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Sodium-ion batteries (SIBs) are emerging as potential stationary
energy storage devices due to the abundance and low cost of
sodium. A simple and energy efficient strategy to develop electrodes
for SIBs with a high charge/discharge rate is highly desirable. Here
we demonstrate that by surface modification of Ge, using electro-
less deposition in SbCls/ionic liquids, the stability and performance
of the anode can be improved. This is due to the formation of
Ge,Sb; , at the surface leading to better diffusion of Na, and the
formation of a stable twin organic and inorganic SEI which protects
the electrode. By judicious control of the surface modification, an
improvement in the capacity to between 50% and 300% has been
achieved at high current densities (0.83—8.4 A g~?) in an ionic liquid
electrolyte NaFSI-[Py; 4]FSI. The results clearly demonstrate that an
electroless deposition based surface modification strategy in ionic
liquids offers exciting opportunities in developing superior energy
storage devices.

Sodium-ion batteries (SIBs) have recently received significant
attention in the battery community for large scale energy storage
needs due to abundant availability and low cost of sodium."”
For SIBs, the potential anode materials are Ge, Sn and Sb which
have a theoretical capacity of 369, 847 and 660 mA h g,
respectively.”” Alloys of these materials have also been shown
to be promising anode materials.®** However, during cycling,
all of them show reduced capacity retention primarily due to
slow solid-state diffusion of Na ions, unstable solid electrolyte
interface (SEI) formation and volume expansion/pulverisation. For
example, in the case of germanium thin film anodes, the capacity
declined rapidly after 20 to 30 cycles even at low charge/discharge
rates of C/10 which has been related primarily due to the change in
thin films to a porous morphology or fragmentation of thin films
during cycling."*"® To overcome this issue, we have developed a
strategy involving judicious surface modification to produce
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desired effects on both stability and capacity retention at
relatively high charge/discharge current densities.

Surface modification is a versatile technique which has been
shown to improve the structural stability, electronic and ionic
conductivities as well as suppress surface reactions of the anodes
and cathodes for lithium ion batteries.**™° Various techniques
have been applied for surface modification such as sputtering,
atomic layer deposition (ALD), sol-gel coating, and mechanical
coating, all of which require additional steps as well as additional
energy for electrode development.'”*® In comparison, electroless
deposition via galvanic displacement reaction does not require
any external energy and the surface modification is triggered by
a redox reaction. Until now, electroless deposition of noble
metals has been used only in lithium-ion batteries to improve
the electronic conductivity of anodes such as silicon which was
performed in the presence of HF.** It was also found that only
after heat treatment of the noble metals on silicon, the capacity
fade could be reduced due to the formation of an alloy at the
interface.”

Here, we show the surface modification of the electrodepos-
ited amorphous Ge thin film using electroless deposition in a
SbCl,/ionic liquid (IL) containing electrolyte to form Ge,Sb;_,
at the surface. Fig. 1a and b show the microstructure of the
electrodeposited Ge and Ge modified in 0.1 M SbCl;-1-butyl-3-
methylpyrrolidinium bis(trifluoromethylsulfonyl)amide (0.1 M
SbCl,-[Py, 4]TFSI) by electroless deposition. A change in open
circuit potential (OCP) was noted (Fig. S1, ESIt) indicating the
electroless deposition of Sb on Ge. However, repeated experi-
ments showed that the change in OCP is not always identical as
evident from Fig. S1 (ESIt) and can arise due to the difference
in reaction kinetics. The electrodeposited germanium forms
a clustered and porous deposit having a cluster size of about
200-300 nm, Fig. 1a.

The Ge clusters are made up of small Ge nanoparticles in the
size range of 30-50 nm which has been shown previously.>* The
EDX of the electrodeposited Ge (Fig. S2a, ESIt) shows a promi-
nent peak of Ge. Besides, the peaks of O, S and Cl are also seen
which is due to exposure of the sample in air during the transfer
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Fig. 1 (a) Microstructure of electrodeposited Ge; (b) SEM of electroless
deposited Sb on Ge from 0.1 M SbCls-[Py; 4]TFSI; (c) Raman spectra of
electrodeposited Ge (black line), electroless deposited Sb on Ge (red line)
and after annealing to 300 °C (blue line).

