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Comparison of Porous Germanium Thin Films on SS
and Mo as Anode for High-Performance LIBs
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Marco Ricci , Remo P. Zaccaria, Matteo Ferroni , and Donato Vincenzi

Abstract—The increasing demand for high performance lithium
ion batteries is pushing the research toward the development of
new materials for electrodes. Our study focuses on the usage of
Germanium as the active material for the negative electrode since
it has a higher theoretical specific capacity than standard graphite-
based electrodes. This research article provides insight into the
electrochemical performance of thin films of Germanium deposited
on metallic substrates and then nanostructured via electrochem-
ical etching. Molybdenum and stainless steel are investigated as
substrates and compared with regard to the performance of the
resulting electrodes. The nanostructured Germanium electrodes
show promising results, demonstrating a stable and high specific
capacity for hundreds of cycles. The long-term stability of the cell
together with a high rate capability proves the reliability of the cell
engineered.

Index Terms—Nanostructured Germanium, PECVD,
electrochemical etching, high capacity anode material, LIBs.

I. INTRODUCTION

NOWADAYS, lithium-ion batteries (LIBs) are a well-
known industrial technology, widely used in high-tech

fields and in the renewable energy sector. The forthcoming
green transition has boosted the storage of electrical energy
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for wind and solar power [1], [2] in order to decrease the
direct carbonaceous emissions. LIBs have an efficient storage
mechanism hence could be used as storing devices for stationary
applications [3] but a long lifetime needs to be guaranteed. The
most common LIBs exploit insertion-type materials that, due to
their intrinsic nature, have a limited storage capacity and there-
fore a low energy density. As an alternative, alloying materials,
i.e. Silicon, Germanium, and Tin, are under strong scientific
investigation for their high theoretical specific capacity. Among
them, Germanium (Ge) has been deemed promising as anodic
material for LIBs. Indeed, it shows superior electronic prop-
erties with respect to Silicon demonstrating a higher intrinsic
electronic conductivity due to the smaller band gap [4] and a
better lithium-ion diffusivity [5] thus proving its suitability to
be employed as LIB negative electrode.

The Ge higher conductivity is directly related to its high
carrier mobility of 1800 cm2 V−1 s−1 and 3600 cm2 V−1 s−1 for
holes and electrons respectively [6], which results in an intrinsic
conductivity at room temperature three orders of magnitude
higher than Si [7], [8], [9].

The redox reactions of Ge with metallic lithium result in a
high theoretical specific capacity of 1624 mA h g −1 (vs. the
372 mA h g−1 of standard graphite electrodes). The reac-
tion mechanism evolves through the formation of lithium-
germanium alloys with different stochiometry leading to the
formation of Li15 Ge4 as a discharge product.

Notably, Ge-based anodes demonstrate high rate capability
performance thanks to their good conduction properties [10].
However, Ge undergoes a drastic volume expansion upon lithi-
ation and de-lithiation which causes the electrode pulverization
leading to active material losses and poor electrical contact.
Moreover, the material pulverization determines a continuous
exposure of new Ge surface that reacts with the electrolyte to
form the solid electrolyte interphase (SEI) thus reducing the
lithium inventory within the cell. Both these effects contribute
to the overall reduction of the battery deliverable capacity.

Many strategies have been proposed or are currently studied to
render these materials available as long-term solutions for LIB
anodes. One way is to mix or co-structure them with carbon-
based composites, which could act as a buffer for the volumetric
expansion [11]. Of course, this reduces the overall gravimetric
capacity, but still results in a much higher capacity than graphite,
while helping to alleviate the cycle-life challenges [12]. Another
promising solution is represented by the nano-structuration of
the active materials. This has the potential to reduce the stress and
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strain associated with the expansion [12] so that the material can
reversibly accommodate it. Furthermore, besides relieving the
volume variation, nano-structuration offers several additional
advantages, like an enhanced surface-to-volume ratio leading
to more active sites available for lithium storage, and a larger
surface in contact with the electrolyte resulting in a better ionic
transfer and reduced diffusion lengths [13]. Recent studies show
how 3D printed nanostructures can be used to produce electrodes
in a cost effective way [14].

