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Hybrid composites between Germanium (Ge) and carbonaceous materials have been extensively studied due to
the carbonaceous’ component’s ability to mitigate the intrinsic problems pertaining to Ge-based anodes. The
mitigation of reduced cycling ability and rate capability allows for the unhindered benefit of higher capacities in
Ge-carbonaceous composite anodes. Here, the effect of different Ge mass loading on electrochemical perfor-
mance is studied on a GeOy/Ge/r-GO composite made using controlled microwave radiation of ball-milled Ge
and sonicated dispersion of graphene Oxide (GO) as a lithium battery anode. The composite anode at Ge 25%
showed greatest cycling retention with 91% after 100 cycles and an average specific capacity of 300 mAh/g
(1600 mAh/g Ge). At 75% Ge mass loading the anode suffered with limited cycling retention of 57.5% at the cost
of greater specific capacities. The composite at 50% Ge attained advantageous characteristics of both composites
with a stable cycling performance of 71.4% after 50 cycles and an average specific capacity of 400 mAh/g (1067
mAh/g Ge, all conducted at a current density of 100 mA/g). A positive linear correlation is revealed for

increasing Ge mass loadings and specific capacities in Ge-carbonaceous as anode materials.

1. Introduction

As research looks toward renewable energies such as solar and wind,
the means of energy storage grows equally as important. A stimulant
into researching energy storage devices, particularly batteries, is the
growth of electric vehicles (EVs) and its similar constituents such as
battery electric vehicles (BEVs). In 2019 alone, the global stock of EVs
reached 7.2-7.5 million units, with around 67% belonging to BEVs
alongside a growing trend as the market shares reached 2.6% in 2019 [1,
2]. With the impressive growth of the EV market, the demand for su-
perior batteries with better parameters are becoming more imperative as
they may allow EVs to have further travel ranges and longer lifespans
which relates to the battery materials’ energy density/capacity and
cycling stability [1-4] . Prospective new battery materials are now under
rigorous critique in determination of whether they are viable for
low-cost manufacturing. The mining of elements needed for battery
materials as well as their abundance plays an important role in deter-
mining the viability of an element as a precursor for battery materials.
As such, research into moving the market away from the established
cobalt-rich cathode materials and carbon-based anode materials is
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becoming a more prevalent approach to solve the EV’s demands [1,2].
One approach to meet the demands are attempts on the anode side of
lithium-ion batteries (LIBs). The replacement of graphite (with theo-
retical specific capacity of 379 mAh/g) as an anode for a material with
higher capacity is being researched, driven by the EVs demand.
Germanium (Ge) primarily presents itself as a good candidate as anode
for high-energy density batteries with improved cycling stability. Pow-
ered by the alloy/de-alloy phenomenon, Ge and its fellow group IV
members exhibit more specific energy capacities and energy densities
[3]. Ge is reported to have a theoretical capacity of 1600-1650 mAh/g
whilst Silicon (Si) achieves 4200 mAh/g theoretical capacity [5-8]. Ge
receives less attention when compared to Si because Ge has a higher cost
and lower capacity. However, Ge holds the advantage over Si in certain
aspects such as electrical conductivity and lithium diffusivity. Ge has a
much greater electrical conductivity than Si at more than 10,000 times
because of the small band gap of approximately 0.6 eV and when
comparing lithium diffusivity, Ge gains advantage with more than 400
times the amount of Si which makes Ge much suitable for high-power
and high-current LIBs [3-8]. Unlike Si, Ge experiences isotropic
swelling and a tough behavior whereas Si has anisotropic swelling which
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ultimately leads to surface fracture and a fragile behavior [5,6]. A
common downfall pertaining to both Ge and Si materials would be the
repeated drastic volume expansion and contraction of 370% and 420%
respectively that eventually leads to capacity losses because of the
pulverization of anode particles, thereby restricting their functionality
in further electrochemical reactions resulting in poor cycling perfor-
mance [4-8].

On the other hand, there is significance to work on germanium-based
anodes when compared to graphite and carbon-based compositions.
Commercialized graphite-based anodes have shown stable marketability
due to their cheap and environmentally friendly (recyclability) proper-
ties; they are not without fault [9,10]. Graphite-based anodes suffer
from low capacities due to the formation of traditional LiCg during the
intercalation of lithium into the graphitic structure [9-11]. Further-
more, these anodes suffer from poor rate capabilities due to slow
perpendicular lithium-ion intercalation, among other complex reasons
[11,12]. Many methods have been evaluation as solutions to improve
the property through surface modifications and addition of supporting
structures [9,13,14]. Still, a crucial route to improve the low capacities
in graphite anodes would be through alloy-type anodes, in specific group
IV elements and their oxide derivatives. In such composite scenarios,
flexible graphite structures help to sustain the volumetric change of
group IV elements whilst the graphite components receive improved
capacity help from the group IV components [15,16].

Ge/C nanocomposites have been made, where the carbon framework
acts as a preventative measure against the large volume change which
consequently mitigates the pulverization of the anode whilst increasing
electrical conductivity [17]. Ge/N-doped carbon nanostructure anode
studies have also shown drastic improvement as the N-doped carbon
framework offered diffusion pathways as well as spaces to accommodate
for the large volume changes during lithiation/delithiation [18].
Another study using in-situ synthesized Ge/reduced graphene oxide
(Ge/r-GO) highlights the structural stability of the r-GO while providing
a large contact area with the electrolyte [19]. An effective route to
restrict the inherent volumetric change of Ge during lithiation and
delithiation would be nano structuring. The implementation of
nano-structured Ge architecture has allowed the material to overcome
the pulverization difficulties as well as provide further benefits
depending on the structure types. Nanowire (NW) Ge have shown, on
multiple occasions, the feasibility of this approach by not only bypassing
the pulverization of Ge anodes — but also providing improved electrical
conductivity throughout the length of the NW, high surface-area contact
with the electrolyte and shortened lithium diffusion pathways [20-22].
The compositing of Ge with other frameworks such as self-compositing
dual-ion batteries (DIBs) [23], copper [24], tin [21], silicon [25], and
polypyrolle [26] have also highlighted repeatedly the improvement of
capacity and retention in composites of Ge, making this approach a
common practice to improve battery performance. Studies into using
reduced graphene oxide have been shown to improve electrochemical
performance. Recently, Ge/GeOy/r-GO composite anode material
revealed major improvements on the ionic conductivity and charge
transfer within the proposed framework [27].

In this work, Germanium Oxide/Germanium/reduced graphene
oxide (GeOy/Ge/r-GO) composite anodes, at three different concurrent
Ge weight percentages (25%, 50%, 75%), were developed for LIBs using
microwave-assisted synthesis to which characterization via scanning
electron microscopy (SEM), transmission electron microscopy (TEM), x-
ray diffraction (XRD) and energy dispersive x-ray analysis (EDX) was
conducted. Moreover, electrochemical testing like galvanostatic charge-
discharge (GCD) curves and cyclic voltammetry (CV) were established to
gauge the electrochemical performance of the material with specific
focus on the electrochemical effect at different Ge loading masses. Post-
mortem characterization was conducted for the three GeO,/Ge/r-GO
weighted anodes at complete lithiation and delithiation junctions to
study the morphological and structural changes in the anode which may
provide insight into the reactions of the material through additional
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techniques like X-ray photoelectron spectroscopy (XPS).
2. Materials and methods
2.1. Synthesis of the GeOz/Ge/r-GO Composite

Pure Ge powder was obtained from Fluka AG. The Ge powder un-
derwent 4 h of ball-milling at 400 rpm using MSK-SFM-1 Planetary Ball
Mills. The GO component was synthesized using modified Hummers’
method [28] from graphite powder as provided by BDH Chemicals Ltd.
GeOy/Ge/r-GO composites were then calculated and synthesized at
three approximate weight percentages (wt%), 25%, 50% and 75%. The
composites are respectively dubbed Ge25, Ge50 and Ge75 and were
prepared in sufficient amount and capacity for the following
physical-characterization and electrochemical tests. Preparation for
GeO2/Ge/r-GO follows through with the suspension of GO in distilled
water by sonification for 30-60 min, followed by the addition of the
expected amount of ball-milled Ge. The mixture was then placed inside
the cavity of a Monowave 300 Anton Paar microwave reactor and was
exposed to controlled radiation at a temperature of 160 °C and pressure
of 8 Bar for 30 min. Finally, the composite mixture was centrifuged,
washed with distilled water, and dried in a vacuum-oven overnight at
80 °C.

