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Zn2GeO4 and Zn2SnO4 Nanowires for High-Capacity Lithium- 

and Sodium-Ion Batteries 

Young Rok Lim,a Chan Su Jung,a Hyung Soon Im,a Kidong Park,a Jeunghee Park,*a Won Il Cho*b 
and Eun Hee Cha*c 

Germanium (Ge) and tin (Sn) are considered to be the most promising alternatives to commercial carbon materials in 
lithium- and sodium-ion batteries. High-purity zinc germanium oxide (Zn2GeO4) and zinc tin oxide (Zn2SnO4) nanowires 
were synthesized using a hydrothermal method, and their electrochemical properties as anode materials in lithium- and 
sodium-ion batteries were comparatively investigated. The nanowires had a uniform morphology and consisted of single-
crystalline rhombohedral (Zn2GeO4) and cubic (Zn2SnO4) phases. For lithium ion batteries, Zn2GeO4 and Zn2SnO4 showed 
an excellent cycling performance, with a capacity of 1220 and 983 mA h g-1 after 100 cycles, respectively. Their high 
capacities are attributed to a combination of the alloy formation reaction of Zn and Ge (or Sn) with Li, and the conversion 
reaction: ZnO + 2Li+ + 2e- ↔ Zn + Li2O and GeO2 (or SnO2) + 4Li+ + 4e- ↔ Ge (or Sn) + 2Li2O. For the first time, we 
examined the cycling performance of Zn2GeO4 and Zn2SnO4 in sodium ion batteries; their capacities were 342 mA h g-1 and 
306 mA h g-1 after 100 cycles, respectively. The capacity of Zn2SnO4 is much higher than the theoretical capacity (100 mA h 
g-1), while that of Zn2SnO4 is close to the theoretical capacity (320 mA h g-1). We suggest a contribution of the conversion 
reaction in increasing the capacities, which is similar to the case of lithium ion batteries. The present systematic comparison 
between the lithiation and sodiation will provide valuable information for the development of high-performance lithium- 
and sodium-ion batteries. 

Introduction 

With growing concerns about global warming and the fast 
depletion of fossil fuels, it is of great demand to develop clean 
and renewable energy resources. So far, tremendous efforts have 
been devoted to improving the energy and power density of 
electric energy storage devices such as rechargeable batteries, 
fuel cells, and supercapacitors. Among them, lithium ion 
batteries have successfully become the dominant power sources 
for portable electronic devices, and their usage has been 
expanded into larger units such as electric vehicles, robots, etc. 
Group IV elements such as silicon (Si), germanium (Ge) and tin 
(Sn) are considered to be the most promising alternatives to 
commercial carbon materials in lithium (Li) ion batteries (LIBs). 
They are known to have higher theoretical capacities (4200 mA h 
g-1 for Si, 1620 mA h g-1 for Ge and 990 mA h g-1 for Sn) than 
graphite carbon (370 mA h g-1) owing to a Li-rich alloy 
formation (i.e., Li4.4Ge and Li4.4Sn).1-3 Ge has attracted increasing 
attention due to unique merits, such as a 400 times faster Li+ 
diffusivity than Si, despite a smaller charge capacity than that of 
Si.4 However, large volume changes (about 260 % for both Ge 
and Sn) during lithiation/delithiation induce a pulverization and 
mechanical stress. This diminishes the electrical interface contact 
and leads to capacity fading in the bulk electrodes. A large 
number of papers have shown that the use of oxide forms, such 
as GeO2 and SnO2, can increase the capacity by forming stable 
solid electrolyte interphase (SEI) layers that mitigate the volume-
change stress.5-13 Furthermore, it was suggested that the 
reversible conversion reaction, GeO2 (or SnO2) + 4Li+ + 4e- ↔ 
Ge (or Sn) + 2Li2O, increases the capacities.6-8,11,12 

Zn2GeO4 and Zn2SnO4 have recently attracted a great deal of 
attention since Zn, Ge, Sn, and their oxide forms are all 
electrochemically active species for lithiation/delithiation.14-38 
Meanwhile, the theoretical capacity of ZnO is predicted to be as 
high as 978 mA h g-1 for LIB.39-41 Herein, we investigate the 
cycling performance of Zn2GeO4 and Zn2SnO4 nanowires (NWs) 
in LIBs. High-purity NWs were synthesized using a 
hydrothermal method. The use of nanostructures can increase the 
surface area and reduce the diffusion path length for Li+, so the 
lithiation/delithiation would proceed more efficiently. 
Furthermore, the NWs could form a network that releases the 
volume-change stress. It is thus expected to reduce the 
degradation of the cycling performance and extend the battery 
lifetime.  

