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ll thickness of yolk–shell
structured carbon microspheres: applications in
metal selenide and carbon composite microspheres
for enhanced sodium ion storage properties†

Hyo Yeong Seo,‡a Jae Hyeon Choi,‡a Yeong Beom Kim,ac Jung Sang Cho, *b

Yun Chan Kang *c and Gi Dae Park *a

The yolk–shell structured material, characterized by its core@void@shell configuration, has garnered

considerable attention as an anode material for sodium ion batteries due to its advantageous internal

void space, large surface area, and short ion diffusion distance. While previous studies have mainly

focused on controlling the thickness of the outer shell in a yolk@void@pure carbon shell configuration,

tailoring the optimized thickness of the outer shell in metal compounds–carbon composites has not

been reported until now. In this study, we propose a novel strategy for tailoring the thickness of the

outer shell in yolk–shell structured carbon microspheres using spray pyrolysis. These carbon

microspheres possess abundant pores and offer variable outer shell thickness, making them an ideal

reservoir for nickel–cobalt selenide composites. Through optimization of the yolk–shell structured

nickel–cobalt selenide–carbon composites for sodium ion batteries (SIBs), we achieved exceptional

electrochemical performance, capitalizing on their structural advantages. The optimized nickel–cobalt

selenide–carbon yolk–shell composite microspheres exhibited a remarkable cycling lifetime, retaining

344 mA h g−1 over 200 cycles at 0.5 A g−1, as well as an excellent rate capability, delivering

237 mA h g−1 at 5 A g−1.
1. Introduction

Over the past few decades, the yolk–shell structure has emerged
as a novel class of core/shell congurations, featuring a distinct
core@void@shell arrangement, and has garnered signicant
interest as a potential anode material for sodium ion batteries
(SIBs).1–6 Yolk–shell structures offer two distinct spaces, namely
the yolk and shell, to compose a particle, resulting in a unique
interior void space, large surface area, and short ion diffusion
distance.7–9 These structural advantages effectively address the
challenges of volume expansion and aggregation commonly
encountered with anode materials in SIBs. Given the
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importance of structural strength, numerous synthesis
approaches have been explored to prepare yolk–shell structures.
These strategies include selective etching, templating assembly,
carbon combustion, Ostwald ripening, galvanic replacement,
and the Kirkendall effect, among others, and have contributed
to the growing commercial interest in yolk–shell structured
materials.10–15

When considering yolk–shell structures as anode materials
from a structural standpoint, outer shells play a dual role by
providing structural robustness and preventing agglomeration
of active materials, thereby maintaining the stability of SEI
(solid electrolyte interphase) layers.16,17 In particular, when the
outer shell is made of pure carbon or a composite of metal
compound nanocrystals, it enhances both electrical conduc-
tivity and structural exibility. Despite the progress in synthetic
methods for yolk–shell structures, the control of outer shell
thickness has primarily been reported for yolk@void@pure
carbon shell congurations. For instance, Zhang et al. reported
the synthesis of yolk–shell structured Sn@C nanoboxes with
tunable carbon shell thickness through carbon coating and
selective etching processes, showing that the shell thickness
signicantly inuences both nanostructures and electro-
chemical performance.18 Similarly, Wang et al. demonstrated
the tailoring of carbon shell thickness in SnCo@nitrogen-doped
This journal is © The Royal Society of Chemistry 2023
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carbon nanocages for lithium storage. They coated the prepared
hollow nanocubes with a polydopamine carbon component
through co-precipitation and alkaline etching, and the opti-
mized carbon shell thickness resulted in remarkably improved
cycling stability.19 Interestingly, to the best of our knowledge,
there have been no reports on tailoring the optimized thickness
of the outer shell composed of a metal compounds–carbon
composite. This presents an exciting and unexplored avenue for
future research in the eld of yolk–shell structures as anode
materials.

Metal selenides, as conversion/alloying-based anode mate-
rials for sodium ion storage, have been extensively researched
due to their high theoretical capacities. However, they face
challenges related to severe volume changes during cycling,
resulting in kinetic issues and poor electrochemical
stability.20–25 To address these problems in sodium ion batteries
(SIBs), the use of yolk–shell structured metal selenide and
carbon composites has emerged as a promising solution.
Recently, several studies have focused on fabricating yolk–shell
structured metal selenide@void@C materials through routes
involving metal–organic frameworks (MOFs) via Ostwald
ripening and anion exchange strategies.26–29 Additionally,
diverse approaches, such as metal salt inltration into hollow
carbon nanospheres, have been employed for the synthesis of
yolk–shell structured metal selenide–C composites.30–32 From
a structural perspective, it is crucial to investigate the optimized
thickness of the outer shell to ensure the efficient diffusion of
sodium ions into the structure while maintaining its structural
stability. Notably, anode materials for sodium ion batteries
experience a larger volume change compared to those used in
lithium-ion batteries, making the process of optimizing the
structure even more critical.33–37

Recently, novel strategies have been proposed for synthe-
sizing nanostructured metal compound–carbon composites by
inltrating metal salts into specically designed carbon mate-
rials, presenting promising new synthetic methods for anode
materials. In this study, we introduce a pioneering approach to
optimize the shell thickness of yolk–shell structured metal
selenide and carbon composites. For the rst time, a method
has been devised to synthesize carbon materials with an
adjustable shell thickness. In the yolk@void@carbon shell
conguration, we successfully controlled the outer carbon shell,
enabling precise tailoring of the shell thickness for the yolk–
shell structured metal selenide and carbon composite. Our
study involved the successful fabrication of yolk–shell struc-
tured nickel–cobalt selenide–carbon composite microspheres,
and through comprehensive morphological and electro-
chemical analysis, we systematically determined the optimized
outer shell thickness.

