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Abstract
Tin dioxide (SnO2) is of interest as an alternative anode material for lithium ion batteries. However, the major concern is the
significant volume expansion during lithiation process, resulting in poor capacity retention and rate capability. Here, a facile
morphosynthesis route is adapted for the fabrication of hierarchical SnO2 nanocrystal networks with interwoven fibers, by
immersing sacrificial eggshell membrane in a Sn-based sol followed by a calcination process in air. With both structural and
compositional advantages, the synthesized SnO2 networks electrode manifests superior reversible capacities of 938, 802, 736,
636, and 506 mAh g−1 even at high current densities of 0.2, 0.5, 1, 2, and 5 A g−1, respectively. Besides, its initial Coulombic
efficiency (72.6%) is also much enhanced compared with that of bare SnO2 nanoparticles (59.6%) and commercial SnO2

nanopowders (46.8%). The finding highlights the probable potential application of the SnO2 networks for next-generation
lithium ion batteries.
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Introduction

New functional materials are vital to advances in energy con-
version and storage for meeting the challenges of the global
energy crisis and related issues [1–6]. So far, significant prog-
ress has been done to develop high-performance electrode
materials for different types of energy storage devices, such
as lead-acid, nickel-cadmium, nickel-metal hydride, and
lithium-based batteries [7–11]. Among these, rechargeable
lithium ion batteries (LIBs) have boosted the development
of portable electronics market and have now been expanded
into larger units such as burgeoning plug-in hybrid electric
vehicles [12–14]. In terms of Li+ storage capacity, tin dioxide
(SnO2) has emerged as an alternative anode for next-

generation LIBs due to its high theoretical capacity
(781 mAh g−1) and low operation voltage [15–18].
Unfortunately, similar to other high-capacity electrode mate-
rials (silicon, germanium), the major concern is the extreme
volume change and stress (over 300%), concomitant with Li+

insertion/extraction, which can induce cracking/pulverization,
resulting in electrically disconnected active electrode.
Previous studies have identified that bulk and/or micrometer
sized SnO2 particles electrodes only have modest lithium stor-
age capabilities with short battery lifetime, which keeps them
from being used in real life LIB applications [19–21].

In the years since the advent of nanotechnology and in-
corporation of nanostructured materials in a variety of elec-
trochemical devices, many researchers have focused on the
morphological and structural modification of materials in
order to cope up their electrochemical disadvantages
[22–27]. Then various morphologies of SnO2 structures, in-
cluding nanoparticles [28], nanowires [29], nanosheets [30],
nanotubes [31], and nanospheres [32], have been successful-
ly obtained. Through nanostructuring, the active SnO2 elec-
trode could minimize the solid-state diffusion lengths for
both Li+ and e− because of their confinement effect, improve
lithium storage capability, and eventually enhance electro-
chemical performance [16, 23, 33]. Thus, it is suggested that
the structural modification might be an appropriate strategy
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to minimize the pulverization of SnO2 electrodes, yielding
stable capacity retention [34–36]. Therefore, finding an effi-
cient synthetic method for low-cost and high-performance
SnO2 anode material has always been greatly attractive but
very challenging.

Most encouragingly, a few recent repor t s on
morphosynthesis have documented that it could be an effec-
tive method to control particle morphology through selecting
suitable sacrificial templates [37–39]. Biotemplates such as
eggshell membrane (ESM), which has a porous interwoven
fibrous structure, are suitable for making nanoscale inorganic
metal oxide materials because strong metal-protein binding
can be advantageously utilized [40–43]. In this work, hierar-
chical SnO2 networks with interwoven fibers comprising te-
tragonal rutile nanocrystals were successfully synthesized,
using a sol-gel method with biological ESM as a template.
When used as an anode material for lithium storage, the
SnO2 networks electrode possesses several advantageous fea-
tures such as high reversible capacity (855 mAh g−1), im-
proved cycling stability, and excellent rate capability.
Besides, its initial Coulombic efficiency (72.6%) is also much
enhanced compared with that of bare SnO2 nanoparticles
(59.6%) and commercial SnO2 nanopowders (46.8%).

