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Surface Properties-Performance Relationship of Aluminum

Foil as Negative Electrode for Rechargeable Aluminum

Batteries

Noha Sabi,*™" Krishnaveni Palanisamy," Fatemehsadat Rahide,”” Sven Daboss,"

Christine Kranz,'“ and Sonia Dsoke*®!

Rechargeable aluminum batteries with aluminum metal as a
negative electrode have attracted wide attention due to the
aluminum abundance, its high theoretical capacity and stability
under ambient conditions. Understanding and ultimately
screening the impact of the initial surface properties of
aluminum negative electrodes on the performance and lifetime
of the battery cell are of great significance. The purity, surface
finishing and degree of hardness of aluminum metal may
strongly impact the device’s performance, but these properties
have not been systematically studied so far. Here, we present

Introduction

The ever-increasing demand for lithium-ion batteries (LIBs) have
challenged scientists and engineers to seriously develop
alternative electrochemical energy storage systems based on
more abundant and natural resources. Lithium and cobalt
which are the main LIBs components are not abundant and are
located in geopolitically sensitive areas.”

Rechargeable aluminum batteries (RABs) using aluminum
(Al) metal as the negative electrode material offers a high
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an investigation of the underestimated but crucial role of the
aluminum foil surface properties on its electrochemical behav-
ior in aluminum battery half-cells. The results show that
commercial aluminum foils with the same purity and degree of
hardness but with different thicknesses (from 0.025 to 0.1 mm)
exhibit different microstructure and surface roughness, which in
turn have an impact on the cyclability. Atomic force microscopy
studies show that the aluminum foil is corroded after repeated
electrochemical cycling, thus leading to cell failure. The sample
with 0.075 mm thickness exhibits the best cycling stability.

theoretical capacity due to the multivalent ions transfer and
have been considered as one of the sustainable and future
promising energy storage systems.”™

Al is the most abundant metallic element in the earth’s crust
(82000 ppm);*® nevertheless, Al is extracted from bauxite, and
its production requires substantial energy, leading to high
production costs that are sometimes not taken into account in
the literature.””" However, the Al recycling process is well
developed and established, still making Al a very appealing
metal."?

From an energy storage perspective, Al is able to transfer
three electrons per atom, offering the highest gravimetric and
volumetric capacities of 2980 mAhg™' and 8046 mAhcm™ (vs.
3861 mAhg™" and 2042 mAhcm™ for Li), respectively."® Com-
pared to other metals used in batteries, Al is less reactive in air
due to its high electronegativity (1.61 on the Pauling scale)."”

Despite these advantages, the development of Al batteries
faces several challenges related to the use of acidic ionic liquid
(IL)-based electrolyte solutions, which are highly corrosive and
make Al batteries sensitive to moisture. The commonly used IL-
based electrolytes are obtained by mixing AICI; salt with an
imidazolium salt, bearing long-chain organic cations such as 1-
ethyl-3-methylimidazolium (EMIm)  or 1-butyl-3-meth-
ylimidazolium (BMIm) and halogen anions (CI-, Br~ or I7)." The
molar ratio between the AICl; and the ionic liquid determines
the amount of the Al,Cl,” “active” species being the key point
for the plating/stripping performance. Efficient plating/stripping
is observed for AICl; mixed with EMImCI in a molar ratio higher
than 1,0 where the electrolyte contains ALCl,” (which
reduces at the negative electrode side, giving rise to metallic Al)
and AICl,”, which intercalates in the positive carbon-based
electrode material"® (typically graphite).

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Different positive electrode materials"®?" have been inves-
tigated and they can be classified with respect to the
mechanism of intercalation or conversion. The intercalation

mentioning that due to the manufacturing process, the AlO,
passivating layer on both sides of the foil (shiny and non-shiny)
has different thicknesses and distribution.*® This insulating

mechanism consists in the reversible intercalation of the AP™  passivation layer is responsible for the initial poor cycling
cations into a layered host, for example, in vanadium oxide,”?  performance of Al anodes, and it is the reason why acidic
in MoS; chevrel phase” in metal disulfides®™ or the electrolytes are needed to partially dissolve the oxide layer and
intercalation of AICI,” anions into a carbon material®2® such as  create plating/stripping sites on the surface. In this respect,

graphite® and graphene.®” The conversion mechanism is

reported mainly for aluminum-chalcogen batteries, such as
aluminum-sulfur batteries, which undergo a transition process
of elemental sulfur to a series of sulfides (S,>”) and polysulfides
(ALLCLLS,") with the final conversion to Al,S;.5"” One drawback of
Al batteries is the standard potential (—1.66 V vs. SHE) of Al
with its higher value compared to Li, sodium (Na), magnesium
(Mg) and potassium (K),®*>* which results in a small output cell
voltage. However, this problem could be mitigated by some
approaches. For example, a bipolar cell design has been
reported in the literature.>®

The charging mechanism of an Al 'metal-battery’ with
graphite as the positive electrode is illustrated in Scheme 1. At
the positive electrode side, the tetrachloroaluminate anions
(AICl,~, which also result from the dissolution reaction of Al
metal) are transported through the separator and intercalate
into non-occupied lattice sites of the graphite. At the negative
electrode side, aluminum plating takes place. During discharge,
the processes are inverted (AICI,~ deintercalates from graphite
and Al is stripped from the anode, regenerating Al,Cl,").