2. Experimental section

Yolk–shell structured carbon microspheres, allowing for the
tailoring of shell thickness, were prepared using spray pyrolysis,
selenization, and etching processes. In the spray pyrolysis step,
droplets were generated using a 1.7 MHz ultrasonic spray
generator with six vibrators. The droplets were carried to
This journal is © The Royal Society of Chemistry 2023
a quartz reactor (1200 mm length, 50 mm diameter) maintained
at 400 °C, using air as the carrier gas at a ow rate of 10 Lmin−1.
The spray solution was prepared by dissolving 0.2 M of tin(II)
oxalate, 0.2 M of magnesium nitrate hexahydrate, 0.05 M of
sucrose, and a certain concentration of PVP (Mw = 40 000) in 1 L
of distilled water. The spray solution contained various ratios of
sucrose and PVP, specically 0/1, 1/1, 2/1, 4/1, and 16/1 wt%.
Aer spray pyrolysis of these solutions, SnOx–MgO–C@C
microspheres are obtained. These precursor powders were post-
treated in a tube furnace at 1000 °C under a 10% H2/Ar atmo-
sphere for 3 h. This treatment transformed SnOx–MgO–C@C
into MgO–MgSe–C@C microspheres. During selenization, the
SnOx–MgO–C@C microspheres rst changed into SnSe–MgO–
MgSe–C@C microspheres. Then, at 1000 °C, the SnSe compo-
nent evaporated, resulting in MgO–MgSe–C@C microspheres.
Subsequently, the obtained MgO–MgSe–C@C microspheres
were etched using an HCl/HNO3 solution to produce yolk–shell
structured carbon microspheres. For the preparation of nickel–
cobalt selenide–yolk–shell composite microspheres, carbon
yolk–shell microsphere powders were mixed with a solution
containing nickel nitrate hexahydrate (Ni(NO3)2$6H2O) and
cobalt nitrate hexahydrate (Co(NO3)2$6H2O) dissolved in high-
purity ethyl alcohol. In this research, to express the molar
ratio of nickel and cobalt, nickel : cobalt = x : y is expressed as
NC(x : y). NC(1 : 1)Se–C-YS was prepared by inltration of solu-
tion dissolved with 1.75 g of nickel nitrate and 1.75 g of cobalt
nitrate into 1 g of carbon yolk–shell microsphere. NC(1 : 0)Se–C-
YS 2/1 was prepared by inltration of solution dissolved with
3.5 g of nickel nitrate into 1 g of carbon yolk–shell microsphere
powders. NC(2 : 1)Se–C-YS 2/1 was prepared by inltration of
solution dissolved with 2.33 g of nickel nitrate and 1.17 g of
cobalt nitrate into 1 g of carbon yolk–shell microsphere
powders. NC(1 : 2)Se–C-YS 2/1 was prepared by inltration of
solution dissolved with 1.17 g of nickel nitrate and 2.33 g of
cobalt nitrate into 1 g of carbon yolk–shell microsphere
powders. NC(0 : 1)Se–C-YS 2/1 was prepared by inltration of
solution dissolved with 3.5 g of cobalt nitrate into 1 g of carbon
yolk–shell microsphere powders. The inltrated powders were
then uniformly mixed with selenium nanopowders and sub-
jected to selenization at 260 °C for 12 hours and 300 °C for 6
hours under a 10% H2/Ar atmosphere to form nickel–cobalt
selenide–carbon yolk–shell composite microspheres. For
detailed information regarding the characterization and elec-
trochemical measurements of the prepared samples, please
refer to the ESI.†

3. Results and discussion

The new formation mechanism, allowing the tailoring of the
shell thickness in yolk–shell structured carbon microspheres, is
illustrated in Scheme 1. To produce the yolk–shell carbon
microspheres, sucrose and polyvinylpyrrolidone (PVP) served as
key components for forming the yolk and shell parts, respec-
tively. To demonstrate the role of PVP in the formation process,
droplets containing tin oxalate, magnesium nitrate, and sucrose
(without PVP) were pyrolyzed, leading to the formation of SnOx–

MgO–C composite precursor microspheres (Scheme 1a).
J. Mater. Chem. A, 2023, 11, 24738–24753 | 24739
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Scheme 1 Schematic illustration of the formation mechanism for (a)
carbon microsphere with open pores and (b) porous yolk@void@car-
bon shell and (c) the variation in shell thickness as the ratio of PVP/
sucrose.
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Subsequent selenization of the precursor resulted in the evap-
oration of SnSe and transformation into MgO–MgSe–C micro-
spheres at 1000 °C. Acid etching then removed the MgO–MgSe
component, creating porous carbon microspheres with a well-
dened open pore structure. This removal process led to the
formation of macro- and mesopores in the carbon micro-
spheres. In contrast, under the same synthetic conditions,
droplets containing tin oxalate, magnesium nitrate, sucrose,
and PVP were pyrolyzed, forming SnOx–MgO–C@C micro-
spheres (Scheme 1b). During pyrolysis, PVP tended to be
pushed out of the particles, while sucrose effectively compos-
ited with metal oxide crystals inside the particles. This
compositional difference was the key factor responsible for the
formation of yolk–shell structured carbon microspheres.
Following the same post-treatment steps involving selenization
and etching, the resulting structure exhibited a porous carbon
yolk@void@shell conguration. Interestingly, the yolk part
exhibited morphologies resembling hollow nanosphere aggre-
gates, attributed to the etching of MgO–MgSe nanocrystals,
except for the sucrose-derived carbon shell surrounding these
nanocrystals. As demonstrated by the role of PVP sources, the
thickness of the carbon shell could be freely adjusted based on
the amount of PVP added to the spray solution (Scheme 1c).

To illustrate the role of PVP sources in tailoring the shell
thickness of yolk–shell structured carbon microspheres, we
present the morphological characteristics of the sprayed
precursor, selenized intermediate products, and nal pure
carbon microspheres prepared with varying amounts of PVP
(Fig. 1 and S1†). The low-magnied SEM images in Fig. S1a–e†
reveal spherical microspheres regardless of the amount of PVP,
with some variation in particle sizes. This is attributed to each
microsphere being formed from one droplet generated by the
ultrasonic spray generator. The high-magnied SEM images in
Fig. 1a–e provide more detailed views of individual micro-
spheres according to the amount of PVP. Although the micro-
spheres initially appear to have a completely lled structure, the
24740 | J. Mater. Chem. A, 2023, 11, 24738–24753
boundary between the yolk and shell becomes clearer as the
amount of PVP increases, as indicated by the arrows in Fig. 1a–
e. The XRD pattern in Fig. S2† shows that the sprayed precursor
exhibits an amorphous state due to the short residence time of
decomposed immediate microspheres from droplets, caused by
the rapid carrier gas ow rate during spray pyrolysis. Aer the
selenization process of the sprayed precursor, SEM images in
Fig. 1f–j reveal the presence of MgO–MgSe nanocrystals, with
variations according to the amount of PVP, as conrmed by the
XRD pattern in Fig. S2.† Interestingly, in the absence of PVP
(Fig. 1f and S1f†), the shell encapsulating nanocrystals is not
observed. The low-magnied SEM images in Fig. S1g–j† show
spherical microspheres overall, but broken microspheres in
Fig. 1g–j clearly demonstrate that the shell thickness increases
as the amount of PVP increases. The shell formed from PVP
effectively surrounds the nanocrystals. Finally, pure carbon
microspheres were successfully obtained through the acid
etching process, as veried by the XRD pattern in Fig. S2.† The
SEM image in Fig. 1k displays spherical shapes with large voids
on the surface and inner space, indicating that some nano-
crystals are pushed out of the carbon derived from sucrose,
while others are complexed with carbon. In contrast, the
samples with added PVP are well wrapped in the carbon shell,
forming the yolk–shell structure. As expected, the selenized
samples conrm that the carbon shell thickness increases with
the increase in the amount of PVP, as shown in Fig. 1l–o.

