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1. Introduction

Li metal anodes have gained much interest recently, due to 
the approaching performance threshold of Li-ion batteries 
(LIBs).[1,2] To exceed the practically achievable EDs of LIBs  
(250–280 Wh Kg−1) using standard graphite anodes (372 mAh g−1), 
a significant technological leap to Li metal batteries (LMBs) 
is widely expected.[3–5] Li metal is highly attractive among the 
catalog of potential anode materials due to its low density 
(0.53  g cm−3), high theoretical capacity (3860 mAh g−1), and 
low electrochemical potential (−3.04  V vs standard hydrogen 
electrode (SHE)).[6–8] With such features, Li metal can be 
paired with high-capacity cathode materials such as sulfur (S) 
(2500  Wh Kg−1) and O2 (3350  Wh Kg−1) along with existing 

Despite significant efforts to fabricate high energy density (ED) lithium (Li) 
metal anodes, problems such as dendrite formation and the need for excess 
Li (leading to low N/P ratios) have hampered Li metal battery (LMB) devel-
opment. Here, the use of germanium (Ge) nanowires (NWs) directly grown 
on copper (Cu) substrates (Cu-Ge) to induce lithiophilicity and subsequently 
guide Li ions for uniform Li metal deposition/stripping during electrochem-
ical cycling is reported. The NW morphology along with the formation of the 
Li15Ge4 phase promotes uniform Li-ion flux and fast charge kinetic, resulting 
in the Cu-Ge substrate demonstrating low nucleation overpotentials of 10 mV 
(four times lower than planar Cu) and high Columbic efficiency (CE) efficiency 
during Li plating/stripping. Within a full-cell configuration, the Cu-Ge@Li – 
NMC cell delivered a 63.6% weight reduction at the anode level compared 
to a standard graphite-based anode, with impressive capacity retention and 
average CE of over 86.5% and 99.2% respectively. The Cu-Ge anodes are also 
paired with high specific capacity sulfur (S) cathodes, further demonstrating 
the benefits of developing surface-modified lithiophilic Cu current collectors, 
which can easily be integrated at the industrial scale.
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high-voltage cathode materials (e.g., 
NMC) to deliver beyond the state of the art 
EDs.[9–11] However, the adoption of LMBs 
as a replacement for LIBs has been slow 
due to key mechanistic hurdles.[12] These 
problems include unstable solid electro-
lyte interface (SEI) formation due to elec-
trolyte incompatibility with the reactive Li 
surface,[13,14] uneven Li deposition due to 
non-uniform surface current density,[15] 
and inactive “dead” Li formation, causing 
severe Coulombic efficiency (CE) losses 
during cycling.[16,17] In extreme cases, the 
uneven Li plating/stripping during charge-
discharge processes causes catastrophic 
dendrite formation, piercing the separator 
and causing short-circuits; a prime reason 
for the infamous battery fires in electronic 
devices and electric vehicles (EVs).[18,19]

Several noteworthy strategies have 
been devised to overcome the issues 
linked to LMB development such as liquid 
electrolyte modification with various 

performance tuning additives,[20–22] concentrated electrolyte for-
mulations,[23–25] and the use of solid-state electrolytes (SSE).[26,27] 
These approaches partly mitigate the issue of unstable SEI for-
mation, however, uneven Li deposition with subsequent den-
drite formation poses a major challenge towards LMBs com-
mercialization.[6] To overcome dendrite formation, strategies 
including the development of Li-containing foreign hosts (i.e., 
carbon scaffolds, metallic foams) with high surface-area fea-
tures[28–30] (porous networks, NWs, etc.) coated with lithiophilic 
materials[31–34] (elemental, oxides, sulfides, etc.) have been 
reported. These ingenious strategies have enabled smooth Li 
deposition/stripping during electrochemical cycling, leading to 
enhanced cycling stability compared to planar Li foils.