In recent years, sodium ion batteries (SIBs) have gained much 
interest as an attractive alternative to LIBs because of the natural 
abundance and low cost of sodium (Na).42,43 The similarities 
between Li+ and Na+ intercalation reactions allow the use of 
analogous materials; instead of the Li ion, the Na ion transfers 
charges between the anode and the cathode. Therefore, the 
components of the LIBs can be configured to displace the SIBs. 
However, the larger size of Na+ (radius = 1.02 Å) as compared to 
Li+ (radius = 0.59 Å) induces a more significant volume 
expansion (up to 420 %), which makes it difficult to simply 
adopt the recent strategies proposed for high-performance LIBs. 
It was recognized that Ge and Sn accommodate only up to 1 and 
3.75 Na+, respectively, which are less than those of LIBs.44 The 
theoretical capacity of pure Ge and Sn is thus expected to be 369 
and 847 mA h g-1, respectively. The higher capacity of Sn has 
brought more research compared to Ge compounds by utilizing 
the carbon composites or alloys.45-55 In this work, we examine the 
cycling performance of Zn2GeO4 and Zn2SnO4 NWs as anode 
materials in SIBs. To the best of our knowledge, the cycling 
performance of SIBs has not been reported for these compounds. 
The comparative studies for LIBs and SIBs would provide a 
better understanding of the electrochemical reactions that occur 
at the electrodes.47,51,55  
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Experimental 

The hydrothermal syntheses of Zn2GeO4 and Zn2SnO4 NWs are 
described elsewhere.56,57 For Zn2GeO4 NWs, 0.52 g of GeO2 and 
1.10 g of Zn(CH3COO)2·2H2O were dissolved in 5 mL H2O and 
10 mL ethylenediamine (EDA). To synthesize Zn2SnO4 NWs, 
0.21 g of SnCl4·5H2O and 0.26 g of Zn(CH3COO)2·2H2O were 
dissolved in a mixture of 15 mL H2O and 15 mL EDA, and 0.29 
g NaOH was then added to the solution. The reaction mixture 
was transferred to a Teflon-lined stainless-steel autoclave with a 
25 mL inner volume. A hydrothermal reaction was performed 
under an auto-generated pressure at 180-200 °C for 24 h in an 
electric oven. The product was collected by centrifugation, 
washed thoroughly with deionized water and ethanol several 
times, and then dried at 60 °C for 24 h. A white Zn2GeO4 or 
Zn2SnO4 powder was obtained, and then mixed with reduced 
graphene oxide (RGO) at a weight ratio of 8:2 using sonication. 
Graphene oxide was synthesized by a modified version of 
Hummers’ method, and reduced using H2 gas at 800 ºC to obtain 
the reduced form (RGO). Thermogravimetric analysis (TGA) 
data confirned the ratio of Zn2GeO4 (or Zn2SnO4) and RGO, as 
shown in Fig. S1 (ESI†). Surface area using N2 adsorption-
desorption isotherms was measured to be 41.00 and 60.16 m2/g 
(see ESI†, Table S1). 

The products were characterized by scanning electron 
microscopy (SEM, Hitachi S-4700), field-emission transmission 
electron microscopy (FE TEM, FEI TECNAI G2 200 kV and 
Jeol JEM 2100F), and energy-dispersive X-ray fluorescence 
spectroscopy (EDX). Fast Fourier-transform (FFT) images were 
generated by the inversion of the TEM images using Digital 
Micrograph GMS1.4 software (Gatan Inc.). X-ray diffraction 
(XRD) pattern measurements were also carried out in a Rigaku 
D/MAX-2500 V/PC using Cu Kα radiation (λ = 1.54056 Å). 
High-resolution XRD patterns were obtained using the 9B and 
3D beamlines of the Pohang Light Source (PLS) with 
monochromatic radiation (λ = 1.54595 Å). TGA was performed 
using a TA Instruments Ltd. SDT Q600 System. Samples were 
heated in a flow of N2/air mixture (100 sccm) at 10 ºC/min from 
room temperature to 1000 ºC. N2 adsorption-desorption 
isotherms were measured at 77 K on a Micromeritics Tristar 
3000 analyzer.  

For electrochemical tests, the electrodes of the battery test cells 
were made of the active material, carbon black (Super P), and 
polyacrylic acid (PAA, 35 wt% dissolved in water; Aldrich) 
binder at a weight ratio of 6:2:2. The distilled ethanol-mixed 
slurry was coated onto the 10 µm-thick Cu foil. The coated 
electrode was dried at 80 °C for 12 h and then roll-pressed. The 
thickness of the film was 100 µm. The active materials was on 
average 0.5 mg/cm2. The coin-type half-cells (CR2032) were 
prepared in an argon-filled glove box. The LIB cell consisted of 
an electrode (containing the active material), the Li metal, a 
micro-porous polyethylene separator, and an electrolyte solution 
of 1 M LiPF6 in 1:1:1 volume ratio of ethylene carbonate (EC), 
ethyl methyl carbonate (EMC), and dimethyl carbonate (DMC). 
Fluoroethylene carbonate (FEC) was used at 5 wt% as an 
electrolyte additive. The SIB cells consisted of a sample 
electrode, Na metal, glass fiber separator, and electrolyte solution 
of 1 M NaPF6 in a 1:1:1 volume ratio of EC, diethyl carbonate 
(DEC), and DMC, containing 5 wt% FEC additives. 

Cyclic voltammetry (CV) measurements were conducted 
(Biology SAS) in a voltage range of 0.01-3 V at a rate of 0.1 mV 
s-1. The performance of the cells was examined using a battery 
testing system (Maccor 4000) at a current density of 0.1-5 C 

between 0.01 and 3 V. We usually fabricated 10 LIB (and SIB) 
cells for each composition, and took the data that represent the 
average value. Electrochemical impedance spectroscopy (EIS, 
Solartron Multistat) measurements were carried out by applying 
an AC voltage of 5 mV in the frequency range of 100 kHz to 
0.01 Hz. For ex situ XRD, half-cells charged or discharged to 
certain voltages were disassembled in a glovebox, and the 
electrodes were rinsed thoroughly with a DMC solution to 
remove the LiPF6 or NaPF6 salts. 

