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Abstract: Various forms of germanium, and germanium-containing
compounds and materials are actively investigated as energy-
intensive alternatives to graphite in the anodes of lithium-ion
batteries. The most accessible form — germanium dioxide — has the
structure of a 3D polymer, which accounts for its rapid destruction
during cycling, and requires the development of further approaches
to the production of nanomaterials and various composites based on
it. For the first time, we propose here the strategy of using Ge
sesquioxide  [O;5GeCH,CH,CO,H], (2-carboxyethylgermanium
sesquioxide, 2-CEGS), in lieu of GeO,, as a promising, energy-
intensive, and stable new source system for building lithium-ion
anodes. Due to the presence of the organic substituent, the formed
polymer has a 1D or a 2D space organization, which facilitates the
reversible penetration of lithium into its structure. 2-
Carboxyethylgermanium sesquioxide is common and commercially
available, completely safe and non-toxic, insoluble in organic
solvents (which is important for batteries use) but soluble in water
(which is convenient for manufacturing diverse materials from it).
This paper reports on preparing its micro- (flower-shaped
agglomerates of ~1 ym thick plates) and nano-forms (needle-shaped
2-CEGS nanoparticles of ~500 x (50-80) nm) using common
methods available in laboratory and industry such as vacuum and
freeze-drying of aqueous solutions of 2-CEGS. The lithium half-cells
anodes based on 2-CEGS show a capacity of ~400 mA h g™ for
microforms and up to 700 mA h g™ for nano-forms, which is almost
two times higher than the maximal theoretical capacity of graphite.
These anodes are stable during the cycling at various rates. The

results of DFT simulation suggest that Li atoms form the stable Li,O
with the oxygen atoms of 2-CEGS, and actual charge-discharge
cycle involves deoxygenated GeCsHs molecules. Thus, C; chains
loosen the anode structure compared to pure Ge improving its ability
to accommodate Li ions.

Introduction

The importance of lithium-ion batteries (LIBs) in the
development of a wide variety of modern electricity-driven
devices, from microelectronics to electric vehicles and drones, is
extremely high. In 2019, their invention was recognized by a
Nobel Prize in Chemistry.™ The energy efficiency of LIBs stems
from the relative compactness of the lithium cation as a smallest
positive charge carrier and from the ability of electrode materials
to retain and bind the maximal amount of lithium involved in the
redox scheme during charging and discharging the battery.
Graphite, the ubiquitous LIBs anode material, has a theoretical
limit of capacity of 372 mA h g™ corresponding to the formation
of LiCs.! A large number of alternative materials with a higher
theoretical capacity have been proposed,® in particular, anodes
based on carbon analogs of group 14 of the Periodic Table —
silicon,™ germanium ®® and tin,!”? as well as on their compounds,
e.g. oxides,® sulfides,® phosphides,™” tellurides " etc.
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Figure 1. A) Germanium dioxide in an aqueous solution (germanic acid) and in the absence of water (3D polymer, B-form is presented). B) 2-Carboxyethyl
germanium sesquioxide (2-CEGS) in aqueous solution (3-(trihydroxygermyl) propanoic acid); C) its various structural forms resulting from dehydration —
repagermanium (2D polymer), propagermanium and germanium straight polymer (linear polymers).

One of the main problems on the way of producing an “ideal”
anode material is that the parameters determining the
performance of a battery - energy intensity and a maximum
number of charge-discharge cycles — are intrinsically conflicting.
On the one hand, the material must be able to bind a maximal
amount of lithium, and on the other hand, lithium intercalation
leads to a large volume expansion and its rapid deterioration.
Remarkably, the first attempt to use germanium dioxide as an
anode showed an excellent capacity of 740 mA h g™ in the first
cycle, yet collapsing down to 220 mA h g™ by the 10th cycle.?
As reflected in a number of recent works ®, current approaches
use GeO; in its nano-forms and various composite materials
allowing one to overcome the problem of dimensional stability of
anodes and their low cycling ability.

