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A B S T R A C T   

In accordance with a double covering idea, the Sb@rGO@NSC (Sb covered by rGO and N, S doped carbons) with 
high performance is successfully synthesized by co-carbonizations using the SbCl3, GO, glucose, ammonium 
citrate and sulfocarbamide. The tremendous dispersions of Sb particles with nano sizes in carbon substrates and 
formations of 3D hierarchical porous structures make the Sb@rGO@NSC-0.3 composite material to possess the 
superior electrochemical performance. As can be seen, the Sb@rGO@NSC-0.3 manifests the high storage ca-
pacity (1121.2 mAh g− 1) at 0.5 A g− 1, over cycling 500 times. Concurrently, the storage capacity of 
Sb@rGO@NSC-0.3 has 721.1 mAh g− 1 and 342.9 mAh g− 1, even after carrying out the cycles 1000 times with 
current densities set as 1.0 A g− 1 and 5.0 A g− 1, respectively. The structural merits of Sb@rGO@NSC-0.3 can lead 
contents of Sb and contained carbons to develop their fundamental storage abilities as far as possible, which is a 
reason that the Sb@rGO@NSC-0.3 possesses exceedingly competitive storage performance.   

1. Introduction 

Nowadays, lithium-ion batteries (LIBs) as a marketable commodity 
have largely dominated the fields of electrical products such as portable 
electronics, electric vehicles (EVs) markets, energy storage systems 
(ESSs) and so on [1–3]. Nevertheless, with the explosive developments 
of the energy storage systems, the issue of how to contribute the 
excellent performance such as high mass energy density, power density, 
and long-term cycling stability under high currents to LIBs has received 
considerably critical attentions from manufacturers. Thus, fabricating 
electrodes with highly electrochemical performance has become of an 
important component in fabrication fields of electrodes of LIBs [4,5]. 

Using metals and metal oxides as negative electrodes is a popular 
idea to improve the storage capacity of negative electrodes due to their 
extremely high theoretical capacity [6,7]. Among them, Si/C composite 
materials have attracted widespread attentions because the Si possesses 
significantly high theoretical capacity of 4200 mAh g− 1 [8–10]. 

However, the electrochemical instabilities under high current densities 
gravely restrain the application scenarios of Si/C composite materials 
[11]. On the other hand, covering the carbon materials on the surface of 
metal oxides is an effective way to create anodes with high storage ca-
pacity [12–14]. Because of the fact that covering method can restrict the 
volumetric expansion not only, but also the conductivity is able to be 
improved by introducing the carbons. Nevertheless, the high 
charge-discharge plateaus of a part of metal oxides such as Fe3O4, FeO, 
SnO2 and NiO influence the power densities of assembled full cells 
[15–18]. Zhang et al. also pointed out that such materials would need to 
exceed specific capacity of 1000 mAh/g, in order to challenge the 
commercial graphite anode [19]. Therefore, fabricating the negative 
electrodes having the merits such as long cycle performance at big 
current densities, greatly high storage capacity and low 
charge-discharge plateaus are an extremely pivotal challenges in a 
number of research groups. 

In recent years, the Sb has drown more attention in fabrications of 
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electrodes of LIBs due to its advantages such as high theoretical capacity 
(660 mAh g− 1), suitable intercalation potential (0.8~0.9 V), low po-
larization voltage (~0.2 V) and so on [20–22]. In addition, compared 
with the Si, Ge and Sn, the layered fold structures on Sb lead it to possess 
the suitable space to store Li+ not only, but the conductivity of Sb can 
also be improved [23]. However, the structural collapse of Sb also exists 
in the charge-discharge processes, similar to the general storage type as 
an alloy reaction of metal and metal oxides [23–25]. 

On the basis of aforementioned descriptions, it is naturally consid-
erable that covering carbons on the surface of Sb is efficacious way to 
develop the storage capacity of Sb. However, carrying out the carbon 
covering once is not enough because the existed collapse phenomena of 
metal and metal oxides can not be avoided thoroughly, which causes 
that the prepared composite materials have not ideal storage capacity 
[25–26]. To improve the covering effects, the secondary covering on the 
basis of the first one is a conceivable way to improve the covering effect 
so as to develop the storage capacity of metal or metal oxides in metal or 
metal oxides / carbon composite materials. 

