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Abstract: A disordered aluminum oxide grown on recycled aluminum sheets was synthesized
by a corrosion/oxidation process. First, aluminum sheets recovered from unusable beverage cans
were mechanically polished and dried in air atmosphere. Second, corrosion and oxidation into
the aqueous solutions were the synthesis stages to produce aluminum oxide. Phase formation
and electrical conduction of aluminum-oxide layers were validated by X-ray diffraction analysis
and current–voltage plots at room temperature. An aluminum oxide-based structure operating
under unusual principles at an extended lifetime resulted when an aluminum-oxide layer was
inserted between two aluminum electrodes. This was attributed to an unusual electrical conduction.
Some suggested models from the circuit theoretic properties are discussed here for potential usefulness
for the aluminum oxide synthesized, as an environmental-friendly material that can be further useful
into a sustainable scenario.

Keywords: waste management; recycled aluminum sheets; disordered aluminum oxide; green
synthesis; sustainable functional device

1. Introduction

In the synthesis of metal oxides by corrosion/oxidation processes, many metals such as steel, nickel,
titanium, zirconium alloys, silver, and aluminum-based alloys are well known as oxide-passivated
metals, with titanium being an essential corrosion-resistant metal that may be used in high-strength
applications [1,2]. Titanium is used in aerospace applications, medical implants, marine hardware,
and high-purity titanium for use in electronics [3]. However, to enhance strength in titanium, titanium
composites must be produced at high temperatures (~1000 ◦C), which could limit their use [1]. Titanium
may be replaced for applications that require corrosion gradually, depending on the environmental
conditions; therefore, due to their non-toxicity and classification as a non-carcinogen [4], aluminum is
the most widely used non-ferrous metal because of its non-ignition, mechanical strength, and it being
the most cost-effective material to recycle.

Aluminum is the third most abundant element after oxygen and silicon and is the most abundant
metal in the earth. This metal is chemically reactive, highly conductive, and non-magnetic [5].
To produce aluminum, it must be converted in aluminum oxide by the Bayer process from bauxite,
the main ore of aluminum, where small crystals of aluminum hydroxide are collected to serve as
seeding agents where granular particles may be converted by heating. Other manner to produce
aluminum is when the alumina (Al2O3), found in nature as the corundum mineral, is converted to
metal by Hall–Heroult process. Both process types are highly energy-consuming. The aluminum has
major uses in transportation, building and construction, machinery and equipment, packaging, as well
as for electricity-related uses [3,6].

Nowadays, several challenges in aluminum production must be taken into account. The major
challenge is the greenhouse gas emissions. These gases result from electrical consumption from the
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perfluorocarbons and by-products (sulfur dioxide) during processing into the smelters where released
sulfur dioxide is one of the primary precursors of acid rain, and where high concentrations of toxic
ions are a primary factor that disturbs root growth and its function in acidic soils [7]. Because only 5%
of energy is required for recycling aluminum in comparison with that used to produce aluminum from
ore [3], today recycling of beverage cans may be a crucial task where they can be effortlessly recovered
to be useful as sustainable functional device [8]. However, to manufacture aluminum-based functional
devices, it must be gradually oxidized as a function of its ionizing activity where initially a free
aluminum atom has a radii of 1.43 Å, but when it is oxidized their three outermost electrons participate
in the chemical compounds, which are removed, then the radii of aluminum shrinks to 0.53 Å to be a
six-coordinated atom [9]. Further, owing to its low heat retention, relatively high thermal conductivity
(30 Wm−1K−1), and large band gap (~4.2 eV), the extended use of aluminum oxide in electronics is
currently used in electrically insulated substrates for the integrated circuits, as a tunnel barrier for the
fabrication of nanoscale transistors, and as dielectric in insulating barriers of capacitors [10].

The work presents the synthesis of aluminum oxide assisted by the corrosion/oxidation process.
Experimental procedure for synthesis of aluminum oxide will be detailed in Section 2. Electrical
conduction in aluminum oxide-based structures will be covered in Section 3. Theoretic prototypes
which show that electrical conduction in disordered aluminum oxide might play an important role for
the optimized signal processing in electronics. This will be presented in Section 4. Finally, conclusion
about this research is presented in Section 5.