The obvious requirement of new approaches and methods of
obtaining new energy-intensive and efficient materials for
batteries is their simplicity and accessibility, including for scaling
up. Our attention was drawn to the fact that a similar problem
relevant to the conversion of germanium dioxide was solved in
medicine.

Germanium is a physiologically important microelement, but its
dioxide is physiologically relatively inert,™ which is associated
with the stability of its three-dimensional polymer structure (Fig.
1a)."® At the same time, occupying one valence of Ge with an

organic substituent, the carboxyethyl group, prevents the
resulting product from packing into dense 3D forms and renders
its structure more susceptible to penetration of water molecules
and consequently to hydrolysis (Fig. 1b). What if this principle
also works with lithium cations?

First reported by Mironov more than half a century ago,*® 2-
carboxyethylgermanium sesquioxide (2-CEGS) was very
intensively studied as a biologically active agent, especially by
Asai and other Japanese scientists.’”! Currently, this water-
soluble organic compound of germanium is the most widespread,
commercially available Ge-containing drug. Under the
designation of Ge-132, repagermanium and others, it was
investigated as having antioxidant,™® antitumor,*® anti-
hepatitis,” and anti-inflammatory®® properties. In water,
hydrolyzed Ge-132 loses its antioxidant properties, but is
effective as an anti-oxidant in an anhydrous environment 2,
This behavior formally resembles the working conditions of the
anode material in a lithium-ion battery, where the anode acts as
a reducing agent (“antioxidant”) with respect to lithium cations.
This work aims to study 2-CEGS as a potential energy-intensive
and cyclically stable organic analogue of germanium dioxide in
the anodes of lithium-ion batteries. As far as we know, it was not
considered in such a capacity previously (and generally has not
been studied in materials science).
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Results and Discussion

Preparation of materials. 3-(trihydroxygermyl) propanoic acid
(THGPA) was prepared from germanium dioxide using the
known procedure (Scheme 1).%%°

Ox.-OH O\\C/OH
| |
HCI, ~CH CH
H3PO, H,C” H,C” 2 H0
GeO, —> HGeClz ————> | ——> THGPA
c1—Ge=Cl

|
Scheme 1. Synthesis of 3-(trihydroxygermyl) propanoic acid.

At the final stage, the aqueous solution contains 3-
(trihnydroxygermyl) propanoic acid (THGPA), and the absence of
other forms can be confirmed by *H and **C NMR spectroscopy
(Fig. S10-S11). This acid is a structural analogue of germanic
acid, in which one of the hydroxyl groups is replaced by a bulky
and hydrophilic organic substituent (Fig. 1). During dehydration,
the presence of the latter prevents the packaging into stable 3D
polymer forms, and thus contributes to its much higher solubility
in water (which accounts for the use of this material in the
biomedical fields as a water-soluble compound of germanium
24 It was logical to assume that the morphology of the sample
at micro- and nanoscale, as well as chemical composition of the
polymer will influence the target properties of the obtained
material when used in LIBs, so the appropriate study was
undertaken in order to elucidate this point.

Evaporation of an aqueous THGPA solution under vacuum
leads to a dense white powder consisting, according to scanning
electron microscopy (SEM), of fine flower-shaped agglomerates
50-70 um in size, consisting of irregular platelets 10-20 pym in
diameter and ca. 1 pm thick (Fig. 3, left). Slow crystallization of
this sample over a period from several days to several weeks
leads to a crystalline product whose X-ray diffraction pattern is
identical to of the 2D polymer form of 2-CEGS (RGe, Fig. 1)
described by Tsutsui et al.

XRD analysis of the sample obtained by vacuum evaporation
reveals the presence of the signals corresponding to RGe and to
other phases. Fig. 2 shows the corresponding experimental
diffractogram in comparison with the calculated one.

