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ABSTRACT: Tin-based materials with high specicapacity have been__ 3000 -

studied as high-performance anodes for energy storage devices. Héseig .,....CO"dUCt'Ve & Pomus.SQD@,C Nanocagﬁm
a snQ (x = 0, 1, 2) quantum dots@carbon hybrid is designed afcdheoo| ™
prepared by a binary oxide-induced surface-targeted coating of ZIE-e] ¥
followed by pyrolysis approach, in which Srfdantum dots (under 5 ?, s00] 1
nm) are dispersed uniformly throughout the nitrogen-containi 00| 058
carbon nanocage. Each nanocage is cross-linked to form a highly | E2%dss
conductive framework. The resulting SiC hybrid exhibits a large 0 20 40
BET surface area of 598°ng %, high electrical conductivity, and

excellent ion diusion rate. When applied to LIBs, the Sif)C reveals

an ultrahigh reversible capacity of 1824 mAR gt a current density of 0.2 A § and superior capacities of 1408 and 85(
mAh g ! even at high rates of 2 and 5 Algrespectively. The full cell assembled using LiFg&Ocathode exhibits the high
energy density and power density of 335 Whikand 575 W kg' at 1 C based on the total active mass of cathode and anoc
Combined within situ XRD analysis, the superior electrochemical performance can be attributed to theZ&DEC
asynchronous and united lithium storage mechanism, which is formed by the well-designed multifeatured constr
composed of SnOquantum dots, interconnected carbon network, and uniformly dispersed ZnO nanoparticles. Importa
this designed synthesis can be extended for the fabrication of other electrode materials by simply changing the binar
precursor to obtain the desired active component or modulating the type of MOFs coating to achieve high-performance
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the commercial lithium-ion battery electrode materialgperformance:

still cannot meet the urgent power supply requirements To deal with the issues mentioned above, the nextive
for electric vehicles, hybrid-electric vehicles, and other elecifiethod is to prepare carbon medicoated hybrids. Over the
equipment; the development of a material system with highast decade, many carbon-neatiiin-based hybrids with good
energy density has become a huge concern for reseagfperties have emerged (e.g., Sn NPs embedded in ca
communities recently? Compared with the low theoretical SnG, NPs encapsulated in carbon nanotubes, and\&sO
specic capacity of 372 mAh'gor commercial graphite anode, dispersed on graphene sheets). Han reported a mesop

tin-based materials exhibit a much higher theoreticabspecannQ@c hybrid, delivering a high capacity of 1060 ntAh |
capacity (1494 mAhtfor SnQ, 1231 mAh g for SnO, and ;¢ 100 cycldlt is noted that although the performances |
992 mAh g for Sn) and a relatively low potential, proV'd'ngtin-based materials have been signily improved, there are

pOtthgal and promising apatlor!s for next-generation still problems of low utilization, poor conductivity, and lai

LIBs. * Unfortunately, like many high-capacity anode materi- : . :
. . voIL{me expansion, which restrict the breakthrough of cap

als, tin-based materials also have a huge volume change (abou

250 300 vol %) during the discharge/charge process, resultiig—

in the pulverization of the active materials and the formation ofceived: January 5, 2021

an unsteady soliélectrolyte interphase (SEln, which lead ~ Accepied: April 12, 2021

to unstable cycles and large capacit [§9dleanwhile, the ~ Published: April 14, 2021

