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Abstract 

Germanium (Ge) nanowires were fabricated directly on stainless-steel current collectors for Li-

ion battery, without any additional catalytic seeds.  Substrates of stainless-steel is an 

unconventional material for the direct growth of nanowires for battery applications. Stainless 

steel substrates were activated for nanowire growth by annealing them in air at a temperature 

of 450 °C to form a catalytic iron oxide surface layer.  Large yields of Ge nanowire  were 

obtained from oxidised stainless steel via a liquid-injection chemical vapour deposition 

process, with diphenylgermane (DPG) as Ge precursor.  Fabricated Ge nanowires have uniform 

morphology and are single crystalline.  The capacity retention from a nanowire anode tested at 

0.2 C is very stable, highlighted by a reversible capacity of ~ 1014 and 894 mAh/g after the 

50th and 250th cycles, respectively.  The large specific capacity values are one of the highest 

achieved for binder-free Ge nanomaterials based anode materials.  The high specific capacity 

values, good capacity retention and voltage stability observed resulted from the excellent 

adhesion of the nanowires to the stainless-steel current collectors, ensuring good electrical 

mailto:s.biswas@ucc.ie


contact and electrical conductivity. Achieving such electrochemical performance from Ge 

nanowires grown via a significantly simplified direct growth process on a functional 

conductive substrate demonstrates the potential of directly grown Ge nanowires as a high 

performing anode material for Li-ion batteries. 
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Introduction 

In recent years, there has been a tremendous research effort to identify a suitable 

replacement for graphite as an anode material in Li-ion batteries. The ultimate aim is to increase 

the specific energy of commercial cells to achieve ever-growing energy storage demands..1–5  

Group IV semiconductors such as Si and Ge have great potential as anode materials in Li-ion 

battery as they have significantly higher theoretical capacities than graphite (theoretical 

capacity of 1620 mAh/g for Ge and 3579 mAh/g for Si).6–8  Si has garnered more attention than 

Ge as Li-ion battery anode material due to its increased theoretical capacity.  However, Ge is 

kinetically superior and  have higher electrical conductivity,  ~100 times higher than that of Si. 

Additionally, Li-ions diffuses faster in Ge than in Si at room temperature.9,10  But the drawback 

in using Ge (or Si) as anode in Li-ion battery is the significant volume expansion upon 

lithiation. This leads to pulverisation and consequently the reduced cycle life and capacity 

retention for Li-ion battery.  Various Ge nanostructures morphologies, e.g. nanoparticles, 

microflowers, nanosheets and nanotubes11–14 have been used as anode materials for Li-ion 

anodes in an attempt to mitigate issues associated with volume expansion.  There are also 

additional benefits of using Ge nanowires as an anode material, including the high interfacial 

area of the nanowires in direct electrolyte contact, short Li-ion diffusion path lengths and good 

electrical conductivity along their lengths. 

 

Additional metal catalysts (Au, Sn, Ni, Cu, Pb etc.) are usually utilised in a conventional 

three phase growth process (vapour-liquid-solid or vapour-solid-solid) for the fabrication of 

diameter controlled nanowires7,15–20  on current collectors. These additional metals can 

contribute both positively, e.g. Sn and negatively, e.g. Au, to the specific capacity of the anode 

material.19,21 Recently, Ge (or Si) nanowires were directly grown on current collecting metallic 

substrates (Cu, Ni etc.) for Li-ion battery applications due to the ease of electrode fabrication 



with good electrical contact.20,22,23   For the direct nanowire growth, the metallic substrates (Cu, 

Ni) used are conventional type C catalyst metal, forming stable germenide compounds during 

growth, in the vapour-solid-solid (VSS) bottom-up growth of Ge (or Si) nanowires. The growth 

of Ge nanowires on Cu foils has been reported via the thermal decomposition of metal-organic 

germane in the solvents with high boiling point.23  Stainless steel is not only a cost-effective 

alternative to Cu current collectors but is also stable when heated to high temperatures.  

