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Abstract: Conventionally, cathode current collectors for lithium-ion batteries (LIB) consist of an
aluminum foil generally manufactured by a rolling process. In the present work, a novel one-step
manufacturing method of structured aluminum foil current collectors for lithium-ion batteries by
electroforming is introduced. For this, a low-temperature chloride-based ionic liquid was used as an
electrolyte and a rotating cylinder out of stainless steel as a temporary substrate. It was shown that the
structure of the aluminum foils can be adjusted from dense and flat to three-dimensional by choosing
an appropriate substrate rotation speed and current density. Scanning electron microscopy (SEM)
and white light interferometry (WLI) were utilized to analyze the foils’ surface morphology, structure
and topography. The SEM analysis of the aluminum foils showed that the rolling process produced a
foil with small grains, while electrodeposition resulted in foils with different degrees of grain growth
and seed formation. This was in total agreement with WLI results that revealed significant differences
in terms of roughness parameters, including the peak-to-valley difference Rpv, the root-mean-square
roughness Rq and the arithmetic mean roughness Ra. These were, respectively, equal to 6.8 µm,
0.35 µm and 0.279 µm for the state-of-the-art foil and up to 96.6 µm, 10.92 µm and 8.783 µm for the
structured electroformed foil. Additionally, cyclic voltammetry (CV) of the aluminum foils was used
to investigate their passivation behavior within the typical LIB cathode potential operation window.
The strong decrease in the current density during the second cycle compared to the first cycle, where
an anodic peak appeared between 4.0 and 4.4 V vs. Li/Li+, demonstrated that passivation occurs in
the same manner as observed for commercial Al current collectors.

Keywords: aluminum foil; electroforming; electroplating; aluminum deposition; current collector;
lithium-ion battery

1. Introduction

Numerous efforts are constantly underway to replace fossil fuels with renewable
energy systems, with the aim of reducing the greenhouse gas emissions associated with
power generation. Nevertheless, the unevenness of renewable energy generation and the
timing mismatch between supply and demand limit their large-scale integration, especially
when renewables are the primary energy source. One way to meet this challenge is
through the use of electrical energy storage systems (ESSs) [1–3]. Among the various
storage technologies, battery storage systems are widely used, more particularly lithium-
ion batteries (LIBs), which represent the majority of battery storage systems currently
deployed [4,5]. These are also playing a crucial role in the electrification of the transport
sector, especially for electric cars, helping likewise to reduce greenhouse gas emissions.
Additionally, their excellent performance in terms of high gravimetric and volumetric
energy as well as power densities, compared to other commonly used battery technologies,
makes them the preferred choice in other fields such as consumer electronics [6–8]. A
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conventional LIB consists of three main components: an anode, a cathode and an electrolyte-
soaked separator. The electrolyte generally used is a mixture of ethylene carbonate (EC)
with dimethyl carbonate (DMC) or diethyl carbonate (DEC) or ethyl methyl carbonate
(EMC), plus lithium hexafluorophosphate (LiPF6), which acts as a conductive salt. The
anode, meanwhile, is mainly made of graphite as an electrochemically active Li+ host
mostly mixed with styrene butadiene rubber (SBR) as a binder. These components are then
coated on a copper foil, which represents the current collector. For the cathode side, an
aluminum foil is coated with a mixture of active material (e.g., LiNixMnyCozO2 (NMC),
LiFePO4 (LFP) or LiNi0.8Co0.15Al0.05O2 (NCA)), a polymeric binder such as polyvinylidene
fluoride (PVDF) and a conductive agent such as carbon black (CB) [9–12].

