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Deep reduction-magnesiation of GeO, to Mg,Ge is achieved within 80 s via the microwave-induced-
metal-plasma (MIMP) approach at 200 W in vacuo. A reaction mechanism can be proposed in which
electrons function directly as reducing agents with germania. Almost simultaneously, interactions with
and Mg"™" cations promote the ultrafast nucleation of Mg,Ge. 3D hierarchical
nanoarchitectures of Ge with coral-like structures and unique micro-meso-macro pore-distributions are
then achieved by simple thermal dealloying of Mg,Ge in air. With outstanding porosity of almost 90%, as
anodes in lithium-ion batteries (LIBs), the Ge matrices are pulverisation-tolerant during cycling,
accommodating volume changes and releasing stress. Reliable stability, excellent rate capability and
consistently high gravimetric capacity 2-3 times that of graphite, are characteristic features of the
anodes. Our method offers great scope for the sustainable, scaled-up production of nanoporous

electrons

Received 29th July 2022,
Accepted 27th September 2022

DOI: 10.1039/d2ma00847e

Open Access Article. Published on 28 September 2022. Downloaded on 7/19/2025 7:11:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-advances materials from oxides.

Introduction

Sustainable energy conversion and storage is vital in a global
context as the international community strives for a fossil fuel-
free future."™ The discovery and development of materials that
store/convert energy physiochemically is pivotal in fulfilling
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+ Electronic supplementary information (ESI) available: Documentation of sup-
plementary experimental & analysis details plus supporting figures and tables;
Supporting Video 1 (mkv) - 1st MW irradiation of Mg/GeO, at 200 W for 20 s
under a static vacuum (P = 1.0 x 10" mbar), movie played at 1x speed with a
frame rate of 60 f s~'; Supporting Video 2 (mkv) - 2nd MW irradiation of Mg/GeO,
at 200 W for 60 s under a static vacuum (P = 1.0 x 10~ ' mbar), movie played at
1x speed with a frame rate of 60 f s~ *; Supporting Video 3 (mpg) - Constructed 3D

TXM video of a particle of as-synthesised hierarchical nanoporous Ge; Supporting

Video 4 (mkv) - MW irradiation of GeO, powders at 200 W for 20 s under a static

vacuum (P = 1.0 x 10" mbar), movie played at 1x speed with a frame rate of
29 f s7". See DOL: https://doi.org/10.1039/d2ma00847e
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this ambition. The Zintl phase intermetallic Mg,Ge and anti-
fluorite analogues such as Mg,Si and Mg,Sn have been her-
alded since the 1960s as impressive n-type thermoelectrics,
with imposing mid-temperature performance (27 values exceed-
ing unity).>® Their fundamental physical properties, e.g. ther-
mal conductivity, electrical conductivity, band gaps, electronic
structures and optical properties have been widely studied.”>®
These magnesium Zint! phases may also prove to be attractive
precursors for dealloying and several intermetallic compounds/
eutectic metal mixtures have been proposed for the scalable
fabrication of nanoporous (NP) elemental matrices by this
method.® Mg,Ge is such a candidate for the facile fabrication
of NP Ge, offering a tranche of potentially useful properties.'®™°

Stable, high capacity-high power density anode materials
have aroused great interest in the design of next-generation
LIBs given the limited specific capacity of graphite as a state-of-
the-art commercial anode (372 mA h g~ ") and restrictions on its
safe operation at high currents.'™ Alloying group 14 elements
(e.g. Si, Ge, Sn) are appealing alternatives.'''*'” Despite unfa-
vourable comparisons with Si (~4199 mA h g™ " for Li, 4Si), the
capacity of Ge remains impressive (~1624 mA h g~ for Li, 4,Ge)
and Ge enjoys both superior electrical conductivity (100 times
greater) and Li* transport (400 times faster) vs. Si."*"*'” The
pseudo-isotropic lithiation and swelling of Ge can help avoid
stress failures on cycling,”*™*° but Ge still undergoes a huge
volume expansion (~300%) on its lithiation to Li,,Ge.
Repeated volume changes during cycling can cause the
pulverisation of active materials, continuous (re)formation of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a solid-electrolyte interface (SEI), and aggregation of Ge parti-
cles, leading to poor electrical contact, restricted Li" diffusion,
and depletion of electrolyte to result in capacity fade and/or cell
failures, representing a huge technological challenge for the
application of bulk Ge in LIBs."*"'® SEI design/optimisation has
been recently reported to be an effective strategy to improve Ge
anodes. Common electrolyte additives (e.g. vinylene carbonate
(VQ), fluoroethylene carbonate (FEC)) are employed with
surface-modified Ge-nanomaterials to form a thin, flexible
and robust SEI with improved ionic conductivity.'**° Similarly,
SEI engineering via ultra-conformal Sb coating onto nanopor-
ous (NP) Ge or by melamine coating onto Ge nanoparticles has
led to stable performance at high currents over extended
cycling, '

