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Energy density and safety are two crucial parameters when evaluating lithium-metal batteries (LMBs). 
Herein, we present an ultralight polymer-based current collector, incorporating flame-retardant materi-
als, designed specifically for thin lithium-metal anodes. Compared to the traditional copper current col-
lector (8.96 mg cm−2 ,  10  lm thick), the polymer-based current collector (12 lm thick) has a significantly 
lower areal density of 1.41 mg cm−2 , i.e., only one-sixth of the copper collector, thus enabling substan-
tially higher energy densities. Accordingly, when employed in Li||NMC622 full-cells, the polymer-based
current collector enables a specific energy of 449 Wh kg−1, representing a notable improvement of about
14.5% compared to cells employing a classic copper current collector. The inclusion of Al(OH)3 as a flame
retardant into the current collector suppresses flammability and, thereby, significantly improves the
safety of the resulting LMBs.
© 2025 The Authors. Published by Published by Elsevier B.V. and Science Press on behalf of Science Press 
and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n

Energy density and safety are two crucial properties for batter-
ies for electric vehicles [1–3]. Lithium-metal batteries (LMBs), uti-
lizing lithium metal as the negative electrode, possess potentially a 
substantially higher energy density compared to state-of-the-art 
lithium-ion batteries due to the high specific capacity 
(∼3860 mAh g−1) and low operating voltage (−3.04 V vs. the stan-
dard hydrogen electrode) of metallic lithium [4,5]. However, the 
eventual energy density of LMBs heavily depends on the thickness 
of the lithium-metal anode. In fact, to achieve cell-level specific 
energies well exceeding that of lithium-ion batteries, it is neces-
sary to use rather thin lithium-metal anodes in the range of a
few tens of micrometers [6–9]. Despite numerous ongoing 
research endeavors to tackle the challenges of lithium-metal
anodes, including dendrite formation, safety issues, and the high
reactivity with the electrolyte [10–14], a commonly overlooked 
issue is the electron transport within a bare, thin lithium-metal foil 
(not to mention the related challenges for the handling and pro-
cessing). In fact, the thinner the lithium-metal foil, the greater
the likelihood of encountering issues such as poor electron trans-
port within the lithium foil due to cracks arising from an uneven
stripping/plating process [15]. The use of an electrochemically 
inert metal foil, such as copper represents a straightforward and
very simple to implement approach to overcome these challenges
[16,17]. However, copper is relatively heavy owing to its high den-
sity of 8.96 g cm−3 , and the combination of, for instance, a 10 lm 
thick copper foil with a 50 lm thick lithium foil would mean that
more than 77% of the total mass stems from the inactive copper
current collector. As a result, the achievable specific energy at cell
level remains highly limited [18,19]. Recently, some of the litera-
ture reported the introduction of polymer- or carbon-based mate-
rials in the-energy storage systems to reduce the overall weight of
the whole system, thus increasing the energy density [20,21]. We 
have also reported a much lighter alternative based on a composite
 Chinese 
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of polyethylene (PE) and conductive carbon (C) in our last work
[22]. While this allowed for a substantially higher specific energy 
and extended cycle life compared to neat lithium foil and the com-
monly used copper current collector, this PE/C composite appar-
ently comes along with a higher flammability compared to
classically used copper foil, which renders such system advanta-
geous from the performance perspective, but at the expense of a
somewhat decreased safety.

Herein, we address this issue by introducing Al(OH)3 as flame 
retardant into the PE/C current collector, targeting an enhanced 
safety while maintaining the advantageous electrochemical behav-
ior and the energy density gain of the lightweight PE/C current col-
lector reported earlier. The resulting 12 lm thick PE/C/Al(OH)3 

membranes have a mass of only 1.41 mg cm−2 , which is 1/6 of a 
10 lm thick Cu current collector, thus, providing a specific energy
increase of about 15% in Li||NMC622 full-cells compared to cells
employing a copper current collector. Simultaneously, the intro-
duction of (Al(OH)3) into the current collector renders such system
essentially non-flammable, while, indeed, advantageously not
affecting the charge storage and transport reactions in the cell
upon cycling.

