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Abstract

This study aims to prepare an aluminum-citrate ion cell from waste aluminum

foils and citric acid extracted from Dovyalis caffra fruits (Kei apples) and further
demonstrate their electrochemical performance at varying impedances, electrode
thicknesses and discharge times. Aluminum oxide ions were prepared from discarded
aluminum foils, and citric acid were produced by co-precipitating macerated Dovyalis
caffra extracts by acid infusion. Aluminum foil wastes were utilized in acid co-
digestion to produce aluminum oxide nanoparticles. The prepared aluminum oxide
was then characterized for surface morphology, composition and phases present. The
prepared particles revealed Al,O; boehmite moieties and ranged between 66.3 and
106.1 nm in size. The synthesized citric acid depicted desirable morphological and
electrolytes traits similar to those of commercial citric acid. The cells open and closed
current-voltages were directly proportional to the electrode diameter. While the cells
were found to be quite Ohmic in nature with increased impedance with electrode
distances, discharge times were also proportional to electrode diameters. The cell's
energy balance was 477.6-346.3 J/s, with a density of 47.1-53.7 Wh/kg. The results
showed that the cells could successfully produce portable energy storage devices
from waste materials.

Keywords Aluminum foil waste, Aluminum oxide nanoparticles, Aluminum oxide cell,
Citric acid

1 Introduction

The demand for energy storage materials has constantly increased with increasing
energy requirements [1]. Aluminum ion cells are suitable and effective energy storage
devices with a wide range of applicability and are environmentally safe. Their energy
densities and discharge rates are compatible with most loads. The contemporary state-
of-the-art raw materials for the fabrication of aluminum ion cells are quite expensive,
especially in developing nations, thus limiting its production in these countries [2]. This
has made the cells expensive and out of reach to many residents in developing nations.
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On the other hand, there are significant aluminum wastes for fabrication of aluminum
ion cells [3].

The production lines of the aluminum industry and end-of-life products are the two
primary sources of aluminum trash [4]. Recycling is a good alternative in both situations
and is used extensively in industrialized nations. This is however not the case in develop-
ing countries. According to Siddiqua et al. [5], aluminum waste that builds up in landfills
is a solid waste hazard that can harm the immune system, cause skin conditions, cause
liver damage, and cause some types of cancer. This supports the need for more environ-
mentally friendly ways to recycle aluminum.

Unlike lithium-ion batteries, where the mobile ion is Li*, aluminum forms a compound
with chloride in most electrolytes and produces an anionic mobile charge transporter,
usually AICl;™ or AL,Cl;™ [6]. The total amount of energy or power a battery can release
depends on factors including the battery cell's voltage, capacity, and chemical compo-
sition [7]. A battery can maximize its energy output levels [8] by increasing chemical
potential charge between the two electrodes, reducing the mass of reactants and pre-
venting the electrolyte from being improved by the chemical reactions.

Modern aluminum ion cells have used various chloride electrolytes, including ammo-
nium chloride, magnesium chloride, HCI acid, and 1-ethyl-3-methylimidazolium chlo-
ride (EMIC), among many others [9]. Because of their complementarity with AI** which
facilitates easy charge transfer between the electrodes, chloride ions are more favored

13+ elec-

[10]. During charge and discharge cycles, these cells demonstrated excellent A
trochemical deposition at the anode and chloroaluminate anion (AICl,") intercalation
in the cathode [11]. Citric acid's luxuriance to metal ions, in addition to its high disso-
ciation constant, K,, has shown promise for electrolytic behavior [12, 13]. Citrate ions'
(C3H50(COO)3") trivalent nature better complements A1**, Citric acid can be extracted
with inexpensive, readily available chemicals under mild conditions. Therefore, using
citrate ions as electrolytes and taking advantage of the electrochemical behavior of alu-
minum ion cells is desirable. In this work, aluminum foils were used as the electrodes to

create and evaluate a citrate-aluminum ion cell.

2 Materials and chemicals

2.1 Materials

The aluminum ions were derived from waste aluminum foils, while citrate ions were
obtained by co-precipitation of Dovyalis caffra macerated extracts followed by acid
infusion. All chemicals used (hydrochloric acid, sodium carbonate, potassium bromide,
citric acid) were analytical grade (all>99% purity level) and were sourced from Sigma-
Adrich (Germany).