2. Synthesis Process for Aluminum Oxide

Aluminum sheets of alloy 3004-H19 (Al-Mg-Mn series) recovered from useless beverage cans
of an average thickness of 0.2 mm have been used here to synthesis of aluminum oxide. Before,
aluminum sheets were cut in foils of cross-section area 2 cm × 2 cm. Because the sheets are internally
coated with a highly electronegative thin-passivation oxide layer of 4 nm of thickness and electrode
potential of −1.66 V including epoxy resin to avoid chemical reactions [5], and also externally coated
by printed shells, these must be removed on both sides of such these aluminum foils with mechanical
polishing using silicon carbide (SiC) abrasive of fine particle size to achieve a controllable chemical
attack on it. Next, cleaning process was realized with a home-used organic solvent known as thinner
and successively dried in air atmosphere. In the synthesis of aluminum oxide, the following three
stages are involved: (1) Chemical attack into a solution in concentration at 40% for etching PCBs
well known as ferric chloride (FeCl3). (2) Removing excess of solution from the attacked surface.
(3) Immersing the attacked foils inside a sterilizing solution well employed in home wound treatment
where concentration of hydrogen peroxide (H2O2) is 18 g/L suitable to ensure an oxygen source.

Before, the FeCl3 solution must be activated with water to be used as electrolyte. Thus, 2.5 mL of
FeCl3 is mixed with 2.5 mL of water to get 1:1 ratio. A corrosion process occurs in the aluminum foils
when a chemical attack is done during 30 sec by immersion. In this first stage, the reaction mechanism
for corrosion can be written as

FeCl3 (aq) + Al (s)→ AlCl (s) + FeCl2 (aq) (1)

The species was dissolved in the solution activated with water are Fe+(OH)− and H+Cl−,
which indicated that the presence of H+ acts as reducing agent on the aluminum surface [5,11].
Subsequently, the chemical attack resulted in a disordered aluminum layer. Once the foils were
immersed in the previous stage, some residues of FeCl2 remain added.

In the third stage, chemically attacked foils were immersed into H2O2 in aqueous solution at
different immersion times as indicated in Table 1. In accordance with the following reaction mechanism,
a disordered aluminum-oxide that grew on the recycled aluminum sheets took place as

AlCl (s) + FeCl2 (aq) + H2O2 (aq)→ Al+O2 (oxide) + Fe+Cl− + 2H+Cl− (2)
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Table 1. Synthesis conditions for oxidation and lattice parameters of the produced samples.

Sample Immersion Time
(sec)

2θ
(202) є2θ

t
(nm)

AS-1 20 46.19◦ −0.000432 515.38
AS-2 45 46.25◦ 0.000864 193.78
AS-3 70 46.45◦ 0.00516 32.51

In the third stage, the presence of two H+ ions acted as reducing agents on the aluminum
surface [11]. The ionic species dissolved, such as Fe+Cl− and H+Cl−, will determine the oxidation
degree, where the O− ions transferred toward the surface reacted with Al+3 ions to produce aluminum
oxide of appearance opaque gray.

The X-ray diffraction with XPERT-PRO diffractometer system of CuKα radiation (λ = 0.1541
nm) was employed to evaluate the formation of aluminum oxide. For this analysis, X-ray diffraction
patterns were analyzed using the PANalytical evaluation software in the 2θ scanning range from 20o to
90◦. Figure 1 shows the diffraction peaks for three samples of aluminum oxide labeled as AS-1, AS-2,
and AS-3. As a reference, the diffraction pattern for an aluminum sheet recuperated from unusable
beverage cans is shown. The samples resulted to be polycrystalline with rhombohedra (corundum)
lattice. Several peaks appear which correspond to crystallographic planes for the preferred α-Al2O3

phase. Displacement in the X-ray diffraction patterns between peaks position of each aluminum-oxide
layer and peaks position of recycled aluminum sheet were observed, ensuring the presence of elastic
strain during the stages involved in the synthesis stages induced by disordered array of aluminum
and oxygen ions into the aluminum-oxide lattice.
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Figure 1. X-ray diffraction patterns of three different samples, where the pattern of aluminum is
included as reference to identify how the formation of each layer of aluminum-oxide was made.

