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Abstract
Novel nitrogen–doped carbon (NC) coating encapsulating block-like Sn/SnO2 (Sn/SnO2@NC) composite powders are suc-
cessfully synthesized via hydrothermal, sol–gel, and subsequent heat treatment processes, which are characterized by XRD, 
SEM, thermogravimetric, Raman, and XPS. The results indicate that the Sn/SnO2@NC-2 composite powders are uniformly 
distributed in the NC matrix in the presence of 7.000 g of acrylamide. Moreover, the Sn/SnO2@NC-2 composite powders 
deliver high initial discharge specific capacity of 1132 mAh g−1 and decent capacity of 471.4 mAh g−1 after 100 cycles at 
100 mA g−1 when the composite powders are evaluated as anode materials for lithium-ion batteries. The improved elec-
trochemical performance of Sn/SnO2@NC-2 is mainly ascribed to the NC coating that can relieve the volume expansion 
and provide multiple charge transfer channels for electrons to consolidate the structural stability and promote the electronic 
conductivity of the Sn/SnO2 anode materials, respectively. Therefore, the Sn/SnO2@NC-2 composite powders can be a 
promising and attractive anode material for lithium-ion batteries.
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Introduction

Developing the high-efficiency energy storage system is 
vitally important to solve the problems of increasingly 
scarce energy resources and serious environmental pollu-
tion [1–3]. Among various storage energy device, lithium-
ion batteries (LIBs) are widely applied in a diverse range of 
portable electronic equipment and even occupy the prime 
market in the field of electric vehicles, which are favored by 
their unique properties, such as high energy/power density, 
wide working temperature range, low self-discharge rate, 

eco-friendliness, and long cycle life [4–6]. With the fast 
progress of the technology, the performance of LIBs has 
gained significant improvements [7–9]. Nonetheless, it is 
still struggling with some intractable technical challenges 
that the speedy development of those applications is mostly 
powered by advanced LIBs, which leads to the increasing 
demands being placed on advanced LIBs according to higher 
specific capacity, much better rate capabilities and durability 
[10–12]. Exploring the anode materials is a key method to 
optimize the specific capacity of the whole battery system 
[13–15]. However, the limited theoretical capacity of graph-
ite cannot meet the demands even though it possesses good 
conductivity, high crystallinity, and perfect crystal structure 
with a spacing of approximately 0.3354 nm that can make 
lithium ions freely embedded into its interlayer to form LixC6 
(0 ≤ x ≤ 1) intercalation compounds [16–18]. Tin (Sn)-based 
materials are exploited as substitutes for graphite and con-
sidered as one of the most promising anode materials for 
LIBs, which are associated with their advantages of abun-
dant resources, high theoretical specific capacity, and low 
discharge potential (< 0.5 V vs. Li/Li+) during the alloying/
dealloying reaction. Moreover, both metallic tin (994 mAh 
g−1) and tin oxide electrodes (SnO: 875 mAh g−1, SnO2: 
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783 mAh g−1) possess high theoretical capacity that is much 
higher than that of graphite (372 mAh g−1) [19–21]. How-
ever, the poor rate capacity and cyclability resulted from 
the pulverization and cracking of the electrodes during the 
lithiation/delithiation process, thus causing the active par-
ticles to detach from the current collector, which hampers 
further industrial application of the Sn-based materials. To 
gain high-performance Sn-based anode materials, effec-
tive improvements are carried out to tackle the above dis-
advantages, which include reducing the particle-size to the 
nanoscale, and constructing a physical buffer layer by intro-
ducing carbon materials such as carbon nanotubes (CNTs), 
graphene, pyrolytic carbon, and biochar [22–24]. Although 
the former strategy provides improved cycle stability for a 
bulk anode, the ultrasmall-sized particles tend to aggregate 
and then form larger particles in the subsequent cycling pro-
cesses, leading to severe mechanical degradation problems 
of the electrode [25–27].

