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Abstract. Sodium-ion batteries (SIBs) have been recognized as the promising alternatives to 

lithium-ion batteries (LIBs) for large-scale applications owing to their abundant sodium resource. 

Currently, one significant global challenge for SIBs thus was to explore feasible anode materials 

featured with high specific capacity and reversible pulverization-free Na
+
 insertion and extraction. To 

overcome this problem, we herein developed a facile co-engineering on polymorph phases and cavity 

structures based on CoMo-glycerate by scalable solvothermal sulfidation. The optimized strategy 

enabled the construction of an amorphous yolk-shell CoMoOxSy with synergized partially-sulfidized 

amorphous phase and yolk-shell confined cavity. After developed as the anodes for SIBs, such 

CoMoOxSy electrode delivered a high reversible capacity of 479.4 mA h /g at 200 mA/g after 100 

cycles and a high rate capacity of 435.2 mA h/g even at 2000 mA/g, demonstrating superior cycle 

stability and excellent rate capability. These are attributed to the unique dual merits of the anodes, i.e. 
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the elastic bountiful reaction pathways favored by the sulfidation-induced amorphous phase and the 

sodiation/desodiation accommodatable space benefited from the yolk-shell cavity. Such yolk-shell 

nano battery materials are merited with co-tunable phases and structures, facile scalable fabrication, 

and excellent capacity and rate capability in sodium storage. This provides an opportunity to develop 

advanced practical electrochemical sodium storage in the future. 

 

Keywords: Sodium-ion batteries; Co-engineering on polymorph phases and cavity structures; 

Amorphous yolk-shell CoMoOxSy; Electrochemical properties 

 

Introduction. 

Lithium-ion batteries (LIBs) have been widely used in portable electronic devices (ex., mobile 

phones, and laptops) and large-scale energy storage systems (ex., electric vehicles, and smart-grid) 

because of their high operating voltage, high energy density, low self-discharge and long 

lifespan.[1-4] However, the limited global lithium resources cannot achieve the sustainable 

development owing to the increasing large-scale demand in the energy storage market.[5-7] With the 

similar electrochemical reaction mechanism to that of LIBs, sodium-ion batteries (SIBs) have been 

regarded as a promising alternative owing to the abundant sodium resource, low-cost and proper 

redox potential, which are extremely suitable for large-scale application in smart-grid.[8, 9] The great 

obstacle for SIBs comes from the larger ionic radius of Na
+

 (0.102 nm), which can be hardly inserted 

into the graphite anode with very few sodium storage capacity.[10, 11] Besides, exploring novel 

anode materials for SIBs also suffers from the intrinsic sluggish reaction kinetics and the large volume 

changes upon sodiation/desodiation, which are still challenging and needed to be overcome urgently. 

As promising candidates for SIB anode materials, transition metal (ex., Co and Mo) sulfides have 

received considerable attention owing to their natural resource abundance, cheapness and high 

theoretical specific capacities.[12-15] However, the huge volume changes upon Na
+
 

insertion/extraction would produce great strain, which thus results in the pulverization problem of the 

electrode and eventually the rapid capacity fading.[16] To solve this problem, various strategies have 

been explored, including morphological, compositional and phase engineering of the electrode 

materials especially in nanoscale. On one hand, nanostructuring has been considered as an effective 

strategy, which can shorten the sodium ion diffusion paths, enlarge the contact between the electrode 
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and electrolyte, and facilitate the fast electron/ion transport.[17-19] To date, various nanostructured 

metal sulfides (ex., nanospheres, nanosheets, and nanoflowers) have been prepared and applied as SIB 

anodes.[20-22] Especially, yolk-shell structured materials have attracted numerous attention for 

sodium storage, in virtue of the unique cavity structure between the yolk and shell, which can buffer 

the volume changes upon sodiation/desodiation and thus alleviate the electrode pulverization 

problem.[23, 24] For example, Choi et al. have successfully constructed SnS-MoS2 yolk-shell 

microspheres which demonstrated superior sodium storage properties and high structural stabilities 

upon cycling, as compared to the solid microspheres.[25] Chen et al. reported the fabrication of the 

yolk-shell NiS2 nanoparticles in the porous carbon fibers and constructed a flexible fiber-shaped 

sodium battery, which displayed outstanding sodium storage properties with high specific capacity, 

ultrastable cycling stability and high rate capability.[26] Wang et al. also prepared a yolk-shell 

Co9S8/MoS2 polyhedron hybridized with N-doped carbon matrices deriving from a metal-organic 

framework precursor, which exhibited impressive rate capability and cycling performance.[27]  