Indeed, prior nanostructuring had already become the estab-
lished approach to Ge anode design and underpins the additive-
focused methods above, by forming nano-particles, -wires, -tubes,
and -porous structures of Ge and its composites,’*'>*'>* and
recently Ge-Si/(-Cu) nanowires have been anchored directly onto
current collectors.">?**” Surface coating or confinement methods
can enhance the structural stability, helping to mediate large
volume changes and improve cycling performance."*™**'” The
established synthesis approaches, however, can be complicated
with certain requirements imposed by precursors and/or equip-
ment, limiting the likelihood of upscaling production."*™®2'~>8
High surface area 3D NP materials containing “nano-ligaments”
that can accommodate volume changes and increase electrolyte
access via nanopores, however, represent a promising develop-
ment."***3> NP Ge can exhibit high capacity and stability even
without surface modification and shows potential for scaled-up
fabrication. For example, NP Ge fabricated by dealloying eutectic
Al-Ge, Al-Ge-Ag or Al-Ge-Si alloys in acid solutions have delivered
stable, high capacities over 100 cycles.>*> A simpler, inexpensive
route to NP Ge from readily available GeO,, rather than from
eutectic Ge-alloys however, would be a considerable advance.'*
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Dual-porous nanostructures of Ge were synthesised by a 2-step
zinc reduction followed by HF etching from GeO,-SiO, nanocom-
posites, showing excellent anode performance for up to 300
cycles.*® Alternatively, Ge could be reduced from GeO, using
flowing hydrogen under carefully controlled high temperature
regimes for >10 h and showed high reversible capacity in
LIBs."” Although both these synthesis routes produce useful Ge
anodes, the preparation methods required are not necessarily
simple, safe or sustainable.

Approaches to fabricate NP Ge from GeO, remain rather
elusive. Indeed, the Ge microstructure and morphology varies
for different synthesis methods, which in turn influences
properties,'>'>21:28:36:37 pyrther, the need for synthesis to be
sustainable and energy-efficient has become an important
demand for 21st century chemistry.>**® Such considerations
need to be factored into the production of (nano-structured) Ge
anodes.'”"” Herein, we adopt the concept of microwave-
induced-metal-plasma (MIMP) synthesis for the reduction of
Ge(v) in GeO, to nominal Ge (—wv) in Mg,Ge in only 80 s at
200 W under vacuum (Scheme 1). The unique and ultra-fast
reduction and magnesiation of GeO, may benefit from non-
thermal effects of Mg plasma, ie highly mobile electrons
directly reduce the oxide while the spontaneous nucleation of
Mg,Ge could be promoted by “bombarding” Ge with both
electrons and Mg"" cations. The Mg,Ge powders can then
undergo a facile thermal dealloying treatment in air,"® which
yields 3D hierarchical nanostructures of Ge with a porosity of
88.62% after washing. The large-surface area (17.82 m® g™ ")
coral-like structure is composed of spherical and lamellar nano-
ligaments (measuring from ca. 2-70 nm) which engender a
wide distribution of micro-, meso- and macropores across
length scales (from <2 to <200 nm). These features encour-
aged us to test the raw NP Ge material as an anode for LIBs
allowing us to compare it to similar established electrodes with
and without further modifications. The unique structural
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Scheme 1 Schematic of the MIMP-assisted synthesis of hierarchical NP Ge from GeO,, showing: (i)—(ii) steps of the MIMP synthesis process; and

(iii)—(iv) steps of the thermal dealloying and purification processes.
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features created by this process enable NP Ge to deliver both
high capacity and good stability when cycling at 1 A g”* or
2 A g, indicating exceptional intrinsic rate capability as
anodes in LIBs. These might be improved still further by
subsequent electrode and cell optimisation.

Results and discussions

Ultra-fast MIMP-approach for reduction-magnesiation of GeO,
to Mg,Ge

The sustainable, energy-efficient synthesis of materials has
been a priority for 21st century manufacturing.>'"**3® pre-
viously, we conceived the MIMP method for the synthesis of
alloys from metals, by which ultra-rapid reactions were driven
by metal plasma interactions in a 2.45 GHz electromagnetic
field.>°° Here, we first show how the concept can be applied to
the conversion of an oxide (GeO,) directly to an alloy (Mg,Ge) by
a MW-induced Mg plasma (Scheme 1; see also the experimental
Section; full details in the ESIt). Mixtures of fine Mg and GeO,
powders were irradiated by MWs (200 W) in a single-mode
cavity reactor under a static vacuum of 1.0 x 10~ " mbar. A green
Mg plasma - which can be conceived as positively charged Mg
cations, metastable neutral Mg clusters and negatively charged
electrons™®*° - was observed within seconds of the onset of
MW irradiation (ESI,¥ Supporting Videos 1, 2), indicating
efficient ohmic coupling of the Mg powders with MWs.
Ex situ powder X-ray diffraction (PXD) patterns (Fig. 1) indicate
that most of the GeO, and Mg reacted to form Mg,Ge under
irradiation for only 20 s (with the MgO by-product and a trace
amount of Ge present; Fig. S2 and Table S9, ESIT).

o VGeO, eMg o Mg,Ge
o mMgO = Ge
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Fig. 1 PXD patterns of samples: (i) after the 1st MW irradiation of 20 s,
(i) after the 2nd MW irradiation of 60 s, and (iii) after thermal dealloying (in
air) at 550 °C for 11 h. (See synthesis steps in Scheme 1, for reference.).
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The powdered reactant/product mixture was then reground
and irradiated for a further 60 s (i.e. 80 s total), whereupon
Mg plasma (from remaining unreacted Mg) completed the
reduction of residual GeO, and reacted with Ge to form Mg,Ge
(with only MgO by-product otherwise remaining; Fig. 1 and
Fig. S1, Table S8, ESIt).