To enable genuine cell-level ED enhancements in future 
LMBs, the use of low-weight current collectors (CCs) and 
minimization of superfluous mass is a critical requirement, 
however, this aspect has been largely ignored to date in the lit-
erature.[35] Given that commercial LIBs use planar Cu foil CCs 
at the anode due to their lightweight, low density, and cost, it is 
prudent to continue research on the development of modified 
planar Cu CCs for LMBs.[35–37] Unfortunately, Cu is a highly 
lithiophobic material that promotes uneven Li deposition and 
dendrite formation without surface modification.[38] Several 
strategies have been devised to impart lithiophilicity by incor-
porating Ag, CuxO, ZnO, NiO, graphene, etc. architectures on 
Cu.[39–43] These architectures promote uniform Li-ion flux, by 
creating a lithiophilic surface, thereby promoting uniform Li 

© 2023 The Authors. Small published by Wiley-VCH GmbH. This is an 
open access article under the terms of the Creative Commons Attribution 
License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.
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deposition.[37] However, along with the development of lithi-
ophilic planar Cu substrates with minimal synthesis steps, a 
conscious effort is required to limit the amount of depos-
ited Li within these anodes, to maximize the ED of the LMB 
full cell.[1,7]

In this study, we demonstrate the growth of Ge NWs on 
thin Cu foil as a lithiophilic host for Li anodes in LMBs. The 
Ge NWs grown on Cu foil (Cu-Ge) present several advantages 
including i) Ge NWs directly grown on Cu surface contain no 
“dead” weight from a binder or conductive agent which helps 
to improve the ED of the LMBs, ii) Ge is a highly lithiophilic 
material with high Li-ion diffusivity which helps to regu-
late the Li-ion flux during Li plating/stripping processes.[44–47] 
iii) The dense NW morphology enhances the surface area of 
the substrate, which reduces the localized current density at the 
Cu-Ge substrate, thereby promoting uniform Li deposition.[48,49] 
Moreover, our group has recently studied the lithiophilic effect 
of Ge (along with other materials, i.e., Si, SiGe alloy), figuring 
out that Li-Ge has high Li binding energy as compared to Li-Si 
alloy.[50] With the stated advantages, nucleation overpotentials 
of as low as 10  mV were achieved when Li was plated on the 
Cu-Ge surface, which is four times lower than on a Cu sub-
strate. The lithiophilicity of the Cu-Ge substrate promoted 
uniform Li deposition and enabled a significant anode weight 
saving of 63.6% compared to a benchmark graphite anode 
when paired with an NMC811 cathode. Additional testing with 
an S cathode confirmed the compatibility of the Cu-Ge current 
collector with high-specific capacity cathodes.

2. Results and Discussion

The synthesis route of Ge NWs grown on Cu foil (Cu-Ge) is 
illustrated in Figure 1a. It involves the use of a vapor-solid-solid 
(VSS) approach where the surface of the Cu foil acts as a seed 
layer for the growth of Ge NWs.[51–53] After injection of diphenyl 
germane (DPG) at 450 °C, the thermal decomposition of the 

organometallic germanium precursor initiates the growth of Ge 
NWs from a copper germinide (Cu3Ge) seed. The whole reac-
tion takes <5 min, resulting in the growth of highly dense Ge 
NWs firmly adhered to the Cu foil. These densely grown Ge 
NWs on Cu foil were then used directly as current collectors 
for LMBs (Figure S1, Supporting Information). The proposed 
mechanism of the guided Li deposition on Cu-Ge foil is illus-
trated in Figure 1b,c. With the presence of lithiophilic Ge NWs 
on Cu-Ge substrate, the local current density decreases due 
to the high surface area of the NW structure (as compared 
to planar Cu substrate) along with the high Li ion diffusion 
during lithiation of Ge to lithium germinide[20,51,54,55] (Li15Ge4): 
15Li+ + 4Ge +15e− → Li15Ge4. Further deposition of Li on Li15Ge4 
NWs results in reduced nucleation overpotential of Li, thus pro-
moting uniform Li deposition/stripping with no dendrite for-
mation. In contrast, the planar Cu foil with low surface area 
and lithiophobic Cu surface, promotes non-uniform current 
density distribution, thereby giving rise to the formation of 
uneven Li deposits and subsequent dendrite formation during 
the plating process.

X-ray diffraction (XRD) analysis of Cu and Cu-Ge highlights 
the compositional changes after reaction with DPG for Ge NWs 
growth (Figure 2a and Figure S2, Supporting Information). 
Before the reaction, peaks from the Cu foil at 43.3°, 50.5°, and 
74.2° correspond to the (111), (200), and (220) planes of Cu. 
After the reaction with DPG, several additional peaks appeared, 
among which diffraction peaks at 27.3°, 45.3°, and 53.7° corre-
sponding to the (111), (220), and (311) crystallographic planes of 
Ge. Further, major peaks from Cu3Ge at 43.08° and 45.1° corre-
sponding to (020) and (012) can also be observed. The scanning 
electron microscopy (SEM) analysis shows the dense growth of 
Ge NWs over Cu foil (Figure 2b & inset, Figure S3, Supporting 
Information) with an average Ge NW diameter of 92.6  nm 
(Figure S4, Supporting Information). The cross-sectional SEM 
of the Cu-Ge sample shows the side view of Cu foil and the 
top view of Ge NWs grown over the Cu surface (Figure  2c). 
Corresponding energy dispersive spectroscopy (EDX) analysis 