Stainless steel have been used previously as current collector for nanowire anodes such as 

silicon nanowires in Li-ion battery.24 However, only limited growth of Ge nanowire was 

previously observed on polished Fe surface using customised metal-organic precursors.25   For 

the implementation of Ge nanowires in Li-ion anodes, it would be beneficial to grow high 

yields of these nanowires on commercially available stainless steel foils (current collectors). 

Additionally, preparation of a slurry of the active material with a conductive additive and a 

binder is not required when the nanowires are grown directly onto a stainless-steel current 

collector. 

 

In this article, we report the growth of Ge nanowires on 316 L stainless steel foils, by 

inducing an iron oxide catalytic layer on their surfaces, via a vapour-solid-solid (VSS) three-

phase growth.  The direct growth of nanowire anode material on bulk current collectors not 

only has the potential to make the electrode fabrication process cost-effective and simple, but 

can potentially result in improved electrical contact between the anode and the current 

collector; ultimately contributing towards increased electrical conductivity, shorter Li ion 

diffusion distances and high specific capacities.  Utilising the current collector itself as the 

nanowire growth promoter and substrate can further establish good mechanical contacts at the 

collector-electrode interface, thus minimising detachment of the nanowires from the current 

collector upon volume expansion.  The high capacities (~ 900 mAh/g after 250 cycles) and 



impressive capacity retention reported here verifies the great possibility of the directly-grown 

Ge nanowires from stainless steel as Li-ion battery anode materials. 

 

 

Results & Discussion 

To begin with, the  novel direct growth of Ge nanostructures on a stainless-steel current 

collector is explored for use as anode material for Li-ion batteries.   Nanowires were grown 

using a modified bottom-up method we previously reported using Fe3O4 nanodots as growth 

promoters.26  A liquid-injection CVD approach was utilised for the growth of Ge nanowires, 

with DPG as Ge precursor on stainless-steel substrates and at a temperature of 440 °C (see 

Supporting Information for detailed experimental approach).  Heating stainless-steel in air, 

prior to nanowire growth, at 450 °C leads to the formation of a thin (usually < 50 nm) surface 

oxide, predominantly consist of Fe oxides.27  Annealing stainless steel at this oxidation 

temperature (450 °C) usually forms Fe2O3 phase on the surface and creates a surface with 

granular texture with very small particulates. (Figure S1 in the Supporting Information shows 

scanning electron microscopy (SEM) images and X-ray photoelectron spectroscopy (XPS) 

spectra of the treated stainless steel showing the formation Fe2O3 phase of iron oxide).  The 

moderate nanowire growth temperature of 440 °C ensures sufficient seeding of Ge nanowires 

from the iron oxide nanoparticles, formed  on the stainless steel surface,  through a vapour-

solid-solid (VSS) mechanism. 

 

Figures 1(a) and (b) depict (SEM) images of Ge nanowires grown from oxidised 

stainless-steel substrates.  The SEM image in Figure 1(a) highlights the formation of long 

nanowires (> 5 µm), with uniform radial dimensions along their lengths and a mean diameter 

of 60 (±5.1) nm based on TEM analysis of 100 nanowires.  There was also a high coverage of 



the stainless-steel substrates with nanowires. SEM image also depicts very little evidence of 

the  formation of spherical particulates due to homogeneous nucleation of Ge.  Direct growth 

of the nanowires from the stainless steel substrate is evident from the side-view SEM image 

(Figure S1 (d), Supporting Information). Nanowires grown on ‘unactivated’ stainless steel 

substrates,  i.e. that were not heated to a temperature of 450 °C in air, were significantly shorter 

in length (< 1 µm ), as portrayed in Figure 1 (c) and (d), compared to those grown on ‘activated’ 

substrates.  Significant quantities of spherical aggregates were also formed on “unactivated” 

substrates as shown in Figures 1 (c) and (d).  Furthermore, a large decrease in the relative yield 

of nanowires was obtained for the “unactivated” substrates compared to the oxidised substrates, 

15 µg compared to 144 µg respectively, confirming the significance of the surface iron oxide 

layer in producing high yields of Ge nanowires from stainless steel foils.  