Thus, the ultra-fast, energy-efficient conversion of GeO, into
Mg,Ge can be achieved in under 1.5 min via MIMP synthesis.
Apart from the small amount of Ge present after 20 s, no
evidence for the formation of any other intermediate phases
was observed. Hence, the reaction appears to follow relatively
straightforward reduction-magnesiation steps without the for-
mation of volatile GeO - an intermediate in both the conven-
tional carbothermal reduction and hydrogen reduction of
GeO0,."***"Control” reactions employing lower ratios of Mg:
GeO, (ca. 2.5:1) confirmed reduction to Ge without detectable
prior formation of GeO (Fig. S3 and S5, ESIT). However, in every
case, these reactions also led to the formation of Mg,Ge rather
than to the complete reduction of GeO, to Ge, suggesting the
magnesiation (“deep reduction” to nominal Ge(—1wv) in Mg,Ge)
is kinetically favoured.

At this point we can consider the mechanism of the deep-
reduction reaction between relatively thermodynamically
stable, solid germania and metastable Mg plasma in an elec-
tromagnetic field."”**** In forming a plasma, Mg"" cations
lose electrons and are effectively not themselves reductive. The
much lighter electrons within the plasma exhibit much higher
speeds than these Mg"" cations.” The “free” electrons them-
selves, can potentially function as reducing agents by interact-
ing directly with the solid GeO,. Meanwhile, the participation
of the mobile plasma-phase Mg"" cations facilitates the ultra-
fast nucleation of Mg,Ge (and also of MgO with available
oxygen). Notably, the reaction of Mg with GeO, begins within
seconds of initial irradiation and the deep reduction of GeO, by
Mg to Mg,Ge is well progressed after the first irradiation cycle
(Fig. 1). It is these rapid reactions and the plasma concentrated
in the vicinity of the sample (ESL,t Supporting Videos 1,2) that
would appear to preclude the formation and sublimation of
GeO. The monoxide is a regular by-product in the much slower
high temperature carbothermal and hydrogen reductions of
GeO,.">**** Although reaction in the solid state cannot be
completely excluded given the elevated temperature inside the
reaction tube (facilitating solid state ionic diffusion), we pro-
pose that the ultra-rapid deep-reduction proceeds largely
through a reactive-plasma route,** in which Mg is the compo-
nent that primarily interacts with the MW field. (Control
experiments in which GeO, is irradiated demonstrate little
evidence of heating and no evidence of decomposition as might
be expected for a low-loss solid; ESIT). The reaction would likely
follow the steps in eqn (1)-(3):

4Mg(s) + GeO,(s) — 4(Mg"+ ne”)(plasma) + GeO,(s) (1)

4AMg™ + 4ne” + GeO,(s) — 2Mg"'+ 2ne” + 2MgO(s) + Ge(s/1)

2)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2MgO(s) + Ge(s/l) + 2Mg"" + 2ne~ — Mg,Ge(s) + 2MgO(s) fast

(3)

It is undoubtedly very challenging to develop a time-resolved
microscale-model of a reaction such as this, which occurs
under highly dynamic and non-equilibrium conditions.”***3
Nevertheless, we plan to probe the reaction in situ in future
studies to explore the chemo-physical basics of the MIMP
process and the potential for further proposed reactive plasma
reactions.

3D Hierarchical NP Ge

Thermal dealloying is a proven method for producing NP main
group elements (such as those from group 14) where acid
etching is not a viable option (due to the formation of the
respective main group hydrides).'®'"?° The MIMP-obtained
Mg,Ge and MgO powder mixture was therefore thermally de-
alloyed in air at 550 °C for 11 h (Step iii, Scheme 1), to ensure
the selective oxidation of Mg to MgO and the reorganisation of
Ge atoms into a NP Ge structure by self-diffusion.'®**** PXD
patterns and analysis from Rietveld refinement show that Ge
and MgO are the main phases after thermal treatment, with
negligible residual Mg,Ge (0.8(2) wt%) (Fig. 1 and ESI,{ Fig. S7,
Table S10). After washing and drying the product to remove
MgO by-product, Rietveld refinement against PXD data
collected over an extended scan time confirmed the powder
as phase-pure cubic Ge (space group Fd3m (No. 227),
a = 5.6598(2) A; Fig. 2(a) and ESI,i Tables S2, S3). The PXD
results also attest to the bulk air-stability of the product with no
other phases present after ca. 7 hours of exposure.