Significantly, the block-like Sn/SnO2 powders have 
attracted extensive attention due to the high specific capac-
ity and flexible reaction kinetics. In addition, metallic tin 
can reversibly react with lithium to form a variety of alloys, 
in which the maximum intake of lithium atoms reaches 4.4 
to form Li4.4Sn. Tin oxide generally undergoes a conversion 
reaction (SnO2 + 4Li+  + 4e−  ↔ Sn + 2Li2O) and an alloy-
ing reaction (Sn + xLi+  + xe−  ↔ LixSn), which can provide 
suitable conditions for the alloying process and facilitate 
the splendid cycling behavior [28–30]. At present, two main 
methods are reported to synthesize the Sn/SnO2 composite 
powders, in which one is to mix Sn and SnO2 directly, and 
the other is to partially reduce SnO2 by the thermal reduction 
[31]. However, most of the products prepared by these meth-
ods present poor electrochemical properties or require high 
technical conditions [32–34]. In our previous work, we have 
proposed SnO microcube anode materials and synthesized 
Sn/SnO2 composite powders with the heterogeneous struc-
ture according to the properties of SnO that can be easily 
converted into Sn and SnO2 in the inert gas at an appropri-
ate temperature [35]. It is worth noting that SnO powders, 
inexpensive, nontoxic, and P-type semiconductor oxide, 
are viable precursor for the fabrication of Sn/SnO2 anode 
materials [36–38]. In addition, coupling nitrogen–doped 
carbon (NC) with Sn/SnO2 is highly desirable for achieving 
improved long-term cycling stability of the Sn/SnO2 elec-
trode material [39–41]. In this work, we have engineered and 
prepared the Sn/SnO2 composite powders coated with NC 
layer as an anode material, in which the structural instabil-
ity of the Sn/SnO2 electrode in the cycling processes can 
be effectively alleviated by NC coating and the ion/electron 
transfer rate is largely promoted by the heterogeneous struc-
ture. The improvements of the electrochemical properties 
of the Sn/SnO2@NC composite powders are investigated, 
and the effect of different contents of the NC layer on the 

structure and electrochemical properties of Sn/SnO2@NC 
composite electrodes are also studied in detail.

Experimental

Synthesis of Sn/SnO2@NC

SnO microcubes are prepared according to our previous 
works, in which 2.240 g of SnSO4 and 3.00 mL of N2H4·H2O 
(1 mol L−1) as raw materials are first added to 140.00 mL 
of deionized water with constant stirring. Then, the homo-
geneous milky solution is transferred into a 200-mL hydro-
thermal reactor and maintained at 150 °C for 12 h. The col-
lected product is centrifuged and washed several times with 
deionized water and ethanol to remove the reaction residue. 
The final product SnO precursor powders are obtained after 
being dried in a vacuum oven at 80 °C for 12 h.

The targeted Sn/SnO2@NC hybrid powders are prepared 
by first encapsulating SnO microcubes in the hydrogel and 
then carbonizing the coated composite powders. In the first 
step, a certain amount of acrylamide and 0.010 g of meth-
ylene-bisacrylamide powders are dissolved in 15.00 mL of 
deionized water in the presence of 5.00 mL of ammonium 
persulfate solution with a concentration of 1.000 g L−1 to 
form a clear and transparent solution with incessant stir-
ring. In the second step, 1.00 mL of the liquid supernatant 
and 0.210 g of SnO powders are added to a test tube and 
vigorously ultrasonicated for 15 min to realize uniform dis-
persion, and the test tube containing the black solution is 
transferred to a bath at 80 °C and stirred for 15 min. The 
polymerized samples are pre-oxidized in air at 200 °C for 2 h 
with a heating rate of 2 °C min−1. Subsequently, the samples 
are carbonized in a nitrogen atmosphere at 600 °C for 2 h 
with a heating rate of 5 °C min−1. The different amounts 
of carbon are controlled by only adjusting the content of 
acrylamide, in which the samples with doping acrylamide 
of 4.450, 7.000, and 12.000 g are denoted as Sn/SnO2@
NC-1, Sn/SnO2@NC-2, and Sn/SnO2@NC-3, respectively. 
We have also designed and prepared the hydrogel-derived 
carbon and Sn/SnO2 as control groups with the same condi-
tions. All of the chemicals with analytical degrees are pur-
chased from Shanghai Aladdin Biochemical Technology 
Co., Ltd. and used without further purification.

