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7 ABSTRACT: Using first-principles calculations, we inves-
8 tigated the effect of the synergistic mechanism on the
9 properties of a SnO2 and graphene hybrid structure, including
10 the stability, electronic, and Li diffusion performance. The
11 stable interface formed by C−O covalent bonds not only
12 improves the structural stability but also makes the hybrid
13 structure more conductive than the semiconducting SnO2. The
14 calculated binding energies and diffusion barriers show that Li
15 tends to insert into the interface, and a new pathway along the
16 SnO2(110) direction for Li rapid diffusion with a low barrier is found.

17 ■ INTRODUCTION

18 Lithium ion batteries (LIBs) have attracted special attention in
19 scientific and industrial fields due to their high electromotive
20 force and high energy density.1,2 Since first reported as active
21 anode materials for LIBs, transition-metal oxides (MOs),
22 generally at nanoscale, such as NiO,3 CoO,4 Fe3O4,

5 Mn3O4,
6

23 CuO,7 and SnO2,
8 have caused great concern due to their

24 higher specific capacity9,10 than other materials. The nano-
25 structured MO has shown advantages compared with micro-
26 sized structures for LIBs, owing to the shortened diffusion
27 length for both Li ions and electrons and larger specific surface
28 area for the electrode/electrolyte interaction. However, draw-
29 backs such as poor conductivity and the large volume expansion
30 during charge/discharge remain problematic and require
31 continuous development. Graphene is a new elastic and flexible
32 material with very high conductivity.11 Therefore, many
33 researchers have attempted to reassemble graphene nanosheets
34 (GNS) in the presence of MO nanoparticles without any
35 deterioration of fundamental electrochemical properties of both
36 components.12−15 Paek et al. obtained SnO2/GNS exhibiting a
37 reversible capacity of 810 mAh/g. After 30 cycles, the charge
38 capacity still remained 570 mAh/g.16 The same effect has been
39 elucidated in a recent report on Mn3O4/graphene

17 and
40 Co3O4/graphene

18 based anodes.
41 In theory, research focuses on the mechanism of intercalation
42 and deintercalation of Li on MOs.19 Lithiated titania has been
43 studied penetratingly by computational method,20,21 and some
44 new phases of highly lithiated titania were predicted using ab
45 initio calculations, and possible formation mechanics were
46 given.22,23 Yildirim et al.24 studied the effect of concentration
47 on the energetics and dynamics of Li ion transport in anatase
48 and amorphous TiO2 by molecular dynamics and density
49 functional theory (DFT). Furthermore, toward understanding
50 the effects of carbon- and nitrogen-doped carbon coating on

51the electrochemical performance of Li4Ti5O12 (LTO) in LIBs,
52Ding et al.25 studied the atomistic model for the interface
53between the lithium transition-metal oxide and carbon coating
54layers by first-principles calculations. They found that electron
55transfer from the LTO surface to graphene greatly improves the
56electric conductivity of the interface. In the MO/GNS system,
57graphene-containing carbonaceous materials afford not only a
58buffer to relieve the cracking of MOs but a good ion and/or
59electron transport medium in the electrode.26 In the obtained
60MO/GNS, not only GNS but also MO nanoparticles could play
61a role as electrode materials to get a synergetic effect, resulting
62in the superior cyclic performances and eventually higher
63reversible capacities in comparison with the ordinary MO.27

64However, previous research on MO/GNS as anode materials
65of LIBs are mainly experimental studies. The synergistic
66mechanism of the MO/GNS and its influence on intercalation
67and deintercalation of Li, which are still not well understood,
68are lacking of systematic theoretical study. So, this paper uses
69first-principles calculations to analyze performance and
70mechanism of Li adsorption on MO/GNS compositea case
71study of SnO2/graphene hybrid structure. We will study the
72structural stability, electronic, and Li diffusion performance of
73the SnO2 and graphene hybrid structure.