Unlike other alkali metals (e.g., Li and Na), Al suffers from
self-consumption because of its high Young’'s modulus.®”
Consequently, over long-term cycling, Al can be peeled off from
the foil surface, dissolve into the electrolyte solution and
migrate through the separator to deposit on the counter
electrode. The consumption of the Al foil may lead to electro-
lyte leakage and give rise to safety issues. It is also worth

acidic IL-based electrolyte compositions based on AICl; and
EMImCI significantly contribute to the activation of the surface
and reversible Al plating/stripping.”

Choi et al*” have investigated the electrochemical perform-
ances of Al metal as a negative electrode material with both
native and very thin aluminum oxide (Al,O5) layers. It is reported
that a thin layer of Al,O; protects the aluminum metal from
corrosion resulting in high and stable capacity values.”” In
another study, Long et al. investigated the in situ formation of
Al dendrites during battery operation. The authors claimed that
the dendrites growth occurs right after the dissolution of the
AlL,O; layer and a solid-electrolyte interphase forms.*" They
concluded that a porous Al could maintain stable capacities
over many cycles. Hence, the morphological as well as the
surface properties of the foil as negative electrode material
should have a significant impact on the cell’s operation.

Rolled Al products find applications, e.g., as current
collectors in lithium and sodium-ion batteries, also as negative
electrode material for LIBs“** and recently as negative
electrode material for RABs. Although purity is not crucial for
application as current collector in LIBs or NBs, when used as a
negative electrode in RABs, the Al purity, thickness and surface
roughness are particularly important but rarely reported in the
literature.**** It should be noted that Al foils with the same
purity but with different surface finishing or different thick-
nesses purchased from the same manufacturer may exhibit
different microstructures. The surface finishing as a selectable
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Scheme 1. Charging principle of an Al battery using graphite as intercalating positive electrode and Al metal as the negative electrode with AICI;/EMImCI as

the electrolyte (molar ratio of 1.5/1).
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parameter does not exist at most vendors and surface rough-
ness parameters are usually not specified in data sheets.

During the fabrication of Al strips, rolling processes
alternate with different annealing and abrasive cleaning
processes (as illustrated in Scheme 2), directly influencing the
surface properties. It is reported that the progression of the
surface morphology of Al during cold-rolling is mainly deter-
mined by the surface in the “as-cast” state.”® Due to physical
and mechanical properties such as yield strength, hardness,
electrical conductivity, bendability, or geometric dimensions
such as thickness, Al can be manufactured via several process-
ing routes, i.e., using two-high reversing mills or cluster mills,
abrasive brushes including chemicals in the cleaning steps.
Moreover, due to mechanical stress during rolling and brushing
in cleaning processes, the surface can be strongly deformed
resulting in the destruction of the initial grain composition.
Depending on the production sequence and production
parameters, fragmented layers can be formed, which impede
subsequent coating of the metal surface, e.g., via electro-
chemical plating. Moreover, thin commercially available foils
have two different sides due to two-layer rolling. The reasons
for single-layer or two-layer rolling depend on the rolling mill,
tensile strength, thickness and alloy, as well as company-
relevant parameters cost, time and capacity. Technically, the
thinnest foils which are rolled in a single layer are about 50 pm;
however, mainly for cost reasons, two-layer rolling is often
performed with thicknesses starting at 100 um or even higher.
For thick foils, the surface usually resembles the polished rolling
surface (Scheme 2, left picture) in contrast to two-layer rolled
foils, where only one side is affected by the polished rolling
surface, whereas the surface properties of the other side are
mainly affected by a second foil. Motivated by such differences
arising from the production process, we believe that it is highly
relevant to understand the impact of the choice of foils with
the particular surface finish on the electrochemical performance
(i.e., plating/stripping, efficiency and cycling stability).

—

Hot rolling

Casted aluminium Cold rolling

|

z/nm

200

- 200

Picking, brushing,
washing, drying

- 400

Thick foil, surface mainly affected by the —
polished roller surface

Therefore, we used a combination of different analytical
techniques, such as atomic force microscopy (AFM), scanning
electron microscopy (SEM) and X-ray diffraction (XRD), to
investigate Al foils with the same purity and degree of hardness
but different thickness and correlate the properties to the
electrochemical performance. With this study, we uncover how
all these parameters are essential for the stability of the foil
upon long-term cycling under accelerated aging conditions in
AICI;/EMImCI (1.5:1) electrolyte.

Results and Discussion
Microstructural characterization of Al foils

The surface finishing of the pristine foils was imaged using
microscopic techniques (AFM and SEM). For the sake of
simplicity, in this paper, we refer to the foils as Alx (with x=0.1,
0.075, 0.06, 0.05, 0.04 and 0.025, corresponding to the thickness
in mm). The samples were measured as received without any
prior surface cleaning or etching. AFM images (Figure 1) were
taken at three different areas of each sample (Al0.1, Al0.075,
Al0.06, Al0.05, Al0.04 and Al 0.025).

