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Abstract: Layers of germanium (Ge) microrods with a core—shell structure on titanium foils were
grown by a metal-assisted electrochemical reduction of germanium oxide in aqueous electrolytes.
The structural properties and composition of the germanium microrods were studied by means of
scanning and transmission electron microscopy. Electrochemical studies of germanium nanowires
were carried out by impedance spectroscopy and cyclic voltammetry. The results showed that the
addition of vinylene carbonate (VC) in the electrolyte significantly reduced the irreversible capacity
during the first charge/discharge cycles and increased the long-term cycling stability of the Ge
microrods. The obtained results will benefit the further design of Ge microrods-based anodes that are
formed by simple electrochemical deposition.
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1. Introduction

Sodium-ion batteries (SIB) are promising power sources, as their electrochemical char-
acteristics are comparable to those of lithium-ion batteries (LIB) [1-5]. In addition, the avail-
ability of sodium-containing raw materials is much greater than that of lithium-containing
materials. In recent years, various types of materials, including metal oxides, sodium
metals, alloying types of materials, phosphorus materials, and carbonaceous materials have
been actively investigated [6-15]. Among the promising materials for the negative electrode
(anode) of a sodium-ion battery (SIB) are materials based on germanium (Ge). For example,
germanium can form alloys with sodium (Na) for the composition of NazGe [16], which
corresponds to the theoretical specific capacity of germanium, 1107 mAh/g. However,
theoretical and experimental studies have found that crystalline Ge is not very effective
in SIBs [17,18]. Kohandehghan et al. [18] showed that the preliminary amorphization of
Ge nanowires promotes reversible Na insertion, up to 450 mAh/g. Gavrilin et al. [19]
described Ge nanostructures that were cathodically deposited upon indium seeds and
reported 590 mAh/g.

The Ge nanostructures described in [19] have a core-shell structure that is related to
the deposition temperature [20]. It is the core—shell structure that determines the features
of reversible sodium insertion. However, like other structures that have been studied,
such as the anode materials in SIBs, these structures are susceptible to degradation during
prolonged cycling. This degradation is usually associated with the formation of a passive
film on the surface of the electrodes. Compared with LIBs, the passive film formed in
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sodium-based electrolytes are often considered less stable, due to the higher solubility of
the components of the layer [21-24].

The use of electrolyte additives is a widely used strategy for the modification of passive
film [25]. Vinylene carbonate (VC) is an effective electrolyte additive [26-31]. However,
there are no data in the literature on the effect of VC on the electrochemical characteristics
of germanium with a core-shell structure during the insertion/extraction of sodium ions.
This work is the first to study the effect of adding vinylene carbonate to the electrolyte on the
electrochemical characteristics of germanium during the insertion/extraction of sodium ions
into Ge samples that were obtained by cathodic reduction from aqueous GeO, solutions.

2. Results
2.1. Morphological and Physical Studies of Ge Samples before Sodium Insertion/Extraction
Figure 1 shows the morphology and structure of the Ge microrods with a core—shell

structure that were obtained by cathodic reduction from aqueous GeO, solutions before
the Na insertion/extraction process.
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Figure 1. (a) SEM image of the Ge microrods with a core—shell structure; (b) HAADF-STEM image of
a cross section of the Ge microrods with a core-shell structure; (c) HRTEM image of a fragment of a
cross section of a Ge microrod.

The morphology of Ge microrods with a core-shell structure can be seen in Figure 1a.
Figure 1b shows the image obtained by transmission scanning electron microscopy (STEM).
The STEM image (Figure 1b) shows Ge microrods with all sides surrounded by a shell that is
approximately 50 nm thick, in which there are a large number of nanopores with sizes from
1 nm to 2 nm. Figure 1c shows the coreshell structure of Ge microrods with atomic resolution;
core has a polycrystalline structure containing many twins and stacking faults. The porous
shell around Ge microrods is amorphous germanium. As shown by Gavrilin et al. [20], this
shell also contains a small portion of amorphous oxides (hydroxides) of germanium.
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2.2. Electrochemical Studies of Sodium Insertion/Extraction

Figure 2 shows the cyclic voltammograms (CVs) for the sodium insertion/extraction
process, with a potential scan rate 0.1 mV/s.
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Figure 2. CVs for Ge microrods in electrolyte without VC (a) and with VC (b) at the scan rate of
0.1 mV/s. Cycles numbers are shown in the plots.

As can be seen, the addition of VC in the electrolyte influences the shape of the CVs
at the first cycle. In the case of the VC-free electrolyte, the cathode branches of the CVs
display two large and wide cathodic peaks in the potential range 1.5 V to 0.6 V and one
pronounced peak at 0.03 V. The reverse anode branches contain two weak peaks at 0.7 V
and 1.2 V. The first anode peak could be attributed to sodium extraction, and it corresponds
to the cathode peak at 0.03 V [18,19]. The second anode peak could be explained by the
possible oxidation of the products that are formed after sodium insertion.

