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cial Li-oxide formation on
germanium and silicon anodes revealed by time-
resolved microgravimetry†

KeWang, a Yug Joshi, *abc Tobias Kohler,a Monica Mead a and Guido Schmitz*a

Germanium has received recent attention as a promising candidate for the next generation of Li-ion anodes

due to its high capacity, higher conductivity, and faster lithium-ion diffusivity relative to silicon. However,

the uncertainty in the Li-storage mechanism and the formation of a solid electrolyte interface (SEI) has

hampered its further development. Herein, operando microgravimetry on the Ge electrode has been

conducted to determine the SEI mass (irreversibly deposited) and to distinguish it from the reversibly

cycled species, and their individual contributions to the total capacity. From the obtained time-resolved

mass spectra, determined by correlating gravimetry and charge flux, Li2O along with Li is identified as

a reversibly cycled species, contributing significantly to the electrochemical capacity. The amount of this

cycled Li2O depends on (i) the cycling rate and (ii) the thickness of the anode. Interestingly, the amount

of Li2O decreases if pronounced anode cracking appears. A direct comparison between Si and Ge

indicates that the amount of the reversible Li2O is predominantly controlled by the diffusivity of lithium

into the electrodes. The study provides a general mechanism for balancing the interfacial and bulk

storage of Li in the form of an oxide or by alloying, respectively.
1 Introduction

Commercial lithium-ion batteries (LIB) are efficient devices of
energy storage that are being used for various applications.1–3

However, with the demand for higher gravimetric capacity of
LIBs, the commercialized graphite anode would have to be
replaced due to its relatively low theoretical capacity
(372 mA h g−1).4 Other group IV elements, such as silicon,
germanium, and tin have attracted considerable attention in
recent years, because of their high theoretical capacity
(4200 mA h g−1 for Si, 1640 mA h g−1 for Ge, and 990 mA h g−1

for Sn) and low working voltages. However, huge volume
expansion caused by the formation of the Li4.4X (X = Si, Ge, and
Sn) intermetallic phase, leads to the fracture of the electrode
and the continuous formation of SEI during cycling. This
decreases the mechanical/chemical stability of the electrode
and results in a continuous capacity fade.5 In comparison to
silicon, which is the most probable candidate to replace
graphite (by incorporating various modications such as
ials Science, Chair of Materials Physics,

ermany. E-mail: Yug.Joshi@mp.imw.

ni-stuttgart.de

for Applied Materials – Energy Storage

6344 Eggenstein-Leopoldshafen, Germany

GmbH, Max-Planck-Straße 1, 40237

tion (ESI) available. See DOI:

610–4622
surface treatments6 and interfacial engineering7), Ge has faster
lithiation diffusivity and higher electronic conductivity, around
400 times and 5000 times those of Si, respectively.8 Thus, it is
suggested to understand the cycling process of Ge anodes to
further optimize its electrochemical performance.

Generally, the reactions in a lithium-ion battery can be
classied into reversible and irreversible ones. For the irre-
versible reactions: if the electrochemical potential for lithium
insertion in the anode is lower than the reduction potential of
the electrolyte, the electrolyte is reduced to form an SEI layer
during cycling down to the insertion potential of the anode.
This is a self-limiting process as the formed SEI layer (elec-
tronically insulating) will drop the potential at the contact
surface to the electrolyte and will prevent further degradation of
the electrolyte.9–11 Moreover, there might be other kinds of
irreversible reactions derived from the instability of the elec-
trodes, as known for example, the oxidization of Sn,12,13 the
oxygen removal from the electrode,14 and the Co dissolution
from LiCoO2 (ref. 15) or Mn from LiMn2O4. For the reversible
reactions: Naturally, the most important reversible process is
the insertion and extraction of lithium. However, there might be
also other reversible reactions occurring at the interface of the
electrode, like the Li2O formed at the surface of Si16,17 and/or the
reversible reduction of Li2CO3 in the presence of Co nano-
particles.18 Besides, it is worth noting that the conversion of
some metal oxides (e.g. SnO2 (ref. 19)) into metal elements is
also reversible during charge and discharge.
This journal is © The Royal Society of Chemistry 2024
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In this work, microgravimetry with a Quartz Crystal Micro-
balance (QCM) is applied to probe the reversible and irrevers-
ible reactions in Ge and Si anodes. The QCM is an emerging tool
for probing the long-term evolution of SEI. It is a non-
destructive-electrode characterization20 technique that can
precisely detect the loading/unloading of mass on the electrode
in operando conditions. The instrument reads out the change of
the oscillating frequency of the quartz crystal which is inher-
ently related to the thickness or the mass of the electrode
according to the well-known Sauerbrey equation.21 The sensitive
detection of the frequency change upon de-/lithiation allows
a precise measurement within the range of nanograms per
square centimeter.22 Combining the mass change detected by
QCM and the charge transfer, evaluated by the current response
during an electrochemical reaction, the mass per charge
accumulated/depleted within a small time interval can be ob-
tained.23 This can be used to investigate the mass and compo-
sition of the SEI and that of the reversibly inserted/extracted
species.

Herein, QCM and cyclic voltammetry (CV) were combined to
investigate the irreversible SEI formation (mass) and the
reversibly cycled species with thin lm germanium (d # 100
nm) electrodes under operando conditions (see Fig. 1a for
a scheme of the experimental setup). The binder-free and dense
Fig. 1 (a) Schematic of the electrochemical cell for operandoQCM-CVm
of a 100 nmGe film at a scan rate of 0.5mV s−1 in the potential windowof
cycling are presented in (d) and (e), respectively. TEM cross section image
protecting Pt were deposited during FIB preparation by two different met
additional images in Fig. S1 in the ESI.†)

This journal is © The Royal Society of Chemistry 2024
thin-lm electrodes were deposited by ion-beam sputtering on
copper-coated single crystalline AT-cut quartz crystals. The
sputter deposition allows the preparation of a reliably
controlled sample thickness with negligible surface roughness.
The “pure” Ge electrode excludes potential side reactions
derived from the decomposition of the binder or conductive
additives like carbon-black/graphite. Also, the compact lm
morphology prevents any direct contact of the electrolyte with
the current collector. So, it enables a quantitative and reliable
investigation of the intrinsic behavior of Ge with regard to the
SEI formation and lithium de-/alloying.