2.2. Characterization methods of GeO2/Ge/r-GO Battery Material

A wide array of characterization techniques was applied to the as-
synthesized material. Phase-pure confirmation of GeOy/Ge/r-GO and
determination of the Ge/GeOx components were executed using XRD via
Empyrean PANalytical from the 26 diffraction angles 10-100° at Cu K,
radiation (A = 1.540498 A). The morphology of the GeOy/Ge/r-GO
samples was observed using FEI NOVA NANOSEM 450 equipment.
Elemental qualitative analysis was conducted using SEM-EDX analyzer,
as well as the progressive change of the Ge:O ratio as an indicator for the
formation of GeO; of GeO2/Ge/r-GO composition. Raman spectroscopy
was used with (Thermo Scientific™, DXR™ 2 Raman Microscope) for
further characterization of the phase structures and molecular in-
teractions. Additionally, thermogravimetric analysis (TGA) was per-
formed using PerkinElmer TGA 4000 to see the differences in thermal
stability of the composite in comparison with the Ge precursor, whilst
Brunauer-Emmett-Teller (BET) model was applied to show the change
in surface area and the size distribution of pores in the GeOy/Ge/r-GO
material.

2.3. Slurry preparation, cell fabrication and electrochemical testing

The GeOy/Ge/r-GO composite was slurry-coated using Super P as a
carbon source, polyvinylidene fluoride (PVDF) as a binder, and N-
methyl pyrrolidinone (NMP) as a solvent at an active material, carbon,
and binder ratio of 0.75: 0.15: 0.10. The slurry was casted onto a copper
current collector with a doctor blade applicator and dried in a vacuum
oven. The loading mass of GeO2/Ge/r-GO composites used was on
average 1.5, 3.0 and 4.5 mg/cm? for 25, 50 and 75 Ge wt%, respectively.
CR 2032 coin-cells, in half-cell configuration, were fabricated within a
glovebox chamber (MTI, VGB-6-LD) under Argon gas environment with
O, and H30 levels below 0.1 ppm. 1 M Lithium bis-(tri-
fluoromethanesulfonyl) imide (LiTFSI) in EC/DMC/DEC (1:1:1 in vol-
ume) carbonate mixture was used as electrolyte, lithium foil as counter
electrode, and Celgard® 2500 as separator. CV investigation was carried
out using CS350 Potentiostat/Galvanostat (electrochemical worksta-
tion) at a voltage range from 0 to 1.5 V vs. Li*/Li and scanning rate of
0.01 mV/s up to 5 cycles whilst GCD tests were done using 8 channel
battery analyzer (0.005 —1 mA, up to 5 V) - BST8-WA.
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2.4. Postmortem analysis

Cells for Ge25, Ge50 and Ge75 were subjected to postmortem anal-
ysis at three conditions; electrode-slurry form (ESF), post-discharge (PD)
to 0.05 V vs. Lit/Li and post-charge (PC) to 1.2 V vs. Li*/Li. Reacted
anodes were extracted from the cells whilst within the glove-box envi-
ronment and were washed with propylene carbonate. Pristine and dried
lithiated/delithiated GeOy/Ge/r-GO composites at the three wt% were
kept in argon filled vials and opened in Argon environment just before
analysis by SEM, TEM, XRD and XPS to evaluate the differences between
the three samples at the different charge states and to further investigate
the changes seen in electrochemical characterization and performance.

3. Results and discussion
3.1. Material characterization

3.1.1. SEM

Scanning electron microscopy (SEM) was opted to study the struc-
tural morphology and distributions of the as-prepared GeO,/Ge/r-GO
composite materials brought about by the simple production method.
The SEM micrographs revealed that the relatively simple material pro-
duction method produced unique Ge microcube structures, whilst var-
iations in Ge mass loading led to differences in Ge microcube population
distributions. The uniqueness of the depicted morphology, for GeOy/Ge
as battery material, is seen in Fig. 1 (a-i) of SEM micrographs of GeOz/

S
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Ge/r-GO in different Ge mass loading (25%, 50% and 75%) at uniform
magnifications. Contrary to a variety of anode material investigations
using Ge, the formation of GeOy/Ge microcubes at this specification
using relatively simple production methods and materials is somewhat
rare but still present. This is seen with Ge nanoparticles encapsulated in
carbon nano-boxes via core-shell designs [29]. The r-GO network was
well connected to the GeOy/Ge microparticles (Fig. 1.b and 1.c),
enabling good electronic conduction for the composite material. The
SEM images of ball milled Ge powder before it was mixed with GO, given
in Fig. S.1, confirmed that the agglomerated Ge particles were crys-
talized in cubic system after the microwave reaction. SEM images
revealed an important effect of Ge mass loading on the morphology and
the structure of GeOy/Ge/r-GO composite. The SEM micrographs of
Ge75, as shown in Fig. 1.a, b, and ¢, showed a visible presence of cubic
microparticles of GeOy/Ge wrapped with r-GO nanosheets. The average
cubic edge was in the range 0.8-1.2 um (Fig. 1.a). Similar morphology of
GeOy/Ge microcubes was observed for Ge50, as shown in Fig. 1.d, e, and
f. However, less population distribution of GeOy/Ge microparticles
compared to the Ge75 SEM micrographs due to lower Ge mass loading.
The SEM micrographs for the Ge25 composite showed different
morphology and structure from the Ge50 and Ge75 counterparts. The
SEM micrographs in Fig. 1.g, h, and i demonstrated the absence of cubic
particles with lower Ge mass loading. This examined behavior is not
commonly investigated within other GeOy/Ge composite anode studies.

Fig. 1. SEM images at different magnifications of: (a-c) GeO,/Ge75/rGO, (d-f) GeO,/Ge50/rGO, and (g-i) GeO»/Ge25/r-GO composites prepared by solvent-assisted

microwave method highlighting the Ge cubes and rGO sheet structures.
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3.1.2. EDX

The in-tandem use of EDX was implemented to produce a quantita-
tive analysis to reinforce the SEM micrograph findings. Moreover, EDX
not only supports the SEM micrographs, but also provides information
on the composition of the materials (see Fig. S.2). After the microwave
synthesis, the Ge weight percent were 8.21%, 37.97%, and 62.61% for
Ge25, Ge50, and Ge75, respectively. The remarkable decrease in Ge
content after the microwave synthesis indicates the involvement of Ge
element in the formation of GeOy/Ge/r-GO composite materials. The C
weight percent estimates were at 76.91%, 44.09%, and 18.5% for Ge25,
Ge50, and Ge75, respectively. On the other hand, the O weight percent
was less affected by Ge mass loading (14.88%, 17.94%, 18.89% for
Ge25, Ge50, and Ge75, respectively). A closer look on the EDX data, the
mole ratio between Ge and O elements shows an interesting observation:
as the amount of Ge added increased, the Ge:O mole ratio drops from an
average of 1:1 for Ge25 and shifts closer to 1:2 for Ge50 and Ge75. This
behavior can be linked to the formation of GeO,. The increase of Ge:O
molar ratio above 1:2 indicates that Ge was partially oxidized to GeOy
for initial Ge mass loading > 50%. This implies that Ge plays a crucial
role in the microwave synthesis of GeO,/Ge/r-GO composite material.
Evidently, Ge participates in the reduction of GO with formation of GeO,
and r-GO during microwave irradiation, according to reaction (1):

microwave  radiation
-

Ge(s) + GO GeOs(s) +r—GO 1)

This can be explained by the high microwave absorption of Ge par-
ticles (high density of holes in Ge crystalline structure) inducing the
transfer of electrons to GO and being oxidized [30]. The remarkable
differences in the morphology and structure indicates that the micro-
wave synthesis of GeO2/Ge/r-GO composite material depends largely on
the initial Ge mass loading. The reduction of GO by solvent assisted
microwave method in presence of Ge to prepare GeOy/Ge/r-GO com-
posites has not been reported in literature based on our knowledge. The
microwave method described in this work enabled the synthesis of
r-GO-wrapped and GeOj-coated Ge microparticles with unique
morphology and structure. It is noted that very recently Koo and Paek
[27] reported the synthesis of Ge/GeOy/r-GO composite using
solid-state microwave method. The reported Ge/GeO2/r-GO composite
has different morphology and structure than the as-prepared GeOy/-
Ge/r-GO composite material reported herein.

500 nm 500 nm
—
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3.1.3. TEM

High resolution transmission electron microscopy (HRTEM) pro-
vided a different perspective over the GeO,/Ge/r-GO composites, but
further supports morphology and structural information as previously
seen on SEM micrographs. Fig. 2.a and b displayed the cubic shape of
GeOy/Ge microcubes with sizes between 0.8 and 1.2 pm, similar to the
SEM results. The r-GO nanosheets framework wrapping GeOy/Ge par-
ticles are clearly depicted in Fig. 2.d to 2.f. Moreover, selected area
electron diffraction (SAED) pattern of Fig. 2.g confirmed the crystalline
structure of GeO2/Ge and the SAED spots coincide with the diffraction
pattern of (113) and (224) planes of cubic Ge crystalline structure. The
p-spacing estimated from the lattice fringes given in Fig. 2.h (0.326 nm)
corresponds to (111) planes of cubic crystalline Ge [31].