Small 2023, 2207902

Figure 1.  Schematic illustration of a) Ge NWs synthesis on Cu foil and b) Li plating behavior on Cu-Ge and Cu substrates.
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shows Cu signals concentrated at the cross-sectional side, while 
the Ge signals are concentrated at the surface of the Cu-Ge foil. 
The transmission electron microscopy (TEM) analysis of Ge 
NW (Figure  2d) shows a round Cu3Ge seed attached to a Ge 
NW, which suggests the growth mechanism to be VSS since 
the reaction was carried out below the Cu/Ge eutectic tempera-
ture (i.e., 644 °C).[56–58] The high-resolution images and corre-
sponding FFT analysis of the marked region (Figure 2d-inset) 
of Cu3Ge seed and Ge NW can be seen in Figure  2e,f. The 
images were taken down the [111] zone axis and the respective 
FFTs are indexed with planes(110), (211), and (101) for Cu3Ge 
while (220), (202), and (224)  for the Ge NW. Scanning TEM 
(STEM) analysis of Ge NW shows the Cu and Ge distribution 
along the NW length with STEM image clearly showing dif-
ferent contrast of seed and NW region (Figure 2h). The corre-
sponding mapping shows Cu signals only concentrated in the 
Cu3Ge seed region while Ge signals are concentrated in the 
NW region with relatively less concentration in the seed area. 
The XPS analysis further confirms the presence of Cu and Ge 
species in the Cu-Ge sample. The Cu 2p spectra show multi-
plet splitting peaks (Cu 2p 3/2 and Cu 2p ½) corresponding to 
the Cu+ (933.2 and 953.1 eV) species (Figure 2h), which can be 
associated with the Cu3Ge phase. The Ge 3d spectra show var-
ious peaks, which correspond to Ge-Ge (29.8 eV), GeO (31 eV), 

and Cu-Ge (32.5 eV) binding energy, appearing due to the pres-
ence of the Cu3Ge seeds and Ge NWs (Figure 2i and Figure S5, 
Supporting Information).[59–61]

To gauge the performance of control Cu and Cu-Ge as CCs 
for Li metal anode, CE testing was conducted by assembling the 
substrates versus Li metal. The voltage – specific capacity pro-
file (Figure S6a, Supporting Information) and corresponding 
differential capacity plots (Figure S6b, Supporting Information) 
of Cu-Ge substrate cycled between 0.011–1  V shows the char-
acteristic lithiation–delithiation profiles of Ge NWs. Typically, 
the Ge lithiation occurred at 0.37 and 0.17 V, while delithiation 
occurred around 0.45–0.52  V. During the charging process, Li 
plating begins below 0 V, and this electrochemical response can 
be used to calculate the nucleation overpotential. Nucleation 
overpotential is defined as the difference between the sharp tip 
voltage and the voltage at the plateau.[38,62] The nucleation over-
potential for Li plating on Cu was measured to be 40 mV, while 
the nucleation overpotential for Li plating on Cu-Ge substrate 
was just 10 mV – four times lower than that of Cu (Figure 3a). 
The high nucleation overpotential in lithiophobic Cu tends to 
be the cause of uneven nucleation and growth of Li dendrites 
during the plating process.[8,37] In contrast, the initial lithiation 
of Ge NWs in the Cu-Ge substrate forms a Li-rich lithiophilic 
Li15Ge4 phase, which decreases the nucleation overpotential 