 

Ge nanowire growth from the stainless steel substrate should follow a sub-eutectic 

vapour-solid-solid (VSS) growth paradigm, as the nanowire growth temperature (440 ºC) is far 

below the eutectic temperature (lowest eutectic at ~ 850 ºC) of Fe-Ge. Among the germanide 

forming metal catalysts with high eutectic temperature, Cu is the most suitable for the direct 

growth of Ge nanowire from metal foils due to the high solid solubility of Ge in Cu, relatively 

low eutectic temperature (644 ºC),  and the low supersaturation (~ 20 at.%) of Ge in Cu in the 

sub-eutectic regime. In contrary, a very high supersaturation (70 %) of Ge is needed for FeGe2, 

predicted phase of stable germenide compound according to the “first phase rule”,   formation 

and Ge nanowire growth.26  In VSS-type growth, with a type-C catalyst, stable germanide 

compounds are formed via the diffusion and thermal decomposition of the precursor in the 

metal catalyst. Metallic Fe can transform into FeGe2 at our growth temperature with Ge uptake 

(via forming a solid solution) from the source.28 This could be a kinetically slow process due 

to the high supersaturation required for FeGe2 formation, slow diffusion and low solid 



solubility of Ge in Fe.29   Whereas, a solid state reaction govern FeGe2 formation from Fe2O3 

and is driven by the incorporation of germanium into the Fe2O3 lattice through a substitution 

mechanism.26  Experimental observation of vastly high nanowire yield with the oxidised 

stainless steel substrate compared to the “unactivated”  stainless steel  (Figure 1) confirms solid 

state substitution reaction of Fe2O3 as kinetically favourable mechanism for germanide 

formation at our growth temperature. Additionally, the sub-eutectic growth of Ge nanowires 

from metal oxide seeds typically result in faster growth and the formation of uniform diameter 

nanowires.30 Also, the surface iron oxide catalytic seed layer can act as catalyst for the  

precursor decomposition.31  This catalytic activity can promote nanowire formation from the 

organometallic precursors at relatively lower growth temperatures, 440 ºC in our case.  

 

 

Figure 1.  (a) and (b) SEM images of Ge nanowires grown on ‘activated’ oxidised stainless-

steel substrates, taken at different magnifications.  (c) XRD pattern confirms the formation of 

diamond cubic Ge nanowires on oxidised stainless steel.  Part (d) and (e) show SEM images of 

(c) 

(a) (b) 

(d) 

(e) 



Ge nanowires grown on ‘unactivated’ (as received) stainless steel substrates taken at different 

magnifications.  (f) Room temperature Raman spectrum of Ge nanowires and bulk Ge. 

 

As bulk tools, X-ray diffraction (XRD) and Raman spectroscopy are efficient in 

determining  the purity of the crystal and phase of the nanowires.  The XRD pattern obtained 

from the Ge nanowires (Figure 1(e)) matches well with the diamond cubic germanium lattice 

(JCPDS card no. 04-0545).  Three XRD peaks at 2θ values of 27.3, 45.3, and 53.5° correspond 

to the (111), (220), and (311) set of planes for the diamond cubic germanium lattice, whereas  

the other reflections can be assigned to the 316L stainless-steel substrate.32,33 The XRD pattern 

did not show any diffraction peaks corresponding to iron germanide, i.e. tetragonal FeGe2. It 

is very difficult for a   conventional XRD to determine a dilute secondary phase of nanoscale 

dimension, such as the formation of FeGe2 at the tip of the nanowires.  Figure 1(f) shows the 

Raman spectrum of an as grown Ge nanowire sample grown on a stainless steel substrate.  The 

strong peak around 298.6 cm-1 is attributed to the triply degenerated E2g vibration (Ge-Ge 

mode).34 The Ge-Ge Raman peak can shift to a lower energy for the nanowires compared to 

bulk Ge, due to phonon confinement or strain in the nanowires.34  A red shift of 3 cm-1 of the 

Ge-Ge longitudinal optical (LO) mode was detected for nanowire with the average diameter of 

60 nm compared to bulk Ge (Figure 1 (f)). 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Dark field STEM image in part (a) depicts single crystalline nanowire with <111> 

growth direction.  Right inset in the part (a) shows the dumbbell like configuration with 

interplanar spacing corresponding to (111) plane of diamond cubic Ge.  Left inset shows FFT 

pattern from the HRTEM.  (b) HRTEM image near the catalyst-nanowire junction shows FeGe2 

phase at the nanowire tip.  (c) EDX spectra recorded from the catalytic of the nanowire 

confirms FeGe2 composition of the tip (peak ~ 8 keV corresponds to Cu from the TEM grid).  