3.1.4. XRD

To confirm the crystalline nature of Ge within the GeOy/Ge/r-GO
composites, XRD was conducted on a sample of Ge50 as seen in Fig. 3.
Phase confirmation was attained for the presence of cubic Ge (JCPDS:
98-004-4841), hexagonal GeO; (JCPDS: 98-005-3870), and tetragonal
GeOy (JCPDS: 98-063-7460) with no underlying impurities detected.
Hexagonal GeOs is the predominant crystalline structure of GeO; pre-
sent in the composite sample of Ge50. The essential peaks for the Ge
component were found using Braggs’ law, specifically at lattice index
(111), (220), (311), and (400), while the indexing of multiple peaks for
hexagonal GeO, and tetragonal GeO, were complimenting with JCPDS
databases and supporting XRD reports of GeOg [32-34] The lattice
indexing of the crystalline Ge coincided with TEM fringing results. GO
used in preparation of the as-synthesized material was analyzed pro-
ducing an XRD spectra highlighting the presence of the GO and r-GO
peaks at 10° and 20.3°, respectively. The XRD spectrum of the
as-synthesized showed the absence of GO characteristic peak at 10° with
no formation of other GeOx components, further supporting GeO, being
the only GeOy component. It is possible that the lack of r-GO and carbon
component peaks may be absent as a result of masking by the high in-
tensity hexagonal GeO, (101) and Ge (111) peaks [35]. The synthetic
procedure of the material provides insight about the drastic intensity
difference between the hexagonal GeO> (101) and Ge (111) in which the
microwave reaction provided an environment that oxidizes Ge and re-
duces GO with formation of GeO, and r-GO. The cubic Ge microparticles
were coated with GeOs thin layer and wrapped with r-GO nanosheets.
The thickness of GeO, layer coating Ge crystals depend on the initial Ge

Fig. 2. (a-f) HRTEM images at different magnifications, (g) SAED pattern, and (h) lattice fringes of GeO,/Ge50/r-GO composite prepared by solvent-assisted mi-

crowave synthesis method.
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Fig. 3. Indexed XRD spectrum from 20 = 10°— 90° of the GeO,/Ge50/r-GO
composite with cubic Ge and hexagonal and tetragonal GeO, references.

mass loading.

3.1.5. Raman spectroscopy

To overcome the possible masking of GO and r-GO within the XRD
analysis and further confirm the formation of GeO, and Ge, Raman
spectroscopy was used as seen in Fig. 4 Extensive information was ob-
tained by Raman spectroscopy starting from the formation of r-GO,
which was confirmed in the sharp Raman peaks located at around
1350 cm ! and 1600 cm ™!, designated as D-band and G-band, respec-
tively. These bands correspond to the structural defects within the gra-
phene sheets for the first order Raman D-band peak, whilst the G-band
refers to the in-plane vibrations of pristine graphene sheets [36-38]. The
ratio between the intensities of the D-band (Ip) and G-band (Ig) (Ip/Ig)
were calculated to be 0.89 and 1.22, for GO and Ge50 composite. The
increase of Ip/Ig can be linked to the structural defects pertaining to the
disruption of spz—carbon bonds [27], proving the reduction of GO sheets

—_— 250 | GeO,/Ge/r-GO - After Microwave Reduction
3' |—— Ge0,/Ge/r-GO - Before Microwave Reduction
pr D e
O, 200 ém
> = R
‘0 1504 o I\
= &
Q o
e
100 ’°°n.m’.°.?snm°?im-u”°
- D+D’
g /Y e
E 50 4
e
04

500 1000 1500 2000 2500 3000 3500
Raman Shift (cm-1)

Fig. 4. Raman Spectroscopy of Ge50/GeO,/r-GO at (a) 0 cm ™! — 3500 cm ™ for
the r-GO component at 10x magnification comparing before and after micro-
wave reduction (red and black, respectively) and (b) inset figure of 0 cm! to
1000 cm ™! for the Ge/GeO, component at 50x magnification.
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into r-GO. The (Ip/Ig) ratio > 1 suggests that the synthesized material
contains more imperfections because of spz—carbon disruptions
compared to pristine GO. Furthermore, 2D, D+D’, and 2 G bands located
between 2500 cm ! and 3200 ecm ™! (reported for r-GO samples) [39]
confirmed the presence of r-GO in the composite material. The presence
of 2D, D + G, and 2 G bands is attributed to the electronic structure
perturbations of sp? carbons, especially the D + G that is a combination
scattering band activated in the presence of structural defects [40-42]. It
also indicates the high degree of GO reduction and the excellent elec-
tronic conductivity of the reduced GO framework. Raman spectra at
higher magnification x50 enables to observe the Raman shifts in the
region 0 — 500 em™!. The Raman peaks located at 93 em™!, 254 cm™Y,
298 cm’l, 348 cm~! were attributed to Ge-Ge bond [43]. The Raman
shifts at 127 cm_l, 150 cm_l, 181 cm_l, 205 cm_l, 405 cm_l,
418 cm™!, 442 cm™!, and 457 cm™! were attributed to Ge-O-Ge in
hexagonal and tetragonal GeO; crystalline structures [44]. This result
confirmed the XRD data suggesting the coating of Ge with GeO layer.

3.1.6. TGA and BET analysis

TGA was conducted on the Ge50 composite and the Ge metal pre-
cursor, as seen in (Fig. S.3), to understand the material behavior and
stability at extreme temperatures up to 950 °C. The TGA plot of Ge50
showed a small and steady weight loss which can be seen starting well
below 200 °C and could be attributed to the loss of moisture from the
composite sample [27]. After 200 °C, even greater weight loss is expe-
rienced which could be the result of decomposition of the reduced
graphene oxide material [27]. After 700 °C, the plot depicts a weight
gain within the material. This corresponds to TGA studies on the Ge
metal, which demonstrates weight gain after 600 °C from the oxidation
of Ge to GeO and further GeOy [7]. Unlike complex materials which have
three or more variables of mass change, the Ge50 composite only ex-
hibits three mass changes: moisture loss, decomposition of the reduced
graphene oxide and oxidation of the Ge into GeOyx under non-inert
conditions. As such, based on the TGA analysis we deduced the carbon
content to be 49.6% which is quite like the EDX values of 44.09%.
Moreover, applied BET (see Fig. S.4) showed transformative results in
surface area between the r-GO precursor and the Ge50 sample from
405.9 m?/g to 90.64 m?/g, respectively, whilst Ge metal had a small
value of 1.37 m?/g. The significant improvement of greater surface area
provided by the r-GO framework on the GeOy/Ge component allows for
better facilitation of electrolyte ion movement [45]. The composite also
revealed porous properties with average pore sizes of 5.43 and 2.37 nm
for BJH absorption and desorption radii, respectively. This property
facilitates the diffusion of Li™ ions across the composite structure,
thereby providing better electrochemical performance [27].

3.2. Electrochemical characterization

3.2.1. Cyclic voltammetry

To extensively study the lithiation and delithiation mechanisms of
the GeO,/Ge/r-GO anode composites across the different Ge mass
loading, CV was performed within a 0-1.5 V vs. Li*/Li voltage range at a
0.01 mV/s scan rate. Scans started with the lithiation of the anode
material followed by electrochemical oxidation (delithiation) of lithi-
ated materials as seen in the Fig. 5.a comparative plots. The first
observation deduced from the comparative CV plots was that the CV
profile of Ge25 is significantly different as compared to the CV profiles of
Ge50 and Ge75. Ge25 inclined more towards the outline of CV profiles
for carbon-based anodes, with the additional Ge peaks [46,47]. A closer
examination of the CV of Ge25 shows that in the first reduction scan, two
peaks, one sharp and one broad, are present at 0.525 and 0.15V vs.
Li*/Li, respectively (see Fig. 5.b). At the first oxidation scan, four peaks
located at 0.08-0.1, 0.37, 0.52, and 1.2 V vs. Li/Li" appeared in the CV
of Ge25. Although the oxidation peak located at 0.08 — 0.1 V vs. Li*/Li
had the greatest oxidation peak intensity in the CV of Ge25, it remark-
ably decreased in intensity compared to the other oxidation peaks in the
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CVs of Ge50 and Ge75. This is a characteristic oxidation peak that
generally appeared in the CVs of several carbon materials [48-53]. It
can be attributed to the deintercalation of Li* ions between the sheets of
r-GO and the carbon additives in the composition of the electrode ma-
terials in the case of GeOy/Ge/r-GO composites. It appears that the
deintercalation of Li* ions between the r-GO nanosheets is the main
mechanism of Li* removal in Ge25 composite. The reduction peak at
0.15V vs. Lit/Li can be paired with the first oxidation peak corre-
sponding to reversible intercalation/deintercalation of Li" ions into/-
from r-GO nanosheets in Ge25. The other common oxidation and
reduction peaks for the first CVs of GeOy/Ge/r-GO composites can be
attributed to alloying/dealloying of Ge and GeO3 and will be discussed
in more details with the Ge50 and Ge75 composites. An increase in the
intensity of the first oxidation peak and a decrease in the intensities of
the reduction peaks were observed in the second CV of Ge25 composite
as shown in Fig. 5.b. No apparent changes were detected after the third
CV of Ge25 composite indicating the reproducibility and reversibility of
the oxidation and reduction processes. A more important phenomenon
was observed in relation with the reduction peak located at 0.525 V vs.
Li*/Li that disappeared after the second CV, indicating that it corre-
sponds to an irreversible process. This phenomenon was reported pre-
viously in literature for different anode materials and it was attributed to
the formation of SEI thin film on the surface of the anode [54].