The X-ray diffraction parameters of two more ordered phases of
2-CEGS are known from the literature: the linear
propagermanium polymer (PGe) consisting of two interwoven
sesquioxide filaments, and the germanium straight polymer
(GeSP), formed by a single strand of incompletely dehydrated
(retaining part of the hydroxyl groups) polymer (Fig. 1). Their
model diffraction patterns are constructed in Fig. 2 (d, e) using
the data of X-ray diffraction analysis of these forms %, The
sample obtained by vacuum evaporation of THGPA contains all
the structural motifs. Thus, despite the dense and relatively
ordered morphology, the chemical structure of the polymer
compound is relatively “loose”, which is generally favorable
given its intended purpose.

The decrease in the particle size of 2-CEGS obtained after the
removal of water, up to the nanoscale, could potentially improve
the quality of the material involved in the reversible
heterogeneous process. Therefore, we investigated the
possibility replacing direct vacuum evaporation of the THGPA
solution in favor of its freeze-drying.

10.1002/cssc.202000852
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Figure 2. XRD data of 2-CEGS samples obtained by vacuum evaporation (a)
and freeze-drying (b) from 0.1 mg mL* aqueous solution in comparison with
model X-ray diffraction patterns of RGe (c, from [25]), PGe (d) and GeSP (e,
from [26]).

This method of water removal is technically simple and
widespread in laboratory and industrial practice;*! the method
consists in freezing the solution and subsequent sublimation of
water under vacuum (Fig. 3, center/bottom) and allows us to get
the smallest particles. Fig. 3 (center) features the SEM images
of a sample 2-CEGS obtained by freeze-drying an aqueous
solution of THGPA (1 mg mL™). Not only a decrease in particle
size (about one order of magnitude) but also a qualitative
change in the morphology are observed. In contrast to the
lamellar product obtained by vacuum drying, the morphology of
the freeze-dried sample is needle-shaped with particles 1.5-2
pm long and ~200 nm thick.

When the concentration of the THGPA solution is decreased to
0.1 mg mL?, the needles of 2-CEGS nanoparticles become even
smaller, with a thickness down to 50 nm and a length of ~500
nm (Fig. 3, right; Fig. S7). This sample is also very different from
the sample obtained by vacuum evaporation in appearance; now
it is very light so that its loose and fluffy particles move in the air.
It would also be interesting to see if there are differences in the
biological activity of such samples. The X-ray diffraction pattern
of the obtained sample (Fig. 2b) shows, that as in the case of
the sample obtained by vacuum evaporation, this material
contains signals characteristic of RGe, PGe and GeSP.
However, the signals are significantly broadened, which is
typical for nanoscale samples in which the ordered arrangement
of atoms at long distances in crystallites is limited by their small
size. Freeze-drying of a 0.5 mg mL™ aqueous solution of 2-
CEGS also allows the formation of nanoscale material.
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Figure 3. Scanning electron microscopy (SEM) images of 2-CEGS samples obtained by vacuum evaporation (left) and freeze-drying its 1 mg mL* (center) and

0.1 mg mL™ (right) aqueous solutions (see also Sl for large images).

We also investigated the possibility of obtaining nanosized GeO,
by freeze drying. For this, we prepared a 0.1 mg mL™ water
solution of GeO; and subjected it to freeze-drying. However, the
resulting material is micro-sized particles collected in circular-
shaped agglomerates and, therefore, was not investigated as a
potential material for anodes of lithium-ion batteries (Fig. S8).

In summary, the use of common practical methods of vacuum
evaporation and freeze-drying allows us to obtain micro- and
nano-forms of 2-CEGS having a soft polymer structure. In this
study of 2-CEGS as anode material in lithium-ion cells, we used
microsamples  obtained by vacuum evaporation and
nanosamples obtained by freeze-drying 0.1 mg mL™ THGPA
agueous solutions.

