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ABSTRACT: Developing anodes with a high and stahle e
energy density for both gravimetric and volumetric storagge is ~ ..’ N -
vital for high-performancethlum/sodium-ion batteriesg | ©%* —> @ — @
Herein, an SnSe/few-layered graphene (FLG) comp§§j3g Y

with a high tap density (2.3 g &nis synthesized via theg : 2400

Plasma milling Micro-nano structure ::Sn-C bond «::Se-C bond
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plasma-milling method, in which SnSe nanoparticlesS dfe z 1800 g
strongly bound with the FLG matrix, owing to bothCSand 5 60 Li/Li* mo'%
Se C bonds, to form nanosized primary particles and th koo 5
assemble to microsized secondary granules. The FLG can Na/Na* S
e ectively alleviate the large stress generated from the volurne 400 800 2200 1600 700

i ' i - Cycle numb
expansion of SnSe during cycling based on its superstrength. yele number

Furthermore, as demonstrated by the density-functional

theory calculations, the Shand SeC co-bonding bentting from the formation of substantial vacancy defects on the
P-milling-synthesized FLG enables stromiyabetween SnSe nanoparticles and the FLG matrix, preventing SnSe from
aggregating and detaching even after long-term cycling. As an anode for lithium-ion batteries, it exhibits high gravimetric and
volumetric capacities (864.8 mAhamd 1990 mAh cmat 0.2 A gb), a high rate (612.6 mAh'geven at 5.0 A §), and the

longest life among the reported SnSe-based anodes (capacity retention of 92.8% after 2000 cy¢jeSabdequegtly,

an impressive cyclic life (capacity retention of 91.6% after 1000 cycles &) kGil&agachieved for sodium-ion batteries.
Therefore, the SnSe/FLG composite is a promising anode for high-performance lithium/sodium-ion batteries.

KEYWORDS:SnSe, few-layered graphene, Srid&ed, DFT calculation, mioemo structure, anode

INTRODUCTION initial coulombic eciency. Second, the low electrical

Rechargeable lithium-ion batteries (LIBs) have been domina?ﬁnducuv'ty and_ lon-dision coecient degrade the rate
power sources for portable electronics and have shown gro form_ance. Third, the Iarg_e stress generatgd frpm the volume
applications in electric vehicles. Recently, sodium-ion batter a:nsm;n oftSntSeI resultihln pa&tlcle pu'Itveélzatlon and loss of
(SIBs) have also drawn great attention due to their much low&fECtrcal contact along with rapid capacity decay.

cost and more abundant resource. However, the curre tCurrently, various strategies have been utilized to tackle the

commercial graphite-based anode materials show a limitsgy 1Ssué of rap|dh capacity g%ecay. On? ;s%ltoh_ccr)]nstruct
theoretical capacity of 372 mAHR fpr LIBs and an inert ~nanostructures, such as nanosfie@tsianoplates, whic

sodium intercalation capacity for $IBsThus, to explore  ©@N SUPPrESS the cycle-induced stress partly and facilitate ion

high-performance anode materials is crucial for developiﬂgu_s'on' Nevertheless, the nanostruciure stéfsssevere

next-generation LIBs and SIBs. particle aggregation after repeated cycling, thus impairing the
Recently, various anode materials, for example, carbonacéd¢ing performance. Another is to construct a nanocomposite

anoded, ® alloy anodes (Sb, P, Sn, €}, oxides? 1° of SnSe and carbonaceous materials, such as @éﬁ@@/C,

sul des'” *°and selenidé8. > have been developed for LIBs SNS&/MWCNTS,” SnSe/CNFS? and SnSe/rGO] to

and SIBs. Among them, tin selenide (SnSe) has aroused wif¢ommodate the cycle-induced stress of SeSevedy.
concern as an eligible anode material for LIBs and SIBs becal§¥ever, owing to the weak bonding between the polar SnSe
of its high theoretical capacity based on the combined
conversion and alloyingealloying mechanisfi® However,  Received: July 12, 2019
there are still several problems. First, the irreversible igtwcepted: September 20, 2019
trapping and solid electrolyte interface (SEl)Jead to alow  Published: September 20, 2019
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Scheme 1. Schematic lllustration of (a) Fabrication of SnSe/FLG and (b) Discharge/Charge Process of SnSe/FLG with and
without Sn C and Se C Co-bonding

Extensive 23

SnSe/few-layer graphene without Sn-C and Se-C co-bonding

and the nonpolar carbon matrix, SnSe can detach from tRemilling is a material-processing method combining high-energy ball-
matrix and then aggregate into clusters after long cyclingiling and dielectric barrier discharge plasritae SnSe/C
limiting the cycle life of anodes. Thus, achieving an ultralof§MpPosite was synthesized by ball-milling the above mixture without
cycle life (thousands of cycles) still challenges the SnSe-ba@gma for 20 h. The bare SnSe was synthesized by P-milling the
anodes. Besides, the nanocomposites have a low tap densifg)' ure of Sn powder and Se powder with a mole ratio of 1:1 for 20 h.