To gain a more visual understanding of the interior of the
carbon structures, pure carbon nanostructures synthesized
under representative conditions with different ratios of PVP/
sucrose (0/1, 2/1, and 16/1 wt%) were observed through TEM
analysis, as shown in Fig. 2. Each carbonmicrosphere, prepared
under specic conditions (PVP/sucrose ratios), was denoted as
C-YS 0/1, C-YS 2/1, and C-YS 16/1, respectively. The SEM images
in Fig. 1k conrmed that C-YS 0/1, synthesized without PVP and
using only sucrose, displayed an open-pore structure with meso
and macropore sizes, as shown in Fig. 2a and b. Additionally,
the high-magnication TEM image in Fig. 2c revealed meso-
pores on the surface shell. Elemental mapping images in Fig. 2d
demonstrated the complete elimination of SnSe and MgO–
MgSe components during the acid etching process, resulting in
pure carbon microspheres. The pure carbon microspheres
prepared under conditions of spray solutions with ratios of PVP/
sucrose (2/1 and 16/1 wt%) clearly exhibited the yolk (hollow
nanospheres-aggregates)@void@shell conguration, as shown
in Fig. 2e, f, i and j. Comparing the carbon yolk–shell micro-
spheres prepared from spray solutions with ratios of PVP/
sucrose (2/1, 16/1 wt%), it was evident that the thickness of
the outermost carbon shell signicantly increased as the
amount of PVP in the spray solution increased, ranging from
45.18 to 176.25 nm, as shown in Fig. 2g and k. This suggests that
PVP was pushed outward to form a shell during the pyrolysis
step. Moreover, it became apparent that the simultaneous
utilization of PVP and sucrose was necessary for the formation
of the yolk–shell structure. The elemental mapping images in
Fig. 2h and l consistently demonstrated the complete etching of
other metal compounds, resulting in the formation of pure
carbon microspheres. To further characterize the specic
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Morphological characteristics of SEM images of (a–e) SnOx–MgO–C@C composite precursors prepared from the spray solution con-
taining Sn oxalate, Mg nitrate, sucrose, and PVP with different ratios of PVP/sucrose, (f–j) SnSe–MgO–MgSe–C@C obtained after selenization of
the precursor, and (k–o) carbon yolk–shell obtained after the etching process: (a, f and k) PVP/sucrose 0/1 wt%, (b, g and l) PVP/sucrose 1/1 wt%,
(c, h and m) PVP/sucrose 2/1 wt%, (d, i and n) PVP/sucrose 4/1 wt%, and (e, j and o) PVP/sucrose 16/1 wt%.

Fig. 2 TEM images and elemental mapping images of (a–d) C-YS 0/1,
(e–h) C-YS 2/1, and (i–l) C-YS 16/1: (a, b, e, f, i and j) TEM images, (c, g
and k) HR-TEM images and (d, h and l) elemental mapping images.
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surface area and pore structure of the various samples, where
the shell thickness of yolk–shell structured carbon micro-
spheres was controlled based on the amount of PVP, Brunauer–
Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH)
measurements were conducted, as shown in Fig. S3.† From C-
YS 0/1 with no PVP to C-YS 16/1 with gradually added PVP,
This journal is © The Royal Society of Chemistry 2023
isotherms commonly exhibited type IV with an H3 hysteresis
loop, indicating the presence of micro- and mesopores in the
carbon yolk and shell, and some macropores in the void of the
yolk–shell structure. The BET surface areas of the carbon yolk–
shell microspheres with different ratios of PVP/sucrose in spray
solution (0/1, 1/1, 2/1, 4/1, and 16/1 wt%) were 720, 1074, 1228,
1330, and 858 m2 g−1. Moreover, it was observed that as the
amount of PVP increased, the specic surface area also
increased, accompanied by variations in the pore size distri-
bution, as shown in Fig. S3.† For instance, C-YS 1/1 showed
∼10 nm pores, which gradually developed towards C-YS 4/1
conditions where PVP was gradually added. C-YS 2/1, as an
intermediate condition, generally exhibited pore development
in the range of 10 to 20 nm. Interestingly, in C-YS 16/1, with
excessive PVP, it was evident that 10–20 nm pores were hardly
developed. This suggests that, with the same amount of
sucrose, changes in the pore structure occurred during the
formation of the shell, according to the amount of PVP added.

In this study, we successfully synthesized yolk–shell struc-
tured carbon microspheres with controlled shell thickness by
varying the amount of PVP. The resulting microspheres
exhibited abundant micro and mesopores, as conrmed by BET
analysis, making them suitable as storage reservoirs for
impregnating metal salts. The formation mechanism for the
synthesis of metal selenide–carbon composite yolk–shell
microspheres is described in Scheme 2. A solution containing
J. Mater. Chem. A, 2023, 11, 24738–24753 | 24741
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various transition metal salts was impregnated into the carbon
microspheres using a simple drop and dry method. Subse-
quently, selenization was carried out in the presence of sele-
nium powders, transforming the metal salts into metal
selenides. During the selenization process, the molten sele-
nium inltrated into the small pores of the metal salt-inltrated
carbon yolk–shell microspheres, leading to the formation of
metal selenide nanocrystals within the carbon yolk–shell
microspheres. As a specic example, we applied the nickel–
cobalt binary metal selenide and carbon composite yolk–shell
microspheres, denoted as NC(1 : 1)Se–C-YS, as our target
material in this research.

The morphological characteristics of NC(1 : 1)Se–C-YS,
depending on the ratio of PVP/sucrose, are presented in
Fig. S4.† The NC(1 : 1)Se–C-YS sample prepared without PVP
and only using sucrose (denoted as NC(1 : 1)Se–C-YS 0/1)
exhibited nickel–cobalt selenide nanocrystals growing out of
the carbon microsphere due to the Ostwald ripening effect. The
absence of an outer shell and the open pore structure further
accelerated this effect (Fig. S4a and b†). On the other hand, with
the addition of PVP, the surface of the microspheres exhibited
a crumpled appearance at low PVP content, but as the amount
of PVP increased, a smooth spherical shape was clearly
observed. This was due to the formation of a PVP-derived
carbon outer shell (Fig. S4c–j†). NC(1 : 1)Se–C-YS 1/1 and
NC(1 : 1)Se–C-YS 2/1 samples showed similar morphologies. To
gain a clearer view of the yolk–shell structure inside the particle
with different interior structures, TEM analysis was performed
on the NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)Se–C-YS 2/1, NC(1 : 1)Se–C-
YS 4/1, and NC(1 : 1)Se–C-YS 16/1 samples, and the results are
shown in Fig. 3. The low-magnied TEM images showed an
increasing shell thickness from NC(1 : 1)Se–C-YS 1/1 to NC(1 : 1)
Se–C-YS 16/1. For NC(1 : 1)Se–C-YS 1/1, the distinction between
Scheme 2 Schematic illustration of the formation of nickel–cobalt
selenide embedded in carbon yolk–shell 2/1.