Small 2023, 2207902

Figure 2.  a) XRD analysis of Cu-Ge substrate. SEM analysis of b) Cu-Ge surface and c) cross-sectional surface along with EDX mapping of Ge (blue) 
and Cu (red). d–f) HRTEM images of Cu3Ge seeded Ge NWs along with their corresponding FFTs. g) STEM images with corresponding EDX mapping 
of Cu3Ge seed and Ge NW. h–i) Cu 2p and Ge 3d XPS core spectra of Cu-Ge substrate.
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during subsequent Li plating below 0 V. This decrease in nucle-
ation overpotential of Li on the Cu-Ge substrate, therefore, pro-
motes uniform Li deposition and growth.[63] Since Li has a high 
Li-ion diffusion coefficient in Ge (6.25 × 10−12 cm2 s−1),[46] the 
Li ions preferentially alloy with Ge, forming the Li15Ge4 phase. 
Additionally, the high Li-ion diffusion coefficient in Ge results 
in improved electrochemical diffusion kinetics, thereby pro-
moting homogeneous Li-ion flux.[64,65] This leads to a reduced 
Li nucleation overpotential during Li plating, as compared to 
lithiophobic Cu foil, where no alloying is possible between Li 
and Cu to guide Li deposition. Additionally, the high surface 
area of NW morphology (as compared to planar substrates) is 
also beneficial in reducing the local current density, thereby 
promoting uniform Li-ion flux and uniform Li deposition.[48,66] 
On the contrary, the planar foils during Li deposition have 
non-uniform localized current density due to unstable SEI for-
mation during the plating/stripping process which promotes 

non-uniform Li deposition. When tested at 0.5  mA cm−2 cur-
rent density for an areal capacity of 1 mAh cm−2, the CE of Cu 
(Figure 3b) quickly decreased to 79% over 100 cycles which sug-
gest unstable SEI formation and active material loss over the 
course of cycling.[34,67,68] The Cu-Ge on the other hand exhib-
ited a high average CE of 99.2% over 400 cycles, attributed to 
stable SEI formation due to regulated Li deposition/stripping 
on lithiophilic Cu-Ge surface. The CE fluctuations noticed 
during cycling could be due to the temperature fluctuations 
(22 °C ± 4) in the lab which may have an impact on the Li-ion 
diffusivity through the SEI layer, thereby affecting the CE of the 
cell.[69,70] The corresponding voltage-areal capacity graphs of Cu 
(Figure 3c) suggests higher overpotential (85 mV) in the initial 
cycle with a subsequent decrease in the CE as evident from 
the stripping curve at the 100th cycle. With Cu-Ge (Figure 3d), 
a much-reduced overpotential (44  mV) in the initial cycle was 
observed while maintaining high CE in the subsequent cycles 

Small 2023, 2207902

Figure 3.  a) Nucleation potential of Cu and Cu-Ge at a current density of 0.5 mA cm−2. b) CE test of Cu and Cu-Ge at a current density of 0.5 mA cm−2 
and an areal capacity of 1 mAh cm−2. Corresponding Voltage – Areal capacity plot of c) Cu and d) Cu-Ge at various cycle no. CE test of Cu and Cu-Ge 
at high current densities of e) 1 mA cm−2 and f) 3 mAh cm−2 with a fixed areal capacity of 1 mAh cm−2. g) Symmetric cell testing of Cu@Li ll Li and 
Cu-Ge@Li ll Li at 0.5 mA cm−2 at an areal capacity of 1 mAh cm−2.
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(up to 300 cycles) as seen in the plating/stripping voltage-areal 
capacity profile of Cu-Ge. Further CE testing at a higher current 
density of 1  mA cm−2 (Figure  3e) and 3  mA cm−2 (Figure  3f) 
delivered high average CE values of 99.0% and 98.9% respec-
tively after long-term cycling for Cu-Ge as compared to 86% 
and 88% respectively, for Cu. The CE testing at higher areal 
capacity (1 mA cm−2 and 2 mAh cm−2) and higher current den-
sity (2 mA cm−2 and 2 mAh cm−2) is given in Figure S7a,b, Sup-
porting Information. Finally, symmetric cell testing of Cu@Li 
and Cu-Ge@Li performed at 0.5 mA cm−2 for 1 mAh cm−2 areal 
capacity revealed stable plating/stripping cycling of Cu-Ge@Li 
up to 1000  h, while Cu@Li failed quickly around 400  h with 
unstable cycling. Overall, CE tests and symmetric cell testing 
sheds light on the benefits of Ge NW grown on Cu foil (Cu-Ge), 
compared to planar Cu.

