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Abstract 

The catalytic role of germanium (Ge) was investigated to improve the electrochemical 

performance of tin dioxide grown on graphene (SnO2/G) nanocomposites as an anode material of 

lithium ion batteries (LIBs). Germanium dioxide (GeO2) and SnO2 nanoparticles (<10 nm) were 

uniformly anchored on the graphene sheets via a simple single-step hydrothermal method. The 

synthesized SnO2(GeO2)0.13/G nanocomposites can deliver a capacity of 1200 mAh/g at a current 

density of 100 mA/g, which is much higher than the traditional theoretical specific capacity of 

such nanocomposites (~702 mAh/g). More importantly, the SnO2(GeO2)0.13/G nanocomposites 

exhibited improved rate and large current capability (885 mAh/g at a discharge current of 2000 

mA/g) and excellent long cycling stability (almost 100% retention after 600 cycles). The 

enhanced electrochemical performance was attributed to the catalytic effect of Ge which enabled 

the reversible reaction of metals (Sn and Ge) to metals oxide (SnO2 and GeO2) during the 

charge/discharge processes. Our demonstrated approach towards nanocomposite catalyst 

engineering opens new avenues for next-generation high-performance rechargeable Li-ion 

batteries anode materials.  

Keywords: Tin Oxide, Germanium Oxide, Graphene, Catalyst, Lithium Ion Batteries. 
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1. Introduction 

To fulfill the increasing demand of energy storage devices with high energy and power densities, 

lithium ion batteries (LIBs) are considered as one of the most promising candidates.
1-5 

However, 

commercial graphite-based anode materials for the current LIBs suffer from a relatively low 

specific capacity (372 mAh/g), which severely hampers their implementations in applications 

such as portable electronics and grid-level energy storage systems.
6
 To tackle this challenge, new 

and high-performance anode materials have recently been intensively investigated, which mainly 

include the three-dimensional (3D) transition metal oxides and the alloying-dealloying type 

materials.
5, 7-14

  

As an important alloying-dealloying type anode material, tin oxide (SnO2) is regarded as one of 

the most promising anode materials with potentials in commercialization due to its high 

theoretical capacity (~782 mAh/g), relatively low charge-discharge potential, high abundance, 

and low cost.
14

 However, the performance of SnO2 anodes remains inferior due to: (i) a huge 

volume change (259%) during the alloying and dealloying process, which results in fast capacity 

fading during the cycle process and may lead to severe electrode pulverization; (ii) a low 

electrical conductivity for the pristine SnO2 which limits the electron transport and power density; 

(iii) a low initial Coulombic efficiency (CE) due to the irreversible conversion reaction.
15

 Issues 

(i) and (ii) could be partially resolved by designing new nanostructures (e.g., nanoparticles, 

nanorods, nanowires, hollow nanospheres, porous microboxes)
16-24

 and the incorporation of 

carbonaceous materials (e.g., carbon nanotubes, graphene oxide, onion-like carbon).
25-29

  

Issue (iii) is essentially due to the chemical reactions of the conversion process of SnO2 to Sn 

and the subsequent alloying-dealloying process, as given by: 
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SnO� + 4	Li
 	+ 	4e� 	→ Sn + 2Li�O              (1) 

Sn + xLi
 + xe� 	↔	Li�Sn	�0	 ≤ x	 ≤ 4.4�     (2) 

It generally accepted that the first conversion reaction (eq. 1) is irreversible, leading to a low 

initial CE. From eq. 2, maximum 4.4 Li-ions can be alloyed with 1 Sn atoms; however, 4 of them 

are consumed during the first discharge process and become inactivated for the following 

charge/discharge cycles. If the conversion reaction (eq. 1) is reversible, the theoretic specific 

capacity can be improved from 782 to 1493 mAh/g due to overall 8.4 Li
+
 involved during charge 

and discharge processes, which has been stated in the supporting information.
30

 Indeed, it has 

recently been reported that the measured SnO2 specific capacity was higher than the theoretical 

value, and the improvement was possible attributed to the reversible conversion of Sn to SnO2.
31

 

However, the detailed study of such mechanism is still unclear. 

