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ABSTRACT: In this study, we report a facile, template-free, and sustainable

upcycling route for the synthesis of alumina-based aerogels from post- Upcycling ﬂ
consumer aluminum beer can waste. The developed route employs different \!‘ synthesis_

parts of aluminum beer cans to yield phase-pure y-AIOOH and y-Al,O, . N-

aerogels with high surface area, mesoporosity, a fine microstructure of ' '
interconnected nanoflakes/nanofibers, and good thermal stability, displaying o a.umi"a'f,z;'e'zhaemgas
properties that are comparable, or even superior to, those of control samples ll l 3 supercapacitors
prepared from high-purity AICl;. Notably, we demonstrate that incorporation o

of impurities from the can alloy composition, particularly Mn, influences the e s . \
optical, structural, and electrochemical behavior of prepared alumina-based L serapetos
aerogels, leading to a significantly improved energy storage performance in 0 Nt A
comparison to aerogels prepared with high-purity precursors. These findings

it o o
Power density (W/Kg)

establish a circular-economy-based approach to upcycle aluminum packaging
waste into advanced, nanostructured aerogel materials with promising applications in energy storage, catalysis, thermal insulation,
adsorption, sensing, and optical devices.
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1. INTRODUCTION increased global consumption and rising waste generation
create an urgent necessity for innovative and sustainable
solutions for material reutilization and a circular economy.
Aluminum is the most utilized non-ferrous metal in the world,
with worldwide annual production exceeding 72 million tons in
2024, according to International Aluminum Institute (IAI)
data.” Primary production of aluminum involves bauxite
mining and metal smelting, processes that are energy-intensive
and major greenhouse gas emitters. In fact, estimates indicate
that primary aluminum production emits seven to nine times
more CO, per ton of metal produced than steel.”® On the
other hand, secondary production by aluminum recycling can
save up to 93% in energy in comparison to primary production.
Thus, reutilization of post-consumer aluminum scrap has a key
role in achieving sustainable aluminum circular economy. In
particular, post-consumer aluminum beverage cans constitute

Aerogels are a unique class of nanoporous materials created
through the controlled drying of gels by replacing the solvent
entrapped in gel pores with air, employing special drying
conditions (e.g., supercritical drying and freeze-drying, among
others) to prevent shrinkage and pore structure collapse. The
as-obtained 3D monolithic structures are characterized by high
surface area, high pore volume, interconnected pore structure,
and low densi’fy.1 Metal oxide aerogels, in particular, exhibit a
unique set of textural, optical, structural, and surface
properties, enabling exceptional performance in applications
such as catalysis, water treatment, photonic technologies,
energy applications, and thermal insulation.””* However,
traditional metal oxide gel synthesis routes often rely on
expensive, toxic, and humidity-sensitive precursors,” which
may increase costs and hinder large-scale production. In this
context, the development of alternative synthesis routes that
utilize raw materials or even recycled waste for the preparation Received:  May 25, 2025 égf,}glqg!f
of high-quality functional aerogel materials for various Revised:  October 2, 2025
applications is of great interest.’ Accepted:  October 3, 2025
Solid waste management is one of the greatest environ- Published: October 8, 2025
mental challenges facing modern society. While recycling
processes for some materials are well developed worldwide,
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an important type of aluminum waste considering their
widespread usage in food industry, constituting up to 90% of
beverage cans produced worldwide.” While recycling of post-
consumer aluminum cans is a well-established process, there is
still room for improvement with respect to both regulations
and technological advances. Estimates indicate that roughly
70% of such waste is recycled worldwide,” and the presence of
alloying elements in the different Al-based alloys employed to
manufacture beverage cans can be problematic for complete
recycling, as it is often necessary to supplement primary-
produced aluminum to adjust impurity concentrations.'”""