2.2 Synthesis and characterization of Al,0; nanoparticles

To obtain aluminum oxide nanoparticles, purified waste aluminum foils were gradually
scrubbed on the surface to remove any oxide coating before being digested with 1 M
HCI acid (35% v/v) at room temperature. After effervescence, the Al,Cl; digestate was
thoroughly washed with running distilled water (equal volume) and co-precipitated with
an equivalent aliquot of 0.5 M sodium carbonate solution, as shown in Eq. (1) [10].

2A1,Cl3 (s) + 2NapCO3 (aq) — 2CO;3 (g) + 2A1,03(s) + 6NaCl (aq) (1)
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The residue was allowed to settle before being thoroughly washed and decanted to
remove the sodium chloride. The mixture was filtered to obtain aluminum oxide,
which was then dried for 3—4 h in an oven at 100 °C to remove water. Mechanical mill-
ing was then used to reduce the particles to the desired nanoparticle range using vari-
ous pore-sized sieves using a pulverizer (Retsch BB 500 (Germany) jaw crusher, mouth
width 250 x 130 mm, feed grain size up to 110 mm and a fineness of 90% <0.5 mm). The
obtained white solid was thoroughly rinsed with distilled water to reduce impurities.
X-ray fluorescence (XRF) analysis was used to confirm the purity of the samples until a
threshold impurity concentration of 10% was obtained.

The presence of functional groups in the samples were investigated using FTIR spec-
troscopy (Shimadzu 119, Japan). The FTIR spectra of the samples were recorded in the
transmittance mode in the range of 4000-500 cm™! [14]. The crystallinity, particle size,
and polymorphs of the formed nanoparticles were determined using X-ray diffraction
(XRD-7000, Shimadzu). Milled powder samples will be placed on steel sample hold-
ers and leveled to achieve total and uniform X-ray exposure. The samples were then
analyzed at room temperature (25 °C) using a monochromatic CuK radiation source
(A=0.1539 nm) in step-scan mode with a 20 range of 10° to 80°, a step of 0.04 units, and
a scanning time of 5.0 min. The size of the crystals was determined by the Scherrer for-
mula (Eq. 2) [14];

D = K\/Bcosb (2)

where D is the crystal particle size (nm), A is the X-ray beam wavelength, K is the con-
stant (0.94), B is the peak width at half maximum intensity, 6 and is the peak position
used to calculate the crystallite size. The morphological appearance of the samples was
observed using scanning electron microscopy (SEM) (VEGA3, TEGSCAN). The images
were captured at an operating voltage of 5 kV and a Robinson backscatter detector. A
Field Emission Scanning Electron Microscope (FE-SEM) was used to capture the images.
The samples were coated with gold sputtering prior to imaging. EDS (FEI XL40 ESEM
equipped with two EDAX Sapphire Si (Li) EDS detectors and MLA software) was used
to determine the samples' elemental composition.

2.3 Extraction and characterization of citric acid

Dovyalis caffra contains of 3, 4, 5-trimethoxycinnamic acid which ferments to citric acid
as shown in Eq. 3 [15]. Dovyalis caffra fruits were washed with distilled water and shade-
dried for 72 h at room temperature. The fruits were then mechanically blended and fil-
tered by a 3 mm sieve followed by a 1 mm sieve to ensure smooth pulp without skin or
fiber and left to ferment for 2 days. The fruits sap was squeezed out and then filtered sev-
eral times using a clean cotton cloth. The filtrate was centrifuged at 200 rpm for 2 h and
the supernatant was stored at 10°C for 24 h. The solution was then diluted five-folds in
distilled water before concentrating in a rotor evaporator to obtain solid citric acid. The
citric acid produced was confirmed by morphological and physico-chemical analysis.
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2.4 Electrode preparations and assembly of fabricated aluminum-citrate ion cell