| and lead t | | tric. st hich . F mass ratio of balls to powder was 50:1
general and lead 10 a low volumetric storage, Which SeriouslYaterial Characterization. The phase structure was character-

impedes the practical application of the battery owing to if$eq using X-ray daction (XRD, Panalytical Empyrean), Raman
limited inner spacé. spectroscopy (Raman, Horiba), and X-ray photoelectron spectrometry
Herein, we developed an SnSe/few-layered graphene (FL(PS, AXIS Ultra DLD). The microstructure was observed by
hybrid with a micronano structure by plasma-milling (P- scanning electron microscopy (SEM, Carl Zeiss Supra 40) and
milling), in which SnSe nanoparticles are supported arfthnsmission electron microscopy (TEM, JEOL JEM-2100). The tap
wrapped by the in-situ-formed FLG tightly to form microsize@ensity was obtained by tapping the powder with a known weight in a

composite” agglomerates. Due to its excellent propertigduated cylinder. Tapping was applied for 5 min with 100 taps per
(including high sped surface area, good electrical con-min. For the purpose of accuracy, the tap density was measured

ductivity, and remarkable structueaibility), the FLG matrix times to get the average value. For the ex-situ analyses, the cycled

Vi he el di ductivity b | electrodes were disassembled inside a glovebox and then rinsed in
can not only improve the electron and ion conductivity but aSHﬁmethyl carbonate three times. For the ex-situ XRD measurements,

e ectively alleviates the large stress induced by the volumg electrodes were sealed inside a kapton tape and then analyzed. For
expansion of SnSe during electrochemical processes. M@ge ex-situ XPS/Raman/TEM measurements, the electrodes were
importantly, the P-milling exfoliation of expanded graphitecraped othe Cu substrate and then analyzed.

(EG) can induce substantial C vacancy defects on the FLG,Calculation Methods. Calculations of the graphe@nSe
benetting the formation of both S& and SeC bonds. As  interface were performed by the density functional theory (DFT)-
demonstrated by the experimental results and theoretidg#sed Vienna ab initio simulation package’tudliy the standard
calculations, the SE and SeC co-bonding can enable a frozen-core projector augmented-wave metiotihe generalized

strong a nity of the FLG matrix to SnSe nanoparticles, Whicﬁ;radient approximation of the PerdBurke Ernzerhof functional

I - was employed for the exchange-correlation potéftiad. cut-o
stabilizes the electrode structure by preventing SnSe na fBergy fgr gasis functions was 250 oV arkMe[t)mesh was set to

particles from aggregating and detaching even after long-teffig'x 1 following the MonkhorsPack methotf Atoms were fully
cycling. Additionally, the as-synthesized composite possess@$afed until the HellmanReynman forces on them are within 0.05
high tap density and thus a high volumetric energy density, agd A *. The interface was constructed by>aX 2) SnSe supercell

the synthesis relies on simple and scalable processes, whiclki@rered with a single graphene layer. The optimal interface matched in
benecial for practical application. the a b plane was 2:1 for SnSe/graph&nehe mutual lattice
constant of the SnSe/grapheginterface model was optimized starting
from the optimized primitive cell.

EXPERIMENTAL SECTION Electrochemical Measurements. The electrodes were made up
Material Preparation. Worm-like EG was obtained by heating of active material (80 wt %), Super P (10 wt %), and carboxymethyl
expandable graphite (99.9% purity, 100 mesh, Qingdao Xinghua Gmllulose sodium salt (10 wt %). The electrodes were assembled into
Ltd.) in the mu e at 1000C for 90 s. Then, Sn powder (99.5% purity, 2016 coin-type cells to test the lithium storage performance. The cells
200 mesh, National Medicine Co, Ltd), Se powder (99.5% purity, 100ere assembled in a glovebox, with a Li disk serving as the counter
mesh, Aladdin), and EG were mixed in a stainless steel vial. The masstrode, a polyethylene membrane as the separator, and 4 M LiPF

ratio of (Sn/Se)/EG was 7:3, and the mole ratio of Sn/Se was 1:1. Theissolved in diethyl carbonate/ethylene carbonate (2:1 by volume)
SnSe/FLG composite was synthesized by P-milling the mixture of &ith uoroethylene carbonate (10 wt %) as the electrolyte. The
powder, Se powder, and EG for 20 h under a pure argon atmosphesedium storage performance was tested by CR2032 coin-type cells,
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Figure 1(a) SEM image of SnSe/FLG, (b) TEM image of SnSe/FLG, (c) SAED pattern of SnSe/FLG, (d) HRTEM image of the A region of (b),
(e, f) enlarged HRTEM images of the A region, (g) HRTEM image of the B region of (b), and (h, i) enlarged HRTEM images of the B region.

with a Na disk serving as the counter electrode, alifass the  nanometers are assembled to secondary particles with several
separator, and 1 M NaGCldissolved in ethylene carbonate/propylene micrometers, which leads to a high tap density of 2.36.g cm

carbonate (1:1 by volume) withoroethylene carbonate (5wt %) 8 The syrface of the agglomerates becomes smooth with a thin
the electrolyte. The galvanostatic charge/discharge test was conductﬁ\.ﬁ} coated, indicating that SnSe has been successfully
on a LAND battery tester. Cyclic voltammogram (CV) and ’ . :
electrochemical impedance spectra (EIS) were conducted on aprorted by th_e FLG. Compared W'th the raw materials of
electrochemical station (Gamry Interface 1000). EIS was conducted®: SN, and S€igures S3S9, the particle size of SnSe/FLG

by applying with an amplitude signal of 5 mV ranging from 1 MHz tés reduced greatly and is much smaller than that of SnSe and