Because of the existence of elastic strain in aluminum-oxide layers, the minimum thickness for
carrier conduction in the absence of scattering events must be estimated by Scherrer relation t ~ λ[є2θ

cos θ]−1, where the average elastic strain is є2θ = (d − d0) d−1 with d as the measure plane spacing and
d0 as the unstrained plane spacing [12]. In Table 1, the estimated thickness for the samples is given
where their significant plane is corresponding to the area under (202) reflection peak.
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The importance of obtaining the t parameter is that it lets us know how much disordered oxide
occurs when the aluminum oxide grows as a function of the aluminum-surface corrosion, which will
result in the aluminum atoms being visualized as layers of hexagonal close-packed oxygen atoms
with small aluminum atoms in two-thirds of the octahedral coordinated holes between the oxygen
atoms [13], such that oxide behaves like to a defective oxide [14–16].

It is well know that aluminum cans are alloyed to improve their physical properties using
non-heat-treatable forming process, for example, mechanical hardness and corrosion resistance in
Al-Mg-Mn series when these are exposed to temperature changes. The alloying metals in aluminum
cans typically are 5% magnesium, 1% manganese, 0.1% chromium, as well as iron and silicon in a few
percent per weight [17]. Therefore, the X-ray diffraction analysis in Figure 1 confirms that the recycled
aluminum sheets are corresponding with above 90% aluminum in accordance with the peak-assignment
cards, which guarantee that the structure properties for the aluminum oxide previously synthesized
do not depend on the alloying metals.

3. Electrical Conduction in Aluminum Oxide-Based Structures

This section discusses how is the electrical conduction in aluminum-oxide layers (samples)
synthesized with emphasis on knowledge of their conduction properties. Before, these samples
must be cut with an area of 0.5 cm × 0.5 cm and inserted between two electrodes, as shown in the
aluminum oxide-based structure of Figure 2a. Electrical conduction measurements are performed and
evaluated by current-voltage plots at room temperature using a digital storage oscilloscope (Tektronix,
TDS1012C). A function generator (Matrix, MFG-8250A) is used to produce the sine wave at low
frequency (f = 100 Hz) with magnitude scanned from −10 V to 10 V, which is connected between the
bottom and upper aluminum electrodes of an area 1 cm2, to ensure the bipolar-biased condition. These
large-area electrodes acting as contacts were mechanically fixed to avoid surface deteriorating.
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Figure 2. Aluminum oxide-based structure: (a) schematic diagram to demonstrate conduction phenomena;
(b) practical circuit used to measure the current–voltage plots.

The operation in aluminum oxide-based structure has been confirmed with the practical circuit
of Figure 2b. To adjust the electrical current flow through this circuit when each samples was tested,
graphite-based devices dependent on their distributed resistance and assembled on SiC sheets as
substrates were used as resistors [18]. To assess practical-circuit performance; an empirical technique
well known as a transfer function for the analysis of the linear systems in control theory, is used here to
correlate the current–voltage characteristics and internal states of each sample, where a relationship
describing the charge carriers conduction under operation understands the ratio of the output variable
to the input variable [19].

To extract electrical signals from the practical circuit, a sine wave was connected in series with the
scheme of Figure 2a and with 100 Ω and 56 Ω load resistors, respectively. The sine wave was measured
directly as CHX input oscilloscope signal, and the equivalent electrical current flow was monitored



Crystals 2020, 10, 734 5 of 10

by determining the voltage across of the load resistors as CHY input oscilloscope signal as shown in
Figure 2b.

Figure 3a–c displays the current–voltage plots of each aluminum oxide-based structure tested
with each one samples enlisted in Table 1. As a reference, an electrical response of a recycled aluminum
sheet connected in series with a 100 Ω load resistor has been included as dotted line from Figure 3a to
Figure 3c to emphasize that the electrical conduction is dependent on internal states proximate to the
interface between each sample and electrode aluminum; hence, an electrical symbol for the aluminum
oxide-based structure is also proposed in Figure 2b to differentiate the internal states revealed in
Figure 3. A phenomenological description related to the activation of each internal state is given below:
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3.1. High-Resistance State

Because the aluminum ions are missing in the aluminum-oxide layer, it is disordered, which means
that lattice defects occur. Therefore, the oxide must exhibit properties sensitive not only to stress states,
but also to other variables including aluminum vacancies, variation in oxide composition, thickness, etc.
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In order to know how electrical conduction is caused by the electric field applied in the practical circuit,
current–voltage plots help to reveal that the Ohmic conduction observed will be strongly depended
on attractive electrostatic forces, Fa, where aluminum and oxygen ions are being well polarized as
shown in Figure 4a, until the injected carriers from the aluminum electrodes can be collected by these
vacancies, which act as trapping sites when temperature increases from the interface.
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Figure 4. Schematic view to describe physical phenomena inside each sample: (a) at high-resistance
state; (b) at low-resistance state. Figures show how many species can be influenced by electrostatic
interactions and temperature.