A graphite rod (SFG6L) was used to make the anode while the cathode was varied
between standard and the synthesized Al,O5 nanoparticles. Two commercial conductive
binders i.e. Silicone adhesive (SA) and Polyacrylate Adhesive (PA) were used to enjoin
the particles onto the supporting rod (graphite) in the ratio of 90:10 (Al,O5: Adhesive).
Graphite was preferred for its ability to improve the reversible charge density and elec-
trode adhesion for favorable industrial processability. The Al,O5; nanoparticles sus-
pended between the electrolyte and the electrodes were gradually kneaded for around
20 min between 20 and 30°C and stirred at 400—500 rpm. The suspension was then left
overnight under room pressure (1 atm) and cast on pure aluminium (Korff AG, Switzer-
land) with a thickness of 22 pm as a current collector to yield the electrode. The elec-
trodes were manually calendared with room pressure (1 atm) and molded in the cuboid
shapes to obtain workable compact electrodes. The aeral mass loading rate was 20
mgem ™, An electrode length of 49 +5 mm, external diameter 5.0+ 0.5 mm was arrived
at. The aluminium ion cell was fabricated using a cuboid polymeric insulator (dimen-
sions 130 mm by 220 mm base area and height 100 mm). Citric acid electrolyte was used
for each setup, three sets of different electrode diameters were used i.e. 2.0, 3.0 and 5.0

mim.

2.5 Cell performance tests

Electrochemical performance of the cell was established and all the voltage readings
were recorded using a multi-meter (Model: UT33B; DC Voltage: 200mV, 2000mV, 20V,
200V + (0.5% +2)/500V + (0.8% +2); AC Voltage: 200V/500V + (1.2% +10) and DC Cur-
rent (A)) at room temperature (25°C) and pressure. The resistance of the multi-meter
during the closed-circuit voltage experiments was 100€). The performance of the syn-
thetic aluminium oxide nanoparticles was compared with those of standard aluminium
oxide nanoparticles (Catalog Number, ACM11092323-61; CAS 11092-32-3) using the
citric acid electrolyte.

Electrochemical measurements were done at varying electrode distances to monitor
the cell performance under varying impedance. A graphite anode of similar volume to
the cathode one was constantly used for all the experiments while the cathode electrode
diameter was varied. The three cathode variations used were labelled as 1, 2 and 3 and
each had diameters of 2 mm, 3 mm and 5 mm respectively. The Energy capacity and
densities values were obtained as indicated in Egs. (4) and (5). The energy capacity was
calculated by dividing the energy balance (in J/s) with the cell volume (Eq. 4). The energy
density was calculated by dividing the energy capacity by the weight of the cell (Eq. 5)).
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The specific gravity of citric acid electrolyte used were the theoretical values of 1.24 g/

ml [16].
Energy capacity = (Energy balance )/(Cell Volume ) (4)
Energy density = (Energy capacity )/(Cell gravimetric weight ) (5)

2.6 Data analysis

Statistical analysis was performed using Origin (Version 2018), Microsoft Excel (version
2016) and Graphpad Prism 9.5.0 (730) for Windows (Prism, USA). Correlations were
considered to be statistically significant at a 95% confidence interval (P <0.05).

3 Results and discussion

3.1 X-ray diffraction (XRD) studies

The data from the diffractogram obtained (Fig. 1) were compared to the database of the
Joint Committee on Powder Diffraction Standards (JCPDS) card file No. 46-1215 out-
lined by David [13], which confirmed the crystalline structure of the synthesized Al,O,
nanoparticles.

There were four main polymorphs associated with alumina nanoparticles: «, 8, y, and
K observed in the diffractogram [17]. The polymorphic phase change is associated with
changes in critical lattice parameters such as particle diameter and density [18]. The
samples examined revealed the presence of Al,O; nanoparticle crystal phases and traces
of elemental aluminum. The Al,O; polymorphs were observed for the sample's larger
peaks, 32.72° and 59.46°. These phases are known to exist at lower temperatures [10].
The a-Al,O, phase were observed at 45.66° [10]. Annealing Al,O, by gradual oxidation
causes the growth of the otherwise naturally amorphous layer of Al,O [14].