From the current investigations, it is reported herein that Ge
anodes show, in addition to Li ions, a reversible processing of
another molecule which, based on its mass, is most probably
identied as Li2O. The reversible formation and dissolution of
Li2O contributes to the extra capacity of Ge. A similar effect is
observed at Si electrodes.16 In direct comparison to Si, the
amount of formed Li2O appears to depend predominately on
the different diffusivity of lithium inside the electrodes, while
different onset potentials of Lithium insertion have a lesser
inuence. This observation brings in a new variable to control
the amount of reversible Li2O, which will potentially help in
a better microstructural design of electrode materials. The
discovered mechanism of Li2O formation, driven by the kinetic
easurement, (b) exemplary CV curves and (c) electrochemical capacity
0.1–1.5 V. The SEM images of the 100 nmGe electrode before and after
of: (f) as-deposited Ge thin film and (g) after 100 cycles. Two layers of

hods, electron and ion cracking of metal–organic precursors. (See also

J. Mater. Chem. A, 2024, 12, 4610–4622 | 4611
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over-potential, can be presumably directly translated to bulk
powdered electrodes as the size of the powdered particles is
usually more than 100 nm, hence the kinetic over-potential will
be even larger in comparison to the presented study.

2 Experiment
2.1 Thin lm deposition

Germanium (Ge) and copper (Cu) thin lms were deposited via
a custom-made ion-beam sputtering system equipped with
a 3 cm beam diameter Kaufmann type ion-source (Veeco Inc.).
The base pressure prior to deposition was 1 × 10−7 mbar.
During the sputtering, 30 sccm argon (99.999%) was used as
process gas resulting in a working pressure of 2 × 10−4 mbar.
The applied beam voltage and current were adjusted to 600 V
and 20 mA, respectively. This resulted in a moderately fast
growth rate (8.4 nm min−1 for Cu and 10.2 nm min−1 for Ge).
For operando QCM and CV measurement, a gold-coated 5 MHz
quartz sensor (delivered from Renlux Crystal) was used as the
substrate. 100 nm of copper, serving as the current collector,
was directly deposited upon this QCM sensor. Next, a Ge thin-
lm of two different thicknesses (20 nm or 100 nm) was
deposited. During sputter deposition, the thickness of the
coating was recorded and controlled by another quartz crystal
microbalance located close to the substrates. The nal thick-
ness and the microstructure of the deposited layers were further
determined by Transmission Electron Microscopy (TEM). For
comparison, a few Si lms were produced with the same
methods.

2.2 In-operando mass change during charging and
discharging

Operando measurement of mass change during cycling was
carried out by a quartz crystal microbalance (Maxtex RQCM).
Simultaneously, CV measurements were performed using
a BioLogic VSP-300 potentiostat at a scan rate of 0.5 mV s−1

(unless otherwise mentioned) in different potential windows to
charge and discharge the electrode. A custom-made cell was
used,12 the schematic of the measurement setup is shown in
Fig. 1a. The QCM sensor, coated with Cu (as a current collector)
and Ge, served as a working electrode, and lithium foils worked
as counter and reference electrodes. Hence, all the potentials
are stated with respect to lithium. A mixture of 50 wt% ethylene
carbonate (EC, alpha Aesar, 99%), 50 wt% dimethyl carbonates
(DMC, sigma Aldrich, 99%), containing 1 mol L−1 lithium
perchlorate (LiClO4, sigma Aldrich, 99.99%) was used as elec-
trolyte. To prevent contamination by air and humidity, both the
assembly and the operando QCM-CV measurements were
executed inside a glovebox (O2 and H2O content < 0.5 ppm). To
stabilize the signal, an open circuit relaxation was carried out
for 24 h before cycling.

2.3 Characterization

Before any structural or chemical characterization, the elec-
trodes were cleaned with DMC three times to remove the
residual electrolyte. XPS was performed to characterize
4612 | J. Mater. Chem. A, 2024, 12, 4610–4622
chemical modications. For this, a spectrometer from Thermo
Fischer Scientic Inc. was used, equipped with an Al Ka X-ray
source emitting radiation with an energy of 1486.4 eV. The
surface morphology of the electrodes was characterized by
Scanning Electron Microscopy (SEM) operated at 5 kV and 1.6
nA. The microstructure of the electrode was characterized by
Transmission ElectronMicroscopy (TEM) with a Philips CM200-
FEG instrument operated at 200 kV. Required electron trans-
parent TEM lamella were prepared by the standard FIB li-out
technique using a Thermo Fischer SCIOS Dual-beam
microscope.24
2.4 Data analysis

2.4.1 QCM mass change. QCM mass change (DmQCM) was
calculated by the change in the resonance frequency of the
quartz crystal upon loading/unloading according to the well-
known Sauerbrey equation (eqn (1))21

DmQCM ¼ �
ffiffiffiffiffiffiffiffiffiffiffi
r� u

p
2n� f 2

� Df ¼ �Df � Cf
�1 (1)

where Df is the change of the resonance frequency, f is the
fundamental resonance frequency (5 MHz), r (2.65 g cm−3) is
the density of the quartz, u represents the shear modulus of the
quartz and n is the overtone order (here, it is 1). Cf is a calibrated
sensitivity factor (1.767 × 10−8 Hz ng−1 cm−2) of the used QCM
sensor.

2.4.2 Capacity and the amount of mass change estimated
from CV. The volumetric capacity (Cvol) was calculated by inte-
grating the current with time per unit volume of the electrode,
see eqn (2).

Cvol ¼ DQ

V
¼ 1

V

ð
Idt; (2)

The volume of the electrode (V) was determined as the area of
the thin-lm electrode immersed in the electrolyte times its
thickness, while DQ denotes the total charge transferred in
a half-cycle.