3.2. Low-Resistance State

By increasing in the electric field and temperature through each aluminum-oxide layer in the
practical circuit, the electrons trapped in aluminum vacancies are favored and as a consequence
aluminum and oxygen ions will depolarize as a function of repulsive electrostatic forces, Fr, as shown
in Figure 4b, causing the structure to change in resistance with moderate conduction being influenced
by the capability of the trapping sites to be occupied.

The effect of increasing thermal activation will be also dependent on high energy of injected
electrons, such that a constant conduction is maintained.

The physical description previously made discloses that both compressive (−) and tensile (+) states
from X-ray diffraction and charge carries conduction from electrical conduction could be responsible
for the change in resistance of each sample, where carrier activation energy between 2 eV to 4 eV,
in accordance to the measured voltage transition in current–voltage plots, assumes at what voltage
magnitude a change in resistance could occur, whose magnitude will differ as a function of the synthesis
process in each one of the aluminum-oxide layers, and it must take place when the electron density
reaches a critical quantity triggered by an time-variant electrical current.

The resulting current–voltage plots were found to be rather peculiar; the operating properties
such as ROFF/RON ratio, switching speed, retention time, and endurance [20], being defined for
switching-mode conduction, were estimated here from the current–voltage plots and collected in
Table 2. These collected data only reflect the degree to which the aluminum oxide-based structures
were tested. It should be noted that due to the activation energy were not sufficiently high to dielectric
breakdown in the samples; therefore, in Figure 3a, it can be assumed that the oxide was enhanced with
aluminum vacancies being equivalent to an aluminum-rich oxide layer, which resulted that ROFF/RON

ratio was moderately high and the switching speed was lower, but retention and endurance were a short
time. In contrast, Figure 3b,c assumes that the oxide is poorer with a reduced number of aluminum
vacancies whose composition is equivalent to an oxygen-rich oxide layer, which results in both retention
and endurance being extended time (>1 h), switching speed above 100 µsec, and ROFF/RON ratio
being lower.
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Table 2. Operating parameters expected for the aluminum oxide-based architectures useful as
functional devices.

Sample ROFF/RON Switching Speed Retention Time Endurance

AS-1 30 20 µs 103 s ~102

AS-2 2.5 500 µs 105 s ~104

AS-3 2 1 ms 105 s ~104

4. Opportunities for Application

Nowadays, the electronic industry is inspired by circuit architectures operating from room
temperature up to 40 ◦C under switching-mode conduction, whose complex building blocks are
manufacturing by silicon-based CMOS technology [20,21]; therefore, although the effects of defective
structure in metal oxides can be still unclear today, taking advantage of the disorder-influenced
electrical properties in aluminum oxide-based structures could be crucial to operate these under feasible
conditions during prolonged lifetime, where their time-variant switching phenomena is advantageously
dependent on temperature and electrostatic interactions in contrast to the switching-mode conduction
that is well-known in silicon-based semiconductor devices [21]. In this section, based on aluminum
oxide response detailed in Section 3, some theoretic models for circuit architectures are discussed.

4.1. Synthesis of Square-Wave Pulses

To demonstrate that an aluminum oxide-based structure can provide a reasonable model for at
least one type of waveform synthesis circuit, let us consider the circuit shown in Figure 5, where the
timing signals to drive that circuit configuration are also included. The behavior in the switches S1 and
S2 will be equivalent to applying square-wave pulses, where the changes from low-resistance state
(LRS) to high-resistance state (HRS), as a function of the voltage magnitude and rise and fall times in
the switches S1 and S2, must be depend on the ON and OFF states. Additionally, a memory state can
occur when both switches S1 and S2 retain equal state in a specified period of time.
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From the Figure 5, the output voltage V0 is almost identical to the corresponding waveform
measured in a timing circuit [22]. The discrepancy between the waveform for a timing circuit and
the waveform for the device synthesized in Figure 5 will be that always a time delay will occur to
switch from a low to a high resistance and at opposing manner. Under this model, the time delay is
dependent on aluminum kind, oxide composition, and dimensions (thickness and junction area), thus,
for this example, an aluminum-rich oxide layer must be preferred.

