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ABSTRACT:Tin-based materials with high speci� c capacity have been
studied as high-performance anodes for energy storage devices. Herein,
a SnOx (x = 0, 1, 2) quantum dots@carbon hybrid is designed and
prepared by a binary oxide-induced surface-targeted coating of ZIF-8
followed by pyrolysis approach, in which SnOx quantum dots (under 5
nm) are dispersed uniformly throughout the nitrogen-containing
carbon nanocage. Each nanocage is cross-linked to form a highly
conductive framework. The resulting SnOx@C hybrid exhibits a large
BET surface area of 598 m2 g� 1, high electrical conductivity, and
excellent ion di� usion rate. When applied to LIBs, the SnOx@C reveals
an ultrahigh reversible capacity of 1824 mAh g� 1 at a current density of 0.2 A g� 1, and superior capacities of 1408 and 850
mAh g� 1 even at high rates of 2 and 5 A g� 1, respectively. The full cell assembled using LiFePO4 as cathode exhibits the high
energy density and power density of 335 Wh kg� 1 and 575 W kg� 1 at 1 C based on the total active mass of cathode and anode.
Combined with in situ XRD analysis, the superior electrochemical performance can be attributed to the SnOx-ZnO-C
asynchronous and united lithium storage mechanism, which is formed by the well-designed multifeatured construction
composed of SnOx quantum dots, interconnected carbon network, and uniformly dispersed ZnO nanoparticles. Importantly,
this designed synthesis can be extended for the fabrication of other electrode materials by simply changing the binary oxide
precursor to obtain the desired active component or modulating the type of MOFs coating to achieve high-performance LIBs.
KEYWORDS:lithium-ion batteries, high capacity, anode, SnOx, ZIF-8

Lithium-ion batteries (LIBs) have developed rapidly, but
the commercial lithium-ion battery electrode materials
still cannot meet the urgent power supply requirements

for electric vehicles, hybrid-electric vehicles, and other electric
equipment; the development of a material system with high
energy density has become a huge concern for research
communities recently.1� 3 Compared with the low theoretical
speci� c capacity of 372 mAh g� 1 for commercial graphite anode,
tin-based materials exhibit a much higher theoretical speci� c
capacity (1494 mAh g� 1 for SnO2, 1231 mAh g� 1 for SnO, and
992 mAh g� 1 for Sn) and a relatively low potential, providing
potential and promising applications for next-generation
LIBs.4� 7 Unfortunately, like many high-capacity anode materi-
als, tin-based materials also have a huge volume change (about
250� 300 vol %) during the discharge/charge process, resulting
in the pulverization of the active materials and the formation of
an unsteady solid� electrolyte interphase (SEI)� lm, which lead
to unstable cycles and large capacity loss.8� 10 Meanwhile, the
previous report demonstrates that the small and active Sn
nanoparticles, which are generated during the reaction between
SnO2 and Li+, would aggregate into larger and inactive Sn

clusters during the cycling, thus a� ecting the electrochemical
performance.11

To deal with the issues mentioned above, the most e� ective
method is to prepare carbon modi� ed/coated hybrids. Over the
past decade, many carbon-modi� ed tin-based hybrids with good
properties have emerged (e.g., Sn NPs embedded in carbon,
SnO2 NPs encapsulated in carbon nanotubes, and SnO2 NPs
dispersed on graphene sheets). Han reported a mesoporous
ZnSnO3@C hybrid, delivering a high capacity of 1060 mAh g� 1

after 100 cycles.12 It is noted that although the performances of
tin-based materials have been signi� cantly improved, there are
still problems of low utilization, poor conductivity, and large
volume expansion, which restrict the breakthrough of capacity
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or the further improvement of cycling and rate performances.
Based on this, an optimized structural model hypothesis is
proposed, which consists of a highly conductive and
interconnected carbon network, nanostructured tin-based active
components with good dispersion, and well-developed porosity.
The carbon in the hybrid can not only act as an ideal electron
transfer medium but also e� ectively inhibit the growth and
agglomeration of tin-based materials during the cycles, thus
obtaining a multifeatured structure with controllable morphol-
ogy. Nanosizing can e� ectively shorten the di� usion paths of the
lithium ions and increase the active sites for the redox reaction
between electrode and electrolyte, thus signi� cantly improving
the electrochemical reaction activity. Especially, the reduction of
the particle dimension of tin-based materials less than 10 nm can
withstand the volume expansion of the hybrid upon cycles to a
large extent.13� 15 Meanwhile, the high speci� c surface area and
abundant porosity are favorable for the electrolyte in� ltration,
rapid transfer of lithium ions and electrons, and bu� ering of
volume change, thus contributing to the realization of superior
electrochemical performance.16,17