Experimental section

Preparation of samples

The SnO2 nanocrystal networks were fabricated by immersing
eggshell membrane (ESM) sacrificial template in a Sn-based
sol with subsequent calcination treatment. In a typical exper-
iment, a sol was obtained by dissolving 6 mmol of SnCl2·
2H2O in a solvent mixture composed of 1.88 mL ethanol
and 0.12 mL of hydrochloric acid (37%) to yield a 3 M Sn2+

solution, which was further aged for 24 h. Then deionized (DI)
water (0.12 mL) was added and aged for 24 h again to yield a
transparent sol. The inner membrane was manually separated
from commercial eggshell. The obtained ESM was cleaned
with DI water and dried at 40 °C for 6 h. A separate piece of
the dried membrane was immersed into the aforementioned
sol for 12 h at 30 °C. Subsequently, the saturated membrane
was rinsed several times with DI water to remove the residual
nanoparticle debris and subsequently dried in vacuum at 40 °C
for 6 h. Then, the resulting product was further calcined in a
tube furnace at 700 °C in air atmosphere for 2 h with a heating
rate of 2 °C min−1 to obtain the SnO2 nanocrystal networks.
For comparison, the sol-gel prepared SnO2 nanoparticles were
directly obtained under similar experimental conditions with-
out ESMbiotemplate, and the commercial SnO2 nanopowders
(50–70 nm, 99.9%) were purchased from Aladdin Reagent
Co. Ltd.

Sample characterizations

The microstructure and chemical composition of the samples
were thoroughly characterized by X-ray powder diffractome-
ter (XRD, Rigaku RINT2400 with Cu Kα radiation; λ =
1.5418 Å), field-emission scanning electron microscope
(FE-SEM, Hitachi, S-4800), and transmission electron micro-
scope (TEM, FEI, Tecnai G2 F30) equipped with energy dis-
persive X-ray (EDX) spectroscopy, respectively. UV-Visible
absorption spectrum was recorded using a Shimadzu UV-
3600 UV-Visible spectrophotometer in the range of 200–
900 nm. Photoluminescence (PL) measurement was per-
formed on a Jobin Yvon LabRAM HR800 UV micro-
Raman spectrometer with a 325 nm line of 50 mW diode-
pumped so l id - s t a t e l a se r a t room tempera tu re .
Thermogravimetric analysis (TGA) was conducted in air at a
heating rate of 5 °C min−1 on a Perkin Elmer Diamond TG/
DTA instrument.

Electrochemical measurements

The electrochemical experiments were performed using
Swagelok-type cells, with lithium foil as counter and reference
electrode at room temperature. The working electrode was
prepared by spreading active material (80 wt%), sodium algi-
nate (10 wt%), and carbon black (10 wt%) onto a copper foil
substrate and dried in a vacuum oven at 80 °C for 12 h. The
Swagelok-type cells assembled process was completed in an
argon atmosphere glove box (H2O < 0.1 ppm, O2 < 0.1 ppm,
MBraun, Germany). The used electrolyte solution was made
of 1 M LiPF6 dissolved in a mixture of ethylene carbonate,
dimethyl carbonate, and ethyl methyl carbonate (1:1:1 by vol-
ume) solvent mixtures. Note the accurate amount of electro-
lyte added to each Swagelok-type cells was 100 μL with a
micro-syringe. Celgard 2320 microporous polypropylene film
was employed as a separator. After assembly, all cells were
rested for 10 h to ensure good soaking of the electrolyte solu-
tion. Then the cells were galvanostatically measured in the
voltage range of 0.01–3.0 V vs. Li/Li+ using a NEWARE
battery tester. The loading amount of active materials for all
electrodes was 1.0 ± 0.1 mg cm−2. Cyclic voltammetry (CV)
were performed with a scan rate of 0.2 mV s−1 between 0.01
and 3.0 V. In electrochemical impedance spectroscopy (EIS)
measurement, the impedance spectra were recorded at the
open circuit potential in a frequency range from 105 to
10−2 Hz with an amplitude of the alternating voltage signal
of 5 mV, which was stabilized by 30 min of rest to reach a
stable state about 1.9 V. Both the CV and EIS measurements
were finished with a CHI 660C electrochemical analyzer at
room temperature. The Coulombic efficiency was defined as
100% (Cdealloy/Calloy), where Calloy and Cdealloy were the
values of discharge and charge capacities, respectively.
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Results and discussion