Property characterization

The morphology and element distribution of the as-prepared 
samples are determined by field emission-scanning electron 
microscope (FE-SEM, TESCAN) and energy-dispersive 
spectrometer (EDS, BRUKER), respectively. The crystal-
lographic structure of the samples is analyzed by X-ray dif-
fraction (XRD) with CuKα radiation from 10 to 90° at a 
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step size of 0.05°. The valence state of the elements and 
Raman spectra of the sample are measured by X-ray pho-
toelectron spectroscopy (XPS) and Renishaw Virsa Raman 
spectrometer, respectively. The different carbon contents of 
the composite powders are determined by thermogravimetric 
(TGA) under the air atmosphere in the temperature range of 
30–1000 °C at a heating rate of 10 °C min−1.

Electrochemical performance

The electrochemical performance of those products is evalu-
ated using CR2025-type coin cells. The working electrodes 
are carefully fabricated as follows. First, active material, 
poly (vinyl difluoride), and carbon black powders with a 
weight ratio of 8:1:1 are distributed in N-methyl pyrrolidone 
to prepare a slurry, and then, the slurry is coated on a Cu foil 
before being dried at 120 °C overnight, in which the loading 
mass of active material is kept at around 0.8 g cm−2. The 
working electrodes are assembled into the cells with 1 mol 
L−1 of LiPF6 in EC/DMC/DEC (1:1:1, in volume, provided 
from Guangdong Zhuguang New Energy Technology Co., 
Ltd.) as liquid electrolytes and lithium metal tablet as the 
counter electrodes in an Ar-filled glove box. The galvano-
static charge–discharge tests are measured using a Neware 
CT-3008A system (Shenzhen Neware Co., Ltd.) within a 
potential range of 0.01 to 3.00 V, and the cyclic voltammetry 
(CV) curves of the electrodes are monitored on a CHI660E 
electrochemistry workstation (Shanghai Chenhua Co., Ltd.) 
in the range of 0.01 to 3.00 V at a scan rate of 0.10 mV s−1, 
and the electrochemical impedance spectroscopy (EIS) 
curves are also recorded on the same electrochemistry work-
station at a frequency range of 10−5 to 10−2 Hz with a volt-
age amplitude of 5.00 mV.

Results and discussion

The SEM images of the SnO precursor, hydrogel derived 
carbon, Sn/SnO2@NC-1, Sn/SnO2@NC-2, and Sn/SnO2@
NC-3 powders and EDS mapping images of the Sn/SnO2@
NC-2 powders are demonstrated in Fig. 1. As revealed in 
Fig. 1A, the SnO precursor presents a tight block-like struc-
ture and the particles maintain intact without severe agglom-
eration. It can be clearly revealed in Fig. 1G that the tetrago-
nal SnO surface is very smooth with an average particle size 
of 5 μm. The SEM images of the NC layer derived from the 
hydrogel are depicted in Fig. 1B, H, and it can be observed 
that the overall structure presents massive and porous, which 
can provide sufficient spaces to relieve the stress caused by 
volume changes, thus perfecting the cycling performance. 
As depicted in Fig. 1C–E, the typical structures of Sn/
SnO2@NC-1, Sn/SnO2@NC-2, and Sn/SnO2@NC-3 are 
gradually coated with the NC layer, which are obtained from 

precisely controlling the added amounts of acrylamide. The 
corresponding block-like structures are further illustrated 
in Fig. 1I–K, in which the thickness change of the layer can 
be more clearly distinguished. Specifically, along with the 
increase of the carbon content, the NC layer on the surface 
of Sn/SnO2 stepwise thickens and merges into a solid mass. 
It can be obtained from Fig. 1C that the block-like particles 
on the surface of Sn/SnO2@NC-1 are densely congested in 
the carbon block and exhibit as unshaped agglomerations, 
in which most of the blocks agglomerate on the outside of 
the carbon block. On the contrary, the active blocks of Sn/
SnO2@NC-3 are mostly surrounded by a thick NC wall, 
as shown in Fig. 1E, K. It is noteworthy that Sn/SnO2@
NC-2 presents homogeneous distribution of small block-like 
particles when the addition of acrylamide is 7.000 g dem-
onstrated in Fig. 1D, J, revealing that those uniform-sized 
particles are uniformly dispersed into the NC matrix and a 
thin layer of NC coating is encapsulated on the surface of 
the Sn/SnO2@NC-2 composite powders. Besides, the stable 
framework stemmed from the NC layer can accommodate 
the stress originated from volume changes of the Sn and 
SnO2 particles and therefore provide electronic and continu-
ous paths for the Sn/SnO2@NC-2 composite powders. Those 
results are further confirmed by EDS elemental mapping 
images of the Sn/SnO2@NC-2 composite powders demon-
strated in Fig. 1F, in which C, N, O, and Sn elements are 
homogeneously distributed throughout the whole tested area. 
N-doped carbon materials can improve the electrochemi-
cal performance of LIBs by generating more active sites 
and promoting the electronic conductivity. Therefore, there 
are reasons to believe that the Sn/SnO2@NC-2 composite 
materials can possess enhanced electrochemical properties, 
which will be further demonstrated in the following tests.