24742 | J. Mater. Chem. A, 2023, 11, 24738–24753
shell and yolk wasn't clear. As the amount of PVP further
increased in the cases of NC(1 : 1)Se–C-YS 4/1 and NC(1 : 1)Se–C-
YS 16/1, nanocrystals were observed in the outermost shell, and
an excessive amount of nanocrystals were observed in the case
of NC(1 : 1)Se–C-YS 16/1. The SEM images in Fig. S4† provide
a complementary visual perspective. According to the BET
analysis, it is evident that in the cases of C-YS 4/1 and 16/1,
where 10 nm mesopores were not developed, the impregna-
tion of the solution inside the C-YS microspheres was not as
smooth, leading to the nanocrystals growing predominantly on
the outside of the particle. Interestingly, NC(1 : 1)Se–C-YS 2/1
samples distinctly revealed the formation of yolk–shell struc-
tured microspheres, with ultrane nanocrystals observed in the
yolk and shell regions, respectively. This observation conrmed
that the solution containing nickel and cobalt ions successfully
inltrated into the highly porous carbon yolk–shell micro-
spheres. The high-resolution TEM images of NC(1 : 1)Se–C-YS 1/
1, NC(1 : 1)Se–C-YS 2/1, and NC(1 : 1)Se–C-YS 4/1 showed that
the nickel and cobalt selenide nanocrystals were well distrib-
uted over the yolk–shell structure, with clear lattice fringes
separated by 0.20 and 0.18 nm, corresponding to the (102) and
(110) crystal planes of NiSe and CoSe phases respectively. The
selected-area electron diffraction (SAED) patterns also
conrmed the formation of NiSe and CoSe phases, indicating
that the NC(1 : 1)Se–C-YS 2/1 samples consisted of a (Ni0.5Co0.5)
Se solid-solution (Fig. S5†). Moreover, the HR-TEM images of
NC(1 : 1)Se–C-YS 16/1 show clear lattice fringes separated by
0.20 nm and 0.18 nm, corresponding to the (102) and (440)
crystal planes of Ni0.85Se and Co9Se8 phases respectively. The
elemental mapping images of the four samples clearly showed
the formation of the nickel–cobalt selenide–C-composite, with
the N mapping image indicating the presence of a PVP-derived
N-doped carbon component (Fig. S6†). NC(1 : 1)Se–C-YS 2/1, as
veried by the EDS data in Fig. S7 and Table S1,† has a molar
ratio of 1 : 1 between NiSex and CoSex. Within this compound,
the weight percentages of Ni, Co, and Se are 7.99 wt%, 7.91 wt%,
and 24.2 wt%, respectively. Converted to atomic percentages,
the contents of Ni, Co, and Se are 0.14 at%, 0.13 at%, and 0.30
at%, respectively.

The crystal structures of NC(1 : 1)Se–C-YS, varying with the
amount of PVP, were analyzed by X-ray diffraction (XRD) as
shown in Fig. 4a. From NC(1 : 1)Se–C-YS 1/1 to NC(1 : 1)Se–C-YS
16/1, it was observed that different phases were formed
depending on the amount of PVP. In the cases of NC(1 : 1)Se–C-
YS 1/1 and 2/1 with a small amount of PVP, the (Ni0.5Co0.5)Se
phase was dominant, and as the PVP content gradually
increased, the Ni0.85Se and Co9Se8 phases coexisted in NC(1 : 1)
Se–C-YS 4/1 and NC(1 : 1)Se–C-YS 16/1. To observe the chemical
state of NC(1 : 1)Se–C-YS 2/1 specically, X-ray photoelectron
spectroscopy (XPS) analysis was carried out, and the results are
shown in Fig. 4b–f and S8.† The survey spectrum of NC(1 : 1)Se–
C-YS 2/1 in Fig. S8† displayed peaks attributed to Ni, Co, Se,
O, N, and C. The O elements were derived from unavoidable
surface adsorption of the sample exposed to air. The Ni 2p
spectrum in Fig. 4b exhibited Ni3/2 and Ni1/2 peaks at 852.9 and
870.3 eV, respectively, along with their satellite peaks (marked
as “sat.”) at 860.20 and 877.5 eV, indicating the formation of the
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 TEM images, HR-TEM images, and elemental mapping of (a–d) NC(1 : 1)Se–C-YS 1/1, (e–h) NC(1 : 1)Se–C-YS 2/1, (i–l) NC(1 : 1)Se–C-YS 4/
1, and (m–p) NC(1 : 1)Se–C-YS 16/1: (a, b, e, f, i, j, m, and n) TEM images, (c, g, k, and o) HR-TEM images, and (d, h, l, and p) elemental mapping.
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NiSe phase.38,39 Four additional peaks at binding energies of
855.4, 862.1, 873.1, and 879.99 eV were assigned to the nickel
selenite phase formed from the partial oxidation of the nickel
selenide surface. The Co 2p spectrum in Fig. 4c showed
a similar tting to the Ni 2p spectrum, with Co3/2 and Co1/2
peaks at 777.9 and 793.1 eV, respectively, and their satellite
peaks (marked as “sat.”) at 783.9 and 801.0 eV, indicating the
formation of the CoSe phase. Additionally, four peaks corre-
sponding to cobalt selenite phases were observed.40,41 The Se 3d
spectrum in Fig. 4d displayed Se 3d3/2 and Se 3d5/2 peaks at 54.7
and 53.8 eV, respectively, conrming the presence of the nickel–
cobalt selenide phase. Three additional peaks at 58.7, 59.9, and
60.4 eV were assigned to partially oxidized metal selenite
This journal is © The Royal Society of Chemistry 2023
phases.42–44 As conrmed by the elemental mapping image in
Fig. S6,† the N 1s spectrum originating from N-doped carbon
formed by the decomposition of PVP (Fig. 4e) was deconvoluted
into three peaks at 398.2, 399.6, and 401.3 eV, representing
pyridinic N, pyrrolic N, and graphitic N, respectively.45–47 The
XPS C 1s spectra and Raman spectra were analyzed to charac-
terize the carbon components in NC(1 : 1)Se–C-YS 2/1, as shown
in Fig. 4f and g, respectively. The high-resolution XPS C 1s
spectra exhibited three deconvoluted peaks at 284.3, 285.3, and
288.5 eV, corresponding to C–C/C]C, C–N, and C]O bonds,
respectively.48 The Raman spectra in Fig. 4g reected the results
of the XPS C 1s spectra, with separate D (1346.1 cm−1) and G
(1597.2 cm−1) bands, attributed to defective carbon and
J. Mater. Chem. A, 2023, 11, 24738–24753 | 24743
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Fig. 4 (a) XRD patterns of nickel–cobalt selenide–carbon yolk–shell
composites. XPS spectra and Raman spectra of NC(1 : 1)Se–C-YS 2/1:
(b) Ni 2p spectrum, (c) Co 2p spectrum, (d) Se 3d spectrum, (e) N 1s
spectrum, (f) C 1s spectrum, and (g) Raman spectrum.

