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Crystalline tin (Sn) nanostructures and tin/reduced graphene oxide (Sn/RGO) conpmsitdseen
synthestedwith different morphologies via a facile reduction method. The effectiseahorphology
and particle size on the cycling stability of Sn and Sn/RGO -#snLbattery anodes were investigated.
For crystalline Sn, different morphologies of nanosheasorods, nanospheres and nanoparticles
were obtained by adjusting the reaction conditions, suttheaisaction temperature and precursor. The
associated electrodehibited arapid capacity decay and weak cycling stability. Howesgenalt
sizedSn partites displagd a relatively more stable cycling performance than tidahe large-sized
particles Compaed with Sn, the cycling stability ofhe Sn/RGO compositewas greatly improved
with a long cycling life even at a larger current density. For insgithe Sn/RGO electrode, in which
sphericalSn nanoparticles with diameteof ~ 5 nmare uniformly dispersedon the RGOsurface
delivers a reversible discharge capacity of 355 mAhtghe end of 50 cycles at 200 mA. g
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1. INTRODUCTION

Graphite anodehave been widely used in commercial-ian batteries (LIBS) sincthe 1990s.
However,because oé low theoretical capacity (Li€ 372 mAh @') and poor rate performanchese
anodes are unable to meet the increasingly rigorous demands oflt4BsAmong various available
anode materials, metallic tin (Sahodes havéong been consideregh attractivealternatives due to
their high theoretical capacities ¢4Sn: 993 mA g%), low cost, environmental benignity, high
electrical conductivity and moderate operating voltage [5, 6]. However, tin electrodes often suffer from
large lithiation/delithiation associated volume changehich results ina rapid capacity decay and
weak cyclability during cycling process|[7]. To overcome th&e drawbacks, many approaches have
been adopted.
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Previous studies have suggested that reducing the cfizee Sn particles tadhe nanometer
range can provide a short ‘Lidiffusion length, and increase morphology stability during
discharge/charge cycleshich lead toa high Li" diffusion rate and long cycling lifene [8]. However,
the aggregation of Sn nanoparticles (Sn NPs) during cycling then becomes a major issue due to the
huge specific sudce energy ofthe ultrafine active nanoparticles To solve this problem, Sn
carbonaceous compositeembiningSn NPs and carbonaceous mattisuch asa nanaSn filled in
carbon nanotubp], a Sn/C composit@anofiber[10], arambutardike Sn@C nanoarctacture [11]a
carbon coated Sn nanocomposite [12], and Sn NPs dispersed in porous carpbavild 8¢lated their
promising potential.ln these hybridsthe carbonaceous matrix acts as a barrier to prevent the
aggregation of Sn NPs, and provides a vpidce where the Sn NIeanexperience a volume change.
Recently, graphene as a new member of carbon family was considered to be a good matrix because ¢
its large specific surface ardhat can provide active sites fahe Sn NPs, superior electrical
condutivity and excellent mechanical flexibility. Therefore, Sn/graphene composites have been
attracted much attention and many synthesthods have been applied, such as microwave reduction,
chemical vapor deposition and a combination of different approd&des9d]. Herein, we report a
facile onestep reduction method to synthesize crystalline Sn nanostructures and tin/reduced graphene
oxide (Sn/RGO) composites. The morphologytitd obtained materials was controlled by changing
the reaction conditions. Thdischarge/charge performance tbe Sn nanostructuseand Sn/RGO
composites, as well as the relatibips betweenthe morphology and cycling stability have been
investigated and discussed.

2. EXPERIMENTAL

2.1. Materials

SnCbhA 2,8 (Analytical reagent, iBopharm Chemical Reagent Co., Ltd.)@sSQuNa
(Chemical pure, Shanghai Lingfeng Chemical Reagent Co., Ltd.), NgBtalytical reagent, Nanjing
Xiezun Chemical Co., Ltd.), and absolute ethanol (Analytical reagent, Shanghai Titan Scientific Co.,
Ltd.) were used athe precursor, protecting agent, reducing agent, and solvent, respediretlye
synthesis othe Sn nanostructures. NaOH (Analytical reagent, Shanghai Titan Scientific Co., Ltd.) was
used in some cas#o regulate the reduction rate andlgief Sn by producing Sn(Oklprecipitates as
the precursor. Graphene oxide was obtained from natural graphite flakes (> 99.8%, Nanjing XFNANO
Materials Tech Co., Ltd.) by a modified Hummers method [20].