It is worth noting that the anode peak at 0.7 V increased from the first to the fourth
cycles. In other words, the discharge capacity increased upon initial cycling. Thereafter, up
to the tenth cycle, this peak became more pronounced, which indicated stabilization of the
discharge capacity. In turn, the cathode peak at 0.6 V was less pronounced than it was in the
first cycle. At the same time, in the VC-containing electrolyte, the well-pronounced cathode
peak at 0.03 V and corresponding anode peak at 0.7 V were already revealed at the first cycle.
In addition, the cathode peak at 0.6 V disappeared in the VC-containing electrolyte.

2.3. Impedance Measurements of Samples

Figure 3 shows the electrochemical impedance spectra of Ge microrods, recorded at room
temperature for the first and tenth cycles in the with-VC and without-VC electrolyte solutions,
respectively. Impedance was recorded after cathodic polarization, i.e., in the state of complete
nanocrystals of germanium sodiation and solid electrolyte film formation on their surface.
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Figure 3. Nyquist plots of Ge microrods in the without-VC (a) and the with-VC (b) electrolyte solutions.
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The impedance spectra of all of the samples formed semicircles at high and medium
frequencies and turned into straight lines at low frequencies. As the cycling progressed,
the shape of the spectrum for the electrode in the without-VC electrolyte solution changed;
specifically, the semicircle in the region of the high and medium frequencies decreased in
diameter, which may have indicated a decrease in the passive film resistance and charge
transfer resistance. The addition of VC led to a decrease in the diameter of the semicircle of
the impedance spectrum in the first cycle, compared with that for the electrolyte without
VC, which indicated a decrease in the passive film resistance and charge transfer resistance.
However, further cycling resulted in a change in the spectrum shape, i.e., a “degradation”
of the semicircle and an increase in total impedance.

To simulate the impedance spectra, an equivalent circuit, as shown in Figure 4, was
proposed in our previous work [32].

Rs Rsei Rct W1
\W[o
Csei CPE1

] L >
LI}
Figure 4. An equivalent circuit of Ge microrods. Reproduced with permission from [32]. Elsevier, 2021.

In Figure 4, the element Rs relates to an electrolyte resistance, Rsei is the sei resistance,
Csei is the capacitance of the sei, Rct is the charge transfer resistance, CPE is an element
with a constant phase shift, and W1 is the Warburg impedance reflecting sodium diffusion
in germanium. The calculated parameters of the equivalent circuit are presented in Table 1.

Table 1. The calculated parameters of the equivalent circuit.

. Rsei/ . 2 Ret, Cdl: W,
Ge Microrods Rs, Ohm Ohm/cm? Csei, Flem Ohm/cm?2 F/cm?2 Ohm/s%3
IM NaClO, in PC-EC 13 12.55 447 x 1077 2955 43 x 1075 133
after 1 cycle
IM NaClOj in PC-EC 9 12 425 x 107 175 14 x 1075 215
after 10 cycles
1M NaClO4 in _7 —6
PC-EC + 2%VC after 1 cycle 13 105 #7210 207 o1 .
1M NaClQy in 15 4 1.0 x 10~7 270 5.5 x 1076 202

PC-EC + 2%VC after 10 cycles

2.4. Morphological and Physical Studies of Samples after Sodium Insertion/Extraction

Figure 5 shows SEM images of the surface morphology of the samples after cycling in
the without-VC and with-VC electrolyte solutions.

Figure 5 shows that the surface of the sample after the first cathodic polarization in
the electrolyte solution without VC is covered with a thick film (Figure 5a), and after the
tenth cycle this layer is not observed (Figure 5b). In contrast, the surface morphology of
the sample after the first cycle of operation in the electrolyte solution with VC (Figure 5c)
is similar to the morphology of the initial sample (Figure 1a), i.e., after the first cathodic
polarization in the electrolyte solution with VC, this thick film on the surface of the Ge
microrods is not observed. However, after the tenth cycle, a passive layer was formed on
the surface of the Ge microrods (Figure 5d).
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Figure 5. SEM images of the surface morphology of the samples after cycling in without-VC (a,b)
and with-VC (c,d) electrolyte solution.

2.5. Long-Term Cycling of Samples

The cycling performance of the samples at 125 mA /g in the with-VC and without-VC
electrolyte solutions is depicted in Figure 6.
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Figure 6. Change in the discharge capacity of Ge in without-VC and with-VC electrolyte solutions at
125 mA/g.

During the cycling of Ge microrods in the electrolyte solution without VC, an in-
crease in the discharge capacity was observed in the first cycles. After the twentieth
charge/discharge cycle, the specific capacity of the Ge microrods in the electrolyte solution
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without VC began to gradually decrease from cycle to cycle and almost dropped to zero
by the hundredth cycle. In contrast, after 100 cycles in the electrolyte solution with VC, a
small decrease in capacity, from 300 mAh/g to 260 mAh/g, was recorded.

