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Abstract
Herein, we report the coating of nanostructured germanium using a polypyrrole (PPy) polymer
coat as a composite anode material for the fabrication of lithium-ion batteries. The Ge/PPy
composites were synthesized following the direct electrochemical deposition method in an
ionic liquid (IL). The results revealed that the coating of PPy on Ge helped realize stable battery
cycling and reversible capacities, which were not observed in uncoated Ge. The PPy layers
could effectively inhibit side reactions between the electrode and electrolyte. The
composition of the solid electrolyte interphase (SEI) formed after lithiation/delithiation cycles
were analyzed using the X-ray photoelectron spectroscopy (XPS). Compact SEI layers consisted
of decomposed TFSI− anion products such as LiF, Li2S, Li2NS2O4, and Li2CO3 at the Ge-PPy/IL
interphase. In contrast, thick SEI layers consisted of not only decomposed TFSI− anion and
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[Py1,4]+ cation products but also chemically or physically adsorbed IL compounds at the Ge/IL
interphase. In addition, the PPy coating could effectively inhibit Ge oxidation, resulting in
improved battery capacity.
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1. Introduction
Lithium-ion batteries (LIBs) are widely used in portable devices, electric vehicles, and grid-scale
stationary energy storage systems [1-3]. However, the low theoretical capacity of traditional
graphite anode limits its capacity [4]. Other group IV element-based anode materials, such as silicon
(Si) and germanium (Ge), exhibit significantly high lithium-ion storage capacities [5-6]. Therefore,
they are regarded as promising alternatives to commercial graphite anodes that are used for the
fabrication of LIBs. The capacity of Ge (theoretical capacity: 1384 mAh g-1) is less than the capacity
of Si (3579 mAh g-1). It is more expensive than Si [7-9]. However, Ge is still a promising anode
material for high-power LIBs, as its conductivity is 104 times higher than the capacity of Si. Li ions
diffuse 400 times faster in Ge than in Si at room temperature (~20 °C)[10-12].
A significant change in the volume of Ge during lithiation and delithiation has been observed,
and this results in severe pulverization [13]. The development of nanostructured Ge such as
nanoparticles, nanowires, and nanotubes could improve the battery performance as those
nanomaterials can adjust to the volume changes without significant loss of structural integrity [1420]. However, Ge nanomaterials tend to merge into micrometer-sized particles during the Li-ion
insertion/extraction processes [21]. Therefore, thin and robust solid electrolyte interphase (SEI)
layers are needed to stabilize the interphase [22]. However, it has been observed that the SEI layers
crack during cycling. The Ge anode gets exposed to the electrolyte, resulting in the growth of SEI
and oxidation of the anode material. This decreases the battery performance over time. It was
revealed that a stable SEI layer could be formed on graphite anodes using carbonate electrolytes
(such as ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC)). The
layer could not be formed on Ge anodes [23]. It has also been reported that fluoroethylene
carbonate (FEC) can effectively stabilize the Ge/electrolyte interphase and improve battery cycling
[9]. FEC is less susceptible to oxidation, and the reduction of FEC results in the generation of fluoride
ions and the formation of LiF, which in turn results in the formation of a relatively stable SEI layer
[24-25].
Recently, polypyrrole (PPy), such as SnO2-PPy [26], CoP3@PPy [27], and α-Fe2O3/PPy [28], have
been used as additives for the fabrication of anodes used in lithium-ion batteries to improve the
battery cycling performance. The introduction of conductive polymers on Ge was also reported to
be an effective method to stabilize the SEI layer as the polymer could buffer the volume changes
during the cycling process [4, 29-30]. Inspired by these findings, we have fabricated PPy-coated
nanostructured Ge composite electrodes.