Kim et al. reported the nano-sized metallic Cu particles contacted with the nano-sized Ge and 

Li2O to catalyze Li2O decomposition and provide an electronic conductive network for Ge 

oxidation.
32

 Ge was also used as a catalyst to enhance the GeO2/C nanocomposite 

electrochemical performance as reported by Seng et al.
33

 In this work, Ge is engineered to act as 

the catalyst for promoting the reversible reaction of Sn into SnO2, leading to an enhanced 

electrochemical performance. Since nano-sized Ge is easily oxidized, GeO2 nanoparticles are 

used instead of Ge. Meanwhile, reduced graphene oxide (RGO) is employed as a conductive 

buffer template for accommodating the volume change of the hybrid nanocomposites. In addition, 

RGO also prevents the aggregation of the nanoparticles. The designed hybrid SnO2(GeO2)0.13/G 

electrode not only delivers a capacity beyond its traditional theoretical value (i.e., 702 mAh/g), 

but also exhibits excellent rate capability (980 and 885 mAh/g at discharge current densities of 
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1000 and 2000 mA/g, respectively) and ultrahigh stability even at high current densities of 2000 

mA/g (almost 100% retention after 600 cycles). For the specific weight capacity of 

SnO2(GeO2)0.13/G nanocomposites was calculated in the supporting information. 

2. Results and discussion 

2.1. Characterization of the Materials 

In the preparation process, SnCl2, GeO2 and GO were dispersed in deionized water and then the 

solution was transported into an autoclave for hydrothermal reaction. After reaction, the black 

precipitation (SnO2(GeO2)0.13/G) was obtained. The morphology of the SnO2(GeO2)0.13/G and 

SnO2/G nanocomposites is shown in Figure 1. One can see that the folded graphene sheets 

formed an ideal 3D matrix as the soft template for SnO2 and GeO2 nanoparticles (Figure 1a). 

Such a designed material morphology can effectively prevent aggregation of nanoparticles and 

facilitate the electrolyte penetration into the microstructure of the composites to enhance the 

electrolyte ion accessibility. More detailed structural analysis was performed by transmission 

electron microscopy (TEM), as shown in Figures 1b and 1c. It is clearly observed that SnO2 and 

GeO2 nanoparticles with the diameter ranging from 5 to 10 nm uniformly anchored on the 

graphene sheets. From the selected-area electron diffraction (SAED) pattern (inset of Figure 1b), 

the multiple diffraction rings indicate that the nanoparticles are nanocrystalline. The 

corresponding crystalline planes could also be indexed, such as the (100) plane of GeO2, the 

expanded (002) plane of graphene, the (110) plane of GeO2 and/or the (101) plane of SnO2, as 

shown in the inset of Figure 1b. In addition, the fringes attributed to the graphene sheet are also 

identified in Figure 1c. The lattice spacings obtained from the well-resolved lattice fringes of 

nanoparticles in Figure 1b are 0.33 and 0.34 nm, corresponding to the (110) plane of the 

tetragonal rutile-like SnO2 and/or the (101) plane of GeO2. As shown in Figures 1d and 1e, the 
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morphology of SnO2/G is almost the same as that of SnO2(GeO2)0.13/G nanocomposite. The high-

resolution TEM image of SnO2/G nanocomposites shown in Figure 1f indicated the lattice 

spacings of 0.33 and 0.26 nm, which are attributed to the (110) and (101) crystal planes of SnO2, 

respectively. Typical morphologies of commercial SnO2 and GeO2 powders are also shown in 

Figures S1a and S1b. As one can see, the sizes of commercial SnO2 or GeO2 particles are much 

larger than that of the synthesized nanocomposites. Moreover, the commercial particles are 

heavily aggregated together.  