It is well-known that natural ESM has abundant amines, am-
ides, and carboxylic surface functional groups [40]. There
complexes are able to interact with the transparent Sn sol, thus
promoting the homogeneous distribution of the precursor
molecules on membrane fiber surface. Thermogravimetric
analysis (TGA) curves of the ESM template and the ESM
coated with Sn gel (ESM-Sn hybrids) are both displayed in
Fig. 1. The weight losses before 100 °C are related to the
removal of water weakly adsorbed to the surfaces of the two
samples. The blank ESM template starts pyrolyzing at around
225 °C, which corresponds to the charring of the
abovementioned organic constituents, and is completely py-
rolyzed at 600 °C. However, the ESM-Sn hybrids are thor-
oughly pyrolyzed at 650 °C, which may be due to the decom-
position of inorganic matters at higher temperatures, and
remained up to 40.6 wt%.

Figure 2a displays XRD patterns of the bare ESM template,
the ESM-Sn hybrids before and after calcination at 700 °C for
2 h in air. The first broad peak around 23° corresponds to the
ESM reflection. It can be easily found that without calcination,
tin species occurrence in the ESM-Sn hybrids are almost
amorphous, which might be derived from the organic matters
of the ESM template [43]. In fact, there still exist some dif-
fraction peaks that belong to tin dioxide, suggesting that small
crystalline SnO2 phase could be generated at a room temper-
ature sol-gel process. After calcination in air at 700 °C, the
amorphous tin species crystallize into tetragonal rutile like
SnO2 structure with P42/mnm space group (JCPDS card no.
41-1445), accompanying the complete ESM template pyroly-
sis. No other diffraction peaks could be detected for impurities
such as tin or other tin oxides, implying the formation of an
oxide phase with a tetragonal rutile structure. The average
crystal sizes of the sample are calculated to be about 20 nm,

which is based on the line-width analysis of the tetragonal
(110) diffraction peak using Scherrer equation.

Typical Raman spectra of the ESM-Sn hybrids with and
without calcination treatment, as well as the bare ESM tem-
plate are presented in Fig. 2b. It can be observed that there are
no features in the spectrum of the natural ESM matter, while,
for the ESM-Sn hybrids, fairly broad low intensity peaks are
exhibited, demonstrating that the unheated samples are mainly
amorphous according to the Raman measurements.
Expectedly, the intensities of these primary peaks become
much stronger and could be defined after being calcined at
700 °C, without shifting position. Note that also the heated
samples show stronger peak intensity than those of the ESM-
Sn hybrids, which is attributed to better crystallization and
larger grain size at high reaction temperature. Classically, ru-
tile SnO2 has been thought to belong to the space group D4h.
On the basis of group theory, the normal lattice vibration
modes at the Γ point of the Brillouin zone could be expressed
u s i n g t h e f o l l o w i n g e q u a t i o n :
Γ = 1A1g +

1A2g +
1A2u +

1B1g +
1B2g +

2B1u +
1Eg +

3Eu.
Fig. 1 TGA curves of natural ESM template and saturated ESM-Sn hy-
brids before calcination

Fig. 2 a XRD patterns and b Raman spectra of ESM template, ESM-Sn
hybrids before and after calcination at 700 °C in air
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Among them, Raman active vibrational modes are identified
and assigned to 1A1g,

