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1. Introduction by their morphology, crystallinity and surface chemistry,
in which parameters that are, in turn, strongly influenced
by synthesis conditions such as pH, precursor concen-
tration, and reaction temperature. Among the various
fabrication techniques available, ranging from sol—gel
and wet-chemical methods to hydrothermal and green
synthesis, the hydrothermal approach has emerged as
particularly advantageous. It offers precise control over
structural features, scalability and environmental com-
patibility [4, 5], making it a preferred route for producing
well-defined ZnO nanostructures [6, 7]. Recent stud-
ies have demonstrated that hydrothermal synthesis not
only enables morphological control but also enhances

Zinc oxide (ZnO) nanostructures constitute a highly
adaptable class of semiconducting materials, charac-
terized by a wide direct bandgap (~ 3.37 eV), high
exciton binding energy (~ 60 meV), commendable elec-
tron mobility and intrinsic optical transparency. These
attributes, coupled with their natural n-type conduc-
tivity at ambient conditions [1, 2], position ZnO as a
compelling candidate for integration into a broad spec-
trum of advanced technologies, including gas sensors,
light-emitting diodes, transparent electronics, and next-
generation photovoltaic systems [3]. The functional
efficacy of ZnO nanostructures is intimately governed
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electrochemical and dielectric properties, particularly
when combined with organic modifiers or dopants. For
instance, ZnO composites have shown improved dielec-
tric behaviour and charge transport characteristics when
modified with biocompatible agents or integrated into
hybrid systems [8]. Moreover, the incorporation of
organic molecules has been shown to influence the vibra-
tional and bonding characteristics of ZnO, as evidenced
by FTIR and Raman analyses, which reveal shifts in
functional group interactions and lattice dynamics [9].

Green synthesis strategies offer significant advantages
in terms of cost-efficiency, reproducibility and proce-
dural simplicity, making them highly suitable for the
sustainable synthesis of nanomaterials [10]. Recent ef-
forts have increasingly focused on synthesis routes that
utilize naturally derived biomolecules to enhance the
functional performance of ZnO nanostructures while
minimizing the environmental impact of conventional
chemical processes. Among these, hydrothermal synthe-
sis using plant-based compounds has gained attention
for its ability to produce ZnO nanostructures without re-
lying on harsh chemical or physical reducing agents [10].
In this context, tannic acid (TA), a naturally occurring
polyphenolic compound sourced from plant materials
and trisodium citrate are employed as eco-friendly re-
ducing and stabilizing agents. Their use, combined with
water as the reaction medium under controlled temper-
ature and pressure, aligns with the principles of green
chemistry. This approach not only reduces ecological
footprint and production costs but also supports the clas-
sification of the process as a green hydrothermal method.
Structurally defined as penta-m-digalloyl glucose, TA
represents one of the simplest hydrolysable tannins and
is widely recognized for its antioxidant, anti-mutagenic,
and antimicrobial properties [11, 12, 13, 14]. These
characteristics make TA a promising candidate for green
nanomaterial synthesis and surface functionalization.
Rich in hydroxyl and carboxyl functional groups, TA
serves as an effective capping and stabilizing agent, ca-
pable of forming strong electrostatic interactions with
nanostructure surfaces. These functional moieties facili-
tate coordination with metal ions and active surface sites,
further influencing the nucleation and growth kinetics of
ZnO nanostructures. Furthermore, the incorporation of
organic functional layers via TA may enhance biocom-
patibility and impart tunable surface properties, offering
distinct advantages for applications in biomedical and
optoelectronic devices.

While green synthesis offers considerable advantages,
the incorporation of TA and variations in synthesis
pH exert a pronounced influence on the structural and
electronic properties of ZnO nanostructures. Acidic con-
ditions have been shown to enhance ZnO performance,
primarily by promoting the nucleation phase, which fa-
cilitates the formation of more uniform, densely packed
nanostructures with superior functional attributes [15,
16]. Additionally, studies have shown that pH modulation
during synthesis can significantly affect the defect den-
sity, surface charge distribution, and particle connectivity,
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which in turn influence the electrical conductivity and
sensing performance of ZnO-based materials [17]. In
particular, ZnO composites functionalised under acidic
conditions have demonstrated enhanced humidity sens-
ing and electrochemical response, attributed to improved
surface area and active site availability [18]. However,
modifications in surface chemistry, particle agglomera-
tion, and defect distribution which arising from TA incor-
poration may either augment or impair the performance
of ZnO, depending on the concentration and synthesis
parameters employed. A nuanced understanding of the
interplay between morphology, chemical bonding and
electrochemical and electronic behaviour is therefore
essential for the rational design and optimization of ZnO-
based nanomaterials [17, 18, 19]. Such insight is critical
to unlocking their full potential across a wide range of
applications, including sensing technologies, catalysis,
and biomedical engineering [3].

