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ABSTRACT

Actinomorphic-structured nickel oxide (NiO)/graphene (Gr) nanoarchitectures
embedded within a nanoceramic cobalt-zinc (Co-Zn) hydrogel matrix constitute an
emerging class of hygroscopic nanomaterials for next-generation humidity gradient
power generation (HGPG) platforms. These engineered hybrids exhibit exceptional
hygroscopic uptake; however, their ability to sustain spatially non-equilibrated moisture
profiles—crucial for continuous humidity-to-electricity transduction—is inherently
constrained by unoptimized surface chemistry and structural anisotropy. Such
deficiencies compromise the sequential ionization cascade required to establish
persistent electrochemical potential gradients, thereby attenuating current and voltage
outputs. Compounding these limitations, state-of-the-art HGPG devices frequently rely
on intricate, resource-intensive fabrication routes, hindering industrial scalability and
real-world deployment. To address these barriers, this study introduces a heteromorphic
nanochannel framework wherein actinomorphic NiO/Gr (NG) assemblies are
immobilized within a nanoceramic hydrogel matrix and subsequently functionalized via
stearic acid (SA) surface treatment to engineer stable, self-sustaining moisture
gradients. The NG composites were fabricated through a facile, low-energy sonicated
solution immersion process, followed by doctor-blade deposition onto a cellulose
substrate. Material optimization was carried out by varying the Gr contents (0.5 wt.%-
2.0 wt.%), as well as by modifying SA content (i.e., 1 - 4 wt.%), immersion temperature
(i.e., 30°C, 60 °C, and 90 °C), and immersion duration (i.e., 2, 4, 6, and 8 hours) to
enhance the hydrophilic properties through SA treatment. Further enhancement was
achieved by incorporating hematite and applying a Co-Zn hydrogel layer, significantly
improving the composite’s moisture absorption and charge generation from ambient
humidity. The synthesized hygroscopic materials were comprehensively characterized.
The HGPG device with 1.0 wt.% Gr loading (S-NG-1.0) demonstrated the highest
humidity response, yielding an output voltage of 2.24 +0.03 mV, a current density of
0.2+0.0nA/cm?, and an output power of 0.50+0.01pW. Notably, the device
maintained stable performance for over 400 days, indicating excellent long-term
durability. Subsequently, an HGPG device incorporating SA-treated hematite/NiO/Gr
composites with a Co-Zn hydrogel film exhibited improved output voltage of
11.5£0.2mV, a current density of 0.92+0.02nA/cm? and an output power of
13.2+0.2 pW. Moreover, the NG composite integrated with hematite and Co-Zn
hydrogel also showed promise in piezoelectric nanogenerator (PENG) applications,
achieving an average peak-to-peak output voltage (Vrep) of 12 V. Finally, a hybrid
HGPG-PENG device was successfully developed by integrating a waste-derived
material with the composite film, producing a Vep of 13 V and a power density of
65 pW/cm?. This work delineates a scalable, material-agnostic strategy for engineering
multifunctional hygroscopic—piezoelectric nanocomposites, elucidates the structure—
property—performance relationships underpinning moisture-driven energy transduction,
and validates their long-term operational resilience. The novel approach of integrating
NG with hematite and Co-Zn hydrogel in HGPG and PENG devices highlights
significant potential for the development of scalable and reliable energy harvesting
technologies.
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CHAPTER 1
INTRODUCTION

1.1 Research Background

Atmospheric humidity, an omnipresent yet underexploited renewable resource,
offers immense potential as a sustainable feedstock for electrical energy generation.
Comprising water molecules in the vapor phase, humidity represents a clean,
inexhaustible, and geographically ubiquitous energy carrier, accessible across diverse
environments, including rural, isolated, and even arid regions. Unlike solar irradiance,
which is inherently diurnal, atmospheric humidity persists continuously and often
intensifies under nocturnal low-temperature conditions, enabling round-the-clock
energy harvesting. This unique advantage positions humidity as an ideal complement
to established renewable technologies.

Humidity gradient power generation (HGPG) is an emerging transduction
paradigm that converts the chemical potential gradient of ambient water vapor into
electrical energy, offering synergistic integration with mature green technologies such
as photovoltaics [1] and nanogenerators [2, 3]. For example, a hybrid humidity-solar
panel can operate dually, harvesting solar photons during daylight and exploiting
ambient vapor at night to ensure continuous electrical output. Since the pioneering work
of Qu et al. [4] in 2015, which demonstrated the first HGPG device, the field has
witnessed a surge in research activity, driving the discovery of novel hygroscopic and
ion-conductive materials optimized for this application. Given that relative humidity at
most locations fluctuates within a relatively narrow band, HGPG systems can, in
principle, deliver stable and predictable electrical output with minimal intermittency.
Accordingly, advancing the design of high-performance humidity sorbents and
transduction materials is essential to unlocking the full potential of humidity as a
renewable, globally accessible, and sustainable energy source.

On the other hand, mechanical energy harvesting is another form of renewable
energy (RE) that can be achieved through several mechanisms, including
electromagnetic induction, electrostatic storage, and the piezoelectric effect. Among

these, piezoelectric nanogenerators (PENGs) have emerged as particularly attractive



due to their high energy conversion efficiency, mechanical flexibility, and adaptability
for integration into portable and wearable devices [5]. With the latest advancements,
PENGs are viewed as crucial in the development of self-sustaining nanotechnology
suitable for green energy applications [6]. This is due to their exceptional characteristics
and capabilities, allowing them to serve as a highly efficient energy source for nanoscale
devices, eliminating the need for potentially harmful power sources like chemical
batteries.

In this thesis, the development of advanced nanomaterials comprising porous,
actinomorphic-structured nickel oxide (NiO) and nanoporous graphene (Gr)
architectures, deposited onto a cellulose-based substrate is reported and discussed. The
selection of NiO and Gr is predicated on their intrinsic properties, exceptional moisture
adsorption capacity, mechanical robustness, chemical durability, and high electronic
conductivity which collectively ensure the long-term reliability and functional stability
of humidity-driven devices [4, 7, 8]. Furthermore, cellulose-derived materials
inherently exhibit hierarchical gradient structures [9-13], with cellulose fibers renowned
for their characteristic adsorption—desorption dynamics in response to ambient moisture
[14-16]. These synergistic attributes render NiO-Gr (NG) /cellulose hybrids ideal
candidates for sustained humidity-to-energy conversion.

Despite the recent progress in HGPG technologies, the scalability of existing
hygroscopic materials remains severely constrained by the high cost of precursors and
the intricacy of multistep synthesis protocols. To overcome these barriers, the author
employs a facile, low-energy sonicated solution immersion route to synthesize NG
nanocomposites with an intrinsically high nanopore density, followed by a stearic acid
(SA) surface modification to optimize the adsorption—desorption kinetics of water
molecules. This approach is anticipated to induce the formation of heteromorphic
nanochannels within the hygroscopic matrix, thereby enabling a novel charge-
generation mechanism that sustains high humidity-to-electricity conversion efficiency
over extended operational lifetimes. The NG architecture is further functionalized
through hematite incorporation and encapsulation within cobalt-zinc (Co-Zn)
nanoceramic hydrogel films, designed to enlarge the electroactive interface and
accelerate interfacial reaction kinetics [22]. This hierarchical modification is anticipated

to enhance both hygroscopic uptake and charge generation from ambient humidity.



Equally critical to HGPG device performance is the choice of substrate, which
dictates moisture retention dynamics and, consequently, the device’s humidity
response. Cellulose-based substrates, such as paper, offer intrinsically high-water
absorption capacity, rendering them attractive candidates for hygroscopic material
deposition [17-19]. Nevertheless, the environmental burden of the paper industry,
particularly its contribution to solid waste streams, remains a pressing sustainability
challenge. Waste-to-energy paradigms offer a route to mitigate this impact by
converting waste materials into useful energy, thereby advancing circular economy
principles. In this context, repurposing wastepaper or recycled paper (RP) as a substrate
for energy harvesting represents an unexplored but compelling opportunity. To the
author’s knowledge, no prior studies have demonstrated HGPG devices utilizing RP as
a structural and functional substrate platform. This research advances a sustainable
energy paradigm by engineering hematite/NiO/Gr (HNG) composites, encapsulated
within Co-Zn nanoceramic hydrogel films, onto RP substrates and realizing a
synergistic integration of RE harvesting, waste valorisation, and eco-conscious
materials engineering [20].

The investigation was extended to evaluate the piezoelectric performance of
HNG composites embedded within Co—Zn nanoceramic hydrogel. The multifunctional
nature of the composite opens the possibility for hybrid energy harvesting
configurations, achieving performance levels on par with, or complementary to, more
established RE systems. Intriguingly, the engineered material also exhibits mechano-
responsive electrical output, suggesting its suitability for mechanical-to-electrical
energy transduction. This dual-mode assessment enables comprehensive elucidation of
the coupled mechanisms governing both humidity-to-electricity and piezoelectric
transduction within the same material platform. To the best of the author’s knowledge,
the synthesis and integration of heteromorphic-nanochannel, actinomorphic-structured
NG composites with hematite on Co-Zn nanoceramic hydrogel-based cellulose
substrates for HGPG and PENG has not yet been reported. The transformation of the
study’s material into an energy-harvesting resource is significant from both economic
and environmental perspectives, as it promotes the advancement of RE through
sustainable and green innovation.

The novelty of the current study lies in the development of novel composite

films comprising NiO/graphene, hematite, and a Co—Zn hydrogel. In addition, this work
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demonstrates a scalable and reliable energy-harvesting system that integrates two RE
sources into a single platform. The synthesis process employed in this study further
contributes to its novelty, as SA treatment and a sonicated solution-immersion method,
which have not been reported in existing HGPG and PENG systems, are introduced.
Moreover, the use of recycled paper derived from waste materials as a functional
component has not been previously explored in HGPG applications, thereby adding to
the originality of this work. Notably, to the best of the author’s knowledge, this study
is the first to report an experimental investigation of HGPG in Malaysia, which further

strengthens the novelty and contribution of the research.

1.2 Problem Statement

The significant challenges and issues relevant to this study are outlined in the
following points:

Problem statement 1 (PS 1): In the field of humidity-to-energy conversion, the
ability of a material to sustain a moisture gradient is of paramount importance. Self-
sustained moisture gradient materials are particularly valuable as they enable
continuous water absorption, which is a fundamental requirement for driving the energy
generation process in hygroscopic systems. This continuous absorption not only
enhances the efficiency of energy conversion but also ensures the long-term operational
stability of the device. Based on the literature, only protein nanowires extracted from
microorganism Geobacter Sulfurreducens were reported to have self-sustained moisture
gradient [21, 22]. However, the protein nanowire from microorganism, which is organic
source, has short lifetime and not resisted to high temperature condition. Consequently,
this organic material is not reliable for applications in humidity-to-energy conversion
devices in the long term. Therefore, it is important to develop synthetic self-sustained
moisture gradient hygroscopic nanomaterials, which are durable, high temperature
resistant, stable, and robust that can function properly in the long period.

Problem statement 2 (PS 2): The current humidity-to-energy conversion based
on existing synthetic hygroscopic materials can only produce brief bursts of power in
the ambient environment, due to the lack of a sustained conversion mechanism [23-26].
The limitations also stem from the intrinsic structural configuration and surface

characteristics of existing hygroscopic materials, which fail to sustain the moisture



gradient required to establish a chemical potential difference across the material for
effective charge carrier transport. Consequently, current synthetic-material-based
technologies are unable to deliver stable, high-density energy output from ambient
humidity.

Problem statement 3 (PS 3): Paper is derived from cellulose, and in recent years,
research related to cellulose has gained considerable global attention due to its excellent
properties, including its ability to attract water molecules which is particularly
beneficial for HGPG applications [27-29]. However, the high demand for paper for a
wide range of purposes and applications has significantly contributed to waste
generation. This presents a serious global concern, as paper waste is a major
environmental issue that leads to air pollution, landfill accumulation, deforestation, and
increased energy consumption, all of which contribute to the worsening planetary crisis
[30, 31]. To date, various studies have addressed the issue of waste generation,
including the implementation of waste-to-energy approaches aimed at mitigating key
environmental and societal challenges. Nevertheless, more impactful research is needed
to develop energy-generation methods that promote sustainable, green solutions and
innovative strategies with long-term environmental benefits.

Problem statement 4 (PS 4): The mechanism of energy conversion from
atmospheric humidity remains poorly understood, primarily due to the limited number
of successful studies in this emerging field [32]. Furthermore, the development of
materials for humidity-to-energy conversion has progressed slowly and is still in its
early stages. Interestingly, these materials exhibit promising potential for integration
into other energy harvesting technologies, either to match the performance of well-
established systems or to enable hybrid configurations. However, given their nascent
development, no definitive reports have yet demonstrated such integration. This gap
presents significant opportunities for breakthrough research, particularly in designing
and developing composite materials capable of efficiently generating electrical energy
in hybrid systems. Therefore, extensive investigations into hygroscopic materials
especially when combined with other energy-harvesting components are essential. At
the very least, proof-of-concept studies conducted under controlled laboratory
conditions are necessary to validate their feasibility and performance potential.



1.3 Research Objectives

Based on the problems outlined in the preceding section, the objectives of this

study are defined as follows to address the identified challenges:

a)

b)

d)

To investigate the structural attributes, surface morphology, wettability, and
HGPG performance of novel composite films comprising actinomorphic-
structured NG functionalized via SA treatment, incorporating heteromorphic
nanochannels fabricated through a sonicated solution-immersion method.(PS 1)
To determine the optimal parameters for SA-treated NG on filter paper
cellulose-based substrates through a comprehensive evaluation of their
structural  characteristics, surface morphology, wettability, chemical
composition, and HGPG performance. (PS 2)

To evaluate the impact of incorporating hematite into the NG composite on its
surface morphology, structural and chemical properties, and HGPG
performance. (PS 1 and 2)

To access the humidity-to-energy conversion performance of HGPG-based
HNG composites integrated with Co-Zn-based nanoceramic hydrogel films
synthesized via the sol-gel method on filter paper and recycled paper cellulose-
based substrates. (PS 2 and 3)

To characterize the performance of the HNG composite integrated with Co-Zn-
based nanoceramic hydrogel films for application in PENG and HGPG-PENG
hybrid device. (PS 4)

1.4 Scope and Limitation of Study

Based on the research objectives, this study focuses on the development of a

hygroscopic material comprising HNG composite embedded with Co-Zn based

nanoceramic hydrogel films. The goal is to achieve a stable and self-sustained moisture

gradient for HGPG with potential integration into PENG applications. This research

was confined to a defined scope and certain limitations.