Figure 2 illustrates the XRD patterns of the SnO pre-
cursor, Sn/SnO2@NC-1, Sn/SnO2@NC-2, Sn/SnO2@
NC-3, and hydrogel-derived carbon powders. The lat-
tice parameters of the SnO precursor are calculated as 
a = 3.799 and c = 4.832 according to the data of the (110) 
and (002) crystal planes, which are well indexed to the lat-
tice constants of a = b = 3.802, c = 4.836, and α = β = γ = 90° 
(JCPDS#85–0423) of the tetragonal rutile structural SnO 
phase. The broad diffraction peak observed at around 22.8° 
can be ascribed to the (120) crystal plane of the graphite car-
bon phase (JCPDS#81–2220) originated from the hydrogel 
derived carbon. After being annealed at 400 °C for 2 h in a 
flowing N2 atmosphere, the Sn/SnO2@NC composite pow-
ders exhibiting two characteristic diffraction peaks are well 
indexed to the typical tetragonal Sn (JCPDS#86–2265) and 
SnO2 phase (JCPDS#77–0447), in which the principal peaks 
at approximately 30.6, 32.0, 43.9, and 44.9° are related to 
the (200), (101), (220), and (211) of Sn, and the weak inten-
sity peaks at 26.7 and 33.9° are related to the (110) and (101) 
crystal planes of SnO2, respectively. The formation of Sn/
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Fig. 1   SEM images of the SnO 
precursor (A, G), hydrogel 
derived carbon (B, H), Sn/
SnO2@NC-1 (C, I), Sn/SnO2@
NC-2 (D, J), Sn/SnO2@NC-3 
(E, K) powders, and EDS 
mapping images (F) of the Sn/
SnO2@NC-2 powders

4602 Ionics (2022) 28:4599–4610
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SnO2@NC is due to the fact that SnO is firstly converted 
to metal Sn and SnO2 and then, part of SnO2 is partially 
reduced to Sn by hydrogel-derived carbon at high tempera-
ture during the calcination process, in which the weaker dif-
fraction peaks are related to the Sn/SnO2 particles wrapped 
in the NC matrix. Moreover, no other peaks are detected 
except Sn and SnO2, manifesting that the composite powders 
are successfully prepared without no impurity.

In order to further identify the chemical composition and 
valence state of the Sn/SnO2@NC-2 composite powders, 
high-resolution XPS tests are carried out and the corre-
sponding curves are demonstrated in Fig. 3. It can be clearly 
discovered from Fig. 3A that the Sn/SnO2@NC-2 compos-
ite are composed of O, N, Sn, and C elements, which well 
matches with the EDS results. In the high-resolution XPS 
spectra of N 1 s illustrated in Fig. 3B, three peaks located at 
400.4 eV, 398.4, and 398.9 eV are ascribed to graphite N, 
pyridine N, and pyrrole N, respectively. The results further 
consolidate various types of N are successfully doped and 
uniformly distributed into the carbon matrix. As shown in 
Fig. 3C, the peaks located at 84.6, 285.1, and 286.5 eV can 
be assigned to C–C, C-O, and C = O, respectively. The Sn 3d 
XPS spectra collected from the Sn/SnO2@NC-2 composite 
are presented in Fig. 3D, in which two dominant peaks at 
485.0 and 487.0 eV are assigned to Sn0 and Sn4+, respec-
tively. The peaks at about 493.4 and 495.4 are associated 
with Sn 3d5/2 and Sn 3d3/2, respectively, with an interval of 