2. Experimen tal

2.1. Preparation of the PE/C/Al(OH) 3 current collector

Firstly, polyethylene (PE) powder, carbon black (C), and 0 wt.%, 
20 wt.%, or 40 wt.% of Al(OH)3 weremixed via ball milling at 400 ro-
tations min−1 for 4 h (the PE:C ratio was 7:3). The resulting mix-
tures were pressed under a gradually increasing pressure of up
to 200 t at a temperature of 120 °C. Finally, the thickness of the
three polymer membranes was adjusted to 12 lm by hot calendar-
ing at 120 ℃.

2.2. Basic characterizati on

The morphology and composition of the PE/C/Al(OH)3 polymer 
membranes were analyzed by means of FT-IR spectroscopy 
(Fourier-transform infrared spectroscopy, Bruker VERTEX), SEM 
(scanning electron microscope, ZEISS Crossbeam 340), and XRD 
(X-ray diffraction, Bruker D8 with Cu Ka radiation). The conductiv-
ity of the current collectors was measured using a Jandel CYL-
RM3000 Four Point Probe System. Tensile strength measurements 
were conducted using dynamic mechanical analysis (DMA, Q800, 
TA Instruments, Inc.) via an isotactic force test with a force ramp 
rate of 1 N min−1 at 25 ℃ until a maximum of 18 N was reached 
or until the sample broke. Flammability tests were performed on 
polymer membranes with a size of 0.5 × 3  cm2 . DSC (differential 
scanning calorimetry) measurements were performed on a TA 
Instruments Q2000 in a temperature range from 20 ℃ to 400 ℃ 
with a heating rate of 5 ℃ min−1 under N2 atmosphere. For the 
ex situ SEM and XPS (X-ray photoelectron spectroscopy) character-
ization, the cycled Cu and PE/C/Al(OH)3 current collectors were
recovered by disassembling the cycled Li||Cu and Li||PE/C/Al(OH)3
coin cells in an argon-filed glovebox (MBraun, O2 and H2O content
of less than 0.1 ppm). XPS was conducted on a PHI 5800 Multi
Technique ESCA system (Physical Electronics) using monochro-
matic Al Ka radiation (300 W), and a detection angle of 45. The
samples were neutralized with electrons from a flood gun (current
3 lA) to compensate for charging effects at the surface. For the
binding energy calibration, the C 1s peak was set to 284.8 eV. After
cell disassembly, the cycled electrodes were washed with DMC
(dimethyl carbonate) to remove any residual electrolyte and then
transferred to the SEM or XPS using an airtight transfer box to pre-
vent any contamination from the ambient atmosphere.
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2.3. Electrochemical testing

2032 coin-type Li||Cu and Li||PE/C/Al(OH)3 cells were assembled 
in an argon-filled glove box (MBraun, O2 and H2O content of less 
than 0.1 ppm). Cyclic voltammetry (CV) tests of Li||Cu and Li||PE/ 
C cells were performed using a Biologic VMP system in the voltage 
range from −0.5 V to 1.0 V (vs. Li+ /Li), with a sweep rate of 
10 mV s−1 . The Li||NMC622, Li-Cu||NMC622, and Li-PE/C/Al(OH)3|| 
NMC622 pouch cells were assembled in the dry room with a dew 
point of less than −70 ℃. The positive electrodes were composed 
of 90 wt.% of LiNi0.6Mn0.2Co0.2O2 (NMC622, BASF) as the active 
material, 5 wt.% polyvinylidene fluoride (PVdF, Solef 6020), and 
5 wt.% carbon black (Super C65, IMERYS). The electrodes for the 
constant current cycling and rate capability tests had an active 
material mass loading of 25 and 6.5 mg cm−2 , respectively. The
lithium foil (Honjo) had a thickness of 50 lm, equivalent to ca.
10 mAh cm−2. 1 M lithium hexafluorophosphate (LiPF6, Sigma-
Aldrich) dissolved in a 4:1 vol mixture of dimethyl carbonate
(DMC, Sigma-Aldrich) and fluoroethylene carbonate (FEC, Sigma-
Aldrich) served as the electrolyte, and Celgard 2500 sheets as the
separator. For the constant current cycling, the cut-off voltages
were set to 2.8 and 4.4 V, and the charge and discharge were con-
ducted at 0.3C and 0.5C, respectively (1C = 180 mA g−1). For the
evaluation of the rate capability, the cells were subjected to vary-
ing C rates of 0.5C, 1C, 2C, and 5C. Both tests were conducted at
20 ± 1 ℃ using a Maccor 4000 battery test equipment.