0.01 Hz. SnSe/C. The details of this micnano structure were further
revealed by TEM observatibigure b shows that microsized
RESULTS AND DISCUSSION SnSe/FLG granules are composed of nanosized primary

The fabrication of the microano-structured SnSe/FLG Particles. Three daction rings can be observed in the
composite is illustrated Stheme d. Due to the synergistic Selected-area electronraction (SAED) patterr(gure ),
e ect of rapid plasma heating and ball-mill grinding, SnSg@rresponding to the orthorhombic SnSe phagee .9
nanoparticles are in-situ formed from the reaction between gigplay the high-resolution TEM (HRTEM) images of the A
and Se powder; meanwhile, the FLG is in-situ exfoliated froafd B regions défigure b, and the enlarged images of the A
EG and supports SnSe nanoparticles tightly, forming nanosizétl B regions are showrfigure &,f,h,i.
primary particles and then assembling to microsized agglomThe lattice fringes with interplanar spacings of 0.28 and 0.30
erates. Moreover, the in-situ exfoliation of EG to FLG by Fam correspond to the (400) and (111) planes of orthorhombic
milling can induce abundant structure defects (such &nSe. The lattice fringes with an interplanar spacing of 0.40 nm
vacancies, etc) on the FLG, and then lead to the formation &fe attributed to the FLG, which consists di03layers. As
both Sn C and SeC bonds, which connect SnSe nano- shown, the FLG matrix supports the SnSe nanoparticles tightly,
particles and the FLG matrix closely. TheCSnd SeC co- which certainly helps prevent the SnSe nanoparticles from
bondings are expected teeba strong anity between the  aggregation. For a comparison, the HRTEM images of SnSe
SnSe nanoparticles and the FLG matrix, which ectively and SnSe/C are showrHigures S6 and Slihe SnSe crystals
prohibit the aggregation and pulverization of active nand? SnSe and SnSe/C are apparently larger than those in SnSe/
particles during cycling¢hemel). FLG. Besides, in SnSe/C, the EG is not exfoliated to the FLG
The above-described micnano-structured feature of the matrix but to the carbon matrix with lots of layers,
SnSe/FLG composite was aomed by SEM and TEM demonstrating the special exfoliati@ttof P-milling on EG.
observation. As showrFigures S1 and S3nSe and SnSe/C The structural details of SnSe/FLG were further revealed by
appear as uneven agglomerates with a rough surface. UpoiXRDP and Raman spectra in comparison with SnSe and SnSe/C.
milling with EG Figure &), primary particles with hundreds of Figure 2 presents the XRD patterns of SnSe/FLG; the XRD
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Figure 2.(a) XRD patterns of SnSe, SnSe/C, and SnSe/FLG. (b, ¢c) Raman spectra of EG, SnSe/C, and Sip€/EsGESd3d, and Se 3d
XPS spectra of SnSe/FLG.

peaks can be well-indexed to SnSe (JERDE124) and the  greater amount of defects (such as vacancies, etc) induced by P-
C phase. The average sizes of the SnSe crystal in SnSe, Sn3eiling>**° As will be further discussed, these defects play a
and SnSe/FLG can be estimated from the peak broadeningwary important role in achieving the Gnand SeC co-

the XRD pattern and are 24, 15, and 8 nm (calculated by tH®nding. Furthermore, the position of the G-band can be used
Voigt function), respectively. Obviously, the grain size of Sn&eevaluate the layer number of FLG based on the following
in P-milled SnSe/FLG is much smaller than that of the otheequatioft*

two, proving that the P-milling could reduce the size of SnSe

crystals more ectively compared with conventional milling ¢ = 1581.6+ 11/(% nt®) (1)

and that the FLG support could reduce the aggregation of SnSe

crystals, which is in accordance with the above microstructumbere  is the position of the G-band ands the layer
observatiorzigure B shows the characteristic Raman peaks afiumber of FLG. The positions of the G-band in SnSe/C and
the D-band at 1340 ch the G-band at 1581 ctnand the ~ SnSe/FLG are 1581.7 chand 1583.6 cm, respectively.
two-dimensional (2D)-band at 2720 timthe Raman spectra Thus, the layer numbers of SnSe/C and SnSe/FLG can be
of EG, SnSe/C, and SnSe/FLG. The D-band is related toalculated to be about 18 and 4, respectively, in agreement with
disordered carbon, vacancies, and other defects, the G-banithés TEM observation. The 2D-band can also be used to
related to the ordered?dponded carbon, and the 2D-band is characterize the layer number of FLG; as shown, the 2D-band
closely linked to the second-order Raman scattering by in-plasfeEG consists of two components and is strongly asymmetric,
transverse optical phondhi the spectrum of EG, there is a and the 2D-band structure of SnSe/C approaches that of EG.
sharp G-band and a broad D-band with/dg of 0.20, which ~ For more than ve layers, the 2D-band structure becomes
increases to 0.72 for SnSe/C by 20 h of C-milling. However, thardly distinguishable from that of the bulk gralghiter

