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Tin Oxide with Controlled Morphology and Crystallinity by 
Atomic Layer Deposition onto Graphene Nanosheets for 
Enhanced Lithium Storage
 As one of the most promising negative electrode materials in lithium-ion bat-
teries (LIBs), SnO 2  experiences intense investigation due to its high specifi c 
capacity and energy density, relative to conventional graphite anodes. In this 
study, for the fi rst time, atomic layer deposition (ALD) is used to deposit 
SnO 2 , containing both amorphous and crystalline phases, onto graphene 
nanosheets (GNS) as anodes for LIBs. The resultant SnO 2 -graphene nano-
composites exhibit a sandwich structure, and, when cycled against a lithium 
counter electrode, demonstrate a promising electrochemical performance. 
It is demonstrated that the introduction of GNS into the nanocomposites 
is benefi cial for the anodes by increasing their electrical conductivity and 
releasing strain energy: thus, the nanocomposite electrode materials maintain 
a high electrical conductivity and fl exibility. It is found that the amorphous 
SnO 2 -GNS is more effective than the crystalline SnO 2 -GNS in overcoming 
electrochemical and mechanical degradation; this observation is consistent 
with the intrinsically isotropic nature of the amorphous SnO 2 , which can miti-
gate the large volume changes associated with charge/discharge processes. It 
is observed that after 150 charge/discharge cycles, 793 mA h g  − 1  is achieved. 
Moreover, a higher coulombic effi ciency is obtained for the amorphous SnO 2 -
GNS composite anode. This study provides an approach to fabricate novel 
anode materials and clarifi es the infl uence of SnO 2  phases on the electro-
chemical performance of LIBs. 
  1. Introduction 

 The technology of lithium-ion batteries (LIBs) is widely 
regarded as one of the most promising solutions for the 
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ever-fading fossil-fuel  energies in modern 
society, being capable of providing energy 
for portable electronics and electric vehi-
cles since the concept of a “rocking-chair” 
type of rechargeable battery emerged 
in 1990. [  1–3  ]  In particular, the recent, 
increased interest in hybrid electric vehi-
cles (HEVs) and plug-in hybrid electric 
vehicles (PHEVs) has prompted consid-
erable development of high-performance 
rechargeable LIBs worldwide. [  2  ]  As a con-
sequence, electrode materials with a supe-
rior performance have become critical 
for creating high-performance LIBs, par-
ticularly in terms of reducing cost while 
maintaining or improving functionality. 
Under equilibrium conditions, the total 
capacity of LIBs can be expressed as [  4  ,  5  ] 

 

Total Capacity = 1
1

CA
+ 1

CC
+ 1

QM   
(1)

   

where  C  A  and  C  C  are the specifi c capaci-
ties of the cathode and anode materials, 
respectively, and 1/ Q  M  is the specifi c mass 
of the other cell components (electrolyte, 
separator, current collectors, case, etc.) with 
units of g mA h  − 1 . [  4  ,  5  ]  Currently, widely 
investigated cathode materials, such as LiCoO 2 , LiNiO 2 , LiMn 2 O 4 , 
LiFe(Mn)PO 4  and LiCo 1/3 Ni 1/3 Mn 1/3 O 2 , are very limited in terms 
of their specifi c capacities ( < 300 mA h g  − 1 ). [  6–8  ]  Similarly, graphite, 
as a commercialized anode, is also hindering the development 
of LIBs, due to its low specifi c capacity of 372 mA h g  − 1 . [  9  ]  Pro-
vided that the specifi c capacities of anode materials are increased 
up to 600 mA h g  − 1 , the total battery capacity can be distinctly 
enhanced. [  4  ,  5  ]  Therefore, there is an increasing interest in devel-
oping anode materials of high reversible capacity [  10  ]  (such as 
Si, [  11  ,  12  ]  Sn [  13  ,  14  ]  and SnO 2  [  15–17  ] ) to replace graphite in LIBs. 