The process of synthesis of nanostructured Ge is normally expensive and complicated, and this
limits the use of Ge-based electrodes. Therefore, the electrodeposition of Ge thin film has gained
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immense interest, as it is a low-cost method. Due to their limited electrochemical window, aqueous
solutions are not suitable for the realization of Ge electrodeposition [31]. The electrodeposition of
Ge thin film (from organic solutions) also showed low current efficiency, and this could be attributed
to the evolution of hydrogen during the deposition process [32-33]. To address the problem posed
by the evolution of hydrogen, ionic liquids (ILs) were used as solvents for Ge deposition.
We introduce the process of fabrication of PPy coated nanostructured Ge composite electrodes.
The fabrication process was realized following a simple two-step electrodeposition process in 1butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([Py1,4]TFSI) ionic liquid. The
obtained Ge-PPy composite electrode could be used as an anode material in fluorine-containing IL
electrolytes. The electrochemical performance and the composition of the Ge-PPy/IL electrolyte
interphase were investigated. The Ge/IL and the Ge/PVdF-HFP-IL polymer gel electrolyte
interphases, formed during lithiation/delithiation processes, were also studied.
2. Materials and Methods
2.1 Electrodeposition of Ge from an Ionic Liquid Electrolyte
The ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, [Py1,4] TFSI, was
purchased in its most pure form from Io-Li-Tec (Germany). It was used after drying under a vacuum
at 100 °C. The water content was reduced to < 2 ppm (Metrohm, Germany). GeCl4 (99.9%; 0.2 mol/L)
was purchased from Alfa Aesar. The electrochemical cell was made of Teflon and clamped over a
Teflon-covered Viton O-ring onto the substrate, yielding a geometric surface area of 0.3 cm2. The
Teflon cell and the O-ring were cleaned using a mixture of concentrated H2SO4 and H2O2 (35%)
(50:50, vol%). Subsequently, the sample was refluxed in distilled water. The working electrode in
the experiment was a copper plate. Prior to conducting the experiments, the copper plate was
cleaned using isopropanol and acetone to remove surface contaminants. Platinum wires were used
as the counter and quasi-reference electrodes. For germanium deposition, a constant potential
deposition method was conducted for 30 min in an argon-filled glove box. The water and oxygen
contents were < 2 ppm (OMNI-LAB from Vacuum Atmospheres). Following electrodeposition, the
residual ionic liquid in the cell was removed, and the electrodeposited germanium was cleaned
using the pure ionic liquid kept inside the glove box.
2.2 Germanium-Polypyrrole (PPy) Composite Anode
The PPy films were coated onto the electrodeposited Ge following the process of anodic
oxidation of pyrrole in the [Py1,4]TFSI electrolyte (concentration: 0.05 mol/L pyrrole/IL). To be
specific, a three-electrode cell was used to conduct the oxidation experiment. Cu, electrodeposited
with Ge, was used as the working electrode. Pt wires were used as reference and counter electrodes.
The PPy film was grown potentiostatically at 0.5 V vs. Pt for 30 min. Following the deposition process,
the PPy-coated Ge electrode was washed thrice with acetone.
2.3 Ionic Liquid-Polymer Gel Electrolyte
The ionic liquid electrolyte for the battery test was prepared by dissolving 1 mol/L of LiTFSI in
[Py1,4]TFSI. The polymer poly (vinylidenefluoride hexafluoropropylene) (PVdF-HFP) was dissolved in
acetone. The weight of the polymer was 7.5 wt.%. Subsequently, the ionic liquid was mixed with the
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PVdF-HFP/acetone solution and stirred magnetically over a period of 30 min. The weight ratio of the
ionic liquid electrolyte to PVdF-HFP was at 7:3. Thereafter, the solution was poured into a small
evaporation pan and dried at 60 °C in a vacuum for 4 h to allow the evaporation of acetone.
2.4 Assembling the Cell and Cell Characterization
The sandwich cell consisted of a metallic Li electrode, a glass fiber separator, and a Ge or a GePPy composite electrode. The mass loading corresponding to the active materials was ~5.2 mg/cm2.