Herein, this study investigates the impact of TA con-
centration and pH variation on the structural and elec-
tronic properties of ZnO nanostructures synthesized via
a green hydrothermal method. Morphological evolution
was characterized through surface topology and parti-
cle distribution analyses, while chemical bonding and
functional group identification provided insight into sur-
face modifications induced by TA. Electrical behaviour
was assessed through conductivity profiling and carrier
transport measurements, enabling a comprehensive eval-
uation of the structure—property relationships in both
pristine ZnO and ZnO-TA systems. By elucidating
the correlations between morphology, surface chemistry,
and electronic performance, this work establishes a foun-
dational understanding of the synergistic effects arising
from TA functionalization and pH modulation during
synthesis. Through systematic analysis, the study con-
tributes to bridging the gap between environmentally
benign synthesis strategies and the optimization of ZnO-
based device performance. Previous investigations have
demonstrated that surface modification and composite
formation can markedly influence the functional prop-
erties of ZnO-based materials, as exemplified by their
electrochemical behaviour in nanocomposite aerogels
[19] and humidity sensing capabilities in Ag/ZnO nan-
otetrapod architectures [20]. The findings presented
herein advance the fundamental understanding of struc-
ture—function relationships in functional nanomaterials
and pave the way for sustainable, scalable approaches to
next-generation applications in optoelectronics, sensing,
and biomedical engineering.

2. Experimental methods

2.1 Materials

High purity bulk Zn powder (ZnO, 99.9% purity, analyt-
ical grade), 5 mmol (0.15 g) of trisodium citrate flakes
(Na3CgHs507, 99.9% purity, analytical grade) and a 0.1
M tannic acid (TA) solution were obtained from R&M
Chemicals. Distilled water was employed throughout
all experimental procedures without further purifica-
tion. The deposition of thin films was carried out on
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clean polyethylene terephthalate (PET) substrates, each
measuring 1 cm X 1 cm in surface area, sourced from
Sigma-Aldrich (Malaysia).

2.2 Synthesis of pure ZnO and ZnO-TA nanostruc-
tures

Both pure ZnO and ZnO-TA nanostructures were syn-
thezized via a hydrothermal approach. Specifically, 0.5
g of Zn powder was dispersed in 100 mL of distilled
water under continuous magnetic stirring. Subsequently,
5 mmol (0.15 g) of trisodium citrate (Na3;CgHs507) was
introduced as a reducing agent, yielding a white sus-
pension. For the control sample (pure ZnO), the pH
was maintained at 7 without the addition of TA. For
TA-modified ZnO nanostructures, the synthesis protocol
remained consistent, with the exception of adding dif-
ferent volumes of 0.1 M TA solution to adjust the pH:
60 mL for pH 5 and 480 mL for pH 3. Each reaction
mixture was transferred to a heating platform enclosed
within a vacuum chamber and maintained at 90 °C for 1
hour to facilitate the hydrothermal reaction. Upon com-
pletion, the resulting suspensions were centrifuged to
remove residual impurities and washed repeatedly with
distilled water. The purified products were re-dispersed
in distilled water and stored for subsequent thin film
deposition onto PET substrates for characterisation.

2.3 Film deposition

A1 pL of the prepared pure ZnO and ZnO-TA nanostruc-
ture solution was uniformly drop-cast onto a PET thin
film using a clean Mayer wire-wound rod #3 (12.7 mm
diameter, 406.4 mm length, 0.25 mil wire) with a rolling
technique, followed by vacuum drying for 24 hours to
obtain the flexible ZnO/PET thin film.

2.4 Characterisation
2.4.1 Surface morphological measurement

The surface morphology and elemental composition of
the ZnO- and ZnO-TA-based thin films were character-
ized using high-resolution imaging and compositional
analysis techniques. Surface topography was examined
via field emission scanning electron microscopy (FE-
SEM; Auriga, Zeiss, Germany), operated at an accelerat-
ing voltage of 5 kV. Elemental analysis was performed
using energy-dispersive X-ray spectroscopy (EDX), inte-
grated within the LSM880-FESEM system (Carl Zeiss
AG, Germany), with imaging capabilities ranging from
50, 000x to 100, 000x magnification.