The kinetics of the reactions are governed by the outward diffusion of alumina ions [2].
During the process, a critical thickness layer distinguishes the Al,O, phases. As a result
of the polymorph and critical layer growth (5 nm), the latter phase is larger. Further
growth of the polymorph results in the formation of Al,O [19]. The Al,O5 polymorphs
are the smallest, most stable, and dense [20]. This phase is obtained after continuous
oxidation of the Al,O,, which is accompanied by inner grain boundary diffusion of oxy-
gen anions [21]. This inward shift is responsible for the relatively more compact -Al,Os.

Intensity (2. u)

L__. ’ Il M A Jl'. |

20 30 40 50 60 70 80 90
2

Fig. 1 XRD spectrum of the synthesized Al,O; nanoparticles
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The indices of the major peaks in the diffractogram were matched as follows: 26 [32.72°,
46.53°, 67.80°, and 77.01°]. The highest peak intensity was observed at angle 260=32.72".
The peak corresponded to —Al,O4 as well as boehmite crystal structures with octahedral
and orthorhombic bipyramidal shapes [22].

The presence of Al,O; and boehmite geometry revealed that the compound was not
pure. This could be attributed to the origin of the alumina. Al,O; structures has desir-
able characteristics for use as a battery electrode, such as good water release patterns,
slow polymerization, and condensation pathways [23, 24]. Most boehmite-based com-
pounds are also optically active [25]. The calculated size of this crystal (using the Scher-
rer equation) was 63.763 nm. The other prominent peak was found at 26=45.68. This
peak corresponded to a rhombohedral crystal structure (lattice parameters a=4.76 and
b =12.99), which were discussed theoretically [24].

3.2 Microstructure of the synthesized Al,0; nanoparticles

The SEM micrographs of the prepared Al,O, nanoparticles are as illustrated in Fig. 2.
The micrographs indicated a uniform material with unevenly spread specs. The spectra
are an indication of partial oxidation on the surface of the electrodes due to the high
reactivity of aluminium with oxygen in ambient conditions [26]. Agglomerates of the
spots were also observed and this was alluded to particle clustering during synthesis
and handling. Agglomeration reduces the effective surface area available for electro-
chemical reactions, thus hindering the performance of the electrodes. Grain boundaries
were quite visible at a resolution of 100 um. The grain boundaries were also unevenly
spread out. While the boundaries potentially hinder charge transfer during electroly-
sis [27], they also provide larger surface areas and more active sites for electrochemical
reactions, which can benefit electrode performance in terms of capacitance and charge
storage [28]. The electrode micrographs indicated clustered and distinct particles when

= ()

Signat A= NTS 850
WO = 7.5mm Mag= 442X Time: 165341

Fig. 2 Microstructure of the of aluminum oxide as observed under scanning electron microscopy (SEM) under
different resolutions i.e. 5 um (@), 10 um (b) and 100 um
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Fig. 3 The EDS spectrum of the prepare Al,O; nanoparticles

Table 1 Percentage composition of the major elements detected

Elements Weight % Atomic %
Al K 65.87 60.07

OK 2551 27.65

CK 8.62 12.28
Total 100

viewed at a larger resolution (10 and 100 pm) (Fig. 3b, c) with the void sites due to be
filled with electrolyte solution during the cell performance. The micrographs indicated
that the Al,O, nanoparticles were well prepared for optimal cell performance.

Figure 2 also depicts the surface morphology of aluminum oxide, which was irregu-
larly shaped.

3.3 Chemical composition determination

The chemical composition of aluminum oxide nanoparticles was analyzed using EDS as
indicated in Fig. 3. The quantitative measuring results were used to reflect the purity of
the prepared aluminum oxide nanoparticles. The results indicated presence of Al>* and
O ions as the most prevalent ones, as well as carbon signals in the samples arising from
the precursor reagents used in the preparation of the nanoparticles. The dominant AI**
and O*" peaks is an indication of the sample's high purity levels. Table 1 shows the per-

centage of the major elements detected.