3. Results and discussion

3.1. Fabrication and basic characterization

PE and C (with a weight ratio of 7:3) plus varying amounts of Al 
(OH)3 (0%, 20%, and 40%) were intimately mixed via ball milling. 
The resulting powders were hot pressed at 120 ℃, yielding a thin
and flexible polymer film. Subsequently, the thickness of the poly-
mer membrane was adjusted by hot calendaring (Fig. S1). This fab-
rication method is generally very simple and appears easily 
scalable, and the introduction of the flame retardant into the cur-
rent collector provides the advantage that it does not affect any
reaction inside the cell until it is really needed, which is different
from its introduction into the electrolyte [23–26], where it fre-
quently results in an increased viscosity and, thus, lower ionic con-
ductivity, or into the separator [27,28], leading to a significantly 
greater thickness, or into the electrodes [29,30], where it poten-
tially affects the interphase formation and/or the redox reactions 
occurring upon dis–/charge. The purely physical mixing of PE, C, 
and Al(OH)3 was confirmed by Fourier transform infrared (FT-IR) 
spectroscopy, revealing that the incorporation of Al(OH)3 had no 
effect on the absorption peaks of PE, which are located at 2921,
2850, 1463, and 729 cm−1, representing the –C–(C–H)n–C–
(n ≥ 4), –C–(C–H)n–C– (n ≤ 3), C–H and C–H function group,
respectively (Fig. 1a). This was further confirmed by conducting 
X-ray diffraction (XRD) on a PE/C membrane, the Al(OH)3 powder, 
and the PE/C/Al(OH)3 membrane, showing that the composite is a
simple physical mixture of the three components (Fig. 1b). Scan-
ning electron microscopy (SEM) and energy dispersive X-ray 
(EDX) spectroscopy performed on the PE/C/Al(OH)3 membranes 
indicated that both C and Al(OH)3 were evenly distributed in the
PE matrix (Fig. 1c). The thickness of the PE/C/Al(OH)3 film was 
approximately 12 lm, and appears constrain ed by the relatively
large particle size of the Al(OH)3 powder (Fig. 1d, Fig. S2). Subse-
quently, the application-relevant properties of the PE/C/Al(OH)3 

membranes for use as current collector, such as the electronic con-
ductivity, mechanical strength, and electrochemical stability, were
determined. The electronic conductivity was assessed via Four-
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Fig. 1. Basic physicochemical, mechanical, and electrochemical characterization of the PE/C/Al(OH)3 current collector. (a) FT-IR spectroscopy data of polyethylene, carbon 
black, the PE/C membrane, and the PE/C/Al(OH)3 membrane. (b) X-ray diffraction pattern of the PE/C membrane, the Al(OH)3 particles, and the PE/C/Al(OH)3 membrane. (c) 
Top-view SEM micrograph of the PE/C/Al(OH)3 membrane and the corresponding EDX mapping of C and Al. Inset in (c) is the photograph of the PE/C/Al(OH)3 current collector. 
(d) Cross-sectional-view SEMmicrograph of the PE/C/Al(OH)3 membrane. (e) Electronic conductivity of Cu, Al, and the PE/C/Al(OH)3 membrane. (f) Tensile strength of a 10 lm
Cu foil and the 12 lm PE/C/Al(OH)3 membrane. (g) Cyclic voltammetry results obtained for the Li||Cu cell and the Li||PE/C/Al(OH)3 cell (sweep rate: 10 mV s−1; reversing
potentials: −0.5 and 1.0 V vs. Li+/Li).
point probe measurements. Fig. 1(e) presents the conductivity test 
results of a commercial copper current collector, an aluminum cur-
rent collector, and the PE/C/Al(OH)3 membrane. The resistivity of 
the PE/C/Al(OH)3 foil is 7.2 × 10−6 X m, which is about 100 times 
higher than the Cu current collector (2.46 × 10−8 X m) and the
Al current collector (5.74 × 10−8 X m). However, not least in com-
bination with metallic lithium on top, this conductivity should be
more than sufficient for the application as current collector, as also
later confirmed by the electrochemical studies. Fig. 1(f) presents 
the evaluation of the mechanical strength of the 10 lm Cu foil 
and 12 lm PE/C/Al(OH)3 membranes. The tensile strength of the 
PE/C/Al(OH)3 membrane is only ∼5 MPa, i.e., much lower than 
the Cu (∼145 MPa), but it withstands more than twice the strain 
as copper foil before breaking. The latter property, indicative of a 
high degree of flexibility, might be particularly advantageous in
the case of lithium-metal anodes, which experience essentially
infinite volume changes upon dis-/charge. Finally, cyclic voltam-
metry (CV) was carried out in a voltage range from −0.5 to 1.0 V
(vs. Li+/Li), i.e., in the working voltage range of the lithium-metal
anode (Fig. 1g). The Li||PE/C/Al(OH)3 cell showed essentially the 
same oxidation/reduction peaks as the Li||Cu cell, indicating that
the same electrolyte degradation processes occur beside the
801
lithium stripping and plating, and that the presence of Al(OH)3 