On the other hand, engineering the phase, composition and crystallinity of the electrode materials 

is another effective strategy to enhance their electrochemical properties. Compared to metal oxides, 

metal sulfides generally exhibit better sodium storage performances due to their suitable redox 

potentials and higher intrinsic conductivity.[28, 29] Additionally, multiple composition hybridization 

can bring more structural defects and decrease the ion insertion barriers, which facilitate to enhance 

the electrochemical performance because of the largely increased electrochemically active sites, and 

the potential synergistic enhancement effect arising from step-wise reaction mechanism.[30, 31] 

Instead of preparing crystalline materials, developing amorphous anode materials with disordered 

structure has attracted considerable attentions owing the unique merits, such as the increased active 

sites, multiple ion diffusion pathways, reversed lattice variations and volumetric changes during the 

ion insertion/extraction processes.[32, 33]  

Herein, with combination of all the above enhancing strategies, we demonstrated the successful 

construction of amorphous yolk-shell bimetallic Co/Mo hybrid oxides/sulfides (denote as 

Y-CoMoOxSy) nanospheres, derived from the solid CoMo-glycerate nanospheres which were 

prepared via glycerol-assisted solvothermal method. Owing to the unique structure of glycerol, the 

large hydrogen bonds can easily combine with metal ions, forming metal-glycerol chelating 

compounds, which have been widely used to fabricate novel nanostructured inorganic 

materials.[34-36] In this work, we systematically investigated the use of CoMo-glycerate to 

synthesize the yolk-shell CoMoO4 nanospheres (denote as Y-CoMoO4) via directly annealing in air, 
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and the yolk-shell or hollow CoMoOxSy hybrid nanospheres via sulfurization under solvothermal 

condition using thioacetamide (TAA) as sulfur source. When studied as anodes for SIBs, the 

as-obtained amorphous yolk-shell CoMoOxSy nanospheres demonstrated better cycle stability and rate 

performance. 

 

Results and Discussion. 

 

Figure 1. (a) SEM and (b) TEM images of solid CoMo-glycerate nanospheres, and (c) 

HAADF-STEM image of a single CoMo-glycerate nanosphere with corresponding EDS maps of (d) 

Co, (e) Mo and (f) O elements. (g) SEM and (h) TEM images of Y-CoMoO4 nanospheres, and (i) 

HRTEM image of Y-CoMoO4 nanospheres taken from the selected area of (h). (j) HAADF-STEM 
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image of a single Y-CoMoO4 nanosphere with corresponding EDS maps of (k) Co, (l) Mo and (m) O 

elements. 

 

Figures 1a and b showed the SEM and TEM images of CoMo-glycerate precursor, which displayed 

solid nanosphere morphology with uniform diameters of 500-700 nm and smooth surfaces. 

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image 

and corresponding EDS mapping revealed the uniform distribution of Co, Mo and O elements within 

a single nanosphere (Figure 1c-f). After annealing in the air, CoMo-glycerate decomposed and 

converted into Y-CoMoO4 with conformal nanosphere morphology, but the solid structure converted 

into yolk-shell structure (Figure 1g-h), following the inside-out Oswald ripening mechanism.[37] 

HRTEM image of Y-CoMoO4 displayed distinct lattice fringes with d spacing of 0.67 nm (Figure 1i), 

which can be indexed to the (001) plane of the monoclinic CoMoO4 phase,[38, 39] consistent with the 

XRD analysis (will be discussed later). To further confirm the element distribution and the yolk-shell 

structure of Y-CoMoO4 nanospheres, HAADF-STEM image and corresponding EDS maps were 

taken on a single Y-CoMoO4 nanosphere (Figure 1j-m), which obviously revealed that Co, Mo and O 

elements were homogeneously distributed on the yolk and shell of the nanosphere with good 

overlapping. 
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Figure 2. (a) SEM, (b, c) TEM and (d) HRTEM images of Y-CoMoOxSy nanospheres. (e) 

HAADF-STEM image of a single Y-CoMoOxSy nanosphere with corresponding EDS maps of (f) Co, 

(g) Mo, (h) O and (i) S elements. 

 

Sulfurization of CoMo-glycerate under solvothermal condition using TAA as sulfur source resulted 

in the formation of yolk-shell Y-CoMoOxSy which can be regarded as hybrid Co/Mo oxides/sulfides. 