 It was recently reported that the SnO 2  anode can store over 
twice as much lithium as conventional graphite, accounting for 
one of the most promising candidates with a theoretical specifi c 
capacity of about 781 mA h g  − 1 . [  18  ,  19  ]  It is well documented that 
the electrochemical interaction between lithium and SnO 2  can 
be described in two steps: [  20  ,  21  ] 
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     Figure  1 .     XRD patterns of (a,b) crystalline SnO2-GNS and (c,d) amor-
phous SnO 2 -GNS anodes (a,c) before and (b,d) after 150 charge/dis-
charge cycles.  
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 SnO2 + 4Li+ + 4e− → Sn + 2Li2O   (2)   

 Sn + xLi+ + xe− ↔ LixSn (x≤ 4(4)   (3)    

 In  Equation 2 , the SnO 2  anode electrochemically reacts with 
Li  +  , resulting in the formation of Sn and lithium oxide. In par-
ticular, the produced Li 2 O can serve as a “cushion” to buffer 
the large volume change during alloying and dealloying with 
lithium, [  22  ]  which is an important reason for the better cycla-
bility of SnO 2  as compared to Sn. Kim et al. [  23  ]  investigated 
the reaction sequence for the lithiation of both SnO and SnO 2 , 
including the formation of lithia in both cases. In  Equation 3 , 
conversely, Li  +   can insert into Sn to form Li  x  Sn ( x  ≤ 4.4) alloys. 
The large atomic uptake, a 440% increase in the number of 
atoms in going from Sn to Li 4.4 Sn, induces huge volume expan-
sions (up to 259%). [  24  ,  25  ]  During charge/discharge processes, 
the repeated large expansion and contraction of the Sn lat-
tice leads to cracking, crumbling and pulverization of the Sn 
particles, as well as a loss of electrical contact between active 
Sn and conductive additives or the electrode current collector 
or both. [  26  ,  27  ]  Researchers have tried using various metallic 
Sn [  28  ,  29  ]  and Sn-graphite composites [  30  ,  31  ]  to stabilize the system, 
and Sn deposited on Cu [  32  ]  and polyacrylonitrile [  33  ]  nanowires 
has yielded promising results. Ning et al. [  34  ]  reviewed the use 
of mechanical-chemical methods (e.g., micromilling) to fabri-
cate alloys and composites (including graphite) of Sn or SnO 2  
for negative electrodes. To stabilize SnO 2  electrodes, various 
approaches have been attempted, including using nanosized 
SnO 2 , [  35–38  ]  SnO 2 -matrix composites [  39  ,  40  ]  and special nanostruc-
tured SnO 2  such as nanotubes [  41  ,  42  ]  and nanowires. [  43–45  ]  

 There have been a number of investigations associated with 
composite electrode materials comprising SnO 2  and graphite 
or disordered carbons. Lee et al. [  46  ]  investigated the dispersion 
of both Sn and SnO on synthetic graphite electrodes. Chen et 
al. [  47  ]  employed a sol-gel process to form a graphite core sur-
rounded by a SnO 2  shell. Wang et al. [  48  ]  described a method 
of forming a porous carbon/SnO 2  nanocomposite monolithic 
structure and examined the cycle life at various discharge 
rates. A molten-salt preparation procedure was employed by 
Liu et al. [  49  ]  to form carbon-SnO 2  composite electrodes. Li et 
al. [  50  ]  described a procedure by which electrodes with a near 
50:50 weight ratio of carbon:SnO 2  were formed using a phe-
nolic resin and SnCl 4  · 5H 2 O precursors, which showed prom-
ising results (518 mA h g  − 1  after 500 cycles). 

 As a new class of 2D carbon allotropes arranged in a 
hexagonal lattice with very strong sp 2 -hybridized bonds, 
graphene nanosheet (GNS) shows a very high surface area 
(2630 m 2  g  − 1 ) and a high electrical conductivity (resistivity  =  
10  − 6   Ω  cm); [  51  ,  52  ]  recently GNS has attracted interest as a matrix 
to create SnO 2 -graphene hybrids to improve the cycle stability 
of LIBs. [  53–61  ]  Thus a large amount of effort has been devoted 
to developing SnO 2 -graphene nanocomposites using various 
methods including solution-based synthesis, [  53–60  ]  solvothermal 
methods, [  61  ]  self-assembly [  62  ]  and ultrasonic spray pyrolysis. [  63  ]  
For all of these techniques, it is diffi cult to control the uniform 
distribution of deposited SnO 2  on the GNS. In particular, con-
trolling the ratio and morphology of the SnO 2  crystalline and 
amorphous phases is diffi cult. While of similar composition, 
amorphous SnO 2  differs signifi cantly from crystalline SnO 2 . 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
The amorphous SnO 2 , because of its intrinsic isotropic nature 
relative to crystalline SnO 2 , can reduce the degradation of SnO 2  
electrodes associated with the volume changes during charge/
discharge processes. For the referenced synthesis techniques 
used to date, one cannot easily control the degree of crystal-
linity, and it is thus diffi cult to investigate the infl uence of 
SnO 2  crystallinity on lithium storage performance for LIBs. 
The atomic layer deposition (ALD) technique is a surface-con-
trolled and layer-by-layer process, relying on two sequential self-
terminating half-reactions. [  64  ]  ALD shows signifi cant promise 
for our purposes, as this method affords superior control over 
SnO 2  deposition with high fl exibility and precision; specifi cally, 
ALD offers unrivaled precision in terms of controlling the ratio 
and morphology of the crystalline and amorphous phases of 
deposited SnO 2 . [  65  ]  In this study, ALD was employed to deposit 
SnO 2  on GNS, and sandwich-like nanostructured composites 
of SnO 2 -GNS-SnO 2  were obtained and characterized. We also 
compared graphene composites with amorphous and crystal-
line SnO 2  as anodes in LIBs.   