Pristine NiO and NG composite materials were synthesized at low temperatures

using a simple sonicated solution immersion method. The Gr content was varied at 0.5

wt.%, 1.0 wt.%, 1.5 wt.%, and 2.0 wt.% to study its influence on the material properties.

The maximum immersion temperature during the synthesis process was limited to 95 °C
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due to equipment constraints. A cellulose-based substrate of filter paper (FP) was
employed in the fabrication of the HGPG device to produce films with moisture gradient
characteristics. To enhance the hydrophilicity of the NG composites, surface
modification was conducted using SA treatment. Parameters such as SA concentration,
immersion temperature, and immersion duration were investigated for their influence
on surface properties.

Further enhancement of the NG composite was achieved by incorporating
hematite and Co-Zn based nanoceramic hydrogel, aiming to improve the material’s
moisture absorption and charge generation capabilities. The HNG composite was
synthesized using the same methodology as the pristine NiO and NG composites. A
nanoceramic Co-Zn based hydrogel was prepared using a sol-gel method, maintaining
fixed concentrations of Zn and Co precursors across all samples. For comparative
analysis and to introduce a sustainable innovation, a cellulose-based substrate derived
from RP was also integrated with the HNG composite to fabricate hygroscopic films
for HGPG applications. The RP was prepared using a simple, home-based method using
unused printing papers. Furthermore, the output performance of the fabricated HGPG
devices were evaluated under varying relative humidity (RH) levels, ranging from 40%
to 90% RH. In addition, the potential of the developed materials for PENG applications
was examined under low-frequency mechanical vibration which corresponds to energy
typically generated by human motion.

This study emphasized several optimizations, including the effect of varying Gr
content, the impact of SA treatment, the role of hematite addition, variations in synthesis
temperature, and the utilization of hydrogel and RP substrates. The overarching
objective was to match or exceed the performance of existing HGPG systems by
optimizing output performance and demonstrating the material’s potential in PENG as

well as in hybrid device applications.

1.5 Significance of Study

As energy generation from nanomaterials remains an emerging field, this
research is anticipated to deliver novel materials and transformative insights, including:
(1) the design and fabrication of innovative nanomaterials comprising heteromorphic

nanochannels and actinomorphic-structured NG embedded within a nanoceramic



hydrogel, engineered for robustness, durability, high conductivity, and long-term
operational stability; (2) the development of advanced hygroscopic nanomaterials with
self-sustaining capabilities for continuous energy generation from ambient humidity;
(3) the integration of these developed nanomaterials onto RP substrates to enable clean
energy production while advancing sustainable waste-to-energy strategies; and (4) the
enhancement of hybrid energy harvesting systems through the incorporation of
humidity-based energy conversion to complement and amplify PENG performance.

Malaysia is a tropical nation with persistently high humidity and is well-
positioned to harness this technology for advancing sustainable green energy
production. The societal impact includes increased public awareness of the importance
and advantages of various RE sources, particularly humidity as a novel source for clean
energy. From an academic perspective, this study contributes to the body of knowledge
on humidity-to-energy conversion using advanced hygroscopic materials and devices.
For industry, the findings present an opportunity to explore and invest in new green
technologies, including the development of equipment for energy generation and
performance evaluation. For the government, this research introduces an alternative
energy production method that can support existing power systems, particularly in rural
and remote areas where access to conventional energy sources may be limited.

Finally, by harnessing green energy from atmospheric humidity, this study
promotes environmental sustainability, particularly in efforts to reduce carbon
emissions. It aligns closely with several national and international goals, especially the
Sustainable Development Goals (SDG) (SDG 7-Affordable & Clean Energy, SDG 9 —
Industry, Innovation, & Infrastructure, and SDG 12-Responsible Consumption &
Production), all of which emphasize the importance of innovative materials and diverse
RE sources in advancing a circular economy and sustainable society. Furthermore, this
work aligns with key national priorities, including Malaysia’s National Key Economic
Area (NKEA) for green technology and the strategic objectives outlined in the Fourth

Industrial Revolution (IR4.0) policy framework.

1.6 Chapter Summary

Hygroscopic nanomaterials serve as moisture-absorbing components in diverse

applications, including energy harvesting, humidity sensing, precision agriculture, and



protective coatings. Meanwhile, piezoelectric materials are known for their ability to
convert mechanical energy into electrical energy. Driven by the increasing emphasis on
sustainable product design and the escalating demand for high-performance functional
materials, nanomaterials are gaining traction across multiple industrial sectors.
Nevertheless, the direct generation of electrical energy from nanomaterials remains an
emerging technology, requiring substantial optimization to enhance both material
properties and energy conversion efficiency. This research seeks to pioneer innovative
strategies for the development of next-generation nanomaterials capable of harvesting
energy from atmospheric humidity and piezoelectricity. The outcomes are expected to
facilitate the creation of locally engineered composite materials for RE applications,

thereby fostering the advancement of indigenous green energy technologies.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This chapter provides an overview of the existing research relevant to the
development of novel composite materials, particularly focusing on NG and HNG
composites embedded with Co-Zn-based nanoceramic hydrogel films for HGPG and
nanogenerator applications. It explores alternative RE strategies, with a specific
emphasis on utilizing atmospheric humidity to generate electricity, including the
application of PENGs. The chapter outlines the fundamental principles of humidity-to-
electricity conversion, reviews current hygroscopic materials, and highlights the use of
cellulose-based substrates in humidity-related applications. It further explores how
composite material design and surface modification strategies can enhance HGPG
performance metrics. The chapter also discusses the overview of PENGs and the
piezoelectric effect in energy harvesting. The chapter concludes by addressing waste-
to-energy concepts, underscoring the untapped potential of wastepaper as a sustainable
substrate for innovative energy harvesting systems. This perspective integrates
materials science, RE engineering, and circular economy principles, offering insights
for future research directions and deepening the understanding of these rapidly

emerging technologies.

2.2 Energy Harvesting from Humidity

Humidity-to-energy technology has emerged as a promising alternative energy
source, leveraging the abundance of water molecules present in the vapor phase of
ambient air. Harvesting energy from humidity has gained significant attention as a novel
strategy in RE development and may also serve as a significant auxiliary energy source
supporting other well-established technologies such as solar cells [33-35],
nanogenerators [3, 36], and biofuels [37, 38]. This technology primarily generates
electricity by absorbing water molecules through hygroscopic materials [39-41].
Research in this area began as early as 2013 and continues to progress to this day. Initial
studies reported electricity generation from bacterial spores that respond to changes in
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humidity [42]. Subsequent reports in 2014 introduced evaporation-driven engines that
successfully generated electrical power from water evaporation due to changes in
surrounding humidity [43]. Further research in 2015 demonstrated HGPG utilizing
graphene oxide [4]. These pioneering works specifically focused on converting
humidity into electricity, opening new opportunities for RE research and development.
To date, only a few studies have successfully demonstrated electricity generation from

humidity, as summarized in Table 2.1.

Table 2.1
Several Studies on Energy Harvesting from Humidity
Material Application Method Outcome Stability Ref.
- Moisture-enabled Chemical vapor Voc=0.28V, Isc =
Carbon nitride electric generator deposition 1.8 pA 600 hours  [32]
MXene (TisC2Tx) _ _
aerogel and Moisture- Voc =600 m}zl ; Jsc, =
- . . 1160 pA cm™=, power
polyacrylamide electricity Gelation process S 360 hours  [44]
N density = 24.8 uW
(PAM) ionic generators -
cm
hydrogel
Moisture . N
PAM-LICI/CMC electricity Chemical cross-  Power density =113 150 nours — [45]
linking uW-cm
generator
Carbon
black/polyvinylidene : - oy
fluoride (PVDF)  VAerelectrielty - Freeze-dving, - yocos00my 10hours  [46]
mixture onto foam g praying
Ni
Two-Dimensional .
unilamellar titanium Hydrovoltaic Solid-state
- - calcination Voc =132V 250 hours  [47]
oxide (Ti1-5O2) technology
method
nanosheets
Delignification
Self-powered . . L
TisC2To cellulose Triboelectric ~ 2nd depressurized  High sensitivity 150s  [48]
N impregnation =0.8/1%
anogenerators
processes
Humidity- Air
PSSH-Pd/PdxOy thermoelectric Electrothermal Output power = 0.41 16 hours [49]
@C- BizTes bimodal energy Wave (ETW) uW
harvester synthesis
Moist-Induced Output voltage = 0.3
Cellulose acetate Electricity Electrospinning V, current density = 24 hours [50]
Generation 80 nA cm™2
S-HNiO/Gr on Humidity energy Sonlcgted Current densﬂy - 9,600 This
- solution 0.2£3.0x10
hydrogel/FP harvesting . . 3 5 hours study
immersion nA/cm

One notable example is the work by Liu et al., who demonstrated humidity-to-
energy conversion using conductive protein nanowires extracted from the
microorganism Geobacter Sulfurreducens [21]. They achieved a power density of 4
mW/cm? by establishing a self-sustained moisture gradient within a 7-um-thick protein
nanowire film. As water molecules are adsorbed onto the surface of the protein

nanowires, ionized water molecules donate charges to the nanowires. This exchange of
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charge carriers generates a current flow, driven by the electrical potential that develops
in response to the moisture gradient.

The working principle of humidity-to-energy conversion technology involves
two main components, which are humidity absorbing materials or hygroscopic
materials and water digestor [41, 51, 52]. The water digestor consists of humidity
digestion framework (HDF), which convert water to electrical energy. The water will
be supplied through the humidity absorbing materials, which capture water molecules
from atmosphere humidity. There are few types of HDF technology which include
hydroelectric, moisture battery, and atmospheric water splitting. Among these, the
hydroelectric HDF-based technology remains one of the most challenging due to its
working mechanism which need instant and dramatic humidity variation in hygroscopic

materials to produce electrical energy from chemical potential energy.

Humidity harvesting lon dissociation lon transport

Figure 2.1  Humidity-To-Energy Device Configuration and the Working Principle of
Humidity-To-Energy Conversion Based on Hydration-Induced lonization
Effect

The working principle of this technology is based on hydration induced
ionization effect, as illustrated in Figure 2.1. When hygroscopic or humidity absorption
materials are embedded along with metal electrodes and expose to atmospheric
humidity, absorption of water molecules occurs spontaneously, and successive
hydration of the materials produces free-charge carriers by ionization effect. The
gradient configuration in the hygroscopic materials will induce the diffusion of charge
carriers, which promote an electric potential between the electrodes and generate
current flow. Therefore, the power generation by hygroscopic materials is very
promising for future technological applications and the selection of hygroscopic

materials is very crucial to achieve high energy conversion output.
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2.3 Hygroscopic Material

Power generation via hygroscopic materials has emerged as a promising avenue
for advanced energy-harvesting technologies. Daripa et al. demonstrated a power
density of 0.7 pW/cm? using block copolymer—-modified reduced Gr oxide for moisture-
induced electricity generation [53]. Their approach exploited a potential gradient
generated by spatially varying concentrations of oxygen-containing functionalities,
specifically sulfonic acid groups (—SOsH) within the active layer, thereby accelerating
charge carrier transport and enhancing electrical output. Shen et al. reported a strongly
hydrophilic titanium dioxide (TiO2) nanowire network film, 10 um in thickness,
incorporating three-dimensional (3D) nanochannels to facilitate the diffusion of
atmospheric water vapor; this architecture achieved a power density of 4 uW/cm? [54].
Similarly, other group has harnessed Gr or carbon-based hygroscopic materials
functionalized with vertically heterogeneous hydroxyl groups to generate humidity-
driven electrical power [24].

Despite these advances, the output power of most synthetic hygroscopic systems
remains low, with operational lifetimes often below 50 s and prolonged self-recharging
intervals before output recovery. Such performance limitations stem largely from the
inability of existing materials to sustain a stable moisture gradient, which is critical for
continuous, high-power generation from humidity sources. Microorganism-derived
protein nanowires have demonstrated comparatively high humidity-to-energy
conversion efficiencies; however, their application is constrained by the intrinsic
instability of organic materials. Protein nanowires are susceptible to thermal
degradation and are poorly suited for harsh environmental conditions, thereby
compromising the long-term durability and reliability of energy-harvesting devices
fabricated from such materials.

Thus far, the prevailing mechanism of humidity-induced energy generation in
HGPG devices can be described as follows [21]. Upon absorbing atmospheric moisture,
the hygroscopic material undergoes proton dissociation, generating a concentration
gradient of H" ions across its structure. This ionic gradient drives a diffusion process,

quantitatively expressed by:
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oc (2.1)
Ipif = —qD¢ Sx

In this equation, Jpir denotes diffusion current density, q is electric quantity of
elementary charge, D¢ is diffusion coefficient, ¢ represents H" concentration and x are
the distance to the surface of hygroscopic layer. As H* ions migrate within the
hygroscopic layer exhibiting a gradient distribution, a drift-induced electric field is

established between two layers, described by:
Jori = OE; (2.2)

In this equation, Jori, o and E; denote drift current density, conductivity and induced
electric field intensity, respectively. During thermodynamic equilibrium, an equation

could be derived as shown below:
Ipif +Jpri =0 (2.3)

By substituting equations (2.1) and (2.2) into equation (2.3), a following equation could
be established:

_abic 24
T o 6x

Then, the induced voltage, Vi could be defined as follows:

_ [4Poc (2.5)

7 ) o bx

Here, the x-axis is oriented perpendicular to the hygroscopic layer’s surface.
Assuming that absorbed water molecules provide sufficient transport channels within
each hygroscopic layer to maintain uniform diffusion coefficients and ionic

conductivities, equation (2.5) can be further simplified as follows:
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qD [ 6c (2.6)

o | 6x

i

For sufficiently thin hygroscopic films, the concentration gradient % can be

approximated as A—tc , where Ac denotes the difference in H™ concentration between the

oc

top and bottom layers, and t is the film thickness. Considering that Vi = VT where Vo

is the open-circuit voltage, equation (2.6) can be reformulated to yield the open-circuit

voltage expression:

gD (2.7)

This relationship reveals that the induced voltage intensity in a hygroscopic
material is directly proportional to the H" concentration gradient across its thickness.
Consequently, the voltage output can be amplified by engineering multilayered

hygroscopic architectures to maximize and sustain the ionic concentration differential.