SEM image revealed that Y-CoMoOxSy displayed the conformal nanosphere morphology (Figure 2a), 

similar with that of CoMo-glycerate, but the surface became rough. Some broken spheres in Figure 2a 

and the TEM image (Figure 2b) demonstrated that the Y-CoMoOxSy nanospheres displayed a unique 

yolk-shell structure, and the thickness of the outer shell of Y-CoMoOxSy was around 30 nm (Figure 

2c). In addition, series of slim nanoclusters were grown on the shell surface with lengths of about 10 

nm and thickness of several nanometers (Figure 2c). HRTEM image clearly showed the well-defined 

lattice fringes with d spacing of 0.62 nm (Figure 2d), which can be ascribed to the (002) plane of 

MoS2.[40-42] The HAADF-STEM image with corresponding EDS maps taken on a single 

Y-CoMoOxSy nanosphere revealed that Co, Mo, O and S elements were well overlapped and 

uniformly distributed within the yolk-shell nanosphere (Figure 2e-i), suggesting the formation of 

Co/Mo oxides/sulfides.  

Hollow H-CoMoOxSy nanospheres were also prepared by prolonging the sulfurization duration to 

6h, and Figure 3a showed the well-defined spherical morphology with rough surface. Differently, 

H-CoMoOxSy exhibited a hollow structure with yolk completely disappeared, and the average 

thickness of the shell was around 30 nm (Figure 3b, c). As compared with Y-CoMoOxSy, the 

sheet-like crystallites on the surface of the nanosphere became shorter and wider, but the lattice 

fringes with d spacing of 0.62 nm belonging to MoS2 can still be well observed in the HRTEM image 

(Figure 3d). HAADF-STEM image and corresponding EDS maps of a single H-CoMoOxSy 

nanosphere demonstrated the disappearance of the yolk structure (Figure 3e-i), as Co, Mo, O and S 

elements were mainly distributed within the shells.  
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Figure 3. (a) SEM, (b, c) TEM and (d) HRTEM images of the H-CoMoOxSy nanospheres. (e) 

HAADF-STEM image of a single H-CoMoOxSy nanosphere with corresponding EDS maps of (f) Co, 

(g) Mo, (h) O and (i) S elements. 

 

 

Figure 4. (a) XRD patterns and (b) Raman spectra of Y-CoMoO4, Y-CoMoOxSy and H-CoMoOxSy 

nanospheres. 
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Figure 4a showed the XRD patterns of the Y-CoMoO4, Y-CoMoOxSy and H-CoMoOxSy 

nanospheres. Y-CoMoO4 exhibited well-defined diffraction peaks which can be indexed to the 

monoclinic CoMoO4 phase (JCPDS No. 21-0868). In contrast, no obvious diffraction peaks can be 

observed in the XRD patterns of Y-CoMoOxSy and H-CoMoOxSy, even though those MoS2 

crystallites were observed in the HRTEM image, which may be attributed to the interruption of the 

Co/Mo oxides/sulfides and the amorphous nature of some components.[43-45] Figure 4b compared 

the Raman spectra of Y-CoMoO4, Y-CoMoOxSy and H-CoMoOxSy nanospheres. For Y-CoMoO4, the 

apparent peaks at 336, 361, 812, 874 and 932 cm
−1

 can be ascribed to the Mo-O-Co stretching 

vibrations in CoMoO4.[39, 46] For Y-CoMoOxSy and H-CoMoOxSy, the intensities of the peaks 

belonging to Co-Mo-O became weaker and weaker with increasing sulfurization durations, which 

may suggest a gradual conversion from Co/Mo oxides to sulfides, and this was consistent with the fact 

that the oxygen content in H-CoMoOxSy is less than that in Y-CoMoOxSy. 

 

Figure 5. (a) Co 2p, (b) Mo 3d and (c) O 1s XPS spectra of Y-CoMoO4, Y-CoMoOxSy and 

H-CoMoOxSy nanospheres. (d) S 2p XPS spectra of Y-CoMoOxSy and H-CoMoOxSy nanospheres. 
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X-ray photoelectron spectroscopy (XPS) was performed to study the chemical compositions and 

chemical states of Y-CoMoO4, Y-CoMoOxSy and H-CoMoOxSy nanospheres (Figure 5). As shown in 

Figure 5a, the Co 2p spectrum of Y-CoMoO4 showed four peaks at 779.0, 785.7, 795.1 and 801.8 eV, 

which can be correspondingly assigned to the Co 2p3/2, the shake-up satellite peak, Co 2p1/2 and the 

shake-up satellite peak.[47-49] In contrast, the peaks in Y-CoMoOxSy and H-CoMoOxSy were very 

weak and only two peaks appear at 779.4 and 794.2 eV, which can be ascribed to the superficial 

cobalt oxide.[50] This could be due to that cobalt sulfides were susceptible to be oxidized in air 

according to the previous literatures.[51, 52] In the Mo 3d XPS spectrum of Y-CoMoO4 (Figure 5b), 

two prominent peaks at the binding energies of 232.2 and 235.3 eV were assigned to the Mo 3d5/2 and 