The SEM images depicted in Figure 2 reveal the micro-
structure of the pristine foils. For each foil, SEM images were
taken at three different spots, providing coherent results. The
different surface microstructure is clearly visible, and the SEM
images agree with the AFM topography images shown in
Figure 1. The Al0.1 and Al0.075 foils reflect rolling artifacts in
one direction with random spacing and visible defects. For the
Al0.06, Al0.05, Al0.04 and Al0.025 samples, the rolling stripes
appear to be less pronounced with grain boundaries. Zoomed
views also show stripes but with narrow spacing and with
random oriented domains (see e.g., 0.06 but also 0.025). These
observations are in agreement with the AFM results presented
in Figure 1. As the foils come from the same manufacturer and

Picking, brushing, .
washing, drying Cutting

Cold rolled coil

|

Annealing

= Thin foil, surface affected by another Al sheet
(surface was not in contact with the roller surface)

Scheme 2. Simplified scheme of the main manufacturing processes of rolled aluminum and how the process can affect its surface finishing.

Batteries & Supercaps 2023, 6, 202300298 (3 of 14)

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIIE8.D 8|qed![dde aLyy Aq peusenoh a1e ssppiie YO ‘8sn JO Sa|nJ oy Afeiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWIBIAL0D A8 | 1M Azl Ul |UO//SdNL) SUORIPUOD PUe SWe 18U} 89S *[£202/2T/02] Uo A%iqiTauliuo A8|IM *Auewss aueIyo0D Aq 86200£202 110 /200T OT/I0p/Wo A 1m A eiq 1 puljuoadoune-Alis IWeyd//Sdiy wolj pepeojumod ‘TT ‘€40 ‘€2299952



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202300298

- 200

-400

Figure 1. AFM topography images of the different pristine Al foils.

Figure 2. SEM images of the different pristine Al foils.

have the same purity, the different morphology should be
correlated only to the rolling process applied to reach the
required thickness during manufacturing. The XRD patterns of
the different samples are depicted in Figure S2. The Al foils
show the same sharp reflections 111, 200, 220 and 311
characteristic of the cubic close-packed structure with the space
group Fm-3 m. Interestingly, the ratio between the main
reflections 111 and 200 is not the same: lyy,,; =0.62; 1.125;
0.41; 0.214; 0.37; 0.521 for Al0.1, Al0.075, Al0.06, Al0.05, Al0.04,
Al0.025, respectively. This difference in intensities indicates that
the as-received foils do not exhibit the same microstructure. For
the AI0.075, the 200 reflection is exceptionally intense in
comparison to the 111 reflection. This difference impacts the
stability upon electrochemical cycling, as we will explain later.
Overall, the results obtained from SEM, XRD and AFM confirm

Batteries & Supercaps 2023, 6, 202300298 (4 of 14)

Al0.075

_Al0.025'

that the structure and surface properties of the Al foils vary
depending on the manufacturing process regardless of the

purity.

Electrochemical characterization via cyclic voltammetry

Figure 3(a—f) shows the cyclic voltammograms of the Al foils
recorded at a scan rate of 10 mV/s in the voltage range of
—0.5-2 V vs. Al. The CV curves look similar independently of the
Al foil. Except for the Al0.075 sample, the first CV scan shows
almost zero current density, probably due to the Al,O; layer
initially present on the foil surface, which hinders the pathways
for the ionic species.”” Starting from the 5" cycle, the plating/
stripping current densities sharply increase, indicating the

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIIE8.D 8|qed![dde aLyy Aq peusenoh a1e ssppiie YO ‘8sn JO Sa|nJ oy Afeiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWIBIAL0D A8 | 1M Azl Ul |UO//SdNL) SUORIPUOD PUe SWe 18U} 89S *[£202/2T/02] Uo A%iqiTauliuo A8|IM *Auewss aueIyo0D Aq 86200£202 110 /200T OT/I0p/Wo A 1m A eiq 1 puljuoadoune-Alis IWeyd//Sdiy wolj pepeojumod ‘TT ‘€40 ‘€2299952