2.3.1 Heteromorphic Nanochannel, Actinomorphic Structured NiO/Gr

Composites

In hygroscopic materials, the conventional energy conversion mechanism is
governed by a self-sustained moisture gradient, as described in equations (2.1) to (2.7).
Beyond this established process, the present work introduces a distinct humidity-to-
energy conversion pathway by engineering heteromorphic nanochannels within an
actinomorphic-structured NG composite. In this architecture, the porous, heteromorphic
nanochannel network formed by the intimate integration of NiO and Gr, functions as an
efficient trapping medium for positive ions. The zeta potentials of NiO have been
reported in the range of approximately -6 mV to —18 mV, while Gr exhibits values
between —30 mV and —40 mV [55, 56]. Such negative surface potentials promote the
electrostatic attraction of positively charged species, predominantly proton, onto the

surfaces of NiO and Gr.
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Reported studies have shown that NiO nanomaterials exhibit outstanding
performance in humidity sensing applications, with sensitivity values surpassing those
of other oxide-based sensors such as zinc oxide (ZnO) and TiOz [57-59]. This superior
performance is attributed to the high surface area generated by their low-dimensional
morphology and the abundance of nanopores distributed across the surface [60]. These
nanopores promote efficient permeation and diffusion of water molecules, enabling
rapid and effective moisture adsorption. Furthermore, NiO nanomaterials possess
intrinsic charge storage capability, which can enhance the performance of humidity-to-
energy conversion systems [61, 62]. In parallel, Gr exhibits exceptional
physicochemical properties, including pronounced edge effects, a tuneable non-zero
band gap, and quantum confinement phenomena, that render it highly promising for
energy harvesting applications [63]. Moreover, its surface can be functionalized via
both wet- and dry-processing routes, enabling tailored modification of its structural and
surface chemistry to optimize performance.

Based on the literature studies, the adoption of porous, actinomorphic-structured
NiO is expected to further improve water absorption capacity due to its ultrathin
geometry and high density of dangling bonds. These dangling bonds contribute to
elevated surface energy, fostering strong molecular interactions and facilitating rapid
water adsorption. Additionally, Gr is incorporated to boost the electrical conductivity
of the hygroscopic hanocomposite, thereby supporting higher current generation. The
low-dimensional morphology of both NiO and Gr, manifested as ultrathin, flake-
assembled actinomorphic networks, maximizes atomic-level surface exposure which in
turn enhances the diffusivity of water molecules across the material interface [64, 65].
The actinomorphic topography, coupled with the high-density nanoporous architecture,
is schematically illustrated in Figure 2.2, underscoring its potential to revolutionize

scalable HGPG material platforms.
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Figure 2.2  Synthetic Hygroscopic Nanomaterials Based on Heteromorphic
Nanochannel, Actinomorphic Structured NG

The high density of heteromorphic nanochannels generated at NiO-Gr interfaces

facilitates directional water molecule diffusion. Within these confined capillary

pathways, electrostatic-induced water dissociation yields H* ions that preferentially

adsorb onto the NiO and Gr surfaces. As water molecules penetrate deeper into the

nanochannel network, the selective transport properties of the structure permit H*

migration while impeding OH™ ion flow. This asymmetric ion transport results in spatial

charge separation, thereby establishing an electric field along the nanochannel axis. The

resulting electrostatic potential difference manifests as an output voltage, enabling

direct energy harvesting from ambient humidity.

2.3.2 Nanoceramic Co-Zn-based hydrogel

In general, hydrogels are composed of crosslinked, hydrated polymer chains

with an intrinsically high porosity that enables the entrapment of substantial quantities

of water molecules. According to the literature, the water retention capacity of certain

hydrogels can reach up to 2,000 times the dry weight of their polymer framework [66].

Hydrogel fabrication typically involves introducing both hydrophilic and hydrophobic

functional groups into a water-soluble polymer with a reticular crosslinking

architecture. The hydrophilic moieties bind water molecules and immobilize them

within the three-dimensional hydrogel network, while the hydrophobic segments

undergo volumetric expansion upon water exposure, contributing to the material’s

swelling behaviour.
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Co-containing hydrogels have demonstrated superior water absorption
capabilities, with water uptake values of approximately 4.6 g/g, exceeding the
performance of most hydrogels reported to date [67]. Their preparation process is
straightforward, requiring no stringent synthesis conditions, thereby enabling cost-
effective and scalable production. Beyond their hygroscopic properties, Co-based
hydrogels can serve as electrolytic media, reducing interfacial resistance, facilitating
ion transport, and enhancing electrical output. These combined attributes position Co-
based hydrogels as promising platforms for HGPG devices and other functional
applications [68-75].

A promising strategy to further enhance water adsorption is the incorporation of
materials with high water affinity, such as Zn-based nanoparticles [76]. These
nanoparticles exhibit broad utility in analytical chemistry and can be synthesized using
simple, low-cost methods [77-82]. Leveraging the complementary properties of Co and
Zn, Co—Zn hybrid hydrogels are anticipated to deliver improved HGPG performance
through enhanced water permeability, reduced power losses, and favourable dielectric
and resistive characteristics. Such properties have rendered Co—Zn systems attractive
across diverse industrial sectors. Table 2.2 summarizes representative studies on Co—
Zn materials synthesized via different methodologies. Extensive prior investigations
into Zn—-Co nanoparticles provide strong evidence supporting the use of Co—Zn-based
hydrogels as high-performance active layers for humidity gradient power generation
[83].

Table 2.2
Several Studies on Co-Zn by Different Synthesis Techniques in Various
Applications

. L Synthesis
Material Application Outcome Ref.
PP method
e Highest absorption rate: x (Co)
=04.
: Adsorption capacity = 24.7
Environmental ¢
CoZmxFea0s 204 biomedical i mg/g. [84]
e crystallite size ranging from 5 -
9 nm.
e The average particle size = 26
to 50 nm.
Electromagnetic e  The reflectivity absorbance = -
Co0.5 ZNos-x Hydrothermal
Sdreo, wave (EMW) X ethod 2.11 to -27.94 dB. [85]

absorption o  Effective absorption bandwidth

(EAB) = 4.08 GHz.
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EAB = 4.3 GHz (11.7-16.0

Microwave GHz)
Coo-5 Znos Fe204 Solvothermal . [86]
absorbers e Thickness = 2.1 mm.
e  Xx(Zn)= 0.6, loss power = 2.56
W/g.
Pb (1) e Crystallite size around 14 +2
CoxZniy FesOu adsorptlon' and Honey-nr?ed_lated nm. . . [87]
A magﬂetlc_ synthesis o  Adsorption capacity values =
yperthermia 23.10 mg/g (for Cog.g Zno2 Fe2
04) to 289 mg/g (for ZnFe204).
Hydrothermal
. and subsequent  ® Ultrahigh specific capacity of =
0-CoxV1xSez Zinc—cobalt 461.8 mAh gt at a current [88]
nanostructures batteries controlled density of 1 AgL.
selenization
process.
e Specific capacity of 317.03 C.g°
Facile lat1.76 Agt
Co-Zn-S ; . o  Energy and power densities
Supercapacitors  electrochemical 89
nanoarrays pereap (25.71 Wh.kg* and 8.73 (5]
deposition KW.kgt
e Maximum power density = 230
mw cm-2,
Zn/CoN-C Zn-air battery  Atomic dispersion  ® Sg;:c)ific surface area (1343 [90]
m?/g).
e  Average pore width = 2.46 nm.
Sol-gel
ZnFeo.s Coo.4 ;
Water . =
Oz urification combustion Diameters = 20 to 60 nm. [91]
nanoparticles
method
Mnx Coos—xZnos  Supercapacitor ig:ﬁ%ﬂs?ilgr? e Crystallite size = 35.4-43.6 nm. [92]
Fe204 electrode -
technique
e Cycling stability = 667.7 mAh
g lafter 300 cycles at 1000 mA
gt
Zn-Co-S@N-C Lithium-ion Sulfidation and ¢ Rate capability (332.2 mAh g [93]
is storage thermal annealing at 5000 mA gY).

Average particle size = ~90 nm,
thickness = ~15 nm.

Therefore, in this study, a Co—Zn-based hydrogel is employed as the primary

humidity-trapping medium in the HGPG device. Its integration is anticipated to

significantly enhance the moisture uptake capacity of the hygroscopic composite,

enabling efficient water molecule to capture even under low-humidity conditions.

Furthermore, the incorporation of heteromorphic nanochannels and actinomorphic-

structured NG within the hydrogel matrix is expected to modulate ion transport
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dynamics and interfacial charge separation, thereby influencing and potentially
amplifying the overall performance of the HGPG device, a relationship systematically

investigated in this work.

2.3.3 The Utilization of Cellulose-Based Substrates in Energy Harvesting
Applications

Cellulose, most commonly sourced from wood, originates from a hierarchical
assembly of structural units. Wood itself comprises numerous cells, whose walls are
built from microfibril bundles that can be further resolved into microfibrils, nanofibrils,
elementary fibrils, and molecular chains at progressively smaller length scales, as
illustrated in Figure 2.3. The three principal lignocellulosic constituents of wood,
namely cellulose, hemicellulose, and lignin, are widely utilized in energy-conversion

technologies, including nanogenerators, photovoltaic cells, and related devices [27-29].

a Hierarchical cellular structure of wood with pronounced anisotropy

Tree Wood bulk Microstructure Individual cell
Lumen—_

&

b Composition of wood

Cellulose fiber

Elementa

8 oaa 238 oo o
Cellulose (40-50%)
DP: ~7000-15000

fibril Y Microfibril Microfibril bundle

aY

/ \_7““ = : L
,“ . -..-(N _,_‘q
™ Hemicellulose (10-30%)
e B o to. M-8 o wo ow.-B wo. w8 o WO ou DP: ~150-200
LS Y AR VY R N A .
'S W OH-3 - W oN g~ o on
T I R O (L L . i N L
W N W O3/ wo> oW -3 "o o3
: 3 . 0Q, Q.
o oM on
Microscale Nanoscale Molecular scal: Lignin precursors (20-30%)

Lignin structure is complicated
Figure 2.3  Wood’s Structure and Compositions. Reproduced Permission from
Reference [94]. Copyright 2020, John Wiley and Sons.

As the most abundant natural polymer on Earth, cellulose represents a green,
cost-effective, biocompatible, and renewable resource [95, 96]. Its structural versatility
allows it to be engineered into mesoporous frameworks, flexible thin films, high-
strength fibers with excellent thermal stability, and three-dimensional open-network
architectures with high aspect ratios—configurations well suited for accommodating

additional functional materials [97, 98]. These tuneable structural and physicochemical
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attributes make cellulose an ideal platform for enhancing the performance of power-

conversion systems. Table 2.3 summarizes representative studies on cellulose-based

materials, highlighting diverse synthesis strategies and application domains.

Table 2.3

Comparison of Cellulose-Based Materials Synthesized via Different Methods and
Their Corresponding Applications

. . Synthesis
Material Application method Outcome Ref.
Cellulose
nanocrystals and Moisture- Self-assembly
polyvinyl electric e  Output voltage = 200-700 mV [99]
method
alcohol converter
composite films
Cellulose Moisture-enable _ e Output voltage = 0.7 V, output
nanofibers d electric Drop casting current = 807 nA [100]
generator
Psleglg-loKSISI-l\l PENG - e  Power density = 12.81 uW cm 2 [101]
Polydopamine@
barium Hybrid
titanate/cellulose nanogenerators Electrospinning e  Output voltage = 44V [102]
acetate
nanofiber films
Cellulose
:?ﬁ;?eb(;ir;?fﬁgz nzr:g);eer:gf;:)crs Electrospinning e 94V, 85 pA, and 0.15 W/m? [103]
membranes
Microcrystalline
cellulose/carbon . .
black/carbon Triboelectric e MCC-0.2%CNT Triboelectric =
nanotubes, _and Filtration 39 V CNF-0.3%CNT [104]
cellulose piezoelectric Piezoelectric =0.75 V
. nanogenerators '
nanofibers/carbo
n nanotubes
Cellulose . Pyro- . — e  Output voltage ~ 5-15 V, short-
nanocrystal piezoelectric 3D Printing circuit current ~ 0.04—0 2’ LA [105]
nanogenerator ) ’
Cellulose Moisture-driven ?{Sf;?gisjr';;ecg
nanofiber/graphe electricity impri,nting e  Output voltage = 286 mV [106]
ne oxide generator -
technigue.
Cellulose Triboelectric Aminosilane e  Output voltage = 195 V, output [107]
nanofibrils Nanogenerator modification current = 13.4 pA
Cyanoethyl
ceIIu:ots e/_poly- Triboelectric ) e  Charge density at 95%RH is 108
ﬂuor(‘)ee{ﬁylene nanogenerator 533 uC/m? [108]
(PTFE)
Cellulose fiber Battery Hydcgtt:fztre];r:[?glnand e Capacitance =476 mAhg?! [109]
Cellulose Organic solar D|m_ethyl_acetam|d e  Efficiency = 16.17%, Jsc =
nanopaper cells € filiration and 21.18 mA cm [110]
vacuum-dried ’
Nanowire Vacuum filtration
cellulose/ Sensor : e  Sensitivity = 419.7 kPa! [111]
MXene and foaming
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Ge et al. [99] successfully developed a moisture-electric converter capable of
transforming moisture signals into electrical signals by using cellulose nanocrystals and
polyvinyl alcohol (PVA) composite films. The fabricated device responded to
environmental humidity changes by producing a stable output voltage ranging from 200
to 700 mV for over 100 hours, demonstrating its potential for long-term operation in
high-humidity conditions. In a related study, Thakur et al. [100] fabricated a bilayer
moisture-enabled electric generator. The system, produced via a drop-casting technique,
employed chemically modified cellulose nanofibers functionalized with carboxylate
and quaternary ammonium groups. The resulting device generated an output of 0.7 V
and 0.8 pA without requiring an external power source.