Battery testing. The freeze-drying nanosized 2-CEGS samples
were tested as an anode material for lithium-ion batteries. To
make the electrode conductive, it was mixed with Super P
carbon black. Within 0.01-3.0 V vs. Li'/Li potential range,

reversible capacity of 2-CEGS/C composite was found to be 659
mA h g at 20 mA g™ (Fig. 4). At a relatively high current
density of 500 mA g™, 274 mA h g were delivered. The
average delithiation potential at 20 mA g™ was 0.7 V vs. Li*/Li,
which is a typical value for alloying anodes, such as Ge, Sn, Bi,
etc.® ! A cell made in a similar way based on a micro-sized
sample 2-CEGS (obtained by vacuum evaporation) allows
reaching a capacity of up to 400 mA h g™ (Fig. S9).
Charge-discharge curves and cyclic voltammetry profiles were
characteristic of germanium,  indicating irreversible reduction
of 2-CEGS to Ge during the initial cycles. This process
apparently caused an activation effect, i.e. growth of the specific
capacity during the first cycles. This activation results from the
increasing conductivity of the material due to transformation of
the insulating 2-CEGS to metallic Ge. Similar behavior was
previously observed for other materials whose conductivity
grows upon the first discharge. !
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Figure 4. Electrochemical behavior of nanosized 2-CEGS obtained by freeze-drying 0.1 mg mL™ aqueous solutions: (a) specific capacity and coulombic efficiency
at different current densities; (b) charge-discharge profiles at different current densities; (c) cyclic voltammograms recorded at 50 pV s™ scan rate at different
cycle numbers; (d) cycling stability at 200 mA g’1 with different pre-conditioning options.

The activation phenomenon was especially pronounced at a
relatively high current density of 200 mA g™ (Fig. 4d). Without
pre-conditioning of the electrodes, the capacity was <100 mA h
g™ for the first ~250 cycles, and then it gradually increased to
~550 mA h g™ by the 400th cycle. However, if the material was
charged and discharged at 20 mA g™ prior to cycling, the
capacity reached its maximum after approximately 200 cycles.
Moreover, if ten pre-conditioning cycles at 20 mA g™ were
performed, the maximal capacity of ~550 mA h g™ was reached
already by the 50th cycle. This behavior indicates that kinetics of
the irreversible transformation of 2-CEGS to Ge is much slower
compared to alloying/dealloying of germanium. The possible
reason for such slow kinetics is low conductivity of 2-CEGS,
which hinders the electron transfer. After the activation, the
material demonstrated moderate cycling stability, with ca. 80%
capacity retention after 100 cycles and ca. 60% retention after
150 cycles.

We suppose that the electrochemical performance of 2-CEGS
can be improved by tuning the electrode or electrolyte
composition. The rate performance might be enhanced by
preparing composites with graphene or carbon nanotubes F%.
This approach is especially useful for active materials with low
electron conductivity and, therefore, will likely be promising for 2-
CEGS. The cycling stability might be improved by tuning the
binder, which would provide better structural integrity or/and

more robust solid electrolyte interphase (SEI) 2. Properties of
the SEI, which is known to affect the electrochemical stability
strongly, can also be regulated by modifying the electrolyte
composition B2 Overall, we believe that further investigation of
2-CEGS and similar compounds may pave a new avenue to the
anodes with high capacity, decent cycling stability and high rate
capabilities.

Mechanistic insights. In order to get mechanistic insights into
the interaction of 2-CEGS with Li atoms, we employed density
functional theory (DFT) simulations. The RGe (Fig. 1, lower left
corner) structure formed during crystallization of 2-CEGS from
an agueous solution was used as a model. We optimized the
geometry of several relevant phases of Li in RGe and in its
derivatives looking for the geometries with the lowest internal
energy. Particularly we considered a single RGe unit cell filled
with up to 21 Li atoms, Li>O unit cell and two C3HsGe molecules
remaining after Li atoms abstracted oxygen from RGe to form
LiO.