Fig. 5 CV curves of (a) NC(1 : 1)Se–C-YS 1/1, (b) NC(1 : 1)Se–C-YS 2/1,
(c) NC(1 : 1)Se–C-YS 4/1, and (d) NC(1 : 1)Se–C-YS 16/1 at a scan rate of
0.1 mV s−1.
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graphitic carbon, respectively.49–51 The Raman spectra of NC(1 :
1)Se–C-YS 1/1, NC(1 : 1)Se–C-YS 4/1, and NC(1 : 1)Se–C-YS 16/1
in Fig. S9† exhibited similar carbon properties. The thermog-
ravimetric (TG) curves of the four samples are shown in
Fig. S10.† All four samples showed a rapid weight loss between
400 and 500 °C, indicating the decomposition of nickel–cobalt
selenide into nickel–cobalt oxide and carbon combustion. The
weight loss of NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)Se–C-YS 2/1, NC(1 :
1)Se–C-YS 4/1, and NC(1 : 1)Se–C-YS 16/1 were 63.7, 67.4, 58.5,
and 60.8 wt%, respectively. The carbon content of NC(1 : 1)Se–C-
YS 2/1 was estimated from the TG result to be 45.2 wt%. Addi-
tionally, owing to the synthesis process where the samples are
inltrated with a solution containing 1.75 g of nickel nitrate and
1.75 g of cobalt nitrate per 1 g of carbon yolk–shell, the carbon
contents of NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)Se–C-YS 4/1, and
NC(1 : 1)Se–C-YS 16/1 are estimated to be similar to that of
NC(1 : 1)Se–C-YS 2/1.52

The electrochemical properties of various samples with
different shell thicknesses of yolk–shell structured nickel–
cobalt selenide–carbon composite microspheres were system-
atically compared using diverse measurements. Cyclic
24744 | J. Mater. Chem. A, 2023, 11, 24738–24753
voltammetry (CV) testing was conducted for four electrodes
ranging from NC(1 : 1)Se–C-YS 1/1 to NC(1 : 1)Se–C-YS 16/1
within a potential range of 0.001–3.0 V (versus Na+/Na) during
the initial 5 cycles at a scan rate of 0.1 mV s−1, as shown in
Fig. 5. During the initial cathodic sweep, all four electrodes
exhibited two obvious peaks at around 0.71 and 0.35 V. The rst
peak at 0.71 V was related to the reduction of nickel–cobalt
selenide into metallic Ni, Co, and Na2Se, as well as the forma-
tion of solid electrolyte interphase (SEI) layers.53,54 Interestingly,
NC(1 : 1)Se–C-YS 16/1 showed an additional sharp reduction
peak at 0.66 V, which can be attributed to the conversion
reduction reaction of Ni0.85Se and Co9Se8. The second reduction
peak at 0.35 V could be associated with sodium ion intercalation
into so or hard carbon, which is derived from the decompo-
sition of PVP and sucrose, respectively.55 NC(1 : 1)Se–C-YS 1/1
represented a small reduction peak at 0.83 V compared to the
other electrodes. This is likely due to the deep inltration of the
nickel–cobalt salt dissolved solution inside the yolk-carbon
part, resulting in the formation of small nickel–cobalt sele-
nide nanocrystals in the deep yolk carbon. In the subsequent
anodic sweep, the sharp peak at around 1.83 V corresponded to
the restitution and splitting of the nickel selenide and cobalt
selenide nanocrystals.56,57 Aer the second cycle, all four elec-
trodes formed heterointerfaced nickel selenide and cobalt
selenide nanocomposites, and they showed the same reduction
(0.98 V) and oxidation (1.84 V) peaks. Additionally, CV testing
for C-YS 1/1, C-YS 2/1, C-YS 4/1, and C-YS 16/1 electrodes was
conducted within a potential range of 0.001–3.0 V (versus Na+/
Na) during the initial 5 cycles at a scan rate of 0.1 mV s−1, as
shown in Fig. S11.†During the initial cathodic sweep, all four C-
YS electrodes were observed at 1.05 V and 0.75 V. These peaks
are attributed to the irreversible reaction of the functional
groups on the carbon surface with the electrolyte.58 The sharp
peak at 0.01 V is related to the intercalation of sodium ions into
carbon.59

To evaluate the resistance and sodium ion diffusion
behavior during charging and discharging of the electrodes,
considering the shell thickness and the position of active
This journal is © The Royal Society of Chemistry 2023
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nanocrystals within the yolk–shell structure, we performed in
situ electrochemical impedance spectroscopy (EIS) at pre-
selected potentials during the initial discharging and charging
process, as depicted in Fig. 6a–l. The Nyquist plots of the four
electrodes, ranging from NC(1 : 1)Se–C-YS 1/1 to NC(1 : 1)Se–C-
YS 16/1, obtained through in situ EIS measurements during
the initial cycle, are presented in Fig. 6a–d. In this study, we
dened Rtot as the sum of interfacial resistance and charge
transfer resistance, and the Rtot vs. potential graphs revealed
different resistance variations during the rst cycle, as shown in
Fig. 6e–h. The four electrodes demonstrated similar Rtot value
change behavior during the initial cycle. Initially, Rtot exhibited
Fig. 6 (a–d) In situ EIS Nyquist plots of NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)Se–
preselected potentials during the first cycle, (e–h) in situ EIS graphs (Rto

calculated from the in situ EIS results. (m–p) In situ EIS Nyquist plots of
NC(1 : 1)Se–C-YS 16/1 measured at preselected potentials after 100 cyc
sodium-ion diffusion coefficients calculated from the in situ EIS results.