previous report demonstrates that the small and active Sn

nanoparticles, which are generated during the reaction between

SnQ and Lf, would aggregate into larger and inactive Sn

I ithium-ion batteries (LIBs) have developed rapidly, butlusters during the cycling, thuecting the electrochemical
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Scheme 1. Schematic lllustration of the StIantum Dots@ Carbon Hybrid
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or the further improvement of cycling and rate performancesarbon cages containing Sg@antum dots with ultrasmall size
Based on this, an optimized structural model hypothesis asd high dispersion has been designed and synthesized by a
proposed, which consists of a highly conductive andontrollable liquid-phase coating pyrolysis method. With
interconnected carbon network, nanostructured tin-based actienostructured ZnSn(O§Bs the precursor, ZIF-8 is uniformly
components with good dispersion, and well-developed porositpated on its surface by electrostatic adsorption after
The carbon in the hybrid can not only act as an ideal electranodi cation with poly(dimethyl diallyl ammonium chloride)
transfer medium but alsoeetively inhibit the growth and (PDDA)/poly(sodiumg-styrenesulfonate) (PSS). After pyrol-
agglomeration of tin-based materials during the cycles, thysis, ZIF-8 transformed into a porous nitrogen-doped
obtaining a multifeatured structure with controllable morphokonductive linker cage, and the wellyweth ZnSn(OH)
ogy. Nanosizing careetively shorten the dision paths ofthe  nanocubes are reduced to ultrasmall, $p@ntum dots.
lithium ions and increase the active sites for the redox reactifMeanwhile, volatilization of most of reduced Zn from the system
between electrode and electrolyte, thus sagmily improving  forms a highly developed porosity throughout the carbon
the electrochemical reaction activity. Especially, the reductiornoefating cage. Small amounts of ZnO remaining inside are highly
the particle dimension of tin-based materials less than 10 nm efigpersed throughout the hybrid and participate in the lithiation
withstand the volume expansion of the hybrid upon cycles topgocess to form a Zhi alloy, which can ectively improve the
large exterif **>Meanwhile, the high spexsurface areaand conductivity and ber the volume expansion. The as-prepared
abundant porosity are favorable for the electrolitration, SQD@C hybrid with a large surface area of498 exhibits a
rapid transfer of lithium ions and electrons, aneripg of  high electrical conductivity of 0.33 $ amd fast ion dusion
volume change, thus contributing to the realization of superigite. Bending from the well-designed multifeatured structure
electrochemical performanhte. and asynchronous lithium storage mechanism resulting from the
The construction of the aforementioned ideal model structuiigint e ect of SnQ quantum dots, carbon network, and
benets from the selection of tin and carbon precursors and thgniformly immobilized ZnO nanoparticles, it exhibits an
way of carbon modiation, which are of crucial importance for yltrahigh reversible capacity of 1824 mAtaig0.2 A gt
the enhancement of the electrochemical performance of tigyen ata high rate of 5 A g high speat capacity of 850 mAh
based materials. Metafganic frameworks (MOFs) with g1 can be reserved. The full cell assembled using L#ePO
adjustable aperture, large spesirface area, and varieties of cathode exhibits the high energy density and power density of
skeletal structures have been widely applied in gas separati¥® wh kg' and 575 W kd at 1 C based on the total active

sensing, and cataly$igeolitic imidazolate frameworks (ZIFs), mass of cathode and anode, demonstrating a good electro-
as a subclass of MOFs, are three-dimensional (3D) nitrogeshemical performance as LIBs anode.

containing crystal networks composed of metal ions or metal
ﬁlusters bridged tetrahedrally by imidazolate-type linkers, Wh'lﬁIESULTS AND DISCUSSION
ave highly promising applications in the electrocheehical
in recent years.In previous study, a Sn/C hybrid has been The construction process of the SQD@C network is exhibited in
synthesized by a solvent-free method using binary metal oxi§defeme.IThe nanocube-structured ZnSn(@pdrticles with
initiating a ZIF-8 outward growth strategy followed by pyrolysig.size around 40 nm are used as the precursor, and their surfaces
The nitrogen-containing carbon matrix with highly developedre negatively charged by PDDA/PSS couatitin, which
nanochannels derived from the ZIF-8 decomposition ancgn adsorb Zfito initiate ZIF-8 crystal nucleation and growth
nanosized Zn volatilization is bei for the Li-ion and  with 2-methylimidazole on the surface of ZnSrn{&Hhe
electron transpoft.However, success has remained limited ircontrollable coating process of ZIF-8 is divided into two steps.
true capacity breakthrough of tin-based materials due to tidep 1 is the ZIF-8 nucleation process. By controlling the
limitation of the synthesis method. Exploring avenues to buitdaction temperature aroun8i@ the forming rate of crystal
highly active system to achieve the leap of electrochemicaiclei can be reduced to make the ZIF-8 nuclei uniformly cover
performances is a big challenge. the surface of precursors. In Step 2, at room temperature of 25
Herein, a highly conductive Snfuiantum dots@carbon °C, the nuclei attracted on the surface of precursors accelerate
(SQD@C) network consisting of interconnected ZIF-8 derivethe growth, resulting in a uniform ZIF-8 coating. After pyrolysis
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Figure 1. SEM images of (a) precursor of ZnSn(@Hhd (b) SQD@C-2 hybrid. (c) TEM image of SQD@C-2 (inset, the particle size
distribution of SNQ quantum dots for SQD@C-2). (d) HRTEM image of SQD@C-2. (e) Elemental mapping images of SQD@C-2.