In this context, upcycling emerges as an attractive approach
to prepare functional advanced materials by reutilizing plastic,
metal, or inorganic mineral waste.' "3 Although several studies
have reported the use of aluminum waste to prepare functional
materials,"* " few have explored the preparation of aerogels
from recycled aluminum. For instance, in 2023, the Duong
group reported the preparation of Al metal/carboxymethyl/
polyacrylic acid composite aerogels by grinding commercial
aluminum foil into a fine powder, dispersing it into the
polymer binders to form a hydrogel, and processing it by
freeze-drying, characterizing it more precisely as a “cryogel”.”!
The same group employed a similar freeze—drying approach for
the design of AI(OH),/PVA composite aerogels.”” While these
methods produce materials with excellent performance for
thermal insulation and oil absorption, the proposed approaches
are dependent on the addition of polymer binders and
templates and are limited to commercial aluminum foils. The
present study proposes effective utilization of post-consumer
aluminum cans to design alumina-based aerogels without
polymer binders, particularly focusing on the previous
unexplored role of impurities on the properties of the prepared
functional materials. We report a facile template-free upcycling
approach to prepare y-AIOOH (boehmite) and y-Al,O4
nanocrystalline aerogels from post-consumer aluminum beer
cans and show their application as electrochemical capacitors.
Importantly, we demonstrate that aerogel materials derived
from upcycled beer cans exhibit improved electrochemical
storage performance compared with aerogels produced via the
conventional route with high-purity precursors. This enhance-
ment is mainly attributed to the advantageous presence of the
Mn alloying element in the aluminum alloy employed in beer
cans. Moreover, the developed alumina-based aerogels by the
upcycling route show high surface area, high pore volume, fine
microstructure of interconnected nanoflakes/nanofibers, crys-
talline phase purity, and good thermal stability, making them
interesting candidates for various other applications, including
catalysis, adsorption, sensors, and optical devices.

2. EXPERIMENTAL SECTION

2.1. Aerogels Synthesis. Post-consumer aluminum beer cans
from various local brands were collected, washed, and sanded to
remove the paint layer. After the cans were sanded to completely
remove the outer paint layer, each part was cut into small pieces to
facilitate dissolution. The different can parts (1.08 g) were dissolved
in 20 mL of concentrated HCI (37%, Exodus) under stirring at room
temperature for 24 h, followed by simple filtration to obtain clear,
bright yellow aqueous metal chloride precursor solutions. To prepare
the Al,Oj-based gels, a facile epoxide-assisted gelation method was
employed. Briefly, 2 mL of the precursor solution was mixed with 8
mL of absolute ethanol (99%, Synth) in a centrifuge tube and
homogenized by shaking. To promote gelation, 4 mL of propylene
oxide (97%, Sigma-Aldrich) were added. After further homogeniza-
tion, the resulting solution was quickly poured into molds and left
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undisturbed to gel within a few minutes. Control samples were also
synthesized using a conventional sol—gel method with high-purity
AICl; (99% Sigma-Aldrich) as the aluminum source. For this
synthesis, the gels were prepared following the same route described
above, with the only modification being the use of 0.53 g of AICl;
instead of the precursor solution derived from recycled cans.

After gelation, two different solvent exchange and drying
procedures were employed to obtain alumina-based aerogels,
designated as procedure A and procedure B. Procedure A began
with aging and solvent exchange of the gels in an absolute ethanol
bath for 7 days, with the solvent being replaced each 24 h. The
ethanol-soaked gels were then subjected to a supercritical CO, drying
step by using an E3000 critical point dryer (Quorum Technologies).
Solvent exchange with liquid CO, was performed for 4 h, followed by
supercritical drying at 45 °C and a pressure of 1200—1300 psi for 1 h,
followed by slow venting. Procedure B aging and solvent exchange of
the gels was carried out in an isopropanol bath for 7 days, with the
solvent being replaced each 24 h. For these isopropanol-soaked gels,
the supercritical CO, drying process was carried out in an Autosamdri
931 critical point dryer (Tousimis). Solvent exchange with liquid CO,
was performed for 2 h, followed by supercritical drying at 31 °C and a
pressure of 1100 psi for 1 h, followed by slow venting. After drying,
the aerogel samples were subjected to thermal treatments in a muffle
furnace at a heating rate of 10 °C-min™' under an ambient
atmosphere. The samples were heated to temperatures of 600 °C,
800 °C, and 1000 °C for 2 h to investigate the formation of crystalline
Al)O; phases. Table 1 summarizes the different aerogel samples

Table 1. Summary of Prepared Aerogel Samples, Detailing
Sample Codes, Precursor Sources, Thermal Treatment
Temperature, and Drying Procedures”

Aluminum can part Thermal
Sample or precursor treatment Drying Specific
code employed temperature  procedure capacitance
Al body as-prepared A 212 mF ¢!
Al 600 body 600 °C A
Al 800 body 800 °C A
Al body 1000 °C A
1000
A2 lid as-prepared A 217 mF g™
A3 bottom as-prepared A 230 mF ¢!
Bl body as-prepared B 715 mF ¢!
B1 600 body 600 °C B 413 mF g™
B1 800 body 800 °C B 1443 mF g~
Bl body 1000 °C B 1098 mF g™
1000
Ct AICl (control as-prepared B 611 mF ¢!
sample)
Ct 600  AICl; (control 600 °C B 609 mF ¢!
sample)
Ct 800  AICl (control 800 °C B 687 mF ¢!
sample)
Ct 1000 AICl, (control 1000 °C B 249 mF ¢!
sample)

“Specific capacitance values for selected samples are also shown and
discussed latter on the Electrochemical Analyses section.

prepared, including their respective sample codes, the recycled
aluminum can parts used to prepare the precursor solutions, thermal
treatment temperature, and the drying procedures employed.