As previously mentioned, the CV profile for the Ge25 composite had
significant difference as opposed to the composites of Ge50 & Ge75.
Further analysis of the CV profile for Ge50 highlighted these differences
further (see Fig. 5.c.). In the first reduction scan from 1.5 V to 0.05 V vs.
Li*/Li, a total of four reduction peaks were detected at 0.66 V, 0.26 V,
0.18 V and a sharp peak at 0.02 V vs. Li*/Li. The initial oxidation scan
revealed four oxidation peak formations at 0.1 V, 0.47 V, 0.57 V and
1.14 V vs. Li*/Li. Unlike the GV profile of the Ge25 composite, there is a
significant change in the oxidation peak located at 0.1 V vs. Li*/Li in the
Ge50 composite CV profile. This oxidation peak, previously attributed as
the deintercalation mechanism of Li* ions between r-GO nanosheets, is
seen with a significantly decreased intensity (see Fig. 5.c). Referring to
the composition of the as-synthesized composites and the previously
cited literature, the change in the oxidation 0.1 V vs. Li*/Li peak in-
tensity can be related to the decreased r-GO component ratio within the
Ge25 composite as opposed to higher r-GO component ratio in the Ge50
composite. Moreover, this could indicate a decreased contribution of the
Li" ion deintercalation mechanism within the whole delithiation pro-
cess, discussed further later. More noticeably, the increased develop-
ment of two adjacent oxidation peaks at 0.47 V and 0.57 V vs. Li*/Li are
more dominant in the CV profiles of the Ge50 composite as opposed to
the Ge25 composite. It is reported in literature that the pair of oxidation
peaks represents the delithiation, specifically the de-alloying
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mechanism, of Ge with Li [55,56]. It can be noticed that the adjacent
oxidation peaks at 0.47 V and 0.57 V vs. Li*/Li have much greater in-
tensity than the 0.1 V vs. Li*/Li oxidation peak. This can indicate a shift
in the dominant delithiation mechanism from Li" ion deintercalation of
r-GO to more Li-Ge de-alloying. This is further supported in the later CV
profiles of the Ge75 composite. Of the two adjacent peaks, the
left-most-adjacent peak at 0.47 V vs. Li*/Li had the greatest intensity
within the CV profile of the Ge50 composite, whilst in the CV profile of
the Ge75 composite the corresponding peak at 0.48 V vs. Li*/Li did not
have the greatest intensity, but was instead seen at the
right-most-adjacent peak at 0.6 V vs. Lit/Li as seen in Fig. 5.d and in the
comparative CV plots of Fig. 5.a. The significance of the intensity
shifting can be related back to the proposed preparation and composi-
tion of the GeOy/Ge/r-GO composites. It can be correlated that with
equal ratios of Ge:GO at 50:50 (Ge50 composites), the formation of GeO4
surface film over the Ge microcubes is much greater than that at ratios of
Ge:GO at 75:25 (Ge75 composites). The limitations created by the
smaller GO component limits the formation of GeO, surface films,
resulting in different intensities of the adjacent oxidation peaks. Under
the premise of the previous explanation, we therefore assigned the
left-most-adjacent oxidation peak and the right-most-adjacent oxidation
peak for the delithiation of GeO2 and Ge, respectively. It should also be
noted, that in the CV profile of the Ge50 composites, the difference of
intensity between the adjacent oxidation peaks is not overwhelming.
This suggests that the formation of GeO5 did not overwhelm the amount
of Ge present within the Ge50 composite. Another interesting develop-
ment that can be seen in the CV profile of the Ge50 composite would be
the broad oxidation peak centered at 1.15 V vs. Li*/Li, which can also be
seen at other CV profiles of the three wt% samples. This oxidation peak
has been reported to be an indicator for the possibility of encapsulated
Ge in the r-GO nanosheets undergoing oxidation to GeOy [45,57]. The
implications of this phenomena can be seen in the CV profile of Ge75
composites. The limited formation of the GeO, surface films, due to
decreased GO component, resulted in larger proportions of Ge in the
composite that can undergo this oxidative process. This reflects on the
oxidation peaks for CV profiles of the Ge50 composite and Ge75 com-
posite at 1.15V and 1.2 V vs. Li*/Li, respectively. There is a greater
intensity of the corresponding broad oxidation peak in the CV profile of
the Ge75 composite at 1.2 V vs. Li/Li as opposed to the CV profile of
Ge50 composite as seen in Fig. 5.a.

Regarding the reduction peaks seen in the CV profile of the Ge50
composites, the first reduction scan that four peaks form at 0.66 V,
0.26 V, 0.18 V and a sharp peak at 0.02 V vs. Li*/Li. The first reduction
scan can be assigned as an irreversible process, due to the different shape
it presents as opposed to later cycles of the reduction scan. In particular,
the reduction peak at 0.66 V vs. Li*/Li only appears in the first cycle.
This irreversible occurrence, in addition to the location of the peak, can
be related to the SEI formation process, the decomposition of the GeOo
and initial stages of Li*-Ge alloying process which is normally found
from 0.5 V to 1.0 V vs. Li*/Li [55,57-59]. The influence of this peak can
be seen in the other reduction peaks of the same cycle at 0.26 V, 0.18 V
and 0.02 V vs. Li*/Li. These reduction peaks, because of the undergoing
SEI formation, appear at different intensities compared to their corre-
sponding reduction peaks in later cycles. It has been reported that the
alloying of Ge with Li occurs within the reduction region of 0.5-0.1 V vs.
Li*/Li [55,57,58]. Therefore, the reduction peaks at 0.26 V and 0.18 V
vs. Li*/Li are assigned to the lithiation of Ge with Li whilst the remaining
reduction peaks can be assigned to the lithiation of GeO,. The lack of
designation for the reduction peak of the intercalation of Li* into the
r-GO was credited on the basis that at higher Ge lower r-GO ratios the
mechanism of intercalation is overcome and masked by the
alloying/de-alloying of Ge with Li. This causal effect is predominant in
the CV profiles of Ge50 and Ge75 composites. In the subsequent
reduction scans of the CV profile for Ge50, there are very noticeable
changes in the reduction peak development. Firstly, the 0.66 V vs. Li"/Li
reduction peak disappears because of the formation of a stable SEI layer.
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Following this, is the appearance of sharp reduction peak found at
0.52 V vs. Li+ /Li, which gradually shifts gently towards higher voltage
potential upon further cycling as seen in Fig. 5.c. The subsequent
reduction scans reveal two reduction peaks found at 0.34 V and 0.05 V
vs. Lit/Li at much weaker intensity but are partially imposed. The
partially superimposed characteristic exhibited by the reduction peaks
found at 0.52 V, 0.34 V and 0.05 V vs. Li*/Li suggests their participation
in the lithiation process of the Ge50 composites as well as their revers-
ibility. As for the oxidation scans, subsequent cycles reveal the same four
oxidation peaks at similar voltages — but at noticeably increased in-
tensity. This progressive pattern is also seen at a stronger degree in the
CV profile of Ge75 and to a weaker, negligible, degree in Ge25. As seen
in Fig. 5.a, the increased in Ge wt%. of the GeOy/Ge/r-GO composites
result in greater current intensities for both the oxidation and reduction
scans. The significance of this increasing progression relates the
improved kinetics and reversibility of the processes pertaining to the
alloying and de-alloying mechanisms.