at 800°C, the external ZIF-8 transforms into a porous and TEM image of SQD@C-2 are showigure ¢. Ultrasmall
continuous nitrogen-doped carbon cage, and the intern@8hQ, quantum dots are distributed in the carbon cage
ZnSn(OH); are reduced to Sp@Quantum dots. The carbon homogeneously. The size distribution of, §rm@ntum dots
cages are interconnected into a highly conductive network isiaround 3.6 nm, which can be observEdjime ¢ (inset).
which SnQ quantum dots less than 5 nm are uniformly The lattice spacing of 0.332 nm corresponds to (110) ¢f SnO
immobilized. (Figure d). The microstructures of SQD@C-1 and SQD@C-3
The morphology and structure of as-prepared precursor aate also observed fiigure S2which shows a similar cage
SQD@C hybrids can be observed by SEM and TEM. As showatwork morphology. The particle size of, $jp@ntum dots
in Figure &, ZnSn(OH) precursors show a uniform nanocube for SQD@C-1 and SQD@C-3 are mainly around 7.9 and 4.7
structure with a size around 40 nm. After ZIF-8 coating andm, respectivelyjgure SB
pyrolysis under Ar atmosphere, carbon-coated Hybhéd EDS mapping of SQD@C-Zigure & shows that Sn, O, C,
(SQD@C-2) exhibits a cross-linked cage network structure My and Zn are dispersed homogeneously. Based on the ICP
which each unit presents a dodecahedron cage morphology wihult, the Zn content of the hybrid (SQD@C-2) is 2.6 wt %.
a size of 100 nni{gure b), which is similar to that of ZIF-8. This indicates that most of ZnO in the external ZIF-8 coating
No obvious agglomeration and bulk are observed, indicatitayer volatilizes from the system during the pyrolysis due to the
that ZIF-8 has grown on the surface of each ZnSp(OH)low boiling point to create rich porosity throughout the carbon,
nanocube. This can be attributed to the neatbn of while the residual ZnO is evenly distributed around Sn due to
PDDA/PSS, which makes the ZIF-8 nuclei evenly cover eatte chemical bond between Zn and Sn in the precursor, which
nanocube by electrostatic adsorption. The amount of ZIF{@ays a crucial role in separating Sn quantum dots. The nitrogen
coating and the size of the cage can be controlled by adjustic@ntent of the hybrid is 1.3 wt % by the elemental analysis, which
the amount of 2-methylimidazole and zinc nitraitguile is mainly derived from the ZIF-8 framework. It is known that
Slah nitrogen-doped carbon is favorable in electrode materials design
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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 adsorptiatesorption 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.

due to the crucial role in enhancing the conductivity as well asX-ray diraction (XRD) examination was performed to reveal
the electrochemical reaction dynamics. the crystallographic structure of the SQD@C hybrids. As shown
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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. Qi mV s
Discharge charge voltage prdes of SQD@C-2 at a current density of 0.2 A (¢) Cycling performances and the Coulombicaency at 0.2

Ag . (d) Rate performances. (e) Electrochemical impedance spectra. (f) Relationship plots b2tareen /2 in the low-frequency range of
SQD@C hybrids.

in Figure A, the diraction peaks (labeled ag of the carbon matriX The content of SnOn SQD@C-1, SQD@C-
precursor match well with the peaks of ZnSn{@E@PDS no. 2, and SQD@C-3 are 60, 54, and 45 wt %, respeétigehg (
74 1825)°* XRD patterns of SQD@C-1, SQD@C-2, and2c). Nitrogen adsorption isotherm$igure & show that the
SQD@C-3 samples indicate that the main peaks (marked as SQD@C hybrids have hierarchical pore structure. The
located at 26°633.9, 37.9, 51.8, and 54.8correspond to  adsorption volume increased sharply at low relative pressure,
(110), (101), (200), (211), and (220) planes of SAAPDS  which indicated the existence of micropores. The following
no. 41 1445)7** The small diraction peaks (marked as  small slope located at medium relative pressure and the
and )at29.9and30.632.0,43.9,and44.9arerelatedto  gesorption hysteresis indicate the presence of mesopores.
SnO (JCPDS no. 8@264) and Sn (JCPDS no. @673), When the relative pressure is close to 1.0, the obvious vertical
ol T sinats s of S s it shots e e f marogbsccaring o

' gen adsorption isotherm, the ratio of micropbre Z
8.31 nm (SQD@C-1), 3.57 nm (SQD@C-2), and 5.11 MM m)/mesopore (2 <d < 50 nm)/macropored > 50 nm) @

(SQD@C-3) approximately, which are consistent with thStandsforthe pore size) for SQD@C-2 hybrid is calculated to be

observation from TENFigure B shows the Raman spectra of . -
SQD@C samples. The two obvious peaks located at 1352 a?{:-u :15.5:1.0. The BET surface area and pore volume of SQD@
d
h

, : - L . 1 which are much higher
1602 cm' can be ascribed to the disordered carbon (D-ban are 589 frg * and 0.54 Cﬁ? W 1
and the ordered graphitic carbon (G-band), respettivaly. an that of SQD@C-1 (353", 0.29 crhg *) and SQD@