Results and discussion 

Fig. 1 SEM and HRTEM images showing the general morphology 
of (a) Zn2GeO4 and (b) Zn2SnO4 NWs. Lattice-resolved images 

reveal (c) d030 = 4.1 Å (at the zone axis of [301
_

]) for rhombohedral 

phase Zn2GeO4 and (d) d311 = 2.6 Å (at the zone axis of [1
_

14]) for 
the cubic phase Zn2SnO4. The EDX spectra (with HAADF STEM 
images in the insets) show the composition of the (e) Zn2GeO4 and (f) 
Zn2SnO4 NWs. 
 

XRD patterns for Zn2GeO4 and Zn2SnO4 NWs are shown in 
Fig. S2 (ESI†). All peaks were well matched with those of the 
references, rhombohedral phase Zn2GeO4 (JCPDS No. 11-0687; 
a = 14.23 Å, c = 9.530 Å) and cubic phase Zn2SnO4 (JCPDS No. 
24-1470; a = 8.657 Å), confirming the high purity of the 
samples. Figs. 1a and 1b show SEM and high-resolution TEM 
(HRTEM) images of the Zn2GeO4 and Zn2SnO4 NWs, 
respectively. The Zn2GeO4 NWs have a homogeneous diameter 
distribution with an average of 50 nm. The Zn2SnO4 NWs 
usually have sea urchin-like morphologies with diameters of 20-
40 nm. Fig. 1c shows the lattice-resolved image of the Zn2GeO4 

NW and the corresponding FFT image at the [301
_

] zone axis. 
The growth direction is uniformly [010]. The d-spacing of the 
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(030) planes is about 4.1 Å, which is consistent with that of the 
rhombohedral phase Zn2GeO4. The lattice-resolved image of the 

Zn2SnO4 NWs and the corresponding FFT image at the [1
_

14] 
zone axis show that the growth direction is [112] (Fig. 1d). The 
d-spacing of the (311) planes is about 2.6 Å, corresponding to the 
cubic phase Zn2SnO4. Figs. 1e and 1f show high-angle annular 
dark field (HAADF) scanning TEM (STEM) images and EDX 
spectra of Zn2GeO4 and Zn2SnO4 NWs, respectively, confirming 
that the composition ratio of Zn and Ge (or Sn) was 2:1. TEM 
images for the mixture of NW-graphene are shown in Fig. S3 
(ESI†). 

The electrochemical properties of Zn2GeO4 and Zn2SnO4 acting 
as anode materials in LIBs were examined. The results are 
summarized in Tables 1 and 2. For convenience, we define the 
discharge–charge rate (current rate, C rate) using the theoretical 
capacity; 1 C = 641 mA g-1 for Zn2GeO4 and 1 C = 547 mA g-1 
for Zn2SnO4. The basis of the calculation will be explained later 
using the reaction mechanism.  

CV curves of LIBs revealed several reduction-oxidation 
(redox) peak pairs (Figs. 2a and 2b). The scan rate is 0.05 mVs −1 
for the 1st and 2nd cycles, and 0.1 mVs-1 for the 3rd and 10th cycles. 
Zn2GeO4 exhibited a cathodic (lithiation) peak at 0.7 V in the 
first and 0.8-0.9 V in the second/third potential sweeps. This 
peak was assigned to the decomposition of Zn2GeO4: Zn2GeO4 + 
8Li+ + 8e- → 2Zn + Ge + 4Li2O, and the formation of a SEI. We 
observed that as the scan rate increases, the cathodic peak of the 
1st cycle shifts to the lower voltage, as shown in Fig. S4 (ESI†). 
It indicates that the decomposition of Zn2GeO4 is kinetically 
unfavorable. After the formation of SEI in the 1st cycle, the 
decomposition becomes active at 0.8-0.9 V. 

An anodic peak at 1.3 V was attributed to the oxidation 
reaction of Zn and Ge with Li2O. The signature of the reversible 
Li-alloying reaction of Zn and Ge appeared as a pair of peaks at 
potentials of around 0.02 V and 0.3 V. At the 10th cycle, while 

the catodic peak at 0.8-0.9 V disappears, there exists redox pair 
peaks at around 0.5 V and 1.3 V, suggesting a possibility for the 
reversible conversion reaction: ZnO + 2Li+ + 2e- ↔ Zn + Li2O 
and GeO2 + 4Li+ + 4e- ↔ Ge + 2Li2O.  

For Zn2SnO4, a cathodic peak at 0.6 V in the first potential 
sweep was due to the decomposition of Zn2SnO4: Zn2SnO4 + 
8Li+ + 8e- → 2Zn + Sn + 4Li2O. The formation of the SEI layer 
could result in the stronger cathodic peak. A pair of redox peaks 
at potentials of around 0.02 V and 0.3 V was ascribed to the 
reversible alloying reaction of Zn and Sn. After the 1st cycle, the 
cathodic peak at 0.5 V and the anodic peak at 1.3 V were 
observed, providing definite evidence for the reversible 
conversion reaction of Zn and Sn: ZnO + 2Li+ + 2e- ↔ Zn + Li2O 
and GeO2 + 4Li+ + 4e- ↔ Ge + 2Li2O. The cathodic peak at 0.8-
0.9 V consistently appears, probably due to the residual Zn2SnO4 
phase. Similarly to the case of Zn2GeO4, the cathodic peak of the 
1st cycle shifts to the lower voltage, due to the kinetically 
unfavorable decomposition of Zn2SnO4 (see Fig. S4, ESI†). After 
the 1st cycle, the decomposition occurs more efficiently at 0.8-0.9 
V. 