 2. Results and Discussion 

 Composite anodes consisting of GNS and SnO 2  nanoparti-
cles were cast on copper foils with a poly(vinylidene fl uoride) 
(PVDF) binder, and the as-prepared negative electrodes were 
examined using X-ray diffraction (XRD). The degrees of crys-
tallinity of the SnO 2  nanoparticles deposited on the GNS by 
means of ALD were determined from the XRD patterns: pat-
terns a and c in  Figure    1   are for ALD-SnO 2  at 400  ° C and 
200  ° C, respectively.  In pattern a in Figure  1 , with the excep-
tion of the refl ection peaks due to the copper current collector 
(50.7 °  and 59.3 ° ), diffraction peaks are observed at 2  θ    =  30.9 ° , 
39.5 ° , 44.3 ° , 60.9 °  and 64.5 ° : these can be assigned to the SnO 2  
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1647–1654
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(110), (101), (200), (101), (211) and (220) faces, respectively 
(Joint Committee on Powder-Diffraction Standards (JCPDS) 
PDF No. 88-0827), which is representative of SnO 2  in the crys-
talline phase. The sharp diffraction peaks with high intensity 
indicate well-formed, crystalline SnO 2 . The XRD pattern based 
on powder (Figure S1a, Supporting Information) also confi rms 
the formation of crystalline SnO 2 . In contrast, there is no con-
comitance of any diffraction line assigned to crystalline SnO 2  
in pattern c in Figure  1 . For the XRD pattern of SnO 2 -graphene 
via ALD at 200  ° C (Figure S1b, Supporting Information), there 
is a considerably broadened peak between 20 to 45 ° , implying 
the amorphous nature of the deposited SnO 2 . Obviously, the 
growth temperature plays an important role in determining 
the degree of crystallinity of ALD-SnO 2 . The mechanisms have 
been elucidated in an earlier work. [  65  ]  In addition, changes in 
the phase characteristics of the two anode materials are shown 
in patterns b and d in Figure  1  after charge and discharge 
cycles, respectively, which will be discussed later.  

 The as-prepared GNS presents an ultrathin, wrinkled and 
curved transparent gossamer-like structure consisting of around 
10 layers of graphene (Figure S2, Supporting Information). The 
     Figure  2 .     a,b) SEM observation of crystalline (a) and amorphous (b) SnO 2 -GNS. c,d) TEM 
observation of crystalline (c) and amorphous (d) SnO 2 - GNS. e,f) HR-TEM and SAED (inset) 
of crystalline (e) and amorphous (f) SnO 2 -GNS.   
morphologies of the SnO 2 -GNS composite 
anodes were characterized by fi eld-emission 
scanning electron microscopy (FE-SEM), 
transmission electron microscopy (TEM), and 
high-resolution TEM (HR-TEM), as shown in 
 Figure    2  . It is illustrated in Figure  2 a,b that 
crystalline and amorphous SnO 2  were each 
homogeneously deposited on both sides of 
the GNS. Both composites possessed a layer-
by-layer assembled structure of the SnO 2  
particles, leading to sandwich-structured 
SnO 2 -GNS-SnO 2  composites. However, dif-
ferent growing temperatures led to different 
particle sizes of the deposited SnO 2 . It is 
seen that the dimensions of the crystalline 
SnO 2  nanoparticles were in the range of 30 to 
40 nm, while the amorphous ones were in 
the range of 3 to 5 nm. The TEM images of 
Figure  2 c,d further reveal that the SnO 2  nano-
particles were closely anchored on the sur-
faces of the GNS, even after the strong ultra-
sonic treatment for preparation of the TEM 
samples had been applied. Thus, a strong 
interaction between the SnO 2  nanoparticles 
and the GNS is indicated. Furthermore, the 
HR-TEM image of the crystalline SnO 2  in 
Figure  2 e shows a basal space of 0.33 nm, 
which matches well with the (110) lattice 
fringes of crystalline SnO 2  (JCPDS PDF No. 
44-0141). The inset of Figure  2 e displays 
the corresponding selected-area electron dif-
fraction (SAED) pattern of crystalline SnO 2 . 
The spotted diffraction rings from inside to 
outside could be indexed to the (110), (101), 
(200), and (211) planes of rutile SnO 2 , respec-
tively, confi rming the formation of crystalline 
SnO 2  deposited at 400  ° C by ALD. In sharp 
contrast, there is no lattice fringing observed 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1647–1654
in the HR-TEM image of Figure  2 f, indicating the substantially 
amorphous state of the SnO 2  nanoparticles. The SAED pattern 
in the inset of Figure  2 f shows a diffuse halo ring, thereby con-
fi rming the amorphous SnO 2  nanostructure formed at lower 
temperature (200  ° C) in this work.  