Batteries & Supercaps

Research Article
doi.org/10.1002/batt.202300298

Chemistry
Europe

European Chemical
Societies Publishing

20 — 20 20;
1\ i\ | P
i b a \ b \ c
. ' A0l yan @) , ' Al0.075 1\ (b) '5-i Al0.06 F i l‘-.ﬁ ©
Ew | E1 s ! Il: e 10 1
| : | S
E 5 : g I I 5 < : \
= [ 1 = I I\ Es I
’50 o m— %‘ === = Z /. IL..r-—:.)_ ==
§—27 1 : o e I &
- b=l r 4 I
5 // 0.7V 1 E.s 0.8V | s 7/ v |
5 / } | £ /g 0.8v |
310 // ‘ 13v—1:cyc\e 3 | —1cyce | 310 / | o
5 /4 . — 5 .-CYCIE ¥ Y | ——5"Cycle / v 5" Cycle
5/ 107 Cycle || -15 1.13V— 10" ayel 15 -
e 100" Cycle 3 100™ é;cgle 113y — :Eofgcy:e
b5 L 0y 14 18 20 %3 0.0 0.5 1.0 15 20 43 0.0 05 1.0 15 2.0
Potential vs. Al |V Potential vs. Al / V Potential vs. Al/V
ial vs. :
20 20
/N T ( 20
F \ \ e) d) (f)
™ Al0.05 AN @ , ' AI0.04 . 5 . 15| Al0.025 A
E10 a S 10 | £ 7 N
5 | < 1| 310 1 |
. SHE 4N )i
= il £ ]\ 2 L
= e 7 - = = ———
g 0= | T - g0 / : T g o g — —
zs /4 i ' £ -5ﬂ/-,/ I ! z Eer |
N/ 5272 < v
10 // I —1Cycle 100 0.5V ‘I — 1% Cycle O.10 # /’ : 1% Cycle
L J " /. /
|—— 5" Cycle § —— 5" Cycle y/ —— 5™ Cycle
-5 1.13V 107 Cycle -15 1.13V 10" Cycle 15 1 13;/ 10" Cydle
o |—— 100" Cycle: - —— 100™ Cycle 2 b ——100™ Cycle
5 0.0 1.0 15 20 05 0.0 0.5 1.0 15 20 B3 0.0 10 15 2.0

0.5 K
Potential vs. Al IV

Potential vs. Al /V

0.5 .
Potential vs. Al/ V

Figure 3. CV curves of Al foils at 10 mV/s: a) Al0.1, b) Al 0.075, c) Al 0.06, d) Al 0.05, e) Al 0.04 and f) Al 0.025 recorded in AICI;/EMImCI (1.5/1) at 10 mV/s.

progressive dissolution of the passivation layer, as also reported
by other authors.”? In addition, from the 5" cycle, a sharp
oxidation peak appears during the anodic scan in the potential
region of 0.5-0.7V vs. Al for all foils. The oxidation peak
gradually shifts to around 1.1 V vs. Al, broadens and increases in
intensity over 100 cycles. This could be due to the onset of
corrosion of the Al foil and an increase in polarization, which
will be discussed later. The plating/stripping capacities and the
coulombic efficiencies of the foils are compared in Figure 4. The
first observation is that the stripping capacities are two times
higher than the plating capacities (from the 1% to the 10" cycle,
the coulombic efficiency is lower than 56%). Moreover, both
plating and stripping capacities are not stable and increase
dramatically from the 1 cycle until the 20"-30" cycles, when
they stabilize. This confirms our first assumption about the role
of the passivation layer initially present on the Al foil surfaces
and indicates how much time is required to activate the sites
for Al plating and stripping. The enlarged areas of the plating,
stripping capacities and coulombic efficiency graphs from the
30" to 100" cycles presented in Figure 4(a—c) clearly indicate
that the Al0.075 shows stable capacities and good coulombic
efficiency. The unstable plating capacity (fluctuations in
coulombic efficiency as observed for the Al0.1 and Al0.04 in the
zoomed view of Figure 4a—c) suggests random electrodeposi-
tion of Al on the surface and inevitable formation of dendrites.
After 80 cycles, the coulombic efficiency stabilizes at around
85 % for all foils except for Al0.04.

Figure 5(a-c) presents the cycling performances of the
different foils at the higher scan rate of 20 mV/s. All samples
show a similar plating/stripping trend: the capacities drastically

Batteries & Supercaps 2023, 6, 202300298 (5 of 14)

increase until reaching their maximum at the 100" cycle; after
that, they decrease slightly and stabilize until the 300" cycle.
Similar to what was observed at 10 mV/s, the stripping
capacities are higher in comparison to the plating capacities.
However, more differences in plating/stripping capacities
among the foils are observed when the scan rate is increased to
20 mV/s. Al0.075 shows the highest capacities, followed by the
Al0.06. The distinct differences in the foils’ performances
observed at 20 mV/s could be explained by deposition, which
could lead to different deposition morphologies and uneven
distribution of the dendrites. From the results obtained above,
we could claim that the stable cycling performance (stable
capacity for 100 cycles) observed for the Al0.75 is related to its
initial microstructure (this foil shows a dominant crystal
orientation at 200, unlike the other foils).

Ex-situ characterization of the aluminum foils

AFM experiments of the cycled foils were carried out to
visualize the changes in surface morphology after recording 10
and 100 cyclic voltammograms at 10 mV/s (Figure 6), respec-
tively. (The Al0.04 foil was excluded for this experiment in order
to reduce the samples number).

After 10 cycles, all Al foils show an altered morphology,
independently of the initial surface finishing. After only
10 cycles, the Al0.025 and Al0.05 samples (Figure 6e and d)
show granular features, which can be ascribed to the random
deposition of Al metal. The granular structure is more evident
in the case of Al0.025. On the other hand, after 10 cycles, Al0.06

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 4. Cycle life of the Al foils. a) Plating capacity, b) stripping capacity and c) coulombic efficiency at 10 mV/s.

and Al0.1 show cracks/fractures, which could be explained by
the severe volume changes upon plating and stripping.
Surprisingly, Al0.075 shows the least cracked/fracture micro-
structure, which we attribute to a more homogeneous Al

deposition.