 

The structural quality of the Ge nanowires was further confirmed by high-resolution 

TEM (HRTEM) and high-resolution scanning transmission electron microscopy (STEM) 

imaging (Figure 2).  Most of the nanowires synthesised from the stainless-steel substrates 

depicted no roughness of the surface. These nanowires were highly crystalline with a low 

amount of crystal defects such as twin boundaries and stacking faults (HRSTEM image in 

Figure 2(a)).  All nanowires possessed a diamond-cubic crystal structure (JCPDS cards #04-

0545), confirmed from the HRSTEM and the corresponding  Fast Fourier Transform (FFT) 

pattern analysis. The preferred growth direction of nanowires is assigned as <111> (from FFT 

3.31 Å 

FeGe2(211) 

(a) 

(b) 

(c) 



analysis in the right inset of Figure 2(a)).  Interplanar spacing (d), determined from the HRTEM 

analysis, in nanowires is slightly larger ( d= 0.33 nm) than the d value reported for bulk 

diamond Ge crystals (0.326 nm  from the JCPDS 04–0545).  HRSTEM and corresponding FFT 

are recorded with <110> zone axis alignment.  The HRSTEM image from the centre part of a 

Ge nanowire (the right inset of Figure 2(a)) shows a typical Ge dumbbell arrangement. The  

presence of tetragonal FeGe2 as the final phase of the growth catalyst was confirmed from the 

HRTEM image (Figure 2 (b)). The interplanar spacing of 0.23 nm  matches well with the bulk  

lattice spacing of (211) plane of tetragonal FeGe2 (d= 0.232 nm  from JCPDS cards #75-0033).  

Ge nanowire with a FeGe2 alloy tip confirms the likelihood of a vapour-solid-solid (VSS) 

growth mechanism in the formation of the nanowires. The presence of catalytic spherical 

particles at the tip of the nanowire provides further evidence of catalytic growth of nanowires, 

as shown in the low resolution high angle annular dark-field (HAADF) STEM analysis (Figure 

S2 in Supporting Information). Energy dispersive X-ray (EDX) point-analysis in dark field 

STEM were also performed on the spherical nanoparticle tips to confirm the phase of the  

catalysts, after growth. (Figure 2(c)).  The chemical stoichiometry, as recorded from the  EDX 

spectrum.  of the catalyst tip agrees well with the composition of the FeGe2 phase of iron 

germanide, with 35.0 at.% Fe and 65.0 at.% Ge in the seed particle.   

 

Vapour-liquid-solid (VLS)  growth of the Ge nanowires is not possible at our growth 

temperature of 440 ºC. Considering the Fe-Ge binary phase diagram,  the lowest Fe-Ge eutectic 

temperature of 850 °C  is much higher than the nanowire growth temperature.  In the three-

phase VSS growth paradigm, Ge growth species saturates Fe2O3 growth seeds to form the  

favoured thermodynamic phase, according to the “first phase rule”. The phase of the final 

germanide compound, which under our conditions is the FeGe2 alloy,  depend on the 

thermodynamic condition under the experimental constrains used.  In our typical VSS-type 



growth scenario, thermal decomposition of the Ge precursor (in our case DPG) on the surface 

of the growth catalyst yield to reactive Ge. This Ge adatoms diffuses into the bulk of the starting 

catalyst material (Fe2O3), forming stable germanide compounds (FeGe2), which act as the 

active catalyst for nanowire growth. This phase transformation  cannot be identified in-situ but 