I/ ratio of SOD@C-1, SQD@C-2, and sop@c-3C-3 (445 Mgt 0.44 cn”lg. b (Table S). The high surface
composites are calculated as 1.06, 1.11, and 1.04, sugge&ifg Penés from the combination of the nanostructure of SnO
more defects in the carbon of SQD@C-2 than that of SQD@cat@ntum dots, pyrolysis of ZIF-8 framework, and volatilization
and SQD@C-3. The broad 2D band at 280bisnelatedtoa  Of Zn. Based on the developed porosity, electrolyte can easily
second-order zone boundary phonon rifofiee weak and ~ Penetrate into the interior of the porous hybrid, facilitating the
broad 2D peaks suggest the disordered carbon characteristicfgetrochemical reactions occurring at the interface between
SQD@C hybrid€ Generally, defects and vacancies facilitat®nQ, quantum dots and electrolyte. The electrochemically
the lithium-ion diusion and provide more reversible sites foractive surface areas (ECSA) analysis is theaigparameter
electrochemical reaction, contributing to the overall capacity tof assess the activities of hybridEhe detailed calculation

the battery® The TGA curves indicate that the fast weight losprocess is elucidatedSapporting Informatios shown in
between 350 and 500 is assigned to the decomposition of the Figure S4aheC,, of SQD@C-1, SQD@C-2, and SQD@C-3 are
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calculated to be 5.35, 5.75, and 5.70 mFegpectively, which  small voltage platform gradually appears at 1.2 V on the
is consistent with the BET surface area results. discharge curve as the cycle progresses. This relates to the

As shown ifrigure &, XPS spectra comed the presence of reduction process of a small amount of residual ZnO. As shown
Sn, O, C,N,and Znin SQD@C-2 hybrid. The peaks of Sn 3d, @ Figure 4, the reversible spaxtapacity of SQD@C-2 can be
1s, C 1s, N 1s, and Zn 2p have been further analyzed by highaintained at 1824 mAh'gfter 100 cycles, which is much
resolution XPS. As showrrigure B, the two primitive peaks higher than the theoretical capacity of,§h€94 mAh gt),
can be attributed to the Snjddand 3d, orbits and while that of SQD@C-1 and SQD@C-3 are 1431 and 1057 mAh
deconvoluted into three pairs of peaks. spdgi 484.9, g respectively. In addition, the hybrids pyrolyzed at 700 and
485.1, and 485.3 eV o°Sart*, and Sfi for 3d, peak and  900°C have been fabricated and the electrochemical perform-
493.0, 493.6, and 493.7 eV 8f Si*, and Sfi for 3dy, peak,  ances are shownfigure SGAs a contrast, ZnSn(OHubes
respectively. Meanwhile, the atomic ratio§ @&hand St with a large size of 15800 nm prepared at room temperature
are 6.8%, 16.9%, and 76.3%, respectively, demonstrating thahtleaised as the precursor and g @@ hybrid is obtained by
embedded Sn@uantum dots exist in various valence 3tates, using the same method. The corresponding SEM image and
which is consistent with the XRD analysis. The peaks at 282@RD result are shownhigure S7As shown ifrigure ¢, the
283.8,and 286.5eV in C 1s XPS spectrum belon@t@CN contrast SnE@C hybrid exhibits an initial discharge/charge
and C O of SQD@C-2, respectivefygure 8).2%3° specic capacities of 1998/1426 mAhag 0.2 A g* and a nal

The N 1s XPS spectrum of SQD@C-2 can be deconvolutedversible capacity of 502 mAhajter 100 cycles, which are
into three peaks at 397.9, 399.6, and 401.8 eV, interpreted asltwer than that of SQD@C-2 derived from small ZnSg(OH)
pyridinic, pyrrolic, and graphitic types of N atoms, respectivetianocubes with the size of 40 nm. This further proves that small
(Figure #).°° As shown irFigure 8, the spectra of O 1s particle size plays a key role in improving the electrochemical
displays three peaks located at 530.3, 531.5, and 532.4 eV, wieelttion activity and bering the volume expansion.
correspond to © (SnQ,), Sn O C bonds, and CO bond, The rate performances of SQD@C-1, SQD@C-2,and SQD@
respectively/. This further demonstrates that Sig@antum C-3 are also measurédgure 4). Compared with SQD@C-1
dots are successfully synthesized and immobilized in the ZIR#8d SQD@C-3, SQD@C-2 shows a higher rate performance of
derived carbon network, resulting in a strong contact with thkE776, 1715, 1588, and 1408 at 0.2, 0.5, 1.0, and 2.0, respectively.
outer conductive layer. In addition, Zg,2and Zn 2p, peaks Especially, SQD@C-2 exhibits a high reversible capacity of 850
can be found at 1020.3 and 1043.4 eV, respedctigelhe(8). mAh gleven at 5.0 A § When the current density recovers to
A splitting energy of 23.1 eV appearing between,ZargpZn 0.2 A g, the capacity restores to or even exceeds initial level.
2p,, indicates the presence of?Zrcorresponding to the The superior rate performance is mainly due to the ultrasmall
residual ZnO in SQD@C-2. As showigure Shthe Auger  size of SnPquantum dots and the hierarchical pore structure,
electron spectroscopy analysis was implemented to furthehich facilitates the ective diusion and transfer of lithium
con rm the existence of Znwhich is consistent with the XPS ions and the adaptation atatient currents. The long cycling
spectra resulfts. performance of SQD@C-2 was also tested at 2(Rigure