1B1g,
1B2g, and

1Eg only [44]. In detail,
the three peaks at 498, 615, and 746 cm−1 are attributed to the
Eg, A1g, and B2g vibrational modes of tetragonal SnO2, respec-
tively [45, 46]. The peak observed at 675 cm−1 is due to the
characteristic A2u mode. Another low intensity peak at
545 cm−1 is near the characteristic of amorphous SnO2 peak
at 566 cm−1 as reported previously [45]. Finally, two peaks are
observed at 245 and 335 cm−1, and could be associated with
the IR active Eu modes [28, 47]. Therefore, all these afore-
mentioned features confirm the tetragonal rutile structure of
the resultant SnO2 sample.

The morphologies of the original ESM template and the
synthesized SnO2 samples were investigated using field-
emission scanning electron microscope (FE-SEM), and the
results of the observations are given in Fig. 3. As illustrated
in Fig. 3a, b, the initial membrane template has a unique cross-
stacked microstructure, which is composed of ESM fibers
ranging from 2 to 4 μm in diameter. Furthermore, these fibers
have core-shell structures consisting of rich glycoprotein and
collagen components [40]. Generally speaking, after the
ESM-Sn hybrids were calcined at 700 °C, the membrane-
like structure would shrink and wrinkle to some extent, but
the crack-free shape would be well preserved. Typical SEM
micrographs of the ESM-morphic SnO2 resultants after being
held at 700 °C for 2 h are shown in Fig. 3c, d. Overall, the
findings indicate that the continuous network structure of the
ESM template is well kept. As seen in Fig. 3c, the as-
synthesized SnO2 products have interwoven and coalescing
fibers with diameter ranging from 1 to 2 μm, which is some-
what smaller than the normal membrane fibers (2–4 μm).
Figure 3d provides more detailed morphological study of the

samples by revealing visual representations based on cross-
section analysis. It is apparent that the SnO2 networks are
consisted of tubes with wall of around 15-μm thickness.

Typical transmission electron microscopy (TEM) analysis
of the interconnected SnO2 networks is displayed in Fig. 4a, b.
Obviously, the tubular wall consists of quasi-continuous
nanocrystals (18–23 nm), which is identical with the XRD
results. The corresponding ring-like selected area electron dif-
fraction (SAED) pattern derived from the framed area in
Fig. 4a indicates that the obtained SnO2 fibers comprise
nanocrystals. The arranged diffraction rings are accurately
assigned to (110), (101), (200), (111), (211), and (112) lattice
planes of rutile phase SnO2, respectively. Moreover, high-
resolution TEM image (Fig. 4d) and the corresponding fast
Fourier-transform (FFT) patterns given in Fig. 4e collected in
different zones demonstrate that the SnO2 sample is composed
of nanoscaled SnO2 particles surrounded by amorphous ma-
trices. The lattice fringes marked by arrows have an
interplanar spacing of 0.33 nm for tetragonal rutile SnO2

(110) lattice. The FFT pattern illustrated in Fig. 4e (left) could
be indexed to the diffraction spots of the [001] zone, which is
oriented along electron beam direction. Thus, it is evident that
the SnO2 nanocrystals are exposed with high energy (001)
facets, which are beneficial to high lithium storage
performance.

As depicted in Fig. 5, chemical composition of the as-
synthesized materials was further determined by energy dis-
persive X-ray (EDX) spectroscopy. The EDX spectrum per-
formed on nanocrystals confirms the simultaneous presence of
tin and oxygen (note that the copper peaks come from the
copper TEM grid). Note the EDX measurements on different
spots of the samples always give the same results, which

Fig. 3 a, b Typical FE-SEM im-
ages of original ESM template. c,
d Top and cross-sectional view of
as-synthesized SnO2 samples
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illustrate good homogeneity of the specimens. The semi-
quantitative assessment indicates that the as-synthesized
ESM-morphic SnO2 networks contain approximately 61 at%
oxygen and 39 at% tin, which indicates a high ratio of oxygen
vacancies (Vo

+ or Vo
++) in the interior and surface of the prod-

ucts caused by heat-treatment. In some respects, these defects
are expected to be beneficial for increasing electrochemical
performance of battery materials [48–51].