Ip/ 1 for SnSe/FLG increases remarkably to 1.65 by 20 h of BnSe/FLG, the 2D-band is quitesdent from that of EG, and
milling, indicating better exfoliation of the layered EG and & can be deconvoluted into three Lorentzian peaks, which has
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Figure 3.Three-dimensional (3D) local charge density, 2D local charge density, 2D chargeatensiy aid partial density of states (PDOS)
of the bonding C and Sn of the SnSe/graphene interface structurg agttb@o C vacancy, {ee,, f) low C vacancy concentration (12.5%),
and (i, i, J) high C vacancy concentration (25%). The 3D local charge density, 2D local charge density, 2D charyedesasitydiPDOS of
the bonding C and Se of the SnSe/graphene interface structure egtidYao C vacancy, {gg,, h) low C vacancy concentration (12.5%), and
(k1 kg, I) high C vacancy concentration (25%).

been reported as the characteristic feature of four-layer€d Sn and CSe bond&® °° As shown irFigure 2, two
graphené’® The 2D-band of SnSe/FLG moves left to 2700 dominant peaks at 486.3 and 494.8 eV are attributed to the Sn
cm ' compared with those of SnSe/C, which is induced by &d,, and Sn 3g, peaks of $A'® and the peaks at 485.8 and
decrease in the layer number of the carbon fiathixs, the 494.4 eV can be attributed to Snbonds:* Figure £shows
P-milling can better exfoliate the EG to FLG than convention#the Se 3d spectra of SnSe/FLG, the peaks at 53.6 and 54.3 eV
milling. The better exfoliation of EG and the smaller particlare assigned to the Se 3d binding energy fof“Sn&kthe
size of SnSe/FLG are further \amli by the N adsorption  obvious peak around 57.8 eV is ascribed © Bends.” *°
isotherms ifrigure Sgfrom which the specisurface areas of In contrast, there is no sign of the Gdond and the sign of
SnSe, SnSe/C, and SnSe/FLG are determined as 14.3, 24.1,&ndC is weak in the XPS analysis of SnSeifLi(e SP This
36.5 M g 1, respectively. is because the P-milling exfoliation of EG to FLG can lead to
The defects of the FLG matrix berlee formation of SnC the formation of a greater amount of defects, including
and SeC bonds, which increase thendtly of FLG to SnSe  vacancies, and then lead to the formation of botG 8nd
and is one of the keys for the superior cyclic stability of thiSe C bonds, which will be further revealed by the DFT
anode.Figure 2 shows the Raman spectra with the calculations below. These bonds increasettitg af FLG to
characteristic peaks of SnSe in SnSe/FLG compared with tBaSe and inhibit the aggregation of SnSe. Thus, owing to the
peaks of SnSe and SnSe/C at 108, 148, and 1'86vbiunh is FLG support and Sn/S€ bonding, the SnSe nanoparticles in
attributed to the intrachain stretching vibration mode ofthe SnSe/FLG appear only several nanometers without
SnSé>*°The new peak at 203 chis due to the vibration of aggregation, which are much smaller than those of SnSe and
Se C bonds."*® The XPS analysis is further performed toSnSe/C.
reveal the phase and bonding state of SnSe/FLG. As shown iTo further verify the above-mentioned defect-induced
Figure @, the two dominant peaks located at 284.6 and 2851530nding mechanism, the DFT calculation was conducted to
eV can be ascribed to the C and C C bonds, and the depict qualitatively the interfacial Srand SeC bonding in
additional peaks around 282.8 and 289.9 eV can be ascribedit® SnSe/graphene structure according to their electronic
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Figure 4 Electrochemical performance vs Lifla) CV pro les of SnSe/FLG scanned at 0.2 m\{Is) Discharge/charge curves of SnSe/FLG at

0.2 A g*. (c) Rate performances of SnSe, SnSe/C, and SnSe/FLG. (d, €) Cycling performances and aetmesioeSnSe, SnSe/C, and
SnSe/FLG at 0.2 A g (f) Cycling performance of SnSe/FLG tested at high current densities. (g) Comparison of the cyclic stability of the SnSe/
FLG anode for LIBs in this work and recently reported SnSe-baset* 154 56

properties, and we also performed a quantitative analysis basedenhanced interaction between C and Sn. The PDQSs of C

on the crystal orbital Hamilton population calcul&tieigure and Sporbitals inFigure 8show that the orbital overlap of C

3 shows the optimized SnSe/graphene interface model witmd Sn is available in the range ®f0 eV, indicating the

di erentvacancy concentrations and bonding situations for Ghonding between C and Sn at the interface. However, as shown

Sn and C Se. The interface is constructed by the (111) planén Figure 8,h, there is no shifting of C to Se and electron

of the SnSe supercell covered with the (001) plane of thateraction between C and Se at the interface, and there is only

graphene layer. As showhigure 3 a,G G the shifting of ~ an orbital overlap of,@nd Sgat 0.5 eV, illustrating the weak