Figs. 2c and 2d show the voltage profiles (current-voltage or I-
V data) of coin-type half-cells prepared using Zn2GeO4 and 
Zn2SnO4 NWs for 1, 5, 10, 50, and 100 cycles at a rate of 0.1 C, 
tested between 0.01 and 3.0 V, respectively. On the basis of the 
half-cell reaction in this study, the insertion of Li+ into the NW 
electrode is referred to as discharge, and the extraction of Li+ 
from the electrode is referred to as charge. There was a plateau at 
approximately 0.8 V and 0.9 V in the first discharge curve of 
Zn2GeO4 and Zn2SnO4, respectively, due to the decomposition 
reaction. The discharge curves of Zn2GeO4 and Zn2SnO4 showed 
a plateau region at approximately 0.2 V in all cycles, due to the 
alloying reaction. After the first cycle, the plateau appeared 
constantly at around 0.5 V, respectively, which is ascribed to the 
reversible conversion reaction.  
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Fig. 2 Cyclic voltammetry curves of (a) Zn2GeO4 and (b) Zn2SnO4 for the first 10 cycles of LIBs. Charge and discharge voltage profiles of 
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LIB half-cell using (c) Zn2GeO4 and (d) Zn2SnO4 for 1, 5, 10, 50, and 100 cycles tested between 0.01 and 3 V, at a rate of 0.1 C. (e) 
Charge/discharge capacity vs. cycle number for half cells of Zn2GeO4 and Zn2SnO4. (f) Cycling performance of Zn2GeO4 and Zn2SnO4 as the 
rate is increased from 0.1 C to 5 C. 
Table 1. Summary of the LIB and SIB half-cell capacities (mA h g-1) of Zn2GeO4 and Zn2SnO4 during the cycles at a rate of 0.1 C. 

 

Theoretical 
capacity  

First cycle  5th cycle 50th cycle 100th cycle  

 Aa                 Bb discharge charge η (%)c discharge discharge discharge η (%)d 

LIB 
Zn2GeO4 641  1443 2161 1135 52.5 1250 1241 1220 99.1 

Zn2SnO4 547 1231 2081 969 46.5 1037 1012 983 99.3 

SIB 
Zn2GeO4 100 902 912 442 48.4 435 354 342 99.3 

Zn2SnO4 320 1004 851 446 52.5 421 328 306 98.9 
a Calculated using 6.4 Li intercalation based on mechanism “A” (see text); b Calculated using 14.4 Li intercalation based on mechanism “B” 
(see text); c Coulombic efficiency for the first cycles. d Coulombic efficiency for 5-100 cycles 

Table 2. Summary of the LIB and SIB half-cell (discharge) capacities (mA h g-1) of Zn2GeO4 and Zn2SnO4 as the rate was increased from 

0.1 C to 5 C.  

 

0.1 C 0.2 C 0.5 C 1 C 2 C 5 C 0.1 C 

5th 15th  25th 35th 45th 55th 65th 

LIB 
Zn2GeO4 1247 1201 1154 1123 1074 834 1259 

Zn2SnO4 1018 972 899 879 730 591 1027 

SIB 
Zn2GeO4 369 316 301 295 278 256 348 

Zn2SnO4 381 335 294 264 238 201 340 

 
Fig. 2e shows the discharge-charge capacities of Zn2GeO4 and 

Zn2SnO4 NWs as a function of the cycle number up to 100 
cycles. The first discharge and charge capacities of Zn2GeO4 

were 2161 and 1135 mA h g-1, respectively, with a coulombic 
efficiency of 52.5 %. In the case of Zn2SnO4, they were 2081 and 
969 mA h g-1, respectively, with a coulombic efficiency of 46.5 
%. The discharge capacities after 100 cycles were 1220 and 983 
mA h g-1, respectively, for Zn2GeO4 and Zn2SnO4 NWs. The 
coulombic efficiency vs. cycle number is plotted in Fig. S5 
(ESI†). After the first cycle, they exhibited excellent capacity 
reversibility; the respective average coulombic efficiencies were 
99.1 and 99.3 % for 5-100 cycles. 

We summarized the previous works on Zn2GeO4 and ZnSn2O4 
nanostructures as LIB anodes, reported by other research groups, 
as shown in Tables S2 and S3 (ESI†). Our capacity value for 
Zn2GeO4 NWs is comparable to the best results: 1300 mA h g-1 

after 140 cycles for Zn2GeO4@g-C3N4 nanoparticle@nanosheet 
composites that reported by X. Li et al.;21 1301 mA h g-1 after 
100 cycles for Mn-doped Zn2GeO4 nanosheets that reported by Q. 
Li et al.23 The capacity of the present Zn2SnO4 NWs is larger 
than that of Zn2SnO4 powders: 856 mA h g-1 after 50 cycles 
reported by Lee and Lee.27 

The rate capability and the retention ability were evaluated by 
increasing the C rate step-wise from 0.1 C to 5 C, and then 
returning back to 0.1 C. Fig. 2f displays the discharge–charge 
capacities as the C rate changes by steps of 0.1 C→0.2 C→0.5 
C→1 C→2 C→5 C→0.1 C (total of 70 cycles). For each C rate, 
10 cycles were performed. As the C rate reached 5 C, the 
discharge capacity decreased to 834 and 591 mA h g-1 (at the 55th 
cycle), for Zn2GeO4 and Zn2SnO4, respectively (see Table 2). 
When the C rate returned to 0.1 C, the capacity turned to 1259 
and 1027 mA h g-1 (at the 65th cycle) from 1247 and 1018 mA h 
g-1 (at the 5th cycle), respectively; the recovery was about 100 %.  

