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storage and conversion, catalysis, fuel 
cell, supercapacitors, water, and air puri-
fication, and separation, nanostructured 
carbon materials have been efficiently uti-
lized considering their large surface area, 
pore volume, high structural and mechan-
ical stabilities, and good electrical con-
ductivity.[5–10] Owing to the structural 
differences (hollow-, yolk-, and core-shell 
(do not contain void)), they could be appro-
priately used in required applications.

Synthesis strategies for realizing nano-
structured carbon materials have been rep-
resentatively proposed by the surfactant-
directing co-assembly method. Wang et al. 
synthesized hierarchically porous carbon 
spheres with a yolk-shell structure using 
a new gradient sol–gel process combined 
with a surfactant-directed co-assembly for 
high-performance supercapacitors.[11] Par-
ticularly, the sizes of the yolk and shell 
were controlled by simply adjusting the 
amount of the cationic surfactant cetyltri-

methylammonium bromide or tetraethoxysilane (TEOS). They 
found that yolk-shell carbon with hierarchical pore architec-
tures exhibited a high performance with a high specific capaci-
tance and good rate capabilities. Zhang et al. reported porous 
yolk-shell carbon sphere materials prepared via the extended 
Stober method.[12] Their morphologies, including the pore 
volume, specific surface area, and yolk ratio, could be well 
adjusted by controlling the TEOS concentration. These samples 
had different porosities and yolk ratios, which influenced the 
electrolyte wetting, K+ diffusion distance, and reversible adsorp-
tion of K+ in K-ion batteries (KIBs).

Recently, highly porous yolk-shell carbon materials with 
nanostructures were utilized as reservoirs for ultrafine 
nanocrystals.[13–18] Hierarchical micro- and mesoporous carbon 
materials could infiltrate ultrasmall chalcogen (sulfur or sele-
nium) components and be applied to cathode materials for lith-
ium-chalcogen batteries. Chen et al. synthesized multishelled 
hollow carbon nanosphere-encapsulated sulfur composites 
with a high sulfur loading (86  wt%) using aqueous emul-
sions and in situ sulfur impregnation.[19] In addition, metal 
compound nanocrystals could be embedded into yolk-shell 
carbon materials during the carbonization process using metal-
organic frameworks (MOFs). Wang et al. introduced a strategy 
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1. Introduction

Nanostructured carbon materials, such as hollow-, yolk-, and 
core-shell structures have been intensively investigated over the 
past decade.[1–4] In various application fields, including energy 
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of synthesizing yolk-shell N-doped porous carbon embedded 
with CoO nanoparticles.[20] By controlling atmosphere for 
pyrolysis, in situ formation of carbon yolk-shell configuration 
and ultrafine CoO nanocrystals composite were facilitated. 
However, despite the various applications of nanostructured 
carbon materials, preparation methods that can freely control 
the yolk size for nanostructured carbon materials have rarely 
been reported.

In this study, strategies for synthesis of hollow yolk-shell 
and dense core-shell-structured carbon microspheres and 
control of the carbon yolk size in the carbon microsphere are 
introduced. In our previous research, the yolk-shell-structured 
carbon microsphere was prepared using spray pyrolysis and the 
removal process was tin selenide evaporation.[21] The prepared 
yolk-shell carbon microsphere was applied as a cathode mate-
rial for lithium–sulfur batteries. For further synthesis devel-
opment, the change in the yolk size according to the ratio of 
polyvinylpyrrolidone (PVP) and sucrose was observed. From a 
hollow yolk-shell structure to a dense core-shell structure with 
almost no empty space as a yolk gradually forms, to the best 
of our knowledge, a method to easily control the carbon nano-
structure is proposed for the first time. In addition, magnesium 
oxide was added to improve the pore volume capable of impreg-
nating a metal salt. Cobalt compounds (cobalt oxide and cobalt 
selenide) were selected as the first target materials to form 

nanostructured cobalt compound–carbon composites as anode 
materials for alkali-ion batteries.

2. Results and Discussion

The novel rational formation mechanism of the yolk-shell-
structured carbon microsphere, wherein the yolk size could be 
controlled, is illustrated in Scheme 1. The spray pyrolysis pro-
cess facilitated the formation of a uniform nanocomposite at 
the nanoscale, which was attributed to the formation from a 
droplet containing solvated metal ions. As shown in Scheme 1a, 
a SnO2-MgO-C@C microsphere was prepared from a spray 
solution, which contained tin oxalate, magnesium nitrate, and 
PVP. Owing to the phase segregation effect, PVP migrated to 
the outside of the microsphere, and the incompletely migrated 
PVP remained in the core part with SnO2 and MgO nanocrys-
tals. The partially phase-segregated SnO2-MgO-C@C micro-
sphere was transformed into SnSe-MgSe-C@C by selenization. 
Subsequently, an immediate tin selenide component was 
evaporated under a high temperature of 1000 °C. The obtained 
MgSe-C@C microsphere was etched by an HCl/HNO3 
solution, which resulted in the formation of a hollow-yolk  
C@void@C microsphere. Scheme 1b shows that the formation 
of a dense yolk carbon was enabled according to the addition of 
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Scheme 1.  Illustration of the formation mechanism for a) hollow yolk@void@shell carbon microsphere, b) dense yolk@void@shell carbon microsphere, 
and c) the change in yolk size as the ratio of PVP/sucrose.
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sucrose in the PVP-based solution. In spray pyrolysis using the 
same spray solution with added sucrose in the PVP-based solu-
tion, the partial phase segregation occurred similarly. However, 
in this process, sucrose was easily decomposed to an amor-
phous carbon owing to its lower decomposition temperature 
(185 °C) than that of PVP (380 °C). Therefore, an SnO2-MgO 
and carbon (derived from sucrose) composite and carbon shell 
(derived from the migrated PVP) were formed in the yolk and 
shell parts, respectively. In this synthesis process, the change in 
yolk size could be expected with the ratio of PVP and sucrose, 
as described in Scheme 1c. When the ratio of sucrose was con-
tinuously increased, carbon microspheres with a core-shell 
structure without voids were formed.