C to Sn or Se is invisible and there is no electron interactidmonding between C and Se. While increasing the C vacancy

between C and Sn or Se without a C vacancy. Meanwhile, @ncentration to 25%, the 8n bonding eect is obvious, as

can be seen froRigure B,d, there is no orbital overlap gf C re ected in the local charge density aneéreince charge

and Spor Sg, indicating the inexistence of bonding between Qlensity graphsF{gure § i,). The electron population

and Sn or Se without a C vacancy. between C and Sn shows a strong interaction between C and
Figure 8 h display the situation of the SnSe/grapheneSn at the interface, and the bond length @rCis 2.36 A.

interface structure with alow C vacancy concentration (12.5%jom the PDOS of {and Sporbitals, we camd that there

It is shown that C atoms move to Sn atoms during theare some overlap peaks in the energy window &oon0 eV

formation of the interface, and the bond length 8hGs 2.86  (Figure §. As shown ifrigure R,l, there is an obvious shift of

A (Figure 8). The electron interaction between C and Sn carC atoms to Se atoms with the & bond length of 1.90 A.

be observed from the 3D and 2D local charge derSigiese( Meanwhile, the local charge density graphs show the evident

3e,,8). The dierence in charge density is obtained byelectron interaction between C and Se, and the electron

subtracting the charge density of the SnSe/graphene systkralization between C and Se is found in tleeettice charge

with and without C vacancies, as showigime 8,. The blue density graph. Also, there are clear orbital overlapsid C

part represents the depletion of charge, while the yellow p&¢, implying that the interaction between C and Se is

represents the accumulation of charge. It can be observed thaticeable at the interface with a high C vacancy concentration.

the electrons accumulate around the C and Sn atoms, indicatibgnsequently, the C vacancy defects can help C to bond with

36690 DOI:10.1021/acsami.9b12204
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Figure 5(a c) Cross-sectional SEM images of SnSe, SnSe/C, and SnSe/FLG electrodes beford)cyntissrs@ktional SEM images of SnSe,
SnSe/C, and SnSe/FLG electrodes after cyclinySigrface SEM images of SnSe, SnSe/C, and SnSe/FLG electrodes after cycling.

both Sn and Se at the interface. Furthermore, based on the Sof SnSe/FLG can lead to a high volumetric capacity up to 1990
C and SeC bonds, the anity between SnSe and FLG can be mAh cm?. Notably, the volumetric capacity of SnSe/FLG is

calculated based on the equation B&low superior to those of most reported LIB anodesl¢ S)
During subsequent cycles, the discharge/chardespaoe
Wo= (ES EaphensS BRY € @  similar, indicating a high cyclic stability of SnSe/FLG.

Figure ¢ shows that SnSe/FLG exhibits a rate performance
whereESa®, . andE23 are the energies of the graphene andsuperior to that of SnSe and SnSe/C. The SnSe/FLG delivers

raphen

SnSe surface systems with the corresponding straSiighile reversible capacities of 896._5_, 833.5, 773.2, 740.3, 698.0, and

the total energy of the SnSe/graphene interface and S is the #&3.6 mAh ¢ at current densities of 0.1, 0.2, 0.5, 1.0, 2.0, and

of the interface. The corresponding work of adhesion of n§;0 A g*, much higher than the values of SnSe and SnSe/C

low, and high C vacancy concentrations are estimated to 8etained at the same current densities. Furthermore, as the
0.03Jn?, 1.28Jn7? and 3.68J n¥, respectively. Thus, current density is reduced to 0.1 A the capacities can fully

owing to the SnC and SeC co-bonding, there is a strong recover. The EIS of SnSe, SnSe/C, and SnSe/FLG were

a nity, 3.68 J n?, between SnSe and FLG when the Cobtained at the potential of 2.0 V in initial discharge cycle to
vacancy is highly concentrated. This stronifyacan inhibit reyeal the better rate performance of SnSe/FLG. As shown in
the aggregation of SnSe and help stabilize the SnSe/FIf@ure S1lQaeach Nyquist plot consists of a depressed
electrode structure during the cycling process. semicircle in the high- and medium-frequency regions
The above-mentioned unique migrano-structured SnSe/  corresponding to the charge-transfer resistance.ttétie
FLG composite exhibits excellent electrochemical performari€gults based on the equivalent circuit (inséjofe S10are
as the LIB anodEigure 4 presents thest three CV curves of summarized infable S2 SnSe/FLG exhibits the lowest
SnSe/FLG evaluated in a cutmltage range of 0.045 V.  resistance (42) compared with SnSe (19§ and SnSe/C
During the initial cathodic scan, the peak located at 1.2 VV can &6 ), indicating the improved conductivity of SnSe/FLG
ascribed to the decomposition of SnSe into Snseiswell  due to the high electrical conductivity of FLG. The latter
as the formation of the SHin?’ The peaks located at 0.42, inclined line in the low frequency region is related to'the Li
0.14, and 0.02 V are attributed to the alloying reaction betwe&h usion process. The'ldi usion coecient O.) can be
Sn and Lito form the LiSn alloy?>’ During the anodic scan, estimated based on the following equétion
the peaks at 0.09, 0.14, and 0.54 V can be attributed to the _ 2 4 2
dealloying of the JSn alloy. The anodic peaks at 1.8 V Dy, = RT12 RFC )
correspond to the reactions of Sn witid to form SnSé>* whereR is the gas constaitjs the absolute temperatuxés
Figure # displays the galvanostatic discharge/charge curvestiogé surface area of the electrodis, the involved electron
SnSe/FLG in various cycles at 0.2'AThe voltage plateaus numbers in the redox reactidhis the Faraday constaDiis
are consistent with the above CV observation. SnSe/FLfBe concentration ofLiand is the Warburg factor, which is
exhibits high initial discharge and charge capacities of 125Ffated t&Z based on the following equatfon