Figure 2a compares the X-ray diffraction (XRD) patterns of SnO2/G and SnO2(GeO2)0.13-G 

nanocomposites. A broad peak at around 26
o
 is assigned to the overlap of the (002) plane of 

graphene and the (110) plane of SnO2 and/or the (101) plane of GeO2. The strong characteristic 

peaks in both nanocomposites correspond to the tetragonal structure of SnO2 (JCPDS No. 41-

1445). Other weak peaks found in SnO2(GeO2)0.13/G can be indexed to the hexagonal structure of 

GeO2 (JCPDS No. 36-1463). The peaks associated with GeO2 are weak, indicating that the 

content of GeO2 in the hybrid nanocomposites is low. Raman spectra of reduced graphene oxide 

(RGO), SnO2/G and SnO2(GeO2)0.13/G nanocomposites are shown in Figure 2b. The peaks 

centered at 1360 cm
-1

 are the D-peak arising from the defects and disorders in the hexagonal 

graphitic networks, and the peaks centered at 1570 cm
-1

 is the G-peak due to the vibration of sp
2
-

bonded carbon atoms in the graphitic lattice.
34

 It is generally believed that the intensity ratio 

between D- and G-peaks (ID/IG) indicates the crystal quality of carbon nanostructures. The ID/IG 

is increased from 0.90 to 1.21 and 1.39 for GO, SnO2/G and SnO2(GeO2)0.13/G nanocomposites, 

respectively, indicating the graphene oxide became more defects and disorders after reducing. 

The graphene oxide partially disrupted after the incorporation of SnO2 and SnO2(GeO2)0.13 
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during the synthesis process. From TGA curves of Figure S2, the portions of graphene in the 

SnO2(GeO2)0.13/G and SnO2/G are around 21.2 and 16.6 wt%, respectively.  

Furthermore, the elemental composition and relative atomic content of the synthesized 

nanocomposites were studied using X-ray photoelectron spectroscopy (XPS). Figure 3a shows 

the XPS wide-scan spectra of SnO2/G and SnO2(GeO2)0.13/G nanocomposites, indicating the 

presence of Sn, O, and C elements. Ge 3d band was also observed in the spectra of 

SnO2(GeO2)0.13/G nanocomposites. The C 1s spectra of SnO2(GeO2)0.13/G and SnO2/G are shown 

in Figure 3b. After deconvoluting the spectra, both nanocomposites displayed peaks for non-

oxygenated C-C (at binding energy of 284.7 eV) and C-OH species (at binding energy of 286.2 

eV). It is found that the other peaks belong to C=O and C-OOH of RGO (Figure S3) was greatly 

reduced after the incorporation of SnO2 and GeO2 nanoparticles, suggesting that a better 

electrical conductivity could be obtained in the nanocomposites. The Sn 3d3/2 and Sn 3d5/2
 
peaks 

of the nanocomposites centered at binding energies of 495.5 and 487.1 eV, respectively, are 

shown in Figure 3c. As compared to SnO2/G, the full-width-at-half-maximum (FWHM) of the 

Sn 3d peaks for SnO2(GeO2)0.13/G became slightly broadened, implying that the size of SnO2 

was smaller after the introduction of GeO2, which was in a good agreement with the microscopic 

observations (Figures 1c and 1f). In order to confirm the presence of Ge for SnO2(GeO2)0.13/G 

nanocomposite, Ge 3d (33.1 eV) state was analyzed in Figure 3d. The atomic ratio of Ge : Sn of 

about 13% was estimated from the intensity of Sn 3d and Ge 3d peaks, confirming the actual 

nanocomposite as SnO2(GeO2)0.13/G. Moreover, the energy dispersive X-ray (EDX) analysis was 

conducted to map the spatial distribution of various elements. As shown in Figure 3e, four 

elements of Sn, Ge, C, and O are uniformly dispersed, indicating that Sn and Ge were 

homogeneously distributed within the graphene networks. 
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2.2. Electrochemical Testing 

The electrochemical performance of SnO2(GeO2)0.13/G nancomposites was evaluated by 

assembling the nanocomposites as the working electrode into a half-cell battery with a lithium 

foil as the counter electrode. The electrochemical processes were investigated through cyclic 

voltammetry (CV) measurements in the potential range of 0.01 – 3.0 V vs Li
+
/Li. From the CV 

curves of SnO2(GeO2)0.13/G (Figure 4a), there are two clear peaks (centered at 0.95 and 0.1 V) in 

the first cathodic sweep. The peak at 0.95 V corresponded to the conversion reaction of SnO2 (or 