The construction of the aforementioned ideal model structure
bene� ts from the selection of tin and carbon precursors and the
way of carbon modi� cation, which are of crucial importance for
the enhancement of the electrochemical performance of tin-
based materials. Metal� organic frameworks (MOFs) with
adjustable aperture, large speci� c surface area, and varieties of
skeletal structures have been widely applied in gas separation,
sensing, and catalysis.18Zeolitic imidazolate frameworks (ZIFs),
as a subclass of MOFs, are three-dimensional (3D) nitrogen-
containing crystal networks composed of metal ions or metal
clusters bridged tetrahedrally by imidazolate-type linkers, which
have highly promising applications in the electrochemical� eld
in recent years.19 In previous study, a Sn/C hybrid has been
synthesized by a solvent-free method using binary metal oxides
initiating a ZIF-8 outward growth strategy followed by pyrolysis.
The nitrogen-containing carbon matrix with highly developed
nanochannels derived from the ZIF-8 decomposition and
nanosized Zn volatilization is bene� cial for the Li-ion and
electron transport.20 However, success has remained limited in
true capacity breakthrough of tin-based materials due to the
limitation of the synthesis method. Exploring avenues to build
highly active system to achieve the leap of electrochemical
performances is a big challenge.

Herein, a highly conductive SnOx quantum dots@carbon
(SQD@C) network consisting of interconnected ZIF-8 derived

carbon cages containing SnOx quantum dots with ultrasmall size
and high dispersion has been designed and synthesized by a
controllable liquid-phase coating pyrolysis method. With
nanostructured ZnSn(OH)6 as the precursor, ZIF-8 is uniformly
coated on its surface by electrostatic adsorption after
modi� cation with poly(dimethyl diallyl ammonium chloride)
(PDDA)/poly(sodium-p-styrenesulfonate) (PSS). After pyrol-
ysis, ZIF-8 transformed into a porous nitrogen-doped
conductive linker cage, and the well-con� ned ZnSn(OH)6
nanocubes are reduced to ultrasmall SnOx quantum dots.
Meanwhile, volatilization of most of reduced Zn from the system
forms a highly developed porosity throughout the carbon
coating cage. Small amounts of ZnO remaining inside are highly
dispersed throughout the hybrid and participate in the lithiation
process to form a Zn� Li alloy, which can e� ectively improve the
conductivity and bu� er the volume expansion. The as-prepared
SQD@C hybrid with a large surface area of 598 m2 g� 1 exhibits a
high electrical conductivity of 0.33 S m� 1 and fast ion di� usion
rate. Bene� ting from the well-designed multifeatured structure
and asynchronous lithium storage mechanism resulting from the
joint e� ect of SnOx quantum dots, carbon network, and
uniformly immobilized ZnO nanoparticles, it exhibits an
ultrahigh reversible capacity of 1824 mAh g� 1 at 0.2 A g� 1.
Even at a high rate of 5 A g� 1, a high speci� c capacity of 850 mAh
g� 1 can be reserved. The full cell assembled using LiFePO4 as
cathode exhibits the high energy density and power density of
335 Wh kg� 1 and 575 W kg� 1 at 1 C based on the total active
mass of cathode and anode, demonstrating a good electro-
chemical performance as LIBs anode.

RESULTS AND DISCUSSION

The construction process of the SQD@C network is exhibited in
Scheme 1. The nanocube-structured ZnSn(OH)6 particles with
a size around 40 nm are used as the precursor, and their surfaces
are negatively charged by PDDA/PSS comodi� cation, which
can adsorb Zn2+ to initiate ZIF-8 crystal nucleation and growth
with 2-methylimidazole on the surface of ZnSn(OH)6.

21 The
controllable coating process of ZIF-8 is divided into two steps.
Step 1 is the ZIF-8 nucleation process. By controlling the
reaction temperature around 0°C, the forming rate of crystal
nuclei can be reduced to make the ZIF-8 nuclei uniformly cover
the surface of precursors. In Step 2, at room temperature of 25
°C, the nuclei attracted on the surface of precursors accelerate
the growth, resulting in a uniform ZIF-8 coating. After pyrolysis

Scheme 1. Schematic Illustration of the SnOx Quantum Dots@Carbon Hybrid
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at 800°C, the external ZIF-8 transforms into a porous and
continuous nitrogen-doped carbon cage, and the internal
ZnSn(OH)6 are reduced to SnOx quantum dots. The carbon
cages are interconnected into a highly conductive network in
which SnOx quantum dots less than 5 nm are uniformly
immobilized.

The morphology and structure of as-prepared precursor and
SQD@C hybrids can be observed by SEM and TEM. As shown
in Figure 1a, ZnSn(OH)6 precursors show a uniform nanocube
structure with a size around 40 nm. After ZIF-8 coating and
pyrolysis under Ar atmosphere, carbon-coated SnOx hybrid
(SQD@C-2) exhibits a cross-linked cage network structure in
which each unit presents a dodecahedron cage morphology with
a size of 100 nm (Figure 1b), which is similar to that of ZIF-8.
No obvious agglomeration and bulk are observed, indicating
that ZIF-8 has grown on the surface of each ZnSn(OH)6
nanocube. This can be attributed to the modi� cation of
PDDA/PSS, which makes the ZIF-8 nuclei evenly cover each
nanocube by electrostatic adsorption. The amount of ZIF-8
coating and the size of the cage can be controlled by adjusting
the amount of 2-methylimidazole and zinc nitrate (Figure
S1a,b).