Figure 7 shows the SEM images of the surface morphology of the electrodes after long
cycling (100 cycles) in the electrolyte solution with VC.

Figure 7. SEM images of the surface morphology (a) and cross-section (b) of the samples after long
cycling in the electrolyte solution with VC.

Figure 8 vividly demonstrates the effect of the VC additive on rate capability. The
electrodes were cycled electrolytes with consequently increased current densities (50, 125,
250, 500, 1000, and 2000 mA /g), with five cycles at every current density.
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Figure 8. Specific capacity vs. cycle number of Ge microrods upon cycling in different electrolytes at

various current densities.

As shown in Figure 8, at low currents, the discharge capacity in the electrolyte with
VC was inferior (but insignificantly so) to that of electrolyte without VC. At higher currents,
the electrolyte with VC displayed a notable advantage, i.e., much more stable cycling. Thus,
at the thirtieth cycle, at current density 2 A /g, the discharge capacities in the VC-free and
VC-containing electrolytes amounted to 118 mAh/g and 168 mAh/g, respectively. After



Batteries 2022, 8, 109

7 of 9

returning to the initial low current density, the electrode in the electrolyte with VC retained
its initial capacity, whereas the electrode in the electrolyte without VC showed a significant
degradation rate.

3. Discussion

Comparing the obtained data, we concluded that the addition of VC in the electrolyte
significantly affected the cycleability of the electrode, based on the Ge microrods. This
effect can be explained by the fact that a thick passive film was formed on the surface of
the Ge microrods during the first cycle (in the case of cycling in an electrolyte without
VC), which was well illustrated by the obtained SEM images. This film was not stable and
completely dissolved on the surface by the tenth cycle, thereby increasing the electrode
capacity. The dissolution of this film during cycling was also confirmed by the results of
electrochemical impedance spectroscopy. Specifically, the resistance of this passive film
decreased by 11 times by the tenth cycle. In turn, the addition of VC in the electrolyte made
it possible to form a more stable thin passive film on the surface of the Ge microrods; as a
result, the electrode already demonstrated a high reversible capacitance during the first
cycle. According to electrochemical impedance spectroscopy, the addition of VC reduced
the resistance of the passive film by 12 times during the first cycle.

It should be noted that the thickness of this passive film increased at the tenth cycle,
which was confirmed by the results of scanning electron microscopy and electrochemical
impedance spectroscopy. Specifically, the resistance of the passive film increases by four
times. However, that change did not affect the stability of the electrode, up to 100 cycles,
while cycling the electrode in an electrolyte without VC led to its complete degradation.

4. Materials and Methods
4.1. Samples Preparation

Ge microrods were formed by electrochemical deposition from aqueous GeO, solu-
tions, using indium seeds as described in [20]. Titanium foil was used as the substrate and
current collector. The titanium substrates were previously chemically cleaned. To form an
array of indium seeds, vacuum-thermal evaporation was used.

Electrochemical deposition of Ge microrods was performed from electrolyte containing
0.05 M GeO;, 0.5 M K»S04 and 0.5 M of C4HgO4. The solution’s pH was raised to 6.5 by
adding NH4OH. Deposition was performed at —1.3V and at the solution temperature of
90 °C. The obtained samples were washed in deionized water and dried in an argon flow.

4.2. Material Characterization

The structure and surface morphology were characterized by scanning electron mi-
croscopy using a Helios NanoLab 650 Dual Beam microscope and transmission electron
microscopy using Titan Themis 200, as described in [32].

4.3. Electrochemical Characterization

The electrochemical characterization consisted of cyclic voltammetry (CV), chronopo-
tentiometry (galvanostatic cycling), and electrochemical impedance spectroscopy (EIS). All
electrochemical experiments were carried out in three-electrode mode. The working elec-
trodes were Ge-nanowires; the auxiliary and reference electrodes were made from sodium
metal. The working electrodes, sized 1 cm?, were preliminarily vacuum-dried at 120 °C for
8 h. The electrolyte was used in the present study: 1M NaClO; in the mixture propylene
carbonate—ethylene carbonate (1:1), with an additive of 2% vinylene carbonate (VC), or VC-
free. The electrolyte humidity (K. Fischer) was less than 15 ppm. All manipulations with
the cells, including the assembling and electrolyte filling, were carried out in a glovebox
with argon atmosphere (Spektroskopicheskie Sistemy, Russia). Multichannel potentiostat
P-20X (Elins, Russia) was used for CV and EIS, computer-aided cycler AZVRIK-50-10V
(Buster JSC, Russia), for galvanostatic cycling.



Batteries 2022, 8, 109 80f9

5. Conclusions

The addition of VC to the electrolytes allowed the formation of a more stable passive
film on the surface of the Ge microrods, thereby significantly reducing the irreversible
capacity during the first charge/discharge cycles and increasing the long-term cycling
stability of the Ge microrods. The obtained results will benefit the further development of
Ge microrods-based anodes that are formed by simple electrochemical deposition.
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