The charge--discharge profiles were studied on a battery test instrument (Arbin BT2000, USA). The
electrochemical measurements were performed using a VersaStat II (Princeton Applied Research,
USA) potentiostat/galvanostat controlled by powerCV and power-step software. The obtained
deposits were characterized using the scanning electron microscopy (SEM, JSM 7610F, JEOL, Japan)
technique. The X-ray Photoelectron Spectroscopy (XPS) technique was used for sample analysis and
a Specs Phoibos 150 hemispherical analyzer equipped with a Specs XR50 M monochromatic Al Kα
source (1486.6 eV) with a base pressure of < 5 × 10−10 bar (SPECS, Germany) was used to conduct
the experiments.
3. Results
3.1 Synthesis and Characterization of the PPy Coated Ge
Figure 1a presents the results obtained using the cyclic voltammetry (CV) technique.
GeCl4/[Py1,4]TFSI (0.2 M) was used to study the Cu substrate in the cathodic regime at a scan rate of
10 mV/s. The electrode potential was scanned starting from the open circuit potential (OCP) in the
negative direction. The presence of two significantly intense reduction peaks was observed. The first
peak appearing at −1.7 V was attributed to the reduction of Ge(IV) to Ge(II), and the second peak at
−2.2 V was attributed to the reduction of Ge(II) to Ge(0) [12]. Chronoamperometry experiments
were performed to understand the reduction and growth mechanisms of Ge. The current density
vs. time profile recorded at a potential of −2.2 V (recorded over 30 min) is shown in Figure 1b. A
charged double-layer formed at the electrolyte/electrode interface in the presence of applied
voltage. The sudden increase in the current was attributed to the formation and growth of the nuclei
on the substrate. The nuclei continued to grow until the maximum current was attained [34, 35].
The concentration gradient resulted in a rapid decrease in the cathodic current density within a
short time. Subsequently, the current density became stable, and the growth of the Ge nuclei was
controlled via a diffusion process.
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Figure 1 a) Cyclic voltammetry measurements for 0.2 mol/L GeCl4/[Py1,4]TFSI on Cu. The
scan rate was 10 mV s−1, b) Chronoamperogram used to analyze 0.2 mol/L of
GeCl4/[Py1,4]TFSI (on Cu) at a potential of −2.2 V (time: 30 min).
The SEM images with different magnifications of the Ge deposits obtained by electrodeposition
at −2.2 V for 30 min are shown in Figures 2a and 2b. The diameters of the grains are in the range of
a few micrometers and form a more or less compact film. Figure 2b revealed that the pristine Ge
particle was with diameter approximately 300 nm and these particles clustered into large
agglomerates. The Ge deposit was washed thrice with acetonitrile and transferred directly from the
glove-box to the XPS chamber. Contact with air was avoided. Analysis of the XPS survey spectral
profile revealed that only Ge was present on the surface, and oxidized products were absent. The
elemental Ge 2p 3/2 peak appeared at 1217.6 eV, which was typical for Ge (0). This indicated that
high-quality Ge was prepared.

Figure 2 a) and b) SEM images with different magnifications of the electrodeposited Ge
obtained at −2.2 V over a period of 30 min; c) XPS survey profiles recorded for the Ge
deposits.
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The morphological features of the PPy-coated Ge are presented in Figures 3a and 3b. Analysis of
the SEM image of the PPy coatings (Figure 3a) reveals the presence of micrometer-sized particles
that were uniformly distributed on the Ge surface. The surface morphology presented in Figure 3b
shows that the polypyrrole films consist of cauliflower-like structures. The EDX patterns in the inset
of Figure 3a present peaks corresponding to C, Ge, and Cu. The residual electrolyte on the surface
contributes to the generation of the Cl, F, S, and O peaks. The XPS results also show the presence of
residual ionic liquid. Analysis of the high-resolution N 1s spectral profile revealed that PPy was
successfully coated onto Ge. The XPS profile recorded for [Py1,4]TFSI shows the presence of two N
1s peaks. The one at the higher binding of 403.1 eV was attributed to the [Py1,4]+ cation, and the one
at a lower binding energy of 400 eV was assigned to the TFSI− anion [36]. The area ratio of the two
peaks should be roughly 1:1. In this case, the N 1s peak at 400 eV has a much higher integrated area
than that at 403.1 eV, suggesting that the N 1s of PPy contributes to the peaks at 400 eV.