does not have any detectable effect. This is further corroborated 
by an ex situ XRD analysis of the PE/C/Al(OH)3 membrane after 
1  mA  h  cm−2 lithium plating, revealing the reflections of Al(OH)3
and metallic lithium, suggesting that the Al(OH)3 particles are well
covered by PE, thus, preventing any chemical reaction between
lithium and Al(OH)3 (Fig. S3). Summarizing, the above results 
prove that there was no significant chemical reaction between 
the PE/C/Al(OH)3 current collector and lithium or the elec-
trolyte—at least nothing different from the classically used metallic
copper—thus proving the general suitability and applicability of
the PE/C/Al(OH)3 membranes as current collector for LMBs.

In Fig. 2(a), the densities of bare lithium, copper, and PE/C/Al 
(OH)3 are compared. Notably, the polymer-based PE/C/Al(OH)3 foil 
has a mass density of only 1.17 g cm−3 due to its ultralight compo-
nents, specifically, PE and C, resulting in an areal density of just 
1.41 mg cm −2. When the lightweight PE/C/Al(OH)3 foil is combined
with a thin lithium foil of 50 lm to form an electrode, the resulting
Li-PE/C/Al(OH)3 anode has a total areal density of only 4.08mg cm−2

(Fig. 2b and Fig. S4). This value is only 1.5 times higher than that of 
a bare lithium-metal anode (2.67 mg cm−2), but it is also only
about one-third of the areal density of a Li-Cu electrode
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Fig. 2. Evaluation of the impact of the current collector on the overall specific capacity of the negative electrode. (a) Comparison of the density of neat lithium foil, copper foil, 
and the PE/C/Al(OH)3 membrane. Comparison of the (b) areal density and (c) theoretical specific capacity of the neat lithium-metal anode, the Li-Cu anode, and the Li-PE/C/Al 
(OH)3 anode (in all three cases for a lithium foil/layer with a thickness of 50 lm). Cross-sectional SEM micrographs (left) and the experimentally determined specific capacity
(right) of (d) the neat lithium-metal anode, (e) the Li-Cu anode, and (f) the Li-PE/C/Al(OH)3 anode; the specific capacity values refer to the mass of the complete negative
electrode, i.e., including the mass of the current collector in the case of Li-Cu and Li-PE/C/Al(OH)3.
(11.63 mg cm−2 ). Within the Li-Cu electrode, the bulky Cu current 
collector dominates the overall mass of the electrode, accounting
for 77% of the total areal density, while it does not provide any
802
additional capacity—in other words, it’s largely ‘‘dead weight”. 
Accordingly, the high mass and density of the current collector sig-
nificantly compromises the total specific capacity of the lithium-
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metal anode (in terms of the complete electrode including the cur-
rent collector). When calculating the theoretical specific capacity 
of the neat Li, the Li-Cu, and the Li-PE/C/Al(OH)3 electrode, it 
becomes evident that the Li-Cu electrode displays a relatively
low theoretical specific capacity of 886 mAh g−1, which is approx-
imately one quarter of the theoretical specific capacity of metallic
lithium with about 3860 mAh g−1 (Fig. 2c). Notably, when the very 
dense Cu is replaced with the less dense PE/C/Al(OH)3 as current 
collector and mechanical support, the theoretical specific capacity 
of the Li-PE/C/Al(OH)3 electrode increases to 2528 mAh g−1 . This is 
also reflected by the experimentally determined specific capacity
values for the Li-PE/C/Al(OH)3 electrode with 2237 mAh g−1, which
is close to the theoretical maximum and ca. thrice higher than
the specific capacity of the Li-Cu electrode with 857 mAh g−1

