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Herein, textured Cu foil is presented as an attractive current collector substrate for directly grown Ge nanowire (NW) anodes.

Compared to planar stainless steel (SS) current collectors, textured Cu led to an increase in achievable mass loading, removal

of the requirement for a catalyst deposition step, improved adhesion of the active material and dramatically enhanced

capacity retention. When SS and textured Cu foil based anodes with similar areal loadings (~1.4 mAh/cm?) were compared,

the capacity after 250 cycles for textured Cu was 2.7 times higher than the SS anode, illustrating the key role of the current

collector.

Introduction

To keep pace with demanding performance requirements of
future energy storage devices, advances are sought in the
development of anode and cathode materials with capacities
beyond standard LIB materials.1> For future anodes, materials
that alloy with lithium (e.g. Si, Ge) offer significant specific
capacity boosts compared to conventional graphitic anodes.®
1D lithium alloying NWs have attracted particular interest due
to their ability to accommodate expansion/contraction events
related to lithiation/delithiation processes.”11 Ge is less
abundant and more costly than Si, however, Ge based anodes
have shown exceptional cycling stability and enhanced
comparative high rate performance, indicating suitability for
high power applications.12714 ‘Directly grown’ anodes composed
of high capacity alloying materials such as Si and Ge can be
prepared by either growing or depositing the active material on
current collectors.’> This arrangement has been widely
investigated and shows immense promise,1416-18 3s it removes
the requirement for inactive electrode additives (typically 20 %-
60 % of the mass of electrodes).19-21 As a result, these anodes
represent the most gravimetrically efficient electrodes possible,
offering potential for substantial full-cell energy density
enhancements compared to conventional slurry based
electrodes.’s Directly grown materials are also excellent model
systems for fundamental studies into lithiation mechanisms,22-
24 SEl composition,2>2¢ and failure mechanisms,?’ with this
insight serving to significantly enhance the practical prospects
of these materials. However, a hurdle exists in assessing the
real-world  prospects of promising directly grown
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nanomaterials,13282% whereby the mass loadings and hence
areal capacity are typically insufficient for commercial use.
Typical areal capacities required for practical applications are in
the range of 3-4 mAh/cm?, meaning that an order of magnitude
increase in mass loading is required from the majority of directly
grown materials systems reported to date. Studies on the
performance of electrodes with high mass loading are therefore
of critical importance as these alternative anode materials must
deliver high areal loadings for their practical implementation to
compete with graphite. Porous and higher surface area current
collectors (e.g. foams and patterned substrates3°33) have
emerged as promising replacements for conventional planar
metal foil current collectors. These depart from the typical
planar current collectors used in conventional LIBs and can be
exploited to move directly grown materials closer to practical
implementation. However, current collectors must not add
substantial extra mass to the overall electrode, as this would
negate energy density enhancements provided by high capacity
active materials. Here, the use of commercially available,
textured Cu foil current collectors for directly grown Ge NW
anodes is detailed, leading to a remarkable improvement in
capacity retention relative to comparable planar SS anodes, due
to enhanced robustness of the anode active material.

Results and discussion

The influence of increased Ge NW loading on planar current
collectors was initially investigated, to assess the scalability of
this directly grown anode system. The gravimetric and areal
capacities for the Ge NWs on SS current collectors with different
loadings are presented in Figure 1 a and b. SEM images are
shown in Figure S1 and the anodes were prepared using a
previously reported hotplate method,!3 based on thermally
evaporated Cu as a seed via the established vapour solid solid
(VSS) growth mechanism (Figure 1b inset).34-38 The achievable
loadings were in the range of <0.1 mg/cm?2 up to a maximum of
1 mg/cm2 for the planar stainless steel, with the loading linked
to the reaction time and precursor amount used. The 0.2
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mg/cm? anode performance shows negligible capacity fade over
the 250 charge/discharge cycles examined (1325 mAhg?),
corresponding to a stable capacity of ~0.25 mAh/cm2. The result
is consistent with outstanding capacity retention seen for a
range of low mass loading anodes in the literature. For the
samples with increased mass loading, pronounced capacity fade
in the initial 25 cycles was noted. By the 75th cycle, it can be
seen that the areal capacity values for the three heavier anodes
were closely matched (at slightly below 0.5 mAh/cm2). The
capacity fade until the 250th cycle was far more gradual,
suggesting that the anodes are reasonably stable after the
major initial capacity losses. Interestingly, the maximum stable
areal capacity (regardless of the initial mass loading) was found
to be in the range of 0.25-0.34 mAh/cm?2, representing a
fundamental limitation of the stable loading possible for
directly grown Ge NWs on planar substrates.
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Figure 1: a) Gravimetric and b) areal capacities for different mass loading (0.2 mg/cm?2- 1
mg/cm?) SS based Ge NW anodes at a C/2 rate. The inset in b shows the growth
mechanism for the Ge NWs on SS.