this FeGe2 phase is observed at the nanowire tip (Figure 2 (b)).  The lattice mismatch between 

the stainless-steel and the in-situ formed FeGe2  enables the generation of individual germanide 

islands which catalyses the Ge nanowire growth. These individual islands can subsequently 

form a polycrystalline FeGe2 catalytic layer, analogous to observations of Ge nanowires grown 

from Cu foils.23  A relatively short growth time (20 min) for Ge nanowires growth on the 

stainless-steel foils yielded short nanowires (< 1 µm) with spherical tips and unreacted rough 

granular catalytic film under the grown nanowires (SEM images in Figure S3 in the Supporting 

Information). Appearance of large amounts of catalytic seed at the nanowire tip  (Figure S3) 

further confirms the participation of a three-phase VSS-type growth paradigm.  The rough 

polycrystalline film with nano-dimensional grains (constituted of Fe and Ge; EDX analysis is 

Figure S3(c) in the Supporting Information) formed at the surface of the stainless-steel 

substrates  play the role of the catalyst for subsequent Ge nanowire growth.  The average 

diameter (70.2 ± 8.5) of the nano-dimensional particulates is similar to the diameter of the 

grown nanowires. The grown nanowires and the particulate seeds observed after shot growth 

time (Figure S3(b) in the Supporting Information)) are thicker than the thickness of the pre-

formed oxide layer (assuming it is ≤ 50 nm)27. This observation and the appearance of FeGe2 

nanoparticles at the tip of the nanowire (Figure 2(b) and (c)) suggest towards a full conversion 

of the pre-formed Fe2O3 layer to FeGe2 during Ge nanowire growth. With the continued flux 

of the precursor catalytic seed  attain supersaturation and the nucleation of the phase pure Ge 

crystals from the FeGe2 occurs at the triple-phase interface.   The sustained growth of one-

dimensional Ge single crystals is maintained with the continuous delivery of the Ge source. 



Since nanowire growth follows a VSS growth paradigm using germanide forming type-c 

catalyst, growth is performed far below the lowest eutectic temperatures for a Fe-Ge system, 

thermodynamic and kinetic factors controlling the formation of the starting germanide 

compounds are the key in the nucleation of Ge and Ge nanowire growth kinetics.26  The phase 

observed at the metallic alloy tip of the nanowires; i.e. FeGe2;  relates to the kinetic and 

thermodynamic factors such as the kinetics of the germanide phase formation and the formation 

of coherent and semi-coherent interfaces to the nanowire surface.35 Consequently, these kinetic 

factors are  governed by the experimental parameters such as growth temperature, choice of 

precursor etc. 

 

Cyclic voltammetry (CV) was performed to investigate the lithiation and delithiation 

of Ge nanowires fabricated on the stainless-steel electrodes.  The 1st CV scan, which was 

acquired at a scan rate of 0.1 mV/s is shown in Figure 3(a).  The low intensity peak observed 

at 0.49 V is due to the lithiation of crystalline Ge (c-Ge).36 The two strong reduction peaks at 

~ 0.19 and 0.09 V are associated with the formation of a-Li15Ge4 and c-Li15Ge4, alloys 

respectively.37 From the second cycle onwards,  a series of reduction peaks were observed at ~ 

0.46, 0.35 and 0.17 V, which are associated with the development of a series of Li−Ge alloys 

(a-LixGe → a-Li15Ge4 → c-Li15Ge4).38  A sharp oxidation peak can be seen during the initial 

cathodic sweep at ~ 0.62 V which corresponds to the delithiation of the c-Li15Ge4 phase.39  This 

reduction peak became broader and less intense with increased cycling as shown in Figure 3(b).  

The reason for this broadening will be further during the analysis of differential charge curves. 

 



 

Figure 3.  Cyclic voltammograms showing (a) the 1st and (b) the 2nd, 5th and 10th cycles, for 

Ge nanowires cycled at 0.1 mV/s in a potential window from 1.5 – 0.01 V.  