 It is demonstrated in  Equation 2  that SnO 2  can electrochemi-
cally decompose into Sn and Li 2 O in the fi rst discharge process. 
The XRD patterns b and d in Figure  1  confi rm the structural 
changes of the crystalline and amorphous SnO 2 -GNS anodes, 
respectively, after 150 charge/discharge cycles at a current den-
sity of 400 mA g  − 1  between 0.01 and 3.00 V. For the crystalline 
SnO 2 -GNS, electrochemical cycling induced clear diffraction 
peaks located at about 25.0 °  and 35.8 °  in pattern b in Figure  1 , 
belonging to the tetragonal Sn phase (JCPDS PDF No. 65-5224). 
In particular, there were no observable SnO 2  diffraction peaks, 
implying that the crystalline SnO 2 -GNS anode accomplished a 
full electrochemical transformation from SnO 2  to Sn. In pat-
tern d in Figure  1 , there are also two peaks corresponding to 
tetragonal Sn, which demonstrates that the crystalline Sn was 
formed in the electrochemical transformation of the amorphous 
SnO 2  with lithium. Furthermore, this electrochemical reaction 
1649wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     a,b) Cyclic voltammograms of the crystalline (a) and amorphous (b) SnO 2 -GNS 
anodes.  
was confi rmed by FTIR spectroscopy (Figure S3, Supporting 
Information). It has been reported that the absorption bands 
are located in the spectral region range of 500–700 cm  − 1  for the 
Sn–O–Sn vibration. [  66  ,  67  ]  Before electrochemical cycling, both 
the crystalline and amorphous SnO 2  showed a Sn–O–Sn vibra-
tion (Figure S3a and S3b, Supporting Information). The disap-
pearance of these vibration bands indicates that the amorphous 
SnO 2  decomposed electrochemically into Sn after cycling. In the 
HR-TEM images of the crystalline and amorphous SnO 2 -GNS 
after 150 charge/discharge cycles (Figure S4, Supporting Infor-
mation), the interplanar spacing of 0.29 nm corresponds to the 
distance of the neighboring (200) planes in tetragonal Sn.    

 The electrochemical properties of the crystalline and 
     Figure  4 .     a,b) Charge/discharge profi les of crystalline (a) and amorphous (b) SnO 2 -GNS at a 
current density of 400 mA g  − 1  in a voltage window of 0.01–3.00 V: the discharge curves in the 
1st (A), 2nd (B), 50th (C), 100th (D), and 150th (E) cycles, and the charge curves in the 1st 
(F), 2nd (G), 50th (H), 100th (I), 150th cycles (J). c) Reversible charge/discharge capacities 
against cycle number for GNS at a current density of 100 mA g  − 1  in the voltage window of 
0.01–3.00 V, and for crystalline and amorphous SnO 2 -GNS at a current density of 400 mA g  − 1  
in the voltage window of 0.01–3.00 V. d) Coulombic effi ciency against cycle number for crystal-
line and amorphous SnO 2 -GNS.  
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amorphous SnO 2 -GNS anodes were exam-
ined by cyclic voltammetry, yielding cyclic 
voltammograms (CVs) (see  Figure   3 a,b, 
respectively). A sweep rate of 0.1 mV s  − 1  was 
employed, with the voltage ranging from 0.01 
to 3.00 V, in order to test the full range of the 
lithium storage behavior of SnO 2 -GNS. For 
the two anodes, their CV profi les of the 2nd 
and 3rd cycle are similar, but there was an 
obvious difference between the fi rst cycle and 
longer-term cycling. In the fi rst cycle,  Equa-
tion 2  is not a reversible reaction due to the 
formation of Li 2 O, leading to irreversible loss 
in capacity. [  68  ,  69  ]  The reaction between the 
anodes and the electrolyte results in solid-
electrolyte-interphase (SEI) fi lms over the 
surface of the anodes. [  70  ,  71  ]  These two factors 
yielded the current peak positioned at 0.75 V 
for the crystalline SnO 2 -graphene in the fi rst 
cathodic scan and the one centered at about 
1.05 V for the amorphous SnO 2 -graphene, 
but these peaks disappeared in subsequent 
cycles. Current peaks near 0 V might refl ect 
Li–Sn alloying and lithium intercalation into 
the graphene layers. [  72  ]    