Optimized Li-RGe structures show that in an empty RGe cell the
most preferential site for Li atom is in the center of GeO ring (Fig.
5). The second and third Li atoms tend to absorb near the same
ring and between the carboxyl groups. Li atom located near the
carboxyl groups coordinates with the oxygens in a tetrahedral
manner. Other Li atoms up to the seventh one, preferentially
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locate near the Ge-O rings coordinating with Ge and O atoms.
At the same time, adding Li atoms decreases the coordination of
Ge atoms by oxygen and splits the RGe structure into C3sHsGeO-
units with Li,O between them (Fig. 6). Further simulated
annealing of Lii4-RGe and Lip;-RGe structures (Fig. 7) confirmed
the tendency of Li atoms to surround the oxygen and to abstract
it from Ge and then from the carbon atoms.

Figure 5. Li atoms (purple spheres) in Ge-O rings of RGe in case of one Li
atom per RGe unit cell. Oxygen atoms - red spheres, germanium atoms -
turquoise spheres. Top view, carboxyl chains are not shown for clarity.
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Figure 6. Side view of RGe-Li; structure. Colors as in Figure 5.

We suppose that lithium oxide Li,O tend to crystallize into a solid
phase. Oxygen removal from RGe unit cell leaves there two
CsHsGe molecules (Fig. 8, left). Energy optimizations have
shown that the RGe unit cell with 14 Li atoms is less
energetically favorable than the separated Li;O and Cs3HsGe
structures with the same chemical composition.

Annealing simulations demonstrated that oxygen atoms from the
Ge-O ring are used to form Li,O before the oxygen from the
carboxylic acid groups. So we also optimized the structures of
partially deoxygenated RGe with the oxygen retained the in
carboxylic groups (CsHsGeO,). The CzHsGeO, structure is

10.1002/cssc.202000852
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shown in Fig. 8 (center). The same structure with a single Li
atom in the vicinity of oxygen atoms is also shown in Fig. 8
(right). The resulting compositions of 3Li,O + 2C3HsGeO, and
3LiO + Li-2C3HsGeO,4 turned out to be more energetically
favorable compared to the corresponding concurrent structures
Lis-RGe and Li;-RGe.

Assuming that all oxygen atoms from RGe could be converted
into Li,O, we computed the phases with several Li atoms in
deoxygenated RGe of the general formulae Lix-2C3HsGe (where
x =0, 1, 4 or 7 corresponding, respectively, to 14, 15, 18 or 21 Li
atoms per RGe unit cell and considering that the Li atoms all
exist as Li,O phase, Fig. 9). The obtained phases turned out to
be more energetically favorable than the corresponding Li-RGe
phases with the equivalent number of Li atoms. In the Lis-
2C3HsGe structure obtained from the simulation, the bonds
between the Ge atoms and the carbon chains tend to be
elongated and are probably broken; however, this can be an
artifact of the simulated annealing, so we cannot say for sure if
this bond breaking is kinetically realizable under the conditions
of exploitation of Li batteries.

The layers of Ge atoms in the obtained structures are separated
by the layers of C; carbon chains while Li atoms are distributed
in this structure without a clear location preference. Probably,
more stable structures with large unit cells also exist but at this
point we were unable to find them with the available
computational resources.

Following the established approach to DFT studies of Li-ion
batteries, ¥ the phase formation energies were calculated and
the convex hull was plotted for the intermediate Li compositions
(Fig. 10). Only phases that correspond to points on the convex
hull are thermodynamically stable. For each phase in a convex
hull interior, a composition of nearby phases on the convex hull
boundary with smaller energy exists. The convex hull of up to 14
Li atoms is fully constituted with the phases where all Li atoms
are converted into Li,O form. Even the 3Li,O + Li-2C3HsGeO4
phase is less favorable than the corresponding composition of
neighboring phases (3Li,O + C3HsGeO4 and 7Li,O + 2C3HsGe).
Therefore, various Li concentrations are constituted by
compositions of RGe, Li,O and C3HsGe phases.