 

To further evaluate their electrochemical performance, Ge nanowire electrodes were 

cycled galvanostatically for 250 cycles at a rate of 0.2 C, in a voltage range of 1.50 to 0.01 V 

(vs Li/Li+).  Voltage profiles ranging from the 1st to the 250th cycle are shown in Figures 4 (a), 

(b) and (c). During the 1st charge curve (inset of Figure 4a), there was an initial sharp decrease 

from ~3.20 V down to ~ 0.4 V, which may be attributed to the formation of an solid electrolyte 

interface (SEI) layer and the lithiation of crystalline Ge.40 Three reduction plateaux were 

observed during the initial charge from ~0.35 to 0.26 V, 0.26 to 0.12 V and from 0.12 V to 

0.01 V, corresponding to the step-by-step lithiation of the Ge nanowires and the gradual 

formation of the c-Li15Ge4 phase.39 The long plateau centred at ~0.5 V during the first discharge 

is associated with the delithiation of the Ge nanowires.41 The initial charge and discharge 

capacities were ~2375 and 1000 mAh/g, respectively, corresponding to an initial Coulombic 

efficiency (ICE) of ~ 42 %. The large initial charge capacity may be associated with the 

irreversible lithiation of crystalline Ge as well as formation of an SEI layer on the surface of 

the Ge NWs.  Low ICE is common for Ge electrodes and other alloying mode materials, 



including Sn and Si.42–44  However, from the second cycle onwards the Coulombic efficiency 

(CE) was > 90%, as indicated by the overlapping voltage profiles in Figure 4a. Three sloping 

plateaux were observed during the second charge from ~0.7 to 0.4 V, 0.4 to 0.2 V and from 0.2 

– 0.01 V, which is agreement with the cyclic voltammograms shown in Figure 3, and 

corresponds to the formation of a-LixGe, a-Li15Ge4, and c-Li15Ge4, respectively.  The presence 

of these plateaux in the charge curves from the 2nd to the 250th cycle, as shown in Figures 4 (a), 

(b) and (c), indicates a high level of reversibility after the initial lithiation of crystalline Ge 

during the  first charge.  

The specific capacities acquired over 250 cycles and the corresponding CE values are 

shown in Figure 4(d).  Ge nanowires, grown directly on stainless-steel, can achieve large 

capacity values, with a high level of capacity retention.   The charge capacity after the 2nd cycle 

was 1168 mAh/g, which decreased gradually to 1100 mAh/g after the 25th cycle.  The CE from 

the 25th cycle onwards was >98 % and it remained above this value for the rest of the 250 

cycles.  This is a significantly high level of CE stability for directly grown, non-slurried Ge 

nanowires. Vinylene carbonate was used as an electrolyte additive to promote stable SEI layer 

formation and to improve CE. It has previously been demonstrated that VC significantly 

improves the CE of Ge nanowire based anodes over long term cycling.37  The specific 

capacities after the 100th, 200th and 250th charges were 929, 910 and 894 mAh/g respectively.  

The mean capacity decay per cycle was ~1.1 mAh/g per cycle, which is a further indicator of 

the impressive stable cycling observed for the Ge nanowires. 



 

Figure 4.  Voltage profiles for (a) the 1st, 2nd, 5th, 10th and 20th  cycles, (b) the 25th, 50th, 75th, 

100th and 125th cycles and (c) the 150th, 175th, 200th, 225th and 250th cycles for Ge nanowires 

at 0.2 C in a potential window of 1.50 – 0.01 V (vs Li/Li+).  (d) Specific capacity and Coulombic 

efficiency values obtained for Ge nanowires. 