 Figure 4  a,b show the voltage profi les gen-
erated by the crystalline and amorphous 
SnO 2 -GNS composite anodes in the 1st, 2nd, 
50th, 100th and 150th cycles at a current den-
sity of 400 mA g  − 1  within a voltage window 
of 0.01–3.00 V. The discharge (Li  +   insertion) 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
and charge (Li  +   extraction) of the crystalline 
SnO 2 -GNS composite occurred at 1686 and 
968 mA h g  − 1  in the fi rst cycle, respectively. 
The coulombic effi ciency was 57.4%. In the 
second discharge process, the crystalline 
SnO 2 -GNS electrode exhibited a reversible 
capacity of 1042 mA h g  − 1 . The irreversible 
capacity loss of 38.2% in the fi rst cycle might 
be due to two factors: the irreversibility of 
Equation 2 and the SEI-fi lm formation. In 
comparison, the amorphous SnO 2 -GNS 
composite delivered a discharge capacity 
of 1366 mA h g  − 1  and a charge capacity of 
677 mA h g  − 1  in the fi rst cycle. Its initial cou-
lombic effi ciency and irreversible capacity 
loss were 49.5% and 44.1%, respectively. Obviously, as illus-
trated by Figure  4 a,b, the two electrodes show different lithium 
storage behaviors. The potential of the crystalline SnO 2 -GNS 
fi rst dropped rapidly and then reached a plateau at 0.80 V 
during the fi rst discharge, related to  Equation 2  and the forma-
tion of the SEI fi lm. After that, it continuously decreased down 
to 0.01 V, corresponding to Li–Sn alloying and Li  +   intercala-
tion into the GNS, which is in good agreement with previous 
studies. [  73  ,  74  ]  However, the amorphous SnO 2 -GNS showed a 
sloping voltage region over the range of 1.38–0.81 V, corre-
sponding to the peak at about 1.05 V in Figure  3 b, followed by 
a further voltage decrease to 0.01 V, similar to the crystalline 
SnO 2 -GNS. 
heim Adv. Funct. Mater. 2012, 22, 1647–1654



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  5 .     a,b) SEM images of crystalline (a) and amorphous (b) SnO 2 -GNS after 150 cycles. 
c,d) TEM images of crystalline (c) and amorphous (d) SnO 2 -GNS after 150 cycles. The inset in 
(d) is an SAED pattern confi rming the crystalline nature of the resultant Sn material.  
 The cycle performance of the crystalline 
and amorphous SnO 2 -GNS with a graphene 
matrix is compared in Figure  4 c. The pure 
GNS shows not only the ordinary cycle per-
formance, but also a lower specifi c capacity 
(269 mA h g  − 1  in the 100th cycle). In com-
parison, the capacities of the amorphous and 
crystalline SnO 2 -GNS composite anodes on 
cycling demonstrate different behaviors. For 
the crystalline SnO 2 -graphene anode, the 
reversible capacity continuously decayed from 
the 1st to the 70th cycle. It is noteworthy that 
the discharge capacity tended to level off after 
70 cycles and it could still deliver a reversible 
Li  +   storage capacity of 499 mA h g  − 1  after 150 
cycles, a decrease of 52.2% in comparison to 
the value for the second cycle. For the amor-
phous SnO 2 -graphene anode, however, the 
reversible capacity only decreased in the fi rst 
10 cycles, and then presented a slight but con-
tinuous increase with charge/discharge cycle. 
The reversible capacity of the amorphous 
SnO 2 -GNS increased up to 793 mA h g  − 1  by 
the 150th cycle, accounting for an increase by 
4.8% in comparison to the second cycle, and a 
value about 115% higher than the theoretical 
capacity of graphite (372 mA h g  − 1 ). Several 