2.2. Structural, Chemical Composition, and Electrochemical
Analysis. Experimental details for the characterization of structural,
chemical composition and electrochemical properties of prepared
aerogels are given the Supporting Information.**~>*

3. RESULTS AND DISCUSSION
3.1. Synthesis, Compositional Analysis, and Impur-
ities Presence. The reaction between Al-containing can

https://doi.org/10.1021/acssusresmgt.5c00216
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Figure 1. (a) Illustrative scheme showing different parts of aluminum beer cans used to prepare alumina-based aerogels. Photographs showing the
(b) physical appearance and color of aerogel monoliths prepared using different parts of aluminum beer cans (A1—A3 samples) and (c)
transparency of aerogel pieces (Al sample). Elemental composition and optical absorption of alumina-based aerogels derived from different
aluminum can parts. (d) Comparison of transition metal impurities in aerogel samples determined by ICP—MS, highlighting increased Mn and Fe
content in body- and bottom-derived aerogels (Mg concentration was omitted for better comparison of transition metal impurities). (e) DRS-UV-
Vis electronic absorption spectra displaying absorption bands in the visible region, associated with Mn(II) and Mn(III)-related electronic

transitions.

pieces dissolved in concentrated HCl in the precursor solutions
produces AICl; and releases hydrogen gas, according to eq 1

ZAI(S) + 6HCI(aq) d 2A1C13 ) + 3H2(g)

(1)

This dissolution method offers an energy-efficient approach
to metal recycling, as part of the energy invested in aluminum
production can be recovered in the form of H,, which can be
integrated into the hydrogen economy,”**” while the resulting
dissolved metal chloride species serve as precursors for
material synthesis. Al,O;-based gels were obtained by the
dissolution of precursor solutions in ethanol, followed by the
addition of propylene oxide. This approach is based on the
Gash method,” also known as the epoxide-assisted gelation
method, in which propylene oxide acts as a proton scavenger,
gradually increasing the pH of the medium and promoting the
controlled hydrolysis and condensation of metal salt species.
The ring-opening reaction of protonated epoxide intermediates

(aq
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with chloride ions drives the equilibrium irreversibly toward
the formation of the stable 1-chloro-2-propanol molecule,
ensuring continuous proton capture. The homogeneous
gradual alkalinization promotes hydrolysis and subsequent
condensation of aluminum aquohydroxo complexes. Con-
densation then proceeds via olation or oxolation mechanisms,
leading to the formation of aluminum oxo-hydroxide networks
and ultimately resulting in gelation®***’ (mechanisms shown
in Figure S1). The developed upcycling synthesis allows the
preparation of aerogels via a facile and sustainable route,
involving room-temperature steps and avoiding the use of
high-purity precursors such as aluminum alkoxides and pure
AICl;. This represents an important step towards sustainability,
as the production of high-purity precursors typically involves
multi-step synthesis routes and is energy-intensive. For
instance, high-purity AICl; is usually prepared by reacting
metallic aluminum with chlorine gas under controlled

https://doi.org/10.1021/acssusresmgt.5c00216
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conditions at high temperatures (670—850 °C),”* making the
process costly, energy-demanding, and environmentally
challenging.

The resulting alumina-based gels were then subjected to
solvent exchange and supercritical drying to yield aerogel
monoliths, preserving the three-dimensional network and pore
structure (Figure 1), with porosity estimated to be around
97.4% (see Supporting Information). The resulting aerogels
exhibited different colors depending on the aluminum can part
(Figure 1la) used to prepare the precursor solution. While
conventional alumina aerogels are typically whitish, aerogels
derived from the body and bottom parts of aluminum cans
displayed a distinct reddish color (Figure 1b) and partial
transparency (Figure 1c). This variation is likely due to
differences in alloy composition, as aluminum can parts are
manufactured using different Al-Mg—Mn alloys'" designed to
enhance mechanical properties and corrosion resistance.
Consequently, these alloying elements were extracted from
recycled cans and incorporated as impurities into the alumina-
based matrix during the sol—gel synthesis. To investigate the
presence of these impurities, we conducted chemical
composition analysis of the prepared aerogels using XRF
(Table 2) and ICP—MS (Table S1 and Figure 1d). Table 2