Ex situ XRD patterns of the Zn2GeO4 and Zn2SnO4 NW 
electrodes (discharged/charged) were measured, as shown in Fig. 
S6 (ESI†). After the first discharge, all of the Zn2GeO4 and 

Zn2SnO4 had completely decomposed. For Zn2GeO4, no Zn (or 
ZnO) or Ge peaks were detected, indicating complete 
amorphization upon discharge. In contrast, Zn2SnO4 showed the 
formation of tetragonal phase Sn (β-Sn). As the number of cycles 
increased up to 20 cycles, cubic phase Sn (α-Sn) became a 
dominant phase. We observed the same phase evolution for Sn, 
SnO2, and SnS2.

58 First-principles calculations of the Li 
intercalation energy of α-Sn and β-Sn predicted that the lithiated 
form of α-Sn is thermodynamically more stable than that of β-
Sn, thereby β-Sn can be converted to the more stable α-Sn upon 
lithiation. HRTEM images of the Zn2GeO4 and Zn2SnO4 NW 
electrodes (discharged/charged) were measured to confirm those 
phase evolution, as shown in Figs. S7 and S8 (ESI†). 

The electrochemical reactions for Zn2GeO4 and Zn2SnO4 are 
equated as follows:  

For Zn2GeO4, 
(1) Zn2GeO4 + 8Li+ + 8e- → 2Zn + Ge + 4Li2O  
(2) 2Zn + 2xLi+ + 2xe- ↔ 2LixZn (x ≤ 1) 
(3) Ge + yLi+ + ye- ↔ LiyGe (y ≤ 4.4) 
(4) 2ZnO + 4Li+ + 4e- ↔ 2Zn + 2Li2O 
(5) GeO2 + 4Li+ + 4e- ↔ Ge + 2Li2O 
For Zn2SnO4, 
(6) Zn2SnO4 + 8Li+ + 8e- → 2Zn + Sn + 4Li2O 
(7) 2Zn + 2xLi+ + 2xe- ↔ 2LixZn (x ≤ 1) 
(8) Sn + yLi+ + ye- ↔ LiySn (y ≤ 4.4) 
(9) 2ZnO + 4Li+ + 4e- ↔ 2Zn + 2Li2O 
(10) SnO2 + 4Li+ + 4e- ↔ Sn + 2Li2O 
Steps (1) and (6) correspond to the decomposition reaction of 

Zn2GeO4 and Zn2SnO4, respectively. Steps (2)/(3) (or (7)/(8)) 
represent the reversible alloying reaction of Zn and Ge (or Sn) 
with Li. We assumed that Zn formed LiZn (x = 1) and Ge (or Sn) 
formed y = 4.4 alloys, Li22Ge5 (or Li22Sn5). If the first discharge 
reaction induced all (1)-(3) (or (6)-(8)) reactions in forward 
direction, a total of 14.4 Li ions participated in the intercalation 
and produced the capacity, 14.4 × 26800/M mA h g-1, where M is 
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the molecular weight for Zn2GeO4 (267.39 g mol-1) and Zn2SnO4 
(313.49 g mol-1). Then, the theoretical capacity would be 
expected to be 1443 and 1231 mA h g-1 for Zn2GeO4 and 
Zn2SnO4, respectively. The first discharge gave capacities of 
2161 and 2081 mA h g-1, respectively, which are higher than the 
theoretical capacities. It could be attributed to the increased 
active surface area of the smaller size nanocrystals compared to 
that of the bulk. If reversible alloying reactions (2)/(3) or (7)/(8) 
occurred predominantly after the first cycle (referred to as 
mechanism “A”), then the theoretical capacities are calculated as 
641 mA h g-1 for Zn2GeO4 and 547 mA h g-1 for Zn2SnO4, due to 
the total 6.4 Li intercalation. We defined the C rate using these 
values.  

The discharge capacity of Zn2GeO4 after 100 cycles was 
remarkably 1220 mA h g-1, which is much higher than the 
theoretical capacity of mechanism “A”. Therefore, the addition 
of reversible conversion reactions (4) and (5) increased the 
capacities, which was strongly supported by the CV and I-V data. 
We referred to this mechanism as “B”. GeO2 and ZnO are 
presumably amorphous phase (e.g., GeOx with x < 2). Our 
capacity value is lower than the theoretical value (1443 mA h g-1), 
probably due to the amorphous oxide phase. Many previous 
works also reported the contribution of these conversion 
reactions, which is essentially the same as our model.15-23  

The discharge capacity of Zn2SnO4 after 100 cycles (983 mA h 
g-1) is larger than the theoretical capacity (547 mA h g-1) of 
mechanism “A”. Based on the CV and I-V data, we proposed the 
contribution of the reversible conversion reactions (9) and (10). 
We referred to as mechanism “B”. A number of research groups 
also suggested the partial contribution of these reactions.30,34,36-38 
Our value is less than the theoretical capacity (1231 mA h g-1) of 
mechanism “B”. The remaining portion of the crystalline α- and 
β-Sn phase could be evidence for an incomplete alloying reaction. 
Our group calculated a lower stability of the lithiated alloy for α-
Sn compared to that of β-Sn.58 It means that α-Sn has not 
lithiated, which plays a crucial role in reducing the capacities.  
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Fig. 3 Nyquist plots of (c) Zn2GeO4 and (d) Zn2SnO4 for the first 10 
cycles in LIBs. 
 