Optical properties of the as-prepared SnO2 networks were
further characterized by UV-Vis absorption spectrum and the

results are displayed in Fig. 6a. It is found that the SnO2

networks have high absorption ability particularly at wave-
lengths shorter than 400 nm, which could be attributed to
the intrinsic band gap absorption. The steep band edge dem-
onstrates that the light absorption is related to the band gap
transition rather than the transition from impurity level [52].
The optical band gap (Eg) can be easily deduced from the
equation of (αhν)2 = A(hν-Eg), where hν is photo energy, α
is absorption coefficient, and A is a constant for semiconduc-
tor material [53]. As plotted in the inset of Fig. 6a, the Eg value
can be estimated to be about 3.62 eV. Compared with bulk
SnO2 (Eg = 3.6 eV), the band gap for the SnO2 networks man-
ifests a blue shift, which might be related to the size effect of
crystals and the presence of oxygen vacancies.

Figure 6b exhibits photoluminescence (PL) spectrum of the
SnO2 networks at room temperature, where the excitation
wavelength is 325 nm. Through multi-peak Gaussian fitting,
it is clear that the broad band is composed of three peaks,
which are centered at about 421, 544, and 628 nm, respective-
ly. The strong green emission peak at ~ 544 nm is assigned to
metastable energy levels associated with oxygen vacancies
[54]. The broad red emission peak at ~ 628 nmmight be raised
from a transition of the oxygen vacancy defect states located at
the band gap [55]. In addition, it is noticed that there is a small
emission peak at ~ 421 nm, indicating the existence of
oxygen-related defects [56]. To sum up the above results,
the bulk oxygen species formed at the surface and in the

Fig. 5 EDX spectrum of SnO2 networks annealed in air at 700 °C.
Copper signals are attributed to the supporting TEM copper grid

Fig. 4 a, b Representative TEM images, c SAED pattern, d high-resolution TEM image of SnO2 networks annealed in air at 700 °C. e The corre-
sponding fast Fourier-transform (FFT) patterns of the same regions indicated by the squares
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interior of the sample may have relatively high mobility,
which can facilitate Li+ insertion/extraction and further lead
to an improved electrochemical performance.

Furthermore, to investigate the lithium storage properties
of the obtained SnO2 networks, Swagelok-type cells were
assembled with lithium foil serves as counter and reference
electrode. Figure 7a represents the initial five consecutive cy-
clic voltammetry (CV) profiles of the SnO2 networks elec-
trode at a scan rate of 0.2 mV s−1 within a voltage window
of 0.01–3.0 V, which are generally consistent with previous
observations [23, 57], indicating a similar electrochemical
pathway. In the first cathodic process, two main reduction
peaks are observed, which are located at 0.75 and 0.16 V.
The former peak at 0.75 V corresponds to the initial reduction
of SnO2 to Sn according to SnO2 + 4Li+ + 4e−→ Sn + 2Li2O,
the decomposition of electrolyte, and the formation of solid
electrolyte interphase (SEI) layer. The latter peak at 0.16 V is
assigned to the well-known multi-step formation of different
Li-Sn alloys (Li2Sn5, Li-Sn, Li7Sn3, Li5Sn2, Li22Sn5) accord-
ing to Sn + xLi + xe−→ LixSn. The oxidation peaks from 0.28

to 0.85 V in the subsequent anodic process can be related to
the de-alloying of LixSn. However, an interesting phenome-
non found here is that the CV curves in the following cycles
remain similar without obvious changes, indicating that the
SnO2 networks electrode has good lithium storage
reversibility.