Cellulose, being the primary component of lignocellulose, has recently gained
attention as a promising material for nanogenerator applications due to its
biodegradability and chemical modifiability. Upon contact or friction, cellulose tends
to transfer electrons to materials with higher electron affinity. According to Cao et al.
[103], cellulose can serve as a tribo-positive material in triboelectric nanogenerators
(TENGS), due to the abundance of hydroxyl groups and oxygen atoms on its surface,
which are prone to electron loss. Furthermore, Gonzélez et al. [104] demonstrated the
potential of cellulose in PENGs, achieving an output voltage of 0.75 V using cellulose
nanofibers combined with carbon nanotubes. Their study emphasized that the
crystallinity and crystal orientation of cellulose significantly influence the performance
of PENGs. Lu et al. [102] conducted a significant study on harvesting mechanical
energy by developing a flexible hybrid nanogenerator. This device integrated
polydopamine and piezoelectric barium titanate nanoparticles within a cellulose acetate
matrix via electrospinning. The resulting device achieved an output voltage of 44 V and
demonstrated excellent durability, withstanding over 15,000 operation cycles,
effectively detecting a wide range of human motions. The study highlights its potential
for use in advanced, self-powered wearable biosensors capable of precise and reliable

motion monitoring.
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2.34 The Development of Hygroscopic Material Via Various Synthesis
Methods

Hygroscopic materials can be broadly categorized into several classes, including
hydrogels, aerogels, composites, and related hybrids. Hydrogels are polymer-based, 3D
networks with exceptional water retention capacity, capable of absorbing and
immobilizing large quantities of water molecules from the surrounding environment.
Aerogels, in contrast, are distinguished by their ultra porous architecture, extremely low
density, and exceptionally high surface area. Composite hygroscopic materials
comprise hybrid systems in which nanoparticles or other functional fillers are embedded
within hygroscopic matrices to enhance structural, surface, and moisture absorption
properties. A wide range of synthesis strategies has been employed to fabricate
hygroscopic materials with tailored properties. Representative techniques include 3D
printing for precise structural control, chemical or physical cross-linking to stabilize
polymeric networks, and drying methods such as ambient drying and freeze-drying to
achieve desired porosity and morphology [112]. According to Du et al. [113], the choice
of synthesis strategy significantly influences the development of highly hydrophilic
materials with desirable properties such as enhanced water uptake, optimal dehydration
temperature, electrical conductivity, mechanical stability, swelling behaviour, and heat
transfer coefficient. These characteristics directly impact the performance of
assemblies, devices, and instruments in various applications.

For instance, Zhu et al. [114] developed cellulose nanofiber (CNF) aerogels via
a water bath and freeze-drying process for moisture-enabled electricity generation. By
incorporating AI(IIl) into the CNF aerogels, they successfully enhanced moisture
absorption and stability, achieving a maximum open-circuit voltage of 950 mV, a short-
circuit current density of 112.9 uA-cm™2, and a power density of 106.1 uW-cm™2 On
the other hand, Ghaffarkhah et al. [115] demonstrated an effective atmospheric water
harvesting system using aerogels composed of biobased materials particularly cellulose
nanofibers and sodium alginate integrated with metal-organic frameworks (MOFs) and
hygroscopic salts. Their study employed a cost-effective ambient drying method,
avoiding the need for freeze-drying while preserving the aerogels’ structural integrity
and functionality. The developed material enhanced water capture under low RH and

facilitated ambient drying, promoting efficient water transport and absorption. The
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material achieved a competitive water uptake of 0.32 g/g at 25% RH and 3.52 g/g at
90% RH within 12 hours.

Table 2.4 summarizes representative studies on the development of hygroscopic
materials synthesized via diverse methodologies. However, many of these preparation
techniques are inherently complex, which constrains their scalability and broader
technological deployment [116]. Contemporary research is increasingly directed toward
the design of high-performance hygroscopic materials that exhibit rapid responsiveness,
long-term stability, and superior water absorption rate and capacity, while
simultaneously emphasizing environmentally benign, cost-effective, and industrially
scalable fabrication strategies.

Table 2.4
Summary of Hygroscopic Materials Used in Various Applications and Their
Fabrication Methods

. L. Synthesis Synthesis Process
Material Application . Ref.
PP method (Steps/Conditions)
Cellulose Moisture-enabled Drop castin * Dro_p-castmg suspensions [100]
nanofibers electric generator P 9 o Dryingfor24hatRT
e Solution mixing (cellulose
nanofibers, 1 mg-mL—1) and Gr
Vac_u;m;- oxide solution (1 mg-mL—1)
Cellulose Moisture-driven assiste e  Ultrasonic treatment at RT for
L filtration, .
nanofiber/graphene electricity surface 60 min [106]
oxide generator imprinting e Vacuum-filtered the mixture
technique. e  patterning using nylon mesh
e DryingatRT
e  Solution mixing
e Ultrasonication for 15 min
e  Stir in an ice—water bath for 1 h
Nano fibrillated e  Further ultrasonicated for 10
cellulose + . Gelation min
Atmospheric
hydroxypropyl pherk followedby o  thermally polymerized at 50 °C [117]
water harvesting - .
cellulose hydrogel LiCl loading for4h
encapsulating LiCl e  Soaked in LiCl solution for 48 h
e  Frozen at —80 °C for 12 h and
e  Freeze-drying for 24 h
e Cellulose nanofiber /water
suspension
e Directional freezing
e AICI3 solution dropping,
Cellulose Mm;tgcrter-ii?tabled Water bath, allowed to stand for > 0.5 h (1141
nanofiber aerogels 1y freeze-dry e Bathforizh
generation e Sample washing at a shaking
speed of 90 rpm
e  Freeze-dry below — 90 °C and
5.0 Pafor 40 h
Diatomaceous Water adsorption Uniaxial e  Ball-milled for 15 min [118]
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earth/boehmite Pressing and Pressing sample into 5 mm thick
porous ceramics Sintering samples at 30 MPa for 30 min
e Dryat100-°C
e  Sintering process at 300 °C for
90 min, ramping to 950 °C for
120 min, holding for 120 min,
and cooling naturally

e  Solution mixing
e  Stir for 10 min at 10 000 rpm

Cellulose for 10. min
nanofibers and Atmospheric Ambient *  Centrifuge at 1500 rpm for 5
sodium water harvesting drying min [115]
alginate/aerogel e  Frozen overnight at =30 °C
e Dry under ambient conditions
for 24 h
Porous silico- e  Crosslinking
aluminophosphate- Atmospheric Crosslinking of o Drying process [119]
34/ Gr-based water harvesting alginate
sheets

e  Solution mixing
e  Stirring for 10 min
. Various One-pot e  Crosslinking
Polyacrylamide -
y /Li)éil absorption approach, e Curing process at RT [120]
applications freeze drying Dry for 3 days at 60 °C in an

oven at RH of =0%

2.4 The Enhancement of Humidity Gradient Energy Harvesting through
Hematite Composite Strategy

Hematite (a-Fe20z3) is widely recognized as a highly promising and low-cost
photoanode material, with the ability to absorb part of the visible light spectrum due to
its band gap of 1.9-2.2 ¢V [121]. It is earth-abundant, non-toxic, and known as a stable
catalyst for electrochemical water oxidation [122]. However, its application is limited
by its low electrical conductivity, which is attributed to its short minority carrier
diffusion length and low mobility (~102to 10 S/cm) [123]. Recently, hematite has
been investigated in humidity-related studies, though reports remain limited. According
to Zou et al. [124], upon moisture absorption, hematite provides an abundance of
adsorption sites and its surface chemistry facilitates the development of ionic charge
carriers which making it suitable for humidity-sensing applications. Ahmad et al. [125],
studied the effect of annealing temperature on hematite for humidity sensor
performance. The study found that an annealing temperature of 400 °C yielded the
highest humidity response (S = 177.78).
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Ahmed et al. [126] demonstrated that introducing hematite into chitosan
significantly enhances moisture uptake, ionic transport, and charge separation. Their
findings showed that increased hematite loading led to improved ion mobility and ionic
conductivity, indicating that hematite plays a key role in forming conductive channels
that facilitate ion dissociation and migration within the material. Meanwhile, Kok et al.
[127] emphasized the potential of hematite as a novel humidity-reactive material, citing
its high availability, abundant active sites, and porous structure. These characteristics
are valuable in improving humidity sensitivity, surface area, stability, and selectivity.

Hematite has also found application in TENGs. Wei et al. [128] developed a
TENG-driven self-powered water splitting system using titanium-modified hematite as
the photoanode, demonstrating its ability to convert mechanical energy into electricity.
While the use of hematite in humidity-based nanogenerators remains relatively
underexplored, its intrinsic ionic conductivity and hygroscopic characteristics suggest
considerable potential for such applications. These properties highlight a promising
avenue for future research, particularly in leveraging the moisture-responsive behaviour
of hematite to enhance humidity-based nanogenerator performance. Table 2.5

summarizes several studies involving hematite in different applications.

Table 2.5
Summary of Reported Studies on Hematite and Its Applications
Material Application Role of hematite Key enhancements Ref.
e  Steady photocurrent density of
Hematite/ - 1.71 mA cm2 at 1.23 V versus
iridium oxides  Vvater splitting Stable absorber reversible hydrogen electrode [121]
(RHE)
Photoanode
Al-doped Water splitting material and a e Overpotential value of 0.96 V [123]
hematite catalyst in water
oxidation
Photocurrent density of 1.24and
. Absorber and ¢
Hematl_te- Solar_V\_/ater electron conductor 1.53 mA cm2 at 1.23 V versus [122]
hercynite Splitting on alloy interface RHE
. . Photocurrent density of
Hematite/CuO- Light absorber ¢
Sb20s- Solar Water ovgr conductive 0.63 mA cm™? at 1.23 V/ versus [129]
SnOz2 ceramics Splitting substrate RHE
Photocurrent density of 1.80
Co-MOF/ . Base ¢
Ti:Fes0s Water Splitting semiconductor mA cm=2at 1.23 V [130]
—2
Eu, Nb co- Solar Water Photoanode *  Junof3.49 mA cm™ and [131]
doped Fe20s3 Splitting material a Von 0f 0.67 Vrre
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Si and Sn co- e Achievea3.0 mAcm-

doped hematite Photoanode 2 photocurrent density at 1.23

with the reduced Battery material VRHE, 132]
Sn
. Water splitting Photoanode e 0.12 mA under illumination
Ti-Fe20: system/TENG material [128]
e  Specific capacitance of 530.87
. - Base F/g at a current density of 7

Fe20:@NiO Supercapacitor semiconductor mA/Cm2 [133]

e  Specific capacitance of 747 F

o .
Fe203/NiO/rGO  Supercapacitor Base g~ atacurrent density of 1 A [134]
semiconductor gl

2.5 The Enhancement of Humidity Gradient Energy Harvesting through
Surface Modification Strategy

The water contact angle (Oca) measurement is a common method used to
evaluate the hydrophilic properties and water absorption capacity of a material. This
measurement essentially reflects a liquid's tendency to spread on a flat surface. Surface
classifications based on 6ca include super hydrophilic (5°-10°), hydrophilic (10° <6 <
90°), hydrophobic (90° < 6 < 150°), and superhydrophobic (150°-180°) [135].
Optimizing the effectiveness of humidity-to-energy devices requires the maintenance
of appropriate hydrophilicity.

Several alternative techniques have also been reported for achieving tuneable
surface wettability, including plasma treatment and laser texturing [136]. Plasma
treatment is a widely used surface modification method that alters the chemical and
physical properties of a material’s surface using ionized gas or plasma, without affecting
its bulk characteristics. It is particularly effective for modifying surface wettability and
adjusting surface energy. Mehmood etal. [137] performed plasma treatment using
argon (Ar) thermal plasma on bismuth surfaces, which resulted in a reduction of the
material's 6ca. Similarly, Shu et al. [138] employed Ar plasma treatment to enhance the
surface hydrophilicity of cellulose-based paper. In their study, the improved
hydrophilicity was attributed to the formation of surface pores by the Ar plasma jet,
which increased the material’s surface permeability. Furthermore, oxygen plasma
treatment, which introduces oxygen-rich functional groups, is another effective method
for reducing Oca and modifying the nano topography of the material [139, 140]. In
contrast, laser texturing is a method that creates micro- and nano-scale surface

structures, enabling precise control over texture, roughness, and wettability. This
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technique allows rapid and reversible tuning between hydrophilic and hydrophobic
states [141]. Laser-induced morphologies significantly increase the contact angle of
surfaces and laser exposure may also induce localized oxidation or redeposition, further
altering the surface chemistry [142, 143].

Based on recent literatures, SA treatment outperforms other conventional
methods by offering a robust and long-lasting solution for stable wettability control
[144, 145]. It is recognized for its simplicity, cost-effectiveness, and the absence of
complex procedures or specialized equipment, such as plasma and laser systems. Yang
et al. [146], demonstrated that material wettability can be tailored through SA surface
chemistry, wherein the long alkyl chain of SA primarily relies on the central carbon
atom in the —CHs group to acquire electrons in various spatial directions from the
surrounding hydrogen atoms. This, in turn, influences the Coulombic repulsion with the
oxygen atoms in water molecules, thereby inducing specific hydrophobic or hydrophilic
effects. Meanwhile, according to the study conducted by Qu et al. [147], surface
modification through SA treatment has a pronounced impact on the overall performance
of energy-harvesting devices. Their findings indicate that applying 3 wt% SA
effectively controlled the wettability of the developed materials, resulting in voltage and
current outputs of the TENG that were 3.7 and 3.6 times higher, respectively, than those
of the untreated device.