The functioning of an LIB is based on several key elements. While the active materials
in the electrodes are storing the Li+ ions, the electrolyte is responsible for transporting them
between the two electrodes. Meanwhile, current collectors play a crucial role by collecting
the electrons released or consumed during electrochemical reactions at the electrodes and
transporting them through the external circuit [13,14]. According to studies carried out by
He et al., aluminum foil current collectors account for 6.9 wt% of the total weight of an LIB
cell while the copper foil accounts for 8.1 wt% [15]. The latter can be produced either by
rolling [16] or by electrodeposition [17,18]. Nowadays, thicknesses can be as low as 10 µm
for high-energy density cells [19]. In this respect, electroforming is especially suitable for
the manufacturing of current collectors with thicknesses well below 10 µm. Up to now,
apart from copper [20], only nickel foils are commercially produced by electroforming
process. The latter is also used for the production of Ni foams [21]. The feature of structured
current collector foils is again reported mainly for copper foils [22–25]. Yet for cathodes,
nickel foams are being used on a large scale in commercial “nickel” (NiO(OH)/Ni(OH)2)
cathodes, nowadays mainly for nickel metal hydride batteries. Furthermore, the concept of
foam-type cathodes is also exploited for the cathode side, either in form of nickel [26] or
aluminum foams [27]. Additionally, hybrid forms of structured nickel/aluminum current
collectors are being used [28]. On the cathode side, state-of-the-art unstructured aluminum
current collectors show thicknesses in the range between 10 and around 25 µm [16] and
can usually be thinned by a rolling process to the desired thickness [19].

Up to now, electroforming, as in the case of copper foils, has not yet been used as a
manufacturing process for aluminum current collectors. Publications on the electroforming
of aluminum foils are extremely limited. This can be explained by the fact that aluminum
deposition from aqueous electrolytes is not possible due to the negative half-cell poten-
tial of Al/Al3+ (−1.66 V vs. SHE) [29]. Nevertheless, some studies have been carried
out in this field. For example, Tu et al. [30] reported the electroforming of aluminum
foils on a 10 mm diameter graphite disc electrode from low-temperature ionic liquid
AlCl3—1-Butyl-3-methyl-imidazolium chloride (2:1 molar ratio) using a three-electrode
system. Further works have also been carried out by Ui et al. [31–36] regarding the elec-
troforming of aluminum foils with smooth surface by pulse deposition and/or addition
of 1,10-phenanthroline anhydrate to the AlCl3—1-Ethyl-3-methyl-imidazolium chloride
([EMIm]Cl) (2:1 molar ratio) electrolyte. In their experiments, a titanium plate with an
area of 0.95 cm2 is used as cathode. Ruan et al. reported that they achieved free-standing
Al–Mn alloy foils by dissolving the copper substrate in nitric acid after electrodeposition
in AlCl3—1-Ethyl-3-methyl-imidazolium chloride (2:1 molar ratio) electrolyte with the
addition of MnCl2 [37].

In the current study, stainless steel (SAE 304) cylinders are electroplated with alu-
minum from the ionic liquid AlCl3—[EMIm]Cl in a molar ratio of 1.5:1. Various rotation
speeds of the cylinders and current densities are applied during the electroforming process.
The resulting deposits are then peeled off from the substrates to form separate aluminum
foils. These are then analyzed and characterized to assess their properties. Cyclic voltam-
metry (CV) is carried out to study the electrochemical behavior of aluminum foils in an
electrolyte for lithium-ion batteries. Imaging techniques such as scanning electron mi-
croscopy (SEM) and white light interferometry (WLI) are used to visualize and analyze the
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morphology and topography of the resulting aluminum foils. Such detailed investigations
yield valuable information on the deposition quality and the structural properties of alu-
minum foils produced by electroforming. They also provide important data for assessing
the suitability of such aluminum foils as current collectors for lithium-ion batteries.

2. Materials and Methods
2.1. Materials and Chemicals

The electrolyte for aluminum deposition was prepared from [EMIm]Cl (>98%, IoLiTec
Ionic Liquids Technologies GmbH, Heilbronn, Germany) and AlCl3 (granules, 99%, abcr
GmbH, Karlsruhe, Germany). Additionally, an aluminum wire with 1.0 mm diameter
(≥99.999%, Fisher Scientific GmbH, Schwerte, Germany) as a reference electrode, two alu-
minum sheets of 2.0 mm thickness (192 × 30 mm, 99.99%, abcr GmbH, Karlsruhe, Germany)
as anodes and a stainless steel (SAE 304) cylinder (Hans-Erich Gemmel & Co. GmbH, Berlin,
Germany) with an outer diameter of 25 mm as substrate were acquired. Dichloromethane
(99.8+%, Acros Organics, Geel, Belgium) was dried with 4 Å pore size molecular sieves
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany) prior to its use for rinsing purpose.