To visualize the electrochemical plating/stripping behavior 
of Li, various amounts of Li metal (mAh cm−2) were deposited 
on Cu and Cu-Ge substrates. The Li plating for Cu and Cu-Ge 
was studied at 0.25, 1, and 2 mAh cm−2 before completely strip-
ping the Li metal (Figure 4a,f). SEM analysis of Li deposited 
on the Cu substrate at a plating capacity of 0.25 mAh cm−2 
(Figure 4b) reveals the formation of a non-uniform, small den-
dritic Li island, with an obvious difference to planar Cu foil 
(Figure S8a, Supporting Information). At 1 mAh cm−2 Li plating 
(Figure 4c), large Li dendrites are clearly seen covering the Cu 
substrate, with even denser coverage observed at 2 mAh cm−2 
plated Li (Figure  4d). These large dendrites are the major 
reason for separator piercing and short circuits, causing battery 
fires. After complete Li stripping (Figure  4e), remnants of Li 
metal with dendrites can be clearly seen on the Cu surface. The 
leftover “dead Li” on the Cu substrate results in active material 
loss during cycling and therefore is a major cause of CE losses 
during cycling.

When a Cu-Ge substrate was lithiated down to 0.01  V, the 
lithiated Ge NWs appear swollen with an average diameter of 

179 nm (Figures S8b and S9, Supporting Information). Further 
Li plating of 0.25 mAh cm−2 below 0 V shows the onset of uni-
form Li deposition on the Li15Ge4 NWs while the outline of the 
NW morphology is still visible (Figure 4g). It is noteworthy that 
no Li dendrites or non-uniform Li clusters were seen on the 
Cu-Ge substrate (at 0.25 mAh cm−2 plated Li) as compared to 
the Cu substrate (Figure 4b). This is consistent with the highly 
lithiophilic nature of the Ge NWs and the reduced localized cur-
rent density due to the high surface of the NW structure. Fur-
ther increasing the plating capacity to 1 mAh cm−2 (Figure 4h) 
and 2 mAh cm−2 (Figure  4i), shows planar Li morphology 
uniformly covering the NWs with no dendrite formation. The 
cross-sectional SEM image of plated Li shows clear a distinc-
tion between the Cu foil and the Cu-Ge surface with uniform 
Li plating (Figure S10, Supporting Information). XRD anal-
ysis of the Cu@Li and Cu-Ge@Li samples with 2 mAh cm−2 
Li plated confirms the presence of metallic Li in both samples 
(Figure S11, Supporting Information). The Cu-Ge@Li sample 
additionally confirms the complete alloying of Ge NWs to Li15Ge4 
NWs. Once Li is fully stripped from the Cu-Ge@Li anode, the 
NW morphology is clearly visible with no visible remains of Li 
deposits on the NW surface (Figure 4j). This suggests that the 
lithiophilic surface not only promotes uniform Li deposition but 
also helps maintain good electrical contact between the Li and 
Cu-Ge substrate, resulting in complete Li stripping. The EDX 
analysis performed on Cu-Ge substrate at various plating stages 
shows a uniform weakening of the Ge signals as the plating 
capacity increases. This qualitatively suggests that Li uniformly 
covers the entire Cu-Ge surface (Figure S12, Supporting Infor-
mation). Once all the Li was stripped, Ge signals once again 
became intense and uniform, suggesting complete Li stripping. 
Moreover, SEM analysis of Cu-Ge substrate after 50 Li plating/
stripping cycles showed that the Ge NW morphology was still 
maintained, confirming Cu-Ge role as a robust current collector 
for Li metal anodes (Figure S13, Supporting Information).

Small 2023, 2207902

Figure 4.  a) Typical voltage–areal capacity profile of Cu@Li depicting 2 mAh cm−2 Li plating followed by complete Li stripping. SEM images of Li plating at 
b) 0.25, c) 1, and d) 2 mAh cm−2 and e) stripped up to 0.2 V on Cu substrate. f) Typical voltage–areal capacity profile of Cu-Ge@Li depicting 2 mAh cm−2 
Li plating followed by complete Li stripping. SEM images of at g) 0.25, h) 1, and i) 2 mAh cm−2 and j) stripped up to 0.2 V on Cu-Ge substrate.
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To substantiate the benefits derived from the innovative 
Cu-Ge substrate architecture, extensive full-cell testing was 
conducted by assembling Cu@Li and Cu-Ge@Li substrates 
against various cathode systems (i.e., LFP, NMC, and S) in a 
coin cell setup (Figure 5a). Li was plated on the Cu and Cu-Ge 
substrates, with the amount of Li plated corresponding to an 
N/P ratio of 2.0. Cu@Li and Cu-Ge@Li were first matched 
with LFP cathodes (areal capacity 0.87 mAh cm−2) and cycled 
at 0.5 C (Figure 5b). The cycling data shows that a high initial 
specific capacity of 130 mAh g−1 from the Cu-Ge@Li-LFP cell 
was obtained, compared to 120 mAh g−1 from the Cu@Li-LFP 
cell. The Cu-Ge@Li-LFP cell delivered a specific capacity of 
100 mAh g−1 after 400 cycles with a capacity retention of 76%, 
whereas the Cu@Li-LFP cell delivered a specific capacity of  
50 mAh g−1 after 320 cycles with a low capacity retention of 
only 42%. A comparison of the voltage-specific capacity graph 
of Cu@Li-LFP and Cu-Ge@Li-LFP at the 1st, 100th, and 300th 
cycles shows a typical charge-discharge profile, with noticeable 
overpotential difference among the two metal anode substrates 
(Figure 5c). The Cu@Li-LFP shows high overpotential of 385, 
430, and 535 mV while the Cu-Ge@Li-LFP cell showed much 