The wettability of a material generally has a strong correlation with surface
energy. Water tends to spread across a material with a high surface energy and strong
attraction to water, resulting in a low Oca. From here, we know that 6ca is a crucial
parameter that is commonly used to evaluate surface energy. According to Chen et al.
[148], the surface energy of a material can be calculated using the Fowkes-Girifalco-
Good (FGQG) theory in combination with Young’s equation, which can be simplified as
follows:

d (2.8)

1
Ys = ZVI(COS Oca +1)

In this equation, y& represents the dispersive component of the solid surface
tension and is referred to as the surface energy. Meanwhile, y; denotes the surface

tension of the liquid.
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Table 2.6 summarizes several studies that have employed SA treatment on
materials relevant to the present work. Literature reports consistently highlight SA’s
efficacy in enhancing particle dispersion and modulating surface wettability, while
preserving the engineered interfacial properties over time [149-151]. Informed by these
demonstrated advantages, SA treatment was adopted in the present study to modify the
developed composite surfaces. Notably, both excessive and insufficient hydrophilicity
can compromise the performance of HGPG devices [152]. To achieve an optimally
balanced hydrophilic profile that promotes controlled water adsorption without
impairing charge transport, SA treatment was applied as a robust and reproducible
surface-engineering strategy [153, 154]. The degree of surface hydrophilicity is dictated
by a synergistic interplay between surface roughness and chemical composition, both
of which govern surface energy. These parameters, when finely tuned, enable precise
control over moisture adsorption Kinetics which is an aspect critically aligned with the
objectives of the current investigation [155, 156].

Table 2.6
Summary of Reported Studies on SA-Treated Materials Relevant to the Present
Work

Material Application Role of SA Key enhancements Ref.
Cellular : e  Surface charge value=13+ 1
NiO Toxicity S“rzf);iif]h'e'd iy [157]
Studies 9
reduced- Self-cleaning . _ . .
graphene oxide and Super:g;zgphoblc e WCA=1627"+08 [158]
(rGO)/Ni anticorrosion 9
. Surface -
NiO Adsorbent modification [159]
Self-cleaning Forming a R
NiO-Al203 and removal of  carboxylate layeron  * WCA>90 [149]
dyes oxide surface
Ni-Graphene Various Superh)_/c_irophobm e WCA=1614° [160]
modification

Table 2.7 presents a selection of reported studies employing SA surface
treatment in nanogenerator applications. The literature predominantly emphasizes the
use of SA to impart strong hydrophobicity, a modification often correlated with
enhanced device performance. However, investigations targeting optimized wettability,
particularly those that leverage or tailor the inherent hydrophilic characteristics of
certain nanogenerator materials, remain comparatively scarce. Moreover, systematic
studies on SA-mediated surface engineering specifically for HGPGs and PENGs are

exceedingly limited. This gap underscores a compelling research opportunity, which
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the present work seeks to address through the strategic integration of SA treatment into

composite systems designed for dual mode energy harvesting.

Table 2.7
Summary of Reported Studies that have Employed SA Treatment in Nanogenerator
Applications
Material SA Content  Application  Key enhancements Ref.
e  Output voltage = 8.2 V, power
Polystyrene waste/ZnO 0.025 g/ml TENG density = 28.1 pW/cm? [3]
Polytetrafluoroethylene/ e WCA=133°
PVDF- 3.0 W% TENG e Voc =145V, power density = 2.6 [147]
hexafluoropropylene Wm?2 Isc=18 pA
(HFP)
PVDF-HFP 3.0 wi% TENG *  Power density = 1681 mW/m? [161]
PVDF-HFP/
poly[styrene-b- o  Voc=101V, lsc=1.88 nA
(ethylene-co-butylene)- 15wtk TENG [162]
b-styrene]
PVC film 5.0 Wt% TENG e High stability with 82% of wear rate [163]
e  Output voltage = 40 V under
Bromobutyl rubber 0.192g TENG e forceof 40 N

[164]

2.6 Piezoelectric Nanogenerator

Essentially, PENGs are composed of piezoelectric materials as their core
element, which generate electrical energy when exposed to mechanical forces. PENGs
offer numerous advantages in small electronic technologies, being both
environmentally friendly and efficient, as well as adaptable to a wide range of
components and systems. They are resistant to various environmental factors, such as
air, temperature, and humidity [165]. Moreover, external mechanical stimuli such as
compression, tension, vibration, and twisting can produce electrical output [166].
Recent studies have extensively explored flexible PENGs that can harvest energy from
the environment or from human activity. It has been shown that their electrical output
performance is sufficient to power devices such as wireless signal transmitter, liquid
crystal displays (LCDs), and light-emitting diodes (LEDs).

2.6.1 Piezoelectricity

PENGs are designed to efficiently gather mechanical energy from the

surrounding environment. Piezoelectricity is the process through which mechanical
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energy is continuously transformed into electrical energy using the piezoelectric effect.
This effect describes the creation of electric charge in specific materials when subjected
to mechanical pressure. The term "piezo” originates from the Greek word for "pressure™
and was introduced by Hankel in 1881 [167]. The "direct™ piezoelectric effect is the
core concept of converting mechanical energy into electricity and was first identified
by French physicists Jacques Curie and Pierre Curie in 1880 [168]. Conversely, the
“inverse" effect, initially explained by Lippmann in 1881, converts electrical energy
into mechanical energy.

Piezoelectric materials, also known as PENG materials, experience a change in
length due to mechanical strain or stress induced by an electric current when an
electrical voltage is applied. In 1882, the Curie brothers conducted an experiment to
validate this [167]. These materials find application in a wide range of fields, including
accelerometers, actuators, fuel injectors, engines, resonators, sensors, transducers,
energy harvesters, and more [169]. As illustrated in Figure 2.4, the direct piezoelectric
effect manifests when a force is exerted on a material placed between two electrodes,
generating a current through a circuit. Conversely, the inverse piezoelectric effect
involves the deformation of the same piezoelectric device in response to an applied
electric field. Equation (2.9) represents a simplified method to describe the direct and
converse piezoelectricity [170]. The mechanical domain (stress, T, and strain, €) and the
electrical domain (electric field, E, and charge density, dc) are interrelated through

constitutive equations as follows:

{dc = dT + €E (2.9)
e =sT + dE

(@) )

Electrode

Electrode

Piezo i Ll Piezo 1

Electrode

Electrode
ﬁ ﬁ ﬁ Force |

Figure 2.4 Schematic Diagram of a) the Direct and b) the Inverse Piezoelectric Effects
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2.6.2 Piezoelectric Applications

The initial discovery of PENGs occurred in 2006 by Wang, where ZnO
nanowires were employed to convert mechanical energy into electrical energy [171].
Over time, the performance of PENGs has improved significantly due to continuous
advancements in piezoelectric composites, processing techniques, and technical
systems. However, despite this progress, the widespread application of PENGs is
restricted by their limited power capacity, even though the output voltage has exceeded
100 V. The piezoelectric coefficient (ds3) remains small, but compatible with current
process technology, making PENGs suitable for various applications, including
biomedical, aerospace, industrial ambient, and wearable electronics. The flexibility and
nontoxic nature of PENGs further enhance their appeal. In 2010, PENGs achieved a
maximum short-circuit current (lsc) of 28.8 nA and a maximum open-circuit voltage
(Voc) of 1.26 V, surpassing the electrical output of typical batteries [172]. Unlike
conventional batteries, PENGs offer a sustainable and environmentally friendly energy
source.

Current developments in piezoelectric energy harvester technology are aimed at
producing self-powered, flexible, and long-lasting devices. Piezoelectric materials are
increasingly utilized in a variety of fields, such as biomedicine, portable electronics,
actuators, nanogenerators, and microelectromechanical systems (MEMS) devices.
Numerous studies have reported on the various applications of PENGs. These include
energy harvesters powered by human activity for implantable and wearable medical
technology, the use of piezoelectric materials in aerospace, vibrational energy
harvesting in self-propelled wireless sensors and vehicles, and health monitoring. Table
2.8 summarizes recent advancements in piezoelectric energy harvesting based on
research across various application domains highlighting performance improvements

achieved through the integration of diverse materials and fabrication techniques.

Table 2.8
Several Recent Progress and Studies in PENG Applications
Piezoelectric Fabrication Sample I
. . P Performance Application Ref.
material method size
PVDF/ high
crystallization Solution High Jsc = 145 nA Acceleration sensor
method i cm 2 [173]
hp-PVDF :
nanosheets
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PEDOT-C4: DS =

PVDF/ PEDOT-
1.54V, 166.0nA,
C4:DS; PEDOT- ] Self-powered
Ce:DS: PEDOT: Spin-coating  35x35 mm? 63.0nW, piezoelectric sensor [174]
PEDOT-Cs:DS =
PSS-CNT 1.49V, 159.0nA,
59.9nW
Liauid metal Voltage output of
iquid metal- .
PDMS/ SnS based 50x20 mm? ~ ~150mVat0.7%  Wearable device [175]
monolayers - .
technique strain.
Silicone rubber/ v 16V Self-Powered
: I L oc = : .
Sagnaruém/ytamum Freeze r?ré/mg 1.5x3 cm? Mechan sensation [166]
oped BiFeOs metho Isc = 2.8pA. System
(BFO)
L Sol-gel _
Polylactic acid method: Voc = 14.4V, Biomechanical
(PLA)/ si 1.5x1.3 _ -
. ingle-step 2 Isc = 0.55pA, energy harvesting [176]
Bao.ssCao.15Zr0.10T1 hvd cm
O ydrothermal Pa = 7.54mW/cm®
090 synthesis '
MoSe::
Solvothermal
reaction
Voltage output = 26
method V-
PMDS/ MoS: and MoS: ) mv; Gas sensor [177]
Au-MoSe; . Voc increases as
Atmospheric strain increases from
pressure 0.25% - 0.60%.
chemical
vapor
deposition
method
Maximum Pg =
2. -
PDMS/ P(VDF- Electrospinni ;BCcwax 8.75pW/em?; Self powered_ (178
TIFE) ng Smm 150 V (fingers wearable devices
pressure/ release
cycle)
PVDF-TFE/ZNO o . . ] Voltage output = 2.40 V:’earab'_e flexible 176]
@ PA @ PFOES p g v electronic
Ago?;fecttt:;ﬁ;gn Potential:
terephthalate CVD method i Increa;a\nsgd2 ;on}{)/O pA Stretchabl_e/wearabl [180]
(PET) substrate /  electronics
MoS;
Voltage output = Self-powered
PVDF-HFP / _ _ 6V, current output = human breathing.
Graphene quantum  Spin coating - . [181]
dot 25 nA Finger movement
sensors
Self-powered
Voltage output =760  electronic tongue.
PET substrate / . Electronic skin.
Sputterin - mV; ] 182
SnSe P g Photoelectric [182]
Pd =28 mW/mZ de\”ces
E-skin (sense
PVDF Electrospinni ) ) body’s mechanical [183]

ng

movement)
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Voltage output = 0.69

Wearable sensor for

Simple .
Wood sponge delignificatio 15><15>3<14 V, mon_ltormg human [184]
n process mm motions
Current = 7.1 nA
Potential: Flexibility
PDMS and PVDF/ Veoe 143y gﬁg%;ﬁ;ﬁ?mc
h t . . oc=14.0V; :
Graphene guantum Spin coating - electronic products. [185]
dot (GQD) and Isc=5.1 pA. Self d
TiO2 nanoparticles eli-powere
Sensors.
Plasma
PMMA/PDMS/ enhan_ced Current = 15 nA, Potential: Energy
. : chemical 1.5%x4.5 _ . ;
Organic nanowires vapor om? voltage output =105  harvesting device [186]
(ONW) - Au - ZnO o mV.
deposition
(PECVD)
Piezoelectric Mlcé?itllg'dlc 3x3x18mm Voltage output = {\:;Equo;llgéc)illcs [187]
i 3
Ceramic / PMMA technology 150V.

2.6.3 Piezoelectric Materials and Device Structure

Numerous flexible PENGs have been developed to capture waste energy from

the body or its environment. Much research has focused on modelling, operational

principles, and output enhancements, with the introduction of innovative nanogenerator

devices. As shown in Figure 2.5, PENG devices are commonly designed in a layered

structure comprising a piezoelectric material layer, electrodes, and a protective film.
Platinum (Pt) [188], silver (Ag) [189], aluminium (Al) [190] and copper (Cu) [191]
have been widely employed as electrodes in PENG applications. Additionally, a

polymer layer like polyethylene terephthalate (PET) is often included in PENG devices

for insulation and protection, ensuring the stability of the structure.

PVDF

ES PVDF-BT . ‘;;i&x‘u_

____________ 1) Batios

|l 17O Coated PET
|ES PVDF-BT

| nanorods

-

NS 0
substrate

PVDF-TiOz Al PET
film electrode film

Figure 2.5

Structure of the PENG (a) PET/Pt/PZT/Mica/PET, Reproduced with

Permission from Reference [192]. Copyright 2020, American Chemical
Society Publisher (b) 3D Schematic View of the Arch-Shaped
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Piezo/Triboelectric Hybrid Generator, Reproduced with Permission from
Reference [193]. Copyright 2015, Springer Nature Publisher (c)
PVDF/Batioz/PET/ITO, Reproduced with Permission From Reference
[194]. Copyright 2022, American Chemical Society Publisher (d)
Al/PVDF-Tio2/PET, Reproduced with Permission from Reference [190].
Copyright 2023, Elsevier Publisher (e) Al/Zno/Nio/PVDF, Reproduced
with Permission from Reference [195]. Copyright 2023 Elsevier
Publisher

Significant progress has been made in reducing the energy consumption of
electronic systems and devices over the past decade, largely due to the wide range of
piezoelectric applications in advanced and portable devices across various fields.
However, energy supply and consumption remain the primary obstacles to the
advancement of flexible technologies [196]. Consequently, the selection of
piezoelectric materials is critical in the design of PENGs, as increasing the output
current of PENGs remains a significant challenge in this domain. Enhancing the
conversion efficiency of PENGs necessitates the development of materials with
superior piezoelectric properties, manipulation of the nano- and microscopic surface
morphology of piezoelectric materials, incorporation of chemical substances during
doping, and fabrication of composite thin-film materials. It is anticipated that PENGs
will ultimately achieve exceptional flexibility and performance. Nevertheless,
exploration and efforts toward further improvements are ongoing. The main categories
of piezoelectric materials include ceramics, single crystals, polymers, and organic-
inorganic hybrid composites [169]. These materials, including paper and hydrophobic
substances, have traditionally been used in piezoelectric applications. Figure 2.6
illustrates the classifications and commonly used piezoelectric materials in PENGs.
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Figure 2.6  Piezoelectric Materials in PENGs Applications

PENGs commonly utilize various inorganic nanomaterials, including lithium
sodium niobate (KxNal-xNbOs) [197], barium titanate (BaTiO3) film [198], lead
zirconate titanate (PZT) [199], and lithium niobate (LiNbO3) [176]. However, most
nanogenerators based on these nanomaterials require complex manufacturing
processes, which complicate the development and growth of PENGs. Additionally,
producing PENGs that combine both ultralightweight properties and high-output power
proves to be exceedingly challenging. Inorganic materials have been shown to exhibit
relatively high dielectric constant values and ds3 coefficients.