After 100 cycles, all samples show the granular micro-
structure (Figure 6f—j), which is expected due to the Al
deposition. From the above results, the change in the surface of
the foils after cycling does not follow a specific trend related to

Batteries & Supercaps 2023, 6, 202300298 (6 of 14)

the thickness. This change is instead related to the surface
roughness and microstructure resulting from the manufacturing
process. For example, the Al0.025 sample exhibits (as revealed
by AFM and SEM images) a rough surface with many grain
boundaries, which are thermodynamically unstable sites for
dendrites growth, resulting in non-homogeneous Al deposition.
The foil oriented at 200 shows the most stable electrochemical
performance, which could be because this orientation is less
prone to the dendrite’s formation. This could be explained by

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIIE8.D 8|qed![dde aLyy Aq peusenoh a1e ssppiie YO ‘8sn JO Sa|nJ oy Afeiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWIBIAL0D A8 | 1M Azl Ul |UO//SdNL) SUORIPUOD PUe SWe 18U} 89S *[£202/2T/02] Uo A%iqiTauliuo A8|IM *Auewss aueIyo0D Aq 86200£202 110 /200T OT/I0p/Wo A 1m A eiq 1 puljuoadoune-Alis IWeyd//Sdiy wolj pepeojumod ‘TT ‘€40 ‘€2299952



Chemistry
Research Article Europe

European Chemical

Figure 5. Cycle life of the different Al foils in AICI;/EMImCI (1.5/1). a) Discharge capacity, b) charge capacity and c) coulombic efficiency at 20 mV/s.

the fact that the 200 has low energy barrier for Al plating and
stripping.*”

In fact, upon electrochemical cycling, Al is randomly
deposited upon plating, leading to dendrite formation and
growth along specific orientations (which is confirmed by ex-
situ XRD). At the same time, the surface roughness increases
due to Al deposition and the surface shows corrosion pits. To
some extent, after extensive plating and stripping and due to
the large amount of electrolyte used (800 pL), the dendrites are
dissolved in the acidic electrolyte leading to the generation of a
new surface manifested by decreased surface roughness. The

Batteries & Supercaps 2023, 6, 202300298 (7 of 14)

severe corrosion observed after 100 cycles is in agreement with
the shifts of the anodic peaks in the cyclic voltammograms
presented in Figure 3. After 100 cycles, the surface of all foils
dramatically changes from a smooth appearance (SEM images
in Figure 2) to defined particles at the surface (SEM images in
Figure 7). Figure 7 shows that after 100 CV cycles, the surface
exhibits a distribution of round agglomerated particles with
two features: a growth of dense particles and corrosion pits.
The Al0.075, Al0.025, and 0.1 samples have more agglomerated
particles than the other samples. By combining the AFM and
SEM results, we can conclude that the Al0.025 is more

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 7. SEM images of Al foils after 100 CV cycles in AICI;/EMImCI (1.5/1).

susceptible to dissolution upon electrochemical cycling and in
contact with the IL-based electrolyte due to the instability of
the deposited Al. This is mainly due to the presence of grain
boundaries and the likely dendrites formation along the 111
directions. Due to the low energy barrier, dendrites tend to
form according to the closed-packed plan as claimed in
literature™” After 100 cycles, the Al0.025 foil surface becomes
smoother with agglomerated particles confirming the formation
of a new surface.

As the Al foils initially exhibit different microstructures and
surface roughness, it is important to evaluate the plating/
stripping mechanism at the surface of each foil after 100 cycles.
Figure S4 shows the XRD patterns of the foils after 100 cycles
compared to the pristine ones. For all foils, we focused on the
dominant reflections, which are 111 and 200. It is observed that
the intensity of the 111 reflection decreases slightly for the
Al0.1 and Al0.75 and drastically for the other foils (after
100 cycles). This decrease is more pronounced for Al0.025,

Batteries & Supercaps 2023, 6, 202300298 (8 of 14)

which explains the generation of a new surface revealed by
AFM results.

Accelerated aging by cycling at high temperature

Considering the AFM and SEM images collected after 100 cycles
at room temperature, it is evident that the Al foil can be
dissolved and consumed upon electrochemical cycling. To get
more insights into the stability of the foils, we conducted cyclic
voltammetry at 60 °C and 80 °C (Figures 8 and 9), respectively.
At the first cycle, the plating/stripping current densities are
higher in comparison to what is obtained at room temperature.
Obviously, the density and viscosity of the IL-based electrolyte
decrease at high temperatures, improving the mobility of
ions.®? In addition, the high temperature could facilitate the
dissolution of the native Al,O, layer. However, after 12 cycles,
the Al0.025 electrode is destroyed, as shown in the inset of
Figure 8(f). The Al0.04 and AI0.05 samples deteriorate com-
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Figure 8. CV curves of: a) Al0.1, b) Al0.075, c) Al 006, d) Al0.05, e) Al0.04 and f) Al0.025 at 10 mV/s at 60 °C. Comparison of the g) plating capacities, h) stripping

capacities and i) efficiencies of the different foils at 60 °C with error bars.

pletely after 28 cycles, which is indicated by an oxidation peak
at around 1.4 V. This peak corresponds to the oxidation of the
gold-plated thermo block of the TSC surface cell (shown in
Figure S1), which is exposed to the electrolyte after the
complete corrosion of the Al sample. Finally, the Al 0.06,
Al0.075 and Al0.1 foils could withstand until 32", 38™ and 40"
cycles, respectively.