Furthermore, doping the N and S elements in carbon structures is 
another effective way to enhance the storage capacity of carbon mate-
rials because the doped N and S elements can improve the infiltration of 
electrolyte not only, but also expand the space of structures of carbons to 
enhance the storage capacity of Li+ [27]. 

Inspiring by the above discussions, in our studies, the 
Sb@rGO@NSC-X materials with 3D structures are fabricated by using 
the SbCl3, GO, glucose, ammonium citrate and sulfocarbamide, in 
accordance with the sedimentation and hydrothermal method. Com-
bined with detailed electrochemical evaluations, it is observed that the 
fabricated Sb@rGO@NSC materials manifest the extremely high storage 
capacity. As proof, the Sb@rGO@NSC-0.3 exhibits the high storage ca-
pacity (1151.3 mAh g− 1) over 100 cycles at 0.1 A g− 1. Additionally, 
when the current densities were respectively increased to the 1 A g− 1 

and 5 A g− 1, the storage capacity of 721.1 mAh g− 1 and 342.9 mAh g− 1 

of Sb@rGO@NSC-0.3 can be achieved, indicating that the 
Sb@rGO@NSC-0.3 possesses the extremely fabulous long-term cycling 
stability at high current densities. 

Based on the considerations regarding to the structure-activity 
relationship, it is considered that the exceedingly good dispersion of 
Sb particles and 3D hierarchical porous structures formed by existence 
of GO cause the impressive synergies between two contents of Sb and 
carbons in Sb@rGO@NSC-X composite materials, which leads 
Sb@rGO@NSC-X to have exceedingly tremendous storage capacity. 

2. Experiment 

2.1. Characteristics 

The measurements of X-ray diffraction (XRD) were performed by the 
X’pert Powder instrument from PANalytical. The X-ray photoelectron 
spectroscopy (XPS) measurements were carried out on a K-Alpha in-
strument from Thermo Fisher Scientific, USA. Nitrogen adsorption and 
desorption isotherms was measured by a Quadrasorbautosorb-iQ surface 
analyzer which was purchased from Quantachrome Instruments, USA. 
Specific surface areas were determined in detail, according to the 
Brunauer-Emmett-Teller (BET) method. The pore size distribution was 
assessed by a density functional theory (DFT) model for slit pores. 
Thermogravimetry (TG) measurements were recorded using a Rigaku 
TG-DTA8122 thermal analyzer under a flow of air with a heating rate of 
10 ◦C/min in a temperature range (25 ◦C-700 ◦C). Morphologies were 
evaluated by scanning electron microscopy (SEM) using an instrument 
produced by Carl Zeiss AG, Germany). LAND CT-3001A battery testing 
system was used to test the electrochemical performance of the buckle 
battery. Cyclic voltammetry and electrochemical impedance spectros-
copy (over a frequency range of 100 kHz-0.01 Hz and the amplitude was 
5 mV) were tested by CHI660E electrochemical workstation (ChenHua, 
Shanghai, China). 

2.2. Synthesis of a GO based intermediate containing SbOx 

The graphene oxide (GO) (0.1 g) was dispersed in an alcohol solution 
(80 mL). The hexadecyl trimethyl ammonium bromide (CTAB) (0.3 g) 
was added in the solution containing GO. The obtained mixture was 
mixed by ultrasonic for 30 min, and obtained homogeneous solution was 
named as α solution. The SbCl3 (8 mmol) was added into an alcohol 
solution (20 mL). The formed colorless transparent solution was named 
β solution. And then the β solution was dripped into the α solution with 
stirring. After dripping, the mixture solution was continuously stirred 
for 2 h, and it was filtered by a centrifugal separation to remove the 
unreacted antimonic salts. 

2.3. Synthesis of Sb@rGO@NSC-X composite materials 

The synthesized intermediate was dispersed in the deionized water 
(20 mL) by the ultrasonic for 30 min, and the obtained mixture solution 
was named as the γ solution. The glucose (0.1 g, 0.3 g or 0.5 g), 
ammonium citrate (0.2 g) and sulfocarbamide (1.8 g) were dissolved in 
the deionized water (30 ml), and this mixture solution was added into 
the γ solution. The obtained mixture solution was added into a reactor, 
and the reaction was carried out for 12 h at 90 ◦C. After cooling down to 
the room temperature, the dark solids were obtained by filtration and 
placed in a drying oven for 12 h at 90 ◦C. 

