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Morphology-dependent performance of Zn2GeO4 as high-
performance anode material for rechargeable lithium ion battery 

Yi Feng,a Xiaodan Li,b  Zongping Shaoc and Huanting Wang*a 

In this study, the electrochemical performance of hollow Zn2GeO4 nanoparticles as an anode material of lithium-ion 

batteries (LIBs) has for the first time been investigated and compared to other morphology-type Zn2GeO4 materials with 

solid nanorod structure. Results show that the lithium-storage performance is morphology-dependent and the presence of 

hollow voids is beneficial to enhance the charge/discharge capacity at different current densities. Specifically, the capacity 

of hollow Zn2GeO4 nanoparticles is approximately 200 mAh g-1 higher than that of Zn2GeO4 solid nanorods after 60 

discharge-charge cycles at a current density of 200 mAh g-1 and such high performance (ca. 1200 mAh g-1) is in the front 

rank of current anode materials and three times as high as that of commercial graphite-based anode (372 mAh g-1). 

Moreover, the hollow Zn2GeO4 nanoparticles show better rate capacity and the specific capacity is approximately 300 mAh 

g-1 higher at a current density of 2000 mAh g-1 in comparison with the Zn2GeO4 nanorods. The hollow voids not only lower 

the charge transfer resistance by facilitating the lithium-ion diffusion, but also effectively buffer against the local volume 

changes. Therefore, considering the ease and environmental-friendly synthesis and the high performance (high reversible 

capacity and good rate capacity), such hollow Zn2GeO4 nanoparticles are a very promising candidate as high-performance 

anode material for LIBs. 

1. Introduction 

As the worldwide energy consumption increases and more 

greenhouse gases are emitted into atmosphere, new energy 

technologies need to be developed to secure clean energy 

supply for the future. To use today’s energy more efficiently, 

there is a significant demand for storing electric power, not 

only for mobile electronic devices, but also for effectively 

utilizing renewable resources such as solar and wind power 

and storing and transporting them.1, 2 

    Since the Sony Corporation first successfully marketed 

commercial lithium ion batteries (LIBs) in 1991, LIBs have been 

one of the major research focuses, and considered as the 

front-runner and the most promising technology in the mobile 

energy storage domain considering the fact that they offer the 

highest energy-density and operating-voltage among the 

rechargeable battery technologies.3-5 

    However, despite the fact that several anode materials such 

as graphite have already been commercialized, their 

performance is still unsatisfactory to meet the ever-growing 

industrial needs (e.g. the theoretical capacity of commercial 

graphite as anode material is only 372 mAh g-1)4; thus 

significant research efforts have been directed to searching 

alternatives to commercial anode materials. Among these 

alternatives, Germanium (Ge) seems very promising as anode 

for LIBs because it has a high theoretical capacity of 1600 mAh 

g-1 in forming Li22Ge5, a low working potential and a high 

lithium diffusivity (400 times higher than that of Si).2, 6-8 

Unfortunately, bulk-phase Ge suffers from a serious problem 

of quick capacity fading due to the large volume variation and 

agglomeration during charge-discharge processes.9, 10 Since Ge 

is neither abundant nor inexpensive, it may be prohibitive for 

use on a realistic scale. One of the promising ways to solve this 

problem is to form composite compound in which the oxide 

may buffer the volume change and lower the material cost.11 

Recently, several Ge-containing ternary oxides with cheaper 

metal elements (Ca, Ba, Zn, etc.) have been reported to reduce 

the Ge content, thus cutting the overall cost effectively. 

However, both CaO and BaO are inert towards lithium storage, 

which reduce the theoretical capacity of the materials. Instead, 

ZnO has high capacity for lithium storage, and the mass 

percentage of Ge in Zn2GeO4 is only 27%, much lower than 

that in other Ge-containing anode materials, which makes 

Zn2GeO4 an ideal candidate for high-performance anode 

materials of LIBs.  

    Zn2GeO4 is a chemically and thermally stable semiconductor 

and has been widely used in photocatalysis, removal of heavy 

metal ions, electrochemical sensing, lithium ion batteries, 
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etc.12-15 To date, there have been several methods available 

for synthesizing amorphous Zn2GeO4 or Zn2GeO4 with different 

morphologies for different applications.16-18 However, as 

electrode materials of LIBs, only amorphous Zn2GeO4 and 

Zn2GeO4 nanorods have been attempted with limited studies 

focusing on the relationship between morphology and 

electrochemical performance.19, 20 There have also been 

several studies focusing on Zn2GeO4-based heterojunctions as 

high-performance anode for LIBs. For example, graphene oxide 

has been used to mix with Zn2GeO4 nanorods to obtain a 

stable and high-capacity anode for LIBs.21 However, in those 

studies, such pristine Zn2GeO4 materials usually have low 

specific capacity and severe capacity fading, which limits the 

further improvement in the electrochemical performance.   