74■ METHOD AND MODEL

75The first-principles calculations are performed using the VASP
76code,28 in the framework of DFT.29,30 We use the projector
77augmented waves31 method and the generalized gradient
78approximation32 exchange-correlation function developed by
79Perdew, Burke, and Ernzerh.33 A plane wave cutoff of 400 eV
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80 and a k-point mesh of 2 × 2 × 1 in the Monkhorst Pack34

81 sampling scheme are used. The structural relaxation is
82 performed using the conjugated gradient minimization method
83 with the maximum force on each atom less than 0.05 eV/Å.
84 To model the experimental SnO2/GNS (SnO2 nanoparticles
85 with diameter of about 10−50 nm and graphene nanosheets of
86 a few layers with about 10−1000 μm size) composite,19 the
87 interface structure of graphene and the SnO2 surface is
88 constructed. The synergistic mechanism is believed to be
89 mainly contributed from the interaction at the interface, while
90 the rest of the graphene and SnO2 far away from the interface
91 have little effect and remain their respective Li intercalation and
92 deintercalation performance. The (110) surface is the most
93 stable surface of SnO2,

35 and the (110) plane of rutile structure
94 is clearly observed in the experiment,15,16 when SnO2/GNS is
95 used for the LIB electrode. There are three kinds of different
96 SnO2(110) surfaces: two O-terminated surfaces (O1 surface
97 and O2 surface) and one Sn- and O-terminated surface (Sn−O

f1 98 surface) (Figure 1a). So, in this study, we correspondingly

99 investigate three kinds of SnO2/graphene hybrid structures,
100 with graphene placed on the above three surfaces, and denote
101 these structures as G@O1, G@O2, and G@Sn−O, respectively.
102 We model the SnO2(110) surface square lattice with a 3 × 2
103 supercell (9.73 Å × 13.64 Å) and the graphene square lattice
104 with a 3 × 3 supercell (9.84 Å × 12.28 Å), including 36 C
105 atoms. The lattice mismatch is less than 10%. For precise
106 results, the thickness of the vacuum and SnO2(110) layer is
107 checked in our study.

108 ■ RESULTS AND DISCUSSION
109 We begin with the stability of three interface structures (G@
110 O2, G@Sn−O, and G@O1). In the G@O2 and G@Sn−O
111 structures, the distances between the SnO2 surface and
112 graphene are 3.41 and 3.33 Å, respectively. Besides, graphene
113 in these two structures remains very flat, and the SnO2 surface
114 has little change compared to the original SnO2(110) surface.
115 However in the G@O1 structure, six C atoms of graphene
116 bond to the surface oxygen atoms of the SnO2 substrate with

f2 117 sp3 hybridization (Figure 2a), and both the surfaces of the
118 substrate and graphene are distorted. The average of the nearest
119 C−O distance is 1.42 Å (see Figure 2b), which is very close to
120 the length of the sp3 C−O bond in the CH3−CH2−OH
121 molecule (1.43 Å), indicating oxygen−carbon covalent
122 bonding. It is also proved by the charge transfer between the
123 bonded C and O atoms as shown in Figure 2c.

124 We also study the binding energy Eb = Egra + ESnO2
− Etot.

125 Here, Egra, ESnO2
, and Etot are the total energy of graphene, the

126SnO2 surface, and the hybrid structure, respectively. The single
127bond energy Esingle is given by Esingle = Eb/n, where n is the
128number of C−O bonds. The binding energies of the former
129two structures are about 0.05 eV, which means there is weak
130van der Waals interaction between the graphene and SnO2.
131While in the G@O1 structure, the single C−O bond energy is
1321.26 eV, indicating this structure is more stable than the other
133two. The result of the binding energy agrees with the geometric
134structure analyses well, which shows that there is a strong
135connection between graphene and SnO2 in the G@O1
136structure but not in G@O2 or G@Sn−O. The strong
137connection could prevent the agglomeration of SnO2 nano-
138particles, which would cause the rapid capacity decay in the
139experiment. So, the G@O1 structure is more persuasive to
140describe the experimental situation, and we will mainly discuss
141it.
142To express the cycling stability of hybrid structure, a stress−
143 f3strain curve and Young’s modulus are calculated (Figure 3).