The obtained solids were placed in a quartz crucible, which was 
placed in a tube furnace. The heating temperature of tube furnace was 
risen to 550 ◦C with a heating rate of 3 ◦C/min, and maintained at 550 ◦C 
for 2 h. According to the dosages of glucose, the names of obtained 
composite materials were decided as Sb@rGO@NSC-X (X = 0.1, 0.3 or 
0.5 of glucose dosages). 

2.4. Electrochemical measurements 

The half-cells were prepared using the Sb@rGO@NSC-X composite 
materials. The Sb@rGO@NSC-X (70 mg) was mixed with the acetylene 
black (15 mg) and polyvinylidine fluoride (PVDF) binder (15 mg) in a 
weight ratio of 70:15:15 in N-methyl-2-pyrrolidone (NMP) solution. The 
obtained slurry was coated on the Cu foil and dried in a vacuum drying 
oven at 80 ◦C for 1 h to remove the solution. Subsequently, the Cu foil 
with the active materials was dried at 120 ◦C for 12 h in the same 
vacuum drying oven and cut into round shape strips of φ 11 mm in size. 
The mass loading of the active materials was controlled at 0.80 mg/cm2. 
The two-electrode electrochemical cells (CR2032 coin-type) were 
assembled in a glove box filled with high-purity argon, in which cells 
were assembled using the lithium metal foil (φ 15.60 mm × 0.45 mm) as 
a reference electrode, Celgard 2400 micro-porous membrane as a 
separator, and 1 M LiPF6 in the mixture of EC/DMC (1:1, vol%) with 5 
vol% fluoroethylene carbonates (FEC) as electrolyte. Galvanostatic 
charge-discharge test was carried out by LAND (CT 3001A) battery test 
system in the voltage range of 0.01–3.00 V. The CV curves were recor-
ded in the voltage region of 0.01–3.00 V at a scan rate of 0.2 mV/s. The 
impedance spectra were recorded in a frequency range of 100 kHz–0.01 
Hz. 

3. Results and discussion 

The fabrications and structural imagination of Sb@rGO@NSC-X are 
visualized as shown in Fig. 1. In particular, in order to understand 
structure of Sb@rGO@NSC-X better, a pie imagination was used to be a 
referable reference. The carbon contents in fabricated Sb@rGO@NSC-X 
materials were firstly verified by the TGA measurements (Fig. 2a). The 
remarkable weight losses in 300–600 ◦C are generally attributed to the 
burning of carbon and oxidations of Sb to Sb2O4 [24]. It is observed that 
the weight losses of Sb@rGO@NSC-0.1, Sb@rGO@NSC-0.2 and 
Sb@rGO@NSC-0.3 were 52.5%, 63.6% and 78.4%, respectively (The 
names of Sb@rGO@NSC-X composite materials are confirmed in the 
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Experimental section). After calculation, the carbon contents in 
Sb@rGO@NSC-X materials are 62.4%, 71.2% and 82.9%, respectively. 

To acquire a better understanding of the structures and character-
istics of Sb@rGO@NSC-X, as a contrast, the N, S doped GO carbon 
materials (rGO/NSC) were also fabricated by the same synthesization 
process with Sb@rGO@NSC-X materials. The N and S contents were 
evaluated by the elemental analysis (Table S1). Similar to reports by 
Chen et al., the pure Sb was also prepared in our studies so as to better 
conduct the comparisons of Sb@rGO@NSC-X with Sb [28]. The struc-
tures of Sb, rGO/NSC and Sb@rGO@NSC-X materials were investigated 
by the XRD measurements (Fig. 2b). It is found that the GO changed to 
the rGO, in agreement with a report by Mhamane et al. [14]. The (002) 
peaks of 25.7◦ and (100) peaks of 42.7◦ are observed in the rGO/NSC 
materials, indicating that it is in an amorphous statue [29]. In accor-
dance with the standard card of ICDD 01–085–1322, it is observed that 
Sb clearly exists in the Sb@rGO@NSC-0.1 and Sb@rGO@NSC-0.3 ma-
terials. The phenomenon that the peak of Sb was not clearly observed in 
the Sb@rGO@NSC-0.5 is probably attributed to the peaks of Sb being 
covered by the carbon peaks due to the over-adding of glucose. 