The morphological characteristics of the spray-pyrolyzed 
precursor, posttreated powder, wherein the tin component was 
eliminated by evaporation of tin selenide, and etched carbon 
microsphere were compared by scanning electron microscopy 
(SEM) images, as shown in Figures 1 and Figure S1–S3, Sup-
porting Information. The spray-pyrolyzed precursor in Figure 
S1a–e, Supporting Information shows a similar spherical 
microsphere. As the spray-pyrolyzed precursor was formed by 
consecutive drying and decomposition process from a droplet 
containing solvated metal ions, the formation of a uniform 
metal compound–carbon nanocomposite was facilitated. How-
ever, the magnified SEM images in Figures 1a–e show a slight 
difference according to the increase in the ratio of sucrose in 
PVP/sucrose. Owing to the phase segregation effect during 

the spray pyrolysis process, PVP migrated to the outside of the 
microsphere, and the incompletely migrated PVP and sucrose 
remained in the core part with SnO2 and MgO nanocrystals. 
After posttreatment via selenization and evaporation of tin 
selenide at 1000 °C, dense structured microspheres were trans-
formed into various yolk-shell-structured microspheres, as 
shown in Figures  1f–j. In the case of the absence of sucrose 
in the spray solution, a hollow yolk@void@C microsphere was 
observed, as shown in Figure 1f. As ratio of sucrose in the spray 
solution was gradually increased, the dense structured yolk 
grew. The void formation was attributed to evaporation of the 
tin selenide component, which was formed during seleniza-
tion. In the low-resolution SEM images in Figure S2a–e, Sup-
porting Information, some of the crystals in the microsphere 
were observed, confirmed as MgSe component according to 
the X-ray diffraction (XRD) data in Figure S4, Supporting Infor-
mation. MgSe crystals were completely eliminated by etching 
under an HCl/HNO3 solution. The pure carbon microspheres 
with various nanostructures are presented in Figure 1k–o. The 
low-resolution SEM images and XRD data in Figure S3a–e and 
Figure S4, Supporting Information, respectively, confirm the 
removal of the MgSe component. To demonstrate the pres-
ence of immediate tin selenide component, the XRD analysis 
of powders, which were posttreated at 700 °C from spray-pyro-
lyzed precursors, was conducted as shown in Figure S5, Sup-
porting Information. SnSe phase was confirmed in all samples 
regardless of the ratio of PVP/sucrose. The peaks related to 
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Figure 1.  Morphological characteristics of a–e) SEM images of SnO2-MgO-C@C composite precursors prepared from the spray solution containing Sn 
oxalate, sucrose, Mg nitrate, and PVP with different ratio of PVP/sucrose, f–j) SEM images of MgSe-C@C obtained after selenization of precursor, and 
k–o) SEM images of carbon yolk-shell after etching process: a,f,k) PVP/Sucrose 1/0 wt.%, b,g,l) PVP/Sucrose 1/1 wt%, c,h,m) PVP/Sucrose 1/2 wt%, 
d,i,n) PVP/Sucrose 1/4 wt%, and e,j,o) PVP/Sucrose 1/8 wt%.
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MgSe were not observed in the XRD patterns in Figure S5a, 
Supporting Information, indicating that the MgSe was formed 
near 1000  °C as confirmed by XRD data in Figure S4, Sup-
porting Information.

The specific morphological characteristic of the carbon 
yolk-shell microsphere according to the ratio of PVP/sucrose 
was compared by transmission electron microscopy (TEM), 
as shown in Figure 2. The carbon yolk-shell microspheres 
prepared from spray solutions with a ratio of PVP/sucrose 
(1/0, 1/4, 1/8  wt%) are denoted as H-YS, D-YS, and D-CS 
(hollow yolk@void@shell, dense yolk@void@shell, and dense 
core-shell, respectively). As confirmed by the SEM image in 
Figure 1k, the low-resolution TEM images in Figure 2a,b, Sup-
porting Information reveal the formation of hollow nanocarbon 
aggregate@void@shell configuration (H-YS). The partial phase 
segregation of PVP as well as carbonization of PVP around 
MgSe crystals facilitated the formation of the hollow nano-
carbon aggregate. The high-resolution TEM (HR-TEM) image 
in Figure  2c reveals a mesoporous carbon shell, which was 
derived from the carbonization of PVP and removal of MgSe 
nanocrystals. The elemental maps in Figure  2d, show a pure 
carbon component and complete elimination of Sn and Mg 

components. As a ratio of sucrose in the PVP-containing spray 
solution was increased, the figuration of the yolk part was filled 
with carbon component, as confirmed by Figure  2e,f. During 
the spray pyrolysis, the carbon component, which was derived 
from the decomposition of sucrose, was not migrated to the 
shell but formed a dense composite with Sn, Mg, and C. Owing 
to this difference in behavior between PVP and sucrose, a con-
trollable synthesis of a carbon yolk-shell microsphere was pos-
sible. As MgSe nanocrystals embedded into the dense carbon 
yolk were eliminated by the acid treatment, a partially porous 
yolk structure was formed in D-YS, as shown in Figure 2f. The 
HR-TEM image in Figure  2g shows micro- and mesoporous 
structures of the yolk and shell of D-YS. The elemental maps 
reveal the formation of a pure dense carbon yolk-shell micro-
sphere. The TEM images in Figure 2i,j show the formation of 
a carbon core-shell with a small void (D-CS). As the ratio of 
sucrose in the spray solution was sufficiently high, the carbon 
component, which was derived from sucrose, was thoroughly 
filled with voids in the microsphere. The HR-TEM image in 
Figure 2k shows the small void between the core and shell and 
mesopores. The elemental maps in Figure 2l show the forma-
tion of a pure dense core-shell carbon microsphere.