Paper is a promising option in certain applications due to its convenience and
suitability for environmentally friendly, biodegradable devices. Moreover, the cellulose
crystallites within paper contribute to its shear piezoelectric constants, which are
comparable to those of quartz [200]. Currently, significant research is focused on
developing lead-free composites with high performance. These composites incorporate
paper alongside other piezoelectric materials, such as potassium niobate (KNbO3) and

BaTiO3 and meet the specific demands of the biomedical sector.
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2.7 Waste-to-energy

Despite the increasing focus on the Internet of Things (10T), paper consumption
remains one of the most in-demand products globally. In Malaysia, statistics indicate
that approximately 25% of landfill waste consists of paper, posing significant
challenges for waste disposal and contributing to environmental and health problems
[30, 31]. Additionally, it is reported that over 4 billion tons of municipal solid waste
(MSW) are generated annually worldwide, with projections estimating an increase from
2.01 billion tons in 2016 to 3.40 billion tons by 2050 [201]. Wastepaper which is a
major component of MSW, represents a critical issue with global paper consumption
reaching approximately one million tons annually [202].

(kg per capita)
550
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400
350
300
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200
150
100
50
0 ¢ T
n O In W = = > =t
SEEE2RE8S8]

002 A
03

Material Recycling Landfill Disposal Incineration

Figure 2.7  Main MSW Treatment Methods from 1995 To 2020. Reproduce with
Permission from Reference [203]. Copyright 2022, MDPI.

Recycling is one of the most effective strategies to address these challenges,
offering a sustainable solution to reduce wastepaper volumes [204-206]. As illustrated
in Figure 2.7, recycling is a common MSW treatment method that has shown a
consistent year-over-year increase. Studies reveal that recycling one ton of paper can
prevent the felling of approximately 17 trees [207, 208]. Another promising approach
adopted in many countries is waste-to-energy technology, which is now widely
recognized as a viable option for treating residual waste and supporting long-term waste
management strategies [209]. Various technologies are available to convert waste into
valuable energy products, such as heat and electricity, thereby reducing the volume of
waste sent to landfills [210]. Interestingly, this study adopts a combined approach of
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wastepaper recycling and waste-to-energy conversion. This integrated strategy offers
complementary benefits for managing paper waste, contributing to a more sustainable
circular economy and ensuring optimal utilization of waste components within the
MSW stream.

2.8 Hybrid Devices Integrated with Humidity Gradient Energy Harvesting

In 2009, Wang et al. [126] successfully developed the first hybrid energy cell.
The concept of hybridized nanogenerators has garnered significant scholarly interest
due to the advantages of integrating multiple nanogenerators into a single microsystem
capable of generating electric either independently or simultaneously from various
energy sources. For instance, generating wind energy in still air is impractical, and solar
energy cannot be harvested indoors or during cloudy weather. Thus, hybridization
represents a fundamental approach to addressing the challenge of utilizing available
ambient energy at any given moment.

HGPGs are harvesting energy from humidity. PENGs, TENGs, and
electromagnetic generators are viable options for acquiring mechanical energy, while
solar and electrochemical cells can generate energy from solar radiation and chemical
reactions, respectively. Thermoelectric and pyroelectric nanogenerators, on the other
hand, are specifically designed to extract thermal energy. Both piezoelectricity and
triboelectricity are commonly utilized in the fabrication of nanogenerators [128].
Extensive research and development have focused on hybridization structures and the
enhancement of piezo/triboelectric nanogenerators, which have recently shown the
ability to generate high power and sensitivity with a single mechanical motion.
Additionally, hybridization allows the device to adapt and function under various
conditions. As detailed in Table 2.9, numerous comprehensive reviews have been
conducted on alternative hybridized nanogenerators, such as piezoelectric/photovoltaic
hybrid nanogenerators (HyNG) and triboelectric/electromagnetic hybridized devices.

Table 2.9

Comparison of Reported Hybrid Devices Integrated with Piezoelectric

Nanogenerator

Nanogenerator Developed Voltage Current Ref.

type material

Piezoelectric/triboele  MAPbBrz SCs-PVDF 256 V 0.04mA/ cm? [211]
ctric HYNG

38



Piezoelectric/triboele PVDF/BaTiOs 444V 19.02 mA m= [212]
ctric HYNG composite nanofibers

Piezoelectric/triboele Doku & 195V 6 pA [213]
ctric HYNG PVDF/SWCTs NFs

Piezoelectric/triboele CZF NPs @PDMS 3BV 4.5 pA [214]

ctric/electromagnetic composite film

HYNG

Piezoelectric/triboele ~ MoS2-PVDF/PDMS 353V 20.8pA [215]
ctric HYNG

Piezoelectric/triboele SbSel NWs 271V - [216]
ctric HYNG

Piezoelectric/triboele PVDF stripe - - [217]

ctric/electromagnetic

HYNG

Piezoelectric/triboele ~ PDMS/(PVDF-TrFE) 13.1V 46 nA [218]

ctric HYNG nanofiber
Solar-thermal- P(VDF-TrFE-CFE), - - [219]
pyroelectric HYNG P(VDF-TIFE)

Piezoelectric/photovo PVDF Polymer- 5071V 1.282 mA [220]
Itaic HYNG Based Leaf

Piezoelectric/triboele PVDF/ PTFE layer - - [221]
ctric HYNG and Nylon layer

Piezoelectric/triboele PDMS@ Ag/ZnO 20V 0.2 pA [222]
ctric HYNG

Piezoelectric/triboele VDF/KNN-ZS ~25V ~2.11mA [223]
ctric HYNG nanofibrous web

Piezoelectric/triboele MWCNTs/PVDF- 344V 1.74 pA [224]
ctric HYNG TrFE/PDMS

Piezoelectric/triboele BTO-PDMS 100V 980 nA [225]
ctric HYNG

composite/Al

Researchers are continually striving to improve the performance of materials
used in energy harvesting, enhance the convenience and flexibility of hybridized energy
harvesting technologies, and optimize energy conversion efficiency to develop high-
output power devices. Despite these advances, significant opportunities for further
development remain, particularly in hybridized technologies involving HGPG, as it is
extremely rare for HGPG to be integrated with other energy-harvesting systems. Table

2.10 presents a comparison of reported hybrid devices with humidity-driven

applications.
Table 2.10
Comparison of Reported Hybrid Devices with Humidity-Driven Application
Hybrid device Material Outcome Ref.
Electromagnetic-moisture P(AAmM-co-AAC) e Isc=0.045 pA at 0.1Hz, 0.65 pA [226]
energy hydrogel/PPy at 100Hz
Hydrovoltaic-Photovoltaic Photosystem Il (PSII)/ Output power with a high density = [227]
Geobacter Sulfurreducens  1.24 W/m?
(G.S)
Photocatalysis-enhanced Photosensitized carbon e Voc=028V,lsc=18pA [32]

hydrovoltaic

nitride (P-CN)
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Stability = 600 h after short-term

illumination
Photocatalysis- Hydrogel-Cu20@BaTiOs  Output = 224.3 pA cm~2under 10 mW [228]
atmospheric water energy cm2 illumination
Solar cell-moisture energy BaTiO:@BiVO4/Co-Zn Output = 0.4 mA/cm? under an [229]
hydrogel illumination of 10 mW/cm?
Solar cell-moisture energy TiO2/Zn hydrogel 240pA/cm? under ambient indoor light [230]

For example, Gao et al. [226] successfully developed an electromagnetic-moist
coupled wireless energy interactive system based on poly(acrylamide-co-acrylic acid)/
polypyrrole (P(AAm-co-AAC)/PPy)-polyelectrolyte/conjugated conductive polymer
ionic diode films to synergistically harvest electromagnetic and moisture energy. The
study anticipated that this technology could be beneficial for automated and intelligent
electromagnetic stealth and protection, contributing to future applications in wireless
charging, information encryption, and self-powered radiation monitoring. Meanwhile,
Ren et al. [227] reported the successful development of hybrid hydrovoltaic—
photovoltaic power generators capable of capturing energy from both sunlight and
moisture. Their system, integrating photosystem Il with Geobacter Sulfurreducens,
achieved a high-power density of 1.24 W/m?, consistently generating hygro-electricity
from moisture absorption while producing a photovoltaic electric field that further
enhanced electricity generation under sunlight.

To date, there has been no reported study on the hybridization of HGPG and
PENG within a single system. This unexplored combination presents significant
opportunities, as HGPG-PENG hybrid devices could serve a wide range of
applications, including self-powered environmental monitoring systems that harvest
both humidity and wind/vibration from the ambient environment. Such hybrid devices
also hold strong potential for wearable electronics, particularly smart clothing or health-
monitoring devices powered by sweat (humidity) and body motion as well as for loT
devices and automotive systems that can harvest ambient humidity and mechanical

vibrations and convert them into useful energy.

2.9 Chapter Summary

From the literature analysis, recent progress in humidity-based energy

harvesting and PENGs has catalysed innovative strategies aimed at simultaneously
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enhancing energy conversion efficiency and advancing sustainability through the
incorporation of waste-derived materials. The development of humidity-to-energy
conversion platforms with exceptional stability and self-sustained moisture gradients
has enabled the introduction of a new class of hygroscopic materials for HGPGs, which
also demonstrate strong potential for integration into PENG architectures. In this
context, the incorporation of SA-treated composites with nanoceramic hydrogel films
into HGPG and PENG devices is designed to address persistent performance limitations
in hygroscopic-material-based energy systems. By leveraging waste-derived substrates,
this approach not only mitigates environmental impact but also aligns with sustainable,
eco-conscious energy generation practices. This targeted use of recycled and waste
materials represents a significant advancement in materials science, facilitating the
fabrication of high-performance energy harvesting devices with improved efficiency
and simplified manufacturing processes. Through the synergistic integration of
advanced composite architectures, surface functionalization techniques, and waste
valorisation strategies, the fields of humidity-driven energy harvesting and
nanogenerator technology continue to evolve, opening new pathways toward scalable,

sustainable, and environmentally responsible energy solutions.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Introduction

The experimental processes of this investigation were systematically organized
into six distinct phases, each meticulously designed to sequentially address specific
research objectives. In the initial phase (Phase 1), heteromorphic nanochannels,
actinomorphic structured NG powders were synthesized and subsequently integrated
with a cellulose-based substrate to develop NG composite films for HGPG. The
synthesis of pristine NiO and NG was performed using a low-temperature sonicated
solution immersion method, marking the starting point of the experimental workflow.
The synthesized pristine NiO and NG were subsequently functionalized with SA, and
the resulting composite films were fabricated using the doctor-blade technique.
Comprehensive characterization experiments were conducted to evaluate the structural
properties, surface morphology, and wettability of the pristine NiO and NG composite
films with varying Gr loadings.

Phase 2 focused on the strategic enhancement of the NG composite films
through surface treatment with SA to optimize their hydrophilic properties. In Phase 3,
hematite was incorporated into the NG composites to further enhance their humidity-
to-electricity conversion performance. Phase 4 and phase 5 involved the integration of
the optimized HNG composite into a Co-Zn-based nanoceramic hydrogel film and RP
substrate, respectively. Extensive characterization analyses were carried out to
investigate the wettability, surface morphology, and structural properties of the
synthesized composite materials. The performance of these materials in HGPG
applications was then evaluated. In the final phase (Phase 6), additional characterization
was conducted to evaluate the dss of the developed materials for their potential
application in PENGs and hybrid HGPG-PENG device application. The materials were
incorporated into HGPG and PENG devices by combining various composites (NiO,
NG, and HNG) with the Co-Zn nanoceramic hydrogel film and RP substrate. This
integration enabled a comprehensive evaluation of the devices’ humidity-to-energy

conversion efficiency under ideal conditions, as well as their overall nanogenerator
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performance. Figure 3.1 presents a schematic illustration of the entire experimental

procedure.