According to the above demonstration, a series of SQD@&3), exhibiting a high reversible capacity of 908 niAtitgr
hybrids have been fabricated and the electrochemical meastf8 cycles. As showrrigure S&he SEM image of SQD@C-2
ments have been carried out to evaluate their lithium storagiectrode after cycling exhibits that the structure is approx-
properties. As shown filgure 4, the cyclic voltammetry of imately retained with a slight fracture.
SQD@C-2 is measured at a scan rate of 0.5'oVes the To further evaluate the cbar transport and transfer
voltage range from 0.01 to 3.0 V. There is a reduction peak@taracteristics of SQD@C anodes, the electrochemical
0.61 V during therst cathodic scan, which can be attributed toimpedance spectroscopy (EIS) was carried out over the
the formation of SEIm>°The reduction peak around 0.12 Vis frequency range from 100 kHz to 0.01 Figute ¢). The
related to the generation of3n by the alloying reaction of Sn diameter of the semicircle in the hi%h frequency range represents
metal and [iand the reaction betweeri Bnd the carbon  the charge-transfer resistai:g. {>** Compared with that of
layer*®** During the rst anode scanning, an oxidation peak isSQD@C-1 and SQD@C-3, SQD@C-2 possesses a smaller
observed at 0.69 V, which represents the process of themicircle, indicating a Id®y of 113.7 ohm. This can be
reversible dealloying of$?* The peak at 1.38 V belongs to attributed to the more developed porous structure, higher BET
the oxidation process from Sn to SH®rom the second scan, surface area, and conductive connectivity, which acdiéne
there is a large reduction peak near 1.0 V, which belongs to the transport and transfer of lithium ions and elecfrtiihe
process of Sn®eing reduced to Sn anglD.iAtthe sametime, equivalent circuit models of the SQD@C hybrids are displayed
it can be noted that the scanning curves of the second and thirdrigure S1@nd the tting values & , R, andz,, are shown
cycles are coincident, which proves that SQD@C-2 has goodrable S2The resistanc&() at low frequency is relevant to
cycle stability and electrochemical reversibility. the transportation of lithium ions, which can beegehy the

The chargedischarge tests and cycling performances dinear slope to 2. The detailed calculation process is
SQD@C hybrids are conducted at the current density of 0.2&lucidated iSupporting InformatioBased on the linear slope
g ! over the range from 0.01 to 3 V V4Lii The charge values ifrigure 4 the lithium ion diusion coe cients D, ;*) of
discharge curves of SQD@C-2 hybrid show thatrdhe SQD@C-1, SQD@C-2, and SQD@C-3 are calculated to be
discharge/charge spedapacities are 2948 and 1711 mAhg 1.91 x 101!% 4.02x 1071 and 1.56x 101! cn? s,
respectively, with an initial Coulombiciency of 58%gure respectively. Compared with SQD@C-1 and SQD@C-3,
4b). The irreversible capacity loss during teedischarge  SQD@C-2 shows the fastest lithium-ionsithn rate due to
process can be attributed to the formation of'$Eom the smallest size of SpQuantum dots, agreeing with the results of
second cycle, the charge and discharge curves are clos@EM observation and XRD analysis. Dhé obtained in
coinciding, which proves that the battery has good reversibiligQD@C-2 is much higher than that of large amounts of data for
agreeing with the CV testing result. It should be noted that SnG@C hybrid§*°
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Figure 5.In situXRD measurement of SQD@C-2 electrode during tisetwo 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.