Fig. 3 shows the Nyquist plots of the EIS measurement results 
before the cycling test and after 3rd and 10th cycles. Z′ and Z″ 
correspond to the real and imaginary components of impedence. 
Before the cycling test, the plots consist of one semicircle in the 
high frequency region and a straight line in the low frequency 
region. The semicircle portion is related to the reaction at the 
active materials/electrolyte interface and reflects the charge 
transfer impedances. Therefore, the diameter of the semicircle is 
attributed to the charge transfer resistance (Rct). The Zn2GeO4 

electrode had a smaller diameter than the Zn2SnO4 electrode, 
indicating a lower charge transfer resistance in the Zn2GeO4 

electrode. The Rct values of Zn2GeO4 and Zn2SnO4 were 
estimated to be 440 and 525 Ω, respectively, using curve fit 
analysis (see Table S4 in ESI†). This explains why Zn2GeO4 
exhibited higher initial capacities than Zn2SnO4.  

After the first cycle, the shape of the impedance spectrum 
changed and the semicircle sizes dramatically decreased 
compared to those observed in the initial cells. Since the phase 
change from Zn2GeO4 (or Zn2SnO4) to Zn, Ge (or Sn), and oxide 
form occurred after the first cycle, the observed impedance 
spectra may correspond to the Rct that is related to the products, 
and the resistance (RSEI) of the SEI layers between the electrode 
and the electrolyte. Rct is 10 and 13 Ω (after 10th cycles), 
respectively, for Zn2GeO4 and Zn2SnO4. The electrical 
conductivity of Zn and Ge (or Sn) was expected to be much 
higher than that of Zn2GeO4 (or Zn2SnO4), which could be 
associated to these lower Rct values. The RSEI value of Zn2GeO4 
and Zn2SnO4 was estimated to be 3 Ω. The results are well 
correlated with the capacities of Zn2GeO4 and Zn2SnO4. 

As next step, the electrochemical properties of Zn2GeO4 and 
Zn2SnO4 NW acting as anode materials in SIBs were studied, 
and the results are summarized in Table 1 and Table 2. We 
defined the 1 C rate as 100 and 320 mA g-1 for Zn2GeO4 and 
Zn2SnO4, respectively. The calculation of these values will be 
explained using the reaction mechanism.  

The CV curve of Zn2GeO4 shows a cathodic peak at around 0.3 
V in the first potential sweep, which was attributed to the 
decomposition of Zn2GeO4 (Fig. 4a). The signature of the Na-Ge 
alloying reaction appeared as a pair of redox peaks at potentials 
of around 0.01 V and 0.2 V, respectively. There were another 
redox peaks at 0.3 V and 0.95 V, whose intensity increases after 
the first cycle. Based on the LIB data, we suggest that these 
peaks are ascribed to the reversible conversion reactions such as 
ZnO + 2Na+ + 2e- ↔ Zn + Na2O and GeO2 + 4Na+ + 4e- ↔ Ge + 
2Na2O.  Fig. 4b corresponds to the CV curves of Zn2SnO4. A 
cathodic peak at 0.7 V in the first potential sweep was assigned 
to the decomposition of Zn2SnO4. A pair of redox peaks at 
potentials of around 0.01 V and 0.3 V must originate from the 
reversible Na-Sn alloying reaction. After the first cycle, the 
redox peaks at around 0.2 V and 0.9 V constantly appeared, 
which suggests a possibility that the conversion reactions (ZnO + 
2Na+ + 2e- ↔ Zn + Na2O and SnO2 + 4Na+ + 4e- ↔ Sn + 2Na2O) 
proceeded reversibly upon cycling. 

Figs. 4c and 4d show the voltage profiles of coin-type half-
cells prepared using Zn2GeO4 and Zn2SnO4 for 1, 5, 10, 50, and 
100 cycles, at a rate of 0.1 C (= 10 and 32 mA g-1, respectively), 
tested between 0.01 and 3.0 V. The first discharge and charge 
capacities of Zn2GeO4 were 912 and 442 mA h g-1, respectively, 
with a coulombic efficiency of 48.4 %. The first discharge and 
charge capacities of Zn2SnO4 were 851 and 446 mA h g-1, 
respectively, with a coulombic efficiency of 52.5 %. The 
discharge curves showed a plateau region at approximately 0.1 V 
in all cycles, due to the Na alloying reactions of Ge or Sn. 
Zn2GeO4 exhibited another plateau at approximately 0.4 V in all 
discharge processes, which could be due to the reversible 
conversion reaction. For Zn2SnO4, this plateau appeared in a 
shorter region at around 0.3 V compared to that of Zn2GeO4. 