Table 2. Bulk Oxide Composition (Weight Fraction, %)
Determined by XRF Semi-Quantitative Analysis for
Alumina-Based Aerogel Samples Prepared Using Different
Parts of Aluminum Beer Cans

Al (body) A2 (lid) A3 (bottom) B1 (body)
oxide (%) (%) (%) (%)
ALO, 91.8 86.1 93.0 98.2
MnO 0.4 0.2 0.4 0.6
Fe,0, 03 0.1 0.3 0.3
CaO 1.2 1.3 0.8 0.2
MgO 1.8 40 13
Cl 34 6.6 3.1
P,0; 02 0.1 03
SiO, 0.2 0.3 0.2 0.2
TiO, 0.9 0.9 0.6 0.2
ZnO 0.1 <0.1
CuO 0.1 0.1 0.1
K,0 0.1

presents the bulk semiquantitative chemical composition
determined by XRF for alumina-based aerogels prepared
from different can parts and processed using solvent exchange/
drying process A (Al1—A3), along with a reference sample
prepared from the body part and processed using solvent
exchange/drying process B (B1). XRF analysis revealed the
presence of several impurities, predominantly Mg, Mn, Fe, Cl,
Ca, and Ti. The proportion of these impurities, along with the
final Al,O; content, was influenced by both the can part used
and the drying process. Aerogels prepared from the body (A1)
and bottom (A3) parts exhibited higher Mn and Fe contents,
with the Al,O; content reaching up to 93%. In contrast, the
sample prepared from the lid (A2) contained higher Mg levels
and exhibited the lowest concentration of AL,O; (86%). Cl is
most likely present due to the HCI treatment and remains
adsorbed on the surface as Cl” ions since no residual metal
chloride phases were detected by XRD (shown later).

For a more accurate quantification of impurities, the samples
were digested, and their elemental composition was
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determined using ICP—MS (Table S1 and Figure 1d). The
ICP—MS data confirmed Mg, Mn, Ti, Fe, Zn, and Cu as the
major metal impurities in the Al,O;-based aerogels, revealing
that the sample prepared from the lid contained three times
more Mg (up to 18.5 g/kg or 1.85%) than the other samples.
Conversely, transition metal impurities such as Mn and Fe
were more abundant in aerogels prepared from the body and
bottom parts (Al and A3), which likely contributes to their
reddish coloration. This is further supported by diffuse
reflectance UV—vis spectroscopy (DRS-UV-vis) data (Figure
le), which reveal an electronic absorption band in the 400—
600 nm region, particularly well-defined for these samples.
These absorption features can be attributed to d—d electronic
transitions of Mn dopants incorporated into the alumina
lattice, resembling absorption features observed for Mn**'-
doped AL0,.°"”” The observed differences in aerogel
composition are directly related to the distinct aluminum
alloys used in beer can manufacturing. While the body and
bottom parts are typically made from Mn-rich AA3004 alloy
(containing up to 1.3% Mg, 1.5% Mn, 0.7% Fe, 0.3% Si, 0.25%
Cu, 0.25% Zn, and 0.15% other elementsw), the lid is generally
made from Mg-rich AAS182 alloy (containing up to 5.0% Mg,
0.5% Mn, 0.35% Fe, 0.2% Si, 0.15% Cu, 0.25% Zn, 0.10% Ti,
0.10% Cr, and 0.15% other elements'’). Finally, it is important
to note that the solvent exchange-drying process also
influenced the overall purity and composition of the aerogels.
Compared to sample Al, sample Bl exhibited the highest
Al,O; content of 98.2%, increased Mn, and reduced Ca, Mg,
and CI content. These results suggest that solvent exchange
using isopropyl alcohol in procedure B was more effective for
the removal of Ca** and CI” impurities (probably adsorbed on
the gel surface) before supercritical drying, whereas the ethanol
solvent exchange used in procedure A retained more residual
contaminants. Moreover, to the best of our knowledge, this is
the first study to investigate the influence of each can part on
the properties of alumina-derived materials, highlighting the
important effects of chemical composition. Nevertheless, while
such a systematic evaluation was necessary at the laboratory
scale, separating can parts in large-scale industrial processes
can be time- and energy-consuming, underscoring the
importance of future studies evaluating materials prepared
from fully processed unsorted aluminum cans.