Phase 1 — Objective 1

Synthesis of SA-treated pristine NiO and Surface Modification of NiO/Gr Composites
NiO/Gr composite powder with varying aE LA tunl
, Gr l(fadmgs via sonicated SOI“t."m Graphene content: 1.0 wt.% (NG-1.0)
immersion method and characterize the Method: Sonicated solution immersion
structural and surface morphology Parameter: Untreated and SA-treated
properties NiO/Graphene composites

(SA treatment: 2wt.%, 60°C, 6 hours)

Preparation of SA-treated pristine NiO

and NiO/Gr composﬂe layer on cellulose- Synthesis of pristine NiO and NiO/Graphene
based substrate via doctor’s blade composite powder

technique and characterization on

structural, surface morphology and Method: Sonicated solution immersion
2 Paramcter: Graphene loadings

wettability properties 0.5wt.%, 1.0WE.%, 1.5WE.%, 2.0Wt.%

Fabrication and characterization of SA-
treated pristine NiO and NiO/Gr
composite film based HGPG device

R

Phase 2 — Objective 2 Optimization of hydrophilic NiO/Graphene
composite film by SA treatment

Prcparation and optimization of Graphene content: 1.0 wt.% (NG-1.0)
hydrophilic NiO/Gr composite film by Parameter:
stearic acid (SA) treatment and v’ SA concentration

f O, oy oy o,
characterization on wettability properties (ke 2wt S W0 and L)

Optimization of hydrophilic NiO/Graphene
Fabrication and characterization of SA composite film by SA treatment
r Ni r composite film bas
treated M0IGr oo P 5 i based Graphene content: 1.0 wt.% (NG-1.0)
HGPG device Parameter:

v Immersion temperature
(RT, 30, 60 and 90°C)

Demonstration of the effectiveness of
developed HGPG as an energy harvester

Optimization of hydrophilic NiO/Graphene
composite film by SA treatment

Graphene content: 1.0 wt.% (NG-1.0)

Parameter:
¥ Immersion duration
(2,4, 6 and 8 hours)

Phase 3 — Objective 3

Synthesis of hematite/NiO/Gr composite
powder via sonicated solution immersion
method and characterize the structural
and surface morphology properties

Synthesis of hematite/NiO/Graphene
composite powder

SA trcatment: 2wt.%, 60°C, 6 hours

Graphene content: 1.0 wt.% (NG-1.0)

Ilematitc content: 1.0 wt.%

Method: Sonicated solution immersion (75 °C)

Preparation of hematite/NiO/Gr
composite layer on cellulose-based
substrate via doctor’s blade technique
and characterization on structural, SOucecnr 2ntie, 003, Chopr:
Graphene content: 1.0 wt.% (NG-1.0)

surface morphology and wettability Heatie content L0 we ol
properﬁes Mecthod: Sonicated solution immersion
Parameter: Immersion temperature
(75°C, 85 °C, 95°C)

Synthesis of SA-treated h ite/NiO/Graphene
composite powder

Fabrication and characterization of
hematite/NiO/Gr composite film based
HGPG device

——
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Phase 4 — Objective 4

Preparation of Co-Zn-based
nanoceramic hydrogel via sol-gel
method

Preparation of hematite/NiO/Gr
composite layer on Co-Zn-based
nanoceramic hydrogel film via doctor’s
blade technique and characterization
on structural, surface morphology and
wettability properties

Fabrication and characterization of
hematite/NiO/Gr composite on Co-Zn
hydrogel film-based HGPG for energy

harvesting

Phase 5 — Objective 4

Preparation of recycled paper-based
substrates

Preparation of SA-treated hematite/NiQ/Graphene
deposited on Co-Zn hydrogel-based substrate

SA treatment: 2wt."%, 60°C, 6 hours

Graphene content: 1.0 wt.% (NG-1.0)

Hematite content: 10 wt.%

Method:  Sonicated solution immersion (95 °C)
Sol-gel with Zn and Co (1:1:1) molar ratio

Substrate: Filter paper

Preparation of hematite/NiO/Gr composite
layer on recycled paper substrates via
doctor’s blade technique and
characterization on structural, surface
morphology and wettability properties

Fabrication and characterization of
hematite/NiO/Gr composite on
recycled paper substrates-based

HGPG for energy harvesting

Preparation of SA-treated hematite/NiO/Graphene
deposited on Co-Zn hydrogel-based substrate

SA treatment: 2wt.%, 60°C, 6 hours

Graphene content: 1,0 wi,% (NG-1,0)

Hematite content: 1.0 wt.%

Mecthod:  Sonicated solution immersion (95 °C)
Sol-gel with Zn and Co (1:1:1) molar ratio

Substrate: Recycled paper

Phase 6 — Objective 5

Fabrication and characterization of
hematite/NiQ/Gr composite on Co-Zn
hydrogel film for PENG application

Fabrication of hematite/NiQO/Graphene
composite on Co-Zn hydrogel for PENG
application

RH level: RT
Parameter: Stability, ds;
Different type of tapping force

Characterization of hematite/NiO/Gr
composite on Co-Zn hydrogel film for
hybrid HGPG-PENG device
application

Fabrication of hematite/NiQ/Graphene
composite on Co-Zn hydrogel for HGPG-PENG
hybrid device

Applied lorce: Custom-build solenoid
Parameter: 40%, 65%, 90% RH

Figure 3.1

An Overview of Research Methodology That Aligns with the Research

Obijectives
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3.2 Synthesizing of Composite Powder Based on NiO with Gr via Sonicated

Solution Immersion Method at Different Amount of Gr Loading

To synthesize the NG composites powder, Gr nanoplatelets (99.98%,
Techinstro) with varying weight percentages (wt.%) of 0.5 wt.%, 1.0 wt.%, 1.5 wt.%,
and 2.0 wt.% were added along with hexamethylenetetramine (HMT, CeH12Na4, 99.0%,
ACS reagent, Sigma-Aldrich), and 0.2 M of nickel nitrate hexahydrate
(Ni(NO3)2-6H20, 94.5-105.5%, EDTA titration, Sigma-Aldrich) to deionized water
(DI) water. To enhance the chemical blending and uniformity, the solution was
sonicated in an ultrasonic bath (Hwashin Technology Powersonic 405) for 1 hour,
followed by stirring process at 500 rpm for 1 hour. Then, the homogeneous solution
was transferred into Schott bottle (Duran, 100 mL). The bottle was securely sealed prior
to immersion in a water bath (Memmert) set to 75°C for 1 hour. Following the
immersion, the precipitates that were produced were gathered and filtered through
Whatman Qualitative Grade 1 FP (diameter: 110 mm). To eliminate superfluous water
molecules, the resulting nanomaterials were dried at 36°C in oven (Memmert) for an
entire night. To improve its crystallinity, the dried sample was then annealed in a
chamber furnace (Protherm) for 1 hour at 500°C in an ambient environment. Figure 3.2
illustrates the overall process. Subsequently, all samples were treated with a fixed 2
wt.% SA concentration at 60 °C for an immersion duration of 6 hours. The SA-treated
NG (S-NG) powders were labelled as S-NG-0.5, S-NG-1.0, S-NG-1.5, and S-NG-2.0,
whereby the number indicates the respective Gr weight percentages. Untreated NG
sample with 1.0 wt.% Gr also prepared for reference and labelled as U-NG-1.0.
Additionally, SA-treated pristine NiO was synthesized following the same procedures
described above, but without any Gr content, and was designated as S-PN. All prepared
samples were subjected to a comprehensive suite of characterization techniques to
evaluate their structural and morphological features, hydrophilicity and wettability,
chemical states and elemental composition, surface area and porosity, as well as
electrical performance. The complete characterization framework is presented in detail
in Table 3.1.
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NG powder

Figure 3.2

Table 3.1

Synthesis of the NG Composites Powder Through the Sonicated Solution

Immersion Method

Synthesis Parameters and Characterization Techniques for S-NG Powder

Precursor material

e Nickel nitrate hexahydrate
(Ni(NO3)2:6H20)
e  Graphene nanoplatelets,

1.0 wt.%
- Hexamethylenetetramine, HMT
Growth solution preparation Stabilizer (CeH12N4)
Solvent Deionized water
Volume 100 mL
Molar concentration 0.2M
Sonicating process RT,1h
Stirring process RT, 1 h, 500 rpm
Immersion process Reaction _temp_erature 75°C
Reaction time 1lh
Drying temperature 36°C
Drying process Drying time Overnight
Ambient Air
Annealing temperature 500°C
Annealing process Annealing time 1lh
Ambient Air

Structural analysis

XRD (Rigaku Ultima V)

Characterization

Morphology analysis

e FESEM (JEOL JSM-
7600F)
e HRTEM
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(FEI TECNAI G2 F20 X-TWIN)

Elemental analysis EDX (EDAX AMETEK)
Hydrophilic analysis WCA (VCA-3000)
Molecular vibrational spectroscopy Raman (Horiba Scientific Xplora
analysis Plus)
Chemical composition analysis XPS (Ulvac-PHI Quantera 1)
Surface area and porosity analysis BET (Micromeritics ASAP 2060)
Label U-NG-1.0, S-PN, S-NG-0.5, S-NG-1.0, S-NG-1.5, S-NG-2.0

3.3 Preparation of Pristine NiO and NiO/Gr on Cellulose Based Substrate for
Humidity Gradient Energy Harvesting Application

S-PN paste was prepared by dispersing 1 g of S-PN powder in 15ml of
transparent paper glue (Chunbe 6603), which served as a binder. In this study, FP
(Whatman Qualitative Grade 1, 110 mm in diameter) was used as the cellulose-based
substrate. A homogeneous thin layer of the hygroscopic material was deposited onto FP
using the doctor-blade technique, with Kapton tape employed to ensure uniform layer
thickness across all samples. The coated FP was then dried on a hot plate at 90 °C for 1
hour. After drying, the S-PN-coated FP which denoted as S-PN-FP, was cut into square
pieces measuring 15 mm x 15 mm. Subsequently, a commercial Ag conductive paste
(Mechanic, MCN-DJ002) was applied to the pristine S-PN-FP as the working electrode,
forming contact areas of 5 mm x 5mm with a spacing of 5 mm between them. The
fabrication process of the humidity-to-energy device is illustrated in Figure 3.3. The
same procedure was repeated for the S-NG composite on the cellulose-based substrate.
The resulting sample was labelled as S-NG-FP. The experimental parameter and
characterization technique involved are presented in Table 3.2.
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Table 3.2

Synthesis Parameters and Characterization Techniques for S-PN and S-NG

Composite on Cellulose-Based Substrate

Paste preparation Composite powder

1g

Binder 15 ml, Glue, Chunbe 6603
Substrate FP (Whatman Qualitative Grade 1)
Temperature 90 °C
Drying Duration 1 hour
Ambient Air
Material Ag
Working electrode Size 5mm X 5mm
Drying 90 °C, 1 hour
Structural analysis XRD (Rigaku Ultima 1V)
FESEM

Morphology analysis

(Thermo Scientific Apreo 2S)

Elemental analysis

EDX (BRUKER XFLASH
6/100)

Hydrophilic analysis

WCA (VCA-3000)

Characterization

Electrical characterization

e Hall effect
(ezHEMS
Controller)

e  Cyclic voltammetry
(Autolab)

Humidity-to-electricity conversion analysis

1-VV—t measuring system
(Keithley 2400)

Label S-NG-FP, S-NG-0.5-FP, S-NG-1.0-FP, S-NG-1.5-FP, S-NG-2.0-FP

3.4 Surface modification of Composite Powder Based on NiO with Gr through SA

Treatment

To identify the optimal NG composites with the best hydrophilic properties, the
materials were treated with SA under different concentrations, immersion temperatures,
and immersion durations. Ethanol (99.8%, Systerm) was used to dissolve SA (95%,

Sigma-Aldrich) at varying concentrations ranging from 1 to 4 wt.%. The solution was
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then sonicated for 10 minutes. Next, the synthesized NG composites powder was added
to the solution, and the mixture was agitated at fixed speed of 300 rpm for different
immersion temperatures (i.e., 30°C, 60°C, and 90°C) and immersion durations (i.e., 2,
4, 6, and 8 hours). After the treatment, the treated samples were filtered and left to dry
overnight at 36°C in oven (Memmert). The SA treatment procedure is illustrated in
Figure 3.4.

4 Ethanol

3%

-

Solution preparation for Sonication process
Stearic acid treatment

Collect the filtered product /
“
—~

Drying process Filter process Stirring process

Figure 3.4  SA Treatment Process on NG Composite

3.4.1 SA Treatment at Various Stearic Acid Concentration

SA (95%, Sigma-Aldrich) was dissolved in ethanol (99.8%, Systerm) at varying
wt.% ranging from 1 wt.% to 4 wt.%. The solution was then sonicated for 10 minutes.
Subsequently, synthesized NG-1.0 composite powders were added to the solution, and
the mixture was stirred at fixed speed of 300 rpm for 6 hours at 60°C. After the
treatment, the treated sample was filtered and dried at 36°C overnight in oven
(Memmert). The SA-treated samples were labelled as S1%-NG-1.0, S2%-NG-1.0,
S3%-NG-1.0 and S4%-NG-1.0, whereby the number indicates the respective SA weight
percentages. Untreated sample was labelled as U-NG-1.0. The experimental parameter
and characterization technique involved are presented in Table 3.3.

Table 3.3
SA Treatment at Various SA Concentration and Characterization Techniques for
S-NG Composite Powder

Treatment solution Ethanol 30 ml
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preparation

Stearic acid

1 wt.%, 2 wt.%, 3 wt.%, 4 wt.%.

Sonication process Time 10 min
Temperature RT
Immersion time 6h
SA treatment Immersion temperature 60°C
Stirring speed 300 rpm
Drying temperature 36°C
Drying time Overnight
Ambient Air

Drying process

Structural analysis

e XRD (Rigaku Ultima 1V)
e  FTIR (Perkin Elmer
Spectrum One)

Morphology analysis

FESEM (JEOL JSM-7600F)

Elemental analysis

EDX (EDAX AMETEK)

Hydrophilic analysis

WCA (VCA-3000)

Humidity-to-electricity conversion I-VV-t measuring system (Keithley
analysis 2400)
Label S1%-NG-1.0, S2%-NG-1.0, S3%-NG-1.0 and S4%-NG-1.0

3.4.2 SA Treatment at Different Immersion Temperature

SA (95%, Sigma-Aldrich) was dissolved in ethanol (99.8%, Systerm) at a
concentration of 2 wt.%. The solution was then sonicated for 10 minutes. After the
addition of powdered NG-1.0 composite, the mixture was stirred for 6 hours at fixed
speed of 300 rpm at 3 different immersion temperatures (i.e., 30°C, 60°C, and 90°C).
After the treatment, the treated sample was filtered and dried overnight at 36°C in oven
(Memmert). The SA-treated samples were labelled as S30-NG-1.0, S60-NG-2.0 and
S90-NG-1.0 whereby the number indicates the respective immersion temperatures. The

experimental parameter and characterization technique involved are presented in Table

3.4.