TEM image of SQD@C-2 are shown inFigure 1c. Ultrasmall
SnOx quantum dots are distributed in the carbon cage
homogeneously. The size distribution of SnOx quantum dots
is around 3.6 nm, which can be observed inFigure 1c (inset).
The lattice spacing of 0.332 nm corresponds to (110) of SnO2
(Figure 1d). The microstructures of SQD@C-1 and SQD@C-3
are also observed inFigure S2, which shows a similar cage
network morphology. The particle size of SnOx quantum dots
for SQD@C-1 and SQD@C-3 are mainly around 7.9 and 4.7
nm, respectively (Figure S3).

EDS mapping of SQD@C-2 inFigure 1e shows that Sn, O, C,
N, and Zn are dispersed homogeneously. Based on the ICP
result, the Zn content of the hybrid (SQD@C-2) is 2.6 wt %.
This indicates that most of ZnO in the external ZIF-8 coating
layer volatilizes from the system during the pyrolysis due to the
low boiling point to create rich porosity throughout the carbon,
while the residual ZnO is evenly distributed around Sn due to
the chemical bond between Zn and Sn in the precursor, which
plays a crucial role in separating Sn quantum dots. The nitrogen
content of the hybrid is 1.3 wt % by the elemental analysis, which
is mainly derived from the ZIF-8 framework. It is known that
nitrogen-doped carbon is favorable in electrode materials design

Figure 1. SEM images of (a) precursor of ZnSn(OH)6 and (b) SQD@C-2 hybrid. (c) TEM image of SQD@C-2 (inset, the particle size
distribution of SnOx quantum dots for SQD@C-2). (d) HRTEM image of SQD@C-2. (e) Elemental mapping images of SQD@C-2.
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due to the crucial role in enhancing the conductivity as well as
the electrochemical reaction dynamics.

X-ray di� raction (XRD) examination was performed to reveal
the crystallographic structure of the SQD@C hybrids. As shown

Figure 2. (a) XRD patterns of SQD@C-1, SQD@C-2, and SQD@C-3 hybrids. (b) Raman spectra of the as-synthesized samples. (c) TGA
pro� les of the samples. (d) Nitrogen adsorption� desorption isotherms.

Figure 3. XPS spectra of SQD@C-2 (a) survey scan, (b) Sn 3d, (c) C 1s, (d) N 1s, (e) O 1s, and (f) Zn 2p.
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in Figure 2a, the di� raction peaks (labeled as� ) of the
precursor match well with the peaks of ZnSn(OH)6 (JCPDS no.
74� 1825).22 XRD patterns of SQD@C-1, SQD@C-2, and
SQD@C-3 samples indicate that the main peaks (marked as� )
located at 26.6°, 33.9°, 37.9°, 51.8°, and 54.8° correspond to
(110), (101), (200), (211), and (220) planes of SnO2 (JCPDS
no. 41� 1445).23,24 The small di� raction peaks (marked as�
and� ) at 29.9° and 30.6°, 32.0°, 43.9°, and 44.9° are related to
SnO (JCPDS no. 86� 2264) and Sn (JCPDS no. 04� 0673),
respectively.25 The estimated sizes of SnOx quantum dots in
ZIF-8 derived carbon cages based on the Scherrer formula are ca.
8.31 nm (SQD@C-1), 3.57 nm (SQD@C-2), and 5.11 nm
(SQD@C-3) approximately, which are consistent with the
observation from TEM.Figure 2b shows the Raman spectra of
SQD@C samples. The two obvious peaks located at 1352 and
1602 cm� 1 can be ascribed to the disordered carbon (D-band)
and the ordered graphitic carbon (G-band), respectively.26 The
ID/ IG ratio of SQD@C-1, SQD@C-2, and SQD@C-3
composites are calculated as 1.06, 1.11, and 1.04, suggesting
more defects in the carbon of SQD@C-2 than that of SQD@C-1
and SQD@C-3. The broad 2D band at 2800 cm� 1 is related to a
second-order zone boundary phonon mode.27 The weak and
broad 2D peaks suggest the disordered carbon characteristic for
SQD@C hybrids.28 Generally, defects and vacancies facilitate
the lithium-ion di� usion and provide more reversible sites for
electrochemical reaction, contributing to the overall capacity of
the battery.29 The TGA curves indicate that the fast weight loss
between 350 and 500°C is assigned to the decomposition of the