Figure 8(g and h) shows the plating/stripping capacities of
the different foils at 60°C. As also observed in the room

Batteries & Supercaps 2023, 6, 202300298 (9 of 14)

temperature experiments, the capacities in stripping are higher
than in plating, resulting in low coulombic efficiency (Figure 8i).
This result shows that the aluminum removed during oxidation
is not deposited back on the surface and it is either in the
electrolyte solution or deposited on the glassy carbon counter
electrode surface.

The coulombic efficiency, observed for all foils, is initially
extremely low (around 10%) and increases to around 25 % after
10 cycles. However, the values are not stable, as shown in
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Figure 9. CV curves of: a) Al0.1, b) Al0.075, c) Al0.06, d) Al0.05 and e) Al 0.04 and at 10 mV/s at 80°C. Comparison of the f) plating capacities, g) stripping
capacities and h) coulombic efficiencies of the different foils at 80 °C with error bars.

Figure 8(i). The highest efficiency is observed for Al 0.1, but still,
it does not exceed 50 %.

Increasing the temperature to 80°C enhances the plating/
stripping capacities (Figure 9), but unfortunately, the degrada-
tion process is also accelerated, as the foils can only withstand a
few cycles; the maximum is 33 cycles for the Al0.1. The Al0.04,
Al0.05, Al0.06 and Al0.075 are destroyed after 12%, 14™, 17" and
22" cycle, respectively. Due to its inferior durability at 60 °C, the
Al0.025 foil was not tested at 80°C. The foils exhibit an initial
coulombic efficiency of only 15 to 20% at this temperature.

The first cycle recorded at 25 °C, 60 °C and 80 °C for each foil
are compared in Figure S3, to demonstrate how the temper-
ature enhances the plating/stripping current densities. After the
first stripping process, the current increases continuously
together with the anodic polarization; a steady/constant current
evolution is observed between 2 and 0.4V where it decreases
again until the plating potential. The same trend is observed for
the following cycles (see Figures8 and 9). The observed
behavior correlates with the foil deterioration after a few cycles.
Strong oxidation (corrosion) of the aluminum, regardless of the

Batteries & Supercaps 2023, 6, €202300298 (10 of 14)

thickness or surface finishing, occurs due to the increased
temperature.

These experiments demonstrate that increasing the temper-
ature enhances the stripping process with quick Al consump-
tion during the anodic scan.

Effect of the electrolyte/electrode contact on the foils’
microstructure

In order to investigate whether the microstructure of the films
is mainly affected by the contact with the acidic electrolyte or
by the stress induced during the electrochemical experiments,
the following tests were carried out: The effect of the contact
with the electrolyte was investigated separately by immersing
the foils for the same time needed to perform 10 (6 hours) and
100 (18 hours) cycles at 10 mV/s. Al0.025 and Al0.075 showed
the lowest and highest cycling stability, respectively, so they
were used for the contact tests. The foils were immersed for
6 hours and 18 hours in the electrolyte without applying a bias.

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIIE8.D 8|qed![dde aLyy Aq peusenoh a1e ssppiie YO ‘8sn JO Sa|nJ oy Afeiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWIBIAL0D A8 | 1M Azl Ul |UO//SdNL) SUORIPUOD PUe SWe 18U} 89S *[£202/2T/02] Uo A%iqiTauliuo A8|IM *Auewss aueIyo0D Aq 86200£202 110 /200T OT/I0p/Wo A 1m A eiq 1 puljuoadoune-Alis IWeyd//Sdiy wolj pepeojumod ‘TT ‘€40 ‘€2299952



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202300298

After immersion, the surface morphology of the Al foils was
again evaluated by AFM, and the results are depicted in
Figure 10. The surface morphology of Al0.025 samples exposed
to the electrolyte for 6 h and 18 h shows only minor changes
that are within the statistical uncertainty of the measurements.
Al0.025 shows no statistically significant difference in rough-
ness, while Al0.075 shows a decrease in surface roughness with
increasing immersion time. The bar graph of mean Sa values for
both foils is shown in Figure S5 (Supporting Information).
Comparing these results with the AFM results shown in
Figure 6, it is evident that the surface roughness of all foils
increases dramatically after cycling. However, immersing the
foils for 6 and 18 hours leads to a slight decrease in surface
roughness. These opposite behaviors lead to two assumptions:

Pristine
z/nm z/nm
(a) 200 L (b) 200__
0 0
- 200 -200
- 400 - 400
z/nm z/nm
(d) ,0_ Al 0.075 RIEE
0 0
- 200 - 200
- 400 - 400

Immersed 6 h

(1) under dynamic conditions: the increase of surface rough-
ness during cycling can be explained by corrosion and the
inhomogeneous aluminum deposition on the negative
electrode in the IL-based electrolyte.