4.2. Analog–Digital Conversion

Before, briefly must be understood the analog–digital conversion as a signal processing type,
where analog switches can be sequenced by successive approximation logic enabled by clock cycles
(square-wave pulses) to match analog input voltage to a corresponding tap on each resistor into an
network of N resistors, being equivalent to a digital N-bit binary code. To complete any conversion,
M clock cycles must follow during each bit tested from the most significant bit (MSB) until the least
significant bit (LSB). Finally, the digital N-bit binary code will be transferred to an output latch,
where the code is retained and then an interruption will be asserted to give the conversion and reset
all the analog switches to initiate a new conversion [23]. Because of the analog–digital conversion,
numerous operations must be made by complex control sequences; instead, a simplifying conversion
type could be modeled by an array of four waveform synthesis circuits connected as shown in Figure 6.
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To understand this model, let us consider that each one of these circuits will consist of
graphite-based resistors of growing resistor size (R1 < R2 < R3 < R4), four switches labeled as
S1, S2, S3, and S4, which are equivalent to applying square-wave pulses with specified period of time,
and four aluminum oxide-based structures. The resistor size depends on physical properties of the
oxygen-rich oxide layers that are preferred to be used in the analog–digital conversion for the scheme
of Figure 6. The scheme for analog–digital conversion suggested here is essentially a current divider,
where each output Q1, Q2, Q3, and Q4 will be high-resistance state (HRS) or low-resistance state (LRS)
when each switch labeled as S1, S2, S3, and S4 is open or closed. In accordance to Table 3, the operating
state when an analog–digital conversion performs under three cycles: (1) conversion; (2) erasing;
and (3) storing is described in the following:
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Table 3. Operating states for the analog–digital conversion in Figure 6 modeled by aluminum
oxide-based structures.

Operating
Cycle S0 S1 S2 S3 S4 Q1 Q2 Q3 Q4

Conversion Closes All Open

LRS HRS HRS HRS
LRS LRS HRS HRS
LRS LRS LRS HRS
LRS LRS LRS LRS

Erasing Opens All Close HRS HRS HRS HRS

- Closes All Open Conversion

Storing Opens All Open LRS LRS HRS HRS

At the conversion cycle, the switch S0 closes and gradually each output Q1, Q2, Q3, and Q4 will
change their state as a function of the voltage magnitude of each sample; hence, four electric current
paths labeled as I1, I2, I3, and I4 allow each aluminum oxide-based structure to change its electrical
conduction, as shown by the equivalent symbols indicated in Figure 6. Next, the binary code that
matches the analog voltage will be represented by the state fixed in the outputs. At the erasing cycle,
first, a conversion cycle must be completed, next, the switch S0 opens and the switches from S1 to
S4 close; therefore, each output Q1, Q2, Q3, and Q4 will change their electrical conduction, until new
a condition in the switches from S0 to S4 occurs. At the storing cycle, first, a conversion cycle as a
function of the voltage magnitude of interest must occur, which means that when the switch S0 opens,
only the electrically switched outputs will remain in LRS during a prolonged time delay. Under this
cycle, only each structure activated will change its internal state as shown in Table 3. All switches from
S1 to S4 must be open during a storing cycle. The performance of these three operating cycles assume
that the scheme in Figure 6 could be useful for a sensing application, where for example, physical,
chemical and biological specimens could be activated by square signals or by sampling signals under
detection-extended times [21,24].

5. Conclusions

Aluminum oxide-based structures are synthesizing by a corrosion/oxidation process from the
recycled aluminum sheets. Studies of X-ray diffraction and electrical conduction have confirmed that
the dynamic behavior of electron carriers trapped in vacancies is associated with a disordered array
of aluminum and oxygen ions inside a crystalline lattice of aluminum oxide. To ensure a feasible
solid-waste management system in the next few years; transforming beverage cans into a second
life has been suggested in this work, where the interrelationship of green synthesis and time-variant
switching phenomena has shown recycling benefits; these phenomena arising from a result of empirical
methodologies for materials research. Furthermore, some circuit architectures have been theoretically
detailed to demonstrate how disorder-influenced electrical conduction can provide routes to build
functional devices from a sustainable point of view, where specific solutions using uncommon material
qualities and variations of existing electronic modules based on mature CMOS technology, will lead to
advances in emerging sustainable technologies dependent on optimized signal processing.
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