The initial charge/discharge voltage profiles (Figure S2 a) show
that the lithiation and delithiation processes occurred at similar
potentials, albeit with a slight depression of the lithiation
voltage with increasing mass loading (also seen in DQ/DV plot
Figure S2 b). The coulombic efficiency value for the first cycle
increased along with the mass loading, with a value of 72 % for
the 0.2 mg/cm? and 90 % for the 0.85 mg/cm? (Figure S2 c,d).
The increased CE value at higher mass loadings is most likely due
to the relatively lower surface area in contact with the
electrolyte, compared with the lower mass loading electrodes.
However, this initial increased CE value was offset by a much
slower increase in CE in subsequent cycles, with the 0.85
mg/cm? anode well below 98 % for the first 25 cycles. This
suggests a more gradual SEl formation phenomenon as the
mass loading of the anodes is increased. Differential capacity
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analysis of the voltage profiles for the 0.2 and 0.85 mg samples
illustrated that the peak locations for lithiation/delithiation
were very constant over extended cycling with only an
attenuation of the peaks seen for the 0.85 mg sample rather
than any obvious peak shifting (Figure S3).

Vapor Solid Solid
Growth Mechanism //

Textured - 7 Ge NWs on
[ L WARRTALL Textured Cu

1 mglcm? Ge NWs b
on Textured Cu

t

S 1.00

<
- <
® £ 075 .
£ > 2.7x Capacity
< ot 2

0 0501 Retention |

3

8 0.25} 1 mglcm? Ge NWs 5

on Stainless Steel
0 1 1 1 A
0 50 100 150 200 250

Cycle Number

Figure 2: a) Schematic for Ge NW growth on textured Cu using a hotplate method with
SEM images showing textured Cu before (left) and after Ge NW growth (right). The
photographs show the colour change after NW growth. b) Comparison of areal capacities
for 1mg/cm2 Ge anodes on textured Cu (blue) and SS (pink).

after

of the anodes 250

charge/discharge cycles was investigated to explain the trends

Post-mortem SEM analysis
in electrochemical performance (see Figure S4 for images and
extra discussion). The 0.2 mg anode showed the formation of
domains of Ge (typically of the order of 10 um in size) that were
well adhered to the substrate. At the nanoscale, the formation
of a porous network of Ge active material, similar to that
formed for other Li-alloying NWs and associated with enhanced
cycling stability,13253% was clearly observed. An increased
loading led to a deviation from this ideal material restructuring,
with electrode level delamination increasing as the function of
increased mass. Furthermore, the ideal porous active material
was not noted as the loading was increased.

The use of commercially available textured Cu current collector
foil (Schlenk) was investigated as an alternative to SS. Cu is the
preferred current collector material for commercial LIB
applications, meaning that SS current collectors used for many
proof of concept studies will have to be replaced. SEM analysis
of the pristine current collectors demonstrated the surface
texturing, with micron-sized features (Figure 2a, Figure S5).
Highly dense NW mats were grown from the current collector
as demonstrated by a top down SEM image (Figure 2a). The
pristine textured Cu had a much darker colour compared to
pristine planar Cu, with the growth of Ge NWs leading to an
extremely dark (almost black) uniform colouration. The Ge NWs

This journal is © The Royal Society of Chemistry 20xx
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were much better adhered to the textured Cu compared to the
SS. This was demonstrated by sonication of two comparable
anodes for an hour in toluene. While the SS anode solution
displayed the characteristic pink/purple colour of dispersed Ge
NWs, the textured Cu solution remained colourless, indicating
that the NWs could not be removed from the substrate (Figure
S6). Galvanostatic testing of a textured Cu anode at a C/2 rate is
compared with that of a similar planar SS based anode (~1.0
mg/cm?) in Figure 2b. It can be seen that switching the current
collector leads to a dramatic improvement in the capacity
retention during long term cycling. This is manifested in the
capacity of the anode being 0.8 mAh/cm?2 after 250 cycles,
which is 2.7x higher than the comparable SS anode. The
successful elimination of the early cycle (<50 cycle) capacity
fade mode is attributed to a complete mitigation of the material
pulverisation/delamination issue seen to negatively impact SS
anode operation. The DQ/DV plots for the 5th, 10th, 25th, 50th
and 100th cycle for SS and Cu based tests are shown in Figure 3.
A slight shift to the lithiation potentials is noted in both tests
with increase in cycle number, suggesting a gradual increase in
electrode resistance due to SElI accumulation. Striking
attenuation of the lithiation and delithiation peaks occurs from
the 10th cycle onwards for the SS planar anode, which contrasts
strongly with the steady peak intensity for the textured Cu
anode.
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Figure 3: a) DQ/DV plots of selected cycles for planar SS and textured Cu based anodes

with a loading of 1 mg/cm?2.
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Figure 4: a) SEM images for anodes with areal loadings of 1 mg/cm?2 on a,b) textured Cu
current collector and c,d) SS current collector.