3.2. Structural Analysis (FTIR, XRD, and TEM). FTIR
(Figure 2a) and powder XRD (Figure 2b) analyses were
conducted to characterize the chemical bonding and crystalline
structure of the prepared alumina-based aerogels as well as
their evolution with thermal treatments. For the as-prepared
aerogel, four distinct vibrational absorption bands are present
in the 400—1000 cm™" region (marked with * in Figure 2a),
which can be assigned to different vibrational modes of AlI-O
and Al-O-—Al bonds in AlOg4 octahedral units within the
boehmite (y-AIOOH) structure.*** Upon thermal treatment,
these absorption bands become broader, which may be related
to the conversion of boehmite into crystalline Al,O; via
dehydroxylation.”*** This inference is further corroborated by
the evolution of the infrared absorption band at 1072 cm™,
assigned to the JOH deformation vibrational mode in Al-OH
sites of boehmite.”> This band diminishes in intensity with
increasing thermal treatment temperature and is absent in the
sample treated at 1000 °C. A corresponding decrease in
intensity is also observed for the broad absorption band
centered at 3447 cm™!, which corresponds to vOH
stretching.35 Finally, the absence of additional absorption

https://doi.org/10.1021/acssusresmgt.5c00216
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Figure 2. Structural characterization and phase transformation of alumina-based aerogels prepared from recycled beer cans: (a) FTIR spectra and
(b) XRD patterns of alumina-based aerogels (sample batch A1) as-prepared and thermally treated at 600 °C, 800 °C, and 1000 °C, confirming the
phase evolution from boehmite (y-AIOOH) to y-ALO;. (c) SEM, (d) TEM, and (e) HRTEM micrographs of the y-Al,O; aerogel (Al batch,
treated at 600 °C). Mn K-edge XANES data: (f) comparison of Mn K-edge XANES spectra of manganese compounds standards to the
representative spectrum of the y-Al,O; aerogel (sample B1 treated at 1000 °C). (g) Mn K-edge XANES spectra of alumina-based aerogels (B1

batch) treated at different temperatures.

bands, aside from the adsorbed water bending vibration at
1635 cm™!, indicates the high purity of alumina-based aerogels
from recycled cans, confirming that the process effectively
removes organic contaminants and yields template-free
materials.

XRD data (Figure 2b) confirm that the as-prepared aerogels
crystallize in the boehmite (y-AIOOH) phase, as indicated by
the indexed diffraction pattern (ICSD #27865).>° Consistent
with FTIR analysis, the evolution of XRD diffractograms
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reveals the phase transformation of boehmite into y-Al,O4
(ICSD #603780)” upon heat treatment above 600 °C, with
the transition becoming complete at 1000 °C. Boehmite (y-
AlOOH) has a layered structure composed of Al-O—H sheets,
where aluminum cations are coordinated in AlOg4 octahedra
interconnected through edge-sharing, forming layers that are
held together by hydrogen bonding between hydroxyl groups.
Upon thermal treatment, the dehydroxylation process induces
the phase transformation of boehmite into y-Al,O; through the
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Figure 3. Electrochemical analysis of alumina-based aerogels prepared from recycled beer cans: (a) cyclic voltammetry at scan rates of S, 10, S0,
and 100 mV/s for representative alumina-based aerogel sample prepared from recycled beer cans (B1 treated at 800 °C); (b) stability of 600 cycles
assessed via cyclic voltammetry at a scan rate of 100 mV/s for representative alumina-based aerogel sample prepared from recycled beer cans (B1
treated at 800 °C); (c) charge and discharge curves for alumina-based aerogels from recycled beer cans (B1 batch); (d) Nyquist plots alumina-
based aerogels from recycled beer cans (B1 batch) treated at 600 °C, 800 °C, and 1000 °C; and Ragone plots for (e) alumina-based aerogels from
recycled beer cans (B1 batch) and (f) control aerogels prepared with pure AICL; treated at 600 °C, 800 °C, and 1000 °C.

gradual partial occupation of vacancies by the diffusion of AI**
and O*” ions (reaction mechanism), as proposed by Luo based
on electron diffraction data.”® While the exact structure of -
ALO; remains under discussion,” it is most commonly
described as a defective cubic spinel structure with space
group Fd3m,”” where aluminum cations occupy both
tetrahedral and octahedral sites and intrinsic cation vacancies

are required to satisfy the 2:3 stoichiometry.* Additionally, a
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tetragonal distortion of the cubic structure into I4,/amd is
frequently proposed based on neutron diffraction, transmission
electron microscopy,*' and XRD data.*” It is important to note
that the XRD data of alumina-based aerogels prepared from
cans indicate the presence of only boehmite or alumina, with
no detectable secondary crystalline phases associated with the
inorganic contaminants identified by XRF and ICP—MS
analyses. This observation may be attributed to the low
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concentrations of such potential phases, falling below the XRD
detection limit, or to the incorporation of impurities as dopants
within the y-AIOOH or y-AL O, crystalline lattices.