Low magnification scanning electron microscopy (SEM)
images show the micron-sized Ge particles have coral-like
porous structures (Fig. 2(b) and (e); ESL+ Fig. S8). Elemental
mapping suggests a uniform distribution of Ge, whereas the
observed oxygen content is likely to arise from surface oxida-
tion during preparation and handling of the SEM sample
(Fig. 2(b)-(d) and ESI,t Fig. S8). Fig. 2(f) shows the presence
of: (a) uniform nanograins from a few nm up to ca. 70 nm
across with the majority of nanograins in a size range of 20—
35 nm, with some of the grains also resembling thin lamellae in
the skeleton of the porous matrix; (b) open nanopores existing
over two length scales (i.e. i. small pores of a few nm-ca. 35 nm
in diameter, and ii. larger pores ca. 90-160 nm in diameter).
Features (a) and (b) together contribute to a hierarchical NP
structure. Mechanically, these features could release stress
during (de)lithiation in an LIB by buffering large volume
changes during cycling."*'*?*3% It is worth noting that both:
(a) the dimensions of the Ge nanograins from the MIMP/deal-
loying process are far smaller than those achieved previously by
H,-reduction- or by Al-Ge/Al-Si-Ge dealloying and (b) multi-
scale pores are rare among NP Ge materials and in a typical LIB
these should both facilitate the diffusion of Li" and improve the
access of the electrolyte to the anode.'>®*373>> Transmission
electron microscopy (TEM) images confirm the hierarchical NP
structure, which is composed of spherical nanograins, thin
nano-lamellae and a series of pores across length scales

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

(Fig. 2(g) and (h)). Fig. 2(i) reveals a fringe distance of
0.325 nm, which matches closely to the (111) lattice spacing
of Ge. The inset selected-area-electron-diffraction (SAED) pat-
tern in Fig. 2(i) shows sharp diffraction spots exclusively from
Ge (see also ESI,¥ Fig. S8c and Table S5), suggesting the
constituent grains of the NP Ge are single-crystalline and that
the samples are single phase. The SAED pattern could be
indexed to give an a-parameter of 5.66 A, in close agreement
to the value obtained from Rietveld refinement against PXD
data. The 3D tomogram constructed from the transmission
X-ray microscopy (TXM) data (Fig. 2(j) and ESLT Video 3, Fig.
S9, Table S6) provides direct visualisation of the global NP
structure and the existence of the variable pore-size distribu-
tions; notably all nanopores are interconnected with no obvious
isolated pores. Quantitative analysis of the tomographic data
revealed that the volume of open pores exceeded that of closed
pores by more than 4 orders of magnitude (3.46 x 10" um? vs.
3.33 x 10" um?®, respectively), together equating to a total
porosity for the Ge material of 88.62%.

The measured surface area by N, physisorption using the
Brunauer-Emmett-Teller (BET) method is 17.82 m> g~ ' (Table
S4, ESIt). The sorption isotherm has the appearance of type II
behaviour with an H3 hysteresis loop (Fig. 2(k)). These features
would suggest a wide distribution of pore sizes, as is evidenced
by SEM and TEM and the existence of slit-like pores.*® The
Barret-Joyner-Halenda (BJH) analysis of desorption data clearly
yields a micro-mesopore size distribution with values dominant
over a range of <2 nm - ca. 50 nm (Fig. 2(1)). Although BJH
analysis of N, physisorption data can lack precision for larger
pore sizes, Fig. 2(1) indicates the presence of macropores below
200 nm. This pore size distribution is consistent with our SEM/
TEM/TXM observations. The Ge 3d X-ray photoelectron spectro-
scopy (XPS) spectrum (Fig. 2(m) and ESI, Table S7) shows the
coexistence of Ge (85.29 at%) with much smaller amounts of
the monoxide and dioxide (GeO, 7.44 at%; GeO,, 8.27 at%).
These data are in accord with EDS results (ESI,T Fig. S8a) and
suggest oxide formation at the matrix surface (which is not
unexpected in light of the drying and subsequent manipulation
of the material in air).

Electrochemical properties

The hypothesis regarding the effects of the hierarchical nano-
porous structure on the performance of Ge as an anode in LIBs
was evaluated by cycling over a cut-off potential range of 0.05-
1.00 Vvs. Li*/Li in suitable half-cells (see also the Experimental
Section; full details in ESIT). Fig. 3(a) shows the lithiation/de-
lithiation potential profiles at a current density of 0.16 A g~
(0.1C) for the first 3 cycles. Initial discharge/charge capacities of
2066.5 mA h g and 1461.4 mA h g ', respectively were
achieved corresponding to an initial coulombic efficiency (CE)
of 70.72%, which is attributed to the formation of a SEI and the
reduction of any oxides at the surface of the NP Ge. This CE is
within a typical range reported for nanostructured Ge electro-
des in initial cycles; this issue could be addressed by a pre-
lithiation process for practical full-cell applications.”®*” Cycles
2 and 3 yielded almost overlapping potential curves with small