Figure 7b displays representative galvanostatic discharge/
charge curves under a constant current density of 0.1 A g−1 in
the same potential window of 0.01–3.0 V for the initial five
cycles. As a result, a discharge plateau between 1.0 and 0.8 V
only presents in the first cycle and then disappears in the
subsequent cycles, which can be related to the decomposition
of SnO2 to Sn, and the formation of the SEI layer.
Furthermore, the voltage region below 0.8 V is attributed to
the continuous multi-step reactions of Li-Sn alloys. The cor-
responding regions of the charge curves along with
delithiation reactions can also be found. These similar features
are also in accordance with the CV results. Meanwhile, the
initial discharge capacity and charge capacity are calculated to

Fig. 7 Electrochemical behaviors of SnO2 networks electrodes. a CV
profiles of the initial five cycles at a scan rate of 0.2 mV s−1 between
0.01 and 3.0 V. bDischarge/charge voltage profiles at a current density of
0.1 A g−1 within a voltage window of 0.01–3.0 V for the first five cycles

Fig. 6 a UV-Vis absorption spectrum and a plot of (αhν)2 vs. photon
energy (hν) (inset), and b PL spectrum of SnO2 networks
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be 1507 and 1094 mAh g−1, respectively, which corresponds
to an initial Coulombic efficiency of 72.6%. This observed
irreversible capacity loss is possible as the result of the large
number of Li+ consumed to form Sn, Li2O, and Li-Sn alloys.
It is suggested that the partial decomposition of Li2O, interfa-
cial charge storage, and reversible side reactions could con-
tribute to the total lithium storage properties in terms of supe-
rior capacity and initial Coulombic efficiency, which has also
been found in other materials [32, 58–61].

The galvanostatic method was used to further investigate
the long-term cycling behavior of the SnO2 networks elec-
trode at a current density of 0.1 A g−1 with a fixed voltage
window between 0.01 and 3.0 V. As shown in Fig. 8a, the
obtained SnO2 networks exhibit larger capacity and better
capacity retention than that of the SnO2 nanoparticles and
the SnO2 nanopowders. Obviously, the reversible capacity of
the SnO2 networks electrode just slightly decreases in the first
few cycles and then remains constant, maintaining a high-
level of charge capacity. After 60 discharge/charge cycles, a
high reversible capacity of 855 mAh g−1 for the SnO2 net-
works electrode, while the corresponding values of the SnO2

nanoparticles and SnO2 nanopowders are only 350 and
251 mAh g−1, respectively, because of their much faster ca-
pacity fading.

To further evaluate the rate capabilities, the three samples
were cycled at various discharge/charge current densities
ranging from 0.2 to 5 A g−1, as given in Fig. 8b. Although
the capacities decrease with increasing current densities, the
SnO2 networks still exhibit high reversible capacities of 938,
802, 736, 636, and 506mAh g−1 at the current densities of 0.2,
0.5, 1, 2, and 5 A g−1, respectively. However, the SnO2 nano-
particles exhibit moderate reversible capacities of 851, 642,
427, 258, and 134 mAh g−1 at the current densities of 0.2, 0.5,
1, 2, and 5 A g−1, respectively. The SnO2 nanopowders exhibit
low reversible capacities of 523, 273, 173, 74, and
36 mAh g−1 at the current densities of 0.2, 0.5, 1, 2, and
5 A g−1, respectively. The rate capacity retentions of the
SnO2 networks, the SnO2 nanoparticles, and the SnO2

nanopowders are 54%, 16%, and 7%, respectively, when the
current density rises from 0.2 to 5 A g−1. More importantly,
when the current density is set to the initial value of 0.2 A g−1,
the SnO2 networks electrode could resume its original charge
capacity of about 887 mAh g−1, that is, a value almost 2.5
times larger than that of the theoretical maximum capacity
for graphite (372 mAh g−1). The results suggest that the
SnO2 networks remain exceedingly stable even under high
rate discharge/charge cycling conditions. In contrary, both
the SnO2 nanoparticles and the SnO2 nanopowders display

Fig. 8 aCycle performance and b
rate capability of SnO2 networks,
SnO2 nanoparticles, and SnO2

nanopowders at various current
densities with a cutoff voltage
window of 0.01 to 3.0 V
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inferior rate capabilities and lower reversible capacities when
the current density is again reduced back to 0.2 A g−1.