the energy level splitting peaks about 8.4 eV, which further 
confirms the existence of Sn and SnO2 in the Sn/SnO2@
NC-2 composite and matches with the XRD results. In 
Fig. 3E, the high-resolution Sn 3d spectra of the pure SnO 
powders at 486.8 and 495.2 eV are corresponding to Sn2+. 
In addition, it can be clearly observed from Fig. 3F that two 
peaks observed on the surface of Sn/SnO2 appearing at the 
binding energies of 485.0 and 487.0 eV are ascribed to the 
Sn0 and Sn4+ states, and the peaks situated at 493.4 and 
495.4 eV are attributed to the Sn 3d5/2 and Sn 3d3/2, respec-
tively. Excitingly, the peak intensity of SnO in Sn/SnO2@
NC-2 is higher than that in Sn/SnO2, which indicates that 
SnO microcubes are successfully transformed into the metal 
Sn and cassiterite SnO2 phase. Those results are commend-
ably consistent with the EDS analysis results to consolidate 
the fact that the Sn/SnO2@NC-2 composite powders are 
successful prepared, in which the incorporation of N atoms 
can improve electronic conductivity; there are reasons to 
believe that the Sn/SnO2@NC-2 composite powders may 
show elevated electrochemical properties.

Figure 4 presents the Raman spectra of Sn/SnO2@NC-1, 
Sn/SnO2@NC-2, Sn/SnO2@NC-3, and hydrogel derived 
carbon. It can be clearly observed from Fig. 4 that two obvi-
ous peaks at around 1350 and 1590 cm−1 can be denoted 
as D band originated from the disordered or N doping car-
bon and the G band derived from the graphitic sp2 hybrid 
ordered carbon, respectively. The degree of defects in the 

Fig. 2   XRD curves of the SnO 
precursor, Sn/SnO2@NC-1, Sn/
SnO2@NC-2, Sn/SnO2@NC-3, 
and hydrogel derived carbon 
powders
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Fig. 3   XPS spectra (A) of the Sn/SnO2@NC-2 samples, high resolution XPS spectra of N 1 s (B), C 1 s (C), and high-resolution XPS spectra of 
Sn 3d of Sn/SnO2@NC-2 (D), SnO (E), and Sn/SnO2 (F), respectively

4604 Ionics (2022) 28:4599–4610
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carbon-based materials can be usually evaluated by the 
peak intensity ratio of ID/IG. It can be found that the ID/IG is 
inclined to increase when the Sn/SnO2 powders are individu-
ally encapsulated into the conductive NC matrix, in which 
the ID/IG values of Sn/SnO2@NC-1 (1.319), Sn/SnO2@NC-2 
(1.303), and Sn/SnO2@NC-3 (1.348) are significantly higher 
than that of the hydrogel-derived carbon (1.298) due to the 
fact that the Sn/SnO2 can provide more free electrons for 
the conduction to improve the conductivity of the material. 

However, when less acrylamide is added, the proportion of 
Sn/SnO2 increases. Although the defect sites increase cor-
respondingly, the overall skeleton structure of the carbon 
material tends to collapse, leading to the degradation of the 
battery performance of the material. Hence, providential 
defects can not only increase the contact areas between the 
electrolytes and the electrodes by shortening the ion/electron 
diffusion distance, but also substantially improve electronic 
conductivity, which can be beneficial to the improvement of 
the electrochemical performance of LIBs.

Thermogravimetric (TG) analysis is an unambiguous 
measure to evaluate the carbon content in the Sn/SnO2, Sn/
SnO2@NC-1, Sn/SnO2@NC-2, Sn/SnO2@NC-3, and hydro-
gel-derived carbon materials, and the corresponding curves 
are depicted in Fig. 5. It can be found from Fig. 5 that NC 
presents no residue when the temperature reaches 545 °C, 
which corresponds to the complete pyrolysis of NC, while 
the curves of Sn/SnO2 exhibit an upward trend, which can 
be ascribed to the oxidation of the metal Sn. In addition, 
there are three weight loss stages in all of three curves of the 
Sn/SnO2@NC composite powders. First, the slight weight 
loss from 30 to 350 °C can be attributed to the evapora-
tion of the adsorbed water on the surface of the composite 
materials. And then, between 350 and 450 °C, the marked 
weight decline can be caused by the oxidation of carbon 
according to the reaction of C + O2 → CO2. Importantly, 
the weight loss of those composite powders exhibits a slow 
decline at approximately 500 °C due to the oxidation of Sn 

Fig. 4   Raman spectra of Sn/SnO2@NC-1, Sn/SnO2@NC-2, Sn/
SnO2@NC-3, and hydrogel-derived carbon