The mass change during a half cycle can be estimated from
the number of transferred electrons (DmCV) as in eqn (3), under
the assumption that only single-charged Li ions are processed:

DmCV ¼ MLi � DQ

F
(3)

where MLi is the molar mass of Li and F Faraday's constant.
However, in fact, based on previous works,12,13,16,17 both Li and
Li2O (and potentially others) may act as reversible species. To
tackle this, a more general Mass Per Elementary charge (MPE or
Me)25 as dened in eqn (4) is used to distinguish the species
involved in the electrochemical reaction:

Me ¼ F � DmQCM

DQ
(4)

in which DmQCM and DQ denote the mass change (detected by
the QCM) and the charge processed during a short time interval
Dt, respectively. In work, this time interval Dt has been chosen
to be 13 s unless otherwise mentioned.
This journal is © The Royal Society of Chemistry 2024
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Assuming both Li and Li2O are simultaneously processed,
only an average MPE can be determined when using eqn (4).
This may be expressed by the weighted contributions of Li oxide
and Li ions:

Me ¼ A� MLi2O

2
þ ð1� AÞ �MLi (5)

Here, A denotes the number fraction of reversibly processed
LiO0.5 relative to the total number of processed elementary
charges. Rearranging eqn (5), this fraction is readily available
from the determined average MPE:

A ¼ Me �MLi

MLi2O

�
2�MLi

(6)

Knowing A, the absolute mass of transferred Li2O is given by

DmLi2O ¼ A

2
� DQ

F
MLi2O (7)

2.4.3 Mass spectrum. The species loaded/formed/alloyed
and unloaded/removed/dealloyed can be best characterized
via a mass spectrum. For this, MPE data are calculated by eqn
(4) for many short time intervals Dt and assorted into a histo-
gram with a class width of 0.5 g mol−1, where the x-axis repre-
sents the MPE, while the y-axis assigns the corresponding
abundance.12,13
3 Results and discussion
3.1 100 nm Ge lm cycled between 1.5–0.1 V vs. Li/Li+ at
0.5m V s−1

Fig. 1b shows the CV of 100 nm Ge cycled at a scan rate of
0.5 mV s−1 in a potential window of 0.1–1.5 V, where the 1st,
21st, 41st, 61st, and 81st cycles are selected to represent the
different stages of the battery “life”. At the initial stage (1st
cycle), the lithiation appears below 0.58 V, while the delithiation
peak is centered at 0.66 V. This matches well with previous
works.26 Interestingly, with progress in cycling, the peak of
delithiation shis “chaotically”, within a voltage range of about
0.25 V. This is likely due to random cracking and fracture of the
formed SEI which abruptly changes the conductive pathways
and hence the overpotentials driving the reaction. Initiation of
cracks exposes fresh Ge surfaces to the electrolyte and intro-
duces deep short-circuit transport paths into the lm that are
lled with liquid electrolyte. Thus, momentarily the ohmic
losses and the necessary overpotential become reduced. During
further cycling, fresh SEI closes these fast transport paths again
raising the overpotential to the previous level until further
cracks arise. This interpretation is strongly supported by the
behavior of thinner lms (presented later). Very thin lms
prevent the crack formation and consequently show a constant
position of the delithiation peak during all cycles.

As shown in Fig. 1c, the capacity steadily increases with
increasing cycle number until a cliff-drop at around 50th cycle.
In view of the big volume expansion caused by a huge theoretical
volumetric capacity (8630 mA h cm−3), the Ge anode is probably
This journal is © The Royal Society of Chemistry 2024
majorly fractured at around the 50th cycle. This conclusion is
also supported by a severely reduced efficiency aer the 55th
cycle (see ESI, Fig. S1(c)†). By cracking, the fresh electrode
surface is being exposed to the electrolyte, which leads to further
decomposition of the electrolyte and SEI formation. To visualize
the rupture of the Ge thin-lm anode, SEM micrographs of the
electrode before cycling (Fig. 1d) and aer 100 cycles were
captured and shown in Fig. 1e. The SEM surface image shows
that the as-deposited Ge thin-lm (Fig. 1d) has a smooth surface
without any features, which is further proved by the TEM cross-
sectional micrograph shown in Fig. 1f. The as-deposited layer
appears to be amorphous without any crystallographic features
like grains or grain boundaries. In contrast to previous work on
Sn lms,12,13 the amorphous growth is probably linked to the
higher recrystallization temperature of Ge. However, aer 100
cycles, many cracks have appeared at the surface of Ge (Fig. 1e)
leading to island-like structures (of 3–6 mm size) which are evenly
distributed throughout the electrode. Moreover, the micro-
structure of the unbroken parts (marked by the red cycle area)
was investigated in TEM cross-sections. As shown in Fig. 1g, the
thin-lm electrode appears completely fragmented to particles
that are heterogeneously embedded in the SEI. Considering that
the total thickness of Ge and SEI combined is 157± 12 nm, while
the thickness of the Ge has been 100 nm before cycling, the
effective thickness of SEI amounts to 57 ± 12 nm.

To further characterize the SEI formation and cycling
behavior, the mass change has been measured during electro-
chemical operation by QCM as shown in Fig. 2a. A point to note,
the graph is labelled as 100Ge-0.1, signifying 100 nm thick Ge
lm cycled down to 0.1 V vs. Li/Li+; a similar notation is followed
throughout the remainder manuscript. The trend line averaging
the mass oscillations indicates the irreversible mass deposition,
which must be attributed to the SEI formation, while the
amplitude of the characteristic periodic oscillations, shown in
the inset of Fig. 2a, represents the reversible mass change of
lithiation and delithiation. Quantitatively, the big irreversible
mass change (2.69 mg, or specically 8.11 mg cm−2) of the rst
cycle is attributed to the initial SEI formation derived from the
reduction of the electrolyte.