carbon matrix.30 The content of SnOx in SQD@C-1, SQD@C-
2, and SQD@C-3 are 60, 54, and 45 wt %, respectively (Figure
2c). Nitrogen adsorption isotherms inFigure 2d show that the
SQD@C hybrids have hierarchical pore structure. The
adsorption volume increased sharply at low relative pressure,
which indicated the existence of micropores. The following
small slope located at medium relative pressure and the
desorption hysteresis indicate the presence of mesopores.
When the relative pressure is close to 1.0, the obvious vertical
tail shows the existence of macropores.31,32 According to the
nitrogen adsorption isotherm, the ratio of micropore (d < 2
nm)/mesopore (2 <d < 50 nm)/macropore (d > 50 nm) (d
stands for the pore size) for SQD@C-2 hybrid is calculated to be
3.5:15.5:1.0. The BET surface area and pore volume of SQD@
C-2 are 589 m2 g� 1 and 0.54 cm3 g� 1, which are much higher
than that of SQD@C-1 (353 m2 g� 1, 0.29 cm3 g� 1) and SQD@
C-3 (445 m2 g� 1, 0.44 cm3 g� 1) ( Table S1). The high surface
area bene� ts from the combination of the nanostructure of SnOx

quantum dots, pyrolysis of ZIF-8 framework, and volatilization
of Zn. Based on the developed porosity, electrolyte can easily
penetrate into the interior of the porous hybrid, facilitating the
electrochemical reactions occurring at the interface between
SnOx quantum dots and electrolyte. The electrochemically
active surface areas (ECSA) analysis is the signi� cant parameter
to assess the activities of hybrids.33 The detailed calculation
process is elucidated inSupporting Information. As shown in
Figure S4, theCdl of SQD@C-1, SQD@C-2, and SQD@C-3 are

Figure 4. Electrochemical tests of SQD@C hybrids: (a) CV curves of SQD@C-2 in the initial three cycles with a scan rate of 0.5 mV s� 1. (b)
Discharge� charge voltage pro� les of SQD@C-2 at a current density of 0.2 A g� 1. (c) Cycling performances and the Coulombic e� ciency at 0.2
A g� 1. (d) Rate performances. (e) Electrochemical impedance spectra. (f) Relationship plots betweenZ� and� � 1/2 in the low-frequency range of
SQD@C hybrids.
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calculated to be 5.35, 5.75, and 5.70 mF g� 1, respectively, which
is consistent with the BET surface area results.

As shown inFigure 3a, XPS spectra con� rmed the presence of
Sn, O, C, N, and Zn in SQD@C-2 hybrid. The peaks of Sn 3d, O
1s, C 1s, N 1s, and Zn 2p have been further analyzed by high-
resolution XPS. As shown inFigure 3b, the two primitive peaks
can be attributed to the Sn 3d3/2 and 3d5/2 orbits and
deconvoluted into three pairs of peaks. speci� cally, 484.9,
485.1, and 485.3 eV of Sn0, Sn2+, and Sn4+ for 3d5/2 peak and
493.0, 493.6, and 493.7 eV of Sn0, Sn2+, and Sn4+ for 3d3/2 peak,
respectively. Meanwhile, the atomic ratios of Sn0, Sn2+, and Sn4+

are 6.8%, 16.9%, and 76.3%, respectively, demonstrating that the
embedded SnOx quantum dots exist in various valence states,34

which is consistent with the XRD analysis. The peaks at 282.6,
283.8, and 286.5 eV in C 1s XPS spectrum belong to C� C, C� N
and C� O of SQD@C-2, respectively (Figure 3c).35,36

The N 1s XPS spectrum of SQD@C-2 can be deconvoluted
into three peaks at 397.9, 399.6, and 401.8 eV, interpreted as the
pyridinic, pyrrolic, and graphitic types of N atoms, respectively
(Figure 3d).30 As shown inFigure 3e, the spectra of O 1s
displays three peaks located at 530.3, 531.5, and 532.4 eV, which
correspond to O2� (SnO2), Sn� O� C bonds, and C� O bond,
respectively.37 This further demonstrates that SnOx quantum
dots are successfully synthesized and immobilized in the ZIF-8
derived carbon network, resulting in a strong contact with the
outer conductive layer. In addition, Zn 2p3/2 and Zn 2p1/2 peaks
can be found at 1020.3 and 1043.4 eV, respectively (Figure 3f).
A splitting energy of 23.1 eV appearing between Zn 2p3/2 and Zn
2p1/2 indicates the presence of Zn2+, corresponding to the
residual ZnO in SQD@C-2. As shown inFigure S5, the Auger
electron spectroscopy analysis was implemented to further
con� rm the existence of Zn2+, which is consistent with the XPS
spectra results.38

According to the above demonstration, a series of SQD@C
hybrids have been fabricated and the electrochemical measure-
ments have been carried out to evaluate their lithium storage
properties. As shown inFigure 4a, the cyclic voltammetry of
SQD@C-2 is measured at a scan rate of 0.5 mV s� 1 over the
voltage range from 0.01 to 3.0 V. There is a reduction peak at
0.61 V during the� rst cathodic scan, which can be attributed to
the formation of SEI� lm.39The reduction peak around 0.12 V is
related to the generation of LixSn by the alloying reaction of Sn
metal and Li+ and the reaction between Li+ and the carbon
layer.40,41 During the� rst anode scanning, an oxidation peak is
observed at 0.69 V, which represents the process of the
reversible dealloying of LixSn.42 The peak at 1.38 V belongs to
the oxidation process from Sn to SnO2.

