discharge capacities of
505, 468, 428, 385, 326, 280, 239, and 200mA h g’l at current densities
of 0.1,0.2,05,1,2,3,4,and 5 A g_l, respectively. Additionally, the
subsequent cycle stability test conducted at a current density of 0.5 A
g~ ! confirmed the excellent structural stability of NCSe@NCSeO-YS over
100 cycles. The excellent Na-ion storage properties of NCSe@NCSeO-YS
were confirmed via ex-situ EIS measurements. In the fresh-cell state,
NCSe@NCSeO-YS showed the lowest resistance value owing to the
presence of relatively conductive NiCo selenide component as depicted
in Fig. 6g. Even after 50 cycles, NCSe@NCSeO-YS retained its low Ryot
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Fig. 7. CV curves of (a) NCSe@NCSeO-YS, (b) NCSeO@NCO-YS, and (c) NCO-YS at various scan rates, fitted log (peak current) vs. log (scan rate) for peak 1 and peak
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NCO-YS. The error bars originate from the standard deviation of calculated values. Each experiment was conducted three times to calculate the standard devia-

tion values.
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values, as shown in Fig. 6h. The Ry values of, NCSe@NCSeO-YS,
NCSeO@NCO-YS, and NCO-YS electrodes measured after the 50th
cycle were 48, 72, and 112 Q, respectively. The NCSe@NCSeO-YS
demonstrated structural stability through repeated cycles of sodium
insertion and extraction, which resulted from their minimal charge
transfer resistance. To assess their durability, SEM images of the
NCSe@NCSeO-YS after 50 cycles were examined, and the findings are
presented in Fig. 6i. In contrast, the SEM images of NCSeO@NCO-YS and
NCO-YS after 50 cycles revealed severe structural breaking, as depicted
in Fig. S12.

To showcase the enhanced electrochemical kinetics of
NCSe@NCSeO-YS, a series of CV tests were conducted on the three
electrodes, as depicted in Fig. 7. With increasing scan rates, the CV curve
peaks (Fig. 7a-c) became broader and experienced minor shifts, yet
maintained their general form. These peak shifts are attributed to elec-
trode polarization. The power-law relationship (i, = a®) between the
peak current (ip) and the scan rate (v) helps identify the charge storage
mechanism, where a value of b = 1 indicates a capacitive process, and b
= 0.5 signifies a diffusion-controlled process [56]. As shown in Fig. 7d-f,
NiCo selenide@NiCo selenite yolk-shell microspheres exhibited higher b
values during both the reduction (peak 1) and oxidation (peak 2) pro-
cesses. Additionally, the capacitive contributions at different scan rates
were determined using the following equation:

i(v)= k1v + kov'/?

The parameters k;v and kov'/? represent the surface capacitive and
diffusion-controlled behaviors, respectively [57]. At a scan rate of 1.5
mV s~} (Fig. 7g-i), the NiCo selenide@NiCo selenite yolk-shell micro-
spheres displayed a capacitive contribution of 85%, which aligns with
the observed high b values. In contrast, the other two electrodes showed
comparatively lower capacitive contributions. Fig. 7j-1 demonstrate that
the NiCo selenide@NiCo selenite yolk-shell microspheres exhibited
higher capacitive contributions across various scan rates, showing a
consistent increase in capacitive contribution with increasing scan rates.
This pronounced capacitive behavior underscores the synergistic effect
between the heterointerface and the yolk-shell structure, consisting of
hollow nanospheres, which promotes rapid Na ion transport and
significantly enhances the rate capability.

4. Conclusions

In this study, we proposed newly designed multicomponent metal
compounds with heterointerface structures and suggested their poten-
tial application as anode materials for sodium-ion batteries. By
employing spray pyrolysis and post-treatment processes, yolk-shell
structured microspheres consisting of heterogeneous NiCo selenide@-
NiCo selenite core-shell nanospheres were successfully synthesized.
This unique configuration effectively mitigates structural stress during
the conversion reaction and enhances surface reaction kinetics.
Furthermore, the heterointerface structure, induced by the conversion
reaction of NiCo selenide@NiCo selenite nanocrystals, also improves
sodium ion storage properties. Consequently, the combined advantages
of the heterointerface and the yolk-shell architecture of the hollow
nanospheres endows the material with robust cycling stability and
excellent rate capabilities for sodium-ion batteries.
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