Mo 3d3/2, indicating the oxidation state of Mo
6+

,[48] while the two prominent peaks in Y-CoMoOxSy 

and H-CoMoOxSy located at around 228.7 eV and 231.9 eV, suggesting the presence of Mo
4+

 and the 

formation of MoS2. Besides, the peak at around 225.7 eV corresponded to S
2-

,[53] which became 

stronger in the H-CoMoOxSy, properly suggesting the increase of sulfide content. Besides, the 

molybdenum with Mo
4+

 and Mo
5+

 valence states can be roughly estimated as 88.5% and 11.5% (by 

areas beneath XPS peaks) from the Mo 3d XPS patterns after deconvolution, which was assigned to 

MoS2 and Mo2O5, respectively. As compared with that of Y-CoMoO4, the intensities of O1s peak for 

Y-CoMoOxSy and H-CoMoOxSy greatly decreased with increasing sulfurization duration (Figure 5c), 

suggesting the decrease of oxygen content in the hybrid. In the S 2p spectrum for Y-CoMoOxSy, the 

peaks at the binding energies of 163.2 and 168.5 eV corresponded to the O-S bond and S
2-

, 

respectively.[54] In H-CoMoOxSy, the peak of O-S became weakened and almost disappeared, while 

the S
2-

 peak can be deconvoluted into two peaks at 161.7 and 162.8 eV, which can be assigned to S 

2p3/2 and S 2p1/2, respectively.[55] As a result, XPS analysis further confirmed the gradual conversion 

from oxides to sulfides and the eventual formation of CoMoOxSy hybrid. This was confirmed by the 

measured O/S atomic ratio according to the XPS analysis, as shown in Table S2, where we can see 

that the O/S atomic ratios decreased greatly from 3.94 to 0.615 with extending the sulfurization 

duration, suggesting the increase of the S content and the decrease of the O content. 
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Figure 6. (a) Schematic illustration of the evolutions from solid CoMo-glycerate nanospheres to 

yolk-shell and hollow CoMoOxSy nanospheres. (b-d) TEM images for (b) CoMo-glycerate solid 

nanospheres and the resulting products after TAA sulfurization for different solvothermal reaction 

times: (c) 0.5 h, (d) 2 h, (e) 6 h. 

 

The formation mechanism of the yolk-shell and hollow CoMoOxSy nanospheres was investigated 

via a time-dependent experiment, in which the sulfidation process of CoMo-glycerate precursor was 

controlled by adjusting the solvothermal reaction time. As schematically illustrated in Figure 6a, the 

solid CoMo-glycerate nanospheres gradually converted into yolk-shell and finally hollow CoMoOxSy 

nanospheres, with the presence of TAA as a sulfurization agent. Under the solvothermal condition, 

TAA would firstly decompose and release the S
2-

 ions at high temperature, and then S
2-

 preferentially 

reacted with the solid CoMo-glycerate nanospheres at the surface region, forming rigid metal sulfides. 

During this inside-out Oswald ripening process, they would gradually form a gap between the inward 

yolk and the outward shell.[56] TEM images clearly reflected the structural evolutions from solid 

CoMo-glycerate nanospheres to yolk-shell and hollow CoMoOxSy nanospheres (Figure 6b-e). When 

the solvothermal reaction time was short (0.5 h), the yolk-shell structure started to form and the small 

gap cannot be obviously observed from the TEM image (Figure 6c). However, the HAADF-STEM 

image and corresponding EDS maps apparently confirmed the yolk-shell structure, and the Co, Mo, O 

and S elements were uniformly distributed within the yolk-shell nanosphere (Figure S1). With 

prolonging the sulfurization time, the gap between the yolk and shell gradually increased with the 
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consumption of the inner yolk, finally forming the yolk-shell nanosphere (Figure 6d) and the hollow 

nanosphere (Figure 6e). 

In order to study the correlation between sulfurization temperature and morphology microstructure 

of the CoMoOxSy nanospheres, the experiments at different temperatures (120 °C, 140 °C, 180 °C and 

200 °C) were performed. As shown in the TEM images in Figure S8, it is clear that all the CoMoOxSy 

nanospheres displayed unique yolk-shell structures, suggesting that the reaction temperature has little 

effect on the particle size and structure of the CoMoOxSy. 