Figure 3 a) and b) Morphologies of the PPy-coated Ge deposits; c) XPS survey profiles
and the detailed C 1s and N 1s profiles of the Ge-PPy composite.
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3.2 Electrochemical Performance of the Electrode
The electrochemical performances of Ge and Ge-PPy anodes for LIBs were subsequently
investigated by conducting lithiation and delithiation cycles using the cyclic voltammetry technique.
The cyclic voltammograms recorded for 1 mol/L LiTFSI-[Py1,4]TFSI on Ge and Ge-PPy substrates are
depicted in Figure 4. In both cases, the cyclic voltammograms recorded during the first cycle differ
from those recorded in subsequent cycles. In the first cycle, two reduction peaks at 1.75 V and 0.85
V were observed, which could be attributed to the formation of SEI. In the subsequent cycles, a
redox couple appeared at 0.45 V and 0.6 V, as indicated by the red arrow in Figure 4, and this could
be attributed to the intercalation of Li and the formation of the LixGe alloys.

Figure 4 a) Cyclic voltammetry cycles recorded for 1 mol/L LiTFSI-[Py1,4]TFSI on the
electrodeposited Ge and b) on the Ge-PPy composite electrode. The scan rate was 10
mV s−1.
Subsequently, galvanostatic charge-discharge cycles were performed at a current density of 0.15
A g−1. Figure 5 compares the first charge/discharge curves of 1 mol/L LiTFSI-[Py1,4]TFSI on the
electrodeposited Ge (Ge/IL), Ge-PPy composite electrode (Ge-PPy/IL), and Ge with IL-PVdF-HFP
polymer gel electrolyte (Ge/PVdF-IL). The specific capacities for lithiation were 1930 mAh g−1, 1330
mAh g−1, and 1040 mAh g−1, and the discharge capacities were 656 mAh g−1, 851 mAh g−1, and 665
mAh g−1, for Ge/IL, Ge-PPy/IL, and Ge/PVdF-IL, respectively. The Coulombic efficiencies recorded
during the first charge-discharge cycle were approximately 34%, 64%, 64%, respectively. The
irreversible capacity fading observed during the first cycle might be attributed to the irreversible Li
insertion process, decomposition of the electrolyte, and the formation of the SEI.
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Figure 5 First galvanostatic charge-discharge capacity for Ge/IL, Ge-PPy/IL, and
Ge/PVdF-IL at a current density 0.15 A g−1.
These cells were cycled at ~0.3 C to compare the electrochemical performances observed during
the charge-discharge cycles and study the process of SEI formation. The cell was first charged at a
low current to activate the cell and then cycled at 0.3 C. The charge-discharge capacity and
Coulombic efficiency of these cells are shown in Figure 6. In Figure 6a (red points), the initial
discharge capacity is 480 mAh g−1 for Ge/IL, and the capacity decreases significantly during the
subsequent cycles. After undergoing 13 discharge/charge cycles, the discharge capacity was
recorded to be 400 mAh g−1 and the Coulombic efficiency improved from 90% to 97.3%. The cell
maintained a discharge capacity of 266 mAh g−1 after 150 cycles. Figure 6a (black points) shows the
discharge capacity of Ge-PPy/IL, which reduced from 560 mAh g−1 to 440 mAh g−1 over the first 20
cycles. In addition, the Coulombic efficiency oscillated during the first 20 cycles, which might be
attributed to the formation of the unstable SEI. The PPy coating might have cracked, and fresh GexLi
or Ge phases could have been exposed to the electrolyte, which could have released Li or consumed
Li to form the SEI. The discharge capacity faded to 285 mAh g−1 after 150 cycles. The Ge/PVdF-IL cell
also exhibits a capacity fade, as shown in Figure 6a (blue points). The capacity gets reduced from
461 mAh g−1 to 200 mAh g−1 after 150 cycles. However, the Coulombic efficiency was quite stable at
~98%. It can be seen that Ge-PPy/IL has a higher discharge capacity than Ge/IL and the Ge/PVdF-IL
polymer gel electrolytes in the Li|Ge cells. However, the voltage profiles in Figures 6b, 6c, and 6d
do not present significant differences.