Mater. Adv., 2022, 3, 8512-8521 | 8515
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Fig. 2 Characterisation of the as-synthesised hierarchical NP Ge, showing: (a) a profile plot from the Rietveld refinement against experimental PXD data;
(b) a low-magnification SEM image of the NP Ge product and (c and d) the corresponding elemental maps of Ge and O, respectively; (e and f) medium-
and high-magnification SEM images of the NP Ge matrix; (g and h) low- and medium-magnification TEM images of the constituent nanograins in the NP
Ge sample; (i) a high-magnification TEM image corresponding to the enclosed dashed area indicated in (h) (inset: corresponding SAED pattern for the
same dashed area); (j) 2D tomogram of the Ge sample taken from TXM data; (k) BET N, physisorption curves for NP Ge; (1) pore size distribution profile
from Barrett—Joyner—Halenda (BJH) analysis; and (m) Ge 3d XPS spectrum taken from the NP Ge sample.

decreases in discharge capacity and correspondingly small
increases in charge capacity, which indicate a rapid stabilisation.

Differential capacity curves of cycles 1-3 were analysed in
order to investigate the (de)lithiation phase-transfer mechan-
isms (Fig. 3(b)). The 1st lithiation exhibited two tiny peaks at
0.45 & 0.41 V and two obvious peaks at 0.30 & 0.17 V, implying

8516 | Mater. Adv., 2022, 3, 8512-8521

multi-step activation and the alloying of NP Ge with Li, ulti-
mately to form Li, 4,Ge.'"****7*® gubsequent cycles exhibited
two clear shifted reductive peaks at 0.51 & 0.38 V, the absence of
a peak at 0.30 V and two peaks at 0.19 & 0.14 V. These
differences are attributed to the overpotential, activation and
SEI formation at the 1st lithiation."">***"*® For the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical performance of the hierarchical NP Ge material in LIBs; (a) discharge/charge profiles at 160 mA g~%; (b) differential capacity plots
against cell potential corresponding to (a); (c) rate performance at variable current densities; (d) corresponding discharge/charge potential profiles at the
various current densities shown in (c); (e) cycling performance and corresponding coulombic efficiency at 1 A g~* over 100 cycles (Nb. Cycles 1-3 were
performed at 160 mA g™%) and 2 A g for 100 cycles (Nb. Cycle 1 was performed at 160 mA g~%); and (f) the corresponding galvanostatic curves over

selected cycles for the cell cycled at 1 A g~* shown in (e).

delithiation process, compared with cycle 1, cycles 2 & 3 show
increased intensity at 0.38 V, although a peak cannot be
incontrovertibly resolved. There is also a minor shift in
potential for the main oxidative peak from 0.48 to 0.51 V, but
the overlapping curves in cycles 2 & 3 indicate the absence of
any irreversible reactions."®

The NP Ge electrode delivers an average discharge capacity
of 1572.3, 1487.2, 1375.5, and 1182.6 mA h g~' at a current
density of 0.16, 0.32, 0.8, and 1.6 A g, respectively (Fig. 3(c)).
The high capacity across current densities implies the
vast majority of Ge is accessible in the electrode and that
the diffusion of Li" in the nanosized Ge ligaments is not
inhibited; observations matched in other nanostructured Ge
anodes."*'**” In this respect, the MIMP-fabricated dealloyed

© 2022 The Author(s). Published by the Royal Society of Chemistry

material exhibits a superior rate performance when compared
to NP Ge (and Ag-embedded NP Ge) obtained from the eutectic
alloys Al,1 ¢Ge,g 4 and Alg,Ge;sAgs, respectively.®*** From cycles
6-20, a high CE (>97.2%) was consistently registered as the
current density was progressively increased and when
the current density was reduced to 0.32 A g~ " at cycle 21, the
discharge capacity quickly recovered to 1498.3 mA h g~ " with
good reversibility. The incremental decrease in discharge capa-
city and CE in cycles 21-25 might be attributed to the likely
larger Ge volume fluctuations associated with the higher dis-
charge capacity than the value achievable at 1.6 A g~ . In this
case, the SEI formed in the previous cycles is probably
compromised/disrupted as a result. Indeed, previous studies
have shown extensive disruption/formation of SEIs for Ge- and
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Si-based alloying materials associated with repetitive large scale
electrode expansion and contraction,'>'72627,29:30:35  The
observed behaviour is not surprising in view of the absence of
any electrolyte additives (e.g. FEC and VC) in the cell systems
and CEs can still register below 100% in some cases even with
additives incorporated.'>*®*”*>3% such additives have proven
pivotal in facilitating the formation of a thin and flexible SEI
with improved ionic conductivity, especially for large-volume
expansion alloying electrode materials like Ge."®>° The coher-
ent and smooth potential curves at different current densities
in Fig. 3(d) nevertheless suggest our NP Ge electrode is highly
stable and exhibits low working potentials.