tests have confi rmed this trend. Extended cycling behavior for 
the amorphous SnO 2 -GNS is shown in Figure S5, Supporting 
Information.  Obviously, the amorphous SnO 2 -GNS exhibited 
excellent cycle performance. Surprisingly, the specifi c capacity 
increased, reaching a maximum (821 mA h g  − 1 ) at around 
the 194th cycle. In order to confi rm the important infl uence 
of the amorphous phase on the electrochemical performance, 
the amorphous SnO 2 - GNS nanocomposites were annealed, 
resulting in crystalline SnO 2 - GNS.  These two nanocomposites 
had the same SnO 2  loading on GNS and a similar SnO 2  particle 
size (Figure S6, Supporting Information). From our results, 
they showed different cycling performances (Figure S7, Sup-
porting Information). As a consequence, different crystallinities 
(amorphous and crystalline) can result in different cyclabilities. 
Using the amorphous SnO 2  anode can effectively improve the 
cycling performance. 

 Furthermore, both anodes showed a different coulombic effi -
ciency. The coulombic effi ciency of the crystalline SnO 2 -GNS 
changed from 95.6% in the 11th cycle to 98.1% in the 70th cycle 
and was close to 99% above 70 cycles (see Figure  4 d). On the other 
hand, the amorphous SnO 2 -GNS anode showed an improved 
coulombic effi ciency increasing from 97% in the 11th cycle to 
99.2% in the 50th cycle, and in particular, was close to effectively 
100% in subsequent cycles. In comparison to the crystalline 
SnO 2 -GNS, the amorphous SnO 2 -GNS anode showed a higher 
coulombic effi ciency upon cycling. In the fi rst 70 cycles, the low 
coulombic effi ciency of the crystalline SnO 2 -GNS was due to its 
large volume change, resulting in the formed fresh surface area 
of the anodes during the charge/discharge process, increasing 
side reactions between the anodes and the electrolyte. Thus, the 
amorphous SnO 2 -GNS composite shows a superior cycle stability 
as well as higher coulombic effi ciency upon cycling. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1647–1654
 To confi rm the evolution of the crystalline SnO 2 -GNS and the 
amorphous SnO 2 -GNS under robust mechanical force during 
the charge/discharge processes, we investigated changes in the 
morphology and structure of the cycled electrodes (delithiated 
at the end of cycling), using FE-SEM and TEM.  Figure    5  a and 
 5 c show the SEM and TEM images of the crystalline SnO 2 -GNS 
after 150 cycles using a 10 mV cut-off. Sn nanoparticles of 4 to 
7 nm are observed in Figure  5 c, where SnO 2  particles with a 
size of 30 to 40 nm were pulverized into smaller Sn nanopar-
ticles due to the strong Sn-lattice expansion and contraction 
upon cycling, even though the GNS matrix was employed. The 
pulverization of the crystalline SnO 2  causes electric-contact 
loss between some of the Sn particles and the current collector, 
leading to the fading capacity in the fi rst 70 cycles. Once the 
size of obtained Sn nanoparticles decreased to 4–7 nm due 
to the electrochemical pulverization, the smaller Sn particles 
effectively lowered the absolute volume change, improving the 
charge/discharge cyclability, [  75–77  ]  and there was no obvious 
capacity loss from the 70th cycle to the 150th cycle, as shown 
in Figure  4 c. The SAED pattern of amorphous SnO2-GNS after 
150 cycles, as shown in the inset in Figure  5 d, indicates that the 
resultant Sn is substantially crystalline, which is in agreement 
with the XRD results of patterns c and d in Figure  1 . 

 In the reaction of the amorphous SnO 2  with lithium, in con-
trast, the amorphous SnO 2  was less dense than its crystalline 
counterpart, and maintained an isotropic nature. Thus, the 
amorphous SnO 2  is associated with a homogeneous volume 
expansion and contraction, by eliminating the existence of two 
phase regions. [  78  ,  79  ]  As a result, the amorphous SnO 2  is better 
able to absorb the volume changes [  80  ]  and shows less struc-
tural or mechanical strain and less pulverization caused by lat-
tice volume changes than the crystalline one. [  81  ,  82  ]  Moreover, 
1651wileyonlinelibrary.combH & Co. KGaA, Weinheim
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for amorphous SnO 2 , the initial particles have a smaller size 
range and, thereby, probably contribute to smaller absolute 
volume changes because the bigger SnO 2  particles exhibit a 
higher tendency to collapse and pulverization while cycling. In 
contrast, the GNS provides a matrix that effectively suppresses 
the smaller volume change of the amorphous SnO 2  anode. [  59  ,  83  ]  
Furthermore, as is indicated in the thermogravimetric analysis 
(TGA) (Figure S8, Supporting Information), different ALD dep-
osition temperatures result in different amounts of SnO 2  on the 
GNS. The amounts of SnO 2  deposited on the GNS may cause 
different cycling performances. In the case of a low loading of 
amorphous SnO 2  on the GNS, the high GNS amount in the 
nanocomposites as matrix can function as the cushion to buffer 
the volume change upon cycling more effectively, resulting in 
a better performance. Therefore, as shown in Figure  5 b,d, after 
150 cycles, the amorphous SnO 2 -GNS electrode was apparently 
intact because of the effective suppression of the volume expan-
sion and contraction, which is consistent with the amorphous 
SnO 2 -GNS electrode exhibiting a better cycling performance. 