Among the numerous tin-based materials reported previougihase transformations and electrochemical reactidnsiithe
SQD@C-2 exhibits an outstanding performance, which hZA&RD pattern and the corresponding voltagédepod the rst
been compared imable S3To reveal the reasons for the two cyclesfor SQD@C-2 are displayedjime 5Blue lines are
ultrahigh capacity of SQD@C-2, the electrical conductivities dfawn to denote phase transformation, and phase trans-
SQD@C hybrids were measured by the four probes methddrmations are divided into (a) to (i). The peaks at°40.2
Surprisingly, SQD@C-2 exhibits an ultrahigh conductivity df2.5, and 44.6belong to BeO. At stage a, it shows an open
0.33 S m*, which is higher than that of SQD@C-1 (0.29"5 m  circuit voltage of 2.3 V, and the initial components in SQD@C
and SQD@C-3 (0.27 S Hhand comparable to that of the hybrid (SnQ, SnO, Sn, ZnO and C) can be observed. As for
carbon material obtained by direct pyrolysis of ZIF-8 (0.36 2nO, when the voltage drops to 1.2 V, the residual ZnO
m 1). The nanosized carbon cages are tightly coated on theansformed into Zre¢ 4. At stage b, Zn may be alloyed to
surface of SnOguantum dots and cross-linked to form aform LiZn when the voltage reduces to 0.8 V during the
connected conductive network, which improves the reactivity sibsequent lithiation procesg §. It has been reported that
SnQ and promotes the complete release of capacity to reachtite Zn Li alloy has good mechanical propéttiehjch means
theoretical capacity. Meanwhile, the performance of the carbitrat the generated Zn can not only participate in electrochemical
material generated by direct pyrolysis of ZIF-8 has been testedesiction to provide extra capacity but also disperse evenly among
0.2 Ag™. As shown iRigure S1,Ja high average capacity of 535 SnQ, nanoparticles as a barrier to inhibit the volume expansion
mAh g can be obtained after 100 cycles. This means that tltiring cycling. Meanwhile, the high electrical conductivity of the
carbon with good synergistieet with the active components Zn Li alloy accelerates the transport of electfo8sb-
provides additional capacity to achieve the outstanding capasigguently, LiZn is transformed into Zn when the voltage exceeds
of SQD@C-2. In addition, the residual ZnO can be reduced @.8 V €q 9 at stage d and oxidized to ZnO around 1£\V)(
Zn and form a ZnLi alloy which contributes extra capacity. Theat stage e.
lithiation potential of Zn is dérent from that of SnGand As for SnQ and carbon in SQD@C, SnO and Safe
carbon. This asynchronous lithium storage mechanism makeduced to Sre(js land2) and alloyed to LiSn and LigSn at
the hybrid more adaptable to the volume change during thetage béq 3. At stage c, after the voltage falls below 0.3 V, the
cycling. Sn phase vanishes and theSn phase is formedq 3. The

In order to better illustrate the SAENO-C asynchronous ZIF-8 derived carbon nanocages may participate in the lithiation
and united lithium storage mechanism during charge/dischargeocess as well to formg 44§ at this stagee() §. At stage d, Sn
cycles, thén situXRD measurement was used to detect thenanoparticles and carbon are generated from the dealloying
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process of LiSn and L3, (egs 3and 6) and Sn power density of 335 Wh kgnd 575 W Kg at 1 C based on
nanoparticles are oxidized to g@a®stage e. The second the total active mass of cathode and anode. This method for the
cycle is similar to therst process. Thén situ XRD preparation of SQD@C with designable structures can be
characterization implies that ZnO, Snénhd carbon are applied to other electrode systems by tuning the species and
involved in lithiation process collectively ardnt lithiation morphologies of the inner precursors and outer MOFs coatings,
voltages, which may make the hybrids withstand the volumpeoviding a concise strategy for the design and synthesis of high-
expansion to a large extent. Meanwhile, the redox reactionsgerformance electrode materials for LIBs.

Zn/ZnO and Sn/Sn@ during de/lithiation processes are

reversible, increasing the reversible capacities of SQD@@G

hybrids. This Sne¥nO-C asynchronous and united lithium _ Synthesis of Hybrids.All reagents were analytical grade and used
storage mechanism leads to the excellent electrochemig@hout further purcation. ZnSn(OH)precursor was prepared using

performance of SQD@C hybrids. a coprecipitation method mentioned in the previous litérature.
. & ] Brie y, SnCJ5H,0 (1.264 g) and NaOH (0.5 g) were dissolved in
S0+ 2L+ 28 sn LD (1) deionized (DI) water to obtain a solution and adjust pH to 12
- approximately, which was stirrec?@tfor 0.5 h subsequently. ZnSO
N0, + ALi + 48 $n 2O ) 7H,0 solution (0.18 M, 20 mL) was poured into this solution and
3 vigorously stirred at°@ for 10 h. After the reaction, the sample was
S+ xLit + x& Li,Sn &k 4.4) ©) gathered by centrifugation at 11,000 rpm and washed with DI water
three times. Subsequently, the ZnSn{@¥Hcursor was dried in a
Zno + 2L1 + 25 Zn Lo ) b]as} drying oven at 80 for 12 h and named ZSO-.l. According tothe
similar experimental process, the precursor with large size could be
+ S . obtained through stir at room temperature, which was named ZSO-2.
Zn+ L'+ € Lz ®) A certain amount of poly(dimethyl diallyl ammonium chloride)
+ S . (PDDA) and sodium chloride were dissolved in DI water to form a
C+ 0375Li+ 0378 iz C (6) solution (10 M for PDDA). ZnSn(OH) precursor (ZSO-1, 0.725