Figure 2c shows a representative SEM micrograph of the
prepared y-Al,O; aerogel, depicting the surface texture of an
open-porous structure with a flake-like morphology. B1 batch
aerogels (Figure S2) exhibited a slightly more compact
structure compared to the Al batch sample (Figure 2c),
indicating the influence of the drying procedure on the
microstructure. The open-porous architecture was largely
retained after thermal treatment up to 800 °C; however, a
significant reduction in porosity was observed after treatment
at 1000 °C (Figure S2). Figure 2d,e displays TEM and
HRTEM micrographs at different magnifications for y-Al,0,
aerogels (treated at 600 °C). TEM micrographs reveal that
aerogel consists of a 3D network of interconnected nanoflakes
of variable lengths. HRTEM images reveal that these
nanoflakes exhibit a fibrous structure with a diameter of less
than S nm. Such a unique microstructure was previously
observed in Al,O; aerogels synthesized using a pure AICI;
precursor and the epoxide-assisted gelation method, as
reported by Baumann and co-authors.” This indicates that
impurities from recycled cans do not alter the aerogel
microstructure, allowing the formation of a fine nanostructure
from a lower-purity aluminum source. Moreover, comparison
between TEM/HRTEM micrographs of y-AIOOH and y-
ALO; aerogels (Figure S3) reveal that the microstructure
remains practically unchanged after thermal treatment, aside
from the increased crystallinity of the nanoflake structure in
the y-Al,O; aerogel compared to that in the y-AIOOH aerogel.
This behavior points to the high thermal stability of the
prepared aerogels and reflects the topotactic phase trans-
formation of boehmite to y-Al,O; via thermal dehydration,
which commonly preserves the original morphology and
microstructure of the crystallites.”>*

Due to its importance for electrochemical performance, the
chemical state of the Mn species in the prepared alumina-based
aerogels was investigated by XPS and Mn K-edge XANES. The
XPS spectrum of a representative y-Al,0; aerogel sample
(Figure S4) confirms the presence of Mn surface species,
showing a Mn 2p;,, peak at a binding energy of ~642.4 eV,
consistent with values reported for MnO, species supported on
7-ALO;.** Further insights into the oxidation state of Mn
species were obtained from Mn K-edge XANES, as the
absorption edge energy (E,) is sensitive to oxidation state,* as
shown by comparison with standard compounds (Figure 2f
and Table S2). The Mn species in alumina-based aerogels
exhibit E, = 6547.5 + 0.5 eV, which closely matches the
Mn;0, standard (6547.5 eV), indicating the coexistence of
Mn(II) and Mn(III). Upon thermal treatment, the main
absorption peak gradually shifts toward higher energies (Figure
2g), suggesting the partial oxidation of Mn(II) into Mn(III).
Finally, the relatively pronounced pre-edge feature (1s — 3d
transition) suggests the occupancy of Mn in sites with
distorted octahedral or tetrahedral symmetry.***

3.3. Porous Structure and Textural Properties
Analysis. The porous structure and textural properties of
the prepared alumina-based aerogels were investigated by using
N, physisorption analysis. The corresponding isotherms, pore
size distributions, and textural parameters, determined by the
BET and BJH methods, are presented in Figures S5 and S6 and
Table S3. All observed isotherms correspond to type IV in the
IUPAC classification,*® confirming the mesoporous nature of
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the materials. The hysteresis loops are classified as H1,*® which
are typically associated with a relatively uniform pore size
distribution, consistent with an interconnected pore structure
without pore blocking. BJH pore size distribution indicates
that most materials exhibit a broad distribution of large
mesopores centered around 50 nm, with the exception of the
sample treated at 1000 °C, which shows a narrower
distribution centered near 30 nm, likely due to the collapse
of larger mesopores. As-prepared y-AIOOH aerogels exhibit
high specific surface area (SA) and pore volume (PV) values,
ranging from SA: 250 m> g_l, PV: 0.89 cm® g_1 to SA: 470 m?
g™, PV: 470 cm® g, depending on the can part used and the
drying procedure employed. A comparison of the data for the
Al and Bl batch samples reveals that procedure A results in
materials with approximately 64% higher SA (411 m?* g™
versus 250 m* g”') and 4.7 times higher PV (4.19 cm® g™
versus 0.89 cm® g7') compared to the sample prepared using
procedure B. As discussed later, sample batch B showed
improved performance for supercapacitor applications, which
may be due to the enhanced Al,O; purity and increased
presence of Mn as dopant. However, for other potential
applications that are directly influenced by specific surface area,
such as catalysts,”** supports,*”** and adsorbents,”" samples
prepared with procedure A may be more suitable. Additionally,
both the B1 and control samples, synthesized using procedure
B, exhibit similar SA and PV values, indicating that recycled
post-consumer aluminum cans, despite being a low-purity
aluminum source, can also yield high-surface-area aerogels.
The isotherm shape for aerogels prepared from beer cans
remains largely unchanged after thermal treatments (Figure
SS), indicating that the overall mesoporous structure is
thermally stable and preserved after annealing. While the
initial conversion of y-AIOOH aerogels into the y-Al,O;
crystalline phase at 600 °C results in minimal changes in SA
and PV values, more significant decreases are observed at 1000
°C. This is further corroborated by SEM and BJH analysis,
which indicated that the porous structure is stable up to 800
°C.