Fig. 4e shows the discharge–charge capacities of Zn2GeO4 and 
Zn2SnO4 as a function of the cycle number up to 100. After the 
first cycle, their capacities exhibited excellent reversibility. The 
discharge capacities for 100th cycles were 342 and 306 mA h g-1, 
respectively, for Zn2GeO4 and Zn2SnO4. The coulombic 
efficiency vs. cycle number is plotted in Fig. S2. The respective 
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average coulombic efficiency was 99.3 and 98.9 % for 5-100 
cycles. Both Zn2GeO4 and Zn2SnO4 showed excellent cyclability. 
The rate capability was monitored by increasing the C rate step-

wise from 0.1 C to 5 C, and then returning back to 0.1 C. Fig. 4f 
displays the discharge-charge capacities as the C rate changes by 
steps of 0.1 C→0.2 C→0.5 C→1 C→2 C→5 C→0.1 C. For each 
C rate, 10 cycles were performed. The initial respective 
discharge capacities (0.1 C) at the 5th cycle were 369 and 381 
mA h g-1, respectively. As the C rate reached 5 C, the capacities 
decreased to 256 and 201 mA h g-1 (at the 55th cycle) for 
Zn2GeO4 and Zn2SnO4, respectively (see Table 2). When the C 
rate was returned back to 0.1 C, the capacity increased to 348 
and 340 mA h g-1 (at the 65th cycle), respectively, showing an 
excellent retention ability (94 and 89 %). 

The electrochemical reactions for the sothiation/desothiation of 
Zn2GeO4 are described as follows: 

(11) Zn2GeO4 + 8Na+ + 8e- → 2Zn + Ge + 4Na2O 
(12) Ge + xNa+ + xe- ↔ NaxGe (x ≤ 1) 
(13) 2ZnO + 4Na+ + 4e- ↔ 2Zn + 2Na2O 
(14) GeO2 + 4Na+ + 4e- ↔ Ge + 2Na2O 

Step (11) corresponds to the decomposition reaction upon 
sothiation. We assumed that Ge formed a 1:1 Na:Ge alloy for 
reversible alloying reaction (12). If the first discharge induced 
reaction (11) and forward reaction (12), the total 9 Na ion 
intercalation produced a theoretical capacity of 902 mA h g-1. 
The first discharge had a capacity of 912 mA h g-1, which is close 
to the theoretical value. If only reaction (12) occurred reversibly 
after the first cycle, the theoretical capacity is expected to be 100 
mA h g-1. We define the C rate based on this mechanism 

(referred to as mechanism “A”). However, our discharge 
capacity after 100 cycles was 342 mA h g-1, which is much larger 
than the theoretical value. Therefore the conversion reactions (13) 
and (14) may contribute partially in the reversible reaction, 
which is similar to the case for the LIB. We refer to this as 
mechanism “B”. The higher capacity of the Ge nanostructures 
than the theoretical capacity in SIBs was also reported and 
attributed to the faster diffusion of Na ions at the surface.46,47 We 
suggest that the amorphous Ge or GeOx could have a faster 
diffusion rate of Na+ than the crystalline phase and proceed 
efficiently the alloy and conversion reactions. 

For Zn2SnO4, the SIB electrochemical reactions are given by 
two steps: 

(15) Zn2SnO4 + 8Na+ + 8e- → 2Zn + Sn + 4Na2O 
(16) Sn + xNa+ + xe- ↔ NaxGe (x ≤ 3.75) 
(17) 2ZnO + 4Na+ + 4e- ↔ 2Zn + 2Na2O 
(18) SnO2 + 4Na+ + 4e- ↔ Sn + 2Na2O 
It was assumed that Sn bind 3.75 Na in alloying reaction (16). 

If the first discharge reaction of Zn2SnO4 contained reactions 
(15) and (16), the total 11.75 Na intercalation produced the 
theoretical capacity of 1004 mA h g-1. The first discharge showed 
a capacity of 851 mA h g-1, which is less than the theoretical 
value. If reversible alloying reaction (16) occurred 
predominantly after the first cycle (referred to as mechanism 
“A”), the theoretical capacity was expected to be 320 mA h g-1, 
which is about the same as the capacity after the 100th cycle (306 
mA h g-1).  

 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-0.6

-0.4

-0.2

0.0

0.2

(c) Zn
2
GeO

4

Discharge
Charge

V
o
lt
a
g
e
 (
V
 v
s
. 
N
a
+
/N
a
)

 Capacity (A h g
-1
)

  1st

  5nd

  10th

  50th

  100th

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
(d) Zn

2
SnO

4

 V
o
lt
a
g
e
 (
V
 v
s
. 
N
a
+
/N
a
)

Discharge
Charge

Capacity (A h g
-1
)

  1st

  5th

  10th

  50th

  100th

 

 

0 10 20 30 40 50 60 70 80 90 100
0.0

0.1

0.2

0.3

0.4

0.8

0.9

1.0
(e)    Charge

   Discharge

Zn
2
SnO

4

Cycle Number

 

 

C
a
p
a
c
it
y
 (
A
 h
 g

-1
)

0 10 20 30 40 50 60 70
0.0

0.1

0.2

0.3

0.4

0.8

0.9

1.0
(f)

C
a
p
a
c
it
y
 (
A
 h
 g

-1
)

    Charge

    Discharge

Zn
2
SnO

4

Zn
2
GeO

4

0.1C 0.2C 0.5C  1C    2C   5C  0.1C

Cycle Number

Zn
2
GeO

4

 

 

0.2 V

0.95 V

  1st

  2nd

  3rd

  10th

Voltage (V)