Herein, a comparison of the electrochemical nanostructur-
ing process of Ge electrodes deposited by plasma-enhanced
chemical vapor deposition (PECVD) on two different substrates,
molybdenum (Mo) and stainless steel (SS) is reported. The phys-
ical and electrochemical study on Mo was previously reported
by our group [15], [16] as Ge substrate due to its good electrical
properties and high melting point, while SS is here explored
as an alternative material owing to its compatibility with the
fabrication process and its wider availability. The proposed
deposition process enabled us to boast the rate capability and
guarantees a stable capacity for more than 200 cycles.

II. BINDER-FREE ANODE FABRICATION

The binder-free anodes proposed in this article are fabricated
by depositing Ge via PECVD on top of a metallic substrate thus
ensuring electrical conductivity. PECVD is a chemical vapor
deposition technique assisted by a plasma ignited with a radio
frequency of 13.56 MHz. GeH 4 is employed as gas precursor
for the Ge deposition. The samples are hosted in a quartz holder
placed above an inlet gas ring. A graphite heater located above
the sample holder enables the constant control of the temperature
during the process. The deposition rate was calculated from
a profile measurement and secondary-ion mass spectrometry
(SIMS) analysis and its value is estimated to be 1.26 nm s−1.
The substrate of choice is a high-melting-point metal with low
vapor pressure in order to avoid contaminating the deposition
chamber. Furthermore, the substrate needs to be resistant to
hydrofluoric acid (HF) since the porous structures are created
via electrochemical etching in HF. For this purpose, Mo and SS
are selected and compared as Ge supporting materials. Before
the deposition, all the substrates are rinsed in dichloromethane,
acetone, isopropanol and de-ionised water in order to remove
organic impurities. The deposition occurs at a pressure of about
10−3 mbar inside the deposition chamber in which the substrate
is heated up above 400 ◦C. The plasma deposition time was set
to 14 minutes.

III. NANOSTRUCTURING

Due to the typical volumetric expansion of alloy-type anodes
upon repeated charge and discharge, the Ge film needs to be
nanostructured for its efficient application as an electrode in
LIBs [17]. This process is realized via electrochemical etching
in a solution composed by aqueous HF (50% diluted, MOS
grade, CARLO ERBA reagents) and ethanol (RS grade, CARLO
ERBA Reagent) in a ratio of 3:1 v:v. The experimental set-up is
made of a polytetrafluoroethylene (PTFE) tank and an aluminum
(Al) plate acting both as a support and current collector, as shown
in Fig. 1. A graphite rod is connected to the negative terminal of a

Fig. 1. Set up for the electrochemical etching representing, the PTFE etching
tank, the graphite rod, the Al plate, the metallic substrate and the Ge bulk
deposited on the metallic substrate.

Keithley 2400, while the positive terminal is connected to the Al
plate. The anodic dissolution is achieved using a 40 mA current
for 180 s controlled by a LabView VI customly developed for
this process.

As known from the literature, there are mainly two reactions
taking place during germanium electrochemical etching: the
divalent and the tetravalent reactions. The divalent reaction is

Ge+ 6HF + 2 h+ → GeF 2−
6 + 4H+ +H2 (1)

while the tetravalent one is expressed as

Ge+ 6HF + 4 h+ → GeF 2−
6 + 6H+ (2)

The theoretical models proposed by Dupuy et al. attribute the
tetravalent reaction to the vertical growth of the pores, whilst the
divalent process is foreseen to be responsible for the constant
dissolution of the already-porous region, gradually increasing
the pore diameter, and reducing the layer thickness [18].

Specific surface areas of the SS samples were determined
by applying the Brunauer-Emmett-Teller (BET) method to the
absorption/desorption isotherms obtained with a Micromeritics
ASAP 2020 physisorption analyzer. The adsorption/desorption
isotherms were determined over a wide range of relative pres-
sures (10−6 <p/p 0 < 1). All samples underwent an activation
step to remove physisorbed species from the surface while avoid-
ing irreversible changes of the solid structure. Each sample was
studied after outgassing in vacuum at 120 ◦C (heating ramp of
5 ◦C/min) for 2 hours (residual pressure of 10−4 mbar). The su-
perficial area obtained with Kr is equal to 0.0098 m2 g−1, almost
twice the electrode geometric area. This measurement is affected
by a 5% experimental error due to the possible deformation of
the probe molecule and only a superficial area measurement is
possible. Porosity measurements were not possible using Kr.