lower overpotential of 225, 285, and 290 mV after 1st, 100th, and  
300th cycle respectively (Figure 5d). The improved performance 
of the Cu-Ge@Li-LFP cell was further investigated by per-
forming electrochemical impedance spectroscopy (EIS) anal-
ysis. EIS analysis shows high RSEI and Rct for the Cu@Li-LFP 
cell (112.3 and 176.8  Ohm), which is significantly higher than 
for the Cu-Ge@Li-LFP cell (28.84 and 123  Ohm) after the 1st 
cycle (Figure  5e, Figure S14 and Table S1, Supporting Infor-
mation). The RSEI and Rct further increased to 125.6 and 
422.7 Ohm in the Cu@Li-LFP cell after 100 cycles (Figure 5f), 
suggesting excessive electrolyte decomposition and an unstable 
SEI formation, causing high overpotentials and capacity loss 
during electrochemical cycling.[71,72] In stark contrast, the 
RSEI and Rct of Cu-Ge@Li-LFP cell were 30.3 and 55.71  Ohm 
respectively. The decrease in the cell resistance again signifies 
the stable SEI formation on the Cu-Ge@Li anode, minimizing 
electrolyte decomposition and capacity loss during the cycling 
process. Finally, the rate capability test was performed to dem-
onstrate the cyclic performance of the Cu-Ge@Li anode at high 
C-rates (Figure  5g). The rate-capability test clearly shows that 
Cu-Ge@Li-LFP cell delivered 148, 136, 112, 70, and 40 mAh g−1 

Small 2023, 2207902

Figure 5.  a) Schematic illustration of a Li metal anode full cell consisting of the cathode, electrolyte, and Cu-Ge@Li anode. b) Cyclic performance of 
Cu@Li-LFP and Cu-Ge@Li-LFP full cells at 0.5 C with controlled N/P = 2. c) Corresponding voltage – specific capacity plot and d) overpotential versus 
cycle no. at various cycles. EIS after e) 1st and f) 100th cycles. g) Rate capability test of Cu@Li-LFP and Cu-Ge@Li-LFP at various C-rates.
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at 0.2, 0.5, 1, 2, and 3 C respectively. In comparison, Cu@
Li-LFP delivered much lower specific capacities with cell failure 
after 1 C. The corresponding specific capacity–voltage of the 
Cu@Li-LFP cell shows much higher overpotentials at similar 
C-rates as compared to the Cu-Ge@Li-LFP cell (Figure S15, 
Supporting Information).

To improve the ED of LMBs, high-capacity cathodes with 
minimal Li source (low N/P ratios) would be a beneficial step 
towards achieving practical applications of LMBs.[7,73] Therefore, 
high loading (10.79 mg cm−2) and high areal capacity NMC811 
(2 mAh cm−2) was tested against Cu@Li and Cu-Ge@Li while 
maintaining a low N/P ratio of 2.0 (Figure 6a). The electro-
chemical data clearly show that the Cu-Ge@Li-NMC cell out-
performed the Cu@Li-NMC cell. The specific capacity increase 
in both Cu@Li-NMC and Cu-Ge@Li-NMC cells during initial 
cycling could be associated with the activation of NMC cathode 
material.[74,75] The Cu-Ge@Li-NMC cell achieved an initial 
capacity of 148 mAh g−1 at 0.5 C, with capacity retention and 
an average CE of 86.5% and 99.2% respectively. However, while 
the Cu@Li-NMC cell delivered a similar initial specific capacity  