(2) under static conditions: the decrease of the surface rough-
ness upon immersion in the IL-based electrolyte is probably
due to the partial dissolution of the native Al,O; layer and
the change in the microstructure with a formation of a
smooth new passivation layer.”®
The microstructure of the immersed foils was also evaluated

by SEM and the results are presented in Figure 11. In the case

of Al0.025, the surface slightly changes after exposure to the
electrolyte for 6 and 18 hours. This result is consistent with the

decrease in surface roughness observed by AFM. After 18 h

Immersed 18 h

Figure 10. AFM images (30x30 um) of: a) Al0.025 (pristine), b) Al0.025 6 h, and c) Al0.025 18 h immersion time in AICl,/EMImCI electrolyte. d) Al0.075 (pristine),

e) Al0.075 6 h and f) 18 h immersion time in AICl;JEMImCI electrolyte.
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Figure 11. SEM images of the Al0.075 and Al0.025, a and d) as received, b and €) 6 h immersed, c and f) 18 h immersed in AICl,/EMIMCI (1.5/1), respectively.
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immersion, some clear strips (separated by 10.18 and 17.55 um)
with corrosion pits are visible. On the other hand, after 6 h and
18 h immersion of the Al0.075 foil in the electrolyte, the rolling
features (stripes) appear slightly more pronounced but have the
same appearance in terms of orientation.

To check whether the immersion of foils affects the
crystallographic orientations of the aluminum, we analyzed the
structure of the samples after 6 and 18 hours of immersion into
the IL-based electrolyte. Figure 12(a and c) show the XRD
patterns of the Al0.025 and Al0.075 as received and immersed
in the IL-based electrolyte. The normalized integrated intensity,
Py, for the 111, 200, 220, 311 and 222 reflections are calculated
following Equation (1):4%*

Phag = (Ihkl/(z Ihk/))/(lrhkl/(zlrhkl)) Q)]

where [, is the peak intensity of the (hkl) reflection of the
samples; Xl is the sum of peak intensities of the samples; Ir,,
is the peak intensity of the (hkl) reflection obtained from the
ICSD database®" and XIr,, is the sum of peak intensities. The
crystallographic orientations are presented in Figure 12(b and
d).

Comparing the variation of the crystallographic orientations
for the Al0.025 and Al0.075 foils after different immersion time
in the IL-based electrolyte, it appears that the 0.025 foil shows
more changes in the crystallographic orientations.

For the Al0.025, the corresponding 111 and 220 reflections
increase their intensities after 6 h immersion into the electro-
lyte. After 18 h immersion, the 111 decreases its intensity and
the 200 increase it. This suggests that the 200 reflection is more
affected by the immersion time. After 6 h, the reflection
intensity decreases slightly and then increases dramatically after
18 h. For the Al0.075, all reflections increase slightly after 6 h of
immersion and decrease after 18 h of immersion. From the
combined XRD, AFM and SEM results, it can be concluded that
Al0.025, with its initial surface properties/microstructure, is
more sensitive to the immersion time when in contact with the
AICI;/EMIMCI electrolyte.

In fact, the as-received foils, regardless of the thickness,
exhibit different surface properties due to the manufacturing
process. Two main features have a strong influence on the
electrochemical performance, and these are surface micro-
structure and surface roughness (grain boundaries).*? The
lower the surface roughness (fewer grain boundaries), the
better the electrochemical performance. The Al0.025 specifically
has shown instability and drastic change in the microstructure
after electrochemical plating/stripping and slight changes after
immersion into the acidic electrolyte, which leads to faster
deterioration. Dramatic changes in the microstructure are
observed for the Al0.05 and AI0.06 foils as well. We can
conclude that due to the presence of grain boundaries, the
surface of these foils is thermodynamically unstable and prone

e 111
(a) (b) 200
o 220
J | — L 2.4 @311
,5.. (= 3
8 °
2 .20 *
. = —— Al0.025_18h 5
c = Al0.025_6h -
2 & AID.025 as-received
c =4 -9
£ S 16
o -
o™ [* ] ’
N = i — @
1.2] o °
10 20 30 40 50 60 Pristine 6h 18h
20 (A=0.70926 A)
(©) 15 (d)
|
. 3.0
3 e 111
S : = 200
> Tio AI0.075_18h o 2.5 @ 220
-] -2 Al0.075_6h @ 311
E Al0.075 as-received
£
= s - 2.0 &
N &
0 3
1.5 -
— 3
2
0
10 20 30 40 50 60 1 prine 6h 18h

20 (A=0.70926 A)

Figure 12. XRD pattern of the as-received foils, immersed for 6 and 18 h in AICl;/EMImCI. a) Al0.025 and c) Al0.075. Corresponding normalized peak intensity,

P, from XRD reflections b) Al0.025, d) Al0.075 with error bars.
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to change the microstructure even when just in contact with
the acidic electrolyte.

Conclusions

In summary, we have investigated the effect of aluminium foil
surface properties (of commercial Al foils of identical purity and
from the same manufacturer) on the electrochemical properties
in an AICI;/EMImCI IL-based electrolyte.