This journal is © The Royal Society of Chemistry 2023
a relatively larger value until 0.8 V, which could be attributed to
the aging of Na-ions that initiated the sodiation process. The
rapid decrease in the Rtot value sat. around 1.0 V was related to
the reduction of nickel–cobalt selenide into ultranemetallic Ni
and Co nanocrystals with Na2Se via an electrochemical
conversion reaction.60 Subsequently, the maintenance of the
resistance value until the end of the discharge was related to the
formation of SEI layers without electrical conductivity.61 During
the charging process, the desodiation and partial dissolution of
the SEI layer, ascribed to the electrocatalytic effect of metallic Ni
and Co, contributed to a steady resistance reduction until
around 1.8 V.62 The drastic decrease in the Rtot value at 1.8 V
C-YS 2/1, NC(1 : 1)Se–C-YS 4/1, and NC(1 : 1)Se–C-YS 16/1 measured at

t vs. potential), and (i–l) variations in sodium-ion diffusion coefficients
NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)Se–C-YS 2/1, NC(1 : 1)Se–C-YS 4/1, and
les, (q–t) in situ EIS graphs (Rtot vs. potential), and (u–x) variations in

J. Mater. Chem. A, 2023, 11, 24738–24753 | 24745
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might be attributed to the formation of the heterointerfaced
nickel selenide–cobalt selenide nanocomposite, which exhibi-
ted improved electrical conductivity.63,64 Among the three elec-
trodes (NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)Se–C-YS 2/1, and NC(1 : 1)
Se–C-YS 4/1) that showed analogous Rtot values, NC(1 : 1)Se–C-
YS 16/1 exhibited larger Rtot values. This could be attributed
to the fact that the nickel–cobalt selenide nanocrystals, which
did not penetrate deeply into the interior, formed large crystals
on the surface due to the thick carbon shell, leading to the
formation of a thick SEI and low reactivity on the surface.
Furthermore, we calculated the variations in the sodium ion
diffusion coefficient (DNa+) of the four electrodes from the in situ
EIS results. The diffusion coefficient of Na-ions can be deter-
mined using the following equation:

DNa+ = 0.5(RT/Sn2F2Cs)2

A description of parameter values from previous studies has
been provided.44,65 During the initial discharging process, the
variation in sodium ion diffusion showed a trend opposite to
that of the total resistance, as depicted in Fig. 6i–l. The sharp
increase in DNa+ at around 0.8 V was attributed to the trans-
formation of relatively large nickel–cobalt selenide nanocrystals
into ultrane metallic Ni and Co nanocrystals, leading to fast
sodium ion diffusion.42,66 Conversely, the desodiation process
exhibited similar decreasing trends. The heterointerfaces of
nickel selenide and cobalt selenide nanocomposites contrib-
uted to improved electrical conductivity but acted as a barrier to
the diffusion of sodium ions. Additionally, the increase in
crystal size from ultrane nanocrystals to nickel selenide–cobalt
selenide affected the decrease in the diffusion rate of sodium
ions. Aer repeated 100 cycles, we compared the resistance and
sodium ion diffusion behavior of the electrodes, as shown in
Fig. 6m–x. During the discharging and charging process in the
100th cycle, the variation in resistances of the four electrodes
exhibited similar trends. The large change in resistance value in
the low potential range indicated that the process of intercala-
tion and deintercalation of sodium ions into the carbon
component, rather than nickel selenide and cobalt selenide
nanocrystals, was the primary factor affecting the cycles. In the
100th cycle, nickel selenide and cobalt selenide nanocrystals
were charged and discharged in a state where they were divided
into very small sizes. Upon recharge aer the 100th cycle, the
NC(1 : 1)Se–C-YS 2/1 electrode showed the smallest resistance
value. This result veried that the NC(1 : 1)Se–C-YS 2/1 sample
has an optimized carbon shell thickness, as well as nanocrystal
size and distribution. Additionally, the comparison of the
diffusion rate of sodium ions also showed that the NC(1 : 1)Se–
C-YS 2/1 electrode maintained the fastest rate on average.

The galvanostatic intermittent titration technique (GITT)
analysis was conducted to compare the chemical diffusion
coefficient. The GITT potential proles of the four electrodes at
the initial stage and aer 100 cycles are shown in Fig. 7. The
DNa+ can be obtained using the following equation:

DNa+ = 4/ps(mBVM/MBS)
2(DEs/DEs)

2

24746 | J. Mater. Chem. A, 2023, 11, 24738–24753
The relevant parameter values have been documented in
previous studies.67–69 When comparing the sodium ion diffusion
behavior observed in the in situ EIS measurement in Fig. 6,
a clearer change is apparent from the GITT results. During the
initial cycle, all four electrodes exhibited a similar variation of
DNa+. The signicant decrease in DNa+ at around 1.0 V during the
initial sodiation can be attributed to the volume expansion of
the electrode, and the subsequent increase in DNa+ aer 1.0 V is
linked to the transformation of relatively large nickel–cobalt
selenide nanocrystals into ultrane metallic Ni and Co nano-
crystals. Conversely, the decrease in the DNa+ value at around
2.0 V during the initial desodiation can be attributed to the
formation of heterointerfaces between nickel selenide and
cobalt selenide nanocomposites, as conrmed in Fig. 6. Both
during the initial cycle and aer 100 cycles, the NC(1 : 1)Se–C-YS
2/1 electrode consistently exhibited relatively higher DNa+ values
compared to the other electrodes, indicating an optimized
thickness of the carbon shell, as well as an optimal size and
distribution of nanocrystals in the yolk–shell structure.
However, it is worth noting that the DNa+ values calculated from
GITT and EISmeasurements showed a similar trend of variation
but exhibited quite different absolute values. This discrepancy
is likely due to inherent uncertainties in both techniques, as
reported in the previous literature.70

To determine the optimal ratio of Ni and Co, inltration by
varying the ratio of nickel nitrate hexahydrate and cobalt
nitrate hexahydrate was conducted and nickel–cobalt sele-
nide–carbon yolk–shell according to the ratio of nickel and
cobalt was obtained. The SEM images of the four samples
(NC(1 : 0)Se–C-YS 2/1, NC(2 : 1)Se–C-YS 2/1, NC(1 : 2)Se–C-YS
2/1, and NC(0 : 1)Se–C-YS 2/1) in Fig. S14† revealed similar
SEM images corresponding to NC(1 : 1)Se–C-YS 2/1 (Fig. S4†).
The XRD data of the four nickel–cobalt selenide–carbon yolk–
shell microspheres with different ratios of Ni and Co in
Fig. S15† showed that NC(1 : 0)Se–C-YS 2/1 exhibited the NiSe
(PDF #75-0610) phase, while NC(0 : 1)Se–C-YS 2/1 showed the
CoSe (PDF #89-2004) phase. Similarly to NC(1 : 1)Se–C-YS 2/1,
both NC(2 : 1)Se–C-YS 2/1 and NC(1 : 2)Se–C-YS 2/1 displayed
a slight shi in their XRD patterns due to the formation of
NiSe and CoSe solid-solution. In the case of NC(1 : 2)Se–C-YS
2/1, Ni0.85Se and Co9Se8 phases are slightly observed. The
electrochemical performances of the four samples (NC(1 : 0)
Se–C-YS 2/1, NC(2 : 1)Se–C-YS 2/1, NC(1 : 2)Se–C-YS 2/1, and
NC(0 : 1)Se–C-YS 2/1) according to the molar ratio of Ni and
Co as anodes for sodium-ion batteries were evaluated as
shown in Fig. S16.† The cycling performances of the four
electrodes at a current density of 1 A g−1 aer the initial 5
cycles at 0.1 A g−1 are investigated. Overall, similar cycle
stability is shown depending on the ratio of Ni and Co. This
revealed that the nickel–cobalt selenide nanocrystals, which
were uniformly embedded within the carbon yolk–shell
microsphere, facilitated the structural stability of the mate-
rial as conrmed in the SEM images. However, rate perfor-
mance evaluation showed a clear difference in properties
depending on the ratio of Ni and Co. In general, it was known
that multi-component compositions maintained a small
crystal size by reducing agglomeration of crystals during
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a, e, i and m) Galvanostatic intermittent titration technique (GITT) potential profiles during the initial cycle and (b, f, j and n) sodium-ion
diffusion coefficients calculated from the GITT results. (c, g, k and o) GITT potential profiles after 100 cycles, and (d, h, l and p) sodium-ion
diffusion coefficients calculated from the GITT results. (a–d) NC(1 : 1)Se–C-YS 1/1, (e–h) NC(1 : 1)Se–C-YS 2/1, (i–l) NC(1 : 1)Se–C-YS 4/1, and
(m–p) NC(1 : 1)Se–C-YS 16/1.