(148 mAh g−1) at 0.5 C, the specific capacity quickly dropped to 
zero in less than 100 cycles, with massive fluctuations in the CE. 
The corresponding voltage-specific capacity graph shows a stable 
electrochemical response in Cu-Ge@Li-NMC during the 1st and 
50th cycles whereas capacity drop with high overpotentials can 
be clearly observed in the voltage profiles of the Cu@Li-NMC 
cell (Figure  6b). SEM analysis conducted post-cycling on 
Cu@Li shows uneven Li deposition with massive dendrite for-
mation (Figure  6c), which explains the poor cycling stability 
and cell failure. In contrast, the Cu-Ge@Li shows uniform dep-
osition across the anode surface with no dendrite formation, 
therefore promoting stable cycling performance even with this 
high areal capacity cathode system (Figure 6d). The Cu-Ge@Li  
anode (when paired with the NMC811 cathode) represents an 
impressive 63.6% mass reduction compared to a state-of-the-
art graphite-based anode (Table S2, Supporting Information), 
which demonstrates the significant potential for ED enhance-
ment based on this anode architecture.

The Cu-Ge@Li anode was further tested against a sulfur 
cathode (1.55 mAh cm−2,, Figure S16, Supporting Information) 

Small 2023, 2207902

Figure 6.  a) Cyclic performance of Cu@Li-NMC811 and Cu-Ge@Li-NMC811 full cells at 0.5 C with controlled N/P = 2. b) Corresponding voltage – spe-
cific capacity plot after 1st and 50th cycles. SEM images of c) Cu@Li and d) Cu-Ge@Li anodes after 100 cycles. e) Cyclic performance of Cu@Li-S and 
Cu-Ge@Li-S full cells at 0.5 C. f) Corresponding rate capability test of Cu@Li-S and Cu-Ge@Li-S at various C-rates.
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to show its compatibility with different types of cathode systems  
(Figure  6e). The electrochemical cycling shows a massive drop 
in the specific capacity of Cu@Li-S from 560 to 100 mAh g−1  
after 150 cycles, with a capacity retention of 18%. In contrast, 
Cu-Ge@Li-S shows high specific capacity (initial- 683 mAh g−1, 
final- 635 mAh g−1), with remarkable capacity retention of 93% 
after 150 cycles. This again highlights the reversible Li plating/
stripping performance of the Cu-Ge substrate as compared to 
Cu highlighted earlier during CE testing of the two substrates 
(Figure  3). The corresponding voltage-specific capacity profiles 
show similar trends of high overpotentials using Cu@Li as com-
pared to Cu-Ge@Li anode with increasing no. of cycles (Figure S17, 
Supporting Information). Finally, the rate capability test performed 
confirms a similar trend with Cu-Ge@Li-S outperforming the 
Cu@Li- S cell when tested at various C-rates (0.1–2 C) (Figure 6f).

3. Conclusion

We report the conversion of the lithiophobic surface of Cu cur-
rent collectors to a highly lithiophilic Cu-Ge CC via the rapid 
VSS growth of Ge NWs. In comparison to planar Cu substrates, 
the Cu-Ge substrates provide lithiophilic anchoring points, 
enabling the Cu-Ge to function as high-performance CCs for 
LMBs. The benefits derived from using the Cu-Ge substrate 
resulted in lower nucleation overpotentials (4 times lower than 
planar Cu) during Li plating, with high CE during plating/strip-
ping cycling at various combinations of current densities (0.5, 
1, 2, and 3 mA cm−2) and plating capacities (1 and 2 mAh cm−2). 
When cycled as practical LMBs using controlled Li plating (on 
Cu and Cu-Ge substrates) against LFP, NMC and S cathodes, 
the Cu-Ge substrate demonstrated fast charge kinetics and high 
reversibility during cycling. The approach is an important step 
towards practical LMBs, required for the next step in high ED 
battery development.

4. Experimental Section
Synthesis of Ge NWs on Cu Foil: Commercial dendritic Cu foil 

(Schlenk, 18–20 µm thickness) was washed three times with isopropanol 
and acetone before vacuum drying in an oven overnight. To grow 
Ge NWs, a previously reported protocol was followed.[53] Briefly, Cu 
foil was heated up to 450 °C on a hot plate followed by injection of 
Diphenylgermane (DPG, 10 µl) using a heat condenser. The reaction was 
allowed to proceed for 5  min before the heat condenser was removed 
and Ge-grown Cu foil (Cu-Ge) was removed from the hot plate to cool 
it down. All the above procedure was carried out in an Ar-filled glove 
box. The Cu-Ge samples were washed with toluene and dried under air 
overnight before further use.