2.2. Synthesis

2.2.1. Synthesis the Sn nanostruttires at different temperatures

2 mmol SnCJA 2,8, 0.25 mmol GH,sSONa were dissolved in 50 mL absolute ethaaok)
thenthe solution waplaced at a given temperature’@by using an ice bath, 3@, 40°C, 50°C, 60
°C and 70°C via applying an oibath) under magnetic stirring witgm Ar flow in a threeneck flask.
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Subsequently, excess NaBMasdissolved in 50 mL absolute etharawid theradded to the precursor
system Grey products were immediately observed. After 30 min, the precipitadee collected via
centrifugation washed with deionized water and absolute ethamulthen dried at room temperature
in a vacuum oven.

2.2.2. Synthesis tiie Sn nanostructures with different amounts of NaOH

During the synthesis, 2 mmol Snfl2,8 with a spedfic amount of NaOH (4 mmobr 8
mmol) wasdissolved in 50 mL absolute ethanol to form a white colloidal suspension. The colloidal
suspension was heated to@under magnetic stirring withn Ar flow in a threeneck flask. Then50
mL absolute ethanol otaining excess NaBHvas added, and white colloidal suspension gradually
turned to dark grey. After 30 min, the precipitate was collected, washed and dried.

2.2.3. Synthesis t¢iie Sn/RGO composites

For the synthesis ofhe Sn/RGO composites, 2 mmol SkA 2,8, 0.02 g asynthesized
graphene oxide and a certain amount of NaOH (0 mmol, 4 mn8&mmol) were first dissolved in 50
mL absolute ethanoln addition,the system was heated to 70 under magnetic stirring witan Ar
flow in a threeneck flask Then NaBH, dissolved in 50 mL absolute ethanol was added. After 30 min,
the dark gey precipitatesvere collected, washed and driddhe obtained composites weeferred to
asSn/RGOI (without NaOH), Sn/RGAI (4 mmol NaOH) and Sn/RGQ@I (8 mmol NaOH.

2.3. Characterization

Powder Xray diffraction (XRD) patterns of the samples were collected on a D/A4B50
diffractometer using GikUradiation ovea5 A d® Bréndewi t h a st EM.0X.Fiedde of
emission scanning electron microsgofi-ESEM) measurementsvere performed on a Nova Nano
SEM-450 microscope. For higlesolutiontransmission electron microscgofHRTEM), a JEOL JEM
2100F electron microscope wased. X-ray photoelectron spectroscopy (XPS) measurements were
conductedn an ESCALMB 250Xi spectrometer using AdUradiation.

2.4. Electrode preparation and electrochemical characterization

To evaluate the electrochemical characteristieselectrodes were prepared by mixing 80 wt%
active powders, 10 wt% conductive acetylene black and 10 wt% polyvinylidene @u@WDF)
binder dissolved in 1methyl pyrrolidinone (NMP) to form a homogeneous slurry. The mixture was
painted ontoa copper foil and dried under vacuum at 8D for 24 h. The active material loading
density of the electrodeasc a . 0. 9 T2 THecob-type dralcelis (2016) were assembled in
an argorfilled glove box.A Li metal foil was utilized as the counter electrpdenorraqueous solution
of LiPFs (1 M) in a 1:1:1 of ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate
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(DMC) was used as the electrolytand a Celgard 2325 was applied as the separator. The
discharge/charge cycles were recorded using a LAND CT2001A battery test system (Wuhan LAND
electronics Co., Ltd.) at various current densities\nltage range of 0.003.5 V.

3. RESULTS AND DISCUSSION

3.1 Sn nanostructures
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Figure 1. XRD patterns of metallic tin synthesized at different temperatures. The reference pattern of
tetragonal Sn (JCPDS no.-0673) is also shown.

Fig. 1 shows the XRD patterns of the progusynthesized at different temperature$GP30
°C, 40°C, 50°C, 60°C and 70°C). All the diffraction peaks located atf2 30.6, 32.0, 43.9, 44.9,
55.3, 62.5, 63.8, 64.6, 72.4, 73.2 and 79.8 can be assigned to the (200), (101), (220)1)21
(301), (112), (400), (321), (420), (411) and (312) crystal planes of tetragonal tin (JCPDS6i8),04
respectively, indicating the formation of pure metallic Sn. The yield oftl®n Weight ratio othe
experimental and theoretical output) for alkloé samplesvasapptoximately60 %.
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Figure 2. SEM images of metallic tin synthesized at (&) (b) 30°C, (c) 40°C, (d) 50°C, (e) 60°C
and (f) 70°C.
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Figure 3. HRTEM images and SAED patterns of metallic tin synthesized at (a), °@)abdd (9, (d)
70°C.