Like the CV profile of the Ge50 composite, the CV profile of the Ge75
composite consists of similar features. The reduction scan revealed three
peaks at 0.55 V, 0.31 V and 0.11 V vs. Li*/Li, whilst the oxidation scan
showed four peaks at 0.15V, 0.46 V, 0.6 V and 1.2V vs. Li*/Li (see
Fig. 5.d). As previously mentioned, is the decreasing oxidation peak
assigned to deintercalation of Li" ions from the r-GO nano sheets. This is
seen and previously explained with the decreasing intensity progressing
towards higher Ge and lower carbon ratios. The two adjacent oxidation
peaks assigned to the alloying of Ge with Li, with the right most adjacent
Ge oxidation peak at 0.6 V vs. Li*/Li having the greater intensity than
the left most adjacent GeO, oxidation peak at 0.46 V vs. Li*/Li. The
1.2 V vs. Li*/Li peak still corresponds to the oxidation of encapsulated
Ge to GeO, as previously assigned to in the CV profiles of Ge25 and Ge50
composites. For the reduction scan however, there is no clear designa-
tion for the irreversible process of SEI formation, which was previously
seen in the CV profiles of Ge25 and Ge50 composites within the voltage
range of 0.5-1.0 V vs. Li*/Li. This occurrence has been seen in certain
literature in which there is the lack of SEI formation and decomposition
of GeOj surface films [45,60]. This results in less lithium consumption as
part of the irreversible process on the side reactions [45,60]. The lack of
SEI formation can be reflected on the overall shape of the CV profile in
subsequent cycles. As seen in Fig. 5.d, there is a general shape that is
maintained in the reduction and oxidation scans. The lack of SEI
reduction peak is produced reduction peaks at 0.55V and 0.31 V vs.
Lit/Li which can be attributed to the alloying formation of Li,Ge.
Interestingly, as seen with the CV profiles of Ge50, subsequent CV cycles
in the profile for Ge75 reveals even greater intensity progression in both
the reduction and oxidation scans. This characteristic once again in-
dicates improved kinetics during lithiation and delithiation of the
GeOy/Ge/r-GO composite.

3.3. Electrochemical performance — GCD

After determination and investigation of the lithiation and delithia-
tion mechanisms of the composite by CV, GCD tests were conducted in
the voltage range between 0.05 V and 1.5 V vs. Li*/Li. GCD tests were
conducted in the voltage range between 0.05 V and 1.5 V vs. Li*/Li. The
current densities and the specific capacities were calculated based on the
total mass of the anodes including GeO2/Ge/r-GO composite, conduc-
tive carbon additive and binder (75/15/10 mass percentage, respec-
tively). The voltage profiles of Fig. 6 were plotted at a current density of
100 mA/g for Ge25, Ge50 and Ge75. As opposed to the GCD profiles for
Ge50 and Ge75 composite, the GCD profile of the Ge25 composite
appeared much different. The GCD profiles of the Ge50 and Ge75
composites displayed charge and discharge plateaus whilst the GCD
profile of Ge25 composite showed a smooth curvature and displayed no
plateau regions during the charge and discharge stages. The latter GCD
profile has been reported with carbonaceous materials anodes and
attributed to the intercalation/deintercalation of Li ions during
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discharge/charge cycles [61-64]. These results confirmed the distinct
electrochemical behavior observed in CV profile of Ge25 anode
compared to the other anodes with higher Ge content. In the compara-
tive GCD plots between the three wt% of Ge (Fig. 6), Ge50 and Ge75
anodes exhibited large discharge plateaus extending in the regions 0.60
—-0.40 V and 0.20 — 0.05 V vs. Li+ /Li, corresponding to the lithiation of
Ge and GeOs. Large charge plateaus were observed in the region 0.3 —
0.6 V vs. Li"/Li that is attributed to the delithiation of Li-Ge alloys.
Furthermore, a shoulder was observed at voltage of 1.10 V vs. Li'/Li
corresponding to the oxidation of Ge to higher oxidation state. Further
examination of discharge and charge plateaus on GCD profiles for the
composites of Ge50 and Ge75 reveals similarities with their respective
reduction and oxidation peaks in the CV profiles.

The voltage profiles of GeOy/Ge/r-GO composite displayed impres-
sive results. Firstly, Ge25 displayed 345 mAh/g and 272 mAh/g for
initial specific capacity for discharge and charge at 100 mA/g, respec-
tively as seen in Fig. 7.a. Cycling stability profiles of the Ge25 composite
(see Fig. 7.b) revealed an initial coulombic efficiency (CE) of 78.8% that
progressed towards 95 — 100% after 10 cycles and an average capacity
retention of 91% after 100 cycles. The high initial CE and the excellent
capacity retention of Ge25 indicated that the incorporation of 25% Ge in
the r-GO framework resulted in stable electrochemical performance of
the composite material compared to r-GO and other carbonaceous ma-
terials [65-68]. The voltage profile, as seen in Fig. 7.a, depicted an in-
crease in the specific charge capacity of Ge25 anode, whilst the specific
discharge capacity decreases as more cycling occurs. The average spe-
cific capacity was retained at around 300 mAh/g (1600 mAh/g calcu-
lated based on Ge content) over 100 cycles. This value is close to those
reported in literature for diverse-dimensional carbon materials [69] and
higher than porous reduced graphene oxide [70].

The voltage profiles for the Ge50 composites show improved specific
capacity compared to that of Ge25. The profile displays initial discharge
and charge capacities of 480 mAh/g and 376 mAh/g, respectively
(Fig. 7.c). The cycling stability further supports the data provided by
other GCD profiles, but also highlights a CE of above 90%, with a ca-
pacity retention of 71.4% after 50 cycles from 420 mAh/g to 300 mAh/g
(Fig. 7.d). The Ge50 composites displayed improved specific capacity at
the cost of capacity retention. The increase in the specific capacity can
be attributed to the increase in Ge wt%, while the decrease in cycling
stability can be traced back to the lower r-GO content. Unlike the Ge25
composite, a decrease in the r-GO content limits the nanosheets’ ability
to act as a conductive and supporting framework [71]. This trend is
further continued towards Ge75 composites with a much higher Ge and
lower r-GO contents. The voltage profiles of the Ge75 composite shows
even more increase in specific capacity at the cost of poor cycling sta-
bility. A specific discharge and charge capacity was obtained at 630
mAh/g and 575 mAh/g, respectively as seen in Fig. 7.e and f. The cycling
stability profile for the Ge75 shows decreased performance from a
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specific capacity of 443 mAh/g to 188 mAh/g after 50 cycles resulting in
57.5% capacity retention (Fig. 7.f). In comparison to similar composites,
the as synthesized GeOy/Ge/r-GO composites do not perform with
poorer electrochemical performance. Koo and Paek [27] reported that
Ge/GeOy/MRGO material reached average specific capacity of 1080
mAh/g (calculated based on Ge content) at 100 mA/g after 100 cycles.
Wang et. al. reported that Ge@C/r-GO hybrid material exhibited a
specific charge capacity of 1074.4 mAh/g (calculated based on Ge
content) at 2C (1 C= 1600 mA/g) after 600 cycles [72]. The high
electrochemical performance of Ge/GeOy/MRGO and Ge@C/r-GO
hybrid materials have been explained by the accommodation of the
volume change and improvement of electronic conductivity of r-GO
framework [27],[72].

Closer scrutiny on the effects of Ge mass loading were heavily
depicted in the comparative capacity retention change with the GCD
cycles presented in Fig. 8.a. The plot compared the cycling stability of
the three composites over a span of 50 cycles. The Ge25 composite
started from an initial capacity retention below 90% but sharply
increased after 7 cycles before finally stabilizing at 99%. Unlike the
composites of Ge25 with a stable retention and the later discussed Ge75,
the Ge50 composites did not follow the same declined progression.
Instead, the capacity retention of the Ge50 composite had a gradual
decline starting from 94% capacity retention down to 78.2% after 50
cycles. The Ge75 composite started at 85% which increased up to 100%
on the 7th cycle followed by a more severe decline in the cycling
retention as compared to both Ge50 and Ge25 composites. Overall, an
increase in the Ge mass loading causes significant impairments on the
cycling retention of the GeO/Ge/r-GO. The severe capacity fade
demonstrated by the Ge75 highlights its ineffective capability in terms
of a practical battery material, despite the improved specific capacity
performance. Whereas the Ge25 had marginal improvements in specific
capacity with exceedingly good capacity retention which limits its use as
high energy capacity battery material. As such, the compromising per-
formance demonstrated by the Ge50 composites indicate better practical
usage with both improved specific capacities and a more lenient ca-
pacity fade.

The rate capability of the Ge50 composite was studied to better
understand the electrochemical performance of the material at different
current densities. As seen in Fig. 8.b, the Ge50 composite was subjected
to electrochemical charge and discharge at current densities of 50, 100
and 200 mA/g from a voltage potential of 50-200 mV vs. Li*/Li. The
current density profile shows that an increase in current density from 50
to 200 mA/g causes a decrease in the specific discharge capacity from
503, 438 and 314 mAh/g, respectively. This is also exhibited for the
specific charge capacity with a decrease from 473, 390 and 290 mAh/g
as the current density increases. Comparatively, there is an approximate
percentage decrease for specific discharge and charge capacities from
50 mA/g to 100 mA/g by 15% followed by a 27% decrease from
100 mA/g to 200 mA/g. The information provided indicates the com-
posite’s ability to perform at higher current densities. Moreover, Fig. 8.c,
highlights the rate capability of the Ge50. The rate capability profile was
similarly conducted over a span of 40 cycles initially starting from a
current density of 50 mA/g followed by 100 and 200 mA/g before
returning to 50 mA/g. The rate capability profile supports the infor-
mation of a dramatic decrease in performance in the transition from 100
to 200 mA/g from 370 to 295 mAh/g, respectively. However, returning
to the final current density 50 mA/g, the Ge50 composite behaved like
the initial stages at 50 mA/g with a specific charge capacity of 408 mAh/
g. This is an indication of good rate capability performance on the Ge50
composite.