2.2. Preparation of the Electrolyte and Electrodes

To remove residual water of the [EMIm]Cl, the latter was placed in two round-bottom
flasks and dried at a temperature of 60 ◦C and a pressure below 10 mbar for a duration
of 52 h using a Schlenk line. The water content of the salt was measured by Karl-Fischer
titration (831 KF Coulometer + 774 Oven Sample Processor, Deutsche METROHM GmbH
& Co. KG, Filderstadt, Germany). All subsequent work was carried out in a nitrogen-
filled glovebox (MBraun, Garching, Germany) with H2O and O2 contents below 0.5 ppm.
AlCl3 was mixed with [EMIm]Cl in a glass bottle in small portions and under continuous
magnetic stirring at 185 rpm, due to the exothermic aspect of the reaction, until the mixture
became fully liquid. Afterwards, the electrolyte was further stirred during 24 h for better
homogenization. Thereafter, an aluminum foil was placed inside the solution for a further
72 h to purify it from more noble metal impurities by the process of cementation. After
filtration, a clear and slightly yellowish liquid was obtained.

Concerning the electrodes preparation, an aluminum wire was fixed in a thin glass tube
with acrylic glue (Acryfix®1R 0192, Evonik AG, Essen, Germany) in a way that 10 mm still
protruded. The stainless-steel cylinder was subsequently cut into smaller ones with 40 mm
length which were sanded with emery paper (180, 320, 800, 1200, 2500) to achieve a shiny
surface with no visible defects. The surface roughness of the cylinder was determined with
a white light interferometer (Zegage Profiler with ZeMaps v.1.11, Zemetrics, Inc., Tucso,
AZ, USA). The edges of the cylinders, as well as a longitudinal strip, were covered with
PTFE adhesive tape (PLOFLON® PTFE Klebefilm, W + B Datentechnik GmbH, Hagen,
Germany). The remaining surface area was 210 mm2 (30 × 70 mm).

2.3. Microstructural and Electrochemical Characterization

The morphological investigation of the aluminum foils was carried out by SEM (Gem-
ini LEO 1525, ZEISS AG, Oberkochen, Germany) and WLI. Each WLI measurement was
repeated three times and the results were averaged. Moreover, further information about
the microstructure was achieved through the examination of the foils’ cross sections using a
light microscope (digital light microscope VHX 6000, KEYENCE DEUTSCHLAND GmbH,
Neu-Isenburg, Germany).

Pieces of 12 mm diameter were stamped out of the aluminum foils and dried at
60 ◦C with a pressure below 10 mbar, overnight. For electrochemical characterization, a
three-electrode cell (TSC Battery, rhd instruments GmbH & Co. KG, Darmstadt, Germany)
was used. Two discs of 12 mm diameter out of aluminum foil and lithium (99.9%, Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany), with a thickness of 0.75 mm, stand for the
working and counter electrodes, respectively. A small lithium tip of approximately 1.2-mm-
thickness served as a reference electrode. Three 25-µm-thick separators (12 mm diameter,
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Celgard 2500, Celgard LLC, Charlotte, NC, USA) were placed between the counter and
the working electrodes. The electrolyte consisted of 50 µL of 1 M LiPF6 in EC/DEC (1:1
by volume, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). The cells’ assembly
was carried out in an argon-filled glovebox (c(H2O) < 0.1 ppm, c(O2) < 0.1 ppm, MBraun,
Garching, Germany). After a resting period of 12 h, CVs were recorded between 2.7 and
5.0 V vs. Li/Li+ with a scan rate of 10 mV/s. The starting point was the open circuit voltage
OCV and the potential was ramped to the lower vertex potential first.

For comparison, all techniques were likewise applied to a state-of-the-art laboratory
aluminum current collector foil (20 µm thickness, EN AW 8079, KORFF AG, Oberbipp,
Switzerland) taken as reference.