3.4. Electrochemical Analysis. Representative electro-
chemical analysis data for alumina-based aerogels prepared
from recycled beer cans are summarized in Figure 3, while
additional data (including for control aerogel samples) are
presented in the Supporting Information (Figures S7—S12).
The cyclic voltammograms of the alumina-based aerogels
prepared from recycled beer cans are shown in Figures 3a and
S7. As expected, increasing the scan rate raises the current
response due to ion mi§ration limitations, leading to reduced
electrode capacitance.”” The CV curves display a nearly
rectangular shape, characteristic of electrical double-layer
capacitance but also show sloping profiles with broad redox
features around 0.2 and 0.6 V, more prominent in the 1000 °C
treated sample.”® These deviations from ideal EDLC behavior
indicate pseudocapacitive contributions, which arise from
Faradaic processes, most likely associated with the presence
of transition-metal impurities, particularly Mn, which exists as
mixed-valence Mn®'/Mn>" species, as confirmed by XANES.
The stability of the alumina-based aerogel electrodes was
measured through cyclic voltammetry, evaluated at a scan rate
of 100 mV/s (Figures 3b, S9, and S10). Notably, the current
response remains stable over 600 cycles for all samples, with
overlapping voltammetric curves, indicating excellent electro-
chemical stability, which is essential for supercapacitor
performance.
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The specific capacitances of the alumina-based aerogel
electrodes were calculated at each scan rate applied during
cyclic voltammetry (Figure S11). Since diffusion limitations
occur at higher scan rates, our discussion focuses on the
specific capacitances measured at a scan rate of S mV/s, with
these values for the different aerogel electrodes shown in Table
1. A comparison of the data for as-prepared y-AIOOH
(boehmite) aerogel samples reveals that samples prepared
using solvent exchange/drying procedure B displayed up to 3.3
times higher specific capacitance compared to those prepared
through procedure A, which showed relatively low specific
capacitances regardless of the can part employed for the
synthesis, even though procedure A led to significantly higher
specific surface area aerogels. A possible explanation for this
behavior is the lower purity of the aerogels prepared using
procedure A (86—93% Al,O,), which XRF analysis revealed to
have increased concentrations of Ca, Cl, and Mg impurities. In
contrast, the Bl sample showed an Al,O; content of above
98%, along with a higher Mn impurity content. Ca, Cl, and Mg
impurities may alter the surface and electronic properties of the
aerogels, for instance, by blocking surface-active sites or
modifying local electrode/electrolyte interactions, which could
negatively impact ion transport, ultimately reducing charge
storage capability. On the other hand, Mn impurities could
contribute to the improved specific capacitance of alumina-
based aerogels, considering that MnO, materials exhibit
pseudocapacitive behavior through fast and reversible surface
redox reactions.”* MnO, species have been shown to enhance
the electrochemical performance of nanocomposite electrodes,
particularly when combined with porous metal oxides or
carbon-based materials.”>~>* Given the superior performance
of the B1 sample compared to that of the A1—A3 samples, the
following discussion will focus exclusively on Bl-derived
samples and the control aerogel prepared by using pure
AICl; with the same solvent exchange/drying procedure
(procedure B).