41From the second scan,
there is a large reduction peak near 1.0 V, which belongs to the
process of SnO2 being reduced to Sn and Li2O. At the same time,
it can be noted that the scanning curves of the second and third
cycles are coincident, which proves that SQD@C-2 has good
cycle stability and electrochemical reversibility.

The charge� discharge tests and cycling performances of
SQD@C hybrids are conducted at the current density of 0.2 A
g� 1 over the range from 0.01 to 3 V vs Li+/Li. The charge�
discharge curves of SQD@C-2 hybrid show that the� rst
discharge/charge speci� c capacities are 2948 and 1711 mAh g� 1,
respectively, with an initial Coulombic e� ciency of 58% (Figure
4b). The irreversible capacity loss during the� rst discharge
process can be attributed to the formation of SEI.41 From the
second cycle, the charge and discharge curves are close to
coinciding, which proves that the battery has good reversibility,
agreeing with the CV testing result. It should be noted that a

small voltage platform gradually appears at 1.2 V on the
discharge curve as the cycle progresses. This relates to the
reduction process of a small amount of residual ZnO. As shown
in Figure 4c, the reversible speci� c capacity of SQD@C-2 can be
maintained at 1824 mAh g� 1 after 100 cycles, which is much
higher than the theoretical capacity of SnO2 (1494 mAh g� 1),
while that of SQD@C-1 and SQD@C-3 are 1431 and 1057 mAh
g� 1, respectively. In addition, the hybrids pyrolyzed at 700 and
900°C have been fabricated and the electrochemical perform-
ances are shown inFigure S6. As a contrast, ZnSn(OH)6 cubes
with a large size of 150� 300 nm prepared at room temperature
are used as the precursor and a SnOx@C hybrid is obtained by
using the same method. The corresponding SEM image and
XRD result are shown inFigure S7. As shown inFigure 4c, the
contrast SnOx@C hybrid exhibits an initial discharge/charge
speci� c capacities of 1998/1426 mAh g� 1 at 0.2 A g� 1 and a� nal
reversible capacity of 502 mAh g� 1 after 100 cycles, which are
lower than that of SQD@C-2 derived from small ZnSn(OH)6
nanocubes with the size of 40 nm. This further proves that small
particle size plays a key role in improving the electrochemical
reaction activity and bu� ering the volume expansion.

The rate performances of SQD@C-1, SQD@C-2, and SQD@
C-3 are also measured (Figure 4d). Compared with SQD@C-1
and SQD@C-3, SQD@C-2 shows a higher rate performance of
1776, 1715, 1588, and 1408 at 0.2, 0.5, 1.0, and 2.0, respectively.
Especially, SQD@C-2 exhibits a high reversible capacity of 850
mAh g� 1 even at 5.0 A g� 1. When the current density recovers to
0.2 A g� 1, the capacity restores to or even exceeds initial level.
The superior rate performance is mainly due to the ultrasmall
size of SnOx quantum dots and the hierarchical pore structure,
which facilitates the e� ective di� usion and transfer of lithium
ions and the adaptation at di� erent currents. The long cycling
performance of SQD@C-2 was also tested at 2 A g� 1 (Figure
S8), exhibiting a high reversible capacity of 908 mAh g� 1 after
500 cycles. As shown inFigure S9, the SEM image of SQD@C-2
electrode after cycling exhibits that the structure is approx-
imately retained with a slight fracture.

To further evaluate the charge transport and transfer
characteristics of SQD@C anodes, the electrochemical
impedance spectroscopy (EIS) was carried out over the
frequency range from 100 kHz to 0.01 Hz (Figure 4e). The
diameter of the semicircle in the high frequency range represents
the charge-transfer resistance (Rct).