144Young’s modulus, also known as the tensile modulus, is a
145measure of the stiffness of an elastic material and is a quantity
146used to characterize materials. It is defined as the ratio of the
147uniaxial stress over the uniaxial strain in the range of stress in
148which Hooke’s law holds. Here, strain is defined as ε ≡ L/L0 −
1491, and stress σ is the Cauchy stress. Generally, material has an
150isotropic in-plane elastic response at small strain, and the slope
151of the stress−strain curve is the Young’s modulus of the
152material. It depends on the bond strength of the material and
153can be used to describe the degree of deformation of anode
154material during charge/discharge here.
155Our calculated Young’s moduli of graphene (1058 GPa) and
156SnO2 (40 GPa) are very similar with Liu’s result36 and Huang’s

Figure 1. (a) Three kinds of SnO2(110) surfaces: O1 surface, O2
surface, and Sn−O surface. (b) Top view of the G@O1 hybrid
structure.

Figure 2. (a) Side view of the G@O1 hybrid structure; (b) detailed
view of interface; (c) charge transfer of bonded C and O atoms.

Figure 3. Stress−strain curve of graphene, the hybrid structure, and
SnO2.
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157 result,37 respectively, in keeping with their cycling performance
158 as the LIB anode.8,13 The Young’s modulus of the hybrid
159 structure is about 134 GPa, much higher (about 300%) than
160 that of SnO2. To determine the cycling stability accurately, we
161 also consider the Young’s modulus of the hybrid structure in
162 different Li concentrations of 12.5%, 25%, 37.5%, and 50%
163 without considering surface adsorption. As shown in Figure 3,
164 the moduli, about 130, 125, 120, and 114 GPa of each of the Li
165 concentrations, respectively, decrease as the concentrations
166 increase. This Young’s modulus is still much higher than that of
167 SnO2, although there is a certain degree of reduction.
168 Volume changes of the hybrid structure with Li intercalation
169 are estimated by comparing the original structure’s cell volume
170 without any stress. The results are 1.8%, 3.7%, 5.6%, and 7.5%
171 of each of the Li concentrations, respectively, which shows an
172 incremental relationship with the Li concentration and
173 corresponds to the change of Young’s modulus. LIBs would
174 perform with pretty good cycling stability for this small volume
175 change, because bulk SnO2 shows a very large volume change
176 of about 300% during the full charge/discharge process. It
177 indicates that the interaction with graphene could greatly muffle
178 the destructive deformation of the SnO2 anode during the
179 cycling process. It can be predicted that the hybrid structure
180 would perform much better than SnO2 in cycle dynamics,
181 which is expected for application in LIBs.
182 The density of states (DOS) is calculated to measure the
183 electronic conductivity of structure. For comparison, the total

f4 184 DOS of surface and bulk SnO2 are shown in Figure 4a. The

185 calculated band gap of bulk SnO2 is 2.29 eV, narrower than the
186 experimental value (3.6 eV),38 for DFT always underestimating
187 the band gap. The narrower band gap of the SnO2(110) surface
188 (1.3 eV) is due to the DOS peak slightly below the Fermi level
189 from the surface O atoms. Both the calculated band gaps of
190 bulk SnO2 and surface are very close to other DFT values (1.4
191 and 2.25 eV).39 It is noteworthy that surface and bulk have a
192 quite wide band gap, which is not conducive to electron
193 transport, showing a semiconductor behavior.
194 The total DOS of hybrid structure in Figure 4(b) with no
195 band gap around the Fermi level shows a conductor behavior,
196 obviously superior to the case of SnO2, which is important for
197 the application in LIBs. As well-known, graphene is semimetal,