3.4 Functional group analysis of the Al,O; nanoparticles

FT-IR spectrum of the prepared Al,O; nanoparticles is illustrated in Fig. 4. The corre-
lation of the absorption bands (vibrational bands) and the chemical compounds in the
sample is part of the IR spectrum evaluation [24]. Cl~ vibrational bonds were observed
at 406 and 432 cm™! [24]. The peaks were due to the product NaCl solution used in prep-
aration of the samples. Al-O stretching peaks were also observed at 584 cm™ indica-
tives of the bonds in the prepared nanoparticles [25]. This was further affirmed by the
Al-O vibration peaks at 830 cm™!, characteristic of boehmite alumina [25]. The peak
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Fig.4 FT-IR spectrum of aluminum oxide nanoparticles

Table 2 Physio-chemical parameters of the prepared electrolyte at 284.4 Kand 1 atm

Parameter Mean Std Dev
Acidity (H") 1.83 0.022
Dissolved oxygen (%) 397 0515
Conductivity (S/m) 1.15 0.362

at 1110 cm™! indicates the triply degenerative vibrational mode of chloro group. The
samples also exhibited traces of impurities peaks such as ester C=O stretching vibration
peaks at 1369 cm™!. There were traces of olefin impurities as illustrated in the bending
vibration of water molecules adsorbed on a surface due to the C=C stretching vibration
at 1620 cm ™.

Presence of water molecules bending and stretching vibration modes were further
observed with the peaks at 3412 cm™!. The spectrum indicated the need for more puri-
fications to reduce the effectiveness of these impurities and water molecules in the elec-
trochemical performance of the electrodes.

3.5 Characterization of the prepared electrolyte (citric acid)

3.5.1 Physical-chemical parameters of the electrolyte

From Table 2, the mean pH of the extracts was recorded to be 1.83 £ 0.022. The pH value
was due to the extract's precursor matrix that involved other acids such as ascorbic acid,
tartaric acid, malic acid, and other impurities. This composition makes the pH of acid
lower than the actual pH, which ranges between 3 and 6. Table 2 also indicated that the
synthesized citrate ions were a good conductor of electricity with an electrical conduc-
tivity of 1.15 S/m; thus, can act as a good electrolyte because it dissociates completely.
Low values of specific conductance are characteristic of high-quality, oligotrophic (low
nutrient) in Dovyalis caffra [25, 26]. A multi-purpose portable physico-chemicals kit
(Hanna P-114) was employed to determine the dissolved oxygen concentration in the
extracts.
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The above results in Table 2 imply that the compound is bonded with oxygen mol-
ecules as shown in Eq. (3). Dissolved oxygen concentration is another important factor
influencing battery cell performance [27] which have can be reduced by Inert Atmo-
sphere Gloveboxes where the Battery electrolyte is handled and assembled in gloveboxes
filled with inert gases like argon or nitrogen. This prevents oxygen from the air from
coming into contact with the sensitive materials.

3.5.2 Functional group analysis
Figure 5 show the FT-IR spectrum of citric acid extracted from Dovyalis caffra. The
samples closely resembled standard citric acid in all the key functional groups. There
were quite a number of peaks in the fingerprint region of the samples owing to the acid
extract and the precursor organic matrix peaks. This was due to overlapping and distinct
peaks from these two sources combine to create a crowded and information-rich finger-
print region, reflecting the diverse chemical composition of the analyzed samples [24].
The peak at 1030 cm ™ indicated a C—O stretching vibration peaks characteristic of most
acids. The stretching of C—O peak was also observed at 1260 cm™ illustrating presence
of —-C—O-H group in the extracts [24]. There was also a carbonyl group at a wavelength
of 1496 cm™!, which implies the presence of a carboxylic acid group, confirming acidity.
The carbonyl group (C=0) stretching vibration, specifically associated with esters and
ketones, were also observed at 1750 cm™.

The presence of a large, broad peak spanning the region between 3000 and 3500 cm™!
in Fig. 5 is a strong indicator of the vibrational stretching modes of both O—H bonds in
hydroxyl groups and the -C—O-O-H bonds within carboxylic acid groups.