Table 3.4

SA Treatment at Different

Technigues for S-NG Composite Powder

Immersion Temperature and Characterization

Treatment solution Ethanol 30 ml
preparation Stearic acid 2 wt.%
Sonication process Time 10 min
Temperature RT
Immersion time 6 h
SA treatment Immersion temperature 30°C, 60°C, 90°C
Stirring speed 300 rpm
Drying temperature 36°C
Drying process Drying time Overnight
Ambient Air

Characterization

Structural analysis

XRD (Rigaku Ultima V)

Hydrophilic analysis

WCA (VCA-3000)

Humidity-to-electricity conversion analysis

I-VV-t measuring system
(Keithley 2400)

Label

S30-NG-1.0, S60-NG-1.0, S90-NG-1.0
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3.4.3 SA Treatment at Different Immersion Time

SA (95%, Sigma-Aldrich) was dissolved in ethanol (99.8%, Systerm) at a
concentration of 2 wt.%. The solution was then sonicated for 10 minutes. After the
synthesized NG-1.0 composite powder was added, the mixture was stirred at 60°C for
varying immersion durations of 2, 4, 6, and 8 hours at fixed speed of 300 rpm. Following
the treatment, the mixture was filtered and dried at 36°C overnight in oven (Memmert).
The SA-treated samples were labelled as S2h-NG-1.0, S4h-NG-1.0, S6h-NG-1.0 and
S8h-NG-1.0, where the numeral denotes the corresponding immersion duration in
hours. The experimental parameter and characterization technique involved are

presented in Table 3.5.

Table 3.5
SA Treatment at Different Immersion Time and Characterization Techniques for
S-NG Composite Powder

Treatment solution Ethanol 30 ml
preparation Stearic acid 2 wWt.%
Sonication process Time 10 min
Temperature RT
Immersion time 2h,4h,6h,8h
SA treatment Immersion temperature 60°C
Stirring speed 300 rpm
Drying temperature 36°C
Drying process Drying time Overnight
Ambient Air
Structural analysis XRD (Rigaku Ultima V)
Characterization Hydrophilic analysis WCA (VCA-3000)

I-VV-t measuring system
(Keithley 2400)
Label S2h-NG-1.0, S4h-NG-1.0, S6h-NG-1.0, S8h-NG-1.0

Humidity-to-electricity conversion analysis

3.5 Synthesizing of Composite Powder Based on NiO/Gr and Hematite via

Sonicated Solution Immersion Method

To synthesize the SA-treated HNG (S-HNG) composite powder, a
straightforward sonicated solution immersion process was employed. Initially, 0.2 M of
Ni(NO3)2-6H20, 0.2 M of HMT, and 1.0 wt.% of Gr nanoplatelets were mixed in DI
water, followed by the addition of 1.0 wt.% of iron (IIl) nitrate nonahydrate
(Fe(NO3)3-9H20, ACS reagent, >98%, Sigma-Aldrich) to the solution. The resulting
mixture was sonicated for 1 hour using a sonication chamber (Hwashin Technology,
Powersonic 405), then stirred at 500 rpm for an additional hour to ensure complete
mixing. The homogeneous solution was transferred into a 100 mL Schott bottle (Duran),

sealed tightly, and placed in an immersion bath (Memmert) at varying temperatures of
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75°C, 85°C, and 95°C for 1 hour. After immersion, the resulting precipitates were
filtered and dried overnight in oven (Memmert) at 36°C to remove excess water. The
dried sample was then annealed in a chamber furnace (Protherm) at 500°C for 1 hour to
enhance its crystallinity. Subsequently, all samples were treated with a fixed 2 wt.% SA
concentration at 60 °C for an immersion duration of 6 hours. The SA-treated powders
were designated as S-H75/NG, S-H85/NG and S-H95/NG, where the numeral denotes
the corresponding immersion temperature in °C. The overall procedure is illustrated in
Figure 3.5. The experimental parameter and characterization technique involved are
presented in Table 3.6.
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Transfer the dried
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- Collect the product
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H
o
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o . precipitate @
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Figure 3.5  Synthesis of the HNG Composites Powder Through the Sonicated
Solution Immersion Method

Table 3.6
Synthesis Parameters and Characterization Techniques for S-HNG Composites
Powder

e Nickel nitrate
hexahydrate
(Ni(NOs)2-6H20)
e  Graphene nanoplatelets,
1.0 wt.%
Iron (111) nitrate nonahydrate
(Fe (NO3)3-9H20), 1.0 wt.%
Hexamethylenetetramine, HMT

Precursor material

Additional component

Growth solution preparation

Stabilizer (CoHi2N2)
Solvent Deionized water
Volume 100 mL

Molar concentration 0.2 M

Sonicating process
Stirring process
Reaction temperature

Room temperature (RT), 1 h
RT, 1 h, 500 rpm
75°C, 85°C, 95°C

Immersion process

Reaction time 1lh
Drying temperature 36°C
. Drying time Overnight
Drying process Ambient Air
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Annealing temperature 500°C

Annealing process Anneallr_lg time 1 .h
Ambient Air
Substrate FP (Whatman Qualitative Grade 1)
Structural analysis XRD (Rigaku Ultima 1V)

e FESEM (Thermo

Morphology analysis Scientific Apreo 2S)

e HRTEM
Characterization (FEI TECNAI G2 F20 X-TWIN)
Elemental analysis EDX (BRUKER XFLASH 6/100)
Surface area and porosity analysis BET (Micromeritics TriStar 11 Plus)
Chemical composition analysis XPS (Ulvac-PHI Quantera 1)
Electrical characterization Hall effect (ezHEMS Controller)
Label S-HNG, S-H75/NG, S-H85/NG and S-H95/NG

3.5.1 Preparation of Hematite/NiO/Gr on Cellulose Based Substrate for
Humidity Gradient Energy Harvesting Application

S-HNG paste was prepared by dispersing 1 g of S-HNG composite powder in
15 ml of transparent paper glue (Chunbe 6603), which served as a binder. The FP
(Whatman Qualitative Grade 1, 110 mm in diameter) was used as the cellulose-based
substrate. A homogeneous thin layer of the hygroscopic material was deposited onto FP
using the doctor-blade technique, with Kapton tape employed to ensure uniform layer
thickness across all samples. The coated FP was then dried on a hot plate at 90 °C for 1
hour. After drying, the S-HNG-coated FP which denoted as S-HNG-FP, was cut into
square pieces measuring 15 mm x 15 mm. Subsequently, a commercial Ag conductive
paste (Mechanic, MCN-DJ002) was applied to the S-HNG-FP as the working electrode,
forming contact areas of 5 mm x 5 mm with a spacing of 5 mm between them. The same
procedure was repeated for the S-H75/NG, S-H85/NG and S-H95/NG composite on the
cellulose-based substrate. The resulting samples were labelled as S-H95/NG-FP, S-
H95/NG-FP and S-H95/NG-FP, respectively, where the numeral denotes the
corresponding immersion temperature in °C. The experimental parameter and
characterization technique involved are presented in

Table 3.7.

Table 3.7
Synthesis Parameters and Characterization Techniques for S-HNG Composite on
Cellulose-Based Substrate

Paste preparation Composite powder 1lg
Binder 15 ml, Glue, Chunbe 6603
Substrate FP (Whatman Qualitative Grade 1)
Temperature 90 °C
Drying Duration 1 hour
Ambient Air
Working electrode Material Ag
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Size 5mm X 5 mm

Drying 90 °C, 1 hour
Structural analysis XRD (Rigaku Ultima V)
Morphology analysis FESEM
(Thermo Scientific Apreo 2S)
Elemental analysis EDX (BRUKER XFLASH 6/100)
Hydrophilic analysis WCA (VCA-3000)
ch - Surface area and porosity analysis BET (Micromeritics TriStar 11 Plus)
aracterization
e  Hall effect (ezHEMS
Electrical characterization (_Jontroller)
e  Cyclic voltammetry
(Autolab)
Humidity-to-electricity conversion analysis I—V—(:(r:iizf:;lggos%stem
Label S-HNG-FP, S-H75/NG-FP, S-H85/NG-FP, S-H95/NG-FP

3.5.2 Preparation and Fabrication of Hematite/NiO/Gr on Hydrogel-based FP
for Humidity Gradient Energy Harvesting Application

The Co-Zn-based nanoceramic hydrogel film was prepared using the sol-gel
method with a 1:1:1 molar ratio of zinc acetate dihydrate (Zn(CH3COQ).-2H>0, ACS
reagent, > 98%, Sigma-Aldrich), cobalt (11) acetate tetrahydrate [(CH3COO).Co-4H20,
ACS reagent, > 98.0%, Sigma-Aldrich], and ethanolamine (ACS reagent, > 99.0%,
Sigma-Aldrich) in anhydrous 2-methoxyethanol (99.8%, Sigma-Aldrich). The solution
was stirred at 80°C for 3 hours at 300 rpm and then allowed to age at RT for 24 hours.
Commercial Whatman Qualitative Grade 1 FP was subsequently dipped into the gel-
like solution for 1 minute and dried at 150°C for 10 minutes. The overall procedure is

illustrated in Figure 3.6.
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Figure 3.6 Co-Zn-Based Nanoceramic Hydrogel Film via Sol-Gel Method

S-HNG paste was prepared by dispersing 1 g of S-HNG composite powder in
I15ml of transparent paper glue (Chunbe 6603), which served as a binder. A
homogeneous thin layer of the hygroscopic material was deposited onto the Co-Zn-
based nanoceramic hydrogel film using the doctor-blade technique, with Kapton tape
employed to ensure uniform layer thickness across all samples. The coated hydrogel
film was then dried on a hot plate at 90 °C for 1 hour. After drying, the HNG-coated
hydrogel film which denoted as S-HNG-hydrogel/FP, was cut into square pieces
measuring 15mm x 15mm. Subsequently, a commercial Ag conductive paste
(Mechanic, MCN-DJ002) was applied to the S-HNG-hydrogel/FP as the working
electrode, forming contact areas of 5 mm x 5 mm with a spacing of 5 mm between them.
The experimental parameter and characterization technique involved are presented in
Table 3.8.

Table 3.8
Synthesis Parameters and Characterization Techniques for S-HNG Composite on
Hydrogel-Based Film

e  Zinc acetate dihydrate,
(Zn(CH3C0O0)2-2H20)
Solution preparation e  Cobalt (II) acetate
(2:1:1) molar ratio tetrahydrate,
[(CH3C0O0)2Co-4H20]
e  Ethanolamine
Solvent 2-methoxyethanol, 30 mi

Sol-gel process
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Stirring process 80°C, 3 h, 300 rpm

Aging process RT, 24 h
Dipping process 1 min
Drying process 150°C for 10 min
Substrate Co-Zn-based nanoceramic hydrogel-based FP
Paste preparation Composite powder 19
Binder 15 ml, Glue, Chunbe 6603
Temperature 90 °C
Drying Duration 1 hour
Ambient Air
Material Ag
Working electrode Size 5mm X 5 mm
Drying 90 °C, 1 hour
Structural analysis XRD (Rigaku Ultima V)
e FESEM
(Thermo Scientific Apreo 2S)
Morphology analysis e HRTEM (FEI
TECNAI G2 F20
Characterization - X-TWIN)
Elemental analysis EDX (BRUKER XFLASH 6/100)
Hydrophilic analysis WCA (VCA-3000)
Surface area and porosity analysis BET (Micromeritics TriStar 11 Plus)
Electrical characterization Hall effect (ezHEMS Controller)

I-V—t measuring system

Humidity-to-electricity conversion analysis (Keithley 2400)

Label S-HNG-hydrogel/FP

3.5.3 Preparation and Fabrication of Hematite/NiO/Gr on Hydrogel-based RP
for Humidity Gradient Energy Harvesting Application

A straightforward procedure was employed to prepare RP. First, used paper was
shredded into small pieces and blended with water until a mushy pulp was formed. The
resulting pulp was transferred into a container. A separate basin was filled halfway with
water, into which the pulp was added and mixed thoroughly. A mould and deckle were
then immersed into the mixture and lifted, allowing a thin layer of pulp to settle on the
mould. This pulp layer was then transferred onto a sheet of towel by flipping the mould,
and a sponge was used to absorb excess moisture. The pulp sheet was then left to dry
naturally. The overall process is illustrated in Figure 3.7 and the supplementary video
(V 1) in the APPENDIX 1.
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Figure 3.7 Overall Process of Preparing RP from Scratch using Unused Printing
Paper

The resulting RP was subsequently immersed in a Co-Zn-based gel-like solution
for 1 minute and then dried at 150 °C for 10 minutes. The final product was denoted as
hydrogel/RP. A S-HNG paste was prepared by dispersing 1 g of S-HNG composite
powder in 15 mL of transparent paper glue (Chunbe 6603), which acted as a binder. A
homogeneous thin layer of the hygroscopic material was deposited onto the
hydrogel/RP using the doctor-blade technique, with Kapton tape employed to ensure
uniform layer thickness across all samples. The coated hydrogel/RP was then dried on
a hot plate at 90 °C for 1 hour. After drying, the S-HNG-coated hydrogel/RP which
denoted as S-HNG-hydrogel/RP, was cut into square pieces measuring 15 mm x 15 mm.
Subsequently, a commercial Ag conductive paste (Mechanic, MCN-DJ002) was
applied to the S-HNG-hydrogel/RP as the working electrode, forming contact areas of
5 mm x 5 mm with a spacing of 5 mm between them. The experimental parameters and

characterization techniques employed are summarized in Table 3.9.

Table 3.9
Synthesis Parameters and Characterization Techniques for S-HNG Composite on
Hydrogel/RP Film

Paste preparation Composite powder 19
Binder 15 ml, Glue, Chunbe 6603
Substrate Co-Zn-based nanoceramic hydrogel film-based RP
Temperature 90 °C
Drying Duration 1 hour
Ambient Air
Material Ag
Working electrode Size 5mm X 5 mm
Drying 90 °C, 1 hour
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Structural analysis XRD (Rigaku Ultima 1V)

Morphology analysis FESEM
(Thermo Scientific Apreo 2S)