    Recently, Zn2GeO4 nanoparticles with hollow structure have 

been synthesized via a facile, environmental-friendly 

method.16 Theoretically, the hollow structure of electrode 

materials could not only enhance the fast lithium 

insertion/deinsertion kinetics but also favor the surface-

confined charge storage and effectively buffer the volume 

change.22-24 It implies high reversible capacity and cycling 

performance may be reached for nanoparticles with a hollow 

morphological structure. However, the charge-discharge 

behaviour of such Zn2GeO4 nanoparticles with hollow structure 

has never been investigated. 

    Therefore, in this study, Zn2GeO4 nanorods and hollow 

Zn2GeO4 nanoparticles were synthesized and evaluated as the 

anode material for LIBs. For the first time, the charge-

discharge behavior of Zn2GeO4 hollow nanoparticles as anode 

materials for LIBs has been investigated. The effects of 

morphology, especially the hollow structure on the cycling 

performance and rate capacity were discussed in detail, 

offering some designing criteria and promising candidates for 

high-performance LIBs. 

 

2. Experimental 

2.1 Chemicals 

The chemicals were used as received without further 

purification process. They include GeO2 (purity ≥99.99%, trace 

metals basis, Sigma-Aldrich, Australia), tetramethylammonium 

hydroxide solution (TMAH) (25 wt% tetramethylammonium in 

H2O, Sigma-Aldrich, Australia), Na2CO3 (purity ≥99.99%, Sigma-

Aldrich, Australia), Zn(CH3COO)2 (purity ≥99.99%, Sigma-

Aldrich, Australia), 1-Methyl-2-pyrrolidone (NMP) (purity 

≥99%, Sigma-Aldrich, Australia), polyimide (Sigma-Aldrich, 

Australia). 

2.2 Sample preparation 

For the synthesis of Zn2GeO4 nanorods, 2.5 mmol GeO2 and 5 

mmol Zn (CH3COO)2 were added into15 ml TMAH hydroxide 

solution. The mixture was stirred for 30 min and then 

transferred to a Teflon-lined autoclave. The hydrothermal 

synthesis was performed at 180 oC for 24 h, followed by 

natural cooling to room temperature. The product was 

collected by centrifugation, washed thoroughly with water and 

ethanol, and then dried at 70 oC in an oven. 

    For the synthesis of Zn2GeO4 hollow nanoparticles, 0.5 mmol 

Na2GeO3 (Na2GeO3 solid powders were prepared by heating 

stoichiometric mixture of Na2CO3 and GeO2 at 900 oC for 12 h) 

and 1 mmol Zn (CH3COO)2 were dissolved in 10 ml deionized 

(DI) water respectively and then these two solutions were  

mixed together and was magnetically stirred at 100 oC for 3h. 

The product was collected by centrifugation, washed thoroughly 

with water and ethanol, and then dried at 70 oC in an oven. 

2.3 Characterization 

The products of nanowires were characterized using X-ray 

diffraction (XRD, Miniflex 600, Rigaku, Japan), scanning 

electron microscopy (Magellan SEM, FEI company, USA) and 

transmission electron microscopy (TEM, FEI Tecnai F30 

Transmission electron microscope） 

    The working electrodes were fabricated by coating a slurry 

containing 70 wt% of active materials (Zn2GeO4 nanorods or 

hollow nanoparticles), 20 wt% of acetylene black (Super-P), 

and 10 wt% of 5 wt% polyimide (PI) dissolved in N-methyl-2-

pyrrolidinone (NMP) solution onto a copper foil and dried at 

100 oC in vacuum for 12 h. In this study, PI was used as the 

binder because it offers better mechanical and chemical 

stability and accommodates the volume expansion during the 

charge-discharge processes.25 And then the samples were 

sintered in Argon at 300 oC for 1h with the heating rate of 10 
oC∙min-1. For the pristine Zn2GeO4, there is no phase and 

morphology change after the above-mentioned treatment (Fig. 