Encouraged by the excellent rate performance, our NP Ge
electrodes were tested at high current densities (Fig. 3(e)).
After activation at 0.16 A g~ ' for the first cycle, one cell was
cycled at 2.0 A g~ '. The cell's discharge capacity was at a
minimum over the 4th cycle (565.8 mA h g~ ') and increased
above 700 mA h g ' after the 10th cycle, showing stable
capacities at cycles 10-100 (where cycles 15-76 reached capa-
cities >800 mA h g~ * with a maximum of 975.2 mA h g~ * over
cycle 38). The 100th cycle still maintains (dis)charge capacities
of 683.4 and 669.4 mA h g '; almost twice the theoretical
capacity of graphite. A second cell that was cycled at 1.0 A g~ "
(after activation at 0.16 A g~ " for 3 cycles) yielded a discharge
capacity of 1241.8 mA h g~ ' at cycle 4, which subsequently
increased over cycles 6-40 (producing 1300-1382.6 mA h g™ %),
which was potentially caused by the gradual activation during
the cycling process. The capacity of this cell then decreases at a
slow but steady rate, but nevertheless maintains a high dis-
charge capacity of 1006.1 mA h g~ " by cycle 100. For both cells,
the capacity increase in the first few tens of cycles immediately
following the initial downturn may very likely originate from a
gradual morphological-change-induced activation, which has
been reported in a number of previous studies.">"'*?¢>73° sych
structural changes in active materials have been revealed to
contribute to the reduction of Li-ion diffusion resistance at
high current densities in the anode.'>'**%3° Analogous beha-
viour in our NP Ge cells is strongly indicated by the obvious
decrease in over-potential in the galvanostatic curves that occur
after cycle 5 in Fig. S14 (ESIf). The capacity fade and corres-
ponding CE of <100% (95.9-98.8%) of both cells can likely be
attributed to the non-ideal SEI as aforementioned."> >%2%27:29:33
Then again, potential structural aggregation from cycle to cycle
may also affect the cyclability (see the “Post-cycling Character-
isation” section below).*” Nonetheless, the unoptimised results
for the “bare” NP Ge systems shown in Fig. 3 provide a useful
basis for the direct LIB performance evaluation of our NP Ge as
compared to other untreated Ge electrodes. Subsequent inven-
tive strategies such as surface coating (by carbon layers),
nanostructuring as Ge-C frameworks, surface engineering by
melamine coating, and/or incorporating electrolyte additives
should further safeguard the NP Ge against pulverisation and
promote the formation of a thin and flexible SEI to counter the
sort of drift in capacity witnessed in Fig. 3(e).'872%2%:27,47:48

Galvanostatic potential data show that the discharge curves
at 0.4-0.05 V are nearly parallel and that the charge curves at
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0.1-0.6 V are almost superimposable for all cycles (Fig. 3(f)).
These profiles suggest a uniformity in the phase transforma-
tions of the NP Ge structure. The decrease in the discharge and
charge capacity at 1.0-0.4 V and 0.6-1.0 V, respectively are likely
related to the loss of active sites at the surface of the constituent
Ge nanoligaments."®?°***” This is probably inevitable during
the cycling-induced structural evolution and the continuous SEI
(re)formation (Fig. 4(d))."*?%***” By comparison and interest-
ingly, ultra-conformal-Sb-coated NP Ge exhibits still lower stabi-
lity at 1.0 A g~ * with untreated electrolyte, i.e. when FEC is absent;
whereas NP Ge synthesised from H,-reduced GeO, shows a rapid
capacity decay even if FEC additives are incorporated in a cell
(<150 mA h g™ ' after 200 cycles)."® Another approach taken
recently was to embed Ag nanoparticles into NP Ge, which
improved electrical conductivity and cycling stability,** but the
capacities achieved by this approach are limited when compared
to those achieved by the single-phase Ge produced by our MIMP/
dealloying process. Our hierarchical NP Ge can maintain an
impressive discharge capacity of 736.6 mA h g™ ! after cycling at
1.0 A g for 200 cycles (ESL Fig. S11a), therefore still accom-
modating almost twice as much charge as graphite by weight. It
is worth also noting at this point that the cycling capacity of our
hierarchical NP Ge product contrasts markedly with bulk com-
mercial Ge itself (on the occasions that it has been tested in the
literature). The latter (without additives or modification) typically
shows a drastic capacity decrease below 400 mA h g~ within ca.
15 cycles at 0.16 A g~ '.** The promising performance of the
MIMP-derived Ge that can be achieved without additives or
further modification can be largely attributed to the unique 3D,
coral-like, NP structure, composed of both spherical- and lamella-
type nanoligaments, which are the key microstructural features
that engender multi-scale porosity.