Fig. 5   TG curves of Sn/SnO2, 
Sn/SnO2@NC-1, Sn/SnO2@
NC-2, Sn/SnO2@NC-3, and 
hydrogel derived carbon
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to SnO2 according to the reaction of Sn + O2 → SnO2. It can 
be obviously detected from the curves represented in Fig. 5 
that three different weight loss degrees remain at 37.38, 
27.88, and 21.67% at 600 °C, and the content of carbon 
in the Sn/SnO2@NC-1, Sn/SnO2@NC-2, and Sn/SnO2@
NC-3 composite powders is further calculated to be 46.63, 
56.13, and 62.34%, respectively. Therefore, the theoretical 
specific capacity of the Sn/SnO2@NC-1, Sn/SnO2@NC-2, 
and Sn/SnO2@NC-3 composite electrodes is calculated as 
608.15, 569.39, and 544.05 mAh g−1, which can provide 
some theoretical references for the subsequent electrochemi-
cal performance.

The electrochemical performance of the SnO, Sn/SnO2@
NC-1, Sn/SnO2@NC-2, Sn/SnO2@NC-3, and hydrogel-
derived carbon electrodes for the LIBs are studied via galva-
nostatic charge–discharge tests at 100 mA g−1 at 0.01–3.00 V. 
Figure 6A displays the voltage vs. charge–discharge specific 
capacity curves at the initial cycle, in which the Sn/SnO2@
NC-2 electrode delivers discharge specific capacity of 1132 
mAh g−1 with an initial coulombic efficiency (ICE) of 71.0% 
in the first cycle, while the pure SnO, hydrogel-derived car-
bon, Sn/SnO2@NC-1, and Sn/SnO2@NC-3 electrodes reveal 
ICE of 40.07, 40.25, 55.29, and 60.26%, respectively. The 
improved ICE of the Sn/SnO2@NC-2 electrode is attributed 
to the fact that hydrogel perfectly encapsulates the block-like 
Sn/SnO2 composite powders and protects them from direct 
contact with the electrolytes, hence reducing the side reac-
tions on the electrode/electrolyte interface. Figure 6B exhibits 
initial three CV curves of the Sn/SnO2@NC-2 electrode within 
a voltage scope of 0.01–3.00 V at a scan rate of 0.1 mV s−1. 
Upon the first cathodic scan, the reduction peaks below 
0.95 V are correlated with the emergence of the unstable 
solid-electrolyte interface (SEI) and some irreversible reac-
tions, accompanying with the conversion from SnO2 to LiO2 
and Sn corresponding to Eq. (1). It can be distinctly detected 
that the peak at 0.34 V and a small peak at around 0.57 V 
can be explained as the formation of LixSn (0 ≤ x ≤ 4.4) with 
the multistep alloying reactions described in Eq. (2). After-
wards, a sharp reaction peak appearing at 0.13 V denotes the 
fact that lithium ions successfully insert into the carbon layer 

to form LixC6 (0 ≤ x ≤ 1) according to Eq. (4). Turning to the 
first anodic scan, a series of peaks at about 0.62, 0.74, and 
0.83 V are assigned to the stepwise oxidations from LixSn to 
Sn, respectively. Subsequently, the disappearing cathodic peak 
of Sn/SnO2@NC-2 at 1.43 V in the following cycles can be 
ascribed to the irreversible reaction from Sn and Li2O to SnO2 
according to Eq. (3), indicating the decreasing capacity with 
lower coulombic efficiency. Furthermore, the plots of the Sn/
SnO2@NC-2 electrode nearly overlapping in the subsequent 
cycles are manifested as an unchanged peak current intensity, 
indicating that a firm SEI film formed on the NC surface dur-
ing the first cycle can prevent the direct contact between active 
materials and liquid electrolytes to maintain an intact structure 
during the subsequent cycles, thereby leading to the excel-
lent reversibility of the Sn/SnO2@NC-2 electrode. The initial 
irreversible capacity of the Sn/SnO2@NC-2 electrode can be 
associated with the inevitable formation of the SEI film and 
decomposition of electrolytes, which are consistent with the 
above galvanostatic charge–discharge results. The results sug-
gest that the conductive NC coating is sufficient to inhibit the 
serious volume expansion of Sn and SnO2 during the alloy-
ing/dealloying process, and the heterostructure can effectively 
strengthen the reversibility of conversion and alloying process.