Due to the excellent capacity retention of the Ge25 composite, higher
current density longitudinal cycling studies performed on the composite
material at 400 mA/g over 500 cycles. Fig. 8.d highlights that even at a
high current density of 400 mA/g, the Ge25 composite performs well
with a CE of 99% and a capacity fade of 67% over 500 cycles from 110 to
74 mAh/g. The cyclability of Ge based anodes have always shown
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Fig. 7. GCD and cycling profiles conducted at 100 mA/g for (a) & (b) GeO2/Ge25/1-GO, (c) & (d) GeO,/Ge50/1r-GO and (e) & (f) GeO,/Ge75/r-GO.

difficulty over long terms [71,73,74]. As seen, the as-synthesized com-
posite performs admirably as compared to previous studies such as that
made by Ren et. Al, which proposed a Ge-graphene composite by ther-
mal evaporation method with a specific capacity of 675 mAh/g (calcu-
lated based on Ge content) after 400 cycles at a current density
400 mA/g [54]. Work done by Xu et. al. further supports the ability of
the r-GO matrix as a conductive and supporting framework that allevi-
ates the degenerative Ge pulverization [71].

3.4. Postmortem analysis

3.4.1. XRD

To be able to fully understand the results obtained in the electro-
chemical characterization and performance, XRD studies were con-
ducted for phase characterization to identify the formation of new
products and phases at the three stages of ESF, PD (lithiated) and PC

(delithiated) for all three Ge mass loading composites. It can be seen
from the three subsections, the plotlines for the composites deteriorated
at increasing Ge mass loading. This pattern is not consistent with the
comparative profiles at the PD and PC stage, thus cannot be related back
to the effect of Ge mass loading. Fig. 9 depicts comparative XRD spectral
profiles at the three different stages for each composite sample. Fig. 9.a,
b and c showed the differences in peak intensities and peak locations
between each stage. Fig. 9.a depicts a comparative profile of theGe25,
Ge50 and Ge75 composites at the ESF stage. At the ESF XRD compara-
tive profiles, with increasing mass loading of Ge, it was registered that
most of the Ge component detected was found to be in cubic structure of
space group Fd3m (JCPDS: 98-018-4252) for Ge25 and Ge50; however,
at Ge75 the dominant structure of the Ge component shifted to hexag-
onal crystal structure of space group R3 (JCPDS: 98-024-5957). GeO,
was also detected throughout all the composites in ESF stage with
hexagonal crystal structure of space group P3121 with no change
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Fig. 8. (a) Cycling Stability of the three composites up to 50 cycles at 100 mA/g, (b) Current density studies, (c) rate capability studies for GeO,/Ge/r-GO up to 40
cycles from 50 to 200 mA/g and (d) The Performance GeO,/Ge50/r-GO at high rate / charge density of 400 mA/g for specific capacity and coulombic efficiency The
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(JCPDS: 98-001-6577). For the comparative profile of GeOy/Ge/r-GO
on the PD stage (see Fig. 9.b), the Ge component registered to different
crystal structures according to the database matching. At the Ge25
composite subsection, highest corresponding match belonged to hex-
agonal Ge (JCPDS: 98-024-5957) with less similarity to tetragonal Ge
which also appeared in the potential Ge matches. This phenomenon is
also seen in the Ge50 where the Ge component paired with hexagonal
crystal structured Ge as opposed to the weaker Ge in cubic and tetrag-
onal crystal structures. Interestingly, at the Ge75 subsection the crystal
structure of Ge shifts back to cubic structure as opposed to the Ge crystal
structure found in Ge25 and Ge50. During delithiation in the PC stage,
the comparative XRD profiles showed the transition from hexagonal
crystal structure for Ge25 and cubic Ge for Ge50 and Ge75 as seen Fig. 9.
c. As mentioned earlier, the postmortem XRD profiles of the composites
experience deterioration. This is especially clear for composite samples
in the PD and PC stages and could be the result of amorphization of the
GeOy/Ge/r-GO composite, the result of interference from additives and
the washing solvent or the result of diffusion induced stresses (DISs)
leading to uncontrolled side reactions and mechanical fatigue [56,75].
The poor peak resolution seen in the PD and PC XRD profiles pose a
challenge to make comparisons to see the effect of Ge mass loading on
the structure of GeO,/Ge/r-GO anode materials.

Although the deterioration of the postmortem XRD profiles made it
difficult to study the effect of Ge mass loading, phase characterization
was still applicable. When comparing the XRD profile subsections of the
Ge25 composite at the three stages, it can be noticed that there are re-
occurring peaks at certain regions such as at 20 = 28.3° belonging to
GeO; (see Fig. S.5.a). However, there is also a greater commonality
between the PC and PD XRD plotlines with regards to the peaks found at
28.3° 32.4°,40.5°, 43.4° and 47.2° (see Fig. S.5.a). Further examination
of the individual XRD plots (see Figs. S.5.d, S.5.g, S.5.j) revealed that the
peak formation at 28.3° belongs to GeO, whilst the peaks at 32.4° and
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47.2° correspond to Ge. The peak found at 40.5° could be the result of
the diffraction pattern of the carbon additives used during slurry prep-
aration in consideration of the consistent presence throughout all con-
ducted postmortem XRD profiles whilst the sharpness of the peak
suggests carbon is present in a crystalline phase [76-78]. The peak
referenced at 43.4° was assigned for the alloy formation of Ge4Liss,
which produced noticeable intensity in the PD XRD profiles and minor
intensity in the PC XRD profiles for the Ge25 subsection. At the PD stage,
the alloy formation of Ge4Li;s coincides with the alloying-mechanism
proposed in the previous CV profile studies [79]. However, the reoc-
curring weak presence of the same peak at 43.4° on the PC XRD of Ge25
section suggests incomplete de-alloying of Ge4Li;s. A closer look at the
individual PD XRD profile of the Ge25 composite (see Fig. S.5.j) further
shows unique peaks of Ge4Lijs detected at 20.2°, 74.2° and 90.03°
which are not detected in the individual PC XRD profile (see Fig. S.5.g).
The XRD profiles for the Ge50 composite also exhibited the same
behavior as that in the previous XRD profiles with Ge25 composite
where there was a higher degree in crystallinity in the ESF stage as
compared to that of the PD and PC stages, albeit with less disparity. As
seen in Fig. 9.a, b, and 9.c, the comparative XRD profiles showed poorer
degree of crystallinity from the PD and PC plots for the Ge50 composite.
This could be the result of the amorphization of the composite [80].
However, there are still distinguishable peak patterns for GeOs which
can be found at 20.6°, 26.3°, 28.3° and 35.9°, whilst the peaks detected
for Ge are found at 27.42°, 32.5° and 45.4°. The increased detected
presence of Ge can be attributed to the increased Ge mass loading of the
composite. Moreover, there is also the increased detected presence of
GeOy, which supports the claims mentioned during the CV analysis
where the formation of GeO, surface films is more prevalent on the Ge
microcubes. The individual PD XRD profile of Ge50 (see Fig. S.5.k)
showed the dominating peak formations for Ge4Li;s at 26.0° and 43.3°
followed by several weaker intensities of Ge and GeO,. The Ge4Li;5 peak
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formations were found to be limited to the PD XRD profile for Ge50 plot;
however, it was also noticed that the peak region at approximately 26.0°
is shared between both Ge4Li;5 as well as GeOs. As such, the peak was
present in both the ESF and PC XRD profiles for the Ge50 composite.
Interestingly, the individual XRD profiles of Ge50 at PC stage indicated
the presence of LiF at 38.1° as well as the repeated detected presence of
Li»O peaks throughout the PD and PC stage samples for all three com-
posites which have characteristic peaks at 53.9° that both correspond to
SEI formation [79,81]. SEI formation was A comparison of the Ge75
composite profiles functions as a better example that demonstrated the
complete alloying and de-alloying of Ge4Li;s in the PD and PC stages,
respectively as seen in Fig. 9.b and c. Interestingly, the Ge75 composite
exhibited better crystallinity and peak resolution in the PD stage as
opposed to the ESF and PC stages. Although there is poor resolution in
the other stages, peaks were detected for critical components of the
composite material. Like the other composites, there are peaks detected
for GeO and Ge for all three stages on the XRD subsections of the Ge75
composite because of high Ge mass loading. There is also the repeated
presence of LiF at 38.1°. More importantly, there is the clear distin-
guishable formation of Ge4Li;5 limited only to the PD stage. This is clear
indication for alloying and de-alloying of Ge during discharge and
charge.