3.6 Electrolytic properties of fabricated aluminium-citrate ion cell

The physical-chemical parameters of the fabricated cell were assessed for essential
parameters that would potentially affect the cell performance as indicated in Table 3.
Based on the data in Table 3, pH was found to be 4.42, the oxygen dissolved was 3.3 mg/L,
and the conductivity was 1.45 S/cm. The acidity reported (pH4.42) for the aluminum
oxide can be attributed to the amphoteric nature of the oxide. As the pH increases, the

conductivity increases due to the increased amount of delocalized hydrogen ions, and

i o e,
V2 4 o Easa - f \ n
1 i \._,-—._il 1

' .o ' .
30T PR E 1500 1000 50

Wave numbBers (cm')

Fig.5 FT-IR spectrum of the extracted citric acid
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Table 3 Physical-chemical measurements at a temperature of 284.4 Kand 1 atm

Parameter Readings Mean Std Dev
Acidity (H") 45 447 444 442 439 435 434 442 0.098
Dissolved oxygen (mL/L) 39 38 36 3.1 2.8 26 24 33 0.602
Conductivity (S/m) 1.7 15 14 12 1.1 09 0.7 145 0.348

this furthers the mobility of hydrogen ions, which consequently increases with increase
in concentration [28]. The increase in H* concentration affects the production of current
and voltage, raising the efficiency of the ion cell.

The cell had 3.3 +0.544 of dissolved oxygen fundamental in supply of oxygen for elec-
trochemical oxidation as well as stabilization of electrolytes. The average content of
dissolved oxygen in such batteries is typically low, often around 0.5 to 20% by volume
[29], as higher concentrations can lead to undesirable reactions that affect the battery's
longevity and overall efficiency. Maintaining this low oxygen environment is crucial for
optimal performance, preventing issues like electrolyte degradation or parasitic side
reactions that can consume active materials and reduce the battery's lifespan. There-
fore, rigorous control over the manufacturing process and sealing of these batteries is
essential to minimize oxygen ingress and ensure the intended electrochemical processes
proceed without detrimental interference from dissolved oxygen. The higher values of
dissolved oxygen are due to the aqueous media used in preparation of both the elec-
trodes and the electrolytes. Lower values of oxygen dissolved thus necessitate regular
monitoring of the cells for enhancing the operational stability and life span of aluminum
oxide batteries. The electrolyte’s conductivity in aluminum ion cell is pivotal for enabling
the movement of ions between the cathode and anode, thus facilitating the electrochem-
ical reactions. Typically, the average conductivity for suitable electrolytes in such batter-
ies ranged from 1 to 10 S/m [30], depending on the specific additives and temperature
conditions. The cell conductivity of 1.45 +0.208 S/m was thus within the required range.
The physical-chemical parameters indicated the cell composition were well balanced to
enhanced electrochemical performance.

3.7 Open and closed-circuit voltage (OCV & CCV)

Open Circuit Voltage (OCV) there is no voltage generated within an aluminium ion cell
meaning no electric current flows between the anodes and cathodes. In theory, because
voltage losses do not impact OCV, it is anticipated to be equivalent to the electromotive
force (emf). However, experimental studies reveal that voltage losses do indeed cause a
notable decrease in the OCV value [31].

A closed voltage circuit is a complete pathway through which electric current can flow,
allowing the voltage source to drive the movement of charge. The graph in Fig. 6 clearly
demonstrates that as both resistance and distance increase, the voltage decreases. The
voltage is very high at O resistance, and minimal voltage is produced at 10 ohms' resis-
tance. This is due to an increase in internal resistance since the material is Ohmic [32].
The potential difference in this battery decreases due to increased electrode distance.
Although the electromotive force remains constant, the resistance increases from 0 Q
to 1 Q, 2 ohms, 5 ohms, and 10 ohms. As the electrode distance increases, the amount
of current also decreases because of the increase in resistance electrode distance. At
impedance levels of 5 and 10 ohms, there was a minimal change in voltage observed.
This is because as resistance increases, the flow of electrons encounters more opposition
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Fig. 6 Closed circuit voltage (whereais0Q, bis 1Q,cis2Q,dis5Q, and eis 10 Q. Resistors were used. Where
electrode 1,2 and 3 had diameters of 2,3 and 5 mm, respectively)
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graph of electrode distance againast voltage at 2 ohm resistance
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Fig. 6 (continued)

within the material. This opposition leads to more frequent collisions between the
moving electrons and the atoms of the material (including any impurities). These col-
lisions convert some of the electrical energy into thermal energy, generating heat. The
amount of heat generated can be influenced by both the resistance and the presence of

Page 12 of 24
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graph of electrode distance againast voltage at 10 ohm resistance
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Fig. 6 (continued)

impurities, which can increase the likelihood of collisions and thus the energy lost as
heat. The more impurity there is, the more heat will be produced. The amount of heat
produced due to collision causes vibration of molecules, which increases resistance that
causes low voltage [33].