IV. MICRO-STRUCTURAL CHARACTERISATION

The morphology and microcrystalline arrangement of the Ge
films have been investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). A thin
cross-section of the Ge layers deposited on Mo or SS has
been prepared by focused ion beam (FIB-SEM) to complement
the standard top-view SEM observation of the porosity of the
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Fig. 2. Comparison between the Ge layers deposited over Mo and SS substrates. TOP:SEM images of the bulk Ge layers after PECVD deposition on Mo (1) [15]
and SS (2) substrates. The deposited Ge layers are homogeneous and feature a nanosized morphology. CENTER: SEM images of the porous Ge layers on Mo
(3) [15] and SS (4). The electrochemical process promoted formation of an open porosity at the layer surface. The modification of the layer is uniform. BOTTOM:
Cross sectional TEM bright-field view of the porous Ge layers on Mo (5) and SS (7) substrates, showing that the porosity in the Ge nanostructured film extends
through the layers thickness. The electron diffraction pattern (6) indicates a nanostructured metallic Ge phase for both porous layers.

Ge films. The comparative investigation of the microstructural
features of the Ge layers deposited on either Mo or SS is
functional to the optimization of the fabrication process and
to the description of the electrochemical performance of the
material. In addition to conventional TEM imaging and elec-
tron diffraction, the scanning-transmission high-angle annular
dark-field mode (STEM-HAADF) was exploited in association
with energy dispersive X-ray spectroscopy to enhance the com-
positional contrast and measure the elemental distribution. The
morphology of the Ge layers right after deposition on Mo and
SS substrates is shown in Fig. 2 (1–2). The Ge layers appear to
be compact and uniform over the entire deposition area. For the
sample deposited on the laminated Mo substrate, a large striation
conformal to the underlying substrate is evident. On the other
hand, the Ge deposited on SS shows a granular morphology
uniformly distributed over the substrate. In addition, a dense
nanometric morphology has been promoted by the deposition
of the Ge layers from the PECVD process. Fig. 2 (3–4) shows
the Ge morphology at higher magnification, highlighting the
effect of electrochemical treatment on the Ge layers, with a

large open porosity visible on both the samples as reported
in [15]. The obtained porosity is believed to play an essential role
in the volumetric expansion during lithiation and de-lithiation
processes. The vertical striation in the sample deposited on Mo
appears to assist the etching and the porosity attains the substrate.
Nevertheless, the Ge layer remains attached to the substrates and
no evidence of delamination has been observed. The etching
process on the sample deposited on SS creates a network of
prominent nanometric structures over a relatively compact and
dense layer. Also in this case an adequate adhesion of the Ge
film on the substrate was preserved.

TEM analysis, reported in Fig. 2 (5–7), address the extent
of porosity and the micro-structures of both Ge layers. For
the sample deposited on Mo, the layer thickness measured
from the cross-sectional samples is in the range between 0.25
and 0.64 µm. These values are compatible with the initial
thickness and the consequent reduction due to the electrochem-
ical process.

For the sample deposited on SS, the thickness features higher
uniformity and measures about 1.3 µm. The Ge layer shows a



DIOLAITI et al.: COMPARISON OF POROUS GERMANIUM THIN FILMS ON SS AND MO AS ANODE FOR HIGH-PERFORMANCE LIBS 555

large porosity and, differently, a dense and compact morphology
is visible from about 90 nm to the interface with the substrate.
An incomplete pore formation, likely caused by an initial layer
thickness higher than estimated, could provide an explanation
for the evidence.

The absence of contrast from crystalline domains in the TEM
images suggests a low degree of crystallinity for both the Ge
layers. The electron diffraction pattern, Fig. 2 (6), supports this
finding as it is characterized by uniform and diffuse concentric
intensity rings. Such a pattern indicates a nanometric size and
absence of preferential orientation for the crystalline domains.
The lattice spacing measured from the electron diffraction pat-
tern agrees with the metallic-Ge phase also recorded from X-Ray
Diffraction measurements, as it can be ascertained from Fig. S1
and related description in the supplementary information.