 To help understand the different behaviors of the lithium-
storage processes, the morphological evolution of the crystal-
line SnO 2 -GNS and the amorphous SnO 2 -GNS is suggested in 
 Scheme    1  . GNS as a matrix can buffer SnO 2  volume changes 
in charge/discharge cycles to some extent, and, thereby, the 
crystalline SnO 2 -GNS shows some improvement in cycling per-
formance. However, the large volume expansion and shrinkage 
(as schematically illustrated in a2 and a3 in Scheme  1 ) causes 
some anode materials to lose their electrical contact with the 
GNS (as illustrated in a4 in Scheme  1 ). From this point of view, 
GNS as the matrix has some limitations and does not mitigate 
the detrimental effects due to the SnO 2  volume changes com-
pletely, accounting for the fading capacity in the fi rst 70 cycles 
in Figure  4 c. With regard to the amorphous SnO 2 -GNS, the 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Scheme  1 .     Morphological evolution of (a) the crystalline SnO 2 -GNS 
and (b) the amorphous SnO 2 -GNS as the nanocomposite anodes in 
the charge/discharge cycles: the pristine SnO 2 -GNS (1) transforms into 
GNS-based Li  x   Sn (2) after the fi rst discharge (A); the alloying (2) and 
dealloying (3) of Li  x   Sn occur in the subsequent charge (B) and discharge 
(C) processes; with increased cycling number, some active materials lose 
electrical contact with GNS matrix, as illustrated in (4).  
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pristine SnO 2  is present in fi lms deposited on both sides of 
the GNS (Scheme  1 , b1). Upon electrochemical reaction with 
lithium, the amorphous SnO 2  fi lms are broken up into small 
anode materials. In comparison with the crystalline SnO 2 -
GNS, the amorphous SnO 2  is intrinsically isotropic and less 
dense. As a consequence, with the help of GNS as the matrix, 
the amorphous SnO 2 -GNS accommodates substantial volume 
changes and only a small fraction of anode material is lost due 
to electrical isolation from the GNS matrix (Scheme  1 , b4). 
More importantly, morphological changes from fi lms to nano-
particles can increase the contact area between the anodes and 
the electrolyte greatly, leading to a slightly increasing capacity 
with cycle number, as shown in Figure  4 c.    

 3. Conclusions 

 This study demonstrates that ALD is capable of controlling the 
deposition of SnO 2  on GNS with different structural phases, 
resulting in amorphous and crystalline SnO 2 -GNS composites 
with sandwich nanostructures. These two types of SnO 2 -GNS 
composites were made into the anodes of LIBs, and both types 
exhibited a promising electrochemical performance. The crystal-
line SnO 2 -GNS nanocomposite showed a discharge capacity of 
499 mA h g  − 1  after 150 cycles, although it was decreased by 52.2% 
in comparison with the second cycle.  SEM and TEM results 
confi rmed that this fading capacity of the crystalline SnO 2 -GNS 
was mainly due to the pulverization of the SnO 2  crystals, while 
the amorphous SnO 2  could effectively buffer the huge volume 
expansion and shrinkage of the Sn lattice during the charge and 
discharge processes. Therefore, the amorphous SnO 2 -GNS com-
posites delivered a higher coulombic effi ciency (close to effectively 
100%), a high specifi c capacity (821 mA h g  − 1  in the 194th cycle) 
and superior cycling stability. This work not only demonstrates 
that ALD is a useful approach for synthesizing anode materials 
of LIBs, but also shows that the structural phase of the anode 
material has an important infl uence on the electrochemical 
performance in LIB applications. Composites of graphene with 
amorphous SnO 2  show great promise as anode for LIBs.   