When analyzing the data for alumina-based aerogels
obtained by upcycling post-consumer beer cans (B1 batch),
an increase in specific capacitance with higher heat treatment
temperatures is observed, reaching an optimal value for the y-
AlO; aerogel treated at 800 °C. This behavior can be
attributed to the formation of a material with increased
crystallinity while maintaining a high active surface area and
pore volume as well as preserving the interconnected
mesoporous structure, which enhances ion flow from the
electrolyte to the electrode. In contrast, specific capacitances
remain relatively stable for the control aerogel samples, with a
more pronounced decline observed for the aerogel calcined at
1000 °C due to its reduced surface area. This distinct behavior
of the control aerogel samples as a function of thermal
treatment temperature might be related to the trade-off
between increased crystallinity and reduction in specific
surface area induced by thermal treatment. In fact, the Bl
sample demonstrated slightly higher resistance to thermal
treatment, with its surface area decreasing from 250 m? g_l to
149 m? g_1 after treatment at 800 °C, whereas the control
aerogel sample showed a more significant reduction, from 247
m? g_1 to 115 m? g_l. Moreover, the B1 800 aerogel exhibited
a 110% higher specific capacitance compared to the control
aerogel sample treated under the same conditions (Ct 800),
indicating that the Al,O;-based aerogel prepared via upcycling
synthesis displays superior electrochemical performance. This
remarkable result can be attributed to the presence of MnO,,
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impurities, derived from the aluminum beer can alloy, which
enhance electrochemical charge storage by introducing
pseudocapacitive properties in addition to the double-layer
supercapacitor behavior, as previously discussed.

The charge and discharge capacity (Figures 3c and S12) of
the alumina-based aerogel electrodes was evaluated at a current
density of 0.5 A/g linear behavior, with fast charge and
discharge times, as observed for all Al,Oj-based aerogels,
regardless of the heat treatment performed on the aerogels.
The profile obtained from these aerogels by this technique may
be an indication of a high-power delivery, at fast time rates,
when applied in supercapacitors.'® The impedance spectros-
copy technique was used to obtain the Nyquist diagrams of the
aerogel electrodes, which are presented in Figures 3d and S12.
All the profiles seen in the diagram are similar, exhibiting an
absence of semicircles at high frequency and a straight-line
inclination along the —Z” axis, suggesting a diffusion-limited
capacitance at low frequencies, but a predominant double-layer
capacitive behavior. It is also observed that the angles of
inclination of the straight-line are very similar for all aerogels,
resulting in the same impedance module, which can be
described in an equivalent circuit consisting of an ideal
capacitor and a parallel resistance.”

Using the calculated energy density (Wh/kg) and power
density (W/kg) values for the aerogel electrodes, a Ragone
plot (Figure 3ef) was constructed to visually assess the
applicability of these materials as electrodes in energy storage
devices. Analyzing the Ragone plot in Figure 3e, which
corresponds to alumina-based aerogels derived from recycled
beer cans (Bl batch), all samples fall within the desirable
region for supercapacitor applications, confirming their
suitability as energy storage materials. In contrast, although
most of the control Al,O; aerogels synthesized from pure AlCl,
fall within the supercapacitor region (Figure 3f), the ALO,
aerogel calcined at 1000 °C exhibits both low power and high
energy densities, making it unsuitable for supercapacitor
applications. Another important observation is that aerogels
derived from recycled aluminum exhibit higher energy and
power densities compared with those synthesized from pure
AICl;. This enhanced performance may be attributed to the
presence of MnO, impurities, which could contribute to
pseudocapacitive charge storage in addition to double-layer
capacitance, further supporting their potential as promising
electrode materials for supercapacitors.

4. CONCLUSIONS

In this study, we demonstrate a sustainable and template-free
upcycling strategy for the synthesis of phase-pure y-AIOOH or
7-Al,O; aerogels using different parts of post-consumer
aluminum beer cans as precursor sources. Due to differences
in alloy composition, the bottom and body parts yield Mn-rich
aerogels, while the lid parts result in Mg-rich aerogels. Solvent
exchange and drying of ethanol-soaked gels yield aerogels with
high surface areas (up to 470 m* g™') and high pore volumes
(up to 4.7 cm® g™'), whereas isopropanol-soaked gels produce
aerogels with higher purity and increased Mn content that are
more suitable for supercapacitor applications. Importantly, we
demonstrate that the alumina-based aerogels produced via the
upcycling strategy show superior electrochemical storage
performance as supercapacitor electrodes compared with
control samples derived from high-purity precursors. This
enhanced performance is attributed to the combined effects of
high porosity and mesostructural integrity and the presence of
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MnO, species derived from the aluminum can alloy
composition, which imbue the materials with pseudocapacitive
charge storage behavior. In summary, this study introduces a
facile route to upcycle post-consumer aluminum cans into
functional alumina-based aerogels, adding value to low-cost
waste and replacing expensive precursors. The resulting
aerogels feature a high surface area, pore volume, phase purity,
and thermal stability, making them promising for catalysis,
adsorption, sensing, and optical applications.
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