The SEM imagesas shown in Fig. 2§ reveal the morphology of metallic Sn synthesized at
different temperatures. The grey products prepared &C On an ice bath exhibit rectangular
nanosheet sem)dsshowntinhFig.22a. The HEM image clearly reveals the morphology
of one nanosheet with particle agglomerates on the surface (FigilH#&$AED patterns alonghe
[001] direction (Fig. 3b) confirm the singt@ystallinenature of thenetallic Sn phase of the nanosheet
[21]. When he reaction was performed at 30 or 40°C in an oil bath, irregular retlke structures
with different sizes (length <e¢In, diameter < 200 nm) were obtained (Fig. 2b and c). However, as the
reaction temperature increased to 30 and 60 °C, the nanorods gradually disappeayebout
cobblestondike nanoparticles were formed (Fig. 2d and e). At°@) the obtained cobblestoiike
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nanoparticles are more regular and homogeneous (approximate 200 nm in size) and behave multipls
facets demonstrated by SEM image (Fig. 2f). The HRTEM image (Fig. 3c) and corresponding SEAD
patterns along [100] direction (Fig. 3d) indicate the shugystalline metallic Sn phagRl]. As the
temperature rises from < to 70°C, the morphology of Sn changgem nanosheets to nanorods and
theninto cobblestondike nanoparticles. The results suggest that the formatitrediigh-dimensional

Sn nanosticturesrequireslower energes, but the formation of thdow-dimensionalnanostructures
requireshigher energs

Figure 4. SEM and HRTEM images of metallic tin synthesized with different ansmfilaOH: (a),
(b), (c) 4 mmol and (d), (e), (f) 8 mmol

A common method to changle morphology and size &n nanomaterials is the use of
surfactants, such gmlyvinylpyrrolidone(PVP). The sizes of th8n NPswere controlled from 15 to
89 nmby adjusting the amount &VP [22]. Herein, the amount of NaOH the precursor system
regulated theeduction rate and yield of Sand alsocontroled the morphology and size dfie Sn
nanostructuresin the presence of NaOH, $nfirst reacted with OH to form white precipitates
identified as Sn(OH) and thenwas reduced by NaBklto form metallic Sn. The reaction was
performed at 70C for 30 min. Due to the different amowgrdf NaOH (4 mmolor 8 mmol), the mair
ratio of SnC} to NaOH was 1:2 and 1:4 resulting irapproximately90 % and 30 %Sn yields
respectivelyThe SEM and HRTEM images in Fig.ghowthe morphologesand crystalline structuse
of metallic Sn synthesized with different amounts of NaOH. When 4 mmol NaOHissdsin the
precursor system (the nzolratio of Sri* to OH was 1:2), the metallic Sparticlesare sphericéy
shapedwith different diameter sizes ranging from tens of nanometers to hundreds of nanpaseters
indicated bythe SEM image (Fig. 4a)lheHRTEM image (Fig. 4b) also reveals the spherical shape of
the products. Fig. 4c shows the lattice fringes of one spherical particle. The spacing b#teveen
adjacent lattice planes is 0.29 nwhich correspondo the (200) planes of tetragonal $22]. As the
amount of NaOH increased to 8 mmol (the anohtio of SH* to OH was1:4), the asynthesized Sn
exhibits spherical nanoparticle agglomeratesdisplayed inthe SEM image (Fig. 4d)The HRTEM
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image show regular sphericl shapé nanoparticles with aiomogeneous sizef approximately4d0
nm (Fig. 4e). The latticeifiges in the HRTEM image (Fig. 4f) reveal the crystalline nature of the Sn
NPs. The spacing betweéme adjacent lattice planes is 0.29 nm, correspondirte¢200) planes of

tetragonal metallic Sf22].

3.2 Sn/RGO composites

Fig. 5 is the XRD patternfor GO and the Sn/RGO composites synthesized with different
contenis of NaOH. For GO, the peak centred dt=29.1° is consistent talayered structure with d-
spacing of 0.97 nmn addition,for the Sn/RGO composites, the sharp diffraction peaks demonstrate
the formation of crystalline tetragonal Sn (JCPDS ne0®43). The peaks corresponding to RGO are
not clearly observed perhaps due to the higher amount and better crygtaflim.
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Figure 5. XRD patterns of GQandthe Sn/RGO composites synthesized with different am®oht
NaOH. The reference pattern of tetragonal Sn (JCPDS A06173) is alsolsown.