3. Results
3.1. Electroforming of Aluminum Foils

The deposition experiments were carried out using a three-electrode system and
1000 mL of the electrolyte in a 2000 mL beaker. Two aluminum sheets served as counter
electrodes, a cylinder as working electrode and the aluminum wire as reference electrode.
All electrodes were initially cleaned with isopropyl alcohol. Counter electrodes were fixed
in parallel at a distance of 95 mm. The cylinder was placed equally distant between the
counter electrodes. During deposition experiments the cylinder was rotating horizontally,
as shown in Figure 1a.
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lyte temperature and the stirring velocity of the electrolyte, with a 40 mm magnetic stir-
ring bar, were kept constant at 50 °C and approx. 250 rpm, respectively. A potentiostat 
(VSP with booster VMP3B-20 20 A/20 V, Biologic Science Instruments GmbH, Seyssinet-

Figure 1. (a) Experimental setup for electroforming with a rotating cylinder as a substrate. (b) Elec-
troformed aluminum foil during detachment from the masked cylinder. (c) Top-view photograph of
an aluminum foil electroformed at a rotation speed of 20 rpm and a current density of 15 mA/cm2.

To study the effects of different rotation speeds of the cylinder as well as the current
density on the aluminum foil properties, these two parameters were varied. The electrolyte
temperature and the stirring velocity of the electrolyte, with a 40 mm magnetic stirring
bar, were kept constant at 50 ◦C and approx. 250 rpm, respectively. A potentiostat (VSP
with booster VMP3B-20 20 A/20 V, Biologic Science Instruments GmbH, Seyssinet-Pariset,
France) was used for applying currents and measuring the electrode potentials during
deposition accordingly. The target thickness of the aluminum layers was 20 µm assuming
100% current efficiency. Table 1 shows the applied deposition parameters.
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Table 1. Parameters for aluminum deposition to achieve a 20 µm layer thickness by assuming 100%
current efficiency.

Substrate Rotation Speed [rpm] Current Density [mA/cm2]

20 15
20 10
20 5
10 15
10 10
10 5
1 15
1 10
1 5
1 20

After deposition, the substrate rotating with a speed of 30 rpm was rinsed three times
for 1 min in dichloromethane. Then, it was taken out of the glovebox. The PTFE-tape was
removed and the substrate was rinsed again with deionized water and isopropyl alcohol.
Finally, the aluminum layer could be peeled off with the help of a scalpel.

Figure 1b,c show an example of an electroformed aluminum foil during and after
detachment from the cylinder. For the deposition of the aluminum foil in Figure 1c a
cylinder rotation speed of 20 rpm and a current density of 15 mA/cm2 were used.

3.2. Microstructural Characterization

In order to investigate the correlation between deposition parameters and the mi-
crostructure of the electroformed aluminum foils, a detailed characterization was con-
ducted using a variety of techniques. The aluminum foils were characterized by digital
light microscopy, in particular cross-sectional analysis, as well as SEM and WLI for top view
observations. Figure 2 displays cross sectional images of (a) a state-of-the-art laboratory
aluminum current collector foil and (b) to (d) electroformed aluminum foils deposited using
different parameter sets. More specifically, (b) corresponds to a deposition process carried
out at a rotational speed of 1 rpm and a current density of 20 mA/cm2, (c) represents depo-
sition at 1 rpm and 10 mA/cm2 and (d) illustrates deposition at 20 rpm and 10 mA/cm2.
The images were captured at two magnifications 200× (lower) and 800× (upper).