The structures of Sb, rGO/NSC and Sb@rGO@NSC-X materials were 
further surveyed by the Raman measurements (Fig. 2c). It is distinctly 
observed that the characteristic peak attributing to the Sb also exists in 
the Sb@rGO@NSC-X materials. Meanwhile, the characteristic peaks of 
general carbon materials in Sb@rGO@NSC-X materials are also verified 
at 1327 cm− 1 and 1569 cm− 1, which correspond to the D and G peaks, 
respectively [30]. As shown in Table S2, the ID/IG values of 
Sb@rGO@NSC-0.1, Sb@rGO@NSC-0.3 and Sb@rGO@NSC-0.5 are 
1.39, 1.44 and 1.35, respectively, revealing that Sb@rGO@NSC-0.3 
possesses the more disordered structures than others [31]. 

The morphologies of Sb@rGO@NSC-X materials are described by 
SEM measurements (Figs. 3a–g and S1). It is observed that the 3D porous 
structures were constructed by the surrounding of lamellar structures 
(Figs. 3a–c and S1c–h). These structures are conducive to accelerate the 
rapid penetration of electrolytes and Li+ transfer [32]. Compared to the 
Fig. S1d, it is thought that lamellar structures are mainly brought by rGO 
in composites, indicating that rGO exists in the Sb@rGO@NSC-X from 
another perspective. SEM-EDS images reveal that N and S elements 
dispersed in the Sb@GO@NSC-0.3 homogeneously (Fig. 3d–g). 

Especially, it is observed that some of the spherical substances exist in 
the Sb@GO@NSC-0.5 Fig. S1g. On the observations of SEM-EDS images, 
it is verified that spherical substances consist of a lot of carbon and a 
little bit of Sb (Fig. S2). Associated with a dosage of glucose, it is 
considerable that formations of spherical substances related to the over 
adding amount of glucose. 

The TEM measurements were further used to confirm the structures 
of Sb@rGO@NSC-0.3 (Fig. 3h–k). Fig. 3j demonstrates the Sb particles 
in sizes around 20–30 nm are covered by the carbons thoroughly, sug-
gesting that the Sb dispersed in carbon substrates very well. The Sb 
particles in nano sizes are beneficial to accelerate reaction kinetics for 
storing Li+ [24]. Additionally, the HRTEM images are indicative of that 
lattice spacing (0.311 nm) corresponding to the (012) plane of Sb is 
suggestive of that the Sb exists in the Sb@rGO@NSC-0.3 as an effica-
cious evidence (Fig. 3k). 

The general survey spectra of XPS are used to analyze the chemical 
states of Sb@rGO@NSC-X materials. As shown in Fig. S3, the peaks of C, 
N, O, S and Sb elements are observed at 285.6 eV, 399.6 eV, 530.6 eV, 
228.6 eV (S 2 s), 164.6 eV (S 2p), 814.6 eV (Sb 3p1/2), 769.6 eV (Sb 3p3/ 

2), 539.6 (Sb 3d) and 34.6 eV (Sb 4d) respectively. After carrying out the 
fitting of C1s, the peaks of 284.8 eV, 285.6 eV and 289.0 eV respectively 
corresponding to the C–C, C–N and C=O or C-S groups are observed 
distinctly (Fig. 4a) [29]. Fig. 4b describes the fitting peaks of N1s. It is 
obvious that the peaks of pyridinic N, pyrrolic N and quaternary N are 
398.7 eV, 400.7 eV and 401.9 eV, respectively, and their ratios of peak 
areas are 38.6%, 34.8% and 26.6%, respectively, revealing that pyr-
idinic N and pyrrolic N occupy a large proportion. This characteristic 
will induce numerous extrinsic defects and active sites for rapid ion 
diffusion and enhancing the electrochemical performance (Fig. 4b) [33]. 
In the S 2p fitting peaks, the peaks belonging to the S 2p1/2, S 2p3/2 and 
C-SOx-C bonds are observed at 164.1 eV, 165.3 eV and 168.4 eV, 
respectively (Fig. 4c) [27]. The Sb 3d5/2 and Sb 3d3/2 are observed at 
530.5 eV and 539.7 eV, respectively. An existence of O 1 s (531.9 eV) in 
the fitting peaks of Sb 3d indicates that the Sb oxides exist in the mi-
nority of the Sb@rGO@NSC-0.3 material (Fig. 4d) [24]. The XPS results 
suggest that the N,S-doping processes tremendously performed in 
carbonization processes. 