mAh g! and 864.8 mAh § corresponding to a high initial _ &1/
coulombic eciency of 68.9%. Moreover, the high tap density £ = Ro* R+ (4)
36691 DOI:10.1021/acsami.9b12204
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Figure 6.(a c) Ex-situ XRD patterns of SnSe, SnSe/C, and SnSe/FLG electrodesraitercyicles. (d) TEM images of SnSe, SnSe/C, and
SnSe/FLG electrodes after cyclingi)(BIRTEM images of SnSe, SnSe/C, and SnSe/FLG electrodes after cycling.

Figure Sl1Ollemonstrates the relationship betw&eand repeated cycling, indicating the stable structure of SnSe/FLG
12 in the low-frequency region of the above electrodegFigure S1)3

where is the corresponding angular frequency. As shown, theFigure 4 shows the cycling performances of SnSe, SnSe/C,

slope () of SnSe/FLG is much lower than those of SnSe andnd SnSe/FLG at 0.2 AlgAfter 200 cycles, SnSe/FLG still

SnSe/C, indicating its faster ionudion.Figure S1presents  delivers a high capacity of 830.8 mAh with a capacity

the Nyquist plots for SnSe/FLG in the fully lithiated state afteretention of 96.1%. In comparison, SnSe and SnSe/C show

di erent cycles, with each plot consisting of two depresseevere capacity fading, with capacity retentions of only 65.5%

semicircles, implying the formation of SEI. The diameters of thiad 30.4% after 200 cycles, respectiglye ¢ displays the

two semicircles after drent cycles almost overlap, attributing coulombic e ciency performances of SnSe, SnSe/C, and SnSe/

to the stable structure of SnSe/FLG. Considering the small sieeG; SnSe/FLG exhibits the highest and steadiest coulombic

of SnSe nanoparticles and high speaiface area of the FLG e ciency among them, which indicates its best reaction

matrix, the pseudocapacitance-like storage, characterized bytébersibility and structure stability. The cyclic stability is further

surface-controlled behavior, could also result in the superigyaluated at high current densities. As shoWwigline #

rate performance of SnSe/FLG. The CV analyses scannedsaiSe/FLG exhibits a high rate and exceptional life; it shows

various rates were carried out to elucidate the lithium stora@yh initial reversible capacities of 766.2 mAt7§2.2 mAh

kinetics of SnSe, SnSe/C, and SnSe/FLG. The dawer cm 2and 650.3 mAh §1495.6 mAh cn? even at 1.0 and 5.0

relationship between the measured current depsityithe A g%, with high capacity retentions of 92.8 and 77.2% after

scan rate\f is given by the following equations 2000 cycles, respectively. The cyclic stability of SnSe/FLG in
this work has been compared with those of other reported
i = aP ®) SnSe-based anodes; as sholigume ¢, the cyclic stability of
SnSe/FLG outperforms other reported SnSe-based anodes.
logi = b logv+ log (6) To further understand the better cycle life of SnSe/FLG, the

morphologies of SnSe, SnSe/C, and SnSe/FLG anodes after
wherea and b are adjustable parameters. For the typicafepeated cycling are observeglre a f present the cross-
di usion-controlled process, bealue is 0.5, whereas for the sectional SEM images of SnSe, SnSe/C, and SnSe/FLG
capacitive behavior that leads to fast kinetich;wvilee is  electrodes before and after cycling. The thicknesses of SnSe
1.0°° As shown irFigure S1,2theb-values of SnSe/FLG for and SnSe/C electrodes before cycling are about 8.3 angl 8.0
cathodic and anodic peaks can be determined to be 0.88 amd they increase to about 25.2 and 18 .8fter 200 cycles at
0.87, respectively, which are higher than those of SnSe dh@ A g%, and there are some cracks appearing in the cycled
SnSe/C. The enhanced pseudocapacitance-like storage omfgctrodes. In striking contrast, the SnSe/FLG electrode does
nates from the ultrasmall nanoparticles and the conductimet show such a sigoant change before and after cycling and
matrixXt®** Moreover, the-values of SnSe/FLG are stable afterit changes from 8.1 to 10.&. Figure § i are the surface
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Figure 7 (a, b) Discharge/charge curves and cycling performance of SnSe/FLG//hiifafes between 0.5 and 3.3 V tested at 0.5 they
inset of (a) is the LED panel lightened by full-cells. Electrochemical performance v&Na@Wpro les of SnSe/FLG scanned at 0.2 mV s
(d) Discharge/charge curves of SnSe/FLG at 0.2.Ae) Cycling performances of SnSe, SnSe/C, and SnSe/FLG at b.2)ARgte
performances of SnSe, SnSe/C, and SnSe/FLG. (g) Cycling performance of SnSe/FLG tested at high current densities.