: . mmol) was dispersed into the above solution by ultrasound and stirred
Furthermore, the full cell was assembled using Lifi#HQ at room temperature for 30 min. After stirring, PDDA-egm@iSO-1

as cathode to characterize the cycling performance with,gs ohtained by centrifugation. With a similar process, a certain amount
potential from 0.01to 3.4 Vat 1 C (1 C = 160 mAh ghe of poly(sodiunp-styrenesulfonate) (PSS) and sodium chloride were
cathode/anode mass ratio was ca. 10:1. As shiigorin @, dissolved in DI water (1M for PSS), and PDDA-modil ZSO-1

the battery shows a high reversible capacity of 817 fAh gvas added into the above solution and stirred at room temperature for
based on the anode active mass (96.6 mbaged onthetotal 30 min. After stirring, the PDDA/PSS comediiwas gathered by
active mass of cathode and anode) at 1 C after 50 cycles, whigntrifugation and named M-ZSO-1. _

are signicantly better than other reported d4ta\ccording to M-ZSO-1 (0.725 mmol) was dispersed in 25 mL methanol by

: ; ; sound. 2-Methylimidazole and ZnfN®H,O (8:1, mole ratio)
the reversible capacity based on the total active mass of cathB'Hré‘e dissolved in 25 mL methanol, respectively. During the ZIF-8

and anode at a current density of 1 C, the energy density aﬁ/ : . .
. ' trollable coating process, the dispersion of M-ZS0O-1, the methanol
power density of SQD@C-2 were calculated to be 335 Wh kg tion of Zn(NQ),6H,0 (0.058 M), and 2-methylimidazole was

and 575 W kg, indicating a SUpeggrSPerformance comparethdded into the round-bottorask in sequence and stirred°a for 1

with the reported data #igure 6. The well-designed  h and at room temperature for another 3 h. After the reaction, the
multifeatured construction resulting from the joimicte  powderswere centrifuged, washed with methanol three times, and dried
between SnOguantum dots, carbon network, and uniformlyin ablast drying oven at8Dfor 12 h. The dried powders were treated
immobilized ZnO nanoparticles promotes the ultrahiglat 1506°C for 1 h, 800C for 2 h under Ar atmosphere, and the heating

reversible capacities of SBQ hybrids, providing an ideal ate was 5C min *. The obtained hybrid was named SQD@C-1. By
candidate for the high-performance LIBs increasing the concentration of ZngN@H,O 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(NQ),-6H,O solution is 0.067 M, by controlling the
In conclusion, we have proposed a binary oxide-induced surfamgelysis temperature at 700 or 9@0) with the same heating
targeted coating of ZIF-8 followed by a pyrolysis approach fogramming, SQD@C hybrids were obtained and named SQD@C-2-
fabricate a series of SQD@C hybrids, in whichdsa@tum 700 an_d SQD@C-2-900, respectivgly. With the similar PDD_A/PSS
dots are dispersed unifoymthroughout the nitrogen- ¢omedied, ZIF-8 controllable coating process, and pyrolysis, the

containing carbon nanocages. The nanocages arranged cloxaf@C hybrid was obtained by using ZSO-2 (1 mmol) as precursor,

. . . - .~ -and’the concentration of Zn(W@6H,0 solution was 0.067 M.
to form an interlinked conductive framework with a high Electrochemical Measurements.Then, the mixture was coated

) e T e
electrical conductivity of 0.33 S*mwhich improves the 4 4 copper foil and dried at 2afor 12 h'in a vacuum drying oven.
electrochemical reaction activity of ,Si@e well-designed  after drying, the loaded Cu foil was cut into disk electrodes with a
structure with a high BET surface area of 59§ mand diameter of 12 mm and calendered at 10.0 MPa. The mass loading of
hierarchical pore structure can promote the rapid transport tife active material on each disk electrodes was close to 1 mg. For
lithium ions (B;*: 4.02x 10 *cn¥ s %). The reduced Zn can  cathode, LiFePOconductive carbon, and binder (PVDF) were mixed
not only participate in the lithiation process to provide the extrat the weight ratio of 8:1:1 by ushinethyl pyrrolidone (NMP) as
capacity but also act as a barrier tetiine volume expansion. ﬂl]le jo'l"e”tbCR?r%% coin-type cells were used tfolagsem%%('“da” argon-
Beneting from the asynchronous and united lithium storage!/€d 9lovebox. The electrolyte was a solution of 1.0 Mt ke

- ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), and
mechanism, when used as an anode for LIBs, the synthesi lene carbonate (EC) (1:1:1, vivlv). Celgard 2400 membrane was

. - . , A 1111, viviv). Celg

SQb@C E‘yb”d exhibits an ultrahigh capacity of 1824 Gused as the separator and lithium metal as the counter electrode,
at 0.2 A g- over 100 cycles and a high spezapacity of 850  respectively.

mAh g 'even atahighrate of 5 AgAssembled using LiFePO  The galvanostatic chargéscharge measurements were delivered
as cathode, the full cell exhibits the high energy density anda LAND CT2001A battery test system from 0.01 to 3.0 V (V3 Li/Li
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at room temperature. The cyclic voltammetry (CV) measurements of Huanrong Li National-Local Joint Engineering Laboratory

the cells were carried out on a CHI660E electrochemical workstation at for Energy Conservation in Chemical Process Integration and
ascanrate of 0.5 m\}._sThe electrochemical impedance spectroscopy  Resources Utilization, Tianjin Key Laboratory of Chemical
(EIS) was conducted in the frequency range from 0.01 Hz to 100 kHz. Process Safety, School of Chemical Engineering and

Each assembled coin cell was set still for 12 h before the test. PN - 2
: i - : Technology, Hebei University of Technology, Tianjin 300130,
Materials Characterization.The morphologies of the synthesized P. R. China orcid.org/0000-0001-7400-7668

samples were examined by using the FEI Nova Nano SEM 450 scanning -
electron microscope (SEM) at an accelerating voltage of 10 kv. The EMaillihuanrong@hebut.edu.cn .
sample for TEM measurements was prepared by smearing the sampi&n-Hui Lu  State Key Laboratory of Fine Chemicals, School of

dispersion liquid onto a copper grid and dried in air. X-ragtehn Chemical Engineering, Dalian University of Technology,
(XRD, Bruker D8 Focus, 40 kV, 40 mA, Cu Karadiation, 1.5418 A)ywas  Dalian 116024, P. R. Chiragrcid.org/0000-0003-1294-
performed to analyze the structure of the samples irrémg2 from 5928 Email:anhuilu@dlut.edu.cn

10° to 8C°. Raman spectrometry (LabRAM HR Evolution) was used to

test with a 532 nm laser excitation. The specirface area was Authors

calculated by using the Brunaienmett Teller (BET, Micro- Yanan Zhang National-Local Joint Engineering Laboratory
meritics, ASAP2020M) equation based on the N2 adsorption  for Energy Conservation in Chemical Process Integration and
desorption isotherms which were recorded by using a Builder SSA- pagq rces Utilization, Tianjin Key Laboratory of Chemical
4200 instrument. Thermogravimetric analysis (TGA, SDT2960) of the Process Safety SChO’O| of Chemical Engineering and

samples was carried out at a heating rate°@ @tn * under air. S - I
Elemental analysis was carried out using an element analyzer (Flash 1 €chnology, Hebei University of Technology, Tianjin 300130,

EA1112). X-ray photoelectron spectroscopy (XPS) was obtained by P.R. China ) )

using the spectrometer (ESCALAB 250Xi). The Auger LMM kinetic Dong Yan State Key Laboratory of Fine Chemicals, School of
energy is employed by an X-ray photoelectron spectrometer (Thermo Chemical Engineering, Dalian University of Technology,
Scientic K-Alph_a). An inductive coupled plasma emission spectrom- Dalian 116024, P. R. China

eter (ICP, PerkinElmer, Opa 7300 V) was used to determine the  7efej Liu National-Local Joint Engineering Laboratory for
element content. The conductivities of materials were measured by a Energy Conservation in Chemical Process Integration and
semiconductor powder resistivity tester (ST-21@23itu X-ray Resources Utilization, Tianjin Key Laboratory of Chemical
di raction (XRD) measurement was carried out by a PANalytical Process Safety SCh0,0| of Chemical Engineering and

X'Pert3 powder dractometer with Cu Kradiation ( =0.15418 nm). T 3 25
The tested electrode was assembled with a Li counter electrode and a | €chnology, Hebei University of Technology, Tianjin 300130,

glass ber separator (Whatman, GF/D) soaked with electrolyte in a  P- R. China . . )
stainless steel mold matching with the X-regotibmeter. Youwen Ye National-Local Joint Engineering Laboratory for

Energy Conservation in Chemical Process Integration and
Resources Utilization, Tianjin Key Laboratory of Chemical
Process Safety, School of Chemical Engineering and
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