Small Methods 2023, 2201370

Figure 2.  TEM images and elemental mapping images a–d) H-YS, e–h) D-YS, and i–l) D-CS microspheres: a,b,e,f,i,j) TEM images, c,g,k) HR-TEM 
images, and d,h,l) elemental mapping images.
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The specific surface areas and pore structures of various carbon 
yolk-shell microspheres were analyzed by Brunauer–Emmett–
Teller (BET) and Barrett–Joyner–Halenda (BJH) measurements. 
In the N2 adsorption–desorption isotherms shown in Figure 3a,  
combinations of type-I and IV isotherms were observed for the 
carbon yolk-shell microspheres, which indicate hierarchical 
porous structures. The BET surface areas of the carbon yolk-shell 
microspheres prepared from spray solutions with ratio of PVP/
sucrose (1/0, 1/1, 1/2, 1/4, 1/8  wt%), were 1218, 1171, 1154, 1113, 
and 1018 m2 g−1, whereas their pore volumes were 0.74, 0.71, 0.69, 
0.61, and 0.55 cm3 g−1, respectively. The specific surface areas 
and pore volumes of the carbon yolk-shell microspheres tended 
to gradually decrease as a ratio of sucrose in the PVP-containing 

spray solution was increased. Thus, the PVP-derived carbon had a 
larger pore volume than that of the sucrose-derived carbon when 
it was carbonized under the conditions of this study. This was 
additionally demonstrated by the pore size distribution analysis 
of the carbon yolk-shell microspheres, as shown in Figure  3b. 
As a ratio of sucrose was increased, the micropores formed from 
PVP gradually decreased, which contributed to the reduction in 
the specific surface area. Compared with the results of previous 
studies, the specific surface area was almost doubled owing to the 
magnesium selenide removal effect according to the addition of 
the magnesium salt in the spray solution.[21]

The highly porous and well-designed carbon could be 
utilized as a reservoir for ultrafine nanocrystals. Scheme 2 

Small Methods 2023, 2201370

Figure 3.  a) N2 gas adsorption and desorption isotherm and b) BJH pore-size distribution of carbon yolk-shell microspheres with different ratio of 
PVP/sucrose.

Scheme 2.  Formation mechanism of the metal compounds embedded in porous hollow carbon yolk-shell microspheres.
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illustrates the strategies for the synthesis of metal compounds 
uniformly embedded in porous hollow carbon yolk-shell micro-
spheres. The prepared carbon yolk-shell microsphere acted as a 
matrix with a large pore volume, which enabled the infiltration 
of metal salt solutions. The metal salt uniformly impregnated 
in the small pores of both yolk and shell owing to capillary 
action could form various phases depending on the heat treat-
ment conditions. The oxidation, sulfidation, and selenization 
processes transformed metal salt-C into metal oxide-C, metal 
sulfide-C, and metal selenide-C, respectively. This shows the 
characteristics of the novel synthesis method with free control 
over composition as well as various shapes.

The cobalt compounds-carbon composite yolk-shell was 
applied as a target material. The carbon yolk-shell consisting 
of ultrafine cobalt oxide nanocrystals was prepared via a simple 
oxidation process under the atmosphere. The morphological 
characteristics of cobalt oxide-C hollow yolk-shell (denoted as 

Co3O4-H-YS) and dense core-shell (denoted as Co3O4-D-CS) 
prepared by the spray solution with ratios of PVP/sucrose 1/0 
and 1/8  wt.%, respectively, are shown in Figure 4. The TEM 
images in Figure  4a,b confirm that cobalt oxide nanocrystals 
were uniformly impregnated into the microsphere through 
darken the brightness of the hollow nanocarbon aggregate and 
shell. Moreover, the hollow nanosphere aggregate@void@shell 
configurations were well maintained even through the oxida-
tion process. The HR-TEM image in Figure 4c reveals that the 
ultrafine cobalt oxide nanocrystals (smaller than 5  nm) were 
embedded in the carbon matrix. The clear lattice fringes sepa-
rated by 0.24 and 0.28 nm corresponded to the (311) and (220) 
crystal planes of the Co3O4 phase, respectively. The SAED pattern 
in Figure 4d also confirms the Co3O4 phase. The corresponding 
elemental maps in Figure  4e verified the presence of C, Co, 
and O elements, homogeneously distributed in H-YS. The 
morphological characteristics of the cobalt oxide nanocrystals 
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Figure 4.  TEM images, SAED patterns, and elemental mapping images of a–e) Co3O4-H-YS and f–j) Co3O4-D-CS microspheres: a,b,f,g) TEM images, 
c,h) HR-TEM images, d,i) SAED patterns, and e,j) elemental mapping images.
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embedded in D-CS (Co3O4-D-CS) are shown in Figures  4f–j.  
The TEM images in Figure 4f,g reveal that the cobalt salt infil-
tration solution was deeply and uniformly impregnated in the 
dense yolk carbon and shell. Some nanocrystals were not com-
pletely infiltrated in the yolk carbon, as indicated by arrows in 
Figure 4g. The HR-TEM images show clear lattice fringes sepa-
rated by 0.24 and 0.28 nm, corresponding to the (311) and (220) 
crystal planes of the Co3O4 phase, respectively. The SAED pat-
tern in Figure 4i also confirms the Co3O4 phase. The elemental 
maps in Figure 4j indicate the formation of a dense structured 
Co3O4-C microsphere.

To demonstrate the possibility of synthesis of various metal 
compounds, the cobalt-salt-infiltrated carbon yolk-shell was 
transformed into a cobalt selenide-carbon yolk-shell by a simple 
selenization process. The morphological properties of cobalt 
selenide hollow yolk-shell (denoted as CoSe2-H-YS) and dense 
core-shell (denoted as CoSe2-D-CS) prepared by the spray solu-