GeO2) with the Li
+
 ions to Sn (or Ge) and Li2O (eq. 3),

35
  

MO� + 4	Li
 	+ 	4e�
�������� 	�!�
"########$ 	M + 2Li�O               (3) 

where M represents Sn or Ge element. The peak at 0.1 V can be ascribed to the lithium alloying 

with Sn or Ge to form Li-Sn or Li-Ge alloys (eq. 4),
36

  

M+ xLi
 + xe� 	
�������� 	���
"########$	Li�M	�0	 ≤ x	 ≤ 4.4�      (4) 

On the other hand, there are two broad peaks centered at 0.58 and 1.26 V in the first anodic 

sweep. The former is commonly attributed to the dealloying reaction of Li-Sn or Li-Ge (eq. 5),
36

  

Li�M	
����� 	�%�
"######$ 	M + xLi
 + x	e�	�0	 ≤ x	 ≤ 4.4�         (5) 

while the latter could be attributed to the reaction of Sn or Ge with Li2O (eq. 6),
37

  

M+ 2Li�O	
����� 	�&�
"######$ 	MO� + 4Li
 + 	4e�                     (6) 

Negligible changes are observed in the following CV curves after the first cycle. The irreversible 

capacity loss in the first cycle can be attributed to the formation of solid-electrolyte interface 
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(SEI) layer at the interface of the electrolyte and the electrode, as well as the local structural 

rearrangement in the SnO2(GeO2)0.13/G nanocomposite to buffer the stress induced during 

lithiation/delithiation.
38-39

  

The galvanostatic discharging/charging curves of the first 5 cycles of SnO2(GeO2)0.13/G are 

shown in the Figure 4b. The SnO2(GeO2)0.13/G electrode exhibited the capacities of 1408 and 

2022 mAh/g for the 1
st
 charge and discharge cycle calculated based on the total mass of 

SnO2(GeO2)0.13/G, with an initial CE about 70%. Such capacity loss (30%) of the first cycle is 

generally attributed to the irreversible formation of the SEI layer on the surface of the 

nanoparticles and the small portion of irreversible conversion reaction of SnO2 into Sn (the part 

of GeO2 nanoparticles is not in contact with SnO2 nanoparticles) during the first discharge 

process. More importantly, the CE was increased to almost 100% for the following cycles. From 

the Figure S4a, the first 5 cycles of SnO2/G exhibit similar performance to that of 

SnO2(GeO2)0.13/G, which can be attributed to the stabilization contributions from graphene. 

However, without graphene, SnO2/GeO2 composites provided a poor stability in the first 5 cycles, 

as shown in Figure S4b. 

The cycling stability test for SnO2(GeO2)0.13/G, SnO2-G and SnO2/GeO2 nanocomposites was 

conducted at a discharge current density of 1000 mA/g after five activation cycles, as shown in 

Figure 4c. SnO2(GeO2)0.13/G electrode exhibits excellent stability for 200 cycles with a slight 

increase at the first few cycles. Specifically, at a high current density of 1000 mA/g, the specific 

capacity of SnO2(GeO2)0.13/G was increased from 870 mAh/g to 942 mAh/g after 200 cycles.  

This behavior is notably different from other metal oxide/carbon hybrids for lithium ion storages, 

which usually degrade to less than 600 mAh/g after 100-200 cycles regardless of a similar high 

specific capacity at the initial cycles.
35, 40

 The increased capacity may be attributed to the delayed 
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infiltration of the electrolyte into the nanohybrids, the stable structure which prevents 

pulverization during cycling, and the reversible reaction of metal atoms (Sn and Ge) to metal 

oxides (SnO2 and GeO2). In contrast, the cycling stability of both SnO2-G and SnO2/GeO2 is 

inferior as expected; for instance, the specific capacity of the SnO2-G electrode reduces from 990 

to 376 mAh/g after 80 cycles, while the SnO2/GeO2 nanocomposite nearly completely loses its 

activity after 40 cycles (Figure 4c).  

Figure 4d shows the rate capabilities of the above three electrodes. The SnO2(GeO2)0.13-G 

electrode can deliver specific capacities of 1350, 1190, 1120, 1070, 1000, and 900 mAh/g at the 

current densities of 50, 100, 200, 500, 1000 and 2000 mA/g, respectively. Moreover, the value 

recovers to about 1200 mAh/g when the current density is returned to 100 mA/g, indicating an 

excellent reversibility. In contrast, the SnO2-G electrode displayed rapid capacity fading when 

the current density was increased higher than 500 mA/g. For the SnO2/GeO2 nanocomposites, the 

specific capacities at both low and high current density exhibited too lower than the other two 

nanocomposite with graphene. Thus, the presence of graphene could enhance the rate capability 

for these nanocomposite. 