S1-S3). Finally, the samples were dried at 60 oC for 4 h in a 

vacuum (10-3 Torr). After that, standard CR2032-type coin cells 

were assembled in an Argon-filled glovebox (KIYON, Korea) by 

using the as-prepared anode, Li metal foil (0.4 mm thick) as the 

counter electrode, and a separator (Solupor 7P03A). The 

electrolyte was 1 M LiPF6 dissolved in a mixture of ethylene 

carbonate (EC) and dimethyl carbonate (DMC) (v/v = 1:1). The 

cells were aged for 12 h before the measurements. 

Galvanostatic discharge-charge experiments were performed 

at different current densities in the voltage range of 0.01-3.00 

V with a multichannel battery tester (Maccor, USA). Cyclic 

voltammetry (CV) measurements were conducted by using an 

electrochemical workstation (Solartron Potentiostat and 

Impedance Analyzer, UK). Electrochemical impedance 

spectroscopy (EIS) was recorded using the same 

electrochemical workstation by applying an AC voltage of 10 

mV amplitude over the frequency range from 100 kHz to 100 

mHz. The tested batteries were performed with a mass loading 

of active electrode materials of 1.2-1.4 mg∙cm-2. 

3.3 Results and discussion 

The X-ray diffraction (XRD) patterns of the as-synthesized 

samples are shown in Fig. 1. According to the XRD patterns, 

both samples can be assigned to the rhombohedral phase of 

Zn2GeO4 (JCPDS no.11-0687) with lattice constants a=b=1.423 

nm, c=0.953 nm, α=β=90° and γ=120°. No other phase was 

observed in such samples, and this indicated the high purity of 

the as-synthesized samples.  



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Mater. Chem. A , 2015, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

 

Fig. 1 XRD patterns of as-synthesized Zn2GeO4 nanorods and 

Zn2GeO4 hollow nanoparticles. 

    

    Fig.2 shows the SEM and TEM images of as-synthesized 

Zn2GeO4 nanorods and nanoparticles. The nanorods have 

lengths of 100 to 600 nm with the average length of 350 nm 

and the average diameter of 18.7 nm. The nanorods have solid 

morphological structure and smooth surface. For the 

nanoparticles, they have the length of 100 nm with the aspect 

ratio of 1.5:1. According to Fig. 2b and d, it can be seen that 

such nanoparticles have broken hollow structure with the cell 

wall thickness of approximately 10 nm. Despite the difference 

in morphology, both nanorods and nanoparticles are single 

crystalline. 

    To identify the lithiation mechanism of Zn2GeO4, cyclic 

voltammetry (CV) was first performed. Fig. 3a shows the first 

five CV scans of Zn2GeO4 nanoparticles (the Zn2GeO4 nanorods 

have similar CV curves). On the basis of the mechanisms of Li 

storage of ZnO and GeO2, Li insertion mechanisms of Zn2GeO4 

are proposed as follows:8, 15, 20 

Zn2GeO4 + 8Li+ + 8e- → 2Zn + Ge + 4Li2O (first discharge) 

(charge) Ge + xLi+ +xe- ↔ LixGe (0≤x≤4.4) (discharge) 

(charge) Zn + yLi+ + ye - ↔ LiyZn (0≤y≤1) (discharge) 

(charge) ZnO + 2 Li+ +2e- ↔ Zn + Li2O (discharge) 

(charge)GeO2+4 Li+ +4e- ↔ Ge + 2Li2O (discharge) 

    In the cathodic scan from the open circuit voltage of 3.0 V, 

three main reduction peaks were observed in the first cycle. 

The first two peaks at 1.25 V and 0.75 V corresponded to the 

formation of solid electrode interface (SEI),26 and the 

irreversible reduction of Zn2GeO4 accompanied by the 

reversible formation of LixZn alloy, as previously verified in the 

literature.8, 15 Another peak started from 0.5 V, which was 

associated with the alloying reactions between Li and Ge.26 For 

the subsequent cycles, two main reduction peaks in the range 

of 0.5 to 1.0 V and 0 to 0.5 V were observed. Compared to 

reduction peaks in the first cycle, the main reduction peak at 

0.75 V shifts to higher voltage in the 2nd cycle and then shifts 

back to lower voltage for the following cycles. During the 

anodic scan, an anodic peak between 0 and 0.7 V appeared, 

corresponding to the reversible de-lithiation of LixGe and 

further lithiation of Zn. The second peak between 0.8 and 1.5 

V was attributed to the de-alloying of LixZn and the re- 

 

Fig. 2 (a)(b) SEM images and (c)(d) TEM images of as-

synthesized Zn2GeO4 nanorods and Zn2GeO4 hollow 

nanoparticles: (a)(c) are Zn2GeO4 nanorods and (b)(d) are 

Zn2GeO4 hollow nanoparticles. All the measuring bars indicate 

100 nm. 