tion with ratios of PVP/sucrose 1/0 and 1/8  wt.%, respectively 
are presented in Figure 5. Compared with the TEM images of 
Co3O4-H-YS and Co3O4-D-CS in Figure  4, the overall charac-
teristics were similar; however, a slight difference in the crys-
tallinity of the nanocrystals was confirmed. Owing to the high 
reactivity of the H2Se gas during the selenization process, 
relatively larger cobalt selenide nanocrystals were observed 
(Figure 5). Even though the selenization process, hollow nano-
sphere aggregate@void@shell configurations were well main-
tained, as shown in Figure 5a,b. Moreover, small cobalt selenide 
nanocrystals (smaller than 10 nm) were evenly decorated on the 
carbon matrix (Figure 5c). The HR-TEM images show clear lat-
tice fringes separated by 0.26 and 0.29 nm, corresponding to the 
(210) and (220) crystal planes of the CoSe2 phase, respectively. 
The SAED pattern in Figure 5d also confirms the CoSe2 phase. 
The elemental maps in Figure 5e indicate the presence of C, Co, 
and Se elements, homogeneously distributed in H-YS. The TEM 
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Figure 5.  TEM images, SAED patterns, and elemental mapping images of a–e) CoSe2-H-YS and f–j) CoSe2-D-CS microspheres: a,b,f,g) TEM images, 
c,h) HR-TEM images, d,i) SAED patterns, and e,j) elemental mapping images.
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images in Figure 5f,g indicate the formation of a dense cobalt 
selenide-C microsphere. Some large CoSe2 crystals, formed 
by Ostwald ripening during the selenization process, were 
observed. The HR-TEM images show clear lattice fringes sepa-
rated by 0.26  nm, corresponding to the (210) crystal planes of 
the CoSe2 phase. The SAED pattern in Figure 5i also confirms 
the CoSe2 phase. The elemental maps in Figure 5j indicate the 
formation of a dense CoSe2-carbon yolk-shell microsphere.

The crystal structures and chemical states of the cobalt 
compound (Co3O4 and CoSe2)–carbon yolk-shell samples were 
characterized by XRD and X-ray photoelectron spectroscopy 
(XPS) analysis, as shown in Figure 6a,b and Figures S6, and S7,  
Supporting Information, respectively. The XRD patterns in 
Figure 6a reveal the formation of Co3O4 phase in Co3O4-H-YS 
and confirm that CoSe2 phase in CoSe2-H-YS is composed of 
orthorhombic CoSe2 and cubic CoSe2 (denoted o-CoSe2 and c-
CoSe2, respectively). The mean crystallite sizes of Co3O4 and 
CoSe2 in Co3O4-H-YS and CoSe2-H-YS, calculated by the widths 
of the (311) and (120) peaks using the Scherrer equation, were 
8.6 and 25.4 nm, respectively. To elucidate the chemical states 
of the cobalt compounds (Co3O4 and CoSe2)–carbon yolk-shell 
samples, they were analyzed by an XPS measurement. In the 
Co 2p spectra of Co3O4-H-YS and CoSe2-H-YS in Figure 6b, dif-
ferent fitted peaks according to the binding energies of cobalt 
and anions (O or Se) were observed. The Co 2p spectra of 
Co3O4-H-YS contained Co 2p1/2 and Co 2p3/2 spin–orbit peaks 
(Co2+ at 796.3 and 781.3 eV and Co3+ at 794.5 and 779.5 eV) as 
well as four satellite peaks (indicated as Sat.),[22,23] whereas the 
spectra of Co 2p for CoSe2-H-YS exhibited deconvoluted peaks 
corresponding to CoSe2 (Co2+) and cobalt selenite (Co2+).[24,25] 

Some of the cobalt selenite layers over CoSe2-H-YS were 
formed through the partial surface oxidation of CoSe2 nanocrys-
tals in the atmosphere. The O 1s XPS spectrum of Co3O4-H-YS 
in Figure S6a, Supporting Information was decomposed into 
three peaks at 529.5, 530.9, and 532.7  eV, corresponding to 
lattice oxygen atoms (O1), oxygen vacancies (O2), and oxygen 
atoms in the physi/chemisorbed water (O3), respectively.[26,27] 
The Se 3d spectrum of CoSe2-H-YS exhibited two distinct peaks 
at 54.3 and 55.1  eV corresponding to Se 3d5/2 and Se 3d3/2, 
respectively.[24,28] As confirmed in Figure 6b, the peaks at 58.3, 
59.2, and 59.9 eV was related to the cobalt selenite layer.[24,28,29] 
To characterize the carbon components in the carbon yolk-shell 
samples, the XPS C 1s, and Raman spectra of H-YS, Co3O4-H-
YS, and CoSe2-H-YS were analyzed, as shown in Figure  6c,d, 
respectively. The high-resolution XPS C 1s spectra of the three 
samples commonly exhibited three deconvoluted peaks around 
284.5, 285.7, and 288.7  eV, which corresponded to CC sp3, 
CO, and CO bonds, respectively.[24,30] Owing to the surface 
oxidation as the cobalt-salt-infiltrated carbon yolk-shell was 
oxidized to form Co3O4-H-YS, in the C 1s spectrum of Co3O4-
H-YS, the CO and CO peaks were relatively developed. In 
contrast, as CoSe2-H-YS was formed in a reducing atmosphere, 
the CO and CO peaks were weakened compared with the 
carbon yolk-shell. The Raman spectra of the three samples in 
Figure  6d reflect the tendency of the results of the XPS C 1s 
spectra. The three samples exhibited separate D (1352 cm−1) 
and G (1591 cm−1) bands, attributed to defective carbon and gra-
phitic carbon, respectively.[24,31] Moreover, to confirm the pres-
ence of N-doped carbon derived from PVP, the XPS N 1s spec-
trum of H-YS was analyzed, as shown in Figure S7, Supporting 
Information. The N 1s XPS spectrum reveals the presence of 
various N doping configurations such as pyridine N (399.4 eV), 
pyrrole N (400.7  eV), graphitie N (401.9  eV). According to the 
previous literature,[32,33] these N doping configurations cause 
the electronic state distortions, which are responsible for the 
improvement of electronic conductivity and chemical activity. 
This implies that the PVP-derived carbon can boost the elec-
tron/alkaline-ion transfer kinetics and provide better ion 
storage performance. The thermogravimetric (TG) curve of the 
Co3O4-H-YS in Figure S8, Supporting Information indicates 
that the carbon contents of Co3O4-H-YS are 28 wt%. The cobalt 
salt infiltrated carbon yolk-shell was also transformed into 
cobalt sulfide-carbon yolk-shell by a simple sulfidation process. 
As shown in Figure S9a, Supporting Information, the XRD pat-
terns reveal the formation of Co9S8 phase, and the SEM images 
confirm complete infiltration of Co9S8 nanocrystals as well as 
the formation of yolk-shell after sulfidation process.