 

Differential charge plots (DCPs) were calculated from galvanostatic cycling curves to 

further investigate the impressive charge storage mechanism of the nanowires.  The initial 

lithiation contained of a series of reduction processes, which are indicated as troughs in the 

DCP presented in Figure 5(a).37 The strong, sharp trough centred at 0.35 V is associated with 

the lithiation of crystalline Ge (c-Ge) and is at its most intense during the first charge. This 

suggests that the nanowires may not return to a fully delithiated crystalline Ge phase after the 

initial lithiation process. A similar decrease of the reduction peak after the first cycle was also 

observed by Mullane et al. for Cu catalysed Ge nanowires. 36  The strong trough at 0.19 V is 

associated with the formation of a-Li15Ge4 and the weaker shoulder at 0.15 V is attributed to 

the formation of c-Li15Ge4.37 The wide, asymmetric oxidation peak, observed in the first 



cathodic (delithiation) scan from ~0.4 to 0.6 V (Figure 5(b)), can be deconvoluted into two 

individual peaks, which are centred at 0.48 and 0.52 V. These peaks correspond to the 

delithiation of the c-Li15Ge4 and a-Li15Ge4 phases. These deconvoluted peaks are shown in 

Figure S4 in Supporting Information.45,46 The DCP for the 2nd charge contained three troughs, 

(Figure 5a).  The two broad troughs, centred at ~0.54 and 0.40 V are due to the formation of 

amorphous Li-Ge alloys, a-LixGe and a-Li15Ge4, respectively and the sharp trough at 0.18 V is 

associated with the formation of c-Li15Ge4.38,40   

Differential charge contour plots, which were calculated from galvanostatic cycling 

voltage profiles, from the 2nd to the 250th cycle are shown in Figures 5(c) and (d).  The two 

high intensity regions observed in Figure 5(c) are associated with the reduction peaks for the 

development of a-Li15Ge4 and c-Li15Ge4 phases, centred at ~0.40 and 0.18 V, respectively.  The 

formation of these phases is a highly reversible process, as the troughs remain present 

throughout the 250 cycles, as shown in Figure 5c.  The consistency of these reduction troughs 

likely results in the remarkable capacity retention of the nanowires.  The differential charge 

contour plot, calculated from delithiation voltage profiles, is shown in Figure 5(d).  The 

oxidation peak, is attributed to the delithiation of the c-Li15Ge4 and a-Li15Ge4 phases and is still 

present after 100 cycles.  The stacked DCPs  (Figure S5) demonstrate that the width of the 

oxidation peak increases with increased cycling, however it is clear from Figure 4(d) that the 

discharge capacities do not significantly change, suggesting that the progressive widening of 

the delithiation peak as the number of cycles increases does not have a significant negative 

impact on the overall charge stored. The majority of charge stored during lithiation is initially 

primarily due to the formation of the c-Li15Ge4 phase.  With increased cycling the intensity of 

this reduction trough gradually decreases but the overall charge stored remains stable, 

suggesting that after the initial cycles, the primary charge storage mechanism switches from 

the formation of the c-Li15Ge4 phase to the formation of the a-Li15Ge4 phase.  This change 



would also result in a broadening of the oxidation peak, as observed in Figure 5(d) and Figure 

S5.  The same trend has previously been reported for for GeO2 inverse opal structured anodes, 

whereby after initial cycling, more charge was stored due to the formation of the a-Li15Ge4 

phase rather than the c-Li15Ge4 phase.39 

 

 

Figure 5. (a) Differential charge plots (DCPs) calculated from the 1st and 2nd galvanostatic 

charges at 0.2 C.  (b) DCPs calculated from the 1st and 2nd galvanostatic discharges at 0.2 C.  

(c) Contour DCP calculated from differential charge curves from the 2nd to the 250th charge.  



(d) Contour DCP calculated from differential discharge curves from the 2nd to the 250th 

discharge. 

 

The specific capacities that our Ge nanowire anodes delivered are comparable to and in 

some cases greater than previously reported values for Ge based anode materials.37,43,47–51 Ge 

nanowires are typically grown on a substrate via a CVD process involving a catalytic seed.52–

54 Our Ge nanowires, which are directly grown on stainless-steel current collecting substrates, 

do not require an initial processing step to decorate the substrate with metal nanoparticle seeds.  