to the SEM and the presence of some remaining ionic liquids,
respectively. Upon modification of the electrodeposited Ge, the
presence of Sb nanoparticles on the Ge clusters is evident,
Fig. 1b. The EDX spectra (Fig. S2b, ESIt) show prominent peaks
of Ge and Sb confirming that electroless deposition occurred and
led to surface modification of Ge. X-ray photoelectron spectroscopy
(XPS) was also used to probe the surface composition before and
after surface modification. The survey scan (Fig. S3, ESIt) of Sb
modified Ge shows contributions of both germanium and anti-
mony along with carbon and chlorine in the surface layer. Peak
fitting of the Ge 3d (Fig. S4a, ESIt) shows a Ge® component as well
as contributions of GeO,. The XPS spectrum of the Sb 3d structure
(Fig. S4b, ESIt) could distinguish the Sb 3ds, structure and O 1s.
Furthermore the peak fit showed Sb® as well as Sb*" and Sb*>*
which might be related to SbCl; and the native oxide layer of the
deposit. Thus, from XPS, we can say that Ge,Sb;_,, or a mixture
of Ge and Sb phases are present in the Sb modified Ge along with
some remaining SbCl;, germanium and antimony oxides.

Raman spectroscopy was also used to evaluate the changes
in the Ge nanostructures upon surface modification. In Fig. 1c,
electrodeposited Ge shows a Raman peak at 293 cm ™" indicating
the presence of amorphous Ge nanoparticles. Surface modification
of electrodeposited Ge in 0.1 M SbCl;-[Py, 4]TFSI for 10 minutes led
to the formation of Sb Alg vibration mode at 150 cm™ ' and a
broad peak at 225 cm™" which relates to the longitudinal optical
(LO) phonon vibration of Ge,Sb; _,.>*”>° Upon heat treatment of
the sample to 300 °C in vacuum, it is evident from Fig. 1c that
there is a shift in the Ge peak by 11 cm ™" and the LO phonon
vibration peak becomes prominent which confirms the for-
mation of Ge,Sb;_,.

Cyclic voltammetry (CV) of electrodeposited Ge in 1 M
sodium bis(fluorosulfonyl)amide/1-butyl-3-methylpyrrolidinium
bis(fluorosulfonyl)amide (NaFSI-{Py, 4]FSI) is shown in Fig. 2a.
In the first CV cycle, the formation of a solid electrolyte interface
(SEI) is seen between +1.5 V and +0.5 V.*” An increase in negative
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Fig. 2 (a) CV of electrodeposited Ge in 1 M NaFSI-[Py; 4]FSI at a scan rate

—1.

of 1 mV s (b) CV of Sb modified Ge by electroless deposition, in 1 M
—1.

NaFSI-[Py; 4]FSI at a scan rate of 1 mV s™*; (c and d) charge—discharge
cycles at various current densities on electrodeposited Ge and Sb modified
Ge, respectively. The first charge—discharge cycle was run at 0.02C to
form a stable SEI layer.

current is observed below +0.5 V and can be related to the
sodiation process. In the anodic scan, no desodiation process
is observed. However, in the 5th and 10th CV scans, the sodiation
process takes place below +0.5 V during the cathodic scan, and a
small desodiation wave is observed in the anodic scan at around
+0.65 V. This is in contrast to that observed on Ge nanowires with
an organic electrolyte wherein no desodiation peaks were observed
in the CV cycles.”” The CV cycles on Sb surface modified Ge are
shown in Fig. 2b. In the first cycle, the broad reduction peak
between +2.5 V and +1.0 V represents the formation of the SEI
layer. The sodiation process starts at +0.7 V, which is more
positive potential compared to Ge. In the anodic scan, a shoulder
is observed at around +0.65 V and a peak is formed at +0.86 V,
which can be associated with the desodiation process from Ge
and Ge,Sb, _, respectively. In the 5th and 10th CV cycles, only the
sodiation and desodiation processes are seen below +0.75 V and
above +0.5 V, respectively.