(1)SnO+4Li
+
+4e− → Sn +2Li2O

(2)Sn+xLi++xe− ↔ LixSn (0 ≤ x ≤ 4.4)

(3)Sn+ 2Li2O ↔ SnO2 + 4Li+ + 4e−

(4)6C+ xLi
+
+ xe− ↔ LixC6(0 ≤ x ≤ 1)

(5)Z
� = R

s
+ R

ct
+ ��

−0.5

(6)D
Li+

=
R
2
T
2

2A2n4F2C2
�
2

Fig. 6   Initial galvanostatic 
charge–discharge curves (A) of 
the coin cells assembled with 
the SnO, Sn/SnO2@NC-1, Sn/
SnO2@NC-2, Sn/SnO2@NC-3, 
and hydrogel-derived carbon 
electrodes at 100 mA g−1 and 
CV curves (B) of the cells 
assembled with the Sn/SnO2@
NC-2 electrode
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The cycling profiles of the SnO, Sn/SnO2@NC-1, Sn/
SnO2@NC-2, Sn/SnO2@NC-3, and hydrogel derived car-
bon electrodes at 100 mA g−1 for 100 cycles are displayed 
in Fig. 7A. It is obviously observed from the curves that the 
capacity of the pure SnO electrode quickly degrades and 
reaches nearly close to zero after 5 cycles, while the NC elec-
trode presents superior rate capability for the test. Compared 
with the SnO and NC electrodes, the Sn/SnO2@NC com-
posite electrodes exhibit preferable cycling performance, in 
which the Sn/SnO2@NC-2 electrode delivers high reversible 
specific capacity of 471.4 mAh g−1 after 100 cycles at 100 
mAh g−1 that can be ascribed to a strong electronic coupling 
between NC and Sn/SnO2. In contrast, the Sn/SnO2@NC-1 
and Sn/SnO2@NC-3 composite electrodes deliver lower 
capacities of 330.3 and 202.4 mAh g−1 after 100 cycles, 
respectively. Therefore, the increasing reversible capacity 
of the Sn/SnO2@NC-2 electrode can be originated from the 

nitrogen-doped heterostructure, which can not only provide 
additional active sites for lithium ions, but also enable the 
rapid migration of lithium ions to improve the lithium stor-
age performance. To further explore the superiority of the 
Sn/SnO2@NC-2 electrode, the rate capability of the SnO, 
Sn/SnO2@NC-1, Sn/SnO2@NC-2, Sn/SnO2@NC-3, and NC 
electrodes is also recorded at step-increased current density 
and the corresponding results are illustrated in Fig. 7B. It is 
clearly observed that the average reversible specific capac-
ity of the NC electrode is inferior compared with that of the 
Sn/SnO2@NC electrodes, in which the value is only 237.8, 
216.7, 170.7, 129.9, and 97.3 mAh g−1 at 100, 200, 300, 500, 
and 1000 mA g−1, respectively. In contrast, it can be eas-
ily observed that the Sn/SnO2@NC-2 composite electrode 
displays the significantly improved rate capability with the 
average discharge reversible capacity of 561.5, 469.7, 392.6, 
315.1, and 190.3 at the same rates, respectively. Moreover, 

Fig. 7   Cycle performance (A) of the coin cells with the SnO, Sn/SnO2@NC-1, Sn/SnO2@NC-2, Sn/SnO2@NC-3, and hydrogel-derived carbon 
electrodes at 100 mA g−1 for 100 cycles, rate capability (B), and long cycling performance (C) of Sn/SnO2@NC-2 at 1 A g−1 for 300 cycles
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the reversible discharge specific capacity of the Sn/SnO2@
NC-2 electrode can be maintained at 441.1 mAh g−1 when 
the current density is adjusted to 100 mA/g, which is largely 
attributed to the stable structure resulting from the perfect 
NC coating on the surface of the composite electrode. The 
long cycling performance of Sn/SnO2@NC-2 at 1 A g−1 
for 300 cycles is also demonstrated in Fig. 7C, in which the 
electrode is first cycled at 0.1 A g−1 for 10 cycles and then 
cycled at 1 A g−1 for the rest. The discharge specific capacity 
can be still maintained at 224.4 mAh g−1 after 300 cycles, 
indicating the preferable electrochemical stability of the Sn/
SnO2@NC-2 electrode. The good rate capability at high cur-
rent densities can be attributed to the conductive NC matrix, 
which can alleviate the serious volume changes of Sn and 
SnO2 during the cycling processes.

