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The filamentary nanostructures of composition Geyg1ng g
were synthesized from the aqueous solution by electrolysis.
It has been demonstrated that at the low current density, the
reversible capacity of sodium insertion into the composition
isabout 590 mAh g, which correspondsto Na, 75G€y 11 Ng 09
alloy.
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Sodium-ion batteries are among the most promising candidates
to replace the lithium-ion batteries since they work on the same
principle, whereas sodium is low cost and abundant metal as
compared to lithium. While such a battery is being charged, the
akali metal ions (sodium or lithium) are extracted from a positive
electrode material and introduced into the matrix of negative
electrode. These processes are reversed during the discharge.

Various materials capable of forming aloys or intercalation
compounds with sodium, e.g., tin,>2 antimony3-8 and its composites
with carbon,®! and also alloys of antimony,>4 can be employed
as a negative electrode in the sodium-ion battery. The intercalation
capacity of such materials is not high and ranges from 200 to
400 mAh gL. At the same time, there are much more interesting
materials that can form aloys with fairly high sodium content.
For instance, germanium is able to aloy with sodium up to com-
position of Na;Ge.*® This means that the theoretical specific
capacity of germanium with due account for Faraday lows can
reach the value of 1107 mAh g. The formation possibility for
aloys enriched with sodium (Na; ¢Ge) has been already proved
experimentally,'6 however without any data on prolonged cycling.

Germanium nanostructures can be synthesized by various
methods, viz, crystallization from asupercritical fluid,'6 chemical
deposition of their gas phase,1” magnetron sputtering,® and electron
beam evaporation.!® However, the structures obtained by those
methods possess a low intercalation capacity for the sodium
insertion (much lower than the theoretical value), aswell asrevea
alarge degradation during cycling.

In the present work, the germanium samples were prepared
by electrolysis in an agueous solution of germanium oxide on a
titanium substrate with a previously deposited array of spherical
indium nanoparticles.? This method was completely described in

our previous report.2 Electrochemical tests were carried out in
three-electrode cells.*

The scanning electron microscopy (SEM) study of germanium
morphology revealed that the synthesized samples represented
filamentary structures with the diameter from 30 to 80 nm and
length of 1 um (Figure 1). The average thickness of the germanium
layer was about 850 nm. Taking into account the energy-dispersive
X-ray analysis data, one can conclude that the formed filamentary
structures represent Ge containing 9 at% of In. The presence
of Ininthe structureis caused by its dissolution in Ge during the
growth of structures thus forming Gey o;1ng o aloy.

The charge—discharge curves [Figure 2(a)] recorded during
the introduction—extraction of sodium into germanium suggest
an opportunity to apply this materia as the anode in a sodium-
ion battery dueto the prolonged plateau in the potential region of
600-700 mV recorded on the discharge curve and the reversible
capacity close to its theoretical value. Sodium is known to be
capable of forming aloys with indium,?* while the theoretical
reversible capacity of NayIn alloy is 469 mAh g. Taking into
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Figure 1 (a) SEM-image and (b) energy-dispersive X-ray analysis of Ge
aloy.

T After the application of In, the samples were annealed in vacuo at
150 °C for 10 min. The solution contained GeO, (0.05M), K,SO, (0.5 M)
as the supporting electrolyte, and succinic acid (0.5 M) as the buffering
additive. The solution pH was adjusted to 6.5 by addition of NH,OH. The
deposition processwas performed at 90°C at the potential of 1.3V (SCE).

© 2018 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

* The counter and reference electrodes were manufactured from sodium
metal rolled on anickel grid substrate. The NaClO, (1 M) in amixture of
ethylene carbonate-diethyl carbonate-dimethyl carbonate (1:1:1, v/v) was
used asthe electrolyte. The mass loading for In-Ge electrodes investigated
was 0.1 mg cm2,
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Figure 2 (a) Charge—discharge curves and (b) change in the reversible
capacity of the germanium-based el ectrode during the insertion—extraction of
sodium at different current densities. Current values are expressed in mA g%,

account the fact that sodium can form alloys with germanium up
to the composition Na;Ge,*® the composition Geyg3lng e Can
produce aloy Na g:Geyeilngoe With the specific capacity of
1020 mAhg™.

Thus, the reversible capacity of 590 mAh g recorded at alow
current density (0.15 C) for the nanostructured germanium-based
sample can correspond to the composition Nay 731ng 69Gey 1. AN
increased current density leads to a decrease in the reversible
capacity, which is caused by the slow diffusion of sodiumionsin
the solid phase. However, even at a fairly high current density
of 7200 mA g (12 C), the reversible capacity was as much as
180 mAh g. The electrodes were characterized by stable cycling
with smultaneous rather high capacity. After 120 charge-discharge
cycles, the reversible capacity was 80% of its initiad value
[Figure 2(b)]. The coulombic efficiency of first cycle was about
0.61, which is related to the well-known phenomenon of solid
electrolyte interphase formation. This efficiency has reached
0.98 up to 12™ cycle and remained constant during further cycling.
Such stable cycling of the germanium-based electrodes can be
explained by the unique filamentary morphology of synthesized
germanium and the change in the mechanical properties of thread-
like structures due to the dissolution of indium in germanium
during the synthesis. Since the atomic radius of indium is 36%
larger than that of germanium, the Gey 911N o9 @loy can be con-
sidered as a prestrained material. According to the known data,??
such materials are less susceptible to degradation during the
insertion—extraction of alkali meta ions. Critical mechanical failure
during the insertion of akali metal was observed for materials
with afeature size of more than 1.2 um.?

Cyclic voltamograms of germanium-based electrode at different
potential scan ratesare shownin Figure 3. The process of sodium
intercalation is described by a clear peak at the potentials of
50-60 mV, while the extraction processis described by a response
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Figure 3 (a) Cyclic voltamograms of germanium-based electrode during
the insertion—extraction of sodium and (b) peak current vs. potential scan rate.

peak at the potentials of 700—-710 mV. The dependences of peak
currentson the square root of potential scan rate are linear and go
through the origin of coordinates, which evidences the diffusion
process of sodium insertion—extraction into germanium.

Therefore, this work revealed the nanostructured germanium
obtained by electrochemical deposition from an agueous solution
using In nanoparticlesasthe crystallization centers. Thismaterial
composition is Gey g11Ng o9 and it is characterized by the reversible
capacity for the sodium insertion of about 590 mAh g, which
overcomes the results achieved previously. The filamentary
morphology of synthesized materia and the presence of indiumin
germanium ensure its stable cycling and the ability to withstand
the high charge-discharge currents. The absence of any signi-
ficant degradation of sodium enriched materials during cycling
distinguishes this new material from the described germanium
nanostructured samples. Its stability during cycling can be explained
by the unique filamentary morphology of germanium nanostruc-
tures and also by the changed mechanical properties of germanium
due to the formation of alloy with indium.

This work was carried out within the State Assignment on
Applied Research from the Ministry of Education and Science
of the Russian Federation to the National Research University of
Electronic Technology (MIET) (assignment no. 16.2653.2017/4.6).
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