Post-cycling characterisation

To investigate the relationship between microstructure and cell
performance further, ex situ SEM images of a NP Ge electrode
were taken post-cycling (Fig. 4(c) and (d)). After 200 cycles at

Fig. 4 SEM images of NP Ge electrodes, (a), (b) before cycling; and
(c), (d) after cycling tests at 1.0 A g~* for 200 cycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1.0 Ag~ ", the cycled anode can be observed to have maintained
its mechanical robustness with no obvious evidence of crack-
ing, agglomeration or pulverisation. The morphology of the
cycled NP Ge, however, varies considerably from the as-
prepared NP Ge electrodes (Fig. 4(a) and (b)). The detectable
but relatively minor coarsening can be likely attributed to the
inevitable structural changes that occur during (de)lithiation
(which are common for Ge or Si based alloying-type anodes)
and the formation of the SEL>®*”?! Notably, most of the
particles post-cycling are within the range of 35-100 nm and
the porosity is preserved with both meso- (> 30 nm) and macro-
pores (>100 nm - a few hundred nm) evident after 200 cycles at
a relatively high current density of 1.0 A g~ .

Further scrutiny of the electrode was undertaken using TEM
techniques. High-angle annular dark-field scanning TEM
(HAADF-STEM) imaging confirmed that the nanoporous
features of the individual sub-micron to micron sized Ge
particles were conserved after cycling (ESL Fig. S15a). How-
ever, imaging also indicates that the de-lithiated Ge particles
form denser agglomerates (ESL,t Fig. S15b) when compared to the
as-synthesised NP Ge particles (Fig. 2(h)). This is not an uncom-
mon phenomenon for alloying-type anode materials.">**® Med-
ium- to high-resolution imaging (such as the image in Fig. S15b,
ESIT) also reveals that the cycled NP Ge is less crystalline, with
many particles exhibiting no clear lattice fringes in stark contrast
to the as-synthesised material (Fig. 2(i)). Similar losses of crystal-
linity have been noted previously for porous Ge anodes and the
transformation can be relatively rapid (for example, after only 10
cycles at 0.1 A g~ ')."* The premise of lost crystallinity is reinforced
by corresponding SAED patterns (ESL i Fig. S15c) which present
diffuse rings overlaid with very weak diffraction spots/powder
rings. Findings from post-cycling PXD corroborated the observa-
tions from SAED with patterns yielding weak intensity peaks
matching to Ge that had broadened considerably when compared
with the same material before testing (ESLt Fig. S16). These PXD
results were useful, in fact, not only for confirming a loss of
crystallinity and the formation of nanograins, but also in verifying
that the reversibility of the Ge anode after many successive charge-
discharge cycles. Irrespective of the cycling-induced changes in
microstructure or crystallinity, Fig. 4 and Fig. S15b (ESIt) show
that the Ge nanograins remain in close contact. This tight-knit
microstructure provides a rationale for the appreciable electrical
conductivity that exists post-cycling (ESLt Fig. S13) and for the
ability of the anode material to store lithium efficiently."*

The evident structural integrity of the anode post-cycling
together with the cycling performance data themselves, are
extremely encouraging considering the further improvements
that might be made to trial cells (e.g. carbon coating, employing
electrolyte additives and SEI engineering)." %" It is very likely
that the anode performance of MIMP-derived NP Ge, therefore,
could be boosted further. Moreover, in terms of the material
fabrication process itself, we take particular encouragement
from previous results which indicate that vacuum dealloying
can be applied to Mg,Si to yield nanoporous Si within 30 min.*
We will investigate combining MIMP reduction of oxides with
modified vacuum de-alloying to achieve even faster and more

© 2022 The Author(s). Published by the Royal Society of Chemistry
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energy-efficient delivery of NP Ge and related materials. Such
methodological advances should present us with further vari-
ables to interrogate in the manufacture of high-specification
LIB anodes.

Conclusions

In summary, plasma-phase processing paves the way for the
deep reduction of GeO, into Mg,Ge within 80 s using MIMP
methods; an applied power of only 200 W is required. Subse-
quently, facile dealloying in air yields 3D hierarchical NP Ge
with coral-like structures and bespoke multi-scale pore distri-
butions. The unique porous design can be exploited in alloying
electrodes where fast Li" diffusion is promoted within a matrix
of component nanoligaments. Further, the hierarchical poros-
ity enhances the exposure of the anode to the electrolyte and
accommodates the volume changes associated with (de)lithia-
tion. The NP structure retains many of its multi-scale porous
features after 200 cycles at 1 A g~ '. These traits undoubtedly
contribute to the high capacity, reliable stability and excellent
rate capability that the NP Ge electrodes display. The proces-
sing method provides the starting point for the development of
a route to the fabrication of NP Ge anode materials on larger
scale; a manufacturing process that might be extended to other
NP materials for LIBs and beyond. In the interim, further
understanding of the structure-property relationships of the
NP Ge material, the mechanism of charge-discharge and the
optimisation of electrochemical cells are of immediate interest.
Similarly, the fundamental underpinning physical chemistry
and physics of the MIMP concept requires further scrutiny in
order to broaden its applicability still further.