 

formation of ZnO and GeO2. It is clearly seen that after the first 

cycle, there still exist two pairs of peaks in the subsequent 

cycles with almost the same intensity, indicating a good 

electrochemical reversibility. Besides these two peaks, another 

negligible and irreversible cathodic peak showed at 2.5 V, 

which might be due to the side reaction of electrolyte. 

    The lithium-ion storage performances were further 

investigated in a single cell through galvano charge-discharge 

test within the potential window of 0.001-3V vs Li+/Li at a 

current density of 200 mAh g-1. Details are presented in Fig. 3 

b and c.  It can be seen that the initial discharge and charge 

capacities of Zn2GeO4 nanorods are 1587 and 889 mAh g-1, 

respectively, with the first coulombic efficiency of ca. 56% 

whereas the initial discharge and charge capacities of Zn2GeO4 

hollow particles are 1479 and 1149 mAh g-1, resulting in the 

first coulombic efficiency of ca. 77%. Such a low first coulombic 

efficiency can be attributed to the irreversible formation of a 

solid electrolyte interphase layer and the irreversible 

formation of Zn, Ge (Zn2GeO4→2Zn + Ge) etc. The discharge 

curves showed distinct plateaus in the potential range of 0.5 V 

to 1.0 V whereas the charge curves showed plateaus at ca. 0.4 

and 1.4 V, corresponding to the lithium alloying and de-

alloying reaction. All the data agrees well with the previous CV 

results. After the first charge-discharge cycle, the reversible 

capacity of Zn2GeO4 nanorods decayed quickly in the 

subsequent cycles whereas the capacity of hollow 

nanoparticles even increased slightly in the initial 22 cycles and 

then slightly decreased. Such a difference will be further 

discussed in the following section.  

    Fig. 3d shows the cycling performance of Zn2GeO4 nanorods 

and hollow nanoparticles.  As mentioned above, for both 

Zn2GeO4 nanorods and nanoparticles, they delivered a high 

discharge capacity yet had a poor reverse capacity in the initial  
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Fig. 3 (a) Representative cyclic voltammetry (CV) curves of Zn2GeO4 hollow nanoparticles for the first 5 cycles at a scan rate of 0.5 

mV s-1 between 0.01 V and 3 V; (b, c) voltage profiles of (b) Zn2GeO4 nanorods and (c) Zn2GeO4 hollow nanoparticles at a current 

density of 200 mAh g-1, and (d) comparative cycling performance of Zn2GeO4 nanorods and hollow nanoparticles at a current 

density of 200 mAh g-1. 

cycle of charging and discharging process, with a coulombic 

efficiency less than 90%. However, after the first four cycles, 

the coulombic efficiency almost reached 100% and kept stable 

for the following cycles. For the Zn2GeO4 hollow nanoparticles, 

the charge-discharge capacities in the measured range 

appeared to be stable with specific capacity in the range of 

1150-1350 mAh g-1, which is 200-300 mAh g-1 higher than that 

of Zn2GeO4 nanorods. It should be noted that the specific 

capacity of Zn2GeO4 hollow nanoparticles increased with 

increasing the cycle number from 4th to the 22th cycle, within 

which the specific capacity achieved the highest value; the 

discharge and charge capacity of the 22th cycle are 1315 and 

1299 mAh g-1, respectively. Such slow activation process might 

be related to the fact that the interiors of the hollow 

nanoparticles are not in good contact with the electrolyte at 

the beginning of the cycling performance test and the build-up 

of the SEI layer may need a certain number of cycles.27 

Therefore, there was an increase in specific capacity in the 

initial cycles of discharge-charge processes. And then, the 

specific capacity decreased after the first 22 cycles and 

maintained at ca. 1175 mAh g-1 up to the 60th cycle, which 

indicates that the capacity fading still occurred due to the 

electrochemical pulverization during the discharge/charge 

processes. It is noted that the capacity fading for the hollow 

nanoparticles occurred slowly, whereas the capacity for the 

nanorods fading took place rapidly and the discharge capacity 

greatly decreased in the first few cycles. 