BET methods described the porous structures of Sb@rGO@NSC-X 
materials in detail (Figs. 4e, f and S4). The N2 adsorption-desorption 
isotherms of Sb@rGO@NSC-X materials can all be classified as type-IV 
isotherms with H3 hysteresis loops, indicating a lot of mesoporous 
exist in the Sb@rGO@NSC-X materials (Figs. 4e, f and S4) [34]. It is 
different from other materials, the micropores existing in the 
Sb@rGO@NSC-0.3 material causes that it possesses a bigger specific 
surface area (125.97 m2/g) and pore volume than the others (Fig. 4f and 
Table S3). Therefore, the hierarchical porous structures lead 
Sb@rGO@NSC-0.3 to possess the tremendous electrochemical 
performance. 

According to general electrochemical evaluations, the electro-
chemical performance of Sb, rGO/NSC, Sb@rGO@NSC-0.1, 
Sb@rGO@NSC-0.3 and Sb@rGO@NSC-0.5 were investigated 

Fig. 1. Fabrications and imaginations of Sb@rGO@NSC-X materials.  

Fig. 2. TGA curves of Sb@rGO@NSC materials (a). XRD patterns of Sb, rGO/NSC and Sb@rGO@NSC materials (b). Raman results of Sb, rGO/NSC and 
Sb@rGO@NSC (c). 
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thoroughly. It is clear that the Sb, rGO/NSC, Sb@rGO@NSC-0.1, 
Sb@rGO@NSC-0.3 and Sb@GO@NSC-0.5, respectively exhibit the 
storage capacity (102.4 mAh g− 1, 429.7 mAh g− 1, 914.2 mAh g− 1, 
1151.3 mAh g− 1 and 756.6 mAh g− 1) at 0.1 A g− 1 over 100 cycles, 
revealing that the Sb@rGO@NSC-0.3 possesses the much higher storage 
capacity than other materials (Fig. 5a). The storage tendency (first 
reduce and then increase) of Sb@rGO@NSC-0.3 is considered as follow. 
The formation of SEI can reduce the storage capacity firstly. Similar to 
report by Yhang et al., it is also considerable that structural conversions 
of Sb nano particles with the electrochemical activation may be a reason 
causing the increase tendency in the cycling performance (Fig. 5a) [35, 
36]. 

Furthermore, the Sb@rGO@NSC-0.3 manifested extremely excellent 
storage capacity at big current densities. For instance, the storage ca-
pacity of Sb@rGO@NSC-0.3 has 1121.2 mAh g− 1 at 0.5 A g− 1, after 
cycling 500 times (Fig. 5c). It is considerable that similar explanation of 
Fig. 5a is suitable to the Fig. 5c. Additionally, after cycling 1000 times, 
the storage performance of Sb@GO@NSC-0.3 were 721.1 mAh g− 1 and 
342.9 mAh g− 1, respectively corresponding to the current densities of 1 
A g− 1 and 5 A g− 1 (Fig. 5d). The rate performance of materials were 
illustrated as show in Fig. 5b. It is clear to be aware of that 
Sb@rGO@NSC-0.3 possesses the more tremendous rate performance 
than other materials (Table S4). Based on a consideration of structure- 
activity relationship, the exceedingly excellent electrochemical 

Fig. 3. SEM images of Sb@rGO@NSC-0.3 (a-c) and EDS images of Sb@rGO@NSC-0.3 (d-g). TEM images of (h, i) and HRTEM images of Sb@rGO@NSC-0.3 (j, k).  
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performance of Sb@rGO@NSC-0.3 are ascribed to its hierarchical pores 
structures (Fig. 5 and Table S3). In addition, the electrochemical per-
formance of Sb@rGO@NSC-0.3 is better than any Sb anode electrodes 
reported so far, as shown in Table S5 [20,22,37,40–43]. 