Some commonly used metal seeds, such as Au, form irreversible alloys with Li during cycling 

and result in lower capacity values due to the dead-weight of these electrochemically inactive 

seeds.21 Direct growth on stainless steel current collectors also negates the requirement of 

nanowire transfer process from the growth substrate to current collector. In this regard, the 

direct growth may prevent after-growth oxidation of the stainless steel-nanowire contact, 

ensuring oxide free barriers at the nanowire anode-current collector interface. Additionally, we 

did not observe any voltage plateau associated with the Li-ion intercalation with Fe2O3 or 

reduction of Fe ions, in the DCP charge curve (Figure 5(a)).55  This indicates that the pre-

formed catalytic Fe2O3 layer on the stainless steel current collector is not present at the 

nanowire-stainless steel interface in the Ge nanowire sample, i.e. fully consumed during Ge 

nanowire growth. Compressed nanowires in the split coin cell also ensures that the contact 

point of nanowire to the stainless steel substrate is maintained, resulting in good 

electrochemical performance. After 250 cycles, there was a significant deformation and 

restructuring of the nanowire morphology and an amorphisation of the Ge nanowires (STEM 

image in Figure S6 in Supporting Information). The conversion of individual crystalline 

nanowires to an amorphous mesh was previously reported for Ge nanowires even after 100 

cycles.37 



Additionally, another distinction between our samples and typical Ge anodes is the lack 

of binder and conductive additive, which were rendered redundant due to our novel direct 

growth method.  The preparation of composite anodes with carbon-based materials may lead 

to artificially inflated capacity values as carbon stores charge but the mass of conductive 

additives is typically not considered when calculating the specific capacity of such electrodes; 

graphite and its various forms are lithiated within the voltage range that Ge is typically cycled 

in (1.5 – 0.01 V, vs Li/Li+).  Graphite and graphene nanosheets are known to achieve capacities 

of 320 and 540 mAh/g, respectively, when cycled against Li metal56,  demonstrating that the 

mass of conductive additives should be taken into account when determining the specific 

capacities for anode slurry electrodes. Considering this, the specific capacities, obtained with 

the Ge nanowires in this work are even more impressive as we achieved a state-of-the-art 

response, without the need to include binders and conductive additives.  

 

Conclusions 

In summary, successful bottom-up growth of Ge nanowires was achieved on oxidised 

stainless-steel without any additional metal nanoparticle seeds.  Stainless-steel substrates were 

heated in air to form Fe2O3 surface films which can be converted to FeGe2 seeds for Ge 

nanowire growth.  This unique growth method eliminates the need to deposit metal 

nanoparticles such as Au or Sn on substrates prior to CVD synthesis of nanowires.  This elegant 

workaround simplifies Ge nanowire growth by removing a complex and expensive processing 

step.  We demonstrate that the yield of Ge nanowires is significantly increased when they are 

grown on oxidised stainless steel substrates compared to untreated, as-received stainless-steel.  

The electrochemical performance of the nanowires was determined via a correlation of results 

from cyclic voltammetry and galvanostatic cycling.  The substrate grown Ge nanowires 



exhibited impressive capacity retention, when cycled at 0.2 C.  The average capacity decay per 

cycle was ~1.1 mAh/g per cycle, which demonstrates the exceptionally stable cycling observed 

for the nanowires. Significantly large capacity values with a high level of capacity retention 

over 250 cycles can be obtained from Ge nanowires grown directly on stainless-steel. The 

analysis ofdifferential charge plots demonstrated that the alloying of the Ge nanowires with Li 

is a highly reversible process, as the corresponding reduction and oxidation peaks were 

consistently present throughout 250 cycles.  We demonstrate that it is not necessary to prepare 

metallic seeds via complex processing procedures to obtain Ge nanowires, which are capable 

of delivering high specific capacities, representing a significant advancement for 

nanostructured alloying mode anode materials.  The exceptional performance of our nanowires 

is likely due to their direct growth on the current collecting substrate, which provides a large 

surface area of active material in direct contact with the electrolyte and excellent anchoring to 

the current collector. To our knowledge, the specific capacities achieved with our substrate 

grown Ge nanowires are among the highest values ever reported for Ge nanowires, therefore 

demonstrating the advantages of directly growing Ge nanowires, or other nanowire anode 

materials, on an electrically conductive substrates. 
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