198and the particular band structure leads to very high
199conductivity.11 To discuss why the interaction between
200graphene and SnO2 not reduces the conductivity performance
201of graphene, we compare the DOS of graphene with −OH
202revised graphene (G−OH), whose bonded C atoms are
203saturated by −OH as shown in Figure 4(c). After saturated
204by −OH, the DOS of G−OH around Fermi level is much
205bigger than 0, indicating that few regular C−O covalent bonds
206make a little impact on the electronic conductivity of graphene.
207As we known, the electronic conductivity of material is
208extremely correlative with its band structure and DOS.
209Especially the energy band gap around fermi level could almost
210determine the conductivity property. Although DFT calculated
211band gap at 0 K would change a litter at room temperature,
212qualitative conductivity property of material could be inferred
213according the calculated value. According to our analysis of
214DOS, conductivity of bulk SnO2 is slightly lower than that of
215SnO2 (110) surface, which are both semiconductive and not
216good enough as electrode for those big band gaps. The nonzero
217DOS peak around fermi level of hybrid structure also shows
218that the extremely high conductivity of graphene is not
219obviously undermined by the interaction between graphene and
220SnO2, and the hybrid structure is still quite conductive. Here,
221graphene provides the electronic conductive channel for hybrid
222structure to improve the electrochemical performances, which
223agrees with Paek’s analysis.16 The much higher conductivity of
224hybrid structure than SnO2, indicates that the internal
225resistance of hybrid structure anode would be much lower,
226which is expected in application of LIBs.
227We next consider Li adsorption on hybrid structure. The
228stability of Li adsorption can be measured by the binding
229energy, given as Ead=Eh+ELi―Et. Et, Eh and ELi are the total
230energies of total structure after Li adsorption, hybrid structure
231and isolated Li atom. The different adsorption site of Li atom in
232 f5the hybrid structure is shown in Figure 5(a), and the binding
233energy Ead and charge of Li atom QLi at each site are shown in
234Figure 5(b).
235The binding energies at T3, T4, and T5 sites in the center of
236the hybrid structure are all about 2.7 eV, close to that of bulk
237SnO2 (2.49 eV), and the binding energy at the G site (1.21 eV)
238is also close to the case of isolated graphene (1.2 eV). The
239higher binding energy at the T6 site (3.13 eV) could be

Figure 4. (a) DOS of SnO2(110) surface and bulk; (b) DOS of the
hybrid structure; (c) DOS of graphene and G−OH, inset is −OH
revised graphene.

Figure 5. (a) adsorption sites of Li atoms in hybrid structure; (b)
binding energy and charge of Li atom at each site.
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240 explained by the surface adsorption.40 Moreover, the binding
241 energies at T1 and T2 sites are even up to 4.28 and 3.90 eV,
242 which is attributed to the synergetic interaction of the SnO2

243 surface and graphene. When the anode of the hybrid structure
244 is charged, it is most probable that Li tends to occupy the
245 interface sites first, according to the calculated binding energy
246 at each site.
247 By using Mulliken population analysis,41 the charge of the Li
248 atom QLi is calculated as shown in Figure 5b. It can be found
249 that the electron transfer from the adsorbed Li atom to the
250 hybrid structure shows a similar relationship with a
251 corresponding binding energy Ead as the site of absorption. In
252 particular, the value of QLi at the T1 site (0.76e) and the G site
253 (0.41e) are the maximum and minimum electron transfer of the
254 Li atom in all sites, respectively.
255 To investigate the deintercalation performance of Li with
256 high binding energy near the interface, the Li diffusion barrier is
257 calculated. We first calculate the Li diffusion in the bulk SnO2,