SEM images of SnSe, SnSe/C, and SnSe/FLG electrodes dftet the strong anity of FLG to SnSe can prevent the

cycling. The SnSe/FLG electrode remains integral withowggregation and pulverization of SnSe nanoparticles during

cracks. In contrast, severe cracks can be observed in SnSecginling and enable SnSe nanoparticles to homogeneously

SnSe/C electrodes. The comparison demonstrates again thetribute in the FLG matrix.

the SnC and SeC co-bonding and FLG support can In addition to the enhanced ity of FLG to SnSe due to

suppress the large volume changetigely and prevent the the defect-induced S8 and SeC co-bonding, the super-

disintegration of the electrode. strength of FLG also betga lot in maintaining the structural
Figure @ c show the ex-situ XRD patterns of SnSe, SnSe/Gtability of SnSe/FLG. To gain fundamental insights into this

and SnSe/FLG electrodes after the 1st and 200th cycles at 0.Bénet of FLG, we analyze the tolerance of FLG to the stress

g 1, which demonstrates that the SnSe phase can reappear aftsrerated from the volume expansion of SnSe during cycling.

the lithiation/delithiation process. The full width at half-For the SnSe phase, the stress generated from thelS e

maximum of the (111) peak narrows obviously, from 0.82 an#l Li,Se conversion can be understood by the elastic-strain

0.95 to 0.48 and 0.70, respectively, for the SnSe and SnS&@ct, which can be evaluated by the micromechanics theory

electrodes after 200 cycles, while it is almost unchanged f@sed on Eshelbyellipsoidal inclusion theory, and can be

SnSe/FLG. These suggest that SnSe nanoparticles grow \esiimated based on the following equéfiths

fast during cycling without the FLG support andCSand .

Se C co-bondingFigure @ i reveal the TEM observation = (V%S YW M Q)

results of electrodes after cycling, for the cycled SnSe and SnSe/ _

C electrodes; SnSe nanopatrticles aggregate into larger particles.™ S ®)

In contrast, most of the SnSe nanoparticles are still evenly _ ¢ )

distributed in the carbon matrix in the cycled SnSe/FLG

electrode. This is also demonstrated by the Sn, Se, andwbere , , and are the stress, total strain, and eigenstrain

elemental mappings of the cycled SnSe/FLG eledtigdee(  generated from the volume expansion of the Shg&n +

S13. Furthermore, the XPS and Raman spdeigarés S15  Li,Se conversion, respectivelyand E denote the Eshelby

and S1pshow that the SrC and SeC co-bonding still exists tensor and elastic constant of SWSeepresents the volume

in SnSe/FLG even after extensive cycling. All of these suggest mole of the SnSe phase,\4népresents the total volume
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per mole of the |$n and LiSe phases. In our case, we consideFLG matrix can function as axible buer, which can

the SnSe Li,,Sn + Li,Se transition. Based bable S3Vgnse e ectively alleviate the large stress generated from the volume
=32.0¢< 10 *m®*mol 1,VLi225%:58,0x 10 ®*me mol laVLiZSe: change of SnSe during cycling, while it also serves as a
32.4x 10 ® m® mol %, andS = 0.856. Thus, and can be conductive network ering fast paths for electron and ion

calculated to be 0.412 and 0.353, and emplayivgith Es,c, ~ 1@NSPort. (3) The SrC and SeC co-bonding benting

= 65.7 GP&’ the stress generated from the volume expansiofﬁom the formation of substantial vacancy defects enables a
of SnSe during lithiation can be estimated to be 23.3 GPgIoNd anity between SnSe nanoparticles and the FLG matrix,
which far exceeds the fracture strength of SSE9(GPa) which can stal_)lllze the electrpde structure by preventing _SnSe
and then results in the rupture of Siiwever, the fracture from aggregating and detaching even after long-term cycling.

strength of graphene can reach up to 130 GPa, and the fracture CONCLUSIONS
strength of graphene with vacancy defects can still remain at ) -

80 GP&%°" Thus, for SnSe/FLG, the FLG is fully capable ofln summary, a facile one-step method, P-milling, has been
tolerating the stress generated from the volume expansiondsiveloped for the scalable synthesis of mano-structured
SnSe during cycling and preventing its disintegration. SnSe/FL_G composites with a hlgh_tap density, in which S_nSe

