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ABSTRACT

The environmental effects of fossil fuel consumption have continued to promote research in
other energy sources that are more eco-friendly and can be sustained in the long run. One of
the promising energy harvesting methods is plant-based energy harvesting, which has been
considered a potential approach in developing energy harvesting systems for low-power
applications, such as precision agriculture, environmental monitoring, and loT sensor networks.
The present research aimed to evaluate the potential of long-term energy harvesting using an
Aloe vera plant, considering its health and the biocompatibility of electrodes. There was
a challenge when uncoated zinc (Zn) and copper (Cu) electrodes emitted toxic ions (Zn** and
Cu?*) that initiated foliar desiccation, tissue necrosis, and physiological degradation. Graphite-
coated electrodes were henceforth brought in as biocompatible alternatives for reducing ion
leakage while maintaining electrical conductivity. A commercially used wound-healing agent
was also applied at sites of electrode insertion to facilitate tissue conservation. The health of
the plants and energy harvesting were monitored over a period of 7 days. The results of this
research have shown that material modification and application of a wound-healing agent
have a positive effect on plant health without compromising energy harvesting.
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1. Introduction electricity by 2050 (Jacobson et al., 2019). The prices
of solar and wind energy have fallen, allowing them to
compete with prices for fossil fuels (Shukor et al.,
2023; Victoria et al., 2021; Yeoh & Chan, 2017,
2021). Small-scale renewable energy systems improve
access to energy and reduce energy poverty in devel-
oping countries (Stritzke & Jain, 2021; Tan & Chan,
2024). Emerging DC-DC converters can also exploit
multiple renewable energy resources to enhance con-
version efficiency and to reduce the complexity of the
energy harvesting system (Choong & May, 2023).
Local mechanical vibrations are used to produce
energy in conjunction with conventional renewable
sources. Triboelectric nanogenerators (TENGs) have
undergone substantial investigation for low-power
sensing and wearable applications (Feng et al., 2019).
They produce electrical signals by mechanical contact
and vibrations. Flexible, hydrogel-based structures
that improve ionic conductivity may be suitable for

The current world energy deficit can be attributed
primarily to an ongoing reliance on finite fossil fuels,
rapidly increasing energy demand, and environmental
concerns related to global warming (Gitelman &
Kozhevnikov, 2023). As oil, coal, and natural gas
reserves dwindle, competition for the remaining
resources is heating up, leading to continued price
volatility and supply uncertainty (Cherp et al., 2021).
Even more so, coal, natural gas, and oil make up over
75% of worldwide greenhouse gas emissions, which
contribute to climate change and increase the occur-
rence of extreme weather (Intergovernmental Panel
on Climate Change [IPCC], 2023). Thus, considera-
tions on sustainable energy options are necessary to
avert a repeat of energy insecurity and environmental
pollution in the future.

Because of the energy crunch, renewable sources of
energy (solar, wind, hydro, and biofuels) are impor-

tant, as they are the renewable and dirtier end of
carbon emissions (Haegel et al., 2019). With improved
investments and policies, research indicates that
renewable energy can supply 90% of the world’s

environmental and biological applications (Prasad
et al., 2023, 2024). These materials are usually com-
posed of intricate typeset substances and need external
mechanical activation. These systems function but
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need engineered synthetic materials and mechanical
stimulation. Plant cells generate energy via ionic trans-
port and metabolic processes. This reduces mechan-
ical activation and vibration. The plant-based cells
(PBCs) generate very little energy, making them sui-
table for monitoring agricultural environments
(Rahman, Eng, et al., 2025). This difference highlights
the special and unique position of plant-based systems
within the overall scheme of renewable energy
systems.

Plant-based energy harvesting, in comparison with
other well-established forms of renewable energy sources,
such as solar, wind, hydro, and bioenergy, is a relatively
underexplored area of energy harvesting, although its
potential is considerable. These systems are carbon-
neutral and can easily be incorporated into a natural
ecosystem without causing structural or ecological dis-
ruption. They also enable low-power solutions for dis-
tributed applications, such as precision agriculture,
remote environmental monitoring, and Internet of
Things (IoT) networks that can operate at the edge of
infrastructure availability or in the absence of traditional
infrastructure, in particular, where infrastructure is scant
(Singh, 2022).

Recent developments in the field of ambient energy
harvesting have underscored the need for soft bio-
integrated systems that are designed to work in natural
environments. New technologies such as self-powered
wound healing materials, nanoscale ambient energy har-
vesters for distributed sensors, and hydrogel-based ionic
energy systems have incorporated the concepts of bio-
compatibility with energy harvesting capabilities in soft
materials (Cao et al., 2025; Gao et al,, 2024; Gong et al,,
2025). The study has indicated the development of sus-
tainable energy technologies with reduced power con-
sumption in natural systems where electrochemical
energy harvesting in plants is possible.

One of the revolutionary innovations in this field is the
PBC, in which metal electrodes are introduced into plant
tissues (roots, leaves, or stems) to harvest electricity from
natural biochemical processes. The exploited mechan-
isms include ion currents related to water conduction
through phloem and xylem in the plant, as well as respira-
tion and photosynthesis (Guesmi et al., 2022). It is
reported that PBCs can generate 3.877 mW and have
been suggested for usage in Aloe vera and Bryophyllum
pinnatum (Chong et al., 2019; Rahman, Eng, et al., 2025).
PBCs are fundamentally different from microbial fuel
cells in that they rely on direct electron transfer at the
plant - electrode interface rather than mediated electron
transfer. This approach simplifies system architecture
and enables energy harvesting in real time (Lajis et al.,
2021).

The shift to plant-based energy systems in
a circular bioeconomy context is more effective

when the plant is used for more than just energy
production or carbon storage. In series-parallel, the
prickly pear (Opuntia ficus-indica) biobattery based
on copper and zinc electrodes powers IoT devices
for agriculture (Bouallegue et al., 2025).
Bioelectrochemical systems (BES) offer a promising
approach to energizing wireless sensors observing
crucial agricultural parameters by harvesting waste
bioenergy, which in turn aids in ensuring sustainable
agriculture (Li et al., 2015). Studies on biocompatible
electrodes and energy-efficient systems are progres-
sing, indicating that plant power harvesting could be
a viable option for supplementing conventional
renewable energy sources in environmentally sensi-
tive areas to power the growing number of IoT
devices in agriculture and animal husbandry (Ting
& Chan, 2024).

Plant-based energy harvesting systems face
a critical limitation: conventional metal electrodes,
such as zinc (Zn) and copper (Cu), release cytotoxic
ions that can trigger chlorophyll degradation and
foliar necrosis within weeks (Muhammad et al., 2021;
Riyazuddin et al., 2022). Polymer-based coatings can
mitigate the ion diffusion, but they degrade the elec-
trical performance since the electrode resistance may
rise by two or more orders of magnitude (Daniel &
Fotheringham, 2007). Graphite coatings offer
a somewhat more equitable solution. Due to their
impermeable layered nanostructure (interlayer spa-
cing <0.34 nm) and superior electrochemical stability,
they can suppress ion leakage by >90% (Jiang et al,,
2024), without sacrificing or even enhancing electro-
chemical performance, with resistance increases
usually kept below 20% (Wang et al., 2022). Here, we
couple a plant-compatible bio-sealant with graphite-
coated electrodes to minimize ion leakage while main-
taining good plant health and steady electrical output.

This work extends our previous study (Rahman
et al., 2025), in which the electrode distance, material
pairing, and diurnal effects were optimized for Aloe
vera-based PBCs. This current work aims at the
enhancement of long-term durability by using gra-
phite-coated electrodes and investigates the biocompat-
ibility of the system and the plant stability in
continuous operation. The use of a plant-safe wound
healing agent is incorporated in the study in an attempt
to minimize the damage to the tissues and, at the same
time, ensure a better plant-electrode interface.

2. Materials and methods

In this work, energy harvesting from Aloe vera leaves
with graphite-coated as well as uncoated metal (Zn-
Cu) electrodes is studied, and the effects of wound
healing agents on leaf vitality and sustainability are
also evaluated.



2.1. Experimental overview

The investigation was performed in one stage, named
the Sustainability Phase (SP). This stage evaluated the
electrical energy and physiological effects for the
longer term of the coated and uncoated electrodes
using a standardized electrode design. The objective
was to evaluate the durability of the system over time
in terms of output stability and plant vigour.

2.2. Plant selection and preparation

The experiment was conducted on the high-water-
content (~98%) plant, Aloe vera, and mature leaves
were used, considering the thickness of the fleshy
leaves for ease of insertion of the electrode, as well as
to prevent loss of moisture. The plant was potted and
kept on a home balcony, which allowed us to control
the environment as presented in our previous work
(Rahman et al., 2025). The plant’s growth was followed
with great care so that the plant could, without inter-
ruptions, be subjected to photoperiods of natural sun-
light with minimal direct structural shading from the
building. A total of two healthy leaves with a length of
26 cm were employed as the experimental substrate
for the entire duration.

For consistency, the same position in the plant
cluster was sampled, and at that position, only healthy,
nonsenescent whole leaves of the similarly sized and
shaped leaves were taken. Aged or wilted leaves were
not used to minimize physiological differences
between the experiments.

Soil pH was monitored intermittently with initial
pH values around 6, as shown in Figure 1(b), indicat-
ing a mildly acidic peculiarity, which is typically nor-
malized for Aloe vera. The soil was kept consistently
moist throughout the time of the experiments to pro-
vide a favourable condition for plant growth and the
conduction. To ensure an unobstructed electrical
response, the soil was not treated with any chemical
fertilizers or treatments.

2.3. Electrode design and coating procedure

Zn-Cu electrodes were chosen for the sustainability
test based on previous setups. The shapes of all
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electrode are rectangular with a size of 1.5cm x 1.25
cm, as shown in Figure 1. Zn-Cu electrodes were used
both uncoated and coated with graphite.

The graphite-coated electrodes were prepared via
a brushing method. The composition of the coating
was a mixture of epoxy resin, hardener, and graphite
powder with a ratio of 2:1:4, resulting in a medium-
thickness coating. The electrodes were cured at room
temperature for 10-12 h.

A 2:1 ratio of resin to hardener was used to let the
epoxy cure well and stick tightly to the surface of the
metal (Yamamoto et al., 2025). The graphite content
was raised in order to maintain electrical conductivity
within the layer (Bershtein et al., 2002). This balance
between mechanical stability and conductivity sup-
ports consistent voltage output over the 7-day opera-
tion period.

2.3.1. Surface morphology and elemental analysis
To study the surface morphology of coated electrodes,
Cu and Zn samples were, respectively, analyzed by
field-emission  scanning electron microscopy
(FESEM) and energy-dispersive X-ray spectroscopy
(EDS) before insertion in plant. Three images were
taken from each electrode, from three different posi-
tions on the top surface, to check if the coating was
uniform. Since the three positions exhibit similar
morphologies, a typical image from the middle posi-
tion is shown in Figures 2 and 3

At 500x, the copper electrode is entirely covered by
the composite layer. No large cracks or exposed metal
areas can be observed in the scanned area. At 2000x
magnification, the surface exhibits a heterogeneous

Figure 2. FESEM images of graphite — epoxy coated Cu elec-
trode at 2000x and 500x magnifications (top middle).

Figure 1. (a) Noncoated Zn-Cu electrodes. (b) Coated Zn-Cu
electrodes.

Figure 3. FESEM images of graphite—epoxy coated Zn elec-
trode at 2000x and 500x magpnifications (top middle).
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structure, where darker graphite-rich regions are sur-
rounded by a lighter polymer matrix. The appearance
is the same as for a hand-brushed graphite - epoxy
layer. While micro-pores and interconnected features
may be discerned, the coverage as a whole remains
uniform, as shown in Figure 2.

The same surface morphology was observed for the
zinc electrode. The zinc displays similar graphite-rich
agglomerates separated by polymer-rich boundaries.
Differences in pore density and domain sizes are
observed, which is to be expected from a manual
application of the coating. Apart from these local
differences, the surface is macroscopically covered,
and no substantial delamination takes place (see
Figure 3).

The EDS was performed at the same surface posi-
tion for the elemental analysis as FESEM. On both
electrodes, the outer surface is carbon-rich, as evi-
denced in Figures 4 and 5. The carbon content for
copper is about 83.95 to 85.77 wt%, and the content of
oxygen is from 12.58 to 14.15wt%. A single line of
copper (0.15 wt%) was detected at the M site, and none
at the L and R sites, see Table 1.

The zinc sample has a carbon range of 84.95 to
86.08 wt% and an oxygen range of 12.59 to 13.39 wt
%. There are two points that indicate an extremely
small amount of zinc (0.08 and 0.26 wt%), and one

point (M) that does not contain zinc, according to
Table 2.

The high carbon content implies that the surface is
entirely graphite. The oxygen signal originates mainly
from the epoxy resin/hardener mixture. Materials
based on epoxy contain oxygen-containing functional
groups like ether and hydroxyl linkages that are
formed during curing, hence a contribution of oxygen
from the epoxy system in EDS analysis is expected
(Daniel & Fotheringham, 2007). The epoxy oxygen is
not from the surface oxidation of the metal substrate.

The very low copper and zinc signals indicate that
the metal substrates are still largely covered by the
composite layer. The limited exposure of the substrate
at isolated locations is indicative of thin regions in the
coating where the electron beam interaction volume
crosses the substrate (Jiang et al., 2024).

Not conducting EDS characterization after the
7-day plant experiment is a limitation of this study,
which is acknowledged. Future studies will include
EDS and SEM analysis after exposure to evaluate coat-
ing integrity during prolonged bioelectrochemical
operation.

Using a digital calliper, coating thickness was cal-
culated at multiple locations over the surface of each
electrode. According to the coating thickness mea-
surements, the estimated single-surface coating thick-
ness was 608 um after the original metal thickness was
deducted for zinc and 618 pm for copper. Although
some difference was observed across measurement
locations, all measurements were within a similar
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Table 1. EDS (wt%) at left/middle/right (I/m/r) - top of Cu
Electrode.

Element (wt%) L M R
Al 0.49 0.55 0.53
C 85.77 83.95 84.35
Cu - 0.15 -
0 12.58 14.15 13.92
Si 1.16 1.20 1.19

Table 2. EDS (wt%) at left/middle/right (L/M/R)-top of Zn
electrode.

Element (wt%) L M R
Al 0.43 0.48 0.49
C 86.08 85.64 84.95
0 12.59 13.07 13.39
Si 0.83 0.82 0.91
Zn 0.08 - 0.26

range due to the expected hand-brushing variability of
the coating.

FESEM and EDS imaging were used to look at
surface uniformity, and the same was conducted at
three different positions (left, middle, and right). The
similar microstructures and high carbon content at the
mentioned positions show that the surface is evenly
covered, with very little or no metal showing.

Adhesive bonding of the electrode coating was
observed during maturation of the coating, during
the experiment when electrodes were handled and
cleaned with a brush, during a seven-day experiment
with plants inserted into the electrodes, and while the
electrodes were being inserted into the plant holders.
No signs of adhesion failure were visible. Although
a formal adhesion test was not performed, the pre-
paration and the subsequent operations of the experi-
ment demonstrated that the coating’s adhesion was
sufficient.

2.4. Continuous operation with coated and
noncoated electrodes

The sustainability testing involved comparing the per-
formance of coated and uncoated Zn-Cu electrodes
inserted into Aloe vera leaves at a fixed distance of 1
cm (optimized from our previous work) (Rahman
et al,, 2025), and a scale was marked on the leaf to
ensure accuracy, as shown in Figure 6.

(b

Figure 6. (a) Scaled leaf. (b) Experimental setup for sustain-
ability testing with coated and noncoated Zn—Cu electrode
pairs.
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Surface cleaning and any contamination were
removed by fully wiping the surface of the electrodes
with 70% isopropyl alcohol swabs prior to each run.
At this point, the electrodes were not withdrawn
(after insertion) but left in the same leaf for 7 days.
Voltage and current were measured three daily times
a day.

To shield the plant tissue from fungal infection or
rotting as a result of the extended electrode placement,
a plant wound healing substance (anti-bacterial, anti-
fungal) was applied at the points of entry.

2.5. Measurement instruments and protocol

The voltage and current were measured by Owon B33
+ digital multimeter for 30-min session, 3 times
per day at 10:00, 16:00, and 22:00. The ambient tem-
perature and humidity were monitored by Xiaomi
Mijia Smart Thermometer 3, while soil moisture, pH,
temperature, and light intensity were measured by
Avosky Soil Survey Analyzer, as reported in our pre-
vious work (Rahman et al., 2025).

The pH was measured to be stable at 6 during the
test period. At no point were any outside electrolytes
or chemical additives added. The elevated water con-
tent of Aloe vera gel, along with its inherent ions,
sufficed to facilitate the necessary ionic conductivity
for operation. The stability of the internal ionic envir-
onment of the leaf was attributed to the constant
temperature and relative humidity (RH) maintained
within a narrow range, leading to a consistent power
output of 0.015-0.017mW in the coated
configuration.

The Zn-Cu in this work is a galvanic bioelectro-
chemical cell, which produces power through the
spontaneous redox reactions in the ionic plant med-
ium. In the absence of mechanical stimulation due to
periodic alternation of polarity, these cells deliver
a DC output (Rahman, Eng, et al., 2025). Earlier stu-
dies on plant energy harvesting with Zn-Cu electrodes
demonstrate DC output and assessed performance
based on the power relation P=V x I (Chong et al.,
2019). Here, power was also calculated as in the ordin-
ary DC circuit calculation, appropriate for galvanic
cells.

3. Results and discussions

In this section, the results of the sustainability evalua-
tion of electric energy harvesting through Aloe vera
leaves with Zn-Cu electrodes are presented. It shows
the electrical properties (voltage, current, and power)
of graphite-coated and noncoated electrodes during
7-day continuous operation. Trends and deviations
are analyzed as a function of electrode surface treat-
ment and plant reaction to controlled environment
conditions.
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Table 3. Coated vs. noncoated Zn-Cu electrodes: voltage, current, power.

V (noncoated) V (coated) I (noncoated) | (coated) P (noncoated) P (coated)
Day V) (V) (mA) (mA) (mW) (mW)
1 0.881 0.663 0.08 0.02 0.069 0.016
2 0.852 0.660 0.10 0.01 0.089 0.017
3 0.894 0.654 0.09 0.02 0.082 0.015
4 0.658 0.671 0.07 0.02 0.069 0.016
5 0.595 0.660 0.05 0.02 0.035 0.016
6 0.456 0.668 0.03 0.02 0.013 0.014
7 0.322 0.669 0.02 0.02 0.009 0.015

3.1. Electrode coating and sustainability plan

In order to evaluate performance and stability of gra-
phite-coated and noncoated Zn-Cu electrodes for
plant experimental energy harvesting, voltage, current,
and power measurements were taken three times a day
for a duration of 7 days continuously, as shown in
Table 3. Daily averages were computed, and the results
are plotted for comparison.

The voltage output of the noncoated Zn-Cu elec-
trodes started at a fairly high value (Figure 7), with
a mean of 0.881V for the first day and a maximum
value of 0.894 V for Day 3. This was mainly due to the
high electrochemical activity of noncoated Zn and Cu
in the Aloe vera leaf ionic medium. After Day 3,
a drastic voltage fall was observed, dropping to 0.322
V at Day 7, which was ascribed to tissue deterioration,
cell necrosis, and reduction of ionic conductivity due
to metal ion leakage (Zn*" and Cu**) (Iyebeye et al,
2025; Wang et al., 2022).

Conversely, in terms of Figure 8, the graphite-
coated electrodes exhibited a consistent voltage output
of approximately 0.66 V during the experiment, attri-
butable to the inert and biocompatible properties of
graphite, which mitigated tissue stress and ion diffu-
sion into the plant (Wang et al., 2022). This confirms
the long-term reliability of the coated setup.

These specific stability properties of graphite-
coated electrodes can be attributed to both the struc-
tural and electrochemical properties of graphite.

Graphite is composed of layers of carbon bonded
in a sp> configuration with an interlayer spacing of
0.335 nanometers. Such a design is sufficiently dense
to be effectively impermeable to hydrated metal
ions, such as Zn’* and Cu’" (Rozploch et al,
2007). Since these metal ions have larger hydrated
ionic radii, the layers of graphite act as a physical
diffusion barrier to ions moving away from the
electrode system. In addition, graphite is electroche-
mically stable and corrosion-free under gentle aqu-
eous conditions, which can also work to inhibit
metal dissolution at the interface of the electrode
(Blomquist et al., 2017). Less ion migration means
less stress in the system. This is one of the reasons
why the current (~0.02 mA) remained steady during
7 days of uninterrupted operation.

At the beginning, noncoated electrodes yielded
a large current, reaching a maximum of 0.107 mA at
Day 2 as a result of rapid electron transfer at the clean
electrode surfaces. However, the current gradually
decreased, reaching 0.028 mA at Day 7. This decrease
coincides with the decline and drying out of leaves in
the infected parts. Nevertheless, the current for the
graphite-coated electrodes is lower at the beginning
(~0.017 mA), and the stability of the current output is
higher in the range of 0.02-0.025 mA. This shows that
although the noncoated electrodes have enhanced
early performance, the degradation limits the
usability.

0.9

0.8

Voltage (V)
o o
o ~

o
[

0.4 A

0.3

—8— Non-Coated Electrodes
—M- Graphite-Coated Electrodes

Day

Figure 7. Graph comparing average voltage (V) between graphite-coated and noncoated Zn-Cu electrodes.
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Figure 8. Graph comparing average current (mA) between graphite-coated and noncoated Zn—Cu electrodes.

The Power, P =V x I, also showed the same trend.
The uncoated version reached a peak of 0.0895 mW on
Day 2, but this value dramatically dropped over the
next 3 days due to a reduction of conductivity and cell
viability in the damaged leaf. The result is that the
power was close to constant and equal to =0.015--
0.017 mW with negligible oscillations for the system
treated with graphite (Figure 9). A steady power
source is essential for such applications as low-power
IoT devices, which demand long life more than max-
imum output.

To balance the potential impact of environmental
conditions, all parameters were tracked daily, as sum-
marized in Table 4. Soil pH value was measured for
a similar period of time (every day for 7 days) and
remained relatively constant in an acidic state (pH =
6). Ambient temperature ranged from 26 to 33°C, with
mean values around 30°C and humidity levels between
73% and 84%.

Although the environmental parameters displayed
slight variations, the multifactor environmental (tem-
perature and humidity) was relatively constant.

Post day 3, the bare electrodes demonstrated
a consistent decline in electrical output. The fluctua-
tions in electricity production were not associated
with variations in environmental temperature and
humidity. The decline in electric performance may
be attributed to the degradation of the inner tissue of
the bare electrodes. The output of the coated electro-
des was found to be stable in the same environmental
conditions, suggesting stability in the coating of the
electrodes.

For the sake of reproducibility and transparency,
the entire time-series data are freely available in
a public data repository. The repository can be
accessed through the DOI provided.

Slight variations in voltage and current were
detected during the entire monitoring period. These
fluctuations are inherent in plant-based bioelectro-
chemical systems as a result of the coupling of
dynamic biology and electrochemistry (Timmers
et al,, 2010). Diurnal changes in metabolism and tran-
spiration may affect ionic movement in leaf tissue and
could result in short-term fluctuations of the

0.09

0.08

0.07 4

0.06 1

Power (mW)

0.02 4

0.01

—8— Non-Coated Electrodes
~M- Graphite-Coated Electrodes

Figure 9. Graph comparing average power (mW) between graphite-coated and noncoated Zn—Cu electrodes.
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Table 4. Summary of environmental conditions
during 7-day monitoring.

Parameter

pH
Temperature (°C)
Humidity (%)

Range Average
6 6

26-33 299

73-84 78.1

measured output (Rahman, Eng, et al, 2025).
Furthermore, slow drifts in individual electrolyte
resistance and local electrode polarization at the intro-
duction points may induce small drifts over time.
Because the ambient temperature and humidity were
consistent and stable, the deviations are more likely to
be caused by inherent physiological processes rather
than by fluctuations in the external environment
(Huigen et al., 2002).

Figure 10 represents the trade-off between maximal
magnitude and long-term stability. In noncoated elec-
trodes, the output is greater at the start of the first
several days, but it rapidly declines as a result of tissue
necrosis. The coated electrodes show very minor var-
iations in voltage, current, and power, indicating
a stable output as a function of time. This stability is
a more equal trade-off between electrical efficiency
and biocompatibility, since a lower ionic leakage cor-
responds to a preserved tissue and a stable internal
resistance. Despite slightly reduced peak values, the
coated system provides a stable and predictable out-
put, which is more adequate for the low-power IoT
and distributed sensing applications. In those cases,
the peak transient is typically traded for reliability.

As shown in Figure 11, noncoated Zn-Cu plates
were employed to evaluate the physical deterioration
of an Aloe vera leaf for 7 days. Day 1: The leaf looked
healthy and unstressed. Electric output climbed initi-
ally and reached a maximum at around Day 3. The
direct contact of fresh Zn and Cu surfaces with the
ionic plant substrate allows for an active oxidation,
generation of charges, and moistening of the inner

tissue, fertilizing the tissue, with caused this early
acceleration.

Slight discolouration was observed with focal soft-
ening near the site of electrode penetration on Day 4,
indicating tissue damage. Uncoated electrodes have
been shown to invariably release Zn** and Cu’" ions
in the gel matrix. Metal ions are capable of diffusing
across cell membranes, where they disrupt the

Figure 11. Progressive deterioration of Aloe vera leaf subjected
to noncoated Zn-Cu electrodes over 7 days.
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Figure 10. Voltage, current, and power output of graphite-coated vs. noncoated Zn-Cu electrodes.
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Figure 12. Schematic illustration of the proposed bioelectrochemical mechanism in the Gr-coated Zn-Cu Aloe vera system.

membranes and osmotic balance of the cells, and
ultimately the turgor of the cells. On Day 5 and 6,
leaf wilting associated with necrotic lesions was
observed as an indication of leaf physiological stress.

By Day 7, the leaf was wilted, partially collapsed,
liquefied intercellularly and desiccated. As the tissue is
dehydrated, cell membranes lose integrity, and the fall
in turgor pressure reduces the ionic mobility within
the gel-like cytoplasm. This dehydration, along with
the sustained leakage of metal ions from the unpro-
tected electrodes, led to an increase in the internal
resistance and a reduction of the charge transport
within the electrodes (Zou et al., 2021). A rise in
resistance is responsible for the drop in voltage from
the maximum observed on Day 3 (0.894 V) to 0.322 V
on Day 7. The visual breakdown of Figure 12 reveals
the lack of stability of the electrochemistry of the non-
coated design and indicates how loss of cell function
and moisture results in the decline in performance
over time.

This investigation demonstrates a steady monitor-
ing performance for 7 days under ambient conditions.
However, since this period also implies stability of the
performance, long-term monitoring is required to
assess the long-term sustainability.

3.2. Proposed electrochemical mechanism

The Zn-Cu pair embedded inside the Aloe vera tissue
behaves as a bio-assisted galvanic cell. It is the sponta-
neous redox reaction between the metal surface and
electrolyte within the plant tissue that produces the
voltage. Due to this, Zn**/Zn (-0.76 V) has a lower
standard electrode potential (E°) than Cu?*/Cu (0.34
V), so zinc gets oxidized to form Zn’" ions by the
reaction Zn > Zn>* +2¢~ (Rahman, Eng, et al., 2025).

The electrons released are responsible for the flow
of DC to the copper electrode through the external
circuit. In the aqueous Aloe vera gel, the copper elec-
trode experiences the cathodic reaction where the

dissolved oxygen is reduced. At mildly acidic to near-
neutral conditions (pH = 6), the dominant reaction at
the cathode is O,+2H,0 +4e” > 40H (Rahman,
Eng, et al., 2025).

The internal electrolyte of the galvanic cell is the
Aloe vera gel. The high-water content of the gel con-
tains organic acids and the naturally occurring ions
like K*, Ca’*, etc., which facilitate the gel’s function
by making ionic transport possible (Rahman, Eng,
et al., 2025). It is because of this ionic migration that
electro-neutrality is maintained between the electro-
des, thus completing the electrochemical circuit. For
this reason, the system is a combination of a classical
galvanic cell and a biological matrix that is in agree-
ment with electrochemical principles, as demonstrated
in Figure 12 (Aikens, 1983; Chong et al., 2019; Logan
et al., 2006).

The graphite coating changes the metal-electrolyte
interface in two significant ways. It offers a conductive
pathway that promotes effective electron transfer. It
also serves as an interfacial protective layer that
diminishes the amount of direct exposure of Zn and
Cu to the biological medium. By restricting the rapid
dissolution of metal ions, the coating lessens the injury
to the surrounding tissue and slows the degradation of
the electrode. This stabilization of the interface
accounts for the improved consistency of output and
reduced necrosis seen in electrodes that were coated.

3.3. Evaluation of plant wound-healing agent on
leaf longevity

A commercially available plant wound healing
agent was applied after each diagnostic cycle to
mitigate physiological stress and reduce the risk
of microbial infections at the electrodes’ insertion
sites (Figure 13). The agent established a temporary
protective barrier on the skin surfaces by reducing
moisture loss and inhibiting bacterial and/or fungal
proliferation. The protective effect is constrained
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Figure 13. Application of wound-healing agent to Aloe vera
leaf.

due to the agent being diluted and diffused within
the aqueous, ion-rich Aloe Vera gel. The agent was
shown to delay external decay; however, it did not
mitigate the ongoing electrochemical ion loss from
the electrodes or the decomposition of internal
tissues. Eventually, even outer layers were affected
by softening, localized breakdown, and shrivelling.
This indicates that the gel acted only as a transient
barrier and not as a protective agent.

4. Conclusion

This work focused on investigating the durability
and cytocompatibility of uncoated and coated Zn-
Cu electrodes in Aloe vera leaves by applying effec-
tive energy extraction under real conditions. Coated
electrodes provided much better stability of output
and less degradation of plant material than uncoated
electrodes during an extended period of 7 days.
Uncoated electrodes showed higher initial voltage
and current, but their performance dropped signifi-
cantly as a result of expected ion leakage and tissue
necrosis. Conversely, the graphite-coated electrodes
demonstrated stable electrical performance with less
physiological damage, indicating potential for long-
term use in bioenergy devices. Our results indicate
that inert and plant-compatible electrode designs can
be used to enable stable, maintenance-free energy
delivery for potential use in smart agriculture and
environmental sensing in remote locations. General
environmental factors such as sunlight and moisture
were observed; however, complete control of the
climate was not possible because of the semi-
outdoor setup. In the next work, the long-term sta-
bility, biocompatibility, and power output at contin-
uous operation of the electrodes will be addressed
for 30 days.
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