For sample preparation, 2 to 3 mL of the ZnO and
ZnO-TA nanostructure suspension was dispensed onto
aluminium foil and dried into powder form on a heating
plate. A glass layer was placed between the foil and
the heating surface to prevent direct thermal contact
and ensure uniform drying. This procedure was consis-
tently applied across all samples. The dried powders
were subsequently mounted onto standard pin stubs and
introduced into the FESEM chamber for imaging and
elemental analysis.
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2.4.2 Functional groups and bonding measurement for
the thin film

The chemical bonding characteristics and functional
groups present in the ZnO and ZnO-TA-based thin
films were analyzed using Fourier Transform Infrared
(FTIR) spectroscopy (PerkinElmer Spectrum 100, USA),
equipped with an attenuated total reflection (ATR) ac-
cessory. This configuration enabled the acquisition of
high-resolution spectra within the mid-infrared range
(4000 to 700 cm™!), with each measurement performed
at a spectral resolution of 4 cm™! and comprising three
individual scans.

For sample preparation, 2 mL of each suspension
was uniformly applied onto a clean glass substrate and
dried under ambient conditions within a vacuum cham-
ber for 24 hours to ensure complete removal of residual
deionised water and to yield a uniform dry film suitable
for infrared analysis. A small quantity of the resulting
powdered material was subsequently placed onto the
ATR crystal to ensure consistent contact. Infrared radia-
tion was transmitted through the crystal and interacted
with the sample to generate absorbance spectra. To im-
prove signal fidelity and spectral accuracy, an average of
30 scans was recorded per sample. The resulting spectra
were analyzed to identify functional groups associated
with the interaction between the ZnO surface and organic
modifiers such as TA.

2.4.3 Electrical properties measurement for the thin film

Current—voltage (I-V) characterisation was conducted
using a four-point probe configuration (Jandel Universal
Probe) in conjunction with a Keithley 2600B Source
Measure Unit (SMU). A uniform contact force of 10 g
was applied to each probe, spaced 1 mm apart, to ensure
consistent and reliable electrical contact with the thin
film surface. Measurements were performed across a
frequency range of 10 to 50 Hz to accurately determine
sheet resistance. The recorded resistance values encom-
passed both the intrinsic electrical resistance of the films
and the contact resistance at the probe—film interface.
The lateral conductivity, o in S/cm was calculated using
the following equation:

o=— (1)

The resistivity of the film, p in Q is calculated based on
the:

p = Rgpt 2)

where the Ry, is sheet resistance inQ/sq with 7, the
thickness and CF is known for the lateral correction
factor for the probe given by:

n [V \%
Ryy= — =] ~453(=|cCF
sh 1n2(1) 53(1)C )

Meanwhile, the Hall effect measurements were carried
out using the HMS ECOPIA 3000 system, employing
a probe current of 10 mA and a magnetic field strength
of 1 Tesla. Analyses were performed on square-shaped
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thin films (1 X 1 cm) deposited onto flexible PET sub-
strates with a thickness of 0.5 mm. This configuration
enabled precise determination of key electronic param-
eters, including carrier type (n-type or p-type), carrier
concentration and electron mobility. These metrics are
critical for evaluating the suitability of the films for
optoelectronic and sensing applications, particularly in
relation to surface modifications induced by TA and
variations in synthesis pH.

3. Results and discussion

3.1 Surface morphology properties of the solution
samples

As illustrated in figure 1, the surface morphology of
both pristine ZnO and ZnO-TA nanostructures, as re-
vealed by FESEM, demonstrates a distinct evolution

from nanorod architectures to quasi-spherical aggregates
with increasing TA concentration. At neutral pH (pH
7), the unmodified ZnO sample (figure la(i)) exhibits
sparsely distributed nanorods with faceted, prism-like
morphologies, ranging from tens to several hundreds of
nanometers in diameter. The corresponding microscale
image (figure la(ii)) reveals a heterogeneous distribution
of well-defined nanorods, which adhere to one another
to form a dense, porous network. This configuration
contributes to broad surface coverage and enhanced
structural stability.

Upon the introduction of TA at moderate concentration
(pH 5), the ZnO-TA sample (figure 1b(i)) displays a
more compact and interconnected morphology, with
nanorod features no longer discernible. The microscale
image (figure 1b(ii)) further confirms the formation

Figure 1. Surface morphology of ZnO-based nanostructures synthesized via the hydrothermal method: (a) ZnO at pH 7, (b) ZnO-TA at pH 5, and (c)
ZnO-TA at pH 3. Each sample is shown at (i) nanoscale resolution and (ii) microscale resolution.
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of distinct porous clusters, separated by larger voids,
indicative of nanorod disaggregation and reassembly into
a networked structure. Under highly acidic conditions
(pH 3), corresponding to a higher TA concentration, the
ZnO-TA sample (figure 1c(i)) exhibits extensive particle
aggregation and complete loss of nanorod morphology.
The nanoscale surface appears amorphous and sponge-
like, while the microscale image (figure 1c(ii)) reveals a
continuous, irregular porous layer. These observations
suggest that increasing acidity progressively disrupts the
nanorod architecture, promoting disaggregation and the
formation of a fused nanoparticle network.