Material Characterization: XRD analysis was conducted using a 
Panalytical Empyrean instrument fitted with a Cu Kα source (λ = 1.5418 Å)  
and an X’celerator detector. For air-sensitive samples, a protective 
polymer film along with an XRD holder for air-sensitive samples was 
used to prevent oxidation. SEM and EDS analysis were conducted on 
a Hitachi SU-70 instrument. The SEM was operated at 20  kV for the 
analysis of Cu and Cu-Ge samples or at 5 kV for Li-containing samples 
to avoid sample degradation. For post-cycling SEM analysis of deposited 
Li, the substrates were extracted, washed with dimethoxy ethane (DME) 
solvent, and dried in an Ar-filled glove box before transferring into SEM 
without air exposure. Transmission electron microscopy (TEM) was 
conducted using Aberration-corrected TEM (Titan/Krios) operated at 
300  kV, also fitted with a Bruker Super X detector. For TEM analysis, 

the Cu-Ge sample was ultrasonicated in ethanol for 2  min and drop-
casted on a lacey carbon Ni grid for TEM analysis. X-ray photoelectron 
spectroscopy (XPS) was conducted using a Kratos AXIS ULTRA 
spectrometer fitted with a mono Al K (1486.58 eV) X-ray gun. Calibration 
was conducted using C 1s line at 284.8 eV with construction and peak 
fitting was performed using Casa XPS software.

Electrochemical Characterization: All electrochemical characterization 
was conducted by assembling CR2032 coin cells in an Ar-filled glove 
box with O2 and H2O levels kept below 1 ppm. The symmetric cell and 
half-cell testing along with electrochemical impedance spectroscopy was 
conducted using either a Neware battery cycler or a Biologic instrument. 
The electrolyte used was 1 M LiTFSI (DOL: DME, 1:1, vol. %) + 0.25 M 
LiNO3 along with Celgard 2325 separator. All the cells were cycled 
at ambient lab conditions. For CE tests, Cu and Cu-Ge substrates 
assembled against Li foil were cycled between 0.011–1  V for five cycles 
at low current (to remove surface contaminations), before switching 
to plating (at various current densities and plating capacities) and 
stripping up to 0.2 V to ensure all plated Li had been stripped out. For 
symmetric cell testing, 5 mAh cm−2 Li was pre-deposited on Cu and 
Cu-Ge substrates before cycling at various current densities and areal 
capacities. For LFP (LiFePO4) cathode, 80% LFP, 10% carbon black 
(CB), and 10% PVDF were mixed in NMP solvent before casting it on 
Al foil, followed by overnight vacuum drying at 70°C. The corresponding 
LFP loading was 5–5.5  mg cm−2 (areal capacity: 0.875 mAh cm−2) and 
the cathodes were cycled between 2.5–3.9  V. The NMC811 cathode 
was procured from NEI Corporation with nominal mass loading of 
10.79  mg cm−2 and an areal capacity of 2 mAh cm−2. For high-loading 
NMC811, 1 M LiPF6 (EC: DEC) + 10% FEC electrolyte (with a volume of 
80  µl) was used to avoid electrolyte degradation in the tested voltage 
window (2.8–4.2  V). Additionally, a CCCV step was also added during 
electrochemical cycling. For S cathodes, a carbon-sulfur composite 
(C70S) was prepared by heat-melting the carbon black–S mixture (CB:S, 
30:70, wt.%) at 155 °C for 12 h in a sealed vessel. The slurry composed 
of 70% C70S, 15% CB, and 15% PVDF was mixed using NMP solvent 
and casted on an Al foil before drying overnight in a vacuum oven at 
70  °C. The corresponding mass loading of active S was 1.5  mg cm−2. 
1 M LITFSI (DOL: DME, 1:1, v/v) + 0.25 M LiNO3 was used to test sulfur 
cathodes with a fixed amount of 45 µl in all the cells. All full cells were 
pre-cycled at 0.1 C for 5 cycles before testing at 0.5 C. For Li-metal full-
cell testing, Li was pre-deposited on Cu and Cu-Ge foils to correspond 
to an N/P ratio of 2.0. The N/P ratio corresponds to the areal capacity of 
deposited Li over the areal capacity of the cathode being tested.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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