From the above results, one can be seen that the graphene template also played a critical role in 

achieving the high rate capability of the SnO2(GeO2)0.13/G nanocomposite. Without graphene, 

SnO2/GeO2 nanocomposite becomes unstable with the increase of the current density, which is 

possibly due to the pulverization and lose contact with the current collector during 

lithiation/delithiation. The high rate capability of SnO2(GeO2)0.13/G at the high current density 

can be attributed to the interactions between graphene and SnO2 or GeO2 nanoparticles, which 

facilitate effective electron transport between metal oxide nanoparticles and the current collector 

through the highly-conductive two-dimensional structure.  
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The electrochemical impedance spectroscopy (EIS) measurements were conducted to investigate 

the intrinsic electrochemical and kinetic mechanisms of the electrodes, as shown by the Nyquist 

plots in Figure 5a. It can be seen that the radius of the semicircles 

SnO2(GeO2)0.13/G<SnO2/G<SnO2/GeO2, which indicated that SnO2(GeO2)0.13/G have the best 

charge transfer among the three composites. With the increased cycles, the radius of the 

semicircle of SnO2-G and SnO2/GeO2 is increased significantly after 100 cycles (Figure S5), 

indicating that the SEI film grew thicker with the cycling due to the deposition of amorphous 

Li2O matrix and the electrolyte, as well as the unstable structure of the electrode during 

cycling.
41-42

 In contrast, the semicircles in the SnGe0.13O2.26-G electrode remained almost 

unchanged after 100 even until 200 cycles (Figure 5b), indicating that the SEI formation and the 

composite structure remained stable during the long cycling process.  

Finally, the ultra-high stability cycling performance of SnO2(GeO2)0.13/G nanocomposite was 

measured at a discharge current density of 2000 mA/g, as shown in Figure 5c. The specific 

capacity retains almost 100% after 600 cycles and the CE remains near 100% after the first five 

lithiation/delithiation cycles. This exceptional stability can be attributed to the unique and 

advantageous features of the SnO2(GeO2)0.13/G nanocomposites system. First, the effective 

binding between the uniformly distributed SnO2 and GeO2 nanoparticles with the graphene 

network maintained efficient electron and ion transport during the conversion reactions.
35

 Second, 

the hybrid nanostructure helped to well accommodate the huge volume change of the SnO2 and 

GeO2 during lithiation/delithiation to reduce the cycling degradation. Third, the small particle 

size and uniform distribution of SnO2(GeO2)0.13 on the graphene matrix can greatly improve the 

physical connection and electrical contact with the 2D conductive framework, thereby 

maximizing the effective electrochemical utilization of the active materials and ensuring a 
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reversible lithium insertion/extraction process even under high current density.
43

 Fourth, the 

conductive graphene matrix is favorable to form a stable SEI layer and protect the electrolyte 

from further decomposition while still allow for Li ion transport into the encapsulated SnO2 and 

GeO2 nanoparticles.
35

 Lastly, GeO2 played a key role in catalyzing the reversible reaction of Sn 

into SnO2 with an enhanced specific capacity. 

As the specific capacity (1200 mAh/g at a current density of 100 mA/g) of the SnO2(GeO2)0.13/G 

nanocomposites is much higher than the traditional theoretical value of 702 mA/g given by eq. 4, 

the most plausible reason for such excessive capacity is from the irreversible reaction based on 

eq. 3. In other words, the reaction from SnO2 to Sn became reversible with the assistance of 

GeO2, which has been reported to have catalytic effect for the reversible reaction of formation of 

Ge-O bonds.
32-33

 As such, the specific capacity was greatly enhanced due to the conversion from 

Sn into SnO2 nanoparticles during the charging process as shown in eq. 6. In addition, graphene 

sheets provide stable conductive reaction sites to firmly hold and support Ge promote the 

catalytic reaction of SnO2, resulting in ultra-high specific capacity, cycling stability and rate 

performance. Therefore, the synthesized SnO2(GeO2)0.13/G nanocomposites can deliver a 

capacity is 93.5% of the theoretical specific capacity (1283 mAh/g) with the irreversible 

reactions. 