As the electrode distance increases the voltage and current decreases due to the larger
distance traveled by the electrons and this scenario can be well explained by the fact that
the length of electrode is increasing from 1 to 4 cm [34]. The citric acid electrolyte, while
facilitating ion transport, may become less effective under high resistance conditions,
causing potential polarization effects and reducing the overall voltage supply.

3.7.1 Discharge rates (without a load)

From Fig. 7 the discharge rate was determined at a fixed electrode of length 3 cm, where
the discharge rate was measured when there was no further change in current flowing
and therefore time and voltage was recorded. There were two observations were made:
one was that the resistance increased as the voltage decreased due to an increase in
internal energy, the second one is that as time increases, the discharge rate increases due
to reduced concentration of the analyte.

0.0591., (1

Ecetl = ——log—
cell " 0g 2 (6)

where n is the number of moles, C, and C, are the concentration of the analyte.

As the time increases, the concentration of the analyte decreases because fewer reac-
tant particles are moving together [36]. Since these particles are responsible for conduc-
tivity, there will be a minimal current and voltage as the time increases, as depicted in
Fig. 7. As the resistance also increases with an increase in time, the amount of current
and voltage decreases simultaneously, which shows that the discharge rate slows down
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Fig. 7 Discharge Rates without a load (whereais0Q,bis1Q,cis2Q,dis50Q,and eis 10 (), Resistors were used.
Where electrode 1, 2 and 3 had diameters of 2, 3 and 5 mm respectively). The amount of voltage and current in-
creases due to an increase in concentration, as shown below by Eg. (6) [35];

over time in an electrochemical process where resistance builds up due to decrease in

concentration of analyte [37].

3.7.2 Discharge rate (with a load)

The discharge rate with a load was measured at a constant electrode distance of 3 c¢m,
a bulb is connected to the circuit and discharge voltage and time is recorded when the
bulb goes off as shown in Fig. 8. The light lit dimly when a load was introduced (LED
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Fig. 7 (continued)

bulb, as the resistance, discharge time increased, the bulb light diminished due to an
increase in internal resistance (The resistance to the flow of charge within a source) and
a decrease in discharge rate, which was facilitated by a decrease in concentration and an
increase in resistance. The conductivity is also high when the electrolyte concentration is
high, and the resistance is small. As the time duration increases, there is less movement
of particles in the electrolyte [38].
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Fig. 7 (continued)

3.7.3 Change in electrolyte parameters

Figure 9a of pH against time shows that as time increases, the pH decreases because of
a decrease in ion concentration because of the dissociation of citric acid due to release
of H*. Citric acid is 90% in proportion in Dovyalis caffra fruit extract [39]. On the
other hand, in the second plot. Figure 9b of conductivity against time, the conductivity
decreased due to a decrease in ion concentration, consequently reducing the number of
mobile electrons, which are the charge carriers. Another citric acid factor is a weak elec-

trolyte that does not dissociate altogether, leaving some unionized electrons.

3.7.4 Change in electrode parameters

As the time of reaction increases, and the diameter of the electrodes as shown in Fig. 10,
keeps increasing due to the increase in reaction rate, thus causing the accumulation of
reacting species ions on the surface of the electrodes.

An increase in the diameter of electrodes indicates that the reaction is taking place
and there is the production of current and voltage [40]. The density increases due to
the increase in the electrode's mass and decrease of the electrolytic volume due to its
consumption. Since density is directly proportional to mass and inversely proportional
to voltage and current, as the density of electrode increases, the electrolyte concentra-
tion decreases. The conductivity decreases due to the decrease in the concentration of
mobile ions. Conductivity increases as concentration increases and density decreases.
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Fig. 8 Discharge rates with a Load (Bulb) load (where ais0 Q, bis 1 Q, cis2Q,dis 5Q, and e is 10 Q, Resistors
were used. Where electrode 1, 2 and 3 had diameters of 2, 3 and 5 mm respectively)