V. ELECTROCHEMICAL ANALYSIS

For the electrochemical characterization, the porous Ge-based
electrodes (PGe) were tested in CR 2032 coin-type cells assem-
bled in a half-cell configuration using metallic lithium (0.6 mm
thick) as counter and reference electrode. The final PGe anodes
are punch cut into 15 mm diameter disks and have a thickness
of 0.026 mm. The electrode mass loading for the PGe on Mo is
0.25 mg while for the PGe on SS is 0.26 mg. The electrodes
are separated by a glass fiber membrane (Whatman GF/D)
soaked with 200 µL of an electrolytic solution composed by
1 M LiPF6 in a 1:1 v:v mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC). To enhance and stabilize the
electrochemical performances of the electrodes, 10 wt.% FEC
is used as additive for the electrolytic solution [19], [20]. The
coin cells were assembled using a digital pressure controlled
electric crimper MSK-160E. The cyclic voltammetry (CV),
galvanostatic charge/discharge cycles and rate capability tests
were performed at room temperature using a BioLogic BCS-805
multichannel battery unit controlled by BT Lab software.

The CV curves performed within [0.01− 1.5] V at a scan
rate of 0.1 mV s−1 for both PGe-based anodes (PGe on Mo and
SS) are shown in Fig. 3. Some of the reduction peaks of the 1st
cycles correspond to the SEI formation on the electrode surface.
The organic solvents composing the electrolyte partially react
during the first discharge, generating the SEI, which acts as a
protective layer against side reactions and enabling only lithium
ions to cross it [21]. The SEI formation is also responsible for the
initial irreversible capacity loss of the cell since Li+ ions that are
provided by the cathode during the first cycle are trapped inside
this layer [22]. In order to prevent further side reactions, the SEI
needs to be stable and dense. For Ge, as for Si, the significant
volume change makes it difficult to establish a compact SEI,
and may even cause its fracturing. This results in an additional
exposure of Ge surface to the electrolyte which leads to the
thickening of this protective layer upon cycling.

The CV peaks are identified from comparisons with the liter-
ature. Specifically, in the Mo 1st cycle, a clear reduction peak
at around 0.54 V is observed followed by other two at 0.27 V
and 0.13 V. The first peak in the cathodic scan is attributed to
the SEI formation [23]. At potentials up to around 0.25 V, c-Ge
is converted in Li 7 Ge3 phase. At lower potential a structural

Fig. 3. Cyclic voltammetry curves of PGe on Mo and SS substrate materials
at a scan rate of 0.1 mV s−1 within [0.01–1.5] V. The first cycles are reported
together with the 10th cycles. Cycles 1 and 10 of Mo are taken from [15].

transformation of the Li 7 Ge3 to the Li 7 Ge2 amorphous phase
occurs. For potentials between 0.15 V and 0 V, the conversion
from Li 7 Ge2 to the Li 15 Ge4 phase takes place [10]. In the
anodic scan, the broad peak at 0.6 V is related to the delithiation
process of all the Li-Ge phases formed previously, and results
in a-Ge [24], [25].

The reduction curves of the 10th cycles and of the 1st cycle
of the SS sample share a similar behavior, which is anyway
different from that of the 1st cycle of the Mo sample. In particu-
lar, a multiple peak structure shifted towards higher potential is
observed. The main cathodic peaks are found at about 0.5 V,
0.35 V, and 0.17 V, and could be ascribed to the multistep
lithiation of a-Ge [4], [16], [25]. Interestingly, a high similarity
can be recognised with the differential capacity plot (DCP)
curves shown in Fig. S2, with peaks at similar potential values.
An hypothesis for the difference between the 1st cycles could
be a different content of c-Ge phase in the pristine samples,
with the SS one showing a lower amount of crystalline material.
The small cathodic peak of the SS sample around 0.3 V, which
disappears in the following cycles, could be ascribed to lithiation
of c-Ge supporting this hypothesis.

The slight difference in the current intensity, found for both
materials during the first 10 cycles, could be related to the
stabilization of the half-cells. It is important to note that all
the CV curves have similar shape since the active material is
PGe both on Mo and SS and the almost identical redox peak
positions for both substrates indicate that the same conversion
reactions take place on the surface. The slight difference in the
cathodic region could be due to the presence of different Li-Ge
amorphous phases whose deep investigation falls out the scope
of the present work and will be the subject of a following study.