43,44 Compared with that of
SQD@C-1 and SQD@C-3, SQD@C-2 possesses a smaller
semicircle, indicating a lowRct of 113.7 ohm. This can be
attributed to the more developed porous structure, higher BET
surface area, and conductive connectivity, which are bene� cial to
the transport and transfer of lithium ions and electrons.34,45The
equivalent circuit models of the SQD@C hybrids are displayed
in Figure S10and the� tting values ofR� , Rct, andZw are shown
in Table S2. The resistance (Zw) at low frequency is relevant to
the transportation of lithium ions, which can be veri� ed by the
linear slope to� � 1/2. The detailed calculation process is
elucidated inSupporting Information. Based on the linear slope
values inFigure 4f, the lithium ion di� usion coe� cients (DLi

+) of
SQD@C-1, SQD@C-2, and SQD@C-3 are calculated to be
1.91 × 10� 11, 4.02 × 10� 10, and 1.56× 10� 11 cm2 s� 1,
respectively. Compared with SQD@C-1 and SQD@C-3,
SQD@C-2 shows the fastest lithium-ion di� usion rate due to
smallest size of SnOx quantum dots, agreeing with the results of
TEM observation and XRD analysis. TheDLi

+ obtained in
SQD@C-2 is much higher than that of large amounts of data for
SnO2@C hybrids.42,46
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Among the numerous tin-based materials reported previously,
SQD@C-2 exhibits an outstanding performance, which has
been compared inTable S3. To reveal the reasons for the
ultrahigh capacity of SQD@C-2, the electrical conductivities of
SQD@C hybrids were measured by the four probes method.
Surprisingly, SQD@C-2 exhibits an ultrahigh conductivity of
0.33 S m� 1, which is higher than that of SQD@C-1 (0.29 S m� 1)
and SQD@C-3 (0.27 S m� 1) and comparable to that of the
carbon material obtained by direct pyrolysis of ZIF-8 (0.36 S
m� 1). The nanosized carbon cages are tightly coated on the
surface of SnOx quantum dots and cross-linked to form a
connected conductive network, which improves the reactivity of
SnOx and promotes the complete release of capacity to reach its
theoretical capacity. Meanwhile, the performance of the carbon
material generated by direct pyrolysis of ZIF-8 has been tested at
0.2 A g� 1. As shown inFigure S11, a high average capacity of 535
mAh g� 1 can be obtained after 100 cycles. This means that the
carbon with good synergistic e� ect with the active components
provides additional capacity to achieve the outstanding capacity
of SQD@C-2. In addition, the residual ZnO can be reduced to
Zn and form a Zn� Li alloy which contributes extra capacity. The
lithiation potential of Zn is di� erent from that of SnOx and
carbon. This asynchronous lithium storage mechanism makes
the hybrid more adaptable to the volume change during the
cycling.

In order to better illustrate the SnOx-ZnO-C asynchronous
and united lithium storage mechanism during charge/discharge
cycles, thein situXRD measurement was used to detect the

phase transformations and electrochemical reactions. Thein situ
XRD pattern and the corresponding voltage pro� le of the� rst
two cycles for SQD@C-2 are displayed inFigure 5. Blue lines are
drawn to denote phase transformation, and phase trans-
formations are divided into (a) to (i). The peaks at 40.2°,
42.5°, and 44.6° belong to BeO. At stage a, it shows an open
circuit voltage of 2.3 V, and the initial components in SQD@C
hybrid (SnO2, SnO, Sn, ZnO and C) can be observed. As for
ZnO, when the voltage drops to 1.2 V, the residual ZnO
transformed into Zn (eq 4). At stage b, Zn may be alloyed to
form LiZn when the voltage reduces to 0.8 V during the
subsequent lithiation process (eq 5). It has been reported that
the Zn� Li alloy has good mechanical properties,47which means
that the generated Zn can not only participate in electrochemical
reaction to provide extra capacity but also disperse evenly among
SnOx nanoparticles as a barrier to inhibit the volume expansion
during cycling. Meanwhile, the high electrical conductivity of the
Zn� Li alloy accelerates the transport of electrons.48 Sub-
sequently, LiZn is transformed into Zn when the voltage exceeds
0.8 V (eq 5) at stage d and oxidized to ZnO around 1.5 V (eq 4)
at stage e.

As for SnOx and carbon in SQD@C, SnO and SnO2 are
reduced to Sn (eqs 1and2) and alloyed to Li2.5Sn and Li2.6Sn at
stage b (eq 3). At stage c, after the voltage falls below 0.3 V, the
Sn phase vanishes and the Li4.4Sn phase is formed (eq 3). The
ZIF-8 derived carbon nanocages may participate in the lithiation
process as well to form Li0.375C at this stage (eq 6). At stage d, Sn
nanoparticles and carbon are generated from the dealloying

Figure 5.In situXRD measurement of SQD@C-2 electrode during the� rst two charge/discharge processes.

Figure 6. (a) Cycling performances of LFP//SQD@C-2 full cells. (b) Ragone plot of LFP//SQD@C-2 full cell compared with other reported
lithium ion batteries.
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process of Li4.4Sn and Li0.375C (eqs 3 and 6) and Sn
nanoparticles are oxidized to SnO2 at stage e. The second
cycle is similar to the� rst process. Thein situ XRD
characterization implies that ZnO, SnOx, and carbon are
involved in lithiation process collectively at di� erent lithiation
voltages, which may make the hybrids withstand the volume
expansion to a large extent. Meanwhile, the redox reactions for
Zn/ZnO and Sn/SnO2 during de/lithiation processes are
reversible, increasing the reversible capacities of SQD@C
hybrids. This SnOx-ZnO-C asynchronous and united lithium
storage mechanism leads to the excellent electrochemical
performance of SQD@C hybrids.