3.4.2. SEM

To determine whether alloying and de-alloying mechanism provide
visible morphological and structural changes on the surface, post-
mortem SEM was conducted on the same set of conditioned samples
across three Ge mass loadings. Like the SEM micrographs of the material
characterization of the composite, it can be seen in the postmortem
micrographs at increasing mass loading of Ge, there is an increasing
visual presence of the Ge microcubes on the surface structure. More

Electrode-Slurry Form

50 nm
I
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importantly, there is an increased texture disturbance present on the
overlaying r-GO framework. These additional textures, as seen in the
postmortem micrographs, are the result of slurry additives, Lutfi cell
electrolyte and propylene carbonate washing solvent on the surface of
the anode composite — thus creating heavily texture dense SEM micro-
graphs. The SEM postmortem micrographs of the Ge25 composites
indicated very weak indication for the presence of the Ge microcubes
within the r-GO framework. Due to the overwhelming presence of the r-
GO framework and further additives, there is the possibility of the Ge
microcubes being further wrapped within the structure, hence a lack of
visibility. However, Fig. S.6.b of the PD Ge25 micrograph at high
magnification showed very noticeable clusters formation occurring that
are not present in the ESF and PC micrographs which have more random
textures. These noticeable clusters could be attributed to the microcubes
undergoing volumetric expansion during discharge stages. In which, the
isolated clusters formation of Ge microcubes hidden within the structure
forcibly expand against the r-GO framework and additive layers. At
higher Ge mass loading, the postmortem micrographs depict more
distinguishable features for the Ge50 composite. As seen in Fig. 10, there
is a greater presence of Ge microcubes within the composite framework.
Fig. 10.a, b and c of the three SEM postmortem micrographs for the
Ge50 composite showed there is no noticeable presence of the Ge
microcubes within the PC micrograph, however between the ESF and
the PD micrographs there was a noticeable change. The microcubes
present in the ESF and PD micrographs have shown considerable
dimensional size difference with a growth from approximately 1.3 to
2 um from ESF to the PD stage. Moreover, the microcubes present in the
SEM PD micrograph also exhibited cracking formation. This coincides
with the volumetric expansion phenomenon and pulverization effect of
Ge after electrochemical discharge [4-8]. The growth of these micro-
cubes could be attributed to the alloy formation of Ge4Li;s detected

Post-Charge

) \».‘_;
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Fig. 10. SEM Postmortem micrographs of the GeO,/Ge50/r-GO composite taken at uniform scale length of 5 um for the three stages; (a) ESF, (b) PD and (c) PC used
as clear indication of microcube presence and post GCD morphology. HR-TEM postmortem micrographs of the GeO,/Ge50/1-GO composite at uniform scale length of

50 nm for the three stages; (d) ESF, (e) PD and (f) PC.
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during XRD phase confirmation of the composite at the PD stage, in
which Ge undergoes alloying with Li. Further examination of the SEM
micrographs at lower magnification reveals similar characteristics. The
SEM ESF micrographs of the Ge50 composite revealed clustered
microcube formations of Ge, but more importantly the size distribution
of the microcubes was found to be relatively uniform at 1.1-1.2 um as
compared to the microcubes in the SEM PD micrographs of 2 um in size.
Aside from the increased size of the microcubes, there is also an uneven
texture present on the surface of the microcubes as seen in the SEM PD
micrograph. As can be seen on both the SEM postmortem micrographs of
Ge25 and Ge50 at the PC stage, there is a general lack of presence of the
microcubes. This could be related to the de-alloying of GeyLi;s into a
different structure and size within the r-GO framework which makes it
difficult to differentiate. Moreover, in the SEM PD micrograph of Ge50
at high resolution, there are slightly discernable cubic features melded
onto the composite framework with similar size as compared to micro-
cubes in the ESF stage at 1.13 pm (see Fig. S.7.b.). The SEM postmortem
micrographs for Ge75 composite provided a clear representation for the
morphological changes seen between the three stages. The SEM ESF
micrograph showed Ge microcube clusters found with similar di-
mensions of 1.12 um. Following into the PD stage, the SEM micrograph
shows clusters of microcubes with dimensions of approximately 2 ym
indicating growth due to Ge expansion. More interestingly, there is
clearer indication that during the electrochemical charge-discharge
process, the microcubes appear to be further melded into the frame-
work making it difficult to discern as seen in the SEM PD micrographs as
previously seen in SEM micrographs of the Ge50 composite. This is in
support of the previous notion described in the SEM micrographs of
Ge50 and could explain the lack of microcube features in the SEM PC
micrographs. The semi-melded microcubes also appear to have grainier
textures on the cube surface, which suggests SEI formation or potentially
the formation of the Ge4Li;5 alloy. Furthermore, the cracking present on
the microcube surface during PD correspond to the pulverization and
structural degradation of Ge with respect to electrochemical
charge-discharge. The PC SEM micrographs taken for the Ge75 com-
posite show a completely flat surface.

3.4.3. TEM

Post-mortem TEM was conducted to confirm the results obtained
from post-mortem XRD and SEM regarding the phase-crystal structures
and morphology dimensional changes, respectively. Post-mortem TEM
micrographs all depicted encapsulated Ge within the r-GO framework of
the GeO2/Ge/r-GO composites at the ESF, PD and PC stages. The TEM
ESF micrographs of the Ge25 composite shows low Ge compactness
within the r-GO framework at low Ge mass loadings of 25% (see
Fig. S.9). When the postmortem micrographs of Ge25 at the three
different stages are compared, there is a very noticeable difference in the
size of the encapsuled structure. The micrographs at 100 nm scale,
highlights encapsuled approximate average sizes of 48.8 nm, 76 nm,
and 63.4 nm for ESF, PD and PC, respectively. This size growth is related
to the response of the Ge microcubes with respect to electrochemical
charge and discharge. At the ESF stage the encapsuled structure had
average length of 48.8 nm, followed by the lithiation of Ge (PD) within
the encapsulant leading to size growth up to 76 nm. The reduction in
size from PD to PC of 63.4 nm refers to the delithiation of Ge (PC) within
the encapsulant structure. This phenomenon is clearly seen within the
TEM micrographs of both 100 nm and 50 nm scales. At higher Ge mass
loadings of 50%, the TEM micrographs for the Ge50 component showed
more extreme size changes between the three stages. From ESF, to PC
and finally PD, the TEM micrographs revealed approximate encapsulant
framework sizes of 40 nm, 140 nm, and 170 nm, respectively. The initial
encapsulant size at ESF can be attributed to growth effect of Ge while the
severe growth change between the three stages could be related to the
increased Ge mass loading of the composite. The increased Ge mass
loading results in a higher density packing of Ge within the encapsulant
r-GO framework, leading to greater size changed when compared to the
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Ge25 composite of lower density packing. The increased Ge density
packing can be clearly seen in Fig. 10.d, e, and f, where there are higher
concentrations of Ge spheres within the encapsulant. On the TEM ESF
micrograph of Ge50, there is a noticeable lack of Ge component within
the framework as opposed to the enlarged Ge spheres within encapsu-
lant at the PD and PC stages. The TEM micrographs for Ge75 provided a
perspective of more isolated clusters of Ge encapsuled in the r-GO
framework. Fig. S.11 represents the TEM micrographs at a scale of
50 nm, which showed similar encapsulant structures but with no
discernable interior smaller spheres of Ge as seen with the TEM micro-
graphs of the Ge25 and Ge50 composites. Instead, there are darker
whole body regions that overlap with the encapsulant structure. This
could be the result of even higher density packing within the encapsu-
lant, leading to darker regions on the TEM micrographs. Fringing pat-
terns were conducted on the darker regions at higher resolutions of the
TEM PD micrographs to confirm the identity through crystal spacing.
Fringes revealed a p-space value of 3.3 A which coincides with lattice
space (310) for Ge4Li;s [82] (see Fig. S.12). This resolved the suspicion
of Ge-Li alloys detected during postmortem XRD and supports the as-
sumptions from the postmortem SEM results. Further support from TEM
fringing of the composite material at ESF (see Fig. S.13) highlighted the
formation of Ge component with p-spacing of 3.2 A, corresponding to
lattice planes (111). These also confirmed the representation of the
enlarged dark bodies as part of the Ge component. Like the previous
TEM micrographs of the other composites, there is a noticeable size
difference seen within the three stages. From the ESF to initial PD, there
is a size increase followed by a size decrease to the initial PC stage. The
size transitions correspond to lithiation and delithiation of the encap-
suled Ge component. Although there are differences in the size changed
between the three Ge mass loadings, the pattern of increase followed by
decrease from ESF to PD and from PD to PC prevail. However, it should
be noted that the delithiation transition of the PC stage does not return
the structure size back to that found on the TEM ESF micrographs, which
indicates that the delithiation from PD to PC did not go to full comple-
tion or a larger crystalline structure did form.