 4. Experimental Section  
 Synthesis of Graphene Nanosheets (GNS) : Graphene oxide was prepared 

by the modifi ed Hummers method [  84  ]  as previously reported by our 
group. [  85  ,  86  ]  Graphite powder (1 g) was mixed with concentrated H 2 SO 4  
(23 mL), and stirred at room temperature for 0.5 h. NaNO 3  (0.5 g) was 
added, and the resulting mixture was left overnight. The reaction vessel 
was then immersed in an ice-water bath, and KMnO 4  (3 g) was added 
slowly, followed by stirring for 2 h. Subsequently, the mixture was stirred 
at 35  ±  3  ° C for 3 h. After dilution with deionized (DI) water (46 mL), H 2 O 2  
(30%) was added to the mixture, and the color of the mixture changed 
to brilliant yellow, along with violent bubbling. Finally, the mixture was 
fi ltered and washed with an aqueous HCl solution to remove any residual 
metal ions, and was then further washed with DI water to reach a pH 
value of 7.0. The slurry was dried in air, yielding solid graphene oxide, 
which was placed in a quartz tube fi lled with fl owing Ar gas, and exposed 
to a 30 s isothermal treatment by promptly moving the tube to an oven 
with a preheated temperature of 1050  ° C. The tube was cooled to 50  ° C in 
an Ar atmosphere. As a result, a material with fl uffy and porous structures 
was produced, (i.e., graphene nanosheets (GNS)).  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1647–1654



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com
      [ 1 ]     P. G.   Bruce  ,   B.   Scrosti  ,   J. M.   Tarascon  ,  Angew. Chem. Int. Ed.   2008 , 
 47 ,  2930 – 2946 .  

     [ 2 ]     J. M.   Tarascon  ,   M.   Armand  ,  Nature   2001 ,  414 ,  359 – 367 .  
     [ 3 ]     M.   Yoshio  ,   R. J.   Brodd  ,   A.   Kozawa  ,  Lithium-Ion Batteries ,  Springer , 

 New York   2008 .  
     [ 4 ]     M.   Yoshio  ,   T.   Tsumura  ,   N.   Dimov  ,  J. Power Sources   2005 ,  146 , 

 10 – 14 .  

 Synthesis of the Amorphous and Crystalline SnO 2 -GNS Anodes : 
Amorphous and crystalline SnO 2 -GNS composites were synthesized in 
an ALD reactor (Savannah 100, Cambridge Nanotechnology Inc., USA) 
under 0.4 Torr at 200  ° C and 400  ° C, respectively. More details have 
been previously reported by our group. [  65  ]  Tin (IV) chloride (99% SnCl 4 , 
Sigma–Aldrich) and DI water in two cylinders were used as the tin and 
oxygen sources, respectively. Nitrogen gas was used as the carrier gas 
with a fl ow rate of 20 sccm. A typical ALD cycle consisted of a sequential 
and alternating supply of SnCl 4  and water as follows: a 0.5 s supply of 
SnCl 4  vapor, a 3 s extended exposure of SnCl 4  to GNS, a 10 s N 2  purge, a 
1 s supply of water vapor, a 3 s extended exposure of water vapor to GNS, 
another 10 s N 2  purge. To produce the aforementioned amorphous and 
crystalline SnO 2 -GNS composites, the ALD processes were performed at 
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 Structural Characterization : X-ray powder diffraction (XRD) patterns 
were collected on a Bruker D8 Discover Diffractometer using Co K  α   
radiation (  λ    =  1.78897 nm) at 40 kV and 100 mA. The morphologies and 
structures of the crystalline and amorphous SnO 2 -GNS were observed 
using FE-SEM (Hitachi S-4800), TEM (Philips CM10) and HR-TEM 
(JEOL 2010 FEG). The Fourier transform infrared spectroscopy (FTIR) 
was performed by Bruker Tensor 27.  

 Electrode Preparation and Electrochemical Instrumentation : Working 
electrodes were prepared by slurry-casting on copper foils that served 
as current collectors. The slurry contained active material (crystalline 
SnO 2 -GNS or amorphous SnO 2 -GNS of 83.3 wt%, based on their dry 
solid mass) and a PVDF binder (16.7 wt% based on its dry solid mass) 
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under vacuum at 90  ° C overnight. The working electrodes were cut to 
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Electrochemistry workstation at a scan rate of 0.1 mV s  − 1  over a potential 
range of 0.01 to 3.0 V (vs. Li/Li  +  ). The charge/discharge characteristics 
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room temperature using an Arbin BT-2000 Battery Tester.   
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