Details of the chemical changes during the reduction of GO functiedalith Sn were further
investigated by XPS. Fig. ¢howsthe C B XPS spectra of GO arttie Sn/RGO composites. For GO,
the C B spectra can be fitted with three peaks centré&#Bat6 eV, 286.7 eV and 288.1 eV, which are
ascribed to nonoxygenated carbori @, epoxy carbon and carbonyl carbon (C=C3][2espectively.
The C B spectra othe Sn/RGO composites exhibit two peaks at 284.6 eV and 285.9 eV associated
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with nonoxygenatg carbon (CC) and hydroxyl carbon (®), respectivel\(j23]. Compaedwith GO,
the Sn/RGO composites show a strong suppressitte oxygercontaining componenis their C
XPS spectra. These results indicate an efficient reduction of the eggpgéamning functional groups

in GO by NaBH to form RGO.
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Figure 6. C 1s XPS spectra of GO artie Sn/RGO composites synthesized with different amounts of

NaOH.

The HRTEM images in Fig. 7 reveal the morphology of GO #rmSn/RGO composites. The
assyntheszed GO sheets used as the matrixthi@Sn particles are large layers walclear wrinkled
structure (Fig. 7a). Fig. 7b shows &/IRTEM image of the Sn/RGO composit&n/RGOI)
synthesized without NaOH. It is observed that the Sn particles are distrdsuted RGO nanosheets
with different sizes ranging from tens of nanometers to hundreds of nanometers. The latticafenges
clearly observedas shown in Fig. 7c, arallattice spacing of 0.29 nm corresponds to the (200) planes
of tetragonal Sii22], which indicatesthe formation of single crystalline Sn particl@slditionally, the
substrate is identified as RGO witghlattice spacing of 0.35 nnmwhich is consistentwith the Q02
planes ofthe RGO nanosheetfl8]. The HRTEM images of the Sn/RGO compies{Sn/RGQII)

synthesized with

4 mmo |

Na OH

di spl ay

spheric

distributed on the RGO nanosheets (Fig. 7d and e). Fig. 7f shows lattice fringesspatting of 0.29

nm that is consistentwith the (200) planes ofetragonal Sri22]. When the amount of NaOH was
increased to 8 mmothe HRTEM imagesof Sn/RGQIII reveal that the Sn spherical nanopatrticles
with diametes of ~ 5 nm are uniformly dispersed on the surface¢heflarge wrinkled RGO layers

(Fig. 7g and h These Sn NPs exhibit a lattice spacing of 0.29 nm and 0.28 nm for the (200) and (101)
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planes respectivel\j22, 24], as shown ikig. 7i. It is observed from the images thatncreasan the
NaOH amourgfrom 4 mmol to 8 mmol in the precursor result@idecrease in thaensity and size of
the Sn patrticles on the RGO surfdoecause thdecrease in both threduction rate and yield of Sn.

Figure 7. HRTEM images of (a) G@ndthe Sn/RGO composites synthesized with different amounts
of NaOH: (b), (c) nmol, (d), (e), (f) 4 mmol and (g), (h), (i) 8 mmol.

3.3 Electrochemical properties

The electrochemical properties of metallic Sn and Sn/RGO composites were evaluated
using discharge/charge cycles. Fig. 8a shows the cycling performance of Snutamestrsynthesized
at different temperatures over 50 cycles at a constant current of 200" m#hg first discharge
capacity of each electrode is 934 mAh §39 mAh ¢, 817 mAh ¢, 976 mAh ¢, 1119 mAh ¢ and
972 mAh g After the first cycle, thelischarge capacityaluesdecreas¢o 724 mAh ¢, 653 mAh g
! 665 mAh ¢, 707 mAh ¢, 784 mAh ¢, and763 mAh @, and the initial cycle efficiencyalues are
approximately77.5%, 77.8%, 81.4%, 72.4%, 70.1% and 78.5%, respectively. The irrevendiiale i
capacity loss could bdue tothe formation ofa solid electrolyte interphase layer5226] and a
decrease itin oxide contamination on the surfaad the Sn particles [Z]. With the cycling process,
all of the Sn electrodes displayapid capaity decay during the cycles wittischarge capaagés of 25
mAh g%, 41 mAh ¢, 34 mAh ¢, 57 mAh ¢, 49 mAh ¢ and 51 mAh ¢ at the 58 cycle. The
coulombic efficiency of each electrode is 83.8%, 81.4%, 82.4%, 75.5%, 78.8% and 81.8% for the first
cycle, andthen increaseduringthe second cycle to 95.3%, 87.3%, 94.3%, 93.8%, 94.6% and 96.7%,
respectively. The results suggest that the morphologlyed®n nanostructureso not obviousy affect
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the initial capacity loss. However, the electrode of @noparticles synthesized at 70 displaysa
more stable cyclability in the 20 cycles thi#at displayed by thether Sn electrodes, perhaps due to
the regular shape and uniform size of the particles.