3.4.4. XPS

XPS was used due to its ability study the surface of the material as
well as the chemical bonding compositions present. The technique was
performed on a sample of Ge50 composite, at the three conditions,
which was selected due to its balanced performance during the elec-
trochemical studies and for providing ample results in the previous post-
mortem studies. Fig. S.14 depicts a broad scan XPS spectra of the Ge50
composite from 0 to 1200 eV which showed multiple strong signals
pertaining to Ge 3d, Ge 3p, Ge 35,C1s,GeLMM, 01 s, CuLMM,F1s,F
KLL and O KLL [45,83-85]. The extreme signals belonging to the O 1 s
and F 1 s are explained to be the result of significant GeO, and oxide
formation, which includes the SEI layer, on the surface of the composite
material and are further discussed later. This increased intensity brought
about by the surface oxides and SEI layer resulted in the detection
weakening of other chemical compositions, resulting in limited XPS
signal resolution.

Detailed spectra belonging to the Ge 3d region from 20 to 40 eV
showed multiple strong signals as seen in Fig. S.14. Resolved peaks were
determined to be Ge-Ge and Ge-O bonds corresponding to postmortem
XRD profiles on the GeOy/Ge/r-GO composite. The Ge-Ge binding en-
ergy was resolved and found to be at 30.3, 30.4 and 29.4 eV for ESF, PD
and PC, respectively and matched with literature values [83-89]. More
importantly, the Ge-Ge signal intensity detected in the ESF stage was
significantly weaker compared to the PD and PC stages as seen in Fig. 11.
a, b and c¢ This suggested that the majority of Ge component on the
surface of the microcubes during ESF belonged to GeOj. A signal
belonging to Ge-O (GeO3) was resolved at the three stages with binding
energy of 33.6, 31.7 and 31.1 eV for ESF, PD and PC, respectively
[83-89]. When comparing the distribution of the resolved curves, in the
PD stage the Ge-Ge signal contributes a greater proportion as compared
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Fig. 11. Postmortem high resolution XPS of GeO,/Ge50/r-GO indicating surface chemical compositions and changes at specified spectra: Ge 1 s (a) ESF, (b) PD and
(c) PC. Li 1 s at (d) ESF, (e) PD and (f) PC. F 1 s (g) ESF, (h) PD and (i) PC. C 1 s (j) ESF, (k) PD and (1) PC.

to the Ge-O signal. This can be attributed to the conversion of GeO to Ge
and Li;O during the discharge phase [27,55,57,90]. The Ge 3d XPS
spectra at the PC stage depicted an increased contribution of the
resolved Ge-O signal as part of the broad signal which corresponds to the
oxidation of Ge to GeOy in the charge phase. A dramatic signal shifting
was observed for Ge-Ge to lower binding energy between the ESF and
PC/PD stages. Literature suggested this could be the result of the for-
mation of the Li,Ge alloy during the PD stage, with residual Li,Ge alloys
not de-alloying after charging to 1.2 V [57].

A detailed spectra of the Li 1s region was also obtained and the
broad peak located at approximately 53.5 eV was deconvoluted for the
composite at the three stages as seen in Fig. 11.d, e and f. The Li 1 s
spectra at ESF displayed no significant signals, however at the PD and PC
stage four peaks were resolved. Signals belonging to the formed SEI
layer were detected for Li-F at 55.6 and 55.4 eV, and Li-O (Li2O) signals
at 53.2 and 52.3 eV paired for the PD and PC stages, respectively, which
coincides with previous postmortem XRD findings [83,91,92]. Like the
GeO, signal contribution, Li-O signal contribution to the broad peak was
much greater in the PD stage as opposed to the PC stage. This is related
to the formation of Li;O from the reduction of GeOy [27,55,57,90]. A
signal was also resolved for Li-N at 54.1 and 53.7 eV for PD and PC
stages, respectively. This signal was reported to be the LiTFSI electrolyte
in literature [93]. More interestingly, the Li 1 s spectra depicted a broad
tail located approximately at 50 eV. This broad tail was deconvoluted
with the other chemical bonds to produce a signal found at 49.3 for the
PD stage and 49.7 for the PC stage. As a result of a lack of presence
during ESF and greater signal presence in the PD stage than in the PC
stage, it is suspected that this resolved signal potentially belongs to Li-Ge
alloys formed. This is in conjunction with results from Ge 3d region as
well as from postmortem TEM fringing and XRD.

Strong signals belonging to the PVDF and LiTFSI components were
deconvoluted in the F 1 s detailed spectra of the composite as seen in
Fig. 11.g, h and i. The deconvoluted signals for F-C of the LiTFSI
component were found in the PD and PC stage at 688.7 and 688.3 eV,
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respectively [91,94]. The PVDF F-C signals were resolved in all three
stages ESF with 687.5 eV, PD with 686.8 eV and 688.3 eV for the PC
stage [95,96]. F-Li signals were also determined 684.3 eV with no sig-
nificant difference in the PD and PC stage [91,97,98]. All three signals
match with literature values pertaining to the F 1 s. The XPS spectra of C
1 s was deconvoluted, and the peak distribution confirmed the forma-
tion of the r-GO framework as previously seen through Raman spec-
troscopy. The ESF C 1s XPS spectra revealed similar deconvoluted
signals corresponding to literature spectra of the r-GO component with
bonds of 284.3, 285.2, 286.2 and 288.8 eV for C=C, C-C, C-O and C=0,
respectively as seen in Fig. 11.j, 11.k and 11.1 [99,100]. C-F2 bond
pertaining to the PVDF slurry additive was also detected at approxi-
mately 290.5 eV for all three stages [95,96]. C-F3 signals from LiTFSI
were determined and found slightly overlapping with the C-Fy signal
PVDF ranging from 291 to 292 eV, limited only in the PD and PC stages
[91,101,102]. The C 1 s spectra of the PD and PC stage exhibited severe
lower binding energy shifting and peak broadening as compared to the
spectra of ESF. Fig. S.15.a, b and c depicts the O 1 s XPS spectra at the
three stages. The broad signal centered at 532 eV was deconvoluted into
four signals at 531.5, 531.7, 532.8 and 534.9 eV for the C=0, O-Ge, C-O
and O-H bonds, respectively. The O-Ge signal corresponds to the for-
mation of GeOy which increases in signal contribution at the PC stage
with the oxidation of Ge [45,103]. The broad signal in the 530-534 eV
range exhibited lower binding energy shifts after the PD stage to
530.46 eV and PC stage to 529.16 eV. This phenomenon could be
attributed to the development of O-S (LiTFSI) and the more specifically
the O-Li signals at lower binding energies found at 530.4 and 529 eV for
PD stage, and 529.1 and 528.5 eV for the PC stage [102,104,105].

4. Conclusion
GeO2/Ge/r-GO composites were synthesized by using a controlled

microwave irradiation of ball-milled Ge and sonicated dispersion of GO
at three Ge weight percentages to study the changes in electrochemical
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performance. Material Characterization of SEM and TEM revealed the
formation of microcube structures encapsulated within a layer of r-GO,
whilst XRD and EDX confirmed the phase-pure composition of the as-
synthesized composite, specifically the differences between the GeOy
and Ge components across the three Ge wt% samples, whilst Raman
spectroscopy was used to confirm the transformation of GO to r-GO by
means of the Ip/Ig ratio of 1.22. Electrochemical characterization by
cyclic voltammetry of the composite anode hints at the changes of the
lithiation and delithiation mechanism with respect to increase Ge mass
loading, shifting from Li* intercalation/de-intercalation with the r-GO
framework to Ge alloy/de-alloying. GCD of the three composites showed
that at 25% Ge mass loading, the anode performed with excellent
cycling retention of 91% after 100 cycles and an average specific ca-
pacity of 300 mAh/g (1600 mAh/g with respect to mass of Ge and rate of
100 mA/g), whilst the composite at 75% Ge mass loading performed
with improved specific discharge capacity of 630 mAh/g (rate of
100 mA/g) albeit with poor cycling retention of 57.5% in 50 cycles. Our
study shows that a balance was reached at Ge mass loading of 50% with
both stable cycling retention of 71.4% after 50 cycles and good specific
discharge capacity value of 480 mAh/g at a current density of 100 mA/
g. Further GCD studies reveal stable cycling retention even at higher
current density of 400 mA/g pertaining to 25% Ge mass loading with a
coulombic efficiency of 99% and a capacity fade of 67% over 500 cycles.
Postmortem analysis at the ESF, PD and PC stages of the Ge50 composite
by TEM and SEM show the morphological changes of the microcube
structures exhibiting a semi-melded appearance into the r-GO frame-
work, while XRD and XPS confirm the presence of Li,Gey alloy
formation.
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