 

Figure 7. Electrochemical properties of the Y-CoMoO4, Y-CoMoOxSy and H-CoMoOxSy electrodes. 

(a) CV curves of the Y-CoMoOxSy electrode for the first 3 cycles at a scan rate of 0.2 mV/s in the 

range of 0.01-3.0 V. (b) Galvanostatic discharge/charge profiles of the Y-CoMoOxSy electrode at 200 

mA/g. (c) Differential charge capacity versus voltage plots at different cycles. (d) Discharge-charge 

profiles of the Y-CoMoOxSy electrode at different current densities. (e) Rate performances of the 

Y-CoMoO4, Y-CoMoOxSy and H-CoMoOxSy electrodes at different current densities. (f) Cycle 

performances for the Y-CoMoO4, Y-CoMoOxSy and H-CoMoOxSy electrodes with the corresponding 

Coulombic efficiencies (CE) for the Y-CoMoOxSy electrode at 200 mA/g.  

 

To demonstrate their efficacy as anodes for sodium storage, the electrochemical properties of the 

Y-CoMoO4, Y-CoMoOxSy and H-CoMoOxSy electrodes were investigated in coin-type half-cells 

using sodium foil as the counter and reference electrode. Figure 7a displayed the cyclic 
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voltammogram (CV) curves of the Y-CoMoOxSy electrode for the first 3 cycles at a scan rate of 0.2 

mV/s. The peak at around 1.31 V in the first cathodic scan can be attributed to the sodiation of MoS2 

to NaxMoS2 (MoS2 + xNa
+
 + xe

-
 → NaxMoS2) and CoS2 to NaxCoS2 (CoS2 + xNa

+
 + xe

-
 → NaxCoS2). 

Besides, the broad and prominent peak centered at around 0.52 V corresponded to the conversion 

reactions from NaxMoS2 to metallic Mo (NaxMoS2 + (4-x)Na
+
 + (4-x)e

-
 → Mo + 2Na2S) and NaxCoS2 

to metallic Co (NaxCoS2 + (4-x)Na
+
 + (4-x)e

-
 → Co + 2Na2S), accompanying with the decomposition 

of the electrolyte to irreversibly form the solid electrolyte interface (SEI) film.[16, 45] In the first 

anodic scan, there were four peaks located at about 0.41, 1.49, 1.82 and 2.08 V, which can be ascribed 

to the oxidation reaction of metallic molybdenum to NaxMoS2 (Mo + 2Na2S → NaxMoS2 + (4-x)Na
+
 

+ (4-x)e
-
), the desodiation process from NaxMoS2 to MoS2 (NaxMoS2 → MoS2 + xNa

+
 + xe

-
), and the 

similar stepwise oxidation reaction and desodiation process associated with the metallic cobalt to 

CoS2 (Co + 2Na2S → NaxCoS2 + (4-x)Na
+
 + (4-x)e

-
, NaxCoS2 → CoS2 + xNa

+
 + xe

-
), respectively. In 

the subsequent cycles, the two cathodic peaks shifted to higher voltages, which may be attributed to 

the activation process and the structural variation of the Y-CoMoOxSy electrode after the first CV 

cycle.[57] Since the second CV cycle onward, the profiles were well overlapped, suggesting the good 

reversibility of the electrochemical reactions in the Y-CoMoOxSy electrode.  

Figure 7b showed the discharge/charge profiles of the Y-CoMoOxSy electrode at 200 mA/g, which 

delivered the initial discharge/charge capacities of 692.2/520.0 mA h/g with a high initial Coulombic 

efficiency (ICE) of 73.96 %. The large capacity loss in the first cycle was a common phenomenon in 

various SIB anodes such as MoSe2, SnO2 and MoO2 due to the formation of SEI film and the 

decomposition of electrolyte in the low voltage range.[58-60] Besides, the exposed large surface area 

(~24.7 m
2
/g, shown in Figure S5) of the Y-CoMoOxSy electrode maybe also influence the ICE.[61] In 

the following cycles, the CEs of the Y-CoMoOxSy electrode can maintain at about 99% after 100 

cycles, indicating the good reversibility. Figure 7c showed the differential charge capacity versus 

voltage plots, and four peaks in the first charge process were well consistent with the CV analysis. A 

new peak at 1.61 V emerged in the 10
th
 cycle, and all the five peaks remained in the 100

th
 cycle, 

suggesting the highly reversibility of the oxidation/desodiation reactions.[62] Besides, two peaks 

appeared at around 1.94 and 2.16 V became obviously visible in the 100
th
 cycles, which can be 

ascribed to the oxidization process of metallic Co species.[63, 64] 