As shown in Fig. 2a, aer the initial SEI formation, the trend
line of the mass remains almost constant until a rapid increase
sets in at around the 45th cycle (aer the red dashed line in
Fig. 2a). As reported in previous work,16 such a sharp increase is
most likely attributed to the onset of pronounced electrode
cracking which leads to the accelerated decomposition of the
electrolyte and formation of new SEI. This interpretation is
corroborated by the simultaneous (aer about the 45th cycle)
reduction of capacity and efficiency presented before and the
SEM and TEM images aer 100 cycles (see Fig. 1e and g).

To investigate the species involved in the SEI formation
during the rst cycle, the MPE determined for many short time
intervals is plotted versus time in Fig. 2b and, alternatively its
integral versus processed charge in Fig. 2c. The signal of the
individual MPE values becomes very noisy at the beginning and
the ending of the cycle so that only lithiation and delithiation
are clearly identied by the mass of±7 g mol−1. However, in the
time-integrated data of Fig. 2c the noise is largely suppressed,
J. Mater. Chem. A, 2024, 12, 4610–4622 | 4613
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Fig. 2 (a) The mass change of a 100 nmGe cycled between 0.1 and 1.5 V as measured by QCM, (b) the real-time MPE and (c) the integrated MPE
of the 1st cycle (quantitative numbers in gmol−1), (d) themass spectrumobtained between the 1st to 40th cycles, (e) the real-timeMPE curve and
(f) the integrated MPE curve of the 10th cycle.
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so that the slope of the graph can identify several dominating
masses. At the initial stage of the rst cycle (1.4–0.8 V), the MPE
value of 81 g mol−1 (yellow line in Fig. 2c) is well understood by
the decomposition products of solvents. E.g. from the reduction
of EC (C4H4O6Li2) we can expect anMPE= 80.9 gmol−1, see eqn
(8.1), and from the reduction of DMC (C2H3O3Li) with an MPE
of 81.9 g mol−1, see eqn (8.2).27 The MPE value of 69.9 g mol−1

(green line) is probably attributed to a superposition of heavier
and lighter decomposition products of DMC (eqn (8.2) and
(8.3)28) which are adsorbed simultaneously.

(8.1)

(8.2)
4614 | J. Mater. Chem. A, 2024, 12, 4610–4622
(8.3)

Later during this cycle, in the potential range of 0.48–0.41 V,
the rather low average MPE value of 11.5 g mol−1 (red solid line)
indicates the formation of lighter inorganic species, such as Li2O
(14.9 g mol−1), LiOH (23.9 g mol−1) or Li2CO3 (36.9 g mol−1)
superposed with the simultaneous insertion of Li (MPE = 6.9 g
mol−1), since lithiation into Ge sets in at already 0.5 V. Finally,
the MPE value decreases close to 7 g mol−1 (blue dashed-dotted
line) which demonstrates almost exclusive lithiation.

Aer the onset of major mechanical failure, the cycling
behavior of the electrode appears too complex for a detailed QCM
analysis. Thus, in the following, we restrict to the stable stage
before the 45th cycle. Fig. 2d shows the MPE mass spectrum
collected from 1st to 40th cycle. There are two peaks located at 7 g
mol−1 and −6.5 g mol−1, clearly representing the lithiation and
delithiation, respectively. Strikingly, both peaks reveal an addi-
tional tail ranging from about 10 g mol−1 to 20 g mol−1 (positive
and negative values represent mass loading and unloading,
respectively). These tails indicate that some species heavier than
Li are reversibly processed. As suggested in previous similar work
on Si,16 such tails are probably related to a predominant species
with an MPE of 15 g mol−1. In order to prove this suggestion for
This journal is © The Royal Society of Chemistry 2024
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Ge and locate the relevant voltage range of formation, the MPE-
based curves of the exemplary 10th cycle are shown in Fig. 2e
and f. Indeed, the integrated MPE (Fig. 2f), which suppresses
noise, clearly identies beside the expected mass of Li (z7 g
mol−1), the additional mass changes of +15.4 g mol−1 (lithiation
half cycle) and −15.1 g mol−1 (delithiation half cycle) at the
beginning of the half cycles. Further similar data obtained for
different cycle numbers are shown in the ESI Fig. S2.†

Table 1 presents various known candidates of molecules that
could be potentially formed, the designated value close to 15 g
mol−1 per charge only matches to Li2O (14.9 g mol−1). Similar to
the observation with Si,16 we see that the additional mass of
Li2O is adsorbed before major lithiation (at 1.15–0.56 V) and,
remarkably, also desorbed before major delithiation, in the
potential range of 0.28–0.42 V.

Clearly, it has to be noted that the identication of Li2O is here
achieved only by using the exclusion principle among various
options. Furthermore, the QCM only identies the additionally
loaded mass. Thus strictly, we cannot exclude that instead of
Li2O, a more complex oxide in combination with Ge is formed, of
which however the mass of Ge or possible other species that
might be already deposited on the electrode cannot be detected.
However further conrmation for Li2O as the relevant species is
obtained by XPS. Ex situ XPS measurements of 100 nm Ge were
obtained aer cycling to different end voltages. Quantitative
results are shown in the ESI, Fig. S3.† Two samples are compared:
sample 1 experienced one complete cycle and subsequent lith-
iation to 0.45 V vs. Li/Li+, while sample 2 just experienced one
complete cycle. Thus, the extra signal of sample 1 must stem
from the additional adsorbed reversible species. As shown in
Fig. S3(b),† the Li2O signals at 55.1 eV (Li 1s), evenmore the clear
shoulder at 528.3 eV (O 1s) (Fig. S3(c)†) prove that the additional
reversible species is indeed Li2O. Furthermore, correlating the
signals of Ge2+ and Ge4+ shown in Fig. S3(d) and (d0)† with that of
O 1s shows that this Li2O must be located close to the Ge thin
lm as it is signicantly affecting the oxidation state of Ge.
3.2 Inuence of the voltage range of cycling

Due to the rather limited mechanical stability of the electrode
reported above (only up to 45 cycles could be reliably
Table 1 Typical components expected in the SEI of LIBs

Molecule
Molar mass
[g mol−1] MPE

Density
[g cm−3] Ref.