    To further investigate the electrochemical performance of 

the Zn2GeO4 nanorods and hollow nanoparticles, the rate 

capability was also examined (Fig. 4). The average specific 

capacity of Zn2GeO4 hollow nanoparticles at a current density 

of 0.1, 0.2, 0.5, 1.0, 2.0 C (1 C=1000 mA g-1) are ca. 1350, 1300, 

1210, 1010, 840 mAh g-1 respectively whereas the capacity of 

Zn2GeO4 nanorods are ca. 1150, 1020, 820, 710 and 560 mAh 

g-1 respectively, with a coulombic efficiency almost 100% for 

all the cycles even at a high current density except for the first 

cycle at a current of 0.1 C, which might be due to the 

formation of SEI as mentioned previously. It can be seen that 

hollow nanoparticles exhibit better rate capacity even at a 

higher charge-discharge current density and the capacity is 

200-400 mAh g-1 greater than that of nanorods.  Moreover, the 

capacity can almost be fully recovered after the charge and 

discharge rate is returned to 0.1 C, which indicates a good rate 

capacity and reversibility of such a material.  

    Compared to Zn2GeO4 nanorods, Zn2GeO4 hollow 

nanoparticles showed superior electrochemical performance 

in terms of reversible capacities, capacity retention and rate 

capacity.  Moreover, despite the different binders used in 

other studies, the performance of Zn2GeO4 hollow 

nanoparticles is in the front rank of current anode materials, 

and the charge-discharge capacity is much higher than that of 

commercial graphite-based anode (372 mAh g-1) (Fig. 4). It is 

believed that such high electrochemical performance can be 

attributed to the unique structure of Zn2GeO4 nanoparticles 

(the low aspect ratio and hollow structure) based on the 

following considerations: 

(a) Compared to solid nanorods, small grain size and hollow 

structure provided shorter diffusion path length and lower 

charge transfer resistance during the gavanol charge-discharge 

cycling processes.  Fig. 5 shows the results of electrochemical 

impedance spectroscopy (EIS) measurements before and after 

the test at various rates. It should be noted that the resistance 

decreased after the discharge-charge test which might be due 

to the activation of anode during the discharge-charge  
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Fig. 4 Rate performance of Zn2GeO4 nanorods and hollow 

nanoparticles. 

 

Fig. 5 Electrochemical impedance spectroscopy (EIS) (100 kHz-100 

mHz) of Zn2GeO4 nanorods and hollow nanoparticles (a) before and 

(b) after rate capacity test. 

processes. From Fig. 5, it can be seen that hollow 

nanoparticles have lower charge transfer resistance and faster 

lithium ion diffusion than that of nanorods.28, 29  

(b) The void space of hollow nanoparticles effectively buffered 

against local volume changes and strain accumulated on 

particles during the process of lithium-ion uptake and release, 

as have been proven in other hollow anodes materials.28 

(c) Hollow interiors likely provided efficient transport of 

lithium ions because of short diffusion length and high porosity 

and provided better contact between the electrode material 

and the electrolyte; thus favors the surface-confined charge 

storage.22, 30 

    Therefore, the existence of hollow voids makes such 

Zn2GeO4 nanoparticles superior to Zn2GeO4 nanorods. Zn2GeO4 

nanorods with solid structure exhibit higher charge transfer 

resistance, longer lithium diffusion length and lower surface-

confined charge storage, resulting in lower specific capacity 

(Fig. 3d). In sum, the high performance of Zn2GeO4 hollow 

nanoparticles makes them a promising candidate material for 

a high-capacity anode for LIBs. Moreover, considering the ease 

and environmental-friendly synthesis of such hollow 

nanoparticles (no organic solvent or hydrothermal treatment is 

needed), it is very easy to in-situ grow them onto other 

materials with layer or three-dimensional (3D) structure, such 

as the cheap g-C3N4 layer or 3D graphene oxide, to further 

limit the volume change of Zn2GeO4 nanoparticles; thus higher 

specific capacity and rate capacity of such heterojunctions 

would be expected. 

 

4. Conclusions 

In this work, the effect of morphology of Zn2GeO4 on lithium-

ion battery performance is investigated. Results show that the 

existence of hollow voids plays an important role in enhancing 

the specific capacity, cycling performance and rate capacity. 

Such hollow voids can not only lower the lithium ion transport 

resistance but also effectively buffer the local volume changes 

during the process of lithium-ion uptake and release. 

Therefore, compared to solid nanorods, such hollow Zn2GeO4 

nano-particles are more promising for use as high-

performance anodes of lithium ion batteries. 
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Figure S1 XRD patterns of Zn2GeO4 nanoparticles before and after sintering at 300 oC in Ar. 

 

Figure S2 XRD patterns of Zn2GeO4 nanorods before and after sintering at 300 oC in Ar. 

 

 

Figure S3 TEM image of Zn2GeO4 nanoparticles (a) before and (b) after sintering at 300 oC . 
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