Figure 7d presented the discharge-charge profiles of the Y-CoMoOxSy electrode at different current 

densities ranging from 100 to 2000 mA/g. It was observed that the small increase in the charge 

plateau illustrated the rapid reaction kinetics and the low polarization of the Y-CoMoOxSy 
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electrode.[65] Figure 7e compared the rate performances of the Y-CoMoO4, Y-CoMoOxSy and 

H-CoMoOxSy electrodes with current densities ranging from 100 to 2000 mA/g. The Y-CoMoO4 

electrode displayed extremely small sodium storage capacities of 61.4, 39.8, 20.0, 11.3 and 6.1 mA 

h/g at current densities of 100, 200, 500, 1000 and 2000 mA/g each after 10 cycles, respectively, 

while the H-CoMoOxSy electrode exhibited slightly increased discharge capacities of 219.5, 181.0, 

130.9, 94.9 and 59.5 mA h/g at the same condition. Interestingly, the Y-CoMoOxSy electrode 

displayed much higher reversible capacities of 531.2, 511.7, 497.3, 480.7 and 435.2 mA h/g at 

progressively increased current densities from 100 to 200, 500, 1000 and 2000 mA/g, respectively. 

Even recovering the current density from 2000 to 100 mA/g, the Y-CoMoOxSy electrode still 

maintained a discharge capacity of 540.6 mA h/g after another 20 cycles, which was much higher than 

that of the Y-CoMoO4 and H-CoMoOxSy electrodes, suggesting the best rate capability of the 

H-CoMoOxSy electrode.  

Figure 7f compared the cycle performances of the Y-CoMoO4, Y-CoMoOxSy and H-CoMoOxSy 

electrodes at 200 mA/g. The Y-CoMoOxSy electrode delivered a high discharge capacity of 479.4 mA 

h/g at 200 mA/g after 100 cycles, much higher than that of the Y-CoMoO4 (26.9 mA h/g) and 

H-CoMoOxSy electrodes (227.7 mA h/g). Furthermore, when at a higher current density (1000 mA/g), 

the Y-CoMoOxSy electrode delivered a high discharge capacity of ~403 mA h/g at 1000 mA/g after 

100 cycles (Figure S6). The superior sodium storage performance of the Y-CoMoOxSy electrode, 

including higher specific capacity, better cycling stability and rate capability, could be ascribed to the 

synergistic enhancement effect of the unique yolk-shell nanosphere architecture and the amorphous 

Co/Mo oxides/sulfides. The inner yolk of the yolk-shell nanospheres can largely increase 

electrochemically active sites for intercalating sodium ions and thus enlarge the energy density of the 

whole electrode;[66, 67] In addition, the middle cavity between yolk and shell can prevent the volume 

change of electrodes during the charge and discharge processes, and thus suppress the pulverization of 

electrodes.[68, 69] Additionally, the amorphous structure with disordered lattices can provide 

multiple Na
+
 diffusion pathways and more electrochemically active sites for Na

+
 intercalation,[66, 67] 

and showed reversed lattice variations and volumetric changes upon sodiation/desodiation, thus 

facilitating to alleviate the volume changes. Moreover, electrochemical impedance spectroscopy (EIS) 

was carried out to investigate the charge transfer kinetics of the Y-CoMoOxSy electrode (Figure S2). 

The charge transfer resistance (Rct) at the high frequency region for the Y-CoMoOxSy electrode was 

around 286 Ω before cycling, and then reduced to 97 Ω after cycling, which indicated the fast charge 

transfer. Besides, the steeper inclined line at the low frequency region suggested the fast ion diffusion 
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rate in the Y-CoMoOxSy electrode. As compared with the previously reported cobalt-based and 

molybdenum-based anodes for SIBs (Table S1), the Y-CoMoOxSy electrode demonstrated outstanding 

sodium storage performance, indicating the high potential of the yolk-shell nanostructures as 

high-performance anodes for SIBs. 

 

 

Figure 8. Quantitative capacitive analysis of sodium storage behavior for the Y-CoMoOxSy electrode. 

(a) CV curves at various scan rates from 0.2 mV/s to 1.0 mV/s. (b) The corresponding logarithm peak 

current versus logarithm scan rate plots. (c) Separation of capacitive contribution (red region) and 

diffusion contribution at 1.0 mV/s. (d) Pseudocapacitive contribution ratio at different scan rates. 