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Figure 6 a) Charge-discharge capacity and Coulombic efficiency of Ge/IL, Ge-PPy/IL, and
Ge/PVdF-IL at 0.3 C; Voltage profiles of b) Ge/IL, c) Ge-PPy/IL, and d) Ge/PVdF-IL,
respectively.
3.3 SEI Analysis
The X-ray photoelectron spectroscopy (XPS) technique was used to evaluate the interfacial
processes and the composition of the SEI after charge-discharge cycles. The survey spectral profiles
recorded for the Ge/IL interphase after ~150 cycles are presented in Figure 7. The surfaces were
etched under conditions of Ar sputtering to remove residual electrolytes. The XPS survey profiles
primarily reveal the presence of decomposed ionic liquids products. The detailed spectral profiles
of F 1s, N 1s, O 1s, C 1s, and S 2p were fitted to identify the components, and the results are shown
in Figure 8. The binding energies of the components were calibrated using the C 1s peak appearing
at 284.8 eV as a reference. Two F 1s peaks of significantly high intensity were observed in the
spectral profile presented in Figure 8. The peak appearing at the high binding energy of 690.0 eV
was assigned to the TFSI− anion, and the peak appearing at 686.5 eV was attributed to LiF. Three
nitrogen peaks were present at 403.8 eV, 400.9 eV, and 399.5 eV, which were attributed to the
[Py1,4]+ cation, TFSI− anion, and Li3N, respectively, were observed in the N 1s profile. The [Py1,4]+
cation might also be decomposed by Li to form pyridine. This could potentially result in the
generation of the N 1s peak at 400.9 eV. The O 1s profile presents a peak at 534.1 eV and a small
peak at 531.8 eV, which were assigned to the TFSI− anion, and Li2SO3, respectively. The
decomposition of the TFSI− anion results in the formation of SO2 [37]. In the C 1s regime, four peaks
were observed, which were attributed to the two CF3 groups of the TFSI− anion (294.2 eV), Chetero
(288 eV), Calkyl (286.6 eV), and adventitious carbon (284.8 eV). The peaks at 170.7 eV and 165.3 eV
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in the S 2p spectrum were assigned to the TFSI− anion, and Li2SO3, respectively. The peak
corresponding to Li 1s was weak, and this could be attributed to its relatively low sensitivity and the
fact that it was partially covered by the electrolyte. It can be concluded from the results that the SEI
of Ge/IL mainly consists of inorganic Li salts such as LiF, Li2SO3, Li3N, and adsorbed and decomposed
IL.

Figure 7 Survey spectral profiles recorded for the Ge/1 mol/L LiTFSI-[Py1,4]TFSI
interphase after 150 cycles (in the Li|Ge cell).

Figure 8 XPS profiles recorded for the F 1s, N 1s, O 1s, C 1s, and S 2p of the Ge (in 1 mol/L
LiTFSI-[Py1,4]TFSI electrolyte) interphase after 150 cycles (in the Li|Ge cell).
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Figure 9 and Figure 10 display the XPS profiles recorded for the Ge-PPy/IL interphase after ~150
charge/discharge cycles. The survey spectral profiles in Figure 9 show the presence of Ge 2p and Ge
3d peaks, indicating that the SEI of the Ge-PPy/IL interphase is more compact than that of the Ge/IL
interphase. The F 1s spectrum in Figure 10 reveals the presence of only one peak (at 686.0 eV). This
was assigned to LiF. At the cycled Ge/PPy surface, signals of carbonate species (likely to be Li2CO3)
were detected, as indicated by the O1s peak at 532 eV and C1s peak at 290.0 eV (not shown here).