2.3. Exploration of the catalytic role of Ge during the cycling process 

We illustrate the proposed reaction mechanism of the SnO2(GeO2)0.13/G nanocomposites during 

the charge and discharge processes in Figure 6a. Firstly, the SnO2 and GeO2 nanoparticles 

anchored on the graphene sheets are reduced to Sn and Ge, respectively, while Li2O is 

accumulated at the interface and gradually covers the nanoparticles during the 1
st
 discharge 
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process. In the subsequent discharge process, Li ions penetrate into the film of Li2O and react 

with Sn and Ge to form LixSn and LixGe alloys, respectively (0 ≤ x ≤ 4.4). During this stage, 

the force associated with the huge volume change leads to nanoparticle fragmentation into 

smaller ones. The cracked nanoparticles are still held by the graphene sheets. In the following 

charge process, the alloyed nanoparticles (LixSn and LixGe (0≤x≤4.4)) are decomposed into 

Li
+
 and Sn or Ge metal nanoparticles. Due to the catalytic effect of Ge, Sn and Ge will react with 

Li2O to form SnO2 and GeO2, as shown in eq. 6 (stage 4 in Figure 6). In Figure 6b, the four 

plateaus corresponding to the above four reactions steps almost overlap with each other after 10, 

200, and 400 cycles. In other word, the four electrochemical reactions are very stable with the 

increase of cycling number. In contrast, the reaction plateaus of SnO2 or GeO2 for the 

SnO2/GeO2 and SnO2/G nanocomposites become shorter with the increase of cycling number 

(Figure S6). The capacity retention of the plateaus is 70% and 60% for SnO2/GeO2 and SnO2/G, 

respectively, indicating that the nano-sized GeO2 indeed plays a critical role in the conversion 

reactions of Sn into SnO2 and the decomposition of Li2O. 

In order to verify the above assumption, ex-situ XPS analysis was also carried on, as shown in 

Figure 7. The XPS spectra for SnO2(GeO2)0.13/G electrodes was obtained after 100 

discharge/charge cycles. For the initial sample, the peak came from the SnO2(GeO2)0.13/G 

powder before making electrode. From the Figure 7a, the variety of Ge 3d from initial state to 

0.01 V and then to 3.0 V could be obviously observed. After discharge to 0.01 V, there is only 

Ge metal in the electrode.
33

 Even after being charged to 3.0 V, Ge metal is also the main part in 

the electrode. However, Sn 3d exhibited a big different variety in the three states. After discharge 

to 0.01 V, the peaks from SnO2 became undetectable, which might be attributed to the increase 

in the SEI film thickness and the embedded Li4.4Sn in the amorphous Li2O matrix.
44, 45

 In 
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contrast, after electrochemical reactions, metallic Ge is formed instead of GeO2 in the 

nanocomposites. The metallic Ge reacts with Li ions, which prevents the formation of 

amorphous Li2O matrix on its surface. Thus, the XPS signal of Ge 3d could be detected. When 

the electrode was charged to 3.0 V, the peaks of SnO2 are presented again. The variety of SnO2 

in the charge and discharge process is in accord with our assumption. Therefore, we can 

conclude that the Ge acts as catalytic role to promote the reaction of metal (Sn and Ge) to metal 

oxides (SnO2 and GeO2) in the electrochemical process. In addition, most of Ge can stay as metal 

instead of GeO2, which may be attributed to the stability of Ge in this system. 

3. Conclusion 

In summary, high specific capacity and ultra-stable SnO2(GeO2)0.13/G anode material for lithium-

ion batteries was designed by a simple, single-step, facile hydrothermal method. The improved 

electrochemical performance was attributed to the catalytic effect of Ge to enable the reversible 

reaction of metal (Sn and Ge) to metal oxides (SnO2 and GeO2) during the charging process. 