Fig. 8 Electrochemical properties of NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)
Se–C-YS 2/1, NC(1 : 1)Se–C-YS 4/1, and NC(1 : 1)Se–C-YS 16/1 elec-
trodes: (a) initial discharge and charge curves, (b) cycle performances
at a current density of 0.5 A g−1, (c) triplicate evaluations of rate
performances from 0.2 to 5 A g−1 and (d) cycle performances after
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conversion reactions of the charge and discharge process
compared to single-component compositions. It could act
most effectively in the multi-component phase of nickel–
cobalt selenide compared to the single phases of NiSe and
CoSe, and this is conrmed in the rate characteristic results.
As a result, when Ni and Co are 1 : 1, they most effectively
alleviate each other's crystal growth and show the best rate
characteristics, so in this study, the ratio of Ni and Co was
decided to be 1 : 1. The initial discharge and charge curves of
the four electrodes at a current density of 0.2 A g−1 are shown
in Fig. 8a. The prominent plateaus at 0.71 and 1.83 V during
discharging and charging processes correspond to the
cathodic and anodic peaks observed in the CV curves (Fig. 5).
In the case of NC(1 : 1)Se–C-YS 16/1, the plateau during the
initial sodiation is at a relatively low potential, which corre-
sponds to the conversion reduction reaction of Ni0.85Se and
Co9Se8, as conrmed in Fig. 5d. The initial discharge capac-
ities of NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)Se–C-YS 2/1, NC(1 : 1)Se–
C-YS 4/1, and NC(1 : 1)Se–C-YS 16/1 were 928.3, 874.7, 908.7,
and 730.1 mA h g−1, respectively, with corresponding initial
coulombic efficiencies of 40, 53, 46, and 50%, respectively.
Notably, the NC(1 : 1)Se–C-YS 2/1 electrode displayed the
This journal is © The Royal Society of Chemistry 2023
highest initial coulombic efficiency, indicating that its carbon
shell thickness, crystal distribution, and size were optimized
for sodium ion storage properties. The cycling performances
repeated rate evaluation.
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of the four electrodes at a current density of 0.5 A g−1 are
presented in Fig. 8b. NC(1 : 1)Se–C-YS 1/1 exhibited a low
capacity at the beginning, which gradually increased up to the
initial 100 cycles. This behavior can be attributed to the
location of nickel–cobalt selenide nanocrystals deep inside
the yolk part, resulting in low initial capacities. However, the
gradual breaking of the yolk part during cycling led to an
increase in capacity. Aer 100 cycles, a decrease in capacity
was observed due to structural instability caused by thin shell
thickness. In contrast, the NC(1 : 1)Se–C-YS 16/1 electrode
showed low and continuous decay of capacities during the
200 cycles, which was attributed to the thick carbon shell and
the exposed crystal-grown nickel–cobalt selenide on the
surface, leading to electrochemical structural instability. On
the other hand, NC(1 : 1)Se–C-YS 2/1 showed stable cycling
characteristics while maintaining a higher capacity compared
to NC(1 : 1)Se–C-YS 4/1. The discharge capacities of NC(1 : 1)
Se–C-YS 1/1, NC(1 : 1)Se–C-YS 2/1, NC(1 : 1)Se–C-YS 4/1, and
NC(1 : 1)Se–C-YS 16/1 for the 200th cycle were 327.5, 342.4,
308.2, and 186.6 mA h g−1, respectively, and their capacity
retentions measured from the 2nd cycle were 98, 84, 80, and
47%, respectively. These results demonstrate the favorable
cycling stability and capacity retention of NC(1 : 1)Se–C-YS 2/
1, indicating the effectiveness of its optimized structural
parameters. The rate performances of the four electrodes are
shown in Fig. 8c. In this measurement, the current density
was evaluated in triplicate from 0.2 to 5 A g−1. As the rate was
increased up to the 35th cycle, NC(1 : 1)Se–C-YS 2/1 demon-
strated superior rate capabilities compared to NC(1 : 1)Se–C-
YS 1/1, even though their cycle characteristics were similar,
as shown in Fig. 8b. This nding indicates that the optimized
thickness of the shell in NC(1 : 1)Se–C-YS 2/1, along with the
distribution and size of the nanocrystals, exhibited excellent
rate characteristics at high current densities. Conversely,
NC(1 : 1)Se–C-YS 1/1 exhibited the lowest rate capabilities
during the repeated rate evaluation due to its structural
instability with a thin carbon shell. Specically, NC(1 : 1)Se–C-
YS 2/1 showed reversible discharge capacities of 500.2, 422.3,
365.7, 300.7, 260.0, 225.9, and 198.5 mA h g−1 at current
densities of 0.2, 0.5, 1, 2, 3, 4, and 5 A g−1, respectively. This
performance is an improvement over those of previously re-
ported nickel–cobalt selenide–carbon composite anode
materials for sodium-ion batteries (Table S2†). Aer 35 cycles
of repeated rate evaluation, NC(1 : 1)Se–C-YS 2/1 continued to
exhibit the best rate capabilities. The cycle performances of
the four electrodes aer repeated rate evaluations are shown
in Fig. 8d. NC(1 : 1)Se–C-YS 2/1 also displayed stable revers-
ible capacities at a current density of 0.5 A g−1 aer repeated
cycling at high current densities. The SEM images in Fig. S13†
show that the cycled NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)Se–C-YS 2/
1, and NC(1 : 1)Se–C-YS 4/1 electrodes exhibit similar stability
without any structural breaking. However, the NC(1 : 1)Se–C-
YS 16/1 electrode displays severe structural degradation
owing to its thick shells and exposed nickel–cobalt selenide
crystals. In addition, XRD analyses on the NC(1 : 1)Se–C-YS 1/
1, NC(1 : 1)Se–C-YS 2/1, NC(1 : 1)Se–C-YS 4/1, and NC(1 : 1)Se–
C-YS 16/1 microspheres at a fully charged state aer stability
24748 | J. Mater. Chem. A, 2023, 11, 24738–24753
tests were performed to demonstrate stability of the electrode
materials. All NC(1 : 1)Se–C-YS electrodes aer cyclic testing
demonstrate a nearly amorphous crystalline characteristic as
shown in Fig. S12.† During the discharging process, the
nickel–cobalt selenide anode transformed into the ultrane
Ni nanocrystals and Co nanocrystals dispersed within the
Na2Se matrix. Additionally, the formation of an SEI layer,
primarily composed of Na2CO3 and NaF, was observed. These
species from the discharging process exhibited low crystal-
linity. During the charging process, the previously discharged
species (metallic Ni, Co and Na2Se) transformed into the NiSe
and CoSe phases through the reverse conversion reaction.
The species from the charging process also exhibited low
crystallinity, making them challenging to detect by XRD.
However, the corresponding peaks, which are related to the
SEI layer in NC(1 : 1)Se–C-YS 2/1 showed the lowest crystal-
linity, indicating that the thinnest and most stable SEI layer
was formed. A stable SEI layer could affect the cycling stability
of the anode material for sodium ion batteries.71,72 To
demonstrate the effect of improving electrochemical proper-
ties with the carbon component, a nickel–cobalt selenide–
yolk–shell without a carbon component was prepared
through selenization from nickel–cobalt oxide yolk–shell,
which was produced by oxidation of nickel–cobalt salt inl-
trated carbon yolk–shell. The SEM images and XRD patterns
in Fig. S17 and S18† conrm its yolk–shell structure and the
formation of (Ni0.5Co0.5)Se, Ni0.85Se, and Co9Se8 composites.
The CV curves in Fig. S19a† exhibited only one distinct peak
related to the reduction conversion reaction of nickel–cobalt
selenide near 0.67 V, with no peak for carbon intercalation of
sodium ions near 0.44 V. The initial discharge and charge
curves in Fig. S19b† showed higher initial coulombic effi-
ciencies compared to those of NC(1 : 1)Se–C-YS electrodes,
indicating that the carbon component inuenced the initial
irreversibility. The cycle performance and rate properties in
Fig. S19c and d† demonstrate that the carbon component
plays a crucial role in the structural stability of the electrode
during repeated cycling and contributes to its excellent rate
properties at high current densities.