Electrochemical impedance spectroscopy (EIS) is 
employed to investigate the reaction kinetics of the SnO, 
Sn/SnO2@NC-1, Sn/SnO2@NC-2, Sn/SnO2@NC-3, and 
hydrogel-derived carbon electrodes for the fresh coin cells, 
and the corresponding curves are shown in Fig. 8. The 
EIS diagrams can be well fitted by the equivalent circuit 
described as [Rs(Rct//CPE)W0] and the detailed fitting values 
of the parameters are listed in Table 1. All of the Nyquist 
plots are composed of a semicircle located at high-frequency 
region and a sloping line in the low-frequency region, in 
which the diameter of the semicircle and the slope of the 
line stand for the charge transfer impedance (Rct) between 
electrolyte and electrode materials and Warburg impedance 
(Zw), respectively. It can be clearly found from Fig. 8A that 
the Sn/SnO2@NC samples reveal a smaller semicircle diam-
eter and Rct value than that of the SnO electrode due to the 
enhanced electronic conductivity in the presence of the NC 
layer, in which the Rct value of Sn/SnO2@NC-2 is 176.6 Ω, 
while the values of SnO, Sn/SnO2@NC-1, Sn/SnO2@NC-3, 
and NC are 416.9, 221.7, 204.1, and 150.3 Ω, respectively. 
The results further support the superior rate performance of 
Sn/SnO2@NC-2 due to the fact that the hydrogel-derived 
NC layer can accelerate the transfer of lithium ions, therefore 
reducing the side reactions and lowering the charge-trans-
fer resistances. Furthermore, the Warburg coefficient and 

diffusion coefficient of lithium ions (DLi+) of the samples 
can be calculated according to the following Eqs. (5, 6). It 
can be obviously found from Table 1 that the Sn/SnO2@
NC-2 electrode possesses the minimum σ value of 117.6 Ω 
cm2 s−1/2 and preferable DLi+ value of 3.695 × 10−15 cm2 s−1 
compared with other electrodes, which further consolidates 
the fact that the NC coating with a stable framework can 
not only effectively enhance the electronic conductivity but 
also facilitate Li+ transport and diffusion kinetics of the Sn/
SnO2@NC-2 electrode.

Conclusions

The Sn/SnO2@NC composite materials are successfully 
fabricated from SnO through facile hydrothermal, sol–gel, 
and carbonization processes, in which the as-prepared Sn/
SnO2@NC-2 composite powders demonstrate uniform Sn/
SnO2 microcubes encapsulated inside the NC layer when 
the addition of acrylamide increases to 7.000 g. The NC 
coating can provide more active sites for electrochemical 
reactions and ensure better transport kinetics during the 
charging and discharging process. Moreover, the Sn/SnO2@
NC-2 electrode exhibits decent rate capability and superior 
cycling capability when employed as anode electrodes in 
LIBs, which can be ascribed to the fact that the NC coating 
can not only alleviate the volume changes, but also enhance 
the electronic conductivity of the electrodes during the 
alloying and dealloying process. Therefore, the Sn/SnO2@

Fig. 8   Nyquist and the cor-
responding fitting plots (A), and 
the fitted curves (B) of Z′ vs. 
ω−1/2 at the low-frequency range 
of the coin cells assembled with 
the SnO, Sn/SnO2@NC-1, Sn/
SnO2@NC-2, Sn/SnO2@NC-3, 
and hydrogel-derived carbon 
electrodes

Table 1   Fitted values of the corresponding parameters of the as-pre-
pared electrodes

Type Rct (Ω) σ (Ω cm2 s−1/2) DLi+ (cm2 s−1)

SnO 416.9 825.4 7.501 × 10−17

Sn/SnO2@NC-1 221.7 312.0 5.249 × 10−16

Sn/SnO2@NC-2 176.6 117.6 3.695 × 10−15

Sn/SnO2@NC-3 204.1 322.0 4.928 × 10−16

NC 150.3 401.3 3.173 × 10−16
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NC-2 electrode can be a promising anode material for high-
performance LIBs.
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