This novel design of high-performance nanocomposite materials opens up a new direction in the 

development of next-generation anode material for LIBs and potentially other energy storage 

devices. 
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Figure Caption 

 

Figure 1. Structures of SnO2(GeO2)0.13/G and SnO2-G nanocomposites. (a) SEM  and (b) TEM images of 

SnO2(GeO2)0.13/G nanocomposite show the uniform distribution of nanoparticles on graphene sheets. Inset 

in (b) is the SAED pattern of SnO2(GeO2)0.13/G nanocomposite. (c) High-resolution TEM image of 

SnO2(GeO2)0.13/G indicates the lattice spacings of SnO2 and GeO2 nanoparticles. (d) SEM image of 

SnO2/G nanocomposite. (e) Low- and (f) high-resolution TEM images of SnO2 nanoparticles on graphene. 
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Figure 2. (a) X-ray diffraction (XRD) patterns of SnO2/G and SnO2(GeO2)0.13/G nanocomposites. The 

diffraction patterns of SnO2 in both samples are indexed to the tetragonal structure of SnO2 (JCPDS No. 

41-1445) and the GeO2 in SnO2(GeO2)0.13/G is indexed to the hexagonal structure of GeO2 (JCPDS No. 

36-1463). (b) Raman spectra of graphene oxide (GO), SnO2/G and SnO2(GeO2)0.13/G with the labeled D 

and G bands of carbon. 
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Figure 3. (a) XPS wide-scan spectra of SnO2(GeO2)0.13/G and SnO2/G nanocomposites; (b) C 1s and (c) 

Sn 3d spectra of SnO2(GeO2)0.13/G and SnO2/G nanocomposites (d) Ge 3d spectrum of SnO2(GeO2)0.13/G; 

(e) SEM image of SnO2(GeO2)0.13/G and the Sn, C, Ge, and O element mapping images of the squared 

area, which show the uniform distribution of the four elements. 
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Figure 4. Electrochemical performance of the nanocomposites. (a) CV curves of the first three cycles of 

SnO2(GeO2)0.13/G electrode; (b) Galvanostatic charge/discharge profiles of 1
st
, 3

rd
, and 5

th
 cycle of the 

SnO2(GeO2)0.13/G electrode; (c) the comparison of cycling stability for SnO2(GeO2)0.13/G, SnO2/G, and 

SnO2/GeO2; (d) Rate capability of the three materials. 
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Figure 5. (a) Electrochemcial impedance spectroscopy (EIS) spectra of SnO2(GeO2)0.13/G, SnO2/G, and 

SnO2/GeO2. (b) EIS of SnO2(GeO2)0.13/G after 3, 100, 200 cycles. (c) Cycling stability and Coulombic 

efficiency of the SnO2(GeO2)0.13/G up to 600 cycles. 
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Figure 6. (a) The schematic diagram showing the reaction mechanism of SnO2(GeO2)0.13/G 

nanocomposites. Step 1 is the process of SnO2 and GeO2 reacting with Li
+
 to form Sn and Ge metal 

nanoparticles, which are covered by Li2O. Step 2 is the lithiation process of Sn and Ge with the Li ions. 

Step 3 is the dealloying process of LixSn or LixGe (0≤x≤4.4). Step 4 is the reaction of Sn and Ge metal 

nanoparticles with Li2O to form SnO2 or GeO2. The four reaction steps are corresponding to four 

platforms in the charge and discharge curves as shown in (b). 
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Figure 7. Ex-situ XPS spectroscopy analysis of the SnO2(GeO2)0.13/G composite after 100 charge and 

discharge cycles: (a)  Ge 3d spectra from the initial state to 0.01 V and then to 3.0 V. After discharging to 

0.01 V, Ge is detected; (b) Sn 3d spectra from the initial state to 0.01 V and then to 3.0 V. 
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TOC 

 

The design of SnO2(GeO2)0.13/G composition provides a new avenue to improve the specific 

capacity and stability of SnO2. The catalytic role of Ge promotes the reversible electrochemical 

reaction from SnO2 to Sn, overcoming the limitation of traditional specific capacity of SnO2. The 

introduction of graphene not only stabilizes the structure of the composition but also keeps the 

catalyst active after long cycles. As such, the SnO2(GeO2)0.13/G nanocomposites demonstrate a 

retention rate of almost 100% after 600 cycles. 
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