Overall, the complexity of the physicochemical processes
occurring during lithiation of 2-CEGS and the stepwise formation
of metallic germanium also explains the activation phenomenon
noted during the electrochemical studies.

Experimental Section

Reagents and materials. 2-CEGS has been prepared from HGeCl; and
acrylic acid according to ref. ?3. HGeCl; has been prepared from GeO,
(Germanium and Applications Ltd, DG-B, TY 1774-001-95961127-2010).
NMR data for 2-CEGS: 'H NMR (300 MHz, DO, &, ppm): 1.58 (t, 2H,
CHy, J = 7.5 Hz), 2.58 (t, 2H, CH,, J = 7.5 Hz); **C NMR (150 MHz, D,0,
8, ppm): 12.49 (CHp), 26.93 (CH,), 177.90 (COOH), which can be
compared with published data. °? Ethylene carbonate (EC) and dimethyl
carbonate (DMC) were dried by standard methods.”
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Figure 8. Deoxygenated RGe structures: completely deoxygenated C3HsGe (left), partially deoxygenated C3HsGeO, (center) and C3HsGeO, with one Li atom
(right). Colors as in Figure 5.

Figure 9. Li atoms in deoxygenated RGe. Lix-2C3HsGe where x = 1 (left), x = 4 (center) and x = 7 (right). Colors as in Figure 5.
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Figure 10. Phase formation energy diagram with convex hull. Blue dots - phases of Li in RGe, orange dots - phases of Li in partially deoxygenated RGe with
oxygen transformed into Li,O phase, green dots - phases of Li in completely deoxygenated RGe
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Freeze-drying of the samples was performed using a Christ Alpha 1-2
Freeze Dryer.

NMR spectra were recorded on Bruker AV300 (*H) and AV600 (*C)
spectrometers at ambient temperature.

SEM measurement. The observations were carried out using a field
emission scanning electron microscope Hitachi SU8000 (FE-SEM). A
thin 10 nm-thick Au/Pd (60/40) layer was deposited by magnetron
sputtering on non-conductive samples ¥ The morphology of the samples
was studied taking into account the possible effect of the deposited
conductive layer on the surface . Images were obtained in the mode of
secondary electrons at a working distance of 8-10 mm and at an
accelerating voltage of 2-10 kV.

X-ray experiments. Powder X-ray diffraction patterns were recorded
using a Bruker D8 Advance X-ray diffractometer (CuKa, 40 kV, 40 mA,
Ni-filter, LYNXEYE detector, reflection geometry). The single crystal X-
Ray diffraction analysis was performed on a Bruker SMART APEX2
instrument.

Li-ion battery assembling and characterization. For preparing the
electrodes, 2-CEGS, carbon black (Super P) and polyvinylidene fluoride
(PVdF) were mixed in a weight ratio 6:3:1 in N-methylpyrrolidone, the
resulting slurry was tape-casted onto a carbon-coated copper foil. The
electrode was dried in air at 70 “C for 30 min, then vacuum-dried at 110
°C for 5 h, calendered at room temperature and vacuum-dried again at
110 °C for 5 h. The resulting electrode loading was ~1.5 mg cm™2.

The electrodes were tested in CR2032-type coin cells assembled in an
Ar-filled glovebox with oxygen and moisture levels below 1 ppm. Lithium
foil was used as the anode, glass fiber was used as the separator, 1 M
LiPFs in EC:DMC (1:1 v/v) was used as the electrolyte. The working
electrodes were cycled galvanostatically in 0.01-1.5 V range. Specific
capacities and current densities were calculated per combined mass of
2-CEGS and Super P. Coulombic efficiency was defined as the ratio
between charge (demetalation) and discharge (metalation) capacities
multiplied by 100%. Cyclic voltammograms were recorded at a scan rate
of 50 uV s in 0.01-1.5 V range.