To demonstrate the synthesis potential of common metal 
compounds, we successfully synthesized other metal oxide–
carbon yolk-shell samples, such as NiO and Fe3O4, by metal salt 
infiltration methods into highly porous carbon yolk-shell struc-
tures. The SEM images of NiO-H-YS and Fe3O4-H-YS show 
similar morphologies to that of Co3O4-H-YS, as shown in Figure 
S10a–d, Supporting Information. The SEM images of a broken 
microsphere reveal the formation of yolk-shell-structured micro-
spheres even through metal salt infiltrations and oxidation. The 
XRD patterns in Figure S10e, Supporting Information confirm 
the formation of NiO and Fe3O4 phases in NiO-H-YS and Fe3O4-
H-YS, respectively. In order to maintain the morphology of the 

Small Methods 2023, 2201370

Figure 6.  Crystal structures and chemical states of Co3O4-H-YS, CoSe2-
H-YS, and H-YS microspheres: a) XRD patterns, b–c) XPS spectra cor-
responding to b) Co 2p, c) C 1s, and d) Raman spectra.
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shell stably even after posttreatment, we fabricated yolk-shell 
carbon microsphere with a thick shell by doubling the amount 
of PVP from the ratio of PVP/sucrose (1/4 wt%) (denoted as 
D-YS-TS). By improving the weight ratio of PVP, the thick-
ness of the shell derived from PVP could be increased, and the 
spherical shape of the shell was improved accordingly as shown 
in Figure S11a, Supporting Information. Moreover, the spherical 
shape was well maintained even after the oxidation process, as 
shown in Figure S11b,c, Supporting Information. To verify the 
porosity increase of the carbon yolk-shell by adding magnesium 
component during the preparation of precursor powders in the 
spray pyrolysis process, carbon yolk-shell was prepared from 
a precursor, which was obtained by a spray solution with the 
same conditions except for magnesium salt; the morphological 
properties are shown in Figure S12, Supporting Information. 
The SEM images of the carbon yolk-shell structures with and 
without the assistance of magnesium salt were almost identical. 

However, the morphologies of Co3O4-H-YS and CoSe2-H-YS, 
formed from the carbon yolk-shell without the assistance of 
magnesium salt (denoted as Co3O4-H-YS-WM and CoSe2-H-YS-
WM), exhibited cobalt compounds crystallized on the surface of 
the carbon shell. This indicates that in the case of carbon, where 
a sufficient porosity was not developed, the metal salt was not 
penetrated to the inside and was primarily impregnated outside, 
which promoted the crystal growth outward of the shell by the 
Ostwald ripening effect. To utilize the carbon yolk-shell as a res-
ervoir for ultrafine nanocrystals, the effect of the addition of a 
magnesium component was very important.

To confirm the effectiveness of the cobalt compound–carbon 
yolk-shell structures as anode materials for alkali-ion bat-
teries (lithium-, sodium-, potassium-ion batteries (LIBs, SIBs, 
and KIBs, respectively)), the electrochemical properties of the 
cobalt compounds (Co3O4, CoSe2)–carbon yolk-shell structures 
as anode materials were investigated, as shown in Figures 7–9. 

Small Methods 2023, 2201370

Figure 7.  Electrochemical properties of Co3O4–H-YS, Co3O4-D-CS electrodes for LIBs. a) CV curves of Co3O4-H-YS, b) initial discharge and charge 
curves, c) rate performances, d) cycle performances at a current density of 2 A g−1, e) Nyquist plots of fresh cells, f) Nyquist plots after 100 cycles, and 
SEM images after 100 cycles of g) Co3O4-H-YS and h) Co3O4-D-CS.
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The Co3O4-carbon yolk-shell was applied as an anode material 
for LIBs, whereas the CoSe2-carbon yolk-shell was employed 
as an anode material for SIBs and KIBs. Cyclic voltammetry 
(CV) measurements on Co3O4-H-YS and Co3O4-D-CS were per-
formed in a potential range of 0.001–3.0 V (vs Li+/Li) at a scan 
rate of 0.1 mV s−1 for the initial five cycles, as shown in Figure 7a 
and Figure S13, Supporting Information, respectively. The CV 
curves of Co3O4-H-YS and Co3O4-D-CS exhibited analogous 
forms to those reported for Co3O4 electrode materials. In the 
initial cathodic sweep, an obvious peak at 0.73 V was observed; 
this was related to the conversion reaction from Co3O4 to 
metallic Co and Li2O.[34,35] The two anodic peaks ≈1.3 and 2.1 V 
were attributed to the oxidation transformation from metallic 

Co/Li2O to Co3O4 by two reversed steps.[34,35] After the second 
cycle, the reversible cathodic and anodic peaks corresponded 
to the reduction and oxidation of the metallic Co and Co3O4 
phase, respectively. The initial discharge and charge potential 
profiles of Co3O4-H-YS and Co3O4-D-CS at a current density of 
0.5 A g−1 are presented in Figure 7b. The two samples exhibited 
a plateau at 1  V approximately, corresponding to Li+ insertion 
into the crystal structure of Co3O4 and reduction of the Co ions 
to metallic Co. Co3O4-H-YS and Co3O4-D-CS exhibited initial 
discharge capacities of 1415 and 1312 mA h g−1 and initial Cou-
lombic efficiencies (ICE) of 58.4 and 66.2%, respectively. The 
lower ICE of Co3O4-H-YS than that of Co3O4-D-CS was owing 
to the more formation of a solid electrolyte interface (SEI) film 