To gain insights into the reaction kinetics responsible for the
excellent Na-ion storage performance of NC(1 : 1)Se–C-YS 2/1,
CV-rate measurements were conducted at various scan rates
of 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, and 2.0 mV s−1, spanning the
potential range of 0.001–3 V, as shown in Fig. 9. In the CV curves
depicted in Fig. 9a, e, i and m, the intensities of the cathodic
and anodic peaks exhibited an increasing trend with an
increase in the scan rate, while also demonstrating slight shis
due to electrode polarization. Notably, NC(1 : 1)Se–C-YS 2/1
exhibited a relatively smaller shi compared to the other elec-
trodes, indicating its superior reversibility. The relationship
between the scan rate (n) and the measured peak current (i) was
typically described using the following equation:

log(i) = b log(n) + log(a)

The equation used to determine the b values is given as
follows, where i represents the measured current and n denotes
This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (a, e, i and m) CV curves of the four electrodes at various scan rates, (b, f, j and n) fitted log(peak current) vs. log(scan rate) for peak 1 and
peak 2, (c, g, k and o) CV curves showing capacitive contribution (green colored area) to the total current, and (d, h, l and p) capacity contribution
at different scan rates. (a–d) NC(1 : 1)Se–C-YS 1/1, (e–h) NC(1 : 1)Se–C-YS 2/1, (i–l) NC(1 : 1)Se–C-YS 4/1, and (m–p) NC(1 : 1)Se–C-YS 16/1.
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the scan rate.73–76 A b value of 0.5 corresponds to diffusion-
controlled behavior, while a b value of 1 represents an ideal
capacitive behavior. For NC(1 : 1)Se–C-YS 1/1, NC(1 : 1)Se–C-YS
2/1, NC(1 : 1)Se–C-YS 4/1, and NC(1 : 1)Se–C-YS 16/1, the
b values for the cathodic/anodic peaks were determined to be
0.79/0.80, 0.84/0.88, 0.79/0.79, and 0.76/0.79, respectively, by
plotting log i versus log n, as depicted in Fig. 9b, f, j and n. The
relatively high b values of NC(1 : 1)Se–C-YS 2/1 were attributed to
the optimized thickness of the carbon shell and the size and
distribution of nanocrystals in the yolk–shell structure. The
total capacitive contribution at a given scan rate can be divided
into the capacitor-like current (k1n) and the diffusion-controlled
fraction (k2n

1/2) at a xed potential (V) according to the following
equation:

i(V) = k1n + k2n
1/2

At a scan rate of 1.5 mV s−1, NC(1 : 1)Se–C-YS 2/1 exhibited
the highest capacitive contribution value at 82% compared to
the other three samples. Moreover, NC(1 : 1)Se–C-YS 2/1
consistently demonstrated the highest average capacitive
contribution value across all scan rates. This result aligns with
This journal is © The Royal Society of Chemistry 2023
the rate capability evaluation shown in Fig. 8c, conrming that
NC(1 : 1)Se–C-YS 2/1 possesses excellent rate characteristics.
4. Conclusion

In this pioneering study, we proposed a novel approach to
synthesize nanostructured carbon yolk–shell microspheres
while precisely controlling the shell thickness. This was
achieved by adjusting the ratio of PVP/sucrose in the spray
solution used for spray pyrolysis, leading to the formation of
yolk–shell microspheres with diverse shell thicknesses.
Additionally, the combination of a metal salt dissolved
solution-inltration method facilitated the incorporation of
ultrane nickel–cobalt selenide nanocrystals within the
carbon yolk–shell structure. The resulting composite mate-
rials, with their optimized shell thickness and nanocrystal
size of nickel–cobalt selenides, were employed as anode
materials for sodium-ion batteries, demonstrating excep-
tional electrochemical properties. The carefully tailored
carbon yolk–shell composites exhibited excellent perfor-
mance in energy storage applications. Moreover, these
synthesis strategies can be extended to produce yolk–shell
microspheres containing various metal or nonmetal
J. Mater. Chem. A, 2023, 11, 24738–24753 | 24749
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composites, each with an optimal shell thickness. This design
approach holds great promise for potential applications
requiring the unique features of yolk–shell structures.
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