The galvanostatic charge-discharge processes at different
current densities on electrodeposited Ge are shown in Fig. 2c. It
is evident that at 0.42 A g~ ' (1C), the specific capacity of sodiation
for the first five cycles gives an average value of 376 mA h g™/,
which is in good agreement with the theoretical capacity for the
formation of NaGe."* Upon charging and discharging at higher
rates, the specific capacity drops significantly, especially at 4.2
(10C) and 8.43 A g~ * (20C) wherein the specific capacity is 52 and
25 mA h g, respectively. The increase in coulombic efficiency
with a decreased specific capacity indicates that at high charge-
discharge rates, the diffusion of Na is limited only to the surface
of Ge without any sodiation to the bulk structure. In compar-
ison, on Sb surface modified Ge, it is evident in Fig. 2d that the
specific capacity is significantly higher at 4.2 and 8.43 A g~ " with an
average value of 160 mA h ¢~ " and 81 mA h g, respectively, which
is an increase of more than 300% in Na storage. At a charge-
discharge current of 0.83 A g™, the specific capacity increased from
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220 mA h g~ for electrodeposited Ge to 310 mA h g~" on Sb
modified Ge, which is an increase of about 40% in Na storage.
However, not much of a difference is observed in Na storage at
0.42 A g~ . In comparison, the coulombic efficiency is higher in
Sb modified Ge at 0.42 A g~ ', which indicates that the diffusion
of Na is more prominent and therefore at higher charge-discharge
currents, a high capacity is achieved compared to Ge. The solid-
state diffusion coefficient of Na in Ge is 10~ ** em” s~ and is about
five orders higher in Sb where it is 107% em* s7.*"*® As Ge is
modified with Sb nanoparticles and Ge,Sb,_, forms at the inter-
face, the diffusion of Na can take place faster and can intercalate
to the bulk of the deposit. To clarify this, galvanostatic charge-
discharge cycles were performed on both electrodeposited Ge
and Sb modified Ge.

Fig. 3a and b show the charge-discharge profiles of 2nd, 10th
and 50th cycles. As repeatable results could not be achieved over
50 cycles for electrodeposited Ge at 0.83 A g™, experiments were
performed at 0.54 A g~ ' (1.5C).

For electrodeposited Ge, it is evident that the 2nd and 10th
cycles show a specific capacity of about 180 mA h g™, which
decreases to 140 mA h g~' after the 50th cycle. This stability is
much superior compared to the previously reported results with
Ge thin films which showed degradation to almost zero capacity
after 30 cycles at a much lower charge-discharge rate (0.1C)."*"*

In comparison, for the Sb modified Ge surface the specific
capacity is 290 mA h g™' for the first cycle and drops to
225 mA h g~ ! after the 50th cycle at a charge-discharge current
of 0.83 A g '. Fig. 3c shows the comparison of the charge-
discharge processes over 50 cycles for electrodeposited Ge and
Sb modified Ge.

Although a higher current density is applied for Sb modified
Ge compared to electrodeposited Ge, the specific capacity is
higher by at least 50%. In general, with a higher charge-discharge
current, the specific capacity decreases. This improvement in the
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Fig. 3 Charge discharge curves for 2nd, 10th and 50th cycles for (a) electro-
deposited Ge at 0.54 A g% (b) Sb modified Ge at 0.83 A g™ (c) 50 charge—
discharge cycles of electrodeposited Ge and Sb modified Ge. The first
charge—discharge cycle was run at 0.02C to form a stable SEI layer.
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specific capacity as well as higher coulombic efficiency for the Sb
modified Ge compared to electrodeposited Ge can be related to
the better diffusion of Na ions and the stable formation of the
SEI layer.

To evaluate the stability of the SEI layer formed as well as
to understand the diffusion of Na ions in Sb modified Ge, X-ray
photoelectron spectroscopy (XPS) and Auger electron spectroscopy
(AES) were employed. The cycled samples were initially etched
by Ar" ions accelerated to 1 keV in order to remove any residual
ionic liquid from the top layer of the surface. The survey spectrum
(see Fig. S5, ESIt) compares the cycled samples to the uncycled
ones wherein additional peaks of sodium and sulphur are seen for
the cycled samples. Fig. 4a-c shows the detailed spectra of Na 1s, F
1s and S 2p transitions for the Sb surface modified germanium
(red line) and germanium sample (black line) after cycling.