Small Methods 2023, 2201370

Figure 8.  a) CV curves of Co3O4-H-YS at various sweep rates, b) fitted log (peak current) versus log (scan rate) for Peak 1 and Peak 2 of Co3O4-H-YS,  
c) CV curves of Co3O4-D-CS at various sweep rates, d) fitted log (peak current) versus log (scan rate) for Peak 1 and Peak 2 of Co3O4-D-CS, e) CV curves 
of Co3O4-H-YS showing capacitive contribution (green color shaded area) to the total current at a scan rate of 1.5 mV s−1, and f) capacity contribution 
of Co3O4-H-YS at different scan rates.
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and organic polymeric gel-like layer by electrolyte decomposi-
tion during the first discharge process. The hollow nanocarbon 
aggregate@void@shell configuration with a porous structured 
shell provided good channels for the penetration of the electro-
lyte into the nanostructured active material, thereby uniformly 
forming a SEI film and contributing to the organic polymeric 
gel-like layer by electrolyte decomposition. The rate capabilities 
of Co3O4-H-YS and Co3O4-D-CS were compared, as shown in 
Figure 7c. Up to a relatively low current density of 2 A g−1, the 
two samples exhibited similar rate properties; however, differ-
ences were observed at high current densities between 4 and  
10 A g−1. The porous and hollow structure of Co3O4-H-YS con-
tributed to the small diffusion distance of the lithium ions, 
thereby resulting in an excellent rate capability. Moreover, the 
carbon substrate of the two samples provided stability even at 
a high current density of 10 A g−1. The capacities of the two 
samples were stably recovered at a current density of 0.5 A g−1. 
Co3O4-H-YS exhibited reversible discharge capacities of 905, 
812, 667, 506, 420, 347, and 284 mA h g−1 at current densities  
of 0.5, 1, 2, 4, 6, 8, and 10 A g−1, respectively. The capacity 

returned to 941 mA h g−1 when the current density was reduced 
to 0.5 A g−1. The cycle performances of Co3O4-H-YS and Co3O4-
D-CS at a current density of 2.0 A g−1 are shown in Figure 7d. 
During the initial 100 cycles, the two electrodes exhibited high 
cycle stabilities. After these cycles, Co3O4-D-CS exhibited a con-
tinuous capacity fading owing to structural destruction from 
the dense structure by volume change during the long-term 
cycling. However, Co3O4-H-YS maintained the high capacities 
over 400 cycles owing to the high structural stability. The dis-
charge capacity of Co3O4-H-YS decreased slightly from 731 to 
622 mA h g−1 from the 2nd cycle to the 400th cycle, whereas that 
of Co3O4-D-CS decreased rapidly from 723 to 491 mA h g−1 in 
the same cycle range. To get the actual lithium-ion storage of 
carbon component in the cobalt oxide and carbon composite, 
the cycle tests of bare hollow yolk-shell (H-YS) and dense core-
shell (D-CS) anodes for LIBs were conducted as shown in 
Figure S14, Supporting Information. In this study, the carbon 
yolk-shell microspheres, which were derived from decomposi-
tion of PVP and sucrose under 1000  °C, had characteristic of 
amorphous and some of the hard carbon. Therefore, the initial 

Small Methods 2023, 2201370

Figure 9.  Electrochemical properties of CoSe2-H-YS and CoSe2-D-CS electrodes for a,c,e) SIBs and b,d,f) KIBs. CV curves of CoSe2-H-YS at the scan 
rate of 0.1 mV s−1 for a) SIBs and b) KIBs. c) Cycle performances of CoSe2-H-YS and CoSe2-D-CS for SIBs at a current density of 0.5 A g−1 with activation 
first at a cycling rate of 0.1 A g−1 for five times. d) Cycle performances of CoSe2-H-YS and CoSe2-D-CS for KIBs at a current density of 0.2 A g−1. Rate 
performances of CoSe2-H-YS and CoSe2-D-CS for e) SIBs and f) KIBs.
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Coulombic efficiencies of H-YS and D-CS exhibited low values, 
which were ascribed to the formation of solid electrolyte inter-
face (SEI) film and organic polymeric gel-like layer by elec-
trolyte decomposition during the first discharge process into 
micropores inside or on the surface of a microsphere. After 
400 cycles, the reversible discharge capacities of H-YS and 
D-CS are 261 and 119 mA h g−1 at a current density of 2.0 A g−1, 
respectively. Considering carbon contents in the cobalt oxide–
carbon composite, which was proved in the TG data (Figure S8,  
Supporting Information), the acutual capacity contributed by 
carbon in Co3O4-H-YS and Co3O4-D-CS after 400th cycle is cal-
culated to 73 and 33  mA h g−1. It revealed that hollow struc-
tured yolk carbon@void@shell configuration contributed to 
more reactive and storage sites for lithium ions compared to 
dense structured yolk@shell. To demonstrate the electrochem-
ical superiority of Co3O4-H-YS, the cycle and rate performances 
of Co3O4-D-YS prepared by the spray solution with a ratio of 
PVP/sucrose 1/4 were analyzed, as shown in Figure S15, Sup-
porting Information. Compared to Co3O4-D-CS, the yolk part 
exhibited a similar dense structure resulting in analogous elec-
trochemical performances.

The lithium-ion storage performance of Co3O4-H-YS was 
superior to that of Co3O4-D-CS according to electrochemical 
impedance spectroscopy measurements before cycling and 
after 100 cycles, as shown in Figure  7e,f, respectively. The 
medium-frequency semicircle represents the charge transfer 
resistance (Rct), whereas the line inclined at approximately 45° 
to the real axis represents the Li diffusion within the electrodes. 
Co3O4-H-YS and Co3O4-D-CS had similar Rct values before 
the cycling, whereas a difference in Rct was observed after  
100 cycles. The additional semicircle observed for Co3O4-
D-CS confirmed the formation of a thick SEI layer owing to 
the severe structural breaking during the repeated cycling. 
Co3O4-H-YS and Co3O4-D-CS had Rct values of 21.8 and  
36.5 Ω, respectively, after 100 cycles. These results were 
consistent with the difference between the structural mor-
phologies after the cycling of the two samples, as shown in 
Figure  7g,h. The SEM images of Co3O4-H-YS and Co3O4-
D-CS after 100 cycles indicate that the hollow nanosphere 
aggregated yolk@void@shell configuration structure had a 
structural stability compared with the dense structured micro-
sphere during the repeated volume changes. The lithium-ion 
diffusion coefficient of Co3O4-H-YS and Co3O4-D-CS after  
100 cycles was obtained by the straight line in the 
low-frequency domain of Nyquist plots in Figure 7e,f, respec-
tively. The diffusion coefficient of Li-ions (DLi+) can be calcu-
lated using the following equation

σ=+ 0.5( / F C )Li
2 2 2D RT Sn � (1)

Information on the parameter values is available in the litera-
ture.[36] After 100 cycles, the relationship plot between the real 
part of the impedance (Zre) and w−1/2 after 100 cycles for Co3O4-
H-YS and Co3O4-D-CS electrodes was shown in Figure S16, 
Supporting Information. Considering Warburg factor slope, the 
lithium-ion diffusion coefficients of Co3O4-H-YS and Co3O4-
D-CS were calculated as 7.14 × 10−15 and 5.56 × 10−15 cm2 s−1,  
respectively. It revealed that hollow and porous structured 
yolk@void@shell configuration contributed to the enhanced 
lithium-ion diffusion properties.