To further clarify the elemental composition of the
as-synthesized ZnO and ZnO-TA nanostructures sam-
ples, EDX was employed alongside FESEM imaging.
Figures 2a, 2b, and 2c present the EDX spectra corre-
sponding to ZnO nanostructure samples synthesized at
pH 7, pH 5, and pH 3, respectively. A comparative
overview of the elemental weight percentages (wt.%)
of carbon (C), oxygen (O), and zinc (Zn) is illustrated
in figure 3. It is noteworthy that the presence of alu-
minium (Al) in figure 3a arises from the use of Al foil
as a substrate during sample preparation. Although the
same substrate was employed for all samples, Al was not
detected in the pH 7 samples, likely due to the sparse
and well-defined distribution of isolated ZnO nanorods,
which left portions of the substrate exposed. In contrast,

the ZnO-TA samples synthesized at pH 5 and pH 3
exhibited denser and more interconnected morphologies,
effectively covering the substrate and thereby masking
the Al signal. The pristine ZnO sample synthesized
at pH 7 exhibited a dominant Zn content of 72.49%,
followed by O at 17.46%, with C either absent or present
in negligible quantities, consistent with the expected
stoichiometry of pure ZnO. In contrast, C was detected
exclusively in the ZnO-TA samples synthesized at pH 5
and pH 3 (figures 3b and 3c), attributable to the phenolic
and carboxylate functional groups of tannic acid. These
findings suggest that TA incorporation, modulated by
pH, significantly influences both the morphology and
elemental composition of the resulting nanostructures.

The addition of TA induces a notable shift in the
synthesis pH, transitioning from neutral (pH 7) to more
acidic conditions (pH 5 and pH 3). TA functions as a sta-
bilizing agent, leveraging its abundance of phenolic and
carboxylic functional groups to influence the nucleation
and growth dynamics of ZnO nanostructures. Upon TA
incorporation, the sample synthesized at pH 5 retained
the nanorod morphology observed at pH 7. However,
the distribution was comparatively reduced, with some
nanorods forming interconnected structures indicative of
mild aggregation. This behaviour is likely attributable
to TA-mediated surface interactions. Elemental analysis
revealed a decrease in Zn content to 36.5%, accompa-

14 ZnO/pH7

15

180

104

ZnO-TA/pH5

100 pAL 300 400 500

ZnO-TA/pH3

Figure 2. The corresponding surface elemental composition of pure ZnO and ZnO-TA nanostructures determined by EDX: (a) ZnO at pH 7, (b) ZnO-TA
at pH 5, and (c) ZnO-TA at pH 3, indicating the relative weight percentages of Zn, O, C and Al, with the latter attributed to the use of Al foil as the

substrate.
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Figure 3. Elemental distribution maps of ZnO and ZnO-TA nanostructures synthesis at (a) pH7, (b) pHS5 and (c) pH 3 obtained via FESEM-EDX analysis
(from figures 1 and 2), illustrating the spatial dispersion of key elements and the effect of TA incorporation under varying synthesis conditions. The

elemental maps indicate Zn in green, O in red, and C in blue.

nied by elevated concentrations of C (27.57%) and O
(35%), suggesting moderate surface modification. These
compositional changes may result from chelation or ad-
sorption of TA’s functional groups onto Zn*? ions. In
the absence of conventional surfactants, capillary forces
become more pronounced; promoting agglomeration and
interparticle adhesion, factors that may further influence
the structural and electronic properties of the resulting
nanomaterials [21, 22].

At pH 3, the influence of TA becomes markedly
pronounced, resulting in the formation of highly in-
terconnected nanostructural networks accompanied by
evident aggregation and agglomeration. Elemental anal-
ysis reveals a substantial reduction in Zn content to
23.76%, while C reaches its highest concentration at
47.7%. Under these acidic conditions, TA exhibits en-
hanced solubility and reactivity, facilitating extensive
surface capping and partial organic coating of the ZnO
nanostructures. The increased acidity, driven by higher
TA concentrations, promotes greater adsorption of TA
onto the ZnO surface, leading to the formation of a thick
organic layer. This layer not only contributes to elevated
carbon incorporation but may also inhibit ZnO crystalliza-
tion. Such extensive surface modification is particularly
advantageous for applications requiring enhanced or-
ganic functionality, such as biosensing. The abundance
of phenolic and carboxylate groups under low pH condi-
tions contributes to significant carbon deposition, which
in turn influences the morphological characteristics of
the ZnO nanostructures. The incorporation of C species
into the ZnO lattice may introduce structural defects,
resulting in fragmentation or a reduction in nanorod
dimensions. Furthermore, the presence of C-rich do-
mains promotes surface irregularities, weakening the
structural integrity of the nanorods and rendering them
more susceptible to mechanical disruption [23, 24, 25].
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The observed compositional trends align with the
underlying principles of hydrothermal and green syn-
thesis methodologies. Under neutral pH conditions,
conventional hydrothermal synthesis favours the forma-
tion of pure, crystalline ZnO nanostructures with high Zn
content. In contrast, the green hydrothermal approach
employing TA at lower pH levels yields C-rich, surface-
functionalized ZnO nanostructures. The tunability of
this synthesis strategy enables controlled incorporation
of organic moieties, offering a versatile route for en-
gineering surface functionality and tailoring material
properties for advanced applications.

