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Table 1 
Performance comparison of Ge-based anode materials from literature.  

Material Preparation method Specific capacity 
[mAh g− 1] (low 
C-rate) 

Specific capacity 
[mAh g− 1] (high 
C-rate) 

Overall number of 
cycles (C-rate, spec. 
cap. [mAh g− 1]) 

Mass loading 
[mg] (mass 
density [mg/ 
cm2]) 

Ge content 
[%] 

Voltage 
range [V] 

Ref. 

Nanostructured Ge 
film 

PECVD + HF etching 1250 (0.1C) 450 (60C) 2500 (1C, 925) 0.2-0.3 (0.11- 
0.17) 

100 0.01 - 1.5 This 
work  
[1] 

Sn-seeded 
nanowires 

Vapor-Liquid-Solid 
(VLS) technique 

1250 (0.1C) 722 (2C) 1100 (0.5C, 888) –– (0.22) 83 (5:1 
ratio Ge:Sn) 

0.01 - 1.5 [2] 

Amorphous Ge films Physical Vapor 
Deposition (PVD) 

1700 (C/4) 500 (1000C 
charge, 1C 
discharge) 

60 (C/4, 1700) 0.042 (–) 100 0 - 1.5 [3] 

Ge grains Thermal reduction of 
GeO2 

1500 (C/30) 1100 (0.5C) 40 (0.5C, 1100) – – 0.02 - 2.0 [4] 

Ge nanowires Thermal co- 
evaporation method 

– 900 (1C) 50 (1C, 900) – – 0 - 1.2 [5] 

Ge nanowires VLS technique 1141 (C/20) 600 (2C) 50 (rate cap., 600) 1.0 (–) ~ 100 0 - 2.5 [6] 
Ge nanowires Vapor -solid-solid 

mechanism 
1318 (0.1C) 1081 (2C) 1900 (1C, 866) – (0.19) ~ 100 0.01 - 1.5 [7] 

Ge nanowires in 
graphite tubes 

CVD system 1310 (C/6) 232 (6C) 110 (rate cap., 1300) 0.5 (–) 70 (Ge- 
graphite) 

0.005 - 1.2 [8] 

Ge nanowires VLS technique 1405 (0.1C) 1200 (5C) 100 (rate cap., 1200) 0.12-0.86 (–) ~ 100 0.01 - 2.0 [9] 
Ge nanotubes Kirkendall effect 1022 (0.2C) 580 (20C) 50 (0.2C, 1002) – – 0 - 1.5 [10] 
Ge microcubes Hydrogen reduction 

method 
1250 (0.1C) 1121 (50C charge, 

1C discharge) 
500 (1C, 1204) – ( ~ 2) 100 0.005 - 1.5 [11] 

Ge/SWCNT paper 
(34% Ge) 

Ge particles deposited 
on SWCNT 

750 (0.015C) – 40 (0.015C, 417) – – 0.01 - 2.0 [12] 

Micro sized porous 
Ge particles 

Reduction of GeO2 1100 (0.6C) 437 (10C) 1800 (5C, 469) – (0.56-1) 70 0.02 - 1.2 [13] 

Ge micro particles Halogen-free process 600 (1C) 200 (10C) 25 (1C, 580) 0.5-1 (–) – 0.05 - 1.5 [14] 
Ge/Co3O4 nano-rod 

array 
Electron beam 
evaporation 

1237 (0.5C) 675 (20C) 600 (10C, 1018) – (0.19) 100 0.02 - 1.0 [15] 

Ge nanoparticles Chemical de-alloying 
process 

1191 (0.1C) 767 (1C) 210 (rate cap., 1200) – – 0.05 - 0.9 [16] 

Mesoporous 
Germanium 

Mechanochemical 
reaction 

950 (0.1C) – 20 (0.1C, 789) – – 0 - 1.5 [17] 

Ge powder Commercial Ge 
powder 

1152 (1C) 700 (10C) 2500 ( variable C- 
rates, 1152) 

– (0.3-0.5) 40 0 - 1.0 [18]  
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Fig. 1. Top-view (A) and tilted (B) SEM images of the nanostructured Ge film. TEM image (C) of the cross-sectional specimen, Ge and Mo SIMS depth profiles (D) of 
the as-deposited film. 
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Fig. 2. XRD pattern (A) and XPS wide survey (B) of the nanostructured Ge film. The inset in (B) reports the magnification of the Ge 3d peak.  

Fig. 3. Cyclic voltammetry of the nanostructured Ge anode performed at 0.1 mV s− 1 in the voltage range 0.01–1.5 V. The CV starts from 1.5 V and follows the 
direction indicated by the arrows. 

Fig. 4. Rate capability (A) and charge/discharge profiles (B) of the nanostructured Ge anode performed at various C-rates (from C/10 up to 60C) in the 0.01–1.5 V 
voltage range, changing the current rate every 10 cycles. The dashed line in (B) is the first charge/discharge profile. 
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Fig. 5. Long cycling behaviour (A) and charge/discharge profiles (B) of the nanostructured Ge anode at the current rate of 1C in the 0.01–1.5 V voltage range.  

Fig. 6. Specific capacity versus cycle number (A) and charge/discharge profiles (B) of the nanostructured Ge anode performed at the current rate of 1C. The bars in 
(A) and (D) represent the temperature at which each cycle is performed that varies every 10 cycles from RT to -30◦C, heating up to +60◦C and finally back to RT. In 
(C) Nyquist plots of the impedance spectroscopy tests performed every temperature step in the 0.1 Hz–10 kHz frequency range. Electrolyte and total resistance values 
are extrapolated fitting the Nyquist plots and represented versus the temperature (D). 
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Fig. 7. Long cycling behaviour of the nanostructured Ge anode at the current rate of 1C in the 0.01–1.5 V voltage range at 0◦C (A) and -10◦C (B).  

Fig. S1. Cyclic voltammetry of a bare Mo foil as anode performed at 0.1 mV s− 1 

in the voltage range 0.01–2.8 V. 

Fig. S2. PCB designed for testing a 2032 coin-cell inside the OXFORD cryostat 
CCC1204: scheme (A), plan (B) and oblique (C) rendering. Two wires were 
soldered on each of the V+ and V- pins, to allow a four contact measurement of 
the cell voltage/current. In the top part of the scheme (A) the two contacts for 
the temperature sensor (Pt1000) are clearly visible. In the two rendered images 
(B-C) the coin-cell holder, the Pt1000 sensor, and the four-wire connections 
are depicted. 
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