Li2O 29.9 14.45 2.01 29
C2H3O 43 21.5 30
LiCl 42.4 42.4 2.07 29
Li2C2 37.9 18.95 1.3 29
CH3OLi 37.9 37.9 28
LiC2H3O2 65.9 32.95 31
Li2CO3 73.9 36.95 2.11 32
LiOCO2CH3 (LMC) 81.9 81.9 27
Li(CH2)2OCO2Li 101.9 50.95 17
(CH2OCO2Li)2
(LEDC)

161.8 80.9 27

((CH2)2CO2OLi)2 189.9 94.95 17

This journal is © The Royal Society of Chemistry 2024
processed), attempts were made to stabilize the electrode.
Limiting the amount of inserted lithium is an effective way to
reduce the volume expansion of the electrode. Consequently, we
reduced the working potential window to 0.3–1.5 V. As shown in
Fig. 3a, in direct comparison to the previous experiment, the
amplitude of the periodic QCM oscillations decreases and the
irreversible mass change becomes more stable (only a tiny
increase in the last ve cycles) pointing out signicantly less
cracking when using the smaller voltage window. As shown in
Fig. 3b, the SEM micrograph reveals only local ruptures instead
of the completely damaged surface observed previously.
Furthermore, the microstructure of the electrode (marked by
red cycle area) was investigated by analyzing the cross-section of
the electrode by TEM (see ESI, Fig. S4†). Aer 100 cycles, the Ge
thin-lm is well intact. SEI formation happened only at the
surface and did not destroy the morphology of the electrode.
Still, the thickness of the formed SEI appears inhomogeneous.
The thickness of the continuous SEI amounts to 15.2 ± 2.4 nm.

In order to further explore the cycling behavior of the Ge
anodes and to quantify the relative contributions of processed
species, the amplitudes of the periodic oscillations in the QCM
mass may be compared to those expected from the electrical
signals, see Fig. 3c and d. The processed masses in each half
cycle were strictly calculated from the QCM data as the absolute
difference between the ending mass of a half cycle and its
starting mass (black curve), while the CV mass oscillations
(green curve) were calculated from the processed charge in each
half cycle under the assumption that only Li-ions are reversibly
processed (eqn (3)). For exclusive lithium insertion, both masses
should be identical, meaning the ratio between both curves
should be one. In contrast, the experimental data (see light blue
line) reveal that the QCM mass oscillations are signicantly
larger than the CVmass oscillations, especially at the early stages
of cycling. Thus, together with Li, a signicant proportion of
Li2O is reversibly processed and this proportion slowly varies
with the cycle number. This could be due to a variation in the
amount of adsorbed Li2O or in the amount of inserted Li (or
both). Based on Fig. 3c and d and eqn (6) and (7), the total
amounts of reversible Li2O were calculated as shown in Fig. 3e.

For both sampling windows, the amount of reversible Li2O
decreases during longer cycling. Remarkably, in the case of the
larger voltage window (1.5–0.1 V) with signicantly stronger
cracking, this decrease is much more pronounced. This will be
further discussed in the subsequent sections. The amounts of
reversible processed Li and Li2O are shown in Fig. 3f for both
tested voltage windows (for the 10th cycle). As discussed above
(Fig. 2c and d), Li2O is predominantly formed in the voltage
range from 1.15 to 0.56 V. This lies fully within both processed
potential windows. Consequently, the amount of reversible Li2O
is almost not affected by shiing the lower boundary of
potential window. But it makes a signicant difference to the
amount of alloying with Li, since this appears only below 0.5 V.
3.3 Inuence of electrode thickness

In order to clarify major factors that control the amount of the
reversibly processed Li2O, the thickness of the lm was reduced
J. Mater. Chem. A, 2024, 12, 4610–4622 | 4615
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Fig. 3 (a) The QCMmass change of 100Ge-0.1 (grey) and 100Ge-0.3 (purple); (b) the SEM of the surface of 100Ge-0.3 after 100 cycles (see also
Fig. S4(a) in ESI† for the raw image); the amplitude of the reversible QCMmass change (black), the CVmass change (green) and the ratio between
both (light blue, note different y-axes) in the case of (c) 100Ge-0.1 and (d) 100Ge-0.3, (e) the mass of reversibly processed Li2O on 100Ge-0.1
(grey) and 100Ge-0.3 (purple) versus the cycle number, (f) the amount of reversibly processed Li and Li0.5O at the 10th cycle of 100Ge-0.1 and
100Ge-0.3.
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to 20 nm. Reducing in this way the diffusion length of alloyed
Li, the kinetic overpotential is also expected to be reduced. Also,
the risk of a mechanical failure should be signicantly less. As
shown in Fig. 4a, in contrast to 100Ge-0.3 and 100Ge-0.1, the
sample 20Ge-0.3 exhibits a highly stable capacity of 3750 mA h
cm−3 (except for a slight capacity fade in the initial cycles), and
the coulombic efficiency aer 100 cycles stays way above 90%.
This clearly demonstrates that indeed Ge can be used as a reli-
able anode material, although it would be stable only in a nano-
structured morphology. In addition to the data shown in Fig. 4,
the ESI (see Fig. S5†) also presents the cyclic voltammetry of
different cycles. Except the rst cycle that show signicant effect
of initial SEI formation, the remaining current voltage curves of
the CV cycles are highly stable showing no variation among
different cycles. This corroborates our earlier statement that
without cracking stable CV cycles are achieved with well-xed
peak positions. As shown in Fig. 4b, the QCM mass of 20Ge-
0.3 still shows an irreversible increase, however, predomi-
nantly at the very beginning, attributed to SEI mass (see black
curve). In subsequent cycles, however, the QCM mass data of
20Ge-0.3 shows a way more constant baseline when compared
to the thicker Ge lm. The total irreversible mass uptake aer
100 cycles amounts to 29.57 mg cm−2. Fig. 4c shows the SEM
micrograph of the surface aer 100 cycles and Fig. 4d a TEM
cross section micrograph. Both micrographs prove that no
cracking appears in case of the 20 nm Ge lm. The average SEI
thickness on 20Ge-0.3 amounts aer 100 cycles to 21.5 ±
4616 | J. Mater. Chem. A, 2024, 12, 4610–4622
7.55 nm. As shown in Fig. 4e, also the stable amplitudes of the
periodic oscillations of QCM and CV mass demonstrate that all
reactions aer the initial SEI formation are practically revers-
ible. When comparing QCM and CV mass amplitude quantita-
tively, the relative contribution of reversible Li2O amounts to
only ca. 4%, way less than in the two examples of thicker lms
before. Remarkably, no variation is seen over 100 cycles, which
leads us to the conclusion that the decrease of the Li2O
contribution with progress in cycling that we previously
demonstrated for the thicker Ge lms must be probably
attributed to irregular cracking.