f6 258 as shown in Figure 6a for comparison. Path x is equivalent to
259 path z, for the square symmetry of the bulk SnO2 structure.
260 However, due to the reduced symmetry of the hybrid structure
261 from the interaction with graphene, there are three possible
262 nonequivalent pathways (path x′, path y′, and path z′) of
263 lithium diffusion near the interface of the hybrid structure (see
264 Figure 6c).
265 In bulk SnO2, the energy barriers of paths x and y are 2.23
266 and 0.49 eV, respectively. It means that path y is the main Li
267 diffusion pathway with better Li diffusion performance, whose
268 barrier is close to the case of isolated graphene.42 We can get
269 the reason by analyzing the detail structure of bulk SnO2. In the
270 path x, the Li atom has to pass through a five-membered ring
271 from one adsorption site to another one (see inset of Figure
272 6b). In contrast, path y is a broad square channel with relatively
273 weaker interaction of Li with SnO2. In the hybrid structure, the
274 energy barriers of paths x′ and y′ are 0.85 and 0.46 eV,
275 respectively, which are correspondingly lower than those of
276 paths x and y. It should be noted that the energy barrier of path
277 x′ is evidently reduced. Therefore, the rapid Li diffusion along

278both paths x′ and y′ of the hybrid structure is possible. As the
279inset of Figure 6d shows, the old O−Sn bonds breaking and the
280new O−C bonds forming make the five-membered ring along
281path x opened to larger space near the interface. While the
282interaction with graphene has small influence on the energy
283barrier of path z′ (about 2.2 eV).
284The Arrhenius equation D = D0exp(−Q/RT) gives the
285relationship between diffusion coefficient D and diffusion
286energy barrier Q, and here, D0, R, and T are the scale factor,
287Boltzmann constant, and temperature, respectively. Accord-
288ingly, we calculated the proportional diffusion coefficient at
289room temperature (T = 300 K) by obtained barriers, as D0 is
290approximately equal of each situation. In the bulk SnO2 case,
291the result Dy/Dx,z = 3.6 × 1029 indicates that it is almost
292impossible for Li diffusion along paths x and z, and only the
293(001) direction (path y) of SnO2 is conducive to diffusion of
294lithium, impeding the rapid charge and discharge of the LIB
295anode. Meanwhile at the interface of graphene and SnO2, we
296obtain that Dx′/Dx is almost to 1.1 × 1023, which means the
297incorporation of graphene markedly improves the diffusion
298performance of the x direction. The diffusion coefficient of
299paths x′ and y′ (Dy′/Dx′ = 2.2 × 105) is close at the order of
300magnitude, and path x′ also can be a good Li diffusion pathway.
301It is worth noting that the isolated Li ion diffusion can be
302very different from even low concentration regimes in such a
303system. The analysis of Yildirim et al.24 of Li ion diffusion in
304anatase TiO2 with Li concentrations ranging 10−50% indicates
305that Li ions become more diffusive with increasing concen-
306tration. They pointed out a surprise and an interesting result
307that an increase in Li ion concentration will lead to a decrease
308in effective barriers. This effect extremely likely occurs in our
309system for the similar structure of SnO2 and anatase TiO2,
310which needs more works to confirm in the future.

311■ CONCLUSIONS

312In summary, the structural stability, electronic, and Li diffusion
313performance of the SnO2 and graphene hybrid structure have
314been studied. It was found that (1) the structural stability and

Figure 6. (a) Li diffusion paths in bulk SnO2; (b) energy barrier of lithium diffusion in bulk SnO2; (c) diffusion paths at the interface of the hybrid
structure; (d) energy barrier of lithium diffusion in the hybrid structure.
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315 electronic conductivity of the hybrid structure are superior to
316 that of SnO2, for the introduction of graphene; (2) the sites
317 near the interface are more suitable for Li insert than other sites
318 at the surface of graphene and inside of SnO2; (3) the Li
319 diffusion performance along the SnO2(110) direction have
320 been evidently improved. Our results are beneficial to
321 understanding the microscopic origin of the synergistic
322 mechanism of SnO2 and graphene as the anode of LIBs with
323 high cycle stability and charge/discharge rate.
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