The presence of small amounts of Li2O was indicated by the O 1s peak at 529.2 eV. The peaks at
169.9 eV and 162.5 eV in the S 2p regime can be attributed to Li2NS2O4 and Li2S, respectively.
Analysis of the Ge 3d spectral profile reveals that the Ge surface is partly oxidized. The peak at 31.8
eV was assigned to GeO, and the one at 29.4 eV was attributed to elemental Ge. The reactivity of Li
or the Ge/IL alloys (with the electrolyte) was largely suppressed by the PPy coatings. The SEI layer
was compact and primarily consisted of inorganic Li salts.

Figure 9 Survey spectral profiles recorded for the Ge-PPy/IL interphase after 150 cycles.
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Figure 10 XPS profiles recorded for F 1s, O 1s, S 2p, Li 1s, and Ge 3d of the Ge-PPy/1
mol/L LiTFSI-[Py1,4]TFSI interphase recorded after 150 cycles (in Li|Ge-PPy cell).
The XPS profiles recorded for the Ge/IL-PVdF polymer gel electrolyte interphase (in the Li|Ge cell)
recorded after ~150 charge/discharge cycles are shown in Figure 11 and Figure 12. The compositions
of the Ge/IL-PVdF polymer gel electrolyte interphase are quite similar to the compositions of the
Ge-PPy/IL interphase. The SEI was compact and consisted of the decomposed products of LiF, Li2S,
Li2CO3, and Li2NS2O4. However, the detected Ge 3d was completely oxidized, and this was validated
by the presence of only two peaks at 33.0 eV and 31.0 eV in the Ge 3d spectral profile. These peaks
were assigned to Ge2O and GeO, respectively. This can potentially explain why Ge/IL-PVdF exhibits
a reduced discharge capacity than Ge-PPy/IL.

Figure 11 Survey spectral profile recorded for the Ge/IL-PVdF polymer gel electrolyte
interphase after 150 cycles.
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Figure 12 XPS profiles recorded for F 1s, O 1s, C 1s, Ge 3d, and S 2p of the Ge/1 mol/L
LiTFSI-[Py1,4]TFSI electrolyte interphase after 150 cycles (in Li|Ge cell).
4. Conclusions
A composite Ge/polypyrrole (PPy) electrode was prepared for application in Li-ion batteries, and
the composition of the SEI layer after charge/discharge was analyzed using the XPS technique. Ge
particles (grain size: ~300 nm) were obtained following the process of electrodeposition using 0.2
mol/L of GeCl4/[Py1,4]TFSI. Polymerization was carried out using 0.05 mol/L of pyrrole/IL. The
charge/discharge cycles were performed in 1 mol/L of LiTFSI/[Py1,4]TFSI. The Ge-PPy composite
electrode in IL-based electrolyte showed an initial capacity of 560 mAh g-1, which was significantly
higher than that of Ge in IL electrolyte (400 mAh g-1) and that of Ge in the PVdF-IL polymer gel
electrolyte (461 mAh g-1). Although a significant extent of capacity fade can be observed in all Ge
electrodes and Ge-PPy composite electrodes during the cycling process, Ge-PPy exhibited the
maximum capacity retention of 285 mAh g-1 after 150 cycles. Meanwhile, the Ge-PPy composite
electrode exhibited a stable Coulombic efficiency at approximately 98%. The interphases of the
Ge/IL, Ge-PPy/IL, and Ge/Il-PVdF polymer gel electrolytes after 150 charge-discharge cycles were
analyzed using the XPS technique. The results indicated the presence of a thick SEI layer primarily
consisting of the decomposed TFSI- anion and absorbed IL present at the Ge/IL interphase. Compact
SEI layers made of inorganic Li salts such as LiF, Li2S, Li2SO3, and Li2CO3 were present at the Ge-PPy/IL
and Ge/IL-PVdF interphases. It was inferred that PPy-coated Ge could effectively suppress the
oxidation of Ge, resulting in a significant improvement in the discharge capacity.
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