This comparison of the foils seems trivial, but it plays a vital
role in determining the electrochemical performances of the Al-
half cell and is also important when comparing data presented
in the literature. In fact, the surface of the foils is strongly
dependent on the rolling process applied during manufactur-
ing, which results in different surface finishing. AFM measure-
ments reveal different surface roughness of the as-received
foils. The foils with the highest surface roughness (Al0.025 and
Al0.05) are unstable upon electrochemical cycling and are
quickly deteriorated, leading to safety issues (i.e., complete
consumption of the foil in some points and, consequently,
electrolyte leakage). The XRD diffractograms reveal different
microstructures of the as-received foils. The ex situ investiga-
tions align with the electrochemical data, showing that the
Al0.075 foil has the best cycling performances due to its low
surface roughness and preferred orientation (200), which is less
prone to dendrites growth. In conclusion, three important
parameters should be considered when selecting an Al foil: (1)
the surface roughness (as a rough surface with grain boundaries
induces an unstable and random Al deposition), (2) the crystal
orientation (some crystal orientations are prone to dendrites
growth) and (3) the foil thickness (due to the irreversible
consumption of the foil during long term cycling).

Experimental Section
Materials and chemicals

Electrolyte preparation

The preparation and handling of the IL-based electrolyte were

conducted in an argon-filled glovebox (MBraun, O,, H,0 < 0.5 ppm).

The preparation consists of a slow adding of AICl; (anhydrous,

Sigma Aldrich, 99,99%) to EMImCI (Sigma Aldrich, > =95%) at a

molar ratio of 1.5/1 (AICI;/JEMImCI) while stirring using a magnetic

bar at room temperature.” The final solution is a yellowish viscous

liquid.

1) Al negative electrode

2) The Al foils were purchased from Goodfellow (purity: 99%,
temper: annealed) with different thicknesses: 0.025 mm,
0.04 mm, 0.05 mm, 0.06 mm, 0.075 mm and 0.1 mm. Prepara-
tion of ex situ samples (Al negative electrodes after cycling)

After 10 and 100 cycles, the cells were disassembled inside the
glovebox. The excess of electrolyte in the electrodes was removed
by soaking/rinsing each foil three times with acetonitrile (anhy-
drous, Sigma Aldrich, 99,8%). Then, the foils were dried for one
hour in the glovebox under vacuum to remove any residues of
acetonitrile.
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Characterization of the pristine and cycled Al foils

X-ray diffraction (XRD) measurements of the aluminum foils were
performed with a STOE STADI P diffractometer (Germany) operated
with Mo—Ka1 radiation (1=0.7093 A) in rotating transmission
mode. The Al foil was covered with a kapton film under argon.

The microstructure of the Al foils were studied with a Zeiss Supra 55
Scanning Electron Microscope (SEM) with a primary electron beam
voltage of 15 keV. The samples were fixed on a steel sample holder
by using carbon sticky tape.

All AFM measurements on the pristine and cycled Al foils were
performed with an AFM microscope (Park NX10, Park Systems)
located in a glovebox in an Ar atmosphere (MBraun, O, H,0<
0.1 ppm). Morphological changes and roughness of pristine and
cycled Al foils were characterized using a closed loop scanner in
non-contact mode and were measured before and after 10 and 100
cycles in AICI;/EMIMCI electrolyte with the following thicknesses of
the Al foils: 0.1, 0.075, 0.06, 0.05, 0.04 and 0.025 mm. Experiments
were performed with high aspect ratio silicon AFM probes (PPP-
NCHR, NanoWorld AG) with a resonant frequency of 330 kHz and a
tip radius of 10 nm. Images were recorded at a scan speed of
0.7 Hz. The force constant of the cantilevers (k=42 N/m) was
determined using the thermal noise method.*” Roughness data (Sa,
arithmetic roughness) were analysed using Park’s imaging process-
ing tool for SPM data (XEI 5.2, Park Systems) from three different
spots (30x30 um, n=3).

Two-tailed nonparametric Mann-Whitney U tests for data that are
not normally distributed were performed. A significance level of
p=0.05 was selected. For the 0.025 mm Al foils at the p=00.05
level, no statistically significant difference was determined, whereas
for the 0.075 mm Al foils the difference proved to be statistically
significant.

Electrochemical measurements

The electrochemical tests of the assembled cells were carried out
with a Biologic potentiostat/galvanostat (Biologic VMP13) at a
temperature of 25°C, 60°C and 80°C in a voltage range of 0.5-2.0 V
(vs. Al) at a scan rate of 10 mV/s or 20 mV/s, respectively. High scan
rates are used because it has already been reported that the
performance of the Al/graphite system is comparable to that of
electrochemical supercapacitors in terms of power density.*™ As a
matter of example, the cyclic voltammetry curves of the Al0.025 at
1 and 5mVs™" are presented in Figure S6. The cyclic voltammetry
tests were conducted in the TSC surface cell from rhd instruments
(Germany) as a three electrodes airtight system shown in Figure S1
in the Supporting Information.
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