3.2 Chemical bonding analysis of the thin film sam-
ples

FTIR spectroscopy was employed to investigate the chem-
ical bonding and surface modifications of pure ZnO and
ZnO-TA nanostructures. This technique enables the
identification of specific functional groups and provides
comparative spectral insights into the role of phytochem-
icals and capping agents in stabilizing and modifying
the nanomaterial surfaces, as illustrated in figure 4. The
FTIR spectra for all samples confirmed the presence of
Zn-O stretching vibrations within the 600 —900 cm™! re-
gion, characteristic of ZnO lattice modes [26, 27, 28, 29].
As the concentration of TA increased, corresponding to
lower pH conditions, the fingerprint region of the spectra
became increasingly dominated by features associated
with TA. Notably, significant stretching vibrations were
observed between 1000 and 1300 cm™!. The pure ZnO
sample exhibited distinct peaks at 1060 cm™~! and 1360
cm™!, while the ZnO-TA samples displayed multiple
additional peaks within this range. These features are
attributed to carbonyl group (O—C-0O) bonding.
Furthermore, all samples exhibited prominent absorp-
tion bands around 1600 cm™!, corresponding to C=0
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Figure 4. FTIR spectra of pure TA (green), ZnO-TA at pH 3 (blue), ZnO-TA at pH 5 (red), and pure ZnO at pH 7 (black), highlighting the characteristic
vibrational stretching modes and the influence of TA incorporation under varying pH conditions on surface functional groups.

and C-O stretching vibrations, indicative of carbonyl
functionalities [30]. The presence of these bonding
types resulted from atmospheric adsorption during the
synthesis of the sample under non-vacuum conditions
[31, 32, 33]. These bonding types are likely the re-
sult of atmospheric adsorption during synthesis under
non-vacuum conditions [31, 32, 33]. The TA-modified
samples (pH 5 and pH 3) also showed additional absorp-
tion bands between 1037 and 1208 cm ™!, associated with
C-0O-C stretching, and between 1349 and 1613 cm~ !,
corresponding to C=0 stretching—both characteristic of
saturated ester groups [34, 35]. Additionally, absorption
bands within similar spectral regions were attributed to
phenolic and carboxylate moieties present in TA. The
intensities of O—H and -COOH-related peaks increased
with decreasing pH, suggesting enhanced protonation and
a greater presence of unbound TA molecules. This trend
indicates stronger interactions between TA and the ZnO
surface under acidic conditions, which further altering
the surface chemistry of the nanostructures. A broad ab-
sorption band observed in the 3200 — 3300 cm ™~ regions
across all samples is attributed to hydroxyl stretching
vibrations. This feature is likely associated with resid-
ual surface-bound hydroxyl groups formed during the
dehydration process, which occurred consistently across
all synthesis conditions [36, 37]. These parameters are
indicative of the electronic structure and reactivity of the
material and are particularly relevant in evaluating the
influence of surface modifications and functional groups
on the overall stability and performance of ZnO-based
nanostructures [38, 39].

In addition, according to the Brgnsted—Lowry
acid—base theory, the formation of hydroxide ions (OH™)
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arises from the interaction of ZnO with water, wherein
ZnO can act as either a proton acceptor or donor de-
pending on the surrounding chemical environment. In
this context, ZnO behaves as a Brgnsted—Lowry base
by accepting protons, leading to the formation of zinc
hydroxide (Zn(OH),). This reaction not only influences
the surface chemistry but also alters the electronic struc-
ture of the material. The incorporation of hydroxide ions
modifies the local electronic environment of the ZnO
nanostructure, which can significantly impact its optical
and electronic behaviour.