SnO 2Li 2e Sn LiO2+ + � ++ Š
(1)

SnO 4Li 4e Sn 2LiO2 2+ + � ++ Š
(2)

x x xSn Li e Li Sn ( 4.4)x+ + � �+ Š
(3)

ZnO 2Li 2e Zn LiO2+ + � ++ Š
(4)

Zn Li e LiZn+ + �+ Š (5)

C 0.375Li 0.375e Li C0.375+ + �+ Š
(6)

Furthermore, the full cell was assembled using LiFePO4 (LFP)
as cathode to characterize the cycling performance with a
potential from 0.01 to 3.4 V at 1 C (1 C = 160 mAh g� 1). The
cathode/anode mass ratio was ca. 10:1. As shown inFigure 6a,
the battery shows a high reversible capacity of 817 mAh g� 1

based on the anode active mass (96.6 mAh g� 1 based on the total
active mass of cathode and anode) at 1 C after 50 cycles, which
are signi� cantly better than other reported data.8,49According to
the reversible capacity based on the total active mass of cathode
and anode at a current density of 1 C, the energy density and
power density of SQD@C-2 were calculated to be 335 Wh kg� 1

and 575 W kg1� , indicating a superior performance compared
with the reported data inFigure 6b.50� 57 The well-designed
multifeatured construction resulting from the joint e� ect
between SnOx quantum dots, carbon network, and uniformly
immobilized ZnO nanoparticles promotes the ultrahigh
reversible capacities of SnOx@C hybrids, providing an ideal
candidate for the high-performance LIBs.

CONCLUSIONS
In conclusion, we have proposed a binary oxide-induced surface-
targeted coating of ZIF-8 followed by a pyrolysis approach to
fabricate a series of SQD@C hybrids, in which SnOx quantum
dots are dispersed uniformly throughout the nitrogen-
containing carbon nanocages. The nanocages arranged closely
to form an interlinked conductive framework with a high
electrical conductivity of 0.33 S m� 1, which improves the
electrochemical reaction activity of SnOx. The well-designed
structure with a high BET surface area of 598 m2 g� 1 and
hierarchical pore structure can promote the rapid transport of
lithium ions (DLi

+: 4.02× 10� 10 cm2 s� 1). The reduced Zn can
not only participate in the lithiation process to provide the extra
capacity but also act as a barrier to bu� er the volume expansion.
Bene� ting from the asynchronous and united lithium storage
mechanism, when used as an anode for LIBs, the synthesized
SQD@C hybrid exhibits an ultrahigh capacity of 1824 mAh g� 1

at 0.2 A g� 1 over 100 cycles and a high speci� c capacity of 850
mAh g� 1even at a high rate of 5 A g� 1. Assembled using LiFePO4
as cathode, the full cell exhibits the high energy density and

power density of 335 Wh kg� 1 and 575 W kg1� at 1 C based on
the total active mass of cathode and anode. This method for the
preparation of SQD@C with designable structures can be
applied to other electrode systems by tuning the species and
morphologies of the inner precursors and outer MOFs coatings,
providing a concise strategy for the design and synthesis of high-
performance electrode materials for LIBs.

EXPERIMENTAL SECTION
Synthesis of Hybrids.All reagents were analytical grade and used

without further puri� cation. ZnSn(OH)6 precursor was prepared using
a coprecipitation method mentioned in the previous literature.12

Brie� y, SnCl4·5H2O (1.264 g) and NaOH (0.5 g) were dissolved in
deionized (DI) water to obtain a solution and adjust pH to 12
approximately, which was stirred at 0°C for 0.5 h subsequently. ZnSO4·
7H2O solution (0.18 M, 20 mL) was poured into this solution and
vigorously stirred at 0°C for 10 h. After the reaction, the sample was
gathered by centrifugation at 11,000 rpm and washed with DI water
three times. Subsequently, the ZnSn(OH)6 precursor was dried in a
blast drying oven at 50°C for 12 h and named ZSO-1. According to the
similar experimental process, the precursor with large size could be
obtained through stir at room temperature, which was named ZSO-2.

A certain amount of poly(dimethyl diallyl ammonium chloride)
(PDDA) and sodium chloride were dissolved in DI water to form a
solution (10� M for PDDA). ZnSn(OH)6 precursor (ZSO-1, 0.725
mmol) was dispersed into the above solution by ultrasound and stirred
at room temperature for 30 min. After stirring, PDDA-modi� ed ZSO-1
was obtained by centrifugation. With a similar process, a certain amount
of poly(sodium-p-styrenesulfonate) (PSS) and sodium chloride were
dissolved in DI water (10� M for PSS), and PDDA-modi� ed ZSO-1
was added into the above solution and stirred at room temperature for
30 min. After stirring, the PDDA/PSS comodi� ed was gathered by
centrifugation and named M-ZSO-1.