Image (a) reveals that the state-of-the-art foil has a dense structure with smooth top
and bottom surfaces. In comparison, the electroformed foils in images (b) to (d) only have
a smooth bottom side which is related to the very low surface roughness of the substrate
on which the foils have been deposited and whose negative geometry is reproduced
during electroforming. Since the bottom side of the film replicates the substrate surface,
its roughness is essentially determined by that of the substrate surface which was also
measured on three different profile lines on three substrates by WLI. Therefore, various
roughness parameters were measured, including the peak-to-valley difference Rpv, the
root-mean-square roughness Rq and the arithmetic mean roughness Ra. Hence, the results
obtained for the substrate surface roughness are Rpv = 0.5 ± 0.2 µm, Rq = 0.04 ± 0.02 µm
and Ra = 0.032 ± 0.003 µm). Consequently, the smoothness observed on the underside of
electroformed foils can be attributed to the exceptionally low roughness of the substrate
surface, as confirmed by its measured values of Rpv, Rq and Ra. This allows to also influence
and specify the bottom-side surface characteristics. The roughness of the top side, on the
other hand, reveals significant differences from that of the state-of-the-art foil. In particular,
the foils in images (c) and (d) show the presence of pores in the electroformed foils. It is
obvious that the roughness strongly depends on the deposition parameters of the aluminum
layer. By comparing images (b) and (c), it can be seen that, at constant rotation speed of the
cylinder substrate, a higher current density leads to a less structured surface. Additionally,
the rotation speed of the substrate cylinder also influences the roughness. The foil in image
(c) was produced at lower rotation speed than the foil in image (d) and, thus, appears to
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be more compact and homogenous. Also, image (d) reveals a greater portion of pores
compared to image (c).
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Figure 2. Cross sections with magnifications of 200× (lower image) and 800× (upper image) of (a) a
state-of-the-art laboratory aluminum current collector foil and (b–d) electroformed aluminum foils
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The aluminum foils’ surfaces shown in Figure 2 were further examined by WLI to
obtain detailed information on the surface topography. The resulting images are displayed
in Figure 3. The naming (a–d) of the single images was conducted in analogy to Figure 2.
At mid-height on each image, a horizontal line was drawn, indicating the position of the
measured profile lines as presented in Figure 4. The roughness values corresponding to
these profile lines are also provided.

Analysis of the WLI images in Figure 3, together with the corresponding values for
areal roughness provided in Table 2, delivers further information on the surface charac-
teristics of the aluminum foils. Observing the coloring of the images, which provides
a qualitative assessment of the surface roughness variations, one can easily see that the
roughness increases from image (a) to image (d). Together with the measured profile lines
in Figure 4, this observation is consistent with the results obtained from the cross-sectional
analysis in Figure 2.

Table 2. Areal roughness values of white light interferometer images shown in Figure 3. Images (a–d)
belong to (a) a state-of-the-art laboratory aluminum current collector foil and (b–d) electroformed
aluminum foils deposited with (b) 1 rpm and 20 mA/cm2, (c) 1 rpm and 10 mA/cm2 and (d) 20 rpm
and 10 mA/cm2.

Image Spv [µm] Sq [µm] Sa [µm]

(a) 6.8 0.35 0.279
(b) 29.1 1.38 0.984
(c) 58.9 7.55 6.014
(d) 96.6 10.92 8.783
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Figure 5 shows SEM images of the different aluminum foils. The naming of the images
(a) to (d) was conducted in accordance with the corresponding Figures 2 and 3. Image (a)
shows a typical surface of a foil obtained by a rolling process. As can be seen, the grain size
of the electrodeposited aluminum increases from image (b) to (d). In image (b) the grains
have a predominantly fine structure, with occasional larger, coarser grains scattered across
the surface. This variation in grain size is indicative of the applied electroplating process. In
contrast, image (d) shows a distinct grain morphology characterized by the presence of very
large grains. This suggests that the deposition parameters used to produce the aluminum
foil in image (d) have resulted in more pronounced grain growth vs. seed formation. Image
(c) presents an intermediate state between images (b) and (d). It comprises a combination
of fine and coarse grains, indicating a mixed-grain structure on the surface.

Batteries 2023, 9, x FOR PEER REVIEW 8 of 13 
 

Analysis of the WLI images in Figure 3, together with the corresponding values for 
areal roughness provided in Table 2, delivers further information on the surface charac-
teristics of the aluminum foils. Observing the coloring of the images, which provides a 
qualitative assessment of the surface roughness variations, one can easily see that the 
roughness increases from image (a) to image (d). Together with the measured profile lines 
in Figure 4, this observation is consistent with the results obtained from the cross-sectional 
analysis in Figure 2. 

Table 2. Areal roughness values of white light interferometer images shown in Figure 3. Images (a–
d) belong to (a) a state-of-the-art laboratory aluminum current collector foil and (b–d) electroformed 
aluminum foils deposited with (b) 1 rpm and 20 mA/cm2, (c) 1 rpm and 10 mA/cm2 and (d) 20 rpm 
and 10 mA/cm2. 