(Fig. 2d–f).
Fig. 3. Fire retardancy of the PE/C/Al(OH)3 current collector and its single components. P
membrane with 20 wt.% Al(OH)3, and (c) the PE/C membrane with 40 wt.% Al(OH)3. D
membrane (temperature range: 20 to 400 ℃, heating rate: 5 ℃ min−1 under the N2 atm
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3.2. Evaluation of the flame retardancy

To demonstrate the flame retardancy of PE/C/Al(OH)3, we com-
paratively evaluated the flammability of the pure PE/C membrane, 
the PE/C membrane with 20 wt.% of Al(OH)3, and the PE/C mem-
brane with 40 wt.% of Al(OH)3 (PE/C/Al(OH)3). As shown in
Fig. 3(a) and Video S1, the pure PE/C membrane burnt completely 
down in only 6 s after ignition. The addition of 20 wt.% Al(OH)3
substantially slowed down the burning rate, taking more than
20 s after ignition (Fig. 3b and Video S2). Apparently, a concentra-
tion of 20 wt.% is not yet sufficient to fully prevent ignition of the 
polymer-based current collector. However, when adding 40 wt.% Al
(OH)3 to the PE/C membrane (PE/C/Al(OH)3), the initial flame
diminished within only 3 s and completely extinguished within
5 s (Fig. 3c), as the decomposition products covered the polymer
hotographs recording the flammability test of (a) the PE/C membrane, (b) the PE/C 
SC heat flow curve recorded for (d) the PE/C membrane and (e) the PE/C/Al(OH)3
osphere).
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surface, effectively isolating it from oxygen, and making it difficult
to reignite again [31,32]. In fact, even though it was somehow pos-
sible to reignite the membrane, the flame quickly extinguished 
within only 2 s, underlining the exceptional flame retardancy prop-
erties of these membranes (Fig. 3c and Video S3).

To further investigate the flame retardancy of the PE/C/Al(OH)3 

current collector, differential scanning calorimetry (DSC) was per-
formed (Fig. 3d, e). The heat flow curve of the neat PE/C membrane 
revealed a very reversible endothermic peak at approximately 
115 °C, corresponding to the melting point of PE, and an exother-
mic peak at approximately 225 °C, attributed to the combustion 
of impurities on the C surface. The DSC traces recorded for the
PE/C/Al(OH)3 current collector show essentially the same features,
except an additional endothermic peak at around 325 °C, indicative
of the decomposition of Al(OH)3, according to the following equa-
tion, as also evidenced by XRD (Fig. S5): Al(OH)3 → Al(OOH) + H2O.

This decomposition process and the evaporation of water con-
sumes a significant amount of heat (as a matter of fact, the integra-
tion of the DSC data reveals an increase in heat absorption from 
about 660 to 1150 J g−1 when transitioning from PE/C to PE/C/Al 
(OH)3), effectively mitigating the combustion of the polymer mem-
brane. It appears noteworthy that, different from other flame
retarding strategies, the Al(OH)3 additive is sealed inside the poly-
mer current collector so that it does not affect the electrochemical
reactions during dis–/charge of the battery cell.

3.3. Morphology of the deposited lithium

Ex situ SEM and EDX were conducted to analyze the lithium 
deposition behavior on the Cu and PE/C/Al(OH)3 current collectors
Fig. 4. Ex situ SEM/EDX analysis of the Cu and PE/C/Al(OH)3 current collector after lith
surface after depositing 0.1, 1, 2, and 4 mA h cm −2 of lithium. SEMmicrographs of the (c)
corresponding EDX mapping of C, P, Cu, and Al.

804
in Li||Cu and Li||PE/C/Al(OH)3 cells, as this has a crucial impact on 
the electrochemical performance. When 0.1 mAh cm−2 of lithium 
was deposited on the Cu current collector at a current density of
1 mA cm−2, numerous long and slender lithium dendrites were
observed randomly distributed over the Cu surface (Fig. 4a). Upon 
increasing the amount of lithium on the Cu to 1, 2, and 4 mAh cm−2 , 
the lithium deposition morphology was rather uneven with long
and thin lithium dendrites. These are prone to dissolve/react to
form ‘‘dead lithium”, thereby leading to rapid capacity fading
[33–35]. Additionally, lithium dendrites may penetrate the separa-
tor during battery cycling, resulting in short circuits and thermal
runaway [36,37]. Moreover, even after plating 4 mAh cm−2 of 
lithium, the deposited layer did not completely cover the Cu cur-
rent collector.