Electrochemical impedance spectra (EIS) of the SnO2 net-
works electrode were measured to further elucidate the intrin-
sic electrochemical and kinetic mechanisms. Figure 9a pre-
sents Nyquist impedance plots of the SnO2 networks elec-
trode, which were discharged/charged at a constant current
density of 0.1 A g−1 after different cycles. As can be viewed,
all impedance spectra show similar features, consisting of a
depressed semicircle in high-to-medium frequencies, and an
inclined line in low frequency, which is in consistent with
previous investigations [62]. The depressed semicircle reflects
the resistance from the processes of Li+ diffusion in the sur-
face film and the charge transfer across the electrode interface,
whereas the inclined line represents Li+ diffusion resistance in
the electrode. The observed trends suggest that the cell imped-
ance undergoes an increment of cycle processes, which has
been observed in other materials [63]. In some previous stud-
ies, the cell impedance might decrease after many cycles,

which could be assigned to the formed small particles during
the pulverization process. Because of the large surface energy,
these small particles would be induced to agglomerate into
large clusters, leading to rapid capacity decay and reduced
lifetime. In the present work, the hierarchical nanocrystal net-
works structure is more stable than nanoparticles and
nanopowders. This spatial confinement effect should be ben-
eficial for reducing the milling effect on the elongation of
lithium storage time, and then ensuring long battery lifetime.
Figure 9b further depicts the corresponding Bode plots of the
SnO2 networks electrode. This analysis reveals that the high
frequency impedances (above 102 Hz) remain constant with
cycles, while those low frequencies impedances (below
102 Hz) are slowly increased with cycles.

The exceptional electrochemical performance of the SnO2

networks is due to several factors. First, the unique interwoven
structure could limit the mobility of active particles during
repeated cycling, and therefore, the agglomeration effect will
be minimized. Second, the interconnected framework struc-
ture can provide a sufficient space to accommodate the vol-
ume change during lithiation/delithiation process. Third, the
nanoscale dimension of interconnected SnO2 nanocrystals
could provide short solid-state diffusion length for Li+ inser-
tion, which is beneficial for retaining good structural stability
and excellent rate capability. Fourth, the hierarchical networks
could promote liquid electrolyte diffusion into the bulk of the
electrode, resulting in improved Li+ diffusion kinetics. Last
but not least, the subsistent oxygen vacancies (Vo

+ or Vo
++)

in the interior and surface of the SnO2 networks may play an
active role in interfacial charge storage and reversible side
reactions, which has been also demonstrated in many other
oxide electrodes [64–66].

Conclusions

In summary, the present work provides a feasible strategy to
fabricate hierarchical SnO2 nanocrystal networks by immers-
ing sacrificial eggshell membrane in a Sn-based sol with sub-
sequent calcination treatment. When employed as anode ma-
terials, the synthesized SnO2 networks electrode exhibits
high-capacity retention, improved cycling stability, and excel-
lent rate capability than the SnO2 nanoparticles and the com-
mercial SnO2 nanopowders. The enhanced lithium storage
properties could be attributed to the synergistic coupling effect
of the distinctive structural features and nanocrystals with ox-
ygen vacancies, the reduction of Li+ diffusion pathways, and
the additional interfacial charge storage. The finding high-
lights the probable potential application of the SnO2 networks
in LIB anodes. In addition, the inherent characteristics of the
hierarchical structure can be easily extended for other oxide
micro/nanomaterials, paving the way for energy storage and
other applications.

Fig. 9 Electrochemical impedance spectra of SnO2 networks electrode. a
Nyquist impedance spectra and b the corresponding Bode plots of SnO2

networks electrode after different cycles of discharge/charge at a current
density of 0.1 A g−1
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