 

Figure 8a showed the CV curves at different scan rates ranging from 0.2 to 1.0 mV/s, in order to 

investigate the reaction kinetics of the Y-CoMoOxSy electrode. Two cathodic peaks (Peak 1, Peak 2) 

and five anodic peaks (Peak 3-Peak 7) in each CV curve can be obviously observed, and the peak 

current increased with increasing the scan rates, which implied a pseudocapacitive behavior.[70] The 
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relationship between the peak current (i) and the scan rate (v) can be described by the following 

formula: i = av
b
 (namely, log(i) = log(a) + b log(v)), where b is an indicator of the charge storage 

mechanism, either pseudocapacitive or diffusion-controlled. When b value equals 0.5, it indicates that 

the electrochemical reaction is mainly diffusion-controlled, while b close to 1 indicates the 

electrochemical reaction is mainly a pseudocapacitive process.[71-73] The b value can be obtained 

from the logarithm peak current versus logarithm scan rate plots of the Y-CoMoOxSy electrode, as 

shown in Figure 8b. The b values are the slopes of the linear fitted lines for the seven peaks (Peak 

1-Peak 7), which are as 0.95, 0.89, 0.95, 0.98, 0.95, 1.09 and 0.97, respectively. This result suggested 

that the electrochemical behavior of the Y-CoMoOxSy electrode was mainly controlled by the 

capacitive processes, which contributed to the superior rate/cycle performance. In order to further 

quantitatively determine the capacitive contribution in the Y-CoMoOxSy electrode, the current can be 

separated into the capacitance-controlled (k1v) and diffusion-controlled (k2v
1/2

), which can be 

expressed by the following formula: i = k1v + k2v
1/2

 (k1 and k2 are constants).[74, 75] Figure 8c 

displayed the separated capacitive current (red region) contribution in the total current at different 

potential, and the capacitive contribution was as high as 77.1 % at the scan rate of 1.0 mV/s. Figure 8d 

compared the capacitive contribution at each scan rate, which increased from 69.7% to 77.1% with 

increasing the scan rate from 0.2 to 1.0 mV/s, further suggesting the high contribution of the 

pseudocapacitive mechanism. 

In order to reveal the structural stability of the Y-CoMoOxSy electrode upon cycling, SEM 

analysis was performed on the cycled electrode (as shown in Figure S9). It’s clearly observed that the 

Y-CoMoOxSy electrode still shows the well-defined sphere-like morphology even after 100 cycles at 

200 mA/g, suggesting the structural stability of the yolk-shell CoMoOxSy nanosphere. Importantly, 

the SEM taken from a broken sphere still exhibits the yolk-shell morphology, which further implies 

its capability in self-maintaining the yolk-shell structure during battery operation.  

 

Conclusions. 

In summary, we demonstrated the fabrication of amorphous yolk-shell Co-Mo oxide/sulfide 

nanospheres (Y-CoMoOxSy) via solvothermal sulfurization of CoMo-glycerate using TAA as sulfur 

source. The gap between yolk and shell can be feasibly controlled by adjusting the solvothermal 

reaction time. As SIB anode materials, the Y-CoMoOxSy electrode demonstrated superior sodium 

storage performance, delivering a higher discharge capacity of 479.4 mA h /g at 200 mA/g after 100 
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cycles and a higher rate capacity of 435.2 mA h/g at 2000 mA/g, which were much higher than that of 

the CoMoO4 (26.9 mA h/g after 100 cycles) and the hollow CoMoOxSy electrodes (227.7 mA h/g after 

100 cycles). The much enhanced sodium storage performance of the Y-CoMoOxSy electrode could be 

ascribed to its unique yolk-shell nanosphere architecture and the amorphous structure. Specifically, 

the amorphous structure can provide multiple pathways for ions and facilitate the Na
+
 diffusion, while 

the unique yolk-shell nanostructure can not only bring more electrochemically active sites, but also 

sufficiently shorten the sodium ion diffusion paths. In addition, the gap between yolk and shell can 

efficiently buffer the volumetric changes upon sodiation/desodiation. More importantly, this work 

opened an avenue to explore other high-performance amorphous anodes for SIBs with unique 

yolk-shell nanostructures, which promise the development of advanced electrochemical energy 

storage in the future.  

 

Experimental Section. 