Such surface interactions are particularly pronounced
at the interface regions, where Zn2* ions (electron ac-
ceptors) and 02~ ions (electron donors) are in close
proximity. These interfacial zones, characterized by vari-
ations in electron affinity and ionization potential, pro-
vide a favourable landscape for charge transfer processes.
This facilitates exciton dissociation and contributes to
morphological transformations of ZnO when exposed
to specific substances, such as TAs, under controlled
conditions. The dynamic nature of these interactions un-
derscores the importance of surface chemistry in tuning
the functional properties of ZnO-based nanostructures.

3.3 Electrical and Hall coefficient of the ZnO and
ZnO/PET thin film

The electrical characteristics of ZnO/PET and
ZnO-TA/PET thin films were systematically investi-
gated via -V measurements employing a four-point
probe configuration, as depicted in figure 5. The ob-
served linearity in the I-V profiles, in accordance with
Ohm’s law, is indicative of metallic-like conduction be-
haviour. This linear response confirms the establishment
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Figure 5. Current—Voltage (I-V) characteristics of ZnO and ZnO-TA nanostructures synthesized at varying pH levels, illustrating the influence of TA

concentration on charge transport behaviour.

of a continuous and efficient charge transport pathway
throughout the substrate matrix, which is essential for
enhanced electrical conductivity.

The lateral electrical conductivity, o values derived
from the I-V for ZnO and ZnO-TA thin films deposited
on PET substrates, are summarized in Table 1. These
measurements, obtained via a four-point probe technique,
revealed conductivity values in the range of 1078 S/cm,
specifically ~ 16.45 + 0.09 x 10~8 S/cm for ZnO/pH
7, ~7.736 £ 0.19 x 1078 S/cm for ZnO-TA/pH 5, and
~ 10.66 +0.16 x 10~8 S/cm for ZnO-TA/pH 3. All three
samples demonstrated markedly higher o compared to
previously reported pure ZnO nanostructured thin films,
which typically exhibit o values between ~ 5 x 1071°
and 3 x 1078 S/cm [40]. This improvement underscores
the effectiveness of the synthesis strategy in facilitating
charge transport across the ZnO and ZnO-TA thin films
deposited on PET substrates. It is noteworthy, however,
that a slight reduction in o was observed upon the incor-
poration of TA at pH 5. This attenuation is attributed to
specific chemical interactions between TA and the ZnO
surface. As previously discussed, TA contains multi-
ple hydroxyl and carboxyl functional groups, with the
carboxyl moieties capable of forming coordination com-

plexes with Zn?* ions. These interactions may induce
surface passivation or partially disrupt the continuity of
conductive pathways, particularly at grain boundaries
or surface regions where organic species are introduced.
Such modifications can hinder electron mobility and
contribute to the observed decline in conductivity [41].
These modifications can impede electron mobility and
contribute to the observed decrease in o .

A further reduction in o was observed in the
ZnO-TA/pH 3/PET thin film, following the addition
of TA, when compared to the control ZnO/pH 7/PET
thin film sample. However, this sample exhibited a
modest increase in o relative to the layer of thin film of
ZnO-TA/pH 5/PET. This variation is closely linked to
morphological changes, as evidenced by FESEM analy-
sis. For ZnO-TA/pHS on PET thin film, the ZnO nanos-
tructures retained their nanorod morphology, although
partial disaggregation of particles was apparent due to
the presence of TA. In contrast, the sample prepared at
pH 3 displayed a pronounced structural transformation,
characterized by the near-complete absence of nanorods
and the emergence of an amorphous, interconnected
network of nanoparticles. This morphological shift is
attributed to the increased concentration of TA, which

Table 1. Summary of lateral conductivity o, carrier concentration N, electron mobility uj, and the calculated of the average Hall Coefficient Rgj, in

ZnO and ZnO-TA/PET thin films.

Avg. of Hall Coeff., Ry

Sample o (x1078 S/em)  Np, (x10P em™3)  uy, (cm?/V's) (x10° em3/C)
ZnO/pH7 16.45 +0.09 3.01 £ 1.13 1.64 +0.65 -0.23
ZnO-TA/pH5  7.736 +0.19 2.24 +1.09 2.59 +1.71 -2.69
ZnO-TA/pH3  10.66 +0.16 491 +2.14 1.16 £ 0.85 -1.62
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introduces a higher density of carboxyl and hydroxyl
functional groups, as confirmed by FTIR. These func-
tional groups interact more extensively with the ZnO
surface, and while they may initially act as insulating
moieties, their elevated concentration can effectively pas-
sivate surface defects and reduce the density of electron
trap states, thereby facilitating improved charge trans-
port [42]. The compact and interconnected architecture
observed in the ZnO-TA sample synthesized at pH 3
promotes enhanced structural coherence and facilitates
efficient electron percolation pathways. This reduction in
grain boundaries and structural discontinuities, features
that typically hinder electron mobility, supports the ob-
served improvement in ¢~ of the thin film deposited on the
PET substrate. These findings highlight the critical role
of TA concentration in modulating both the morphology
and electronic properties of ZnO-based nanostructures.