DFT. Global optimization of such a complex system is extremely
computationally expensive. Therefore, to get as close to optimal
structures as possible we employed heuristics based on the following a
priori ideas about the energy landscape of this system. First, Li atoms
tend to coordinate in the vicinity of oxygen atoms, hence local
optimization algorithms are unable to move Li atoms between spatially
separated groups of oxygen atoms. Second, Li atoms tend to abstract
oxygen from germanium oxides forming separate Li,O and Ge phases."®
Third, simulated annealing drives a complex system towards the energy
minimum.

For RGe containing from 1 to 7 Li atoms per unit cell we conducted a
series of local optimizations adding Li atoms one-by-one to the structures
optimized in the previous step, starting from the empty RGe cell. The
optimizations were conducted for two probable initial positions of a newly
added Li atom: either in the Ge-O ring plane, or between the carboxyl
groups. During the optimization, the newly added atom drifted in all cases
towards nearby oxygen atoms and never from the initial position to
another group of oxygen atoms. Therefore, we obtained the energies of
locally optimized structures with various distribution of Li atoms. A
complete table of these energies is provided in Supplementary
Information (Table S1-S2). Further following this strategy for a larger
number of Li atoms does not make sense due to distortion of the unit cell
structure, oxygen groups with Li atoms cannot be reliably distinguished
anymore.

Therefore, for a unit cell with a larger number of Li atoms, we simulated
the annealing process using ab initio molecular dynamics in an NVT
ensemble. The temperature during the simulations was decreased from
1500 K to 400 K with 100 K steps. At each temperature step, the system
was simulated for 85 fs totaling to 1020 fs for the overall annealing
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simulation. Finally, local optimization was performed. This procedure was
used for Lijs-RGe, Lix-RGe, and for Lix-2C3HsGe (x = 0, 1, 4, 7)
structures.

All optimizations, excluding Li,O structure, were conducted for the unit
cells with 2 Ge atoms, with 3x3x1 k-point grid. Local optimizations were
conducted in two stages: at first stage a variable cell geometry
optimization was employed within LDA DFT approximation; at second
stage the geometry was optimized with a fixed unit cell using the
revPBEE”? DFT approximation. Grimme D2 correction®™® has been
applied in all computations. For local optimizations, 0.1 eV/A threshold
was used for the convergence per atom. In all DFT computations the
kinetic energy cut off was set at 1088 eV (80 Ry) and the energy cut off
for plane wave basis of electron density was set 4 times larger. DFT
computations were conducted with the Quantum Espresso suite.¥ Local
optimizations and the simulated annealing procedure were implemented
using the Atomic Simulation Environment (ASE)./“”

Conclusion

2-Carboxyethylgermanium sesquioxide can be effectively used
as an anode material for lithium-ion batteries. The results
obtained attest to a high capacity of such anodes, approaching
700 mA h g* (which is almost twice that of graphite) with good
cycling. Its availability and convenient consumer-desired
characteristics, such as solubility in water, stability and safety
during storage and use, make it a promising material in this area.
Thus, replacing one valence position in the 3D inorganic GeO;
polymer with an organic substituent leads to a dramatic change
in its structure, morphology, and physicochemical properties,
primarily increasing the capacity of the inorganic framework to
accommodate and host (or to interact with) small molecules.
This seems to be a general and very convenient approach to
creating germanium-based advanced materials. Given that the
methods of production of organic sesquioxides are relatively
simple and well developed, and that the palette of substituents
allowing wide control of the product properties is, in principle, not
limited, this area in our opinion certainly deserves further
development in the field of lithium-ion batteries and in others
fields of materials science.
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A new approach for using 2-carboxyethyl germanium sesquioxide (2-CEGS) as a replacement for GeO, in anodes for lithium-ion
batteries has been proposed. Compared to GeO,, having the 3D structure, 2-CEGS can formed 1D and 2D polymers, which
facilitates the reversible penetration of lithium molecules into its structure. The lithium half-cells anodes based on 2-CEGS show a
capacity up to 700 mA h g™, which is much higher than maximal theoretical capacity of graphite.
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