Image Spv [µm] Sq [µm] Sa [µm] 
(a) 6.8 0.35 0.279 
(b) 29.1 1.38 0.984 
(c) 58.9 7.55 6.014 
(d) 96.6 10.92 8.783 

Figure 5 shows SEM images of the different aluminum foils. The naming of the im-
ages (a) to (d) was conducted in accordance with the corresponding Figures 2 and 3. Image 
(a) shows a typical surface of a foil obtained by a rolling process. As can be seen, the grain 
size of the electrodeposited aluminum increases from image (b) to (d). In image (b) the 
grains have a predominantly fine structure, with occasional larger, coarser grains scat-
tered across the surface. This variation in grain size is indicative of the applied electroplat-
ing process. In contrast, image (d) shows a distinct grain morphology characterized by the 
presence of very large grains. This suggests that the deposition parameters used to pro-
duce the aluminum foil in image (d) have resulted in more pronounced grain growth vs. 
seed formation. Image (c) presents an intermediate state between images (b) and (d). It 
comprises a combination of fine and coarse grains, indicating a mixed-grain structure on 
the surface. 

 

Figure 5. Scanning electron microscope images with magnification of 200× of (a) a state-of-the-art
laboratory aluminum current collector foil and (b–d) electroformed aluminum foils deposited with
(b) 1 rpm and 20 mA/cm2, (c) 1 rpm and 10 mA/cm2 and (d) 20 rpm and 10 mA/cm2.

3.3. Electrochemical Characterization

Figure 6 depicts cyclic voltammograms (CVs) of the 1st and 10th cycles represented
by solid and dotted lines, respectively. CVs were recorded using different aluminum foils
as working electrodes in a three-electrode set-up, in the voltage range between 2.7 and
5.0 V vs. Li/Li+ at a scan rate of 10 mV/s. In this configuration, lithium was used as
counter and reference electrode. The aluminum foils examined in the present work include
a state-of-the-art laboratory aluminum current collector foil (a) as well as electroformed
ones deposited with 1 rpm and 20 mA/cm2 (b), 1 rpm and 10 mA/cm2 (c) and 20 rpm
and 10 mA/cm2 (d). The anodic current densities during the 1st cycle show noticeable
differences between the various foils. However, as the cycles progress up to the 10th cycle,
these differences tend to diminish and the anodic current densities converge towards close
values for all the foils. The similar convergence of anodic current densities during the 10th
cycle indicates that the electroformed foils can likewise be suitable for lithium-ion battery
applications as current collectors.
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Figure 6. The 1st and 10th cycles (solid and dotted lines, respectively) of the CVs recorded for
different aluminum foils used as working electrodes in a three-electrode set-up with lithium as
counter and reference electrodes in the potential range between 2.7 and 5.0 V vs. Li/Li+ at the scan
rate of 10 mV/s.

4. Discussion

Each of the CVs presented in Figure 6 shows an anodic peak during the 1st cycle
between 4.0 and 4.4 V, followed by a subsequent increase in current densities at higher
potentials. Similar results were obtained by Xia et al. [38] who recorded a CV with two
cycles for scratched aluminum foil in an electrolyte consisting of 1.2 M LiPF6 in EC/EMC
(3:7 by volume). A scan rate of 0.1 mV/s in the potential range between 3.0 and 5.0 V
vs. Li/Li+ was applied. During the 2nd cycle, a strong decrease in current density was
observed and assigned to the aluminum foil passivation. In a study by Myung et al. [39],
a CV was recorded using a 1 M LiPF6 in EC/DMC (1:1 by volume) with the same scan
rate of 10 mV/s between 0 and 5.0 V vs. Li/Li+. Peaks at 3.7 and 4.7 V were recorded
and attributed to the passivation reaction through the formation of AlF3 on top of the
naturally present Al2O3 layer. Kanamura et al. [40] analyzed the passivation layer formed
on aluminum in a LiPF6 containing propylene carbonate electrolyte by polarizing the
aluminum to 5.5 V vs. Li/Li+. The investigations showed that the layer consists of Al2O3
and AlF3 which confirms the results of Myung et al. [39]. Further works summarized
by Zhang et al. [41] confirm that, in LiPF6 containing electrolytes, an AlF3 passive layer
forms accompanied by the oxidation of the electrolyte. Streipert et al. [42] showed, after a
long-term cycling test in 1 M LiPF6 in EC/EMC (1:1 by volume) by X-ray photoelectron
spectroscopy, that the main components of the passive layer are Al2O3 and AlF3 in addition
to minor contents of further compounds. Since the current density drops sharply with
increasing the cycle number, the assumption of passivation remains plausible and confirms
the observation made by Xia et al. [38]. In contrast to the study of Myung et al. [39], in the
present work no second anodic peak was observed. Nevertheless, the further increase in
current density at higher potentials in the 1st cycle is in good agreement with the results of
Xia et al. [38] and Egashira et al. [43] who demonstrated through the potential step method
that the current density increases almost exponentially in the potential range of 4.5–5.5 V
due to the electrolyte oxidation.
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A comparison of the 1st cycle curves reveals a wide variation in anodic current
densities between the different aluminum foils. This can be attributed to the different
specific surface areas of the aluminum foils, in line with the cross-sectional observations
shown in Figure 2 as well as the WLI images and measurements in Figure 3 and Table 2,
respectively. After one cycle, the peak between 4.0 and 4.4 V disappeared and current
densities at 5.0 V dropped rapidly with reaching similar values in the 10th cycle compared
to the state-of-the-art laboratory aluminum current collector foil. This means that the
electroformed aluminum foils passivation behavior is very satisfactory regardless of their
much higher surface area and, thus, show comparable corrosion stability like the state-of-
the-art laboratory aluminum current collector foil.