M-ZSO-1 (0.725 mmol) was dispersed in 25 mL methanol by
ultrasound. 2-Methylimidazole and Zn(NO3)2·6H2O (8:1, mole ratio)
were dissolved in 25 mL methanol, respectively. During the ZIF-8
controllable coating process, the dispersion of M-ZSO-1, the methanol
solution of Zn(NO3)2·6H2O (0.058 M), and 2-methylimidazole was
added into the round-bottom� ask in sequence and stirred at 0°C for 1
h and at room temperature for another 3 h. After the reaction, the
powders were centrifuged, washed with methanol three times, and dried
in a blast drying oven at 50°C for 12 h. The dried powders were treated
at 150°C for 1 h, 800°C for 2 h under Ar atmosphere, and the heating
rate was 5°C min� 1. The obtained hybrid was named SQD@C-1. By
increasing the concentration of Zn(NO3)2·6H2O solution to 0.067 and
0.077 M during the coating process, the samples were obtained and
named SQD@C-2 and SQD@C-3, respectively. When the concen-
tration of Zn(NO3)2·6H2O solution is 0.067 M, by controlling the
pyrolysis temperature at 700 or 900°C, with the same heating
programming, SQD@C hybrids were obtained and named SQD@C-2-
700 and SQD@C-2-900, respectively. With the similar PDDA/PSS
comodi� ed, ZIF-8 controllable coating process, and pyrolysis, the
SnOx@C hybrid was obtained by using ZSO-2 (1 mmol) as precursor,
and the concentration of Zn(NO3)2·6H2O solution was 0.067 M.

Electrochemical Measurements.Then, the mixture was coated
onto a copper foil and dried at 100°C for 12 h in a vacuum drying oven.
After drying, the loaded Cu foil was cut into disk electrodes with a
diameter of 12 mm and calendered at 10.0 MPa. The mass loading of
the active material on each disk electrodes was close to 1 mg. For
cathode, LiFePO4, conductive carbon, and binder (PVDF) were mixed
at the weight ratio of 8:1:1 by usingN-methyl pyrrolidone (NMP) as
the solvent. CR2025 coin-type cells were used to assemble in an argon-
� lled glovebox. The electrolyte was a solution of 1.0 M LiPF6 in mixed
ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), and
ethylene carbonate (EC) (1:1:1, v/v/v). Celgard 2400 membrane was
used as the separator and lithium metal as the counter electrode,
respectively.

The galvanostatic charge� discharge measurements were delivered
on a LAND CT2001A battery test system from 0.01 to 3.0 V (vs Li/Li+)
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at room temperature. The cyclic voltammetry (CV) measurements of
the cells were carried out on a CHI660E electrochemical workstation at
a scan rate of 0.5 mV s� 1. The electrochemical impedance spectroscopy
(EIS) was conducted in the frequency range from 0.01 Hz to 100 kHz.
Each assembled coin cell was set still for 12 h before the test.

Materials Characterization.The morphologies of the synthesized
samples were examined by using the FEI Nova Nano SEM 450 scanning
electron microscope (SEM) at an accelerating voltage of 10 kV. The
sample for TEM measurements was prepared by smearing the sample
dispersion liquid onto a copper grid and dried in air. X-ray di� raction
(XRD, Bruker D8 Focus, 40 kV, 40 mA, Cu Ka radiation, 1.5418 Å) was
performed to analyze the structure of the samples in the 2� range from
10° to 80°. Raman spectrometry (LabRAM HR Evolution) was used to
test with a 532 nm laser excitation. The speci� c surface area was
calculated by using the Brunauer� Emmett� Teller (BET, Micro-
meritics, ASAP2020M) equation based on the N2 adsorption�
desorption isotherms which were recorded by using a Builder SSA-
4200 instrument. Thermogravimetric analysis (TGA, SDT2960) of the
samples was carried out at a heating rate of 10°C min� 1 under air.
Elemental analysis was carried out using an element analyzer (Flash
EA1112). X-ray photoelectron spectroscopy (XPS) was obtained by
using the spectrometer (ESCALAB 250Xi). The Auger LMM kinetic
energy is employed by an X-ray photoelectron spectrometer (Thermo
Scienti� c K-Alpha). An inductive coupled plasma emission spectrom-
eter (ICP, PerkinElmer, Op� ma 7300 V) was used to determine the
element content. The conductivities of materials were measured by a
semiconductor powder resistivity tester (ST-2722).In situ X-ray
di� raction (XRD) measurement was carried out by a PANalytical
X’Pert3 powder di� ractometer with Cu K� radiation (� = 0.15418 nm).
The tested electrode was assembled with a Li counter electrode and a
glass� ber separator (Whatman, GF/D) soaked with electrolyte in a
stainless steel mold matching with the X-ray di� ractometer.
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