The OH' concentration can regulate the reduction rate and therefore influence the morphology
of obtained Sn materials as well as the electrochemical performances of corresponding electrodes. Fig
8b depicts the cycling performanaafsthe electrodesver 50 cyats at a constant current of 200 mA g
! For all of the Sn electrodes)arge first discharge capacity observed, followed by fast capacity
decay, and the cyclability can be influenced by morphotogycertairextent. The electrode&ith ~ 40
nmsizedSn nanoparticlesynthesized with 8 mmol NaOH exhibits better cycling stability than of
the other two Sn electrodes because of the small nanoparticle size.

The electrochemical properties thie Sn/RGO composites synthesized with different amounts
of NaOH were measured on the corresponding Sn/R@@thout NaOH), Sn/RGAIl (4 mmol
NaOH) and Sn/RG@Il (8 mmol NaOH) electrodes. Fig. 8c presents the voltage profiles of the pure
GO and Sn/RGO electrodes in the first cydieaddition, Fig. 8d shows theicycling performances
over 50 cycles at a current density of 200 mAh For the pure GO electrode, the first discharge
capacity isapproximately802 mAh g'. Then, the discharge capacitgcreases to 124 mAR' @it the
second cycleresulting a low inital cycle efficiency of 15.5%, but remaistableat further cycles. For
the Sn/RGOI, Sn/RGOII and SRRGOHII electrodes, the first discharge capacity is 1148 mAh g
1018 mAh ¢ and 1064 mAh T, respectively. At the second cycle, the discharge cégadecrease
to 802 mAh ¢, 629 mAh g and 458 mAh g with initial cycle efficiendes of approximately70.0%,
61.8% and 43.0%, respectivelyhich aremuch higher thathoseof the GO electrode but lower than
those of theSn eletrodes. The coulombicfficiencies of pure GO, Sn/RG®, Sn/RGQII and Sn
RGOl electrodesare10.0%, 59.0%, 52.7% and 34.6%, respectivigythe first cycle and becomes
constantbe nearly 100% after the B@ycle. The large irreversible initial capacity loss and low first
coulombic efficiency othe GO electrode is verljkely due to the irreversible reaction of Li ions with
the defects on the surface of G@d the high surface area of G@hich increased the contact area
between the electrode and the electrglggsultingin more SEI formation in the first dischargeg]2
Because of the same reasahg,Sn/RGO electrodes algxhibit alarge initial capacity loss arallow
first coulombic efficiency. However, after 50 cycles, the dischaadgesof the Sn/RGOI, Sn/RGOQOIl
and SARGOII electrodesare 175 mA h §* 239 mA h §' and 355 mAh @, respectively These
values aremuch higher thanhoseobtainedwith the Sn electrodes (< 5Ah g after 50 cycles)
better tharthose attained witlsn/C [29] and comparable tahose obtained with th&n/graphengl4]
conposites but poorer thanthose values acquired witbn/C [30] and Sn/graphene sandwich
composites[18] (Table 1) The results indicate that the cyclability tife Sn/RGO electrodess
improved compared tthat of theSn electrodes due to the existence ofdRI@yers. Fig. 8e illustrates
the rate capability test results for the Sn/RGCBn/RGOII and SRRGOHII electrodes. The
assembled cells were tested at a current density of 200 tfarghe first 50 cycles and then at
increasing current densities fromd@to 1000 mA g. Among the Sn/RGO composites,-BGOHII
electrode displays the best cyclability because of the homogeneity and smalltez8mNPs on the
RGO sheets. As shown in the curve, the Sn/R{E@lectrode delivers a reversible dischargpamaty
of 355 mAh ¢ at the end of 50 cycles at 200 mA. gn addition,a reversible capacity of 209 mAH g
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is obtained at the end of 50 cycles witlturrent density of 500 mA™g When the current density
increased to 1000 mA™y the electrode stilexhibits a reversible discharge capacity of 138 mAh g
after 50 cyclesAdditionally, as the current density returned to 200 mA @ discharge capacity of 272
mAh g is restored.

Figure 8. Cycle performance afhe Sn electrodes synthestz€a) at dfferent temperatureg) with
different amounts of NaOH«c) Voltage profiles and (dgycle performance of GO anthe
Sn/RGO composite electrodes at 200 miA (g) Rate capability ofthe Sn/RGO composite
electrodes at various current deiesit