CV rate tests were conducted at scan rates of 0.1, 0.2, 0.4, 
0.6, 0.8, 1.0, 1.5, and 2.0 mV s−1 to compare the electrochemical 
kinetic properties of Co3O4-H-YS and Co3O4-D-CS, as shown in 
Figure  8. The CV curves of the two samples were commonly 
broadened and slightly shifted as the scan rate increased, which 
revealed the polarization of the electrodes. Through the CV 
curves at various scan rates, the relative diffusion and capaci-
tive contributions of the samples were calculated using the 
equation:[37]

( ) ( ) ( )= +log logi blog v a � (2)

where i is the measured current and v is the scan rate. A b-value 
close to 0.5 implies that the electrochemical behavior is con-
trolled primarily by ionic diffusion, whereas a b-value close to 
1.0 corresponds to a capacitive behavior dominating the total 
reaction. The b-values corresponding to the reduction and oxi-
dation peaks in the two samples were obtained, as shown in 
Figure  8b,d. Co3O4-H-YS exhibited higher b values than those 
of Co3O4-D-CS at reduction (peak 1) and oxidation (peak 2). This 
implies that Co3O4-H-YS had  a dominant surface-controlled 
behavior in the redox process owing to the porous and hollow 
structure compared with Co3O4-D-CS. Kinetic characterizations 
of the electrodes were performed by separating the capacitive 
capacity and diffusion-controlled capacity. The relative con-
tributions at a fixed potential could be calculated using the 
equation:[38]

( ) = +1 2
1/2i V k v k v � (3)

where k1v and k2v1/2 correspond to the surface capacitive 
behavior and diffusion-controlled process, respectively. The 
capacitive contribution of the current at a specific potential can 
be determined by defining the values of k1 and k2. At a scan 
rate of 1.5  mV s−1, the capacitive contribution (green color 
shaded area) of Co3O4-H-YS was 71%. This value continuously 
increased with the scan rate, reaching 76% at a high scan rate 
of 2.0 mV s−1 (Figure 8f). The ratio of the capacitive-controlled 
contribution of Co3O4-H-YS revealed a fast transport of the Li 
ions; this property improved the electrode rate capability.

The CoSe2 yolk-shell microspheres (CoSe2-H-YS and CoSe2-
D-CS) were applied as anode materials for SIBs and KIBs. 
Their electrochemical properties are shown in Figure 9. The CV 
curves of CoSe2-H-YS and CoSe2-D-CS in Figure 9a and Figure 
S17, Supporting Information exhibit typical cathodic and anodic 
shapes of cobalt diselenide as an anode for SIBs, as reported 
in the literature.[39–41] During the initial discharging process, 
several peaks at 1.15 and 0.79  V, related to the multistep elec-
trochemical reactions, were observed, and attributed to Na-ion 
intercalation (NaxCoSe2) and conversion reactions (metallic Co 
and Na2Se), respectively.[39–41] The distinct reduction peak at 
0.79  V was also attributed to the decomposition of electrolyte 
and the formation of a SEI layer.[39,40] The considerable anodic 
peaks around 1.97 V could be attributed to the desodiation  
process.[40,41] The CV curves of CoSe2-H-YS and CoSe2-D-CS  
as anode materials for KIBs are presented in Figure  9b and 
Figure S18, Supporting Information. During the first cathodic 
sweep, the two electrodes exhibited distinct peaks at ≈1.1 and 
0.65 V, corresponding to the K+ ion insertion in the CoSe2 crystal 
(KxCoSe2) and potassiation reaction from KxCoSe2 to Co and 
K2Se as well as the formation of a SEI layer, respectively.[42,43] 

Small Methods 2023, 2201370
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The subsequent peak ≈0.01–0.1  V was related to the K+ inter-
calation into the carbon yolk-shell matrix.[42,43] In the initial 
anodic sweep, the peaks at 1.08, 1.75, and 2.25  V were attrib-
uted to the stepwise transformation of potassium selenide and 
metallic Co into CoSe2 nanocrystals, whereas the peak at 0.5 V 
corresponded to the release of K+ from the carbon matrix.[42–45]

The galvanostatic discharge/charge curves of CoSe2-H-YS 
and CoSe2-D-CS in Figure S19, Supporting Information could 
be well-fitted to the redox peaks in the CV curves. The cycle 
performances of CoSe2-H-YS and CoSe2-D-CS as anodes for 
SIBs and KIBs are shown in Figure 9c,d, respectively. The ini-
tial increasing capacities of CoSe2-H-YS for SIBs and KIBs are 
commonly attributed to partially structural destruction, and 
consequent formation of a polymeric gel-like film that was 
attributed to the reversible formation of SEI layers via the elec-
trocatalytic effect of metallic Co nanocrystals.[46] Compared with 
the LIBs properties, the two electrodes exhibited differences 
regarding the cyclic stability. CoSe2-D-CS for SIBs exhibited 
a stable cycle performance in the initial 50 cycles, whereas a 
large capacity decay was observed afterward. Moreover, CoSe2-
D-CS exhibited a rapid performance degradation for KIBs from 
the beginning. Thus, maintaining the stability of the electrode 
material in KIBs was more challenging compared with LIBs 
and SIBs.[47] In contrast, CoSe2-H-YS exhibited excellent cyclic 
stabilities for both SIBs and KIBs. The structural merit of the 
hollow nanosphere aggregate@void@shell configuration con-
tributed to the stable cycle performance even as an anode for 
KIBs. The discharge capacities of the CoSe2-H-YS electrodes for 
SIBs and KIBs at the 200th cycle were 311 and 271  mA h g−1, 
respectively, whereas those of the CoSe2-D-CS electrodes for 
SIBs and KIBs were 142 and 100 mA h g−1, respectively. Further, 
the CoSe2-H-YS electrode exhibited excellent rate performances 
compared to CoSe2-D-CS for SIBs and KIBs, as observed in 
Figure 9e,f, respectively. The porous and thin hollow shell con-
sisting of CoSe2-H-YS facilitated the shortened ion diffusion 
and fast electrolyte penetration compared to the dense struc-
tured CoSe2-D-CS.[48] CoSe2-H-YS for SIBs exhibited reversible 
discharge capacities of 461, 434, 404, 376, 346, 301, 255, and 
209 mA h g−1 at current densities of 0.1, 0.2, 0.5, 1.0, 2.0, 4.0, 
6.0, and 8.0 A g−1, respectively, CoSe2-H-YS for KIBs exhibited 
reversible discharge capacities of 373, 348, 312, 271, 208, 154, 
98, and 60  mA h g−1 at current densities of 0.1, 0.2, 0.5, 1.0, 
2.0, 3.0, 4.0, and 5.0 A g−1, respectively. In contrast, CoSe2-D-CS 
exhibited low reversible capacities of 95 and 5 mA h g−1 at high 
current densities of 8.0 and 5.0 A g−1 for SIBs and KIBs, respec-
tively. To show the structural stability of CoSe2-H-YS, the SEM 
images of CoSe2-H-YS after 50 cycles as anode materials for 
SIBs and KIBs, respectively, were exhibited in Figure S20, Sup-
porting Information. The yolk-shell configuration of CoSe2-H-
YS after cycling revealed their structural stability even though 
rapid volume expansion and contraction as anode materials of 
SIBs and KIBs.