SEM analysis of the anodes after testing illustrated that the
active material had restructured into a porous network that
remained well-adhered to the textured Cu (Figure 4 a,b)
compared to an almost entirely delaminated, pulverised active
material for the SS anode (Figure 4 c,d). TEM and STEM analysis

This journal is © The Royal Society of Chemistry 20xx
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confirmed the formation of porous active material for the
textured Cu anode (Figure S7).

Conclusions

In conclusion, we have shown that textured Cu current
collectors are extremely promising platforms for directly grown
anode materials. When contrasted to a SS based anode with
comparable areal capacity of 1.4 mAh.cm?, the textured Cu
based test retained 2.7x the areal capacity after extended
cycling. Enhanced active material adhesion was identified as
playing a key role in this performance enhancement through ex
situ SEM analysis. This study demonstrates that directly grown
anodes, comprising alloying mode materials, can be brought
closer to practical suitability. Future efforts will focus on
additional mass loading enhancements by further examination
of the role of current collector texturing, to deliver stable long
term cycling within full-cell configurations. Specifically, these
tests will focus on exploiting the exceptional high rate
performance characteristics of Ge NW anodes for highly
demanding applications.

Experimental

Anode Fabrication

Ge NWs on Stainless Steel

Ge NW anodes were grown using a hotplate based growth method.**
Briefly, 2 nm thick layer of Cu was thermally evaporated on to stainless steel
current collectors (diameter 0.64 cm?). These currents collectors were then
placed on top of a hotplate in an Ar filled glovebox (<0.1 ppm H20 and 0) and
covered with a custom-made ‘confiner’. The hotplate was ramped to 430 °C
and the substrates were allowed to reach reaction temperature. After this,
between 15 and 75 uL of dipheylgermane (DPG 99% Gelest) was injected
through the top of the confiner and allowed to react for a fixed time (all less
than 5 min.). The reaction was ceased by removing the confiner, allowing any
residual precursor to evaporate and the substrate was removed from the
hotplate. By varying the precursor amount, it was possible to tune the mass
of Ge NWs grown from ~0.2 mg/cm? to ~1 mg/cm?, corresponding to an areal
capacity range of ~0.25 mAh/cm? to ~1.5 mAh/cm?2. In each case, the masses
taken for the calculation of C-rates and specific capacities are solely the
additional mass of Ge NWs grown on the anodes. All masses quoted are on a
per cm? basis.

Ge NWs on Textured Cu

Ge NW anodes on commercially available textured Cu (Oxygen free Copper
Foil SE-Cu58, Schlenk Metallfolien GmbH & Co. KG) were also prepared using
the hotplate method detailed above. In this case, no catalyst preparation step
was required and the NWs grew via formation of a catalytic CusGe layer on
the substrate surface, followed by Ge NW growth. The NWs formed via a VSS
growth mechanism as we previously reported for Ge NWs from bulk Cu
substrates.* The tested NW mass loadings were up to 1 mg/cm?. Additionally,
the NWs were extremely well adhered to Cu after reaction and could not be
removed even by sonication. In contrast, Ge NWs grown from either stainless
steel or bulk (planar) Cu with high loadings can be easily removed from the
substrates by sonication.

Electrochemical Analysis

Ge NW based anodes were tested in Swagelok type, two electrode half-cells
as the working electrode vs a Li counter/reference electrode. The separator
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used was a Celgard type soaked with electrolyte (1 M LiPFs in ethylene
carbonate/diethyl carbonate (1:1 v/v) + 3 % vinylene carbonate). The
electrolyte additive VC has previously been shown to be a suitable SEI forming
additive for Ge based anodes.'* Half-cells were tested galvanostatically
between 1.5-0.011 V (vs Li/Li*) at various C-rates (1C= 1384 mA/g™?). Testing
was conducted using a Biologic MPG-2. The cells were assembled and tested
within an Ar filled glovebox with O, and H.O levels below 0.1 ppm. Following
cycling, the tests were disassembled within the glovebox, the anode was
removed and the SEI was removed from the surface of the anode by rinsing
with acetonitrile, acetic acid (0.1mM) and finally ethanol before being
allowed to dry in air prior to SEM analysis. Pre and post-cycling anodes were
investigated using SEM analysis (Hitachi SU-70) at 10 kV.
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