3.8 Variation in energy densities of the fabricated cell

The energy balance of cell is crucial in determination of the appliances to be used based
on their weights and are a function of the cell density, columbic and voltage efficiency
[41, 42]. The energy balance of the cells was found to increase linearly with magnitude
of the electrode diameter. The cells State of Charge (SOC) have a direct impact on their
voltage efficiency as well as energy balance. Thiong'o et al. [43] notes that such cells
whose voltage varies linearly with the SOC are likely to have less voltage efficiency. From
Table 4, the cell with a larger electrode diameter had more energy balance implying less
Columbic efficiency. This indicated the ratio of charge input/output was lower in the cell
with an electrode diameter of 2 mm and was thus the more stable electrode [44]. The

Page 17 of 24



Mwangi et al. Discover Chemistry (2026) 3:177

graph of time againast voltage at 2 ohm resistance

0.4
electrode 1
electrode 2
electrode 3

0.35

— 03
b=
[}
(@]
S
©
= 0.25
0.2
0.15 - 1 1 1 1 1 -
0 20 40 60 80 100 120
time (Minites) (C)
03 graph of time againast voltage at 5 ohm resistance
. 5 T T T T T
electrode 1
electrode 2
electrode 3
0.3
—~ 025
b
()
(=)}
8
©
> 02+
0.15
0.1 ‘ . ‘ ‘ .
0 20 40 60 80 100 120

time (Minites) (d)

Fig. 8 (continued)

portrayed energy balance range (477.6 to 546.7 J/s) indicates strong potential for these
cells for several domestic, industrial appliances and emerging grid storage solutions
[45]. The gravimetric energy density is well within the expected one of 40 to 60 h/kg as
observed in other Al-ion cells [46—48]. The deviation in energy balance and correspond-
ing energy capacities with electrode diameter is as a result of increased Al,O; ions avail-
ability for electrochemical reactions and Faradaic current with the increase in electrode
diameters. The gravimetric and volumetric energy densities of the cells were well below
the theoretical values (2980 mAh/g for the aluminum anode and 8046 mAh/cm? for the
cathode) [49] owing from differences in the operating conditions.

The energy densities in Table 4 imply that the fabricated cells are light enough to for

portable device while producing adequate energy to power several electric appliances.
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Fig. 8 (continued)

From Table 4, increasing the electrode amount is expected to linearly increase the
energy density despite there being a minimal increment in the weight of the cells. The
moderately low specific gravity of citric acid electrolyte (1.24 g/ml) further ensures the
cells are more portable while maintaining high energy production.

4 Conclusions
The study demonstrated that it was possible to fabricate an Aluminium-citrate cell and

effectively use it to store energy. The synthesized AI**

electrodes (from Al,O5; nanopar-
ticle) were found to have desirable morphological, phase and composition traits to
enhance conductivity. Additionally, the citric acid from the Dovyalis caffra extracts
complemented well with the electrodes as far as their morphologies were concerned.
The fabricated cell indicated moderately high currents and slow discharge rates for vary-
ing electrode diameters and impedances. The study findings are quite promising in the
Aluminium-ion cells for future green batteries. The cell's energy balance was 477.6—
346.3 J/s, and its density was 47.1-53.7 Wh/kg. The results showed that the cells could
successfully produce portable energy storage devices from waste materials. This research

can be continued at controlled temperature and pressure to investigate their effect.
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Fig. 10 (continued)

Table 4 The energy balance, capacity and density of the cells with various electrode diameters

Electrode diameter  Energy balance Energy capacity Gravimetric energy Volumet-
density ric energy
density
2mm 4776 /s 0.167 Wh/m? 47.1 Wh/kg 38.0 Wh/ml
3mm 540.5 J/s 0.189 Wh/m? 53.3Wh/kg 43.0 Wh/ml
5mm 546.3 J/s 0.191 Wh/m? 53.7 Wh/kg 433 Wh/ml

Abbreviations

FTIR  Fourier transform infrared spectroscopy
SEM  Scanning electron microscopy

EDS Energy dispersive X-ray spectroscopy
XRD  X-ray diffraction
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