Materials synthesis. All the chemicals were used as received without any further purification. Firstly, 

CoMo-glycerate nanospheres were synthesized as the precursors for the yolk-shell CoMoOxSy hybrid 

nanostructures. In a typical synthesis, 0.2 mmol cobaltous nitrate hexahydrate (Co(NO3)2·6H2O, 

Macklin, 99%), 0.2 mmol molybdenum acetylacetone (C10H16MoO6, Macklin, 97%) and 4 mL 

glycerol (C3H8O3, Macklin, 99%) were dissolved in 30 mL isopropanol ((CH3)2CHOH, Macklin, 

99.5%) under vigorous stirring, forming a pink transparent solution, which was then transferred into a 

50 mL Teflon tank sealed with stainless steel autoclave and heated at 180 °C for 24 h. After naturally 

cooling to room temperature, the brown precipitate was washed with ethanol for three times via 

centrifugation, and thus the collected CoMo-glycerate product was dried at 60 
o
C overnight.  

Syntheiss of yolk-shell CoMoO4 nanospheres (denote as Y-CoMoO4). Y-CoMoO4 was directly 

synthesized by annealing the as-prepared CoMo-glycerate nanospheres at 550 °C for 2 h in a muffle 

furnace with a heating rate of 1 °C/min.  

Synthesis of yolk-shell CoMoOxSy hybrid nanospheres (denote as Y-CoMoOxSy). Sulfurization of 

CoMo-glycerate was performed via solvothermal method to obtain the Y-CoMoOxSy hybrid. In a 

typical synthesis, 30 mg CoMo-glycerate nanospheres were ultrasonically dispersed in 30 mL ethanol 

for 30 min, and then 50 mg thioacetamide (TAA, Macklin, 99%) was added into the above 

suspension. Afterwards, the mixed solution was transferred to a 50 mL Teflon tank sealed with 
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stainless steel autoclave and heated at 160 °C for 2h. After cooling down naturally, the precipitate was 

collected and washed with ethanol for three times via repeated centrifugation, and then dried in an 

oven at 60 ℃ overnight. Finally, the Y-CoMoOxSy hybrid nanospheres were obtained by further 

annealing the above precipitate at 300 °C for 2 h under Ar atmosphere with a heating rate of 1 °C/min. 

For comparison, hollow CoMoOxSy hybrid nanospheres (denote as H-CoMoOxSy) were also prepared 

by increasing the solvothermal reaction time from 2h to 6h, while keeping other parameters constant 

during the synthesis. 

Materials Characterization. The morphological structures and the fine microstructures of the 

products were characterized by scanning electron microscope (SEM, FEI Quanta 250F) and 

transmission electron microscope (TEM, JEOL JEM 2100) as well as high-resolution TEM 

(HRTEM). The high-angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) was conducted (JEOL JEM-F200 (HR)), and the energy-dispersive X-ray 

spectroscopy (EDS) was also performed for elemental analysis. X-ray diffraction (XRD) patterns of 

the products were characterized on a Bruker D2 PHASER X-ray diffractometer with Cu Kα radiation 

(λ=1.5418 Å). Raman spectroscopy was measured on a Renishaw Raman RE01 Microscope with a 

633 nm excitation Ar laser. The chemical compositions and the surface electronic states of products 

were determined by X-ray photoelectron spectroscopy (XPS) using an ESCALAB Xi
+
 Thermo Fisher 

XPS instrument. 

Electrochemical Measurements. The electrochemical properties of the products were examined using 

CR2025 coin-type cells, which were assembled in Ar-filled glove-box with both H2O and O2 contents 

less than 1.0 ppm. The working electrode was prepared by mixing the active materials, acetylene 

black and polyacrylic acid (PAA, Mw=100000) with a weight ratio of 8/1/1 using deionized water as 

solvent. The uniformly mixed slurry was coated on a Cu foil and then dried at 70 ℃ overnight under 

vaccum, followed by cutting into circular disks with diameter of 14 mm as the working electrodes. 

The loading of active materials on each coin cell was about 0.67 mg/cm
2
. Sodium foil was used as the 

counter electrode, and Whatman glass fiber membrane was used as separator. The electrolyte was 1M 

NaClO4 dissolved in a mixed solution of ethylene carbonate/propylene carbonate (EC/PC, 1:1 in 

volume) with addition of 5 vol.% fluoroethylene carbonates. Cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) were conducted on an Autolab PGSTAT 302N 

electrochemical workstation, and Galvanostatic charge-discharge tests were carried out on a Neware 

BTS battery test system. 
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Facile co-engineering on polymorph phases and cavity structures based on CoMo-glycerate by 

scalable solvothermal sulfidation. The optimized strategy enabled the construction of an amorphous 

yolk-shell CoMoOxSy with sulfidation-induced amorphous phase and yolk-shell confined cavity. 

Such CoMoOxSy electrode with unique amorphous phase and yolk-shell cavity demonstrate superior 

cycle capacity and excellent rate capability as an anode material for sodium-ion batteries. 

 