The specific surface area, as well as the structure of the foils, can be specifically
adjusted by varying the deposition parameters, depending on the application. For example,
a structured aluminum foil can be electroformed and used as a three-dimensional current
collector in an LIB on which the active mass is coated. Due to the large specific surface
area a higher loading by nominal area and, thus, a higher energy density on cell level
can be achieved. Moreover, the three-dimensional structure enables higher charge and
discharge rates to be applied, leading to higher power density. This is mainly due to a larger
interface between the active mass and the current collector and, therefore, a lower charge
transfer resistance compared to a flat current collector foil. Moreover, the three-dimensional
structure can lead to a shortening of ion and electron pathways in the electrode and, thus,
reducing of the overall resistance [44,45].

When examining the SEM images in Figure 5, it is obvious that the roughness of the
electroformed aluminum foils is strongly influenced by the grain size of the deposit and
the pores portion (cf. Figure 2). The decreasing of both roughness and pore portion by
increasing current density and/or lowering the cylinder’s rotation speed can be explained
by the dependency of the electro crystallization thermodynamics and kinetics on these
parameters: Higher current density and lower rotation speed lead to a more negative
overpotential during aluminum deposition due to concentration polarization. With an
increase in the absolute value of the overpotential, the Gibbs energy required to form a new
critical nucleus decreases. With lower Gibbs Energy the nucleation rate increases according
to Arrhenius’ law. Consequently, deposition parameters that are leading to a more negative
overpotential favor the formation of more nuclei on the surface [46–48] and lead to a denser
(less porous), finer grained and smoother deposit, which can be confirmed by our results
shown in Figures 2 and 5.

5. Conclusions

In the present work, a novel method for the manufacturing of aluminum current
collectors for lithium-ion batteries was proposed. For the first time, an electroforming
process from a chloride-based ionic liquid was used for this purpose. One major advantage
of the electroforming process is that the current collector structure can be adjusted by
choosing suitable deposition parameters. The variation of the substrate rotation speed and
the current density allows to obtain dense, compact aluminum foils with low roughness
and, thus, with low specific surface area. Yet, the main advantage is that the method
allows for a targeted additional structure in the third dimension, allowing to obtain tailor-
made highly structured foils with large specific surface area, according to the needs of the
target application.

The use of structured aluminum foils holds great promise for current and future
applications requiring high-power and energy density batteries. These foils offer several
advantages that make them particularly interesting. Firstly, they enable higher areal
active mass loading which translates into higher energy density in batteries. Secondly,
the larger interface between the active mass and the current collector potentially reduces
the charge transfer resistance. Finally, structured foils enable the shortening of ion and
electron pathways leading to a lower electrode resistance. Both lead to a higher power
density. These combined advantages make structured electroformed aluminum foils current
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collectors an attractive option for applications where high power and energy densities are
a key requirement.
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