The symmetric peak shape of Na 1s in Fig. 4a indicates
sodium compounds, rather than metallic sodium, and is empha-
sized by a prominent NaF>° peak at 685.6 eV binding energy (BE)
in the F 1s detail spectrum (Fig. 4b). The sodiated Ge additionally
shows contributions from FSI at 689.4 eV BE. Contributions
of FSI could be observed for the Sb modified Ge sample, too.
However, a significant difference in the S 2p spectrum is observed
upon comparing the sodiation process in Ge and Sb modified Ge.
The S 2p spectrum in Fig. 4c reveals a shoulder at 165.3 eV BE for
the Ge sample and a peak at 162.8 eV BE. The peak at 162.8 eV BE
can be assigned to sodium sulphide®® and the shoulder at
165.3 eV BE is most likely sodium sulphate which might have
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Fig. 4 (a—c) XPS detailed spectra (Na 1s, F 1s and S 2p) of electrodepos-
ited Ge (black) and Sb modified Ge (red) after 50 charge—discharge cycles
in 1 M NaFSI-[Py; 4]FSI; (d) stoichiometry of surface components from XPS
survey spectra after sputter etching with 2 keV Ar* ions for Sb modified Ge
sample after cycling.
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formed due to the reduction of FSI in the presence of sodium
ions.*! Upon analysing the Sb spectra (Fig. $6, ESIt) before and
after cycling, a significant difference is observed. The Sb** and
Sb>" peaks have diminished along with Sb 3d;/, and a clear Na
KLL and O 1s peak can be distinguished. This suggests that
a relatively thick SEI layer is formed and Na has intercalated
into the Sb layer and probably reduces the oxide species of Sb
during intercalation. The presence of O 1s could be due to the
formation of Na,O. A similar reduction process was seen during
Na intercalation in TiO,.*?

Subsequently the cycled antimony modified Ge sample was
etched with 2 keV Ar" ions in several steps, each verified by XPS
survey spectra. The peak areas were normalized by photoelectric
cross-sections, asymmetry factors and transmission functions of
the hemispherical analyzer to calculate the stoichiometry of the
surface components. Although the actual sputter rate depends
on various effects (on the matrix and molecular level) the stoichio-
metric data were plotted against sputter time in Fig. 4d to give
a semi-quantitative insight of the composition with depth.
It is evident that the relative amount of germanium increases
within the first 20 minutes of etching, whereas that of the
other components like carbon, chlorine, fluorine, antimony
and sodium decreases. Between 20 and 50 minutes of sputter-
ing, the Na concentration plateaus and slightly increases upon
further sputtering, whereas Sb concentration decreases signifi-
cantly after 50 minutes of sputtering. This indicates that Na not
only has intercalated to the outer layers, but also has intercalated
to the bulk of Ge.

Further investigation of the SEI layer after the first sodiation
process showed the formation of a thin inorganic SEI layer on the
Sb modified Ge and an organic outer layer. A large area image
showing the formation of the SEI layer is shown in Fig. S7 (ESIY).
Fig. 5a shows the SEM image of Sb modified Ge after the first full
charge. The image reveals two different structured deposits, a
thick cauliflower-like deposit (A) and a comparatively thin layer
(B). The respective Auger electron spectroscopy (AES) data are
shown in Fig. 5b. While both spectra show distinctive peaks,
which can be assigned to sulphur (S LMM), chlorine (Cl LMM),
carbon (C KLL), oxygen (O KLL) and fluorine (F KLL); signifi-
cant amounts of antimony (Sb MNN), germanium (Ge LMM)
and sodium (Na KLL) can only be found for the thin layer (B).
The formation of the inorganic-organic SEI layers has been
shown to be advantageous for Li-air batteries wherein the Li
dendritic growth could be avoided, thereby resulting in an
enhanced coulombic efficiency.*

Thus, from the XPS and AES results, it appears that on Sb
modified Ge, a better SEI layer is formed which is made up of
primarily sodium compounds (NaF, Na,S) in the inner layer
compared to the presence of higher concentrations of decom-
posed ionic liquids along with sodium compounds for Ge. The
presence of sodium compounds would result in faster sodium
diffusion through the SEI layer, whereas the outer organic SEI
layer protects the electrode from further reacting with the elec-
trolyte during the charge-discharge processes. Also, as Ge,Sb;_,
is formed (shown by Raman spectroscopy) on the Sb modified Ge
surface, it might have created defects in the Ge structure during
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Fig. 5 (a) SEM image of Sb modified Ge after the first sodiation process
recorded at a beam energy of 5 kV; (b) AES spectra of the regions marked
in the SEM image.

galvanic displacement reaction, resulting in faster diffusion of Na
ions in Ge as exemplified by the depth profile analysis in Fig. 4d.
These two factors have resulted in improved charge storage and
battery performance at higher charge densities for Sb modified Ge.

Conclusions

In conclusion, we have demonstrated a versatile technique of
surface modification of a germanium electrode using electro-
less deposition from ionic liquids at room temperature. The
surface modification led to improved capacity and stability of
the Na-ion batteries at high charge/discharge current densities
with an ionic liquid electrolyte. The present findings open up
new paradigms for creating and modifying anodic materials for
rechargeable batteries.
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