Fig. 4 shows the rate capability performance of both PGe
deposited on Mo (a) and SS (b) over cycling at various C-rates
(C/10, C/8, C/4, C/2, 1 C, 2 C, 4 C, 8 C, 10 C, 20 C, 40 C, 60 C
and finally back at C/10). The first cycles are taken at very low
currents to allow the SEI formation and the stabilization of the
active material [26]. For instance, the specific discharge capacity
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Fig. 4. Rate capability of the PGe on Mo (a) (adapted with copyright permission from [16]) and SS (b) anodes over cycling at different current densities within
[0.01–1.5]V.

Fig. 5. Cycling performance of Ge anode on both PGe on Mo (adapted
from [15]) and PGe on SS at a current rate of 1 C within [0.01–1.5] V.

for PGe deposited on Mo is around 1130 mA h g−1 and 875 mA
h g−1 at 4 C and 20 C, respectively. On the other hand, for the
PGe deposited on SS these values are around 910 mA h g−1 and
800 mA h g−1 at 4 C and 20 C, respectively. For both PGe-based
anodes a remarkable response is obtained in the specific capacity
at very high rates (40 C and 60 C), which for the SS sample is
slightly below 500 mA h g−1. Furthermore, once the cells were
cycled back at C/10, the initial specific capacity was recovered
in both cases (i.e. 1250 mA h g−1 for PGe on Mo and 1000 mA h
g−1 for PGe on SS), meaning that the here proposed PGe-based
anodes have no memory effect.

The cycling performance of the PGe-based electrodes at 1 C
(corresponding to 1624 mA g−1) are shown in Fig. 5. The same
specific capacity values obtained in the rate capability tests are
reproduced, being around 1250 mA h g−1 for the cell with Mo
substrate and 1000 mA h g−1 for the PGe onto SS. It is important
to remark the obtained great stability in the specific capacity
values over more than 200 cycles.

Additionally, a better response both in rate capability and
long-cycling tests is obtained in the case of PGe on Mo rather

than PGe on SS. The difference in the specific capacity could
be related to the higher electrical conductivity of Mo than SS
and to a thicker interface forming on SS reducing the effective
mass loading of the anode. The latter could take up active PGe
material which will not be available for the lithium alloying
reactions. Nevertheless the application of the SS as a suitable
substrate of Ge as active material for anodes of LIBs has been
vastly demonstrated.

As mentioned above, in Fig. S2 the differential capacity of
the galvanostatic charge/discharge curves have been plotted
corresponding to the 185th cycle for both PGe-anodes after the
rate capability and long cycling tests. Analogously to the CV
tests, it is possible to observe the same shapes for both PGe on
Mo and PGe on SS electrodes. They also present a great stability
even after being tested at high current regimes, as in the case of
the rate capability experiments.

VI. CONCLUSION AND OUTLOOK

With this work, we demonstrated the potential of nanostruc-
tured PGe electrodes for lithium-ion batteries. These electrodes
revealed a specific capacity over three times higher than stan-
dard graphite and an impressive stability over cycling. The
nanostructured PGe electrodes described here were also able to
retain their performance at a relatively high current. Moreover,
they were able to recover their original capacity after current
spikes up to 60 C. The excellent reliability and rate capability of
these electrodes can be ascribed to the nanostructure obtained
with the proposed fabrication process. The porous layer can
accomodate the expansion and contraction during lithiation and
de-lithiation. Additionally, the nanostructure allows an optimal
electrode-electrolyte contact, minimizing the rate limitations of
the electrodes.

Thanks to its high and stable capacity, this type of electrodes
could also be used in solid-state battery applications where the
parasitic reactions are suppressed, theoretically improving even
more the GeP electrode performances [27].
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In conclusion, this work is a step in the research to achieve
the practical viability of Ge in lithium-ion cells, proving that
a cheap and industrially-oriented material like SS can be used
in place of Mo as a substrate with only minimal performance
costs. The reason between the slight performance difference
between Ge electrodes supported on Mo and SS is currently
under investigation.
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