This behaviour is further illustrated in figure 6, which
schematically depicts the role of TA in influencing ZnO
nanostructure formation and film performance. At pH
5, partial deprotonation imparts a mild negative charge
to TA molecules, which cap individual ZnO nanoparti-
cles and disrupt interparticle connectivity, resulting in
reduced conductivity. In contrast, at pH 3, TA is more
fully protonated and acts as a structural linker, bridging
ZnO nanoparticles to form a dense, interconnected net-
work. This network enhances charge transport across
the PET-supported thin film, demonstrating the poten-
tial of pH-controlled TA incorporation for optimizing
ZnO-based materials in flexible electronic applications.

To gain a more comprehensive understanding of the
charge transport mechanisms within the fabricated thin
films, Hall effect measurements were performed to de-
termine the average Hall coefficient Ry, carrier concen-
tration Np, and Hall mobility yj. All samples exhib-
ited n-type conductivity, consistent with the intrinsic
electronic behaviour of ZnO, which is known to possess
native oxygen vacancies that act as donor states [40]. The
carrier concentration was found to be on the order of 10
cm™3, aligning well with previously reported values for
undoped ZnO thin film [43, 44, 45]. Among the samples
analyzed, the ZnO-TA/pHS/PET thin film demonstrated

Surface Defect

pH5

_— TAmolecule

the highest uy,, suggesting improved charge transport
efficiency. In contrast, the ZnO-TA/pHS/PET thin film
exhibited a reduction in uy, which is likely attributable to
increased grain boundary scattering resulting from parti-
cle aggregation. These findings highlight the sensitivity
of charge transport properties to both surface chemistry
and morphological features, which are modulated by the
concentration of TA and the synthesis conditions.

The Ry exhibited an inverse relationship with carrier
concentration, whereby thin film samples with higher
carrier densities displayed correspondingly lower Ry val-
ues. This trend reflects the increased availability of free
charge carriers within the transport medium [46], a phe-
nomenon well-documented in semiconductor systems,
including ZnO nanostructures [47]. A comprehensive
summary of the Hall measurements for all thin film sam-
ples is presented in Table 1. For the ZnO/pH 7/PET thin
film, the N}, was measured at 3.01 = 1.13 x 103 cm™3,
accompanied by s, of 1.64 +0.65 cm?/V-s and a Ry of
—0.23 x 103 cm?/C. These values are characteristic of
intrinsic ZnO, where n-type conductivity arises primarily
from native oxygen vacancies. The moderate mobility
observed is likely constrained by the presence of surface
trap states and grain boundary scattering, which limit
the efficiency of charge transport across the film.

For the ZnO-TA/pHS5/PET thin film, the thin film
exhibited enhanced uy, (2.59 + 1.71 cm?/V-s), despite a
slight reduction in N, (2.24 + 1.09 x 10'> cm™3), and a
corresponding Ry of —1.62 x 103 cm?/C. This improve-
ment is attributed to the passivation of surface trap states
by phenolic hydroxyl groups in TA, which reduce elec-
tron scattering and facilitate smoother charge transport
pathways. For ZnO-TA/pH 3/PET thin film, N, has
been increased to 4.91+2.14x 10! cm~3. However, this
was accompanied by a notable decline in yp (1.16 +0.85
cm?/V-s) and a Ry of —2.69 x 10° cm?/C. The reduced
Up 1s ascribed to excessive particle aggregation and el-
evated grain boundary density, which act as scattering
centres and hinder charge transport. Another plausible
explanation for the observed decrease in conductivity at
pH 5, despite an increase in pp, lies in the reduction of
Np, due to chemical interactions between TA and ZnO.

Z TA Linker

pH3

Zn0 Ns

Figure 6. Schematic illustration of the role of tannic acid (TA) in modulating ZnO nanostructure connectivity. At pH 5, partially deprotonated TA caps
individual nanoparticles, limiting interparticle linkage and reducing conductivity. At pH 3, fully protonated TA acts as a molecular bridge, promoting
dense interconnectivity and enhancing conductivity in the ZnO-TA thin film on PET substrate.
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At pH 5, the partial complexation of Zn?* ions by TA’s
carboxyl groups may interfere with the formation of na-
tive oxygen vacancies, which are the primary source of
free electrons in intrinsic ZnO. This reduction in donor
defects leads to a lower carrier concentration, thereby
decreasing the overall o as o is directly proportional
to both mobility u;, and Nj, given by o = nue. While
the uj, increases due to improved local ordering or re-
duced phonon scattering within grains, the diminished
carrier density limits the total number of charge carriers
available for conduction, resulting in a net decrease in o.
This highlights the delicate balance between chemical
surface modification and intrinsic defect chemistry in
determining the electronic performance of ZnO-TA thin
films. These findings underscore the critical role of sur-
face chemistry and TA concentration in modulating the
structural and electronic properties of nano ZnO-based
thin film.