Experimental
Synthesis of NP Ge

(1) GeO, reduction. The reduction-magnesiation of GeO, was
illustrated in Scheme 1. 1 mmol of GeO, (Johnson Matthey) and
5.5 mmol of Mg powder (99.8%, 325 mesh, Alfa-Aesar) were
mixed and transferred into a quartz tube. The sample prepara-
tion was performed within a N,-filled LABstar glovebox
(mBRAUN) with water and oxygen levels controlled below
0.5 ppm. The quartz tube was then irradiated by MWs at
200 W under a static vacuum of 1.0 x 10~ mbar for 20 s, by
using a modified single-mode MW cavity reactor (CEM Discov-
ery, 2.45 GHz). The tube was left to cool down naturally, with
the product retrieved and ground. The ground powders were
then contained in another quartz tube and irradiated by MWs
for a second cycle at 200 W under a static vacuum of 1.0 x 10"
mbar for 60 s. After the tube cooled naturally to room tempera-
ture, the product were retrieved.

(2) Thermal dealloying and washing. The MW-irradiated
powders were thermally dealloyed in air at 550 °C for 11 h in
a box furnace (in the fumehood). As-obtained powder mixture
was immersed with 1.0 M HCl aqueous solution for 30 min, and
then washed with deionised water (3 times) and ethanol
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(3 times). After drying in an oven for 60 °C for 5 h, NP Ge
powders were obtained, which were stored in the N,-filled
glovebox for further experiments.

Materials characterisation

PANalytical X’pert Pro MPD diffractometer in Bragg-Brentano
geometry (Cu Kol radiation / = 1.5406 A; accelerating voltage of
40 kV; emission current of 40 mA). Typically, PXD patterns were
collected at room temperature over a 20 range of 10-80° with a
step size of 0.0334° for 15 min for phase-identification or from
10-110° (20) with a step size of 0.0167° for 2 h for structure
refinement PXD measurements on post-galvanostatic cycled
powders were performed in reflection geometry in airtight
sample holders under a protective atmosphere of Ar. Scans
were performed for 130 min over 10-90° (20) with a step size of
0.0167°.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) were performed using either a Philips/
FEI XL30 ESEM (beam voltage 20 kV, maximum magnification
20 k) equipped with an INCA X-Act detector (Oxford Instru-
ments Analytical, UK), a Carl Zeiss Sigma Variable Pressure
Analytical SEM or a Hitachi S-4100 microscope equipped with
an INCA X-Act detector (Oxford Instruments Analytical, UK).
Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) of NP Ge powders were analyzed
using a FEI, G2 F20X-Twin 200 kV, FEG microscope equipped
with an energy-dispersive X-ray spectrometer (RTEM model
SN9577, 134 eV) with measurements performed in the TEM
mode (for bright-field imaging). The respective samples were
retrieved from the glovebox in airtight containers and trans-
ferred rapidly to the microscopes.

High resolution Ge 3d X-ray photoelectron spectroscopy
(XPS) was performed using a K-Alpha Photoelectron Spectro-
meter (monochromatic Al Ko, Thermo Scientific) under
vacuum. Brunauer-Emmett-Teller (BET) analyses were per-
formed on N2 adsorption-desorption isotherms measured at
77 K using a Micromeritics TriStar 3000 analyzer.

Transmission X-ray Microscopy (TXM) was performed at the
Taiwan Light Source (TLS 01B1), National Synchrotron Radia-
tion Center (NSRRC) in Hsinchu, Taiwan The Ge (111) toroidal
focusing mirror provided monochromatic light with a photon
energy of 8 keV. TXM 2D tomographic images were collected
with a camera binning of 512 x 512 in pixels over a 60 s
exposure time. 3D tomographic images and videos were recon-
structed using Amira 3D image processing software. Quantita-
tive analysis was performed using the SkyscanTM (CT analysis)
software package (Bruker), following the transfer of the image
set data and the definition of the sample volume (including
open pores).

Electrochemical measurements

NP Ge powders were mixed with Super P carbon black (99+%,
metal basis, Alfa Aesar) and sodium alginate (Sigma Aldrich)
binder in a weight ratio of 70:15: 15 in deionised water to form
a homogeneous slurry. The slurry was coated onto a copper foil
(10 microns in thickness). The prepared dry electrodes were
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used as working electrodes (16 mm in diameter); the final mass
loading of active material was ca. 0.75-1.10 mg cm >, A piece of
glass-fiber D (GF/D, 20 mm in diameter, Whatman) filter paper
was the separator. Li foil (99.9%, metal basis, 0.75 mm in
thickness, Alfa Aesar) was manually polished and prepared into
a clean Li disk (19 mm in diameter) as the counter electrode.
The electrolyte was 1.0 M LiPF, in ethylene carbonate/dimethyl
carbonate (EC/DMC, 50/50, v/v; Sigma Aldrich). All half-cells
were assembled using MIT split-able cells (inner diameter of
20 mm), in an Ar-filled glovebox with the H,O and O, content
below 0.5 ppm. (Dis)charging cycles were performed at room
temperature using a galvanostatic programmable battery tester
(Neware, CT - 4008, 5 V 10 mA) at different current densities
with a cut-off potential range of 0.05-1.50 V.
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