Furthermore, CoSe2-D-YS prepared by the spray solution 
with a ratio of PVP/sucrose 1/4 was produced to demonstrate 
the electrochemical superiority of CoSe2-H-YS as anode mate-
rials for SIBs and KIBs. The SEM images in Figure S21, Sup-
porting Information exhibited the formation of dense yolk@
void@shell configuration structure of CoSe2-D-YS. The electro-
chemical performances of CoSe2-D-YS as anode materials for 

SIBs and KIBs are shown in Figure S22 and S23, Supporting 
Information. Interestingly, the cycling stabilities of CoSe2-D-YS 
for SIBs and KIBs are obviously superior to those of CoSe2-D-CS 
compared to properties of LIBs. Although the yolk was dense, it 
could be seen that it showed structural stability because of the 
space with voids in the process of Na or K-ion storages which 
had more severe rapid expansion and contraction than lithium-
ions. However, regarding the rate characteristics, since there 
was no significant difference between CoSe2-D-YS and CoSe2-
D-CS, it could be seen that the hollow and porous yolk struc-
ture of CoSe2-H-YS has an effect to fast diffusion properties. It 
could be seen that the overall hollow and porous structure of 
the structure was an important factor for excellent properties in 
the alkali-ion storage property accompanied by volume expan-
sion by the conversion reaction.

3. Conclusions

In this study, new synthesis strategies for nanostructured 
carbon yolk-shell microsphere that enable to control mor-
phology and size of yolk part were first introduced. The specific 
characteristic of the carbon yolk-shell microsphere according to 
the ratio of PVP/sucrose in the spray solution was investigated. 
The prepared nanostructured carbon yolk-shell microsphere 
was utilized as an effective reservoir for ultrafine cobalt com-
pound nanocrystals. Magnesium oxide was added to improve 
the pore volume capable of impregnating a metal salt. It was 
synthesized for the storage of metal compound nanocrystals. 
Cobalt compounds (cobalt oxide and cobalt selenide) were 
selected as the first target materials to form nanostructured 
cobalt compound–carbon composites as anode materials for 
alkali-ion batteries. This rational synthesis strategy could be 
employed to further improve their application potential in var-
ious fields, including energy storage and conversion, catalysis, 
fuel cells, and supercapacitors.

4. Experimental Section
The nanostructured carbon yolk-shell microsphere that enables to 
control morphology and size of yolk part were prepared by spray 
pyrolysis, selenization, and etching processes. The schematic diagram 
and digital photo of the spray pyrolysis system are shown in Figure S24, 
Supporting Information. During the spray pyrolysis process, droplets 
were generated using a 1.7-MHz ultrasonic spray generator consisting of 
six vibrators. The droplets were carried to a quartz reactor with a length 
of 1200 mm and diameter of 50 mm maintained at 400 °C using air as a 
carrier gas at a flow rate of 10 L min−1. The spray solution was prepared 
by dissolving 0.2  M of Sn(II) oxalate, 0.05  M of magnesium nitrate 
hexahydrate, 8 g L−1 of PVP (Mw = 40 000), and certain concentration of 
sucrose in 1 L of distilled water. In the case of mixing PVP and sucrose 
in the spray solution, the ratios of PVP/sucrose were 1/0, 1/1, 1/2, 1/4, 
and 1/8 wt%. The sprayed precursor powders were posttreated in a tube 
furnace at 1000 °C under a 10% H2/Ar atmosphere for 3 h to produce 
MgSe-C@C microspheres. In the immediate SnSe-MgSe-C@C obtained 
by the selenization process, tin selenide component was completely 
evaporated under a high temperature of 1000 °C. The obtained 
MgSe-C@C microsphere was etched by an HCl/HNO3 solution, thus 
resulting in the formation of a yolk-shell carbon  microsphere. Based 
on 1  g of carbon yolk-shell microsphere powders, 3.5  g of cobalt 
nitrate hexahydrate (Co(NO3)3·6H2O, Samchun Chemical Co. Ltd.) was 
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dissolved in a high-purity solution of ethyl alcohol. The solutions were 
infiltrated into carbon yolk-shell powders. Oxidation at 200 °C for 3  h 
under the air atmosphere transformed the cobalt nitrate-C yolk-shell into 
a Co3O4-C yolk-shell, whereas the selenization with a selenium powder 
at 300 °C under a 10% H2/Ar atmosphere for 3 h transformed the cobalt 
nitrate-C yolk-shell into the CoSe2-C yolk-shell. The NiO-C yolk-shell and 
Fe3O4-C yolk-shell microspheres were synthesized by the same under the 
air atmosphere. Detailed information pertaining to the characterization 
and electrochemical measurements of the prepared samples is provided 
in Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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