0.3 V

0.01 V

 

C
u
rr
e
n
t 
(m

A
)

(a) Zn
2
GeO

4

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-0.4

-0.2

0.0

0.2

0.3 V

0.7 V

0.9 V

0.2 V   1st

  2nd

  3rd

  10th

Voltage (V)

(b) Zn
2
SnO

4

0.01V

 

 

C
u
rr
e
n
t 
(m

A
)

 
Fig. 4 Cyclic voltammetry curve (scan rate = 0.1 mV s-1) of (a) Zn2GeO4 and (b) Zn2SnO4 for the first 10 cycles for the SIB. Charge and 
discharge voltage profiles of the SIB half-cell using (c) Zn2GeO4 and (d) Zn2SnO4 for 1, 5, 10, 50, and 100 cycles tested between 0.01 and 3 
V, at a rate of 0.1 C. (e) Charge/discharge capacity vs. cycle number for the half-cells of Zn2GeO4 and Zn2SnO4. (f) Cycling performance of 
Zn2GeO4 and Zn2SnO4 as the rate was increased from 0.1 C to 5 C. 
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Ex situ XRD patterns of the Zn2GeO4 and Zn2SnO4 SIB 
electrodes (discharged/charged) were measured as shown in Fig. 
S9 (ESI†). Zn2GeO4 completely decomposed into an amorphous 
phase after the first discharge, while Zn2SnO4 remained up to the 
70th cycle. The production of the β-Sn phase was observed upon 
cycling. The finding of the Zn2SnO4 phase as well as the low 
discharge capacity of the first cycle could be a strong evidence 
for the incomplete alloy reaction, which is similar to the case of 
the LIBs. The reduced capacity due to a kinetic difficulty to 
reach the Na3.75Sn alloy was consistently suggested by the 
previous works on Sn and SnO2.

52,35 Our CV and I-V data 
showed a possibility for the reversible conversion reactions (17) 
and (18) (referred to as mechanism “B”). Therefore, the 
reversible conversion reaction would contribute in restoring the 
capacities. 
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Fig. 5 Nyquist plots of (c) Zn2GeO4 and (d) Zn2SnO4 for the first 10 
cycles in SIBs. 
 

Fig. 5 shows the Nyquist plots for Zn2GeO4 and Zn2SnO4 
before the cycling test and after 3 and 10 cycles in SIBs. In the 
initial cells, Zn2GeO4 showed a lower Rct value than Zn2SnO4; 
600 and 720 Ω were obtained by the curve fit analysis (see Table 
S4 in ESI†). These values are consistent with their initial 
capacities. The semicircle sizes dramatically decreased after the 
first cycle. The fitting gives Rct = 83 and 105 Ω (after 10 cycles), 
respectively, for Zn2GeO4 and Zn2SnO4. The RSEI value of 
Zn2GeO4 and Zn2SnO4 was estimated to be about 10 and 13 Ω, 
respectively, which is well correlated with their capacities. The 
resistance of the SIB cells was larger that of the LIB cells. In 
order to decrease the resistance (increase the capacities), the 
activation of the unreactive materials would be necessary. 

Conclusions 

We synthesized high-purity Zn2GeO4 and Zn2SnO4 NWs 
via a hydrothermal method. They consisted of a single-
crystalline rhombohedral and cubic phase, respectively. The 
respective average diameter was 50 and 30 nm. We 
investigated the electrochemical properties of these 
Zn2GeO4 and Zn2SnO4 NWs as anode materials for LIBs 
and SIBs. Both Zn2GeO4 and Zn2SnO4 showed excellent 
cycling performance of LIBs; the reversible capacities were 
1220 and 983 mA h g-1 (at 0.1 C) after 100 cycles, 
respectively, with a high coulomb efficiency of 99%. We 
investigated the contribution of the alloy formation reaction 
of Zn, Ge, and Sn with Li, and the conversion reaction (ZnO 
+ 2Li+ + 2e- ↔ Zn + Li2O and GeO2 (or SnO2) + 4Li+ + 4e- 

↔ Ge (or Sn) + 2Li2O) in the capacities. For both Zn2GeO4 

and Zn2SnO4, the reversible conversion reaction increased 
the capacities. The persistence of the crystalline Sn phase 
(Ex situ XRD) indicates a kinetic difficulty for the Li–Sn 
alloying reaction. 

In SIBs, the reversible capacities of Zn2GeO4 and Zn2SnO4 
were 342 and 306 mA h g-1 (at 0.1 C) after 100 cycles, 
respectively, with a high coulomb efficiency of about 99 %. 
Zn2GeO4 exhibited a higher capacity than the theoretical 
capacity (100 mA h g-1). The capacity of Zn2SnO4 is close to 
the theoretical capacity (320 mA h g-1). Ex situ XRD data 
indicate the kinetic difficulty of the Na–Sn alloying 
reaction. We suggest that the reversible conversion reaction 
increased the capacities for both Zn2GeO4 and Zn2SnO4, 
which is similar to the case of LIBs. The comparative 
studies provide a better understanding for sodiation of 
Zn2GeO4 and Zn2SnO4. Finally, the present studies showed 
that Zn2GeO4 and Zn2SnO4 NWs are promising candidates 
for applications in high-performance LIBs and SIBs. 
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Zn2GeO4 and Zn2SnO4 nanowires showed an excellent 

cycling performance for both lithium- and sodium-ion 

batteries.  
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