Here, we also assemble the full-cells based on the SnSe/Fi@foparticles are strongly bound with the robust FLG matrix to
anode and the LiFeR@athode and test their electrochemical assemble nanosized primary particles and then microsized
performancesigure @ shows that the full-cells exhibit a high Sécondary granules. The FLG matrix ezotigely alleviate the
reversible capacity of 602 mAhag 0.5 A gt in the voltage large _cycle-lnduced stress of SnSe due to its supe(strength.
window of 0.53.3 V. Encouragingly, t8CUT-shaped light- ~ More importantly, the SIC and SeC co-bonding, resulting
emitting diode (LED) panel can be lightened by connecting thifom the formation of substantial C vacancy defects in the P-
full-cells (inset dfigure &). Subsequently, they also exhibit aMilling exfoliation of EG 1o FLG, enables a stromgha .
superior cycling performance, with a high capacity of 526 m tween SnSe nanoparticles and the FLG matrix, preventing

g ! retained after 120 cyclésgure B). Moreover, the SnSe/ nSe from aggregating and detaching even after long-term
FLG composite also exhibits a superb sodium stora cling. Thus, the required combination of high volumetric

p )
performancerigure € displays therst three CV prdes of orage (1990 mAh citgt 0.2 A ¢') and ultralong life (more

SnSe/FLG. During the initial cathodic scan, the peak Iocatedt n 2000 cycIe;) can be achlgved in the SnSe/FLG anode. The
gl-cells also display a superior electrochemical performance

0.7 V can be attributed to the sodiation processes to form twnh a high capacity of 602 mAH- gnd a high capacity
Na;Sn alloy and N&e, in addition to the formation of SEI. retention of 87.4% after 120 cycles at 0.3.Mgreover, an

During the anodic scan, the peaks at 0.08 and 0.32 V . ; - . X
: : . ressive cycling stability (capacity retention of 91.6% after
associated with the dealloying of th&Nalloy, and the peaks 080 cycles gt 1.(?A1)gis aI)s/o(acFr)lievgd for SIBs. Overall,(;his

located at 1.01.8 V correspond to the conversion reactions o ‘o ; ;
i 23 . X ork demonstrates a promising anode material and a viable
Sn with NaSe to form SnSé™ Figure @ displays the % lution to develop durable Sn-based hybrid anodes for battery
0

galvanostatic discharge/charge curves of SnSe/FLG at 0 lication
g L. SnSe/FLG exhibits a high initial reversible capacity '
477.8 mAh ¢ and a high initial coulombic eiency of 66.9%, ASSOCIATED CONTENT
and the volumetric capacity can reach up to 1099 mAh cm . .
/Supportlng Information

During the subsequent cycles, the shapes of the dischar ; o :
charge prdes are similar, indicating a high stability of the%e Supporting Information is available free of charge on the

electrodeFigure @ depicts the cycling performances of SnSé?‘CS Publications websitieDOI: 10.1021/acsami.9b12204

SnSe/C, and SnSe/FLG at 0.2 A §nSe/FLG retains a high SEM images of SnSe, SnSe/C, EG, Sn, and Se; HRTEM
reversible capacity of 439.5 mAhafter 200 cycles, which is images of SnSe and SnSe/ECadlsorption isotherms of
much higher than those of SnSe (only 12 mAfagd SnSe/ SnSe, SnSe/C, and SnSe/FLG; XPS spectra of SnSe/C;
C (315 mAh @Y. Figure ¥shows the rate performance of the comparison of the volumetric capacity of the SnS/FLG

above three samples tested at various rates; SnSe/FLG delivers anode in this work with previously reported anodes for
high reversible capacities of 488, 460, 703, 396, 342, and 285 LIBs; Nyquist plots tested at the potential of 2.0 V in the
mAh glat0.1, 0.2, 0.5, 1.0, and 2.0 Amspectively, much initial cycle and vs plotsin the Iow-frequency region
higher than those of SnSe and SnSe/C obtained at the same ©Of SnSe, SnSe/C, and SnSe/FLGing results of
current densities. Moreover, SnSe/FLG also exhibits an  Nyquist plots using an equivalent circuit; Nyquist plots of
impressive long-term cycling stability at high current densities; SNSe/FLG tested at 0.01 V afteredént cycles; CV

it shows high initial reversible capacities of 340.8 Ah g curves at various scan rates andvsdog plots of
783.9 mAh cn? and 275.6 mAh §633.8 mAh cn? even SnSe, SnSe/_C, and SnSe/FLG; CV curves at various scan
tested at 1.0 and 2.0 A gwith high capacity retentions of 91.6 rates and logvs log/ plots of SnSe/FLG after 200

and 90.8% after 1000 cycles, respectivelyé g). As shown cycles; elemental mapping of the SnSe/FLG electrode

in Table Séthe cyclic stability of the SnSe/FLG anode clearly ~ &fter 2000 cycles; XPS spectra of SnSe/FLG after 200
outperforms mogt reported én-based anodes. Y cycles; Raman spectra of SnSe/FLG aftredk cycles;

The above results demonstrate that the nmimo- cell parameters of SnSeSej and bjSn; comparison
structured SnSe/FLG compesitexhibit superb electro- of the cyclic stability of SnSe/FLG and recently reported

chemical performance as LIB and SIB anodes. The superb Sn-based anodes for SIBBR
electrochemical performance is highly related to its unique

structure: (1) The obtained microsized secondary granules AUTHOR INFORMATION
possess a high tap density, which leads to a high volumetimrresponding Authors

capacity and thus a high volumetric energy density. (2) TheE-mail:memzhu@scut.edu(@®h.Z.).
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