Differently, upon lithium deposition (0.1 mAh cm−2 ) on the PE/ 
C/Al(OH)3 current collector, a rather compact layer of rather
particle-like lithium deposits was observed on the surface of the
PE/C/Al(OH)3 membrane (Fig. 4b). Interestingly, even after 
1 mAh cm−2 lithium deposition no slender lithium dendrites were 
detected at the anode. The formation of particle-like deposits 
instead of dendritic lithium deposits greatly reduces the risk of 
short circuits and is expected to increase the utilization of the
metallic lithium. These results are further corroborated by con-
ducting EDX mapping of the PE/C/Al(OH)3 current collector follow-
ing lithium plating, which revealed the formation of a
homogeneous and compact deposition layer (Fig. 4d). The detected 
Al signal was rather low, indicating an essentially complete cover-
age of the current collector surface. Indeed, in sharp contrast to the
Cu current collector, the lithium plated on PE/C/Al(OH)3 and the
presence of phosphorus as indicate SEI component showed greater
ium plating. Top-view SEM micrographs of the (a) Cu surface and (b) PE/C/Al(OH)3 

Cu surface and (d) PE/C/Al(OH)3 surface after depositing 1 mA h cm−2 of lithium and
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Fig. 5. Electrochemical performance of Li||NMC622 cells employing the different negative electrodes. Plot of the specific capacity, specific energy, and Coulombic efficiency vs. 
the cycle number (left) and selected dis-/charge profiles (right) recorded for the (a) Li||NMC622, (b) Li-Cu||NMC622, and (c) Li-PE/C/Al(OH)3||NMC622 cells (active material mass 
loading of the NMC622 cathode: 25 mg cm−2, charge/discharge rate: 0.3C/0.5C). (d) Rate capability (left) and the corresponding dis-/charge profiles at 1C (middle) and 5C
(right); the active material mass loading of the NMC622 cathode was about 6.5 mg cm−2.
uniformity, contributing to the improved cycling stability of the Li-
PE/C/Al(OH)3 anode (Fig. 4d). Apparently, the presence of Al(OH)3 

inside the membrane did not affect the homogeneity of the depos-
ited lithium (see also Figs. S6 and S7 for lower resolution SEM 
micrographs). Furthermore, lithium deposition up to 2 and 
4 mAh cm−2 resulted in the growth of relatively large particles 
rather than forming the irregular dendritic structures observed
on the Cu surface. In line with these findings, the Tafel plot of
the Li||PE/C/Al(OH)3 cell showed a much lower current density
805
(∼0.68 mA cm−2 ) than for the Li||Cu cell (3.41 mA cm−2 ), which 
has been reported to result in the formation of larger and denser
lithium deposits (Fig. S8)  [38,39]. Such larger lithium particles pos-
sess a lower specific surface area, resulting in a reduced contact 
area with the electrolyte and, thus, decreased side-reactions, as
also evidenced by an ex situ XPS analysis (Fig. S9), showing less 
electrolyte decomposition products on PE/C/Al(OH)3 compared to 
Cu, which is beneficial for the cycling stability of LMB cells. In fact,
the ex situ XPS analysis also reveals a superior reversibility of the
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lithium stripping/plating process on PE/C/Al(OH)3, indicated by the
absence of any metallic lithium after stripping.

3.4. Evaluation in l ithium-metal battery cells

The cycling performance of neat Li, Li-Cu, and Li-PE/C/Al(OH)3 

was evaluated in pouch cells with a thin (50 lm) lithium foil as 
the negative electrode and high mass loading NMC622 positive elec-
trodes with an areal capacity of about 4.5 mA h cm−2 , resulting in 
an N/P ratio of ca. 2.2. Owing to the low thickness of the lithium
foil, the Li||NMC622 cell delivered a very high specific energy of
454 Wh kg−1 based on the mass of both the cathode and anode,
including the active material, conductive carbon, binder, and the
current collector (Fig. 5a). Nonetheless, this high specific energy 
comes at the expense of a very limited cycling stability of the Li|| 
NMC622 cell, with a rapid capacity fading after only 20 cycles. We 
have shown in a previous study that this fading is related to an
extensive crack formation in the lithium foil owing to an uneven
lithium deposition and stripping and, as a result, a loss of electronic
contact [22].