The CV curves for the bare Sb and Sb@rGO@NSC-X materials are 
illustrated in Figs. 6a–d and S5 (a). As shown in Fig. 6a, a reductive peak 
of 0.6 V can be attributed to the formations of Li3Sb and solid electrolyte 
interface (SEI) on the first cycle [24]. Likewise, this reductive peak was 
also observed in the first cycle of Sb@rGO@NSC-X materials (Fig. 6a–d). 
The oxidative peaks around 1.15 V of Sb and Sb@rGO@NSC-X materials 
are ascribed to the lithium deintercalation as a transformation from 
Li3Sb to Sb [21,36]. In addition, with increasing the additional dosages 
of carbons, the oxidation-reduction peaks trend to be broad gradually 
(Figs. S5a and 6d). These CV results demonstrate the two contents of Sb 
and carbons in Sb@rGO@NSC-X materials participated in the electro-
chemical reactions completely (Figs. 6 a–d and S5a). 

The charge-discharge results were depicted in Figs. 6 e–h and S5b. It 
can be seen that the initial coulombic efficiencies (ICE) of Sb, rGO/NSC, 
Sb@rGO@NSC-0.1, Sb@rGO@NSC-0.3 and Sb@rGO@NSC-0.5 are the 
81.1%, 56.3%, 61.4%, 66.3% and 57.7%, respectively. The relatively 
low first coulombic efficiencies of Sb@rGO@NSC-X materials are 
generally attributed to the formations of (SEI) [20]. Besides, the Sb 
particles have a high ICE (81.1%) are probably attributed to their 
significantly small specific surface area (5.11 m2/g) and pore volume 
(Vtoal=0.007 cm3 g− 1) (Fig. S3 (c) and Table S3). In addition, as an alloy 
type of lithium storage, the reversible reaction on the first cycle pro-
ceeded completely, which is another possible reason causing a high ICE 
of Sb particles. Similar to Fig. 6e, the charge-discharge plateau is also 
observed in Fig. 6f–h, indicating that the Sb in Sb@rGO@NSC-X mate-
rials owns a contribution of storing Li+. However, a similar plateau is not 
observed in Sb@rGO@NSC-0.5, which is ascribed to that the over 
existing of carbons causes the storage type being similar to carbon 

Fig. 4. Fitting results of C1s (a), N1s (b), S2p (c) and Sb3d (d) of the Sb@rGO@NSC-0.3 material. N2 adsorption-desorption isotherms of Sb@rGO@NSC-X materials 
(e). Porous structures of Sb@rGO@NSC-X materials (f). 
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Fig. 5. Cycling performance of Sb, rGO/NSC and Sb@rGO@NSC-X materials (a). Rate performance of Sb, rGO/NSC and Sb@rGO@NSC-X materials (b). Long-term 
cycling stabilities of Sb@rGO@NSC-0.3 under high current densities (c, d). 

Fig. 6. CV curves of Sb (a) and Sb@rGO@NSC-X materials (b–d). Charge-discharge results of Sb (e), Sb@rGO@NSC-X materials (f–h).  
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materials (Fig. S5b). Similarly, the charge-discharge results can also 
reveal the participations of Sb and carbon materials in storing Li+. 

In order to explain the reason why the Sb@rGO@NSC-0.3 possesses 
more excellent electrochemical performance than other materials, the 
analyses of electrochemical impedance spectroscopy (EIS) were per-
formed in detail. As shown in Fig. 7a, it is obvious that the 
Sb@GO@NSC-0.3 has smaller semicircle diameters than Sb, rGO/NSC, 
Sb@rGO@NSC-0.1 and Sb@rGO@NSC-0.5 materials, implying that 
Sb@rGO@NSC-0.3 possesses more excellent migration abilities than 
others [38,39]. On the basis of the equivalent circuit, the R3 of Sb, 
rGO/NSC, Sb@rGO@NSC-0.1, Sb@rGO@NSC-0.3 and 
Sb@rGO@NSC-0.5 were calculated at 50.67 Ω, 160.8 Ω, 116.2 Ω, 48.7 Ω 
and 61.31 Ω, respectively (Fig. 7c). 

