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Synthesis: The synthesis of Ge nanocrystal in oleylamine (OA) via solvethermal approach is here 

reported, where OA acts as both reducing agent as well as stabilizer for Ge nanocrystals. In a 

typical synthesis, the desired amount of GeI2 is dissolved in OA in an inert atmosphere and 

transferred to a teflon vessel equipped with stainless steel autoclave. At room temperature (close to 

25 °C) the Ge precursor, upon dissolution in OA, turns into germanium amides or germanium 

amide-iodide mixed complexes1 as shown in Equation 1. When the autoclave reaches the 

temperature of 230 °C, Ge nanocrystals nucleation occurs from the thermally activated 

disproportionation reaction of Ge amides and/or amide-iodide complexes to form Ge0, together with 

Ge(IV) amide-iodide complex2, as shown in Equation 2. Finally, after 6 hours of reaction without 

any change in temperature, the complete reduction of Ge amide-iodide complexes is reached, as 

seen in Equation 3. This process is confirmed by the characteristic colour change from yellow to 

brown due to formation and growth of Ge nanocrystals (Ge0), which were stabilized by OA groups. 
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Raman spectroscopy: The existence of Ge and the graphitic nature of carbon from MWCNTs was 

confirmed also through Raman spectroscopy. The three spectra associated to the three samples 

made of Ge, Ge-MWCNTs and MWCNTs are displayed in Figure S1. Pristine MWCNTs (Figure 

S1 (i)) show two peaks at about 1561 cm-1 (G band) and 1342 cm-1 (D band) corresponding to the 

vibration of sp2-bonded carbon atoms in a two-dimensional hexagonal lattice and due to 

defects/disorder in the hexagonal graphitic layers, respectively. The low intensity of the D band 

when compared to the G band, leading to less defects and disorder, suggests a high degree of 

graphitization, hence a better electrical conductivity. Whereas Raman spectrum of Ge-MWCNTs 

(Figure S1 (iii)) shows four peaks at 293 cm-1, 1578 cm-1, 1351 cm-1 and 1620 cm-1. The peak at 

293 cm-1 corresponds to Ge nanocrystals, indeed it well matches with the pristine Ge nanocrystals 

spectrum in Figure S1 (ii). The additional peak at 1620 cm-1 is associated to disorder/defects of D* 

band due to the incorporation of Ge nanocrystals on the surface of MWCNTs1. The peak well 

matches the response obtained from systems formed by nanoparticles of iron and titanium based 

oxides, metals like silver, gold, palladium and platinum embedded on carbon nanotubes3-5. 

Interestingly, after the attachments of Ge nanocrystals on the surface of MWCNTs, the G and D 

bands were slightly shifted towards higher wave numbers of about ~17 cm-1 and ~10 cm-1, 

respectively. This shift of both G and D bands and the appearance of the new disorder peak of D* 

could be ascribed to the charge transfer effect between Ge nanocrystals and MWCNTs. These 

results clearly show that one-step synthesis of Ge-MWCNTs composite slightly increases the 

density of defects on the MWCNTs. The enhancing of defects and disorder is expected to improve 



the interaction between Ge and MWCNTs, to the extent that Ge are preferentially attach to 

MWCNTs. This is in good agreement with HRTEM of Ge-MWCNTs (Figure 3d).

Figure S1.  Raman spectra of (i) Ge nanocrystals, (ii) MWCNTs and (iii) Ge-MWCNTs.

Electrochemical analysis: In order to understand the specific role of MWCNTs and Ge from an 

electrochemical point of view, individual cells of Ge, MWCNTs and Ge-MWCNTs were fabricated 

and studied. Figure S2 shows the voltammograms of all the three cells in the potential range 

between 1.5 and 0.005 V vs Li/Li+ at a scan rate of 0.02 mV s-1. The cathodic (lithiation) and anodic 

(de-lithiation) profiles of Ge-MWCNTs exhibit multiple peaks, which are indicative of multi-step 

process of lithium redox reactions. In particular, these peaks can be separately associated to Ge and 

MWCNTs, where pristine Ge shows cathodic peaks at 0.32 V and 0.12 V, whereas MWCNTs 

shows redox peaks below 0.2 V. Similarly, the anodic (de-lithiation) scan of Ge-MWCNT 

composite shows five peaks, positioned at 0.09, 0.13, 0.50, 0.62 and 0.65 V, while the pristine Ge 

electrode displays two broad peaks at 0.51 V and 0.62 V. A slight difference in the lithium insertion 

and de-insertion response between Ge-MWCNTs nanocomposite electrode and pristine Ge or 

MWCNTs was observed. This difference may be related to the uniform distribution of Ge 

nanocrystals on the surface of electrically conductive MWCNTs and charge transfer interaction 

between Ge nanocrystals and MWCNTs (supported by slightly shift in Raman spectrum in Figure 

S1).



XRD of Ge nanocrystals:

Figure S2. X-ray diffraction patterns of Ge nanocrystals (i) as synthesized and (ii) annealed at 500 
°C.

Figure S3. Cyclic voltammograms (first cycle) of Ge nanocrystals, Ge-MWCNTs nanocomposite 
and MWCNTs at the scan rate of 0.02 mV s-1. 



EDX and SEM:

Figure S4. Energy dispersive X-ray spectroscopy of Ge-MWCNTs after five charge-discharge 
cycles (a) and their SEM image (b).

Electrochemical performance of Ge vs. Ge-MWCNTs composites:

Figure S5. Galvanostatic charge-discharge capacities of (left) Ge, (right) Ge-MWCNTs at various 
current rates along with their columbic efficiencies.



Performance comparison:

Ge-Carbon 
composite

Synthesis process Wt% of Ge Capacity 
(mAh g-1)

Current rate
(mA g-1)

No. of 
cycles

Ref.

Ge-C Plasma 87.6 980 2000 100 6
Ge-Graphene CVD 45.3 675 200 400 7
Ge@C/RGO Solution method ~ 60 940 50 50 8
Ge-CNFs Electrospinning 48.1 1420

829
~ 245
1624

100
250

9

Ge-carbon Electrodeposition - 972 160 50 10
Ge-
MWCNTs

Thermal 
evaporation

~ 60-65 800 1623 200 11

Ge-N doped 
carbon

Sol-gel 68.5 1042 800 2000 12

Ge-
MWCNTs

Solvothermal 80 1060
406

160
8000

60
400

Present 
article

Table 1S. Electrochemical properties of Ge and its carbon composites.
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