The Li-Cu||NMC622 cell showed a similar specific capacity in the 
first cycle (174 mAh g−1 , based on the mass of NMC622), but the 
specific energy of the Li-Cu||NMC622 cell was only 391 Wh kg−1,
i.e., about 14% lower than for the Li||NMC622 cell, due to the high
mass and density of the Cu current collector (Fig. 5b; see 
Table S2 for the given mass input for the calculation of the specific 
energy). Nevertheless, the introduction of the Cu current collector 
significantly improved the cycling stability of the Li-Cu||NMC622 

cell up to more than 30 cycles, before the capacity and Coulombic 
efficiency decreased more sharply. Despite this sacrifice in specific 
energy, the Li-Cu||NMC622 cell still provided a specific energy of 
around 263 Wh kg−1 in the 40th cycle, which is about 66% of its ini-
tial specific energy and significantly higher than the 27%
(128 Wh kg−1) energy retention of the Li||NMC622 cell. Apparently,
the presence of an electron-conducting substrate is beneficial for
the capacity retention and lithium utilization, despite potential
corrosion effects at the metal│metal interface [40,41]; the latter 
effect might (amongst others) be responsible, in fact, for the slight 
fading right from the beginning—different from the Li||NMC622

cell—as apparent also from the continuous increase in overpoten-
tial (Fig. 5b right side).

The Li-PE/C/Al(OH)3||NMC622 cell, eventually, provided a first 
cycle specific capacity of 173 mAh g−1 , i.e., essentially the same 
as for the other two cells, resulting in a specific energy of 
449 Wh kg −1, which is very close to the specific energy of the Li||
NMC622 cell and almost 15% higher than the specific energy of
the Li-Cu||NMC622 cell (Fig. 5c). Remarkably, the cycling stability 
was essentially tripled compared to the Li-Cu||NMC622 cell, with 
more than 90 cycles of stable cycling prior to cell fading. The capac-
ity retention was almost 88% after 40 cycles, and more than 71% 
after 90 cycles. Apparently, the use of such a current collector
helped to overcome the issue of a loss of electronic conductivity
and, thus, accessibility of the lithium metal across the whole elec-
trode, while avoiding any kind of corrosion issue and supporting a
more homogeneous lithium deposition (see also Fig. 4) along with 
a high flexibility of the cell as such (see Fig. S10 for some bending 
and folding tests while powering an electronic device).

Fig. 5(d) displays the rate capability of the Li||NMC622, Li-Cu|| 
NMC622, and Li-PE/C/Al(OH)3||NMC622 cells. At a dis-/charge rate 
of 0.5C, all three cells exhibit the same specific capacity of 
176 mAh g−1 . When the cells were subjected to a higher dis-/ 
charge rate of 5C (5.5 mA cm−2 ), the specific capacity of the Li-
PE/C/Al(OH)3||NMC622 cell still remained comparable to that of
the Li||NMC622 and Li-Cu||NMC622 cells. This observation under-
scores the comparable rate capability of the Li-PE/C/Al(OH)3 elec-
trode to the Li and Li-Cu electrode, attributed to the sufficiently
806
high electronic conductivity of the current collector in combination
with the metallic lithium on top.

4. Conclusi ons

An ultralight, flame-retardant polymer-based current collector 
was designed that effectively enhances both the specific energy 
and safety of LMBs. Cells comprising an NMC622 positive electrode 
and a lithium-metal negative electrode employing such PE/C/Al 
(OH)3 current collector provide a remarkable specific energy of 
449 Wh kg−1 (taking into account the complete electrode), which 
represents an almost 15% increase compared to comparable cells 
employing a classic Cu current collector. In addition, these cells 
show an essentially tripled cycle life, benefiting from the homoge-
nous lithium stripping/platting behavior on PE/C/Al(OH)3 and the
absence of a metal│metal interface. Finally, the flame-retardant
additive Al(OH)3, incorporated into the current collector, success-
fully suppresses the flammability of the polymer-based current
collector, while remaining inactive during cycling. In sum, this
approach leads to an enhanced performance and safety of LMBs,
rendering this novel current collector design a potential alternative
to classic metallic current collectors.
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