Li+ transformations were further evaluated by using the Warburg 
coefficient, as shown in Fig. 7b. The σ values can be calculated by 
Randles plots which are plotting of Z’ with ω− 1/2 (ω = 2πf) in a low- 
frequency [29]. The larger σ values generally show the lower diffusion 
capacity. After calculations, the σ values of Sb, rGO/NSC, 
Sb@rGO@NSC-0.1, Sb@rGO@NSC-0.3, Sb@rGO@NSC-0.5 are 595.1 Ω 
s1/2, 437.6 Ω s1/2, 449.4 Ω s1/2, 232.0 Ω s1/2 and 363.7 Ω s1/2, respec-
tively, suggesting that Sb@rGO@NSC-0.3 owns more tremendous 
diffusion capacity than other materials [40,44]. Associating with the 
BET and SEM results, it is naturally considerable that the 3D hierarchical 
porous structures cause that the Sb@rGO@NSC-0.3 possesses the 
markedly impressive charge-transfer, leading it to have the high elec-
trochemical performance [32]. 

As per Fig. 8, the storage mechanism of Sb@rGO@NSC-0.3 was 
eventually confirmed according to a method reported by Yang et al. 
[35]. After calculations, it is observed that the capacitive contributions 
occupy over 50%, even though the sweeping rates changed from 0.2 to 3 
mV S− 1 (Figs. 8b and S6). The increased capacitive effects can be 
ascribed to the contributions of two contents in Sb@rGO@NSC-0.3 
completely, which is related to the formations of 3D hierarchical 
porous structures of Sb@rGO@NSC-0.3. In particular, the carbon con-
tents play the role to restrict the volume expanding not only, but they 
can also provide the fast Li+ migration channel, meanwhile, and attend 
to the Li+ storing processes. 

Finally, the ex-situ XPS measurements were carried out in detail, in 
order to investigate the conversions of chemical states of 
Sb@rGO@NSC-0.3 during the charge and discharge processes. 
Compared with the initial state, the new peak attributing to the Li3Sb 

was observed at 528.4 eV, after discharged to 0.01 V (Fig. S7b) [45,46]. 
When charged to 3 V, the peak intensity of Li3Sb decreased remarkably 
(Fig. S7c). 

Meanwhile, the similar change was also observed in Li 1 s. After 
discharged to 0.01 V, the peak intensity of Li3Sb (54.5 eV) became 
strong, and the same peak decreased remarkably, after charged to the 3 
V [45]. On the basis of aforementioned analyses, the Li storage process 
can be inferred as 3Li+ + 3e− + Sb ⇋ Li3Sb [47]. 

4. Conclusions 

On the basis of double covering idea, the Sb@rGO@NSC having the 
high electrochemical performance is successfully prepared by using the 
SbCl3, GO, glucose, ammonium citrate and sulfocarbamide. The 
tremendous dispersion of Sb particles in nano sizes and formations of 3D 
hierarchical porous structures of fabricated Sb@rGO@NSC-0.3 lead it to 
have excellent electrochemical performance. The storage capacity of 
Sb@rGO@NSC-0.3 is 1121.2 mAh g− 1 at a current density of 0.5 A g− 1 

over cycling 500 times. Meanwhile, the Sb@GO@NSC-0.3 also exhibits 
the high storage capacity at high current densities. For instance, the 
Sb@rGO@NSC-0.3 composite delivers a remarkably reversible capacity 
of 721.1mAhg− 1 with good cycling stability during 1000 cycles at 1 A 
g− 1. Even at 5 A g− 1, the capacity still reaches to 342.9mAh g− 1. In the 
storage mechanism, it is confirmed the fact that two contents in 
Sb@rGO@NSC-0.3 develop their storage abilities enough is a pivotal 
reason to make Sb@rGO@NSC-0.3 to have exceedingly fabulous elec-
trochemical performance. Our studies can provide a referable case for 
the field fabricating materials with exceedingly high storage 
performance. 
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