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Material advancement through green synthesis routes is rapidly gaining attention as a sustainable and
scalable alternative for nanomaterial fabrication. In this study, zinc oxide nanostructures (Alv-ZnO NSs) were
synthesized using Aloe vera gel as a natural reducing and stabilizing agent, eliminating the need for toxic
reagents. This work presents the first comprehensive structural, optical, chemical, and electrochemical
investigation of Aloe vera-assisted ZnO nanostructures using advanced characterization techniques, such as
XRD, XPS, FESEM, and TEM. Rietveld refinement confirmed high crystallinity and phase purity, while thermal
analysis showed excellent thermal stability with only ~2% mass loss up to 750 °C. UV-vis and PL
spectroscopy revealed a bandgap of 3.74 4+ 0.10 eV and characteristic emissions associated with Zn
vacancies and oxygen interstitials, respectively. XPS analysis showed a blue shift in Zn 2p and O 1s peaks,
indicating oxygen-rich surfaces and defect sites that contribute to enhanced electrochemical performance.

The electrode was characterised by 9525 F g™t at 1 A g% and 74466 F g at 1 mV s, with 72.9%
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1. Introduction

The rapid depletion of fossil fuel reserves and the adverse
environmental consequences associated with their utilization have
driven the demand for sustainable energy solutions."” Green
chemistry principles offer a viable approach to mitigating these
challenges by emphasizing environmentally benign synthesis
methods, reducing hazardous chemical usage, and promoting
energy-efficient processes.” In this context, the green synthesis of
nanomaterials has gained significant interest due to its cost-
effectiveness, reduced environmental footprint, and the utilization
of renewable resources.* Among various green routes, plant extract-
assisted synthesis has emerged as a promising alternative, lever-
aging bioactive compounds, such as polyphenols, flavonoids, and
polysaccharides, to facilitate nanoparticle formation while simulta-
neously enhancing their stability.”” The ever-increasing global
energy demand, coupled with the depletion of fossil fuel reserves
and their associated environmental ramifications, has necessitated
the transition toward sustainable energy alternatives.® Renewable
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retention at 10 A g~*, establishing Alv-ZnO NSs as a sustainable, high-performance supercapattery material.

energy sources such as solar and wind power offer promising
solutions to address these challenges. However, their intermittent
nature requires the development of efficient and reliable energy
storage systems to bridge the gap between energy generation and
consumption.’ Advanced energy storage technologies, particularly
batteries, supercapacitors and supercapatteries (SCs) (mixed: diffu-
sion and surface-controlled mechanism), are pivotal in enabling
the large-scale adoption of renewable energy. However, challenges
related to material sustainability, cost, and performance optimiza-
tion persist and demand innovative solutions.® Metal oxides have
garnered significant attention as active materials in energy storage
systems due to their exceptional physicochemical and electroche-
mical properties.'® For example, NiO (1358 Fg~ ' at 1 Ag™"),"" RuO,
(1724 Fg ' at 5 A g "), Cos0, (1015 Fg ' at 1 A g "),"”* and
NiCo,0, (1254 F g " at 2 A g~ )™ are remarkable pseudocapacitive
materials that offer significantly higher specific capacitance com-
pared to EDLCs. However, their low intrinsic conductivity remains
a major limitation, leading to reduced stability. RuO,, despite its
high capacitance, is hindered by its high cost and toxicity, making
large-scale SC applications impractical. Hence, the development of
cost-effective and high-performance electrode materials remains a
crucial area of research for advancing SC technology.

Apart from these, zinc oxide (ZnO) has emerged as a
material of interest, owing to its wide bandgap, high ionic
conductivity, excellent thermal stability, and structural
versatility."> Furthermore, ZnO offers a sustainable advantage
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Fig. 1 Trend in research publications highlighting the growing interest in
zinc oxide (ZnO) for energy storage applications over recent years. Data
sourced from https://ScienceDirect.com.

over materials, such as cobalt, nickel, vanadium, and titanium
oxides, which are often limited by high costs, environmental
concerns, and restricted availability. Zinc, being abundant,
cost-effective, and environmentally benign, positions ZnO as
an attractive alternative for energy storage applications, with
the added benefit of scalability for industrial applications.'®
A recent trend analysis of research publications on ZnO for
energy storage, using data collected from https://ScienceDirect.
com (shown in Fig. 1), highlights a significant increase in
interest over the past few years. This growth underscores the
recognition of the potential of ZnO as a key material for next-
generation energy storage systems. In comparison to other
transition metal oxides, ZnO exhibits superior stability and
adaptability, making it particularly suitable for advanced
devices."”” While manganese and vanadium oxides are promis-
ing, their moderate stability and processing complexities can
limit their widespread application. Similarly, cobalt and tita-
nium oxides, despite their excellent electrochemical properties,
are constrained by their high production costs and limited
global availability.'® ZnO thus offers a balanced solution by
combining affordability, sustainability, and high performance.

Various methods, such as hydrothermal, sol-gel, and co-
precipitation techniques, are commonly used for nanomaterial
synthesis. However, these methods often involve high costs and
the use of toxic chemicals, which pose environmental and safety
concerns.”®™' To address these issues, green synthesis has
emerged as a sustainable alternative for producing nanoparticles
(NPs) using plant extracts, enzymes, or microorganisms. This
approach is increasingly favoured due to its cost-effectiveness,
safety, rapid process, and eco-friendly nature.” Plant extracts, in
particular, have drawn significant attention for nanoparticle
synthesis because of their availability, efficiency, and green attri-
butes. These extracts contain natural antioxidants, such as amino
acids, polyphenols, reducing sugars, and nitrogenous bases,
which act as both reducing and capping agents.>>**> These
compounds facilitate the reduction of metal ions while stabilizing
nanoparticles, preventing their agglomeration. Additionally, plant
structures act as bio-templates to control particle size and
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morphology.> While several studies have recently reported the
green synthesis of undoped and doped ZnO nanoparticles as well
as their heterostructures, using different plant extracts, such as
Justicia adhatoda,®® Elettaria cardamomum,>® Sansevieria Trifas-
ciata roots,>* Lognata leaves,*® and Aloe-vera,”” for photocatalytic,
dye degradation, energy storage, antimicrobial and other medical
applications. The focus of these research works has largely
remained limited to environmental remediation and applications.
In this paper, we study the reasons for the superior specific
capacitance of Aloe-vera assisted ZnO nanoparticles using optical
(photoluminescence) and XPS characterization.

In this study we have synthesised Alv-ZnO NSs using a one step
green synthesis method, in which Aloe vera gel extract was
employed as a natural reducing and capping agent to synthesize
Alv-ZnO NSs through a green synthesis approach. The bioactive
compounds in Aloe vera, including polysaccharides, phenolics,
and flavonoids, facilitated the reduction of zinc precursors while
enhancing the stability of the synthesized nanoparticles.> The
electrochemical analysis indicates an exceptional specific capaci-
tance of 952.5 F g ' at 1 A g ! and an impressive 744.66 F g~ ' at
1 mV s, surpassing previously reported values for ZnO-based
electrodes (as shown in Table 1). While several ZnO-based hybrid
composites often demonstrate higher specific capacitance, due to
improved conductivity,®*™® their fabrication typically involves
conventional chemical methods that compromise the green and
sustainable nature of synthesis. Therefore, in the context of eco-
friendly materials design, the performance of our Aloe vera-
assisted ZnO nanostructures represents a promising and cleaner
alternative. Beyond high capacitance, this study presents several
quantifiable advancements over existing literature specifically on
Aloe vera-assisted green-synthesized ZnO, distinguishing it from
studies using other conventional methods. Structural and defect-
level characterizations via PL and XPS confirm the presence of Zn
vacancies and oxygen interstitials, defect sites that directly con-
tribute to better electrochemical activity. Rietveld refinement
further verifies phase purity and nanoscale crystallinity, while
TGA demonstrates excellent thermal stability with only ~ 2% mass
loss up to 750 °C. By integrating crystallographic, optical, surface
chemical, and electrochemical data, this work establishes a robust
structure-property-performance correlation. These findings high-
light the effectiveness of Aloe vera-assisted green synthesis in
producing Alv-ZnO NSs with improved stability and superior
electrochemical performance, making them promising candidates
for SC applications. Moreover, the significant improvement in
capacitance makes them a more efficient alternative to conven-
tionally synthesized ZnO-based materials.

2. Experimental section
2.1 Characterization techniques

The characterization of Alv-ZnO NSs was performed using
various advanced techniques. X-Ray diffraction (XRD) was
utilized to examine the crystalline structure and confirm the
phase purity of the ZnO material. Fourier-transform infrared
spectroscopy (FTIR) was employed to identify functional groups

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of electrochemical performance of Alv-ZnO NSs with other ZnO-based electrodes

Material Synthesis Specific capacitance Ref.
Alv-ZnO NSs Green synthesis 952.5Fg 'at1Ag 'and 744.66 Fg 'at 1 mVs '  This work
ZnO-rGO Green synthesis 535Fg ‘at1Ag " 39
ZnO nanocomposites Green synthesis 820Fg 'at1Ag™ 40
ZnO nanocomposite Green synthesis 268.5Ag 'at0.1Ag " 41
ZnO-GO nanocomposite Green synthesis 523.4Fg tat2Ag " 42
ZnO nanopatrticles Green synthesis 667 Fg 'at1Ag " 43
ZnO-Ag nanocomposite Green synthesis 189.52 Fg 'at0.5A g’ 44
ZnO@rGO Green synthesis 303Fg lat10A g™ 45
ZnO/graphene Green synthesis 236 Fg 'at10Ag " 46
ZnO-carbon nanosphere Facile low-temperature water-bath 630 Fg 'at2Ag ' 47
ZnO-carbon nanotubes Spray pyrolyser 324Fg lat1Ag ! 48
ZnO/carbon aerogel nanocomposite ~ Co-precipitation 500Fg 'at1Ag " 49
ZnO-activated carbon Sol gel 160Fg 'at1Ag " 50
ZnO nanocomposite Co-precipitation 375 F g ' at 75 mA cm ™2 51
ZnO nanopowder Hydrothermal 448 F g 'at0.25Ag " 52
ZnO nanocomposite Solvothermal 122.4Fg tat5mvs " 53
ZnO nanorods Hydrothermal 867 mF cm 2 at 2 mA cm > 54
ZnO nanorods Wet chemical 370 Fg 'at 10 Ag " 55
ZnO nanopetals Spray pyrolysis 365 Fg 'at5mvVs ' 56
ZnO nanoparticles Hydrothermal 330 Fg ' at0.1C 57

and detect Aloe vera-derived bioactive compounds in the synthe-
sized material. Field emission scanning electron microscopy
(FESEM) was used to analyse the particle morphology, while
energy-dispersive X-ray spectroscopy (EDX) was employed to
evaluate the elemental composition. Transmission electron
microscopy (TEM) was carried out for detailed insights into
particle size and lattice fringes. Additionally, X-ray photoelectron
spectroscopy (XPS) was employed to investigate the elemental
composition and oxidation states, and UV-vis spectroscopy and
PL spectra were used to study the optical properties, including
the bandgap of the synthesized Alv-ZnO NSs.

2.2 Synthesis of ZnO nanostructures (Alv-ZnO NSs)

Fresh Aloe vera leaves were sourced from the polyhouse
at UPES, Dehradun, India. The leaves were thoroughly

washed with double deionized (DDI) water multiple times to
remove dust and impurities. Approximately 20 g of gel was
extracted from the cleaned leaves and transferred into a
beaker. The gel was then blended with 100 mL of DI water
using a cleaned grinder mixer to obtain a fine, viscous
mixture. This mixture was heated in a hot air oven at 85 °C
for 2 h to achieve a uniform solution. Zinc acetate monohy-
drate Zn(CH3;COO),-H,0) (10 g) was dissolved in as prepared
Aloe vera gel under continuous stirring. The prepared Aloe
vera gel acted as a natural reducing agent. The resulting
mixture was stirred at 80 °C for 1-2 h until a dark, viscous
gel was formed. This gel was subsequently calcined in a muffle
furnace at 400 °C for 2.5 h with a ramp rate of 5 °C min™',
yielding Alv-ZnO NSs. The synthesis procedure has been
shown in Fig. 2.

Zn(CH,C00),.2H,0

Aloe emodin
o

Freshly cut Aloe
vera leaf

Stirring for 2 hours

ZnO
Nanostructures

S
% Drying W@

Reaction
400°C, 2.5 h

Fig. 2 Schematic of formation of ZnO nanoparticles using Aloe vera gel (created with https://biorender.com).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3 Reaction mechanism of Alv-ZnO NSs

Hydrolysis of zinc acetate. Zinc acetate monohydrate
Zn(CH3COO0),-H,O0 dissolves in Aloe vera gel solution, and upon
heating, it undergoes hydrolysis to form zinc hydroxide (Zn(OH),):

Zn(CH;C00),-H,0 + H,0 — Zn(OH), + 2CH;COOH

Reduction by Aloe vera gel. The bioactive compounds in Aloe
vera gel (such as polysaccharides, phenolics, and flavonoids)
act as reducing agents, facilitating the reduction of zinc ions
(zn>*) to Zn(OH),

Zn** + 2Aloe vera compounds — Zn(OH), + Aloe vera com-
pounds (oxidized)

Aloe vera compounds help stabilize the formed zinc hydro-
xide by preventing agglomeration, ensuring uniform nanopar-
ticle formation.

Calcination to form Alv-ZnO NSs. Upon heating the gel
mixture at 400 °C, the zinc hydroxide undergoes dehydration
and transformation into ZnO, with water being released:

Zn(OH), — ZnO +H,0

Overall reaction. The overall reaction (eqn (1)) for the
formation of ZnO NSs from zinc acetate monohydrate and Aloe
vera gel extract is:

Zn(CH3C00),-H,0 + 2H,0 + Aloe vera gel
— ZnO + 2CH;COOH + H,0 (1)

2.4 Electrochemical characterization

To fabricate the working electrode, a slurry was prepared by
mixing the active material, conductive carbon black, and poly-
vinylidene fluoride (PVDF) in a weight ratio of 8:1:1. Carbon
black was incorporated to enhance the electrical conductivity of
the electrode, while PVDF served as a binding agent to ensure
mechanical stability. The mixture was dissolved in N-methyl-2-
pyrrolidone (NMP) to form a homogenous slurry, which was
uniformly coated onto a pre-cleaned nickel foam substrate (1 x
1 cm?®). The nickel foam was cleaned following the procedure
reported in the literature,”® ensuring the removal of any surface
impurities. The coated nickel foam was then dried in a vacuum
oven at 80 °C for 12 h to remove residual solvent. The prepared
electrode was used as the working electrode in a three-electrode
configuration, with platinum foil (2 x 2 cm?) serving as the
counter electrode and a saturated calomel electrode (SCE) as
the reference electrode.

Cyclic voltammetry (CV) was conducted to evaluate the redox
activity of the material and determine the anodic and cathodic
peak current responses at varying scan rates. The CV data were
analysed using the power-law equation (eqn (4)) to distinguish
between diffusion-controlled and capacitive contributions to the
charge storage mechanism. Galvanostatic charge-discharge
(GCD) measurements were performed to determine the specific
capacitance of the material, enabling the assessment of its energy
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storage performance. Electrochemical impedance spectroscopy
(EIS) was employed to study the charge transfer resistance and
ion diffusion behavior of the electrode material across a frequency
range of 10 mHz to 100 kHz. The Nyquist plots obtained from EIS
provided insights into the conductivity and interfacial charge
transport characteristics of the material, which are critical for
evaluating its suitability for energy storage applications.

3. Results and discussion

The structural and phase analysis of the Alv-ZnO NSs were
investigated using Xray diffraction (XRD) techniques. In
Fig. 3(a) is the experimental XRD pattern along with the theore-
tical pattern calculated using Rietveld refinement. Also shown in
the figure is the difference (Ipxperimental — Irheorotical) Pattern. The
Rietveld refinement was done using Fulprof software.>® The
excellent goodness of fit (> = 2.276) confirms the high crystalline
quality of the material. The diffraction peaks correspond to the
hexagonal wurtzite structure of ZnO,* and no secondary phases or
impurity peaks were observed, indicating the successful synthesis
of pure Alv-ZnO NSs. The refined structural parameters, such as
the space group (P63mic), lattice constants, and other crystallo-
graphic details, are consistent with the standard wurtzite
structure.

The lattice parameters were determined as @ = b =3.25 A, c =
5.21 A, with interaxial angles of o = f# = 90°: y = 120°. These
precise values align with the standard hexagonal wurtzite
structure of ZnO, which are in good agreement with standard
ZnO (JCPDS no. 36-1451), and these results align well with the
values reported in the literature,®® further verifying the struc-
tural integrity and purity of the synthesized Alv-ZnO NSs. To
evaluate the microstructural characteristics, crystallite size and
strain factor were calculated using the Rietveld refinement
parameters, as shown in Fig. 3(b). The average crystallite size,
indicative of the grain size, falls within the nanoscale range, i.e.
41.7 + 0.2 nm, ensuring a high surface area that is beneficial
for energy storage applications. The micro-strain estimated
using the size-strain (SSP) method was estimated as 1.36%,
reflecting high lattice distortions, probably due to the intrinsic
defects. These results underline the precise synthesis process
and the high-quality nature of the Alv-ZnO NSs. The thermal
stability of the Alv-ZnO NSs was evaluated using thermogravi-
metric analysis (TGA). As shown in Fig. 3(c), the TGA curve
shows exceptional thermal stability, with only a minor weight
loss of approximately 2% observed up to 750 °C, which is much
lower compared to the ZnO nanomaterial reported.®>®> This
negligible weight loss can be attributed to the evaporation of
residual organic compounds and adsorbed water.®>"*® Beyond
this, the material exhibits no significant decomposition or
phase change underscoring its robust thermal resistance. The
excellent thermal stability observed in TGA further complements
the structural findings from XRD. The absence of phase transi-
tions or material degradation at elevated temperatures reinforces
the suitability of these Alv-ZnO NSs for applications that demand
high-temperature stability, such as in supercapacitors, batteries,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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curve indicating ~2% mass loss, verifying high stability.

photocatalysis, and gas sensors.®”®® The synergistic insights
from XRD and TGA highlight the superior quality and potential
of the synthesized Alv-ZnO NSs for SC applications.

The FTIR spectrum of Aloe vera (red curve in Fig. 4) shows a
broad O-H stretching band (3560-3200 cm ™', centered at
~3366 cm ™ '), attributed to phenolic compounds and carboxylic
acids such as aloin and emodin.***® Distinct C-H stretching
bands at ~2919 and 2853 cm ™', and peaks near 1415 cm ™"
(symmetric carboxylate stretching), 1254 cm™' (C-O-C in O-
acetyl esters), and 1099 cm~ ' (C-O/C-OH from glucan units in
polysaccharides) are also observed.>” These assignments are
consistent with our previously reported data and existing
literature.>® In comparison, the Alv-ZnO spectrum (black curve
in Fig. 4) exhibits attenuated but noticeable peaks at 3464 cm™"
(O-H), 2935 cm™ ' (C-H), and around 1000-1100 cm ™, alongside
a distinct Zn-O stretching region below 600 cm *.7%”! The
significant weakening of organic-related peaks after calcination
at 400 °C suggests that the bulk Aloe vera organics are removed,
while a small fraction of surface-bound functional groups
remains. These remaining groups likely promote enhanced
electrochemical properties by improving electrolyte interaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Rietveld refinement of the Alv-ZnO NS XRD data for the crystal lattice constants, (b) SSP plot showing crystallite size and strain, and (c) TGA

and wettability. Thus, the inclusion of Aloe vera FTIR data
clarifies that the observed bands in the Alv-ZnO spectrum
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Fig. 4 FTIR spectrum of Aloe vera and Alv-ZnO NSs.
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originate from Aloe vera-derived surface functionalization rather
than post-calcination environmental adsorption. This directly
supports the green synthesis pathway and strengthens the role of
Aloe vera in functionalizing ZnO nanostructures.

These observations align with previous studies where Aloe
vera extracts have been reported to facilitate the synthesis of
ZnO NSs by serving as both reducing and capping agents.”>”>
The presence of functional groups such as hydroxyls, amines,
and carboxylates in Aloe vera suggests their active role in ZnO
NS formation and stabilization. Moreover, the weak band at
1628 cm ', corresponding to amide bonds, suggests protein
involvement in nanoparticle synthesis, further supporting the
biological synthesis mechanism.”>

The UV absorption spectra of Alv-ZnO NSs, presented in
Fig. 5(a), span a range of 200-800 nm. An absorption edge was
observed near 380 nm, confirming the presence of highly
crystalline ZnO nanostructures.”® Additionally, a distinct peak
at 380 nm was noted, attributed to the surface plasmon
resonance (SPR) of the ZnO nanostructures.”* The presence of
SPR in Alv-ZnO NSs enhances charge transfer, improving
electrochemical performance and making them promising for
energy storage applications such as batteries and SCs. Accord-
ing to Chandran et al ZnO nanoparticles typically exhibit
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absorption peaks within the 350-400 nm range.”* A redshift
toward longer wavelengths was observed with increasing parti-
cle size, further supporting the successful synthesis of ZnO NSs
using Aloe vera extract as a reducing agent.® The direct optical
band gap (E,) of the synthesized sample was determined using
Tauc’s equation mentioned in eqn (2), as follows:”*7>
(oehv)? = A(hv — Ey) (2)
where A is constant, « represents the optical absorption coeffi-
cient, and &v is the photon energy.

The estimated E, was found to be 3.74 £ 0.10 eV. The
bandgap of bulk ZnO is 3.37 eV. However, the reported band-
gap of the ZnO nanoparticles varies between 3.2 and 3.8 eV,
depending on the synthesis method, particle size, morphology,
and defects, such as surface defects and oxygen vacancies.”” '
The E, value obtained in this study closely matches the 3.8 eV
reported by Nabil et al.®* for Alv-ZnO NSs with an average
particle size of ~45 nm, synthesized via the wet chemical
technique. Notably, the average particle size obtained from
XRD peak analysis for our sample is ~40 nm.

The bandgap and defect states were analysed using PL
spectroscopy. In Fig. 5(b) is the PL emission spectrum, with

| PL emission Intensity
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3
3 B
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4

Fig. 5

E

v

(a) UV-vis spectroscopy providing the energy band gap, (b) PL spectra of Alv-ZnO NSs, (c) assignment of defect levels observed in the PL

spectrum based on first principle calculations, references marked with subscript ‘a’, ‘b and ‘c’ are ref. 76—78, respectively. ‘A" to 'F’ are transitions marked

in the PL spectrum (Fig. 5(b)).
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emission peaks labelled as ‘A’ (324 nm = 3.83 eV), ‘B’ (3.65 V),
‘C’ (3.42 eV), ‘D’ (3.24 €V), ‘E’ (3.16 eV), and ‘F’ (3.10 eV). The
major emission peak ‘A’ at 3.83 eV, corresponds to transition
from the valence band (VB) to the conduction band (CB), while
the other minor peaks arise from transitions between localized
defect states and extended states (VB or CB). The defect state
assignments, shown in Fig. 5(c), are based on first-principles
calculations.”®”®%* PL spectroscopy analysis clearly reveals that
zinc vacancies and oxygen interstitials are present in the ZnO
samples synthesized via the green synthesis process using Aloe
vera. These defect centers play a crucial role in the performance
of the material as an electrode for supercapacitors, as they serve
as active sites for charge storage.®* The excellent thermal and
chemical stability of the material are crucial for energy storage
applications. High band gap suggests favourable dielectric
properties, promoting efficient charge separation and
storage.®> A higher value of the energy band gap is attributed
to the presence of intrinsic defects like Zn vacancies and oxygen
interstitials.®® Moreover, the presence of abundant surface-
active sites enhances redox reactions, positioning Alv-ZnO
NSs as a promising candidate for supercapattery behaviour in
high-performance SCs.

The defect state-related transitions in the PL spectrum
indicate the presence of intrinsic defects like Zn vacancies
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and oxygen interstitials. To further verify the surface defect
configuration, XPS spectra were recorded. In Fig. 6(a) is the
survey scan showing the presence of Zn, O and C core levels.
The detailed scan at the C 1s core level is shown in Fig. 6(b).
The complex spectrum is fitted with three Gaussian peaks
positioned at 286.5, 288.2 and 291.1 eV, attributed to adventi-
tious C-C, C=0 and O-C—C bonds, respectively.®””*® The
adventitious carbon peak is often used to compensate for the
charging effect, especially for insulator samples. Thus, the most
intense component observed in the C 1s band is adjusted to a
binding energy of 284.8 eV.*® We observe a blue shift of 1.7 eV
in the adventitious peak and hence provide a shift of —1.7 eV in
the Zn 2p and O 1s spectra to be discussed below. The other
carbon peaks corresponding to C—0 and O-C=—C are actually
at 286.5 eV and 289.4 eV, respectively, after the correction for
the charging effect and are in agreement with the literature.®”
The Zn 2p doublet is shown in Fig. 6(c) after Shirley back-
ground subtraction and after shifting the spectrum by 1.7 eV to
lower the binding energies. The spectrum is fitted with four
Gaussian peaks at 1023.2 eV, 1041.2 eV, 1046.3 eV and a broad
peak at 1066.6 eV. The first peak at 1023.2 eV represents the Zn
2ps, component and the second peak at 1041.2 eV is the shake-
up satellite.’® A difference of 18.0 + 0.2 eV between the Zn 2p;/,
peak and its corresponding satellite peak is in agreement with
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Fig. 6 XPS analysis of Alv-ZnO NSs: (a) survey spectrum, (b) high-resolution C 1s spectrum, (c) Zn 2p spectrum, and (d) O 1s spectrum.
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values reported in the literature for ZnO.** The third peak at
1046.3 eV is attributed to the Zn 2p,,, component and it is
positioned at 23.1 eV from the Zn 2p;/, peak. This is spin-orbit
splitting of the Zn 2p orbital, in agreement with the
literature®’®* and is typical of the Zn** oxidation state. How-
ever, the binding energies of the Zn 2p;/, and 2p,,, components
are found to be blue shifted by about 1 eV in our sample
compared to those reported in the literature.””** The blue shift
clearly represents that the oxidation state of Zn is more than +2,
which may be due to Zn vacancies and/or oxygen interstitials.
This also agrees with the PL emission, where the surface defect
related emission at 0.18 eV, 0.59 eV and 0.73 eV is attributed to
Zn vacancy related defect states (see Fig. 5(c)). Therefore, it can
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be concluded that Alv-ZnO NSs grown through a green synth-
esis route contain intrinsic defects in the form of Zn vacancies
and/or oxygen interstitials, which may be beneficial for its
application as an electrode material for energy storage. In
Fig. 6(d), the O 1s core level spectrum of the ZnO sample, after
background subtraction, is shown. Two Gaussian peaks are
observed at binding energies of 532.0 eV and 533.6 eV. The peak
at 533.6 eV is attributed to surface species such as C—O0O
groups,®”** while the 532.0 eV peak has often been associated
with surface hydroxyl groups (OH).”“**°° However, the BE
difference between Zn 2p;, (1023.2 eV) and this O 1s
component (532.0 eV) is 491.2 eV, which closely matches
the BE difference (491.3 eV) observed for lattice oxygen in
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(a) FESEM images of Alv-ZnO NSs at different magnifications, highlighting their morphology. (b) EDX spectrum confirming the elemental

composition and purity of the synthesized Alv-ZnO NSs. (c) EDX analysis. (d) TEM image showcasing the nanoscale features of Alv-ZnO NSs. (e)
Histogram from TEM analysis, indicating an average particle size of approximately 35 nm.
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single-crystal ZnW0,.°® This strongly supports the attribution
of the 532.0 eV peak to lattice oxygen in Zn0.?”%®

The FESEM images of Alv-ZnO NSs (as shown in Fig. 7)
synthesized using Aloe vera extract reveal a distinctive needle-
like morphology with a mesoporous arrangement of nano and
submicron particles. The FESEM image shows variations in
shape and size of the particles. At higher magnification
(Fig. 7(a)), the structures appear as tightly packed and elon-
gated nanoneedles with uniform dimensions, measuring
approximately 56 nm in length, 42 nm in width, and 360 nm
in height. These needle-like formations exhibit significant
porosity and interconnectedness, which are critical for applica-
tions requiring high surface area and efficient charge transfer.
The lower-magnification images (Fig. 7(b)) provide a broader
perspective, showing a dense, three-dimensional network of
Alv-ZnO NSs, which further enhances their potential for energy
storage applications by improving electrolyte accessibility and
ion diffusion pathways. The needle-like morphology of ZnO
synthesized through the green route using Aloe vera extract
plays a crucial role in energy storage applications. This unique
structure provides a high surface area, enhancing the inter-
action with electrolytes and facilitating charge storage.
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Additionally, the interconnected structure facilitates rapid ion
transport, making these nanostructures highly suitable for SCs
and battery electrodes. The use of Aloe vera extract as a
sustainable and eco-friendly reducing and capping agent
further emphasizes the green synthesis approach, aligning with
the global drive toward environmentally conscious material
production.

The EDX analysis supports the successful formation of Alv-
ZnO NSs, with the elemental composition dominated by zinc
(Zzn) and oxygen (O), as indicated by their respective peaks in
the spectrum. Quantitative data confirm that the weight per-
centage of oxygen is 60.6%, while zinc accounts for 39.4%. The
atomic percentages of oxygen and zine, 86.3% and 13.7%,
respectively, suggest an oxygen-rich ZnO surface, as shown in
Fig. 7(c), due to adsorbed species, which is consistent with the
expected chemical structure. In Fig. 7(d) is the TEM image of the
Alv-ZnO NSs, revealing their well-defined morphology and nano-
scale features. The corresponding particle size distribution is
shown in Fig. 7(e), where the histogram analysis indicates an
average particle size of approximately 35 nm, which is in good
agreement with the average crystallite size estimated using XRD
peak analysis. These results also complement the FESEM
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findings, confirming the nanoscale dimensions of the synthe-
sized Alv-ZnO NSs.

The electrochemical performance of the Alv-ZnO NSs was
evaluated using cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy
(EIS) in a three-electrode configuration with 2 M KOH as the
electrolyte. The measurements were conducted within a
potential window of 0.5 V. The CV analysis was performed over
awide scan range from 1 to 60 mV s, as shown in Fig. 8(a) and
(b). At lower scan rates, the CV profiles (Fig. 8(a)) exhibit well-
defined redox peaks, which indicate the pseudocapacitive
nature of the material, primarily due to surface-controlled
redox reactions. As the scan rate increases (Fig. 8(b)), a broad-
ening of the peaks is observed, which further confirms the
pseudocapacitive characteristics of the material. The persis-
tence of distinct oxidation and reduction peaks even at high
scan rates indicates that the Alv-ZnO NSs exhibit fast redox
kinetics and high reversibility, which can be attributed to their
nanostructured morphology.

Aloe vera plays a critical role in the synthesis by acting as a
biocompatible and eco-friendly reducing agent, which not only
facilitates the formation of Alv-ZnO NSs but also enhances their
surface properties.>®® This is supported by energy-dispersive
X-ray spectroscopy (EDX) analysis, which reveals a high oxygen
content of approximately 83% in the Alv-ZnO NSs. The PL data
also shows the defect peaks corresponding to oxygen intersti-
tials and Zn vacancies (see Fig. 5(b) and (c)). The abundant
oxygen presence is indicative of the high degree of surface
oxidation, which could be attributed to the functional groups
contributed by Aloe vera during the synthesis process. These
oxygen-rich functional groups are likely to enhance the pseu-
docapacitive behaviour by promoting better interaction
between the electrolyte ions and the electrode surface, leading
to improved charge storage capability. In addition, interstitial
oxygen contributes to improving electronic conductivity.”®%®
The biogenic nature of Aloe vera may aid in creating a more
porous and uniformly distributed nanostructure, further facil-
itating ion transport and redox reactions.*?

The shift of the redox peaks towards more positive and
negative potentials at higher scan rates suggests a diffusion-
controlled process.”®*® This shift indicates that, as the scan rate
increases, ion diffusion within the electrolyte and electrode inter-
face plays a significant role in the charge storage process.®'%°

To further understand the charge storage mechanism, the
relationship between the peak current (i) and the scan rate (v)
was analysed using the power law in eqn (4):'°°

ip=a’ (4)

where a is a constant, v is the scan rate, and the exponent b
determines the nature of the charge storage process. The value
of b = 1 represents ideal capacitive behaviour, while the a value
of 0.5 corresponds to diffusion-controlled, battery-like
behaviour.’®'°° For the Alv-ZnO NSs, the calculated b-value
for the anodic peak was 0.63 (Fig. 8(c)), confirming the super-
capattery mechanism that contains both diffusion and surface-
controlled behaviours.
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Additionally, the capacitive and diffusion contributions to
the total current were separated using eqn (5):>°
Z(V) = klv + k2U1/2 = Icapacitive + Idiffusion (5)

where kv represents the capacitive current contribution, and
k"’ corresponds to the diffusion-controlled current. By rear-
ranging this eqn (6):*°

=k1VI/2+k2 (6)

~
ﬁ:w‘ <
-

The slope (k,) and intercept (k,) of the plot of l—i versus v/

. . . . s v2 oo, .
(Fig. 4(d)) provide insights into the capacitive and diffusion
contributions. Using these constants, the capacitive contribu-
tion percentage was calculated by eqn (5):**!

I capacitive

Capacitive contribution (%) = x 100% (7)

Icapacitive + laitfusion

The diffusion contribution can similarly be calculated by
relation (eqn (8)):

Diffusion contribution (%) = 100%

— capacitive contribution (%) (8)

In Fig. 9(a) is the trend of the capacitive and diffusion
contributions as a function of scan rate. It is evident from the
data that the capacitive contribution increases with increasing
scan rate, highlighting the surface-controlled nature of the
charge storage at higher scan rates. This trend is further sup-
ported by the curve in Fig. 9(b) and (c), which compares the CV
profiles at 1 mV s~ ' and 8 mV s, respectively. At lower scan
rates, diffusion-controlled processes dominate, as the ions have
sufficient time to access the entire electrode surface. In contrast,
at higher scan rates, the capacitive contribution increases as the
process becomes more surface-controlled, resulting in faster ion
exchange at the electrode-electrolyte interface.'®"'%

Furthermore, in Fig. 9(d) is the relationship between
specific capacitance and scan rate. The Alv-ZnO NSs exhibit
excellent specific capacitance at low scan rates, with values of
74466 Fg 'at1mVs ', 701.9Fg 'at2mVs ', 618.67 Fg ' at
5mVs ', 55842 Fg 'at8mvVs ! 52733 Fg 'at 10 mV s,
44167 F g ' at 20 mV s ', 39494 mV s ' at 30 mV s},
35861 F g at 40 mV s ', 32627 F g ' at 50 mV s ', and
292.36 F g ' at 60 mV s . The capacitance gradually decreases
with increasing scan rates due to the limited accessibility of ions to
the active sites at higher kinematics. Nevertheless, the high specific
capacitance values and stable trend across the scan rates indicates
the superior electrochemical performance of the material, further
supported by the oxygen-rich surface attributed to the reducing and
stabilizing effects of aloe vera gel.” The specific capacitance (F g ')
was calculated from the CV data using the following eqn (9):*%°

B JA]-AV

Cyp = ————
Py om- Ay

©)
where Cg, is the specific capacitance (F g~ '), I is the current (Amp),

Av is the potential window (Volt), v is the scan rate (Vs ') and m is
the active mass (gm).
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(a) Bar diagram showing the capacitive and diffusion contributions to the overall current at varying scan rates. (b) and (c) CV profiles at 1 mV s™
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The galvanostatic charge-discharge (GCD) behaviour of the
Alv-ZnO NSs was evaluated at current densities ranging from 1
to 10 A g™ ', as shown in Fig. 10(a), to assess the performance of
the material at different rates. The charge-discharge curves
showed typical capacitive behaviour, with nearly symmetric
shapes indicating excellent reversibility and fast ion transport
within the electrode. The specific capacitance (Cs,) was calcu-
lated using eqn (10):'*°
I x A2

Cop AV

(10)

where, I, is the current density (A g~), At is the discharge time
(s), and AV is the potential window (V).

At lower current densities (0.5, 1, and 2 A g™ '), the Alv-ZnO
NSs exhibited higher specific capacitance, whereas at higher
current densities (8 and 10 A g™ '), a slight decrease in capaci-
tance was observed, which can be attributed to the limited
diffusion of ions at faster charge-discharge rates. The specific
capacitance values at different current densities were calculated
tobe 960 Fg 'at0.5A¢g ', 952.5F¢g "at1Ag ", 945 Fg "at
2Ag L, 750Fg tat5Ag L, 720Fg "at8Ag L, and 700 Fg "
at 10 A g~ . Notably, the capacitance at 10 A g~ " is 72.9% of that

© 2025 The Author(s). Published by the Royal Society of Chemistry

at 1 Ag ', showing excellent material stability at higher current
densities (Fig. 10(b)).

Furthermore, long-term cycling performance evaluated at a
current density of 5 A g~' demonstrated remarkable stability of
the material, with 94.2% capacitance retention after 3000 charge-
discharge cycles (Fig. 10(c)). The material also maintained a high
coulombic efficiency of 93.5%, indicating excellent reversibility
and consistent charge storage behavior throughout prolonged
cycling. These values not only indicate good rate capability and
stability across a wide range of operating conditions, but they also
represent some of the highest specific capacitance values reported
in the literature for SCs (Table 1), making Alv-ZnO NSs highly
promising for practical SC applications.

To elucidate the mechanism behind the high electrochemi-
cal performance (952.5 F g " at 1 A g~ '), a detailed analysis of
the defect-induced enhancement was undertaken. The Aloe
vera-assisted synthesis facilitates the incorporation of intrinsic
defects, primarily Zn vacancies and oxygen interstitials, as
confirmed by both PL (Fig. 5(b), (c)) and XPS (Fig. 6(c), (d))
analyses. The PL spectrum displays multiple sub-bandgap
emissions at ~3.38, 3.65, 3.42, 3.24, 3.16 and 3.10 eV, which
align with transitions involving Zn and O lattice defects, as
predicted by first-principle calculations and previously reported
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DFT studies.”®’®%% Complementarily, XPS analysis reveals a blue
shift in Zn 2p;, (~1023.2 eV) and O 1s (~532.0 eV) peaks,
consistent with oxygen-rich surface states and Zn vacancies.”*
These defect sites act as redox-active centers, enabling rapid
faradaic reactions at the electrode/electrolyte interface, thereby
enhancing electrochemical performance. To quantitatively ana-
lyze the charge storage mechanism, cyclic voltammetry data were
fitted using the power-law equation. The b-value derived from
the anodic peak was 0.63 (Fig. 8(c)), indicating a mixed surface-
and diffusion-controlled process typical of supercapattery-type
storage.’®'°°, Furthermore, capacitive and diffusive contribu-
tions were separated using Dunn’s model (i{(V) = kv + kp/?),
with the results plotted in Fig. 9(a)-(c). At lower scan rates
(1-2 mv s~ 1), diffusion dominates due to full electrolyte pene-
tration; however, at higher scan rates (30-60 mV s '), the
capacitive contribution rises above 65%, highlighting enhanced
surface-controlled kinetics enabled by the defect-rich Alv-ZnO.
These findings directly support the assertion that Aloe vera-
induced defects play a central role in the electrochemical per-
formance of the material.

Electrochemical impedance spectroscopy (EIS) was used to
further investigate the charge transport properties of the Alv-
ZnO NSs. The EIS data, shown in Fig. 11, reveal a solution

Mater. Adv.

resistance (Rs) of 0.56 Q, which remained unchanged before
and after the measurements, as seen in Fig. 11(a) and (b),
respectively. However, the charge transfer resistance (R
increased to 1.6 Q after the experiments, indicating possible
changes in the electrode/electrolyte interface. This suggests
that the Alv-ZnO NSs maintain excellent conductivity while
experiencing some interface modifications over cycling.

4. Conclusion

The aloe vera-assisted synthesis of ZnO nanostructures (Alv-
ZnO NSs) successfully yielded highly crystalline and defect-
engineered ZnO, demonstrating superior electrochemical prop-
erties for supercapattery applications. Rietveld refinement con-
firmed the high phase purity and structural integrity of the
synthesized material. FESEM and HRTEM analysis revealed a
well-defined needle-like nanostructure with a high surface area,
ensuring efficient charge transport and electrolyte accessibility.
PL and UV-vis spectroscopy established a bandgap of 3.74 +
0.10 eV, with photoluminescence emissions confirming zinc
vacancies and oxygen interstitials, which enhance charge sto-
rage capability. XPS analysis further validated these intrinsic
defects, showing a blue shift in Zn 2p and O 1s peaks,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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confirming an oxygen-rich surface favourable for redox activity.
Electrochemical studies demonstrated an exceptional specific
capacitance of 952.5 F g¢™" at 1 A g~ " and 744.66 F g ' at
1 mV s, with 700 F g~ " at 10 A g, indicating excellent rate
capability. The capacitance retention of 72.9% from 1 A g~ to
10 A g ' highlights the stability of the material under high
current densities. These findings, combined with excellent
thermal stability, establish Alv-ZnO NSs as a sustainable,
high-performance electrode material for supercapatteries. This
study reinforces the potential of green synthesis in advancing
next-generation energy storage technologies, offering an envir-
onmentally friendly and scalable solution for high-efficiency
supercapatteries.
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