In this case, the multiple hydroxyl and phenolic func-
tional groups of TA can interact with surface defects
and dangling bonds on ZnO nanostructures. These in-
teractions contribute to trap passivation by neutralizing
surface states that would otherwise act as recombina-
tion centers or scattering sites for charge carriers. By
reducing the density of surface trap states, TA function-
alization helps suppress carrier trapping and enhances
the continuity of charged transport pathways. Addi-
tionally, the chelating nature of TA can promote better
particle dispersion and interfacial bonding, leading to
improved film uniformity and reduced grain boundary
resistance. These effects collectively contribute to a
modest enhancement in carrier mobility and electri-
cal conductivity, particularly in the ZnO-TA/pH 3/PET
sample, where the interconnected nanoparticle network
benefits from both structural and chemical stabilization
provided by TA. Optimal TA incorporation enhances
o and uj,, whereas excessive amounts induce structural
disorder that compromises electronic performance.

Herein, both ZnO/pH 7/PET and ZnO-TA/pH 3/PET
thin films exhibit distinct structural and electronic char-
acteristics that offer specific advantages depending on
the target application. The ZnO/pH 7/PET thin film
displays a well-defined nanorod morphology, indica-
tive of high crystallinity and superior intrinsic o. This
anisotropic structure supports directional charge trans-
port with minimal scattering, making it particularly suit-
able for high-performance optoelectronic devices where
mobility and structural order are critical. In contrast,
the ZnO-TA/pH 3/PET thin film features an amorphous,
interconnected nanoparticle network resulting from the
disruption of nanorods due to elevated TA concentration.
Although this morphology leads to reduced electron
mobility, primarily due to grain boundary scattering, it
facilitates enhanced percolation pathways and yields a
modest improvement in o compared to the ZnO-TA/pH
5/PET sample. This configuration is advantageous for
flexible and wearable electronics, where uniform film
coverage, mechanical compliance, and stable conductiv-
ity are prioritised over high mobility. Therefore, while
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ZnO/pH 7/PET may be optimal for applications requir-
ing high-speed charge transport and structural precision,
ZnO-TA/pH 3/PET offers practical benefits in emerging
technologies that demand flexibility and robust electrical
performance. The selection of the optimal system should
be guided by the specific functional requirements of the
intended application.

4. Conclusion

A comprehensive evaluation of ZnO and ZnO-TA nanos-
tructures, synthesized via hydrothermal methods and
subsequently deposited as thin films onto PET substrates,
reveals the significant influence of TA on their morpho-
logical, chemical and electrical properties. Morphologi-
cal analysis conducted on the precursor solutions prior
to deposition, using FESEM, showed a transition from
well-defined ZnO nanorods at pH 7 to increasingly ag-
gregated and amorphous nanoparticle networks at lower
pH levels, particularly pH 3. This transformation is
attributed to strong interactions between TA’s functional
groups and ZnO particles, which disrupt the original
nanorod architecture.

FTIR performed on the deposited thin films confirmed
the presence of organic functionalities introduced by TA,
notably hydroxyl and carboxyl groups, which modified
the surface chemistry of the ZnO-TA films. Electrical
characterisation, conducted on the thin films deposited
on PET substrates, demonstrated that the pristine ZnO
sample (pH 7) exhibited the highest o-. However, the
ZnO-TA/pHS/PET thin film showed enhanced uj, at-
tributed to the passivation of surface trap states by TA,
which facilitated more efficient charge transport despite
a slight reduction in carrier concentration.

In contrast, the ZnO-TA/pH3/PET thin film exhibited
an increase in N but a noticeable reduction in uj. This
decline is attributed to particle aggregation and elevated
grain boundary density, which act as scattering centres
and hinder charge transport. Despite these limitations,
the thin film demonstrated a modest enhancement in o
compared to the ZnO-TA/pHS/PET thin film, suggesting
that the interconnected nanoparticle network formed
at lower pH levels may facilitate improved percolation
pathways. These electrical measurements, conducted
directly on the PET-supported thin films, highlight the
critical role of substrate—film interactions and surface
morphology in determining charge transport behaviour.
The findings reinforce the importance of optimizing
TA concentration to achieve balanced structural and
electronic performance in ZnO-based thin films for
flexible electronic applications.
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