The dependency of the amount of reversible Li2O on the
thickness of the studied Ge lms is presented in Fig. 4f. Clearly,
the amount of Li2O increases with increase of the layer thick-
ness. The same is observed for Li alloying. However, it must be
pointed out that the amount of Li alloying is naturally expected
to be proportional to the bulk volume and thus to the lm
thickness. But Li2O formation as a surface reaction is at rst
hand expected to be independent of the thickness. Thus, the
nevertheless observed thickness dependence needs a valid
explanation (see later mechanism of reversible Li2O formation).

3.4 Dependence on the scanning rate

Finally, we need to check the effect of the scanning rate on the
contribution of the reversibly processed Li2O. As shown in
Fig. 5a, a 20 nm Ge was cycled at different scan rates in the xed
potential window of 0.3–1.5 V. The Ge anode exhibits similar
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The cycling capacity (a) and mass change (b) of 20Ge-0.3 (turquoise) and 100Ge-0.3 (purple) in comparison. SEM surface image (c) and
TEM cross section (d) of 20Ge-0.3 after cycling. (e) The amplitude of the QCM mass change (black), the CV mass change (green) and the ratio
between both (light blue) for the 20 nmGe and (f) the absolute amounts of processed Li and Li2O in the 20th cycle of 20Ge-0.3 and 100Ge-0.3 in
direct comparison.
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redox behavior at all scan rates. But, according to the Butler–
Volmer equation, the overpotential to drive the ions into the
electrode increases with the current density. Thus, with the
increasing rate, the de-lithiation peak shis towards higher
voltages. Correspondingly, the electrochemical capacity reduces
(quantitative data on capacity and peak shi are presented in
Fig. S6 of the ESI†). However, more important in this context is
the quantitative contribution of the Li2O. The ratio of Li2O/Li is
presented as a function of scan rate in Fig. 5c, whereas Fig. 5d
shows the respective absolute amounts at the different scan
rates. Obviously, the amount of alloyed Li signicantly
decreases when increasing the scan rate, while, remarkably, the
amount of reversible LiO0.5 remains almost constant (only a very
slight decrease). As shown in Fig. S6(b),† the faster the scan rate,
the lower is the potential at which adsorption of Li2O switches
to the insertion of Li, which is due to the fact that the over
potential increases with the current density or scan rate.
Fig. 5 (a) The CV curves, (b) themass change during CV cycling, (c) the
ratio of LiO0.5/Li, and (d) the absolute amounts of Li and LiO0.5 of
20Ge-0.3 cycled at different scan rates.
3.5 Silicon versus germanium

Aer the detailed investigation of the reversible Li2O forma-
tion on Ge anodes, it is naturally suggested to compare the
behavior of Ge to that of chemically similar Si electrodes. Si
electrodes have been fabricated and cycled under the same
conditions as the previously presented Ge lms. As an
example, the QCM and CV mass changes of 20Si-0.1 are
This journal is © The Royal Society of Chemistry 2024
presented in Fig. 6a and evaluated for the amount of reversible
Li2O as shown in Fig. 6b and S7.† Additional data of cyclic
voltammetry (capacity and efficiency) are presented in the ESI
(see Fig. S8†). As clearly demonstrated by Fig. 6b, Si shows
J. Mater. Chem. A, 2024, 12, 4610–4622 | 4617
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a signicantly larger (almost double) amount of reversible
Li2O than germanium.
3.6 Mechanism of reversible Li2O formation

The presented various experimental observations of the mass-
change during CV experiments demonstrate clearly that the
storage of Li by alloying of Ge and Si anodes is accompanied by
a reversible ad- and desorption of molecular species with
a characteristic mass per charge close to 15 u e−1. In view of
known small inorganic molecules (see Table 1) and conrma-
tion by XPS, the relevant reversible species is probably best
understood as Li2O. Since combination with existing compo-
nents of the electrode would not be visible as an additional
mass in the QCM data, more complex combinations of Li2O
with Si or Ge are also a possible interpretation.

The quantitative contribution of this additional reversible
species depends on various signicant factors. Our experiments
have shown that the absolute amount:

(i) Increases strongly with the thickness of the Ge or Si
anodes,

(ii) Increases only weakly with the decreasing scanning rate,
(iii) Decreases when pronounced cracking of the electrode

during cycling, and nally
(iv) It is signicantly larger in the case of Si than in case of Ge

electrodes at comparable scanning rate and electrode thickness.
To understand these experimentally observed dependencies

at least in a qualitative manner, we may start from our earlier
suggestion and interpret the formation of Li2O as a reaction at
the surface of the electrode derived from the reduction of the
electrolyte (see also ref. 16). Since we observed in the XPS data
the indication that the reversible product lies in contact to the
Ge, we consequently assume the Li2O as an additional thin
oxide layer between the SEI and the electrodes. Electrons are
needed to reduce the electrolyte and to form further oxide, the
nal thickness of the oxide layer is expected to be controlled by
the maximum available driving force that pushes electrons
Fig. 6 (a) Mass change as derived fromCV andQCMof 20 nm Si at a scan
Si are presented elsewhere.16 (b) The amount of reversible Li2O on 20 n

4618 | J. Mater. Chem. A, 2024, 12, 4610–4622
through the already formed oxide from the electrode to the
electrolyte side, meaning the voltage drop across the already
formed Li2O layer. Fig. 7a presents a principal sketch of this
arrangement, where the growing Li2O layer is shown in grey. As
indicated in the sketch, the voltage drop is essentially deter-
mined by a balance between the Butler–Volmer over-potential
(at the interface to the liquid electrolyte, increasing upon
increasing scan rate) that depresses the voltage at the le
boundary and the diffusional or kinetic over-potential appear-
ing at the electrode (increasing upon rate and upon thickness,
but decreasing with increasing diffusivity) that suppresses the
voltage at the right side of the oxide layer. Since the voltage drop
between the two sides of the oxide provides the driving force, an
increase of the B.V. overpotential decreases the driving force to
oxide formation, but an increase of the diffusion overpotential
increases the driving force.

Various voltage levels are indicated in the Fig. 7a. Obviously,
a larger electrode thickness at constant charging rate requires
the diffusional over-potential to increase proportional to the
thickness, but keeps the Butler–Volmer overpotential almost
constant (comparing DVGe, Slow, Thick (green) and DVGe, Slow

(blue)). In consequence, the voltage drop (DVGe, Slow, Thick

(green)) across the oxide increases substantially for a thicker
electrode. Thus, the thickness (or the amount) of the formed
oxide becomes large. By contrast, increasing the charging rate at
constant electrode thickness needs faster transport at the
Butler–Volmer interface as well as faster diffusion in the elec-
trode. Thus, both overpotentials increase simultaneously, but
they have opposite effects on the oxide growth. In consequence,
the dependence of the oxide thickness on the charging rate is
comparably weak (compare DVGe, Fast (red) andDVGe, Slow (blue)).

Cracks inherently reduce the length of the migration path-
ways for lithium by short-circuit transport (as the electrolyte can
easily penetrate into the cracks) which has the same effect as
reducing the thickness of the electrode. So, the more cracks, the
less is the formation of reversible oxide due to a reduction of the
rate of 0.5 mV s−1 in the potential window of 0.1–1.2 V. Further data on
m Si and 20 nm Ge in comparison.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Schematic of the voltage profiles established during lithiation: potential in the electrolyte (solid yellow), equilibrium potential of alloying
(solid black), the Butler–Volmer (B.V.) drop in fast (red dotted) and slow scanning (yellow dotted). The blue dashed line, the violet dotted line, the
green long-dashed line and the red dashed-dotted line represent the potential applied to the electrode in case of slow scanning in Ge, slow
scanning in Si, slow scanning in thick Ge electrode and fast scanning in Ge electrode, respectively. (b) Schematic representation of the effect of
the different lithiation potentials of Si (violet solid) and Ge (blue solid). When applying a voltage (black solid) in between these two insertion
potentials, competing lithiation can be expected for Ge, while in Si still exclusively oxidation can happen. (c, d) Schematic comparison for the
cases of lithiation (c) and delithiation (d): as the thickness of Li2O layer increases (DxLi2O), the net field i.e. gradient in potential decreases thereby
decelerating the further growth of Li2O during lithiation. The opposite situation during delithiation, i.e. the field responsible for the dissolution
only increases as the thickness of Li2O shrinks, the dissolution becomes accelerated during the process. Until all oxide has vanished. This further
explains the dissolution of Li2O is first and only followed by subsequent delithiation. In (c) and (d), points A andD represent the equilibrium voltage
or OCV, B is controlled by the B.V. overpotential, C represents the actually applied voltage.
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diffusional over-potential (compare blue short-dashed line and
green long-dashed line in Fig. 7a). This expectation matches
strikingly well with the observed stronger decrease of Li2O
formation during cycling in case of 100Ge-0.1 (strong cracking)
compared to 100Ge-0.3 (weak cracking).

The stated difference in the amount of produced Li2O in the
cases of Si or Ge must be attributed to the different thermody-
namic and/or kinetic properties of the anode materials. The
potentially interesting properties of Si and Ge are summarized
in Table 2. For the case of Si, we had already considered the poor
electronic conductivity in our prior study.16 Still, silicon has
a much lower ionic than electronic conductivity (see Table 2). In
view of this, we can safely say that it is the slow ionic migration
which controls the necessary transport over-potential. This has
also been shown similarly for other comparable electrode
materials.33,34 With regard to the data in Table 2, the same
argument holds even more so for Ge, as both its ionic and
electronic conductivities are orders of magnitude larger than in
Si, but the electronic even more so than the ionic.

Since Li diffusivity in Si is slower than in Ge, the diffusional
over-potential at the same lithiation rate must obviously be
higher and, therefore, the voltage drop across the Li2O layer is
This journal is © The Royal Society of Chemistry 2024
signicantly higher in the case of Si than in the case of Ge.
These voltage drops have been highlighted in Fig. 7a by purple-
dotted and blue short-dashed lines for Si and Ge, respectively,
indicating the necessary voltage to achieve the same state of
charge (neglecting thermodynamic dissimilarities). So, for the
same thickness, voltage range, and scanning rate, Si is naturally
expected to show a larger amount of Li2O formation, which
matches very well to the experimental ndings reported here.
The principal concentration proles leading to the potentials
shown in Fig. 7a are presented in Fig. S9 of the ESI.†

The different thermodynamic stability of the intermetallic
phases, meaning the different onset voltages of lithiation (for
the rst intermetallic phase Li1X1, where X is Si or Ge), which
are 0.55 V and 0.40 V vs. Li/Li+ for Ge and Si, respectively,35 may
lead to an additional contribution. As illustrated in Fig. 7b, only
if the applied voltage (black solid line) falls below the equilib-
rium lithiation potential, the alloying into the electrode can
start. This happens in Ge sooner than in silicon. In other words,
in the case of silicon, due to the lower onset potential for lith-
iation, the voltage range for exclusive Li2O formation is wider
than for Ge. Thus, thermodynamically as well, Si may be ex-
pected to produce more reversible Li2O than Ge. However, when
J. Mater. Chem. A, 2024, 12, 4610–4622 | 4619
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Table 2 Parameter comparison of Si and Ge35–38

Anode
Voltage vs. Li/Li+ to form
X1Li1 (V)

Li diffusion coefficient
at RT (cm2 s−1)

Ionic conductivity
(from diffusion coefficient)
(S cm−1)

Intrinsic electronic
resistivity (ohm cm)

Ge 0.55 6.14 × 10−12 1.84 × 10−6 47
Si 0.4 3 × 10−14 1.01 × 10−8 2.3 × 105
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estimating the diffusion over-potentials from the ionic
conductivities stated in Table 2, it is concluded that the kinetic
effect owing to the difference in diffusivities has a much larger
effect.

That far, we have discussed the formation of the Li2O layer
upon the electrode's surface before lithiation but also its
dissolution in the subsequent half cycle needs consideration.
According to the operando QCM data, this also happens inter-
estingly before delithiation (see Fig. 2f, dashed red line). Since
we justied before that the Li2O formation is controlled by the
potential difference between the electrode's surface and the B.V.
interface, the same argument must hold during delithiation as
well. Fig. 7c shows the postulated mechanism for the formation
of the Li2O during lithiation (as discussed above). At the
beginning of the cycle all potential points A to D are at the same
level (the open circuit voltage). First, the applied voltage is
lowered (point C) to drive ions into the electrode. As a conse-
quence of the developing ux, point B is lowered by the B.V.
drop. As soon as a negative voltage gradient is present across the
oxide, electrons will ow towards the electrolyte side, where
they induce fresh oxide (e.g. according to eqn (9) or (10a), see
below). During lithiation, the growing Li2O layer (DxLi2O in
Fig. 7c) reduces the gradient and hence further growth is
decelerated with time. During delithiation, however, the voltage
gradient is established in the opposite direction, driving elec-
trons into the electrode and thus dissolving the oxide at the
surface (e.g., as per eqn (9) or (10b)). Remarkably, in this case,
shrinkage of the oxide increases the gradient and thus even
accelerates the further dissolution, which explains why disso-
lution of the oxide is fast and can be almost completed before
major delithiation sets in.

From the presented experiments, the exact chemical reac-
tions leading to the formation of Li2O remain unclear. Pres-
ently, we may speculate the following possible options:

(i) Li2O formation/dissolution assisted by the decomposition
of anions of the lithium salt

ClO4
− + 2Li+ + 2e− # ClO3

− + Li2O (9)

(ii) Or decomposition of the solvent:

2EC + 2Li+ + 2e− / Li2O + 2C2H4 + 2CO2 +
1
2
O2 (Li2O

formation) (10a)

Li2O / 2Li+ + 2e− + 1
2
O2 (Li2O decomposition) (10b)

The existence of the second reaction of Li oxide formation,
according to eqn (10a), has been at least reported by Liu et al.27

However, since the gases formed therein will likely escape from
4620 | J. Mater. Chem. A, 2024, 12, 4610–4622
the electrolyte, the reversibility of the reaction (10a) is ques-
tionable. In this regard, only the rst reaction (eqn (9)) seems to
be a likely explanation, even though one could argue that the
amount of ClO3

− ions is signicantly less compared to ClO4
−

which hinders the reversion of eqn (9) in view of mass-action
law. Alternatively, we could imagine the dissolution via eqn
(10b), but thereby releasing oxygen. Although the reversibility of
the additional mass of 15 a.m.u per electron has been directly
proven in our experiments, a dissolution of the oxide exclusively
according to eqn (10b) is problematic from a thermodynamics
point of view. It would require a very high electrode potential of
2.91 V,39 way higher than observed in our experiments.

To further clarify the reaction, an in situ gas analysis would
be highly recommended. In the identication of the reaction
products also advanced TEM, possibly with cryo-preparation of
samples and electrochemical titration experiments (to maintain
equilibrium conditions), would be suggested to complement
these methods. Noteworthy, this reversible Li2O formation and
dissolution could be a mechanism for additionally stabilizing
nano-structured Ge electrodes. However, its exact impact on the
mechanical and chemical stability should be determined by
depositing an articial Li2O layer on different thickness of the
electrode. These more advanced experiments are currently
beyond the scope of this study but le for our future work.
4 Conclusion

In this paper, quartz crystal microbalance and cyclic voltam-
metry were combined to quantitatively investigate the SEI
formation and cycling behavior of Ge battery anodes and
compared with the behavior of Si.

(I) A 100 nm thick Ge anode layer undergoes severe cracking
upon lithiation down to 0.1 V vs. Li/Li+. However, cracking is
reduced by limiting the minimum voltage to 0.3 V. A 20 nm
thick layer experiences no cracking at all when cycled till 100
cycles.

(II) The SEI mass increases drastically upon cracking due to
exposure of fresh surface to the electrolyte. In this case, the
electrode is converted into a heterogeneous compound of Ge
particles and SEI.

(III) Evidenced by QCM mass spectrometry, a further redox
species of about 15 a.m.u per electron, probably Li2O, has been
identied as a reversible species aside Lithium which is formed/
removed during lithiation/delithiation of Ge anodes. The
conclusion for Li2O is further supported by XPS data. Its
quantitative amount is affected by (a) the thickness of the
electrode and (b) the scan rate of cycling and (c) the cracking
stability of the electrode. When varying these factors, the
This journal is © The Royal Society of Chemistry 2024
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observed trends are in a convincing qualitative agreement with
a proposed model based on the balance between Butler–Volmer
and diffusional overpotentials, which controls the electric
driving force to form the oxide layer.

(IV) A direct comparison of the amount of Li2O formed at the
surface of Si and Ge shows that formation of Li2O and the
insertion of Li are competitive reactions. The slower lithiation
of Si, caused by lower diffusivity in comparison to Ge, provokes
a larger amount of Li2O. In addition, the amount of the
reversible Li2O weekly depends on the different onset potentials
of lithiation in both electrode materials.

The study has clearly demonstrated the storage of the overall
charge either in the form of alloyed/intercalated species or as
a reversibly formed surface oxide layer. Their relative contri-
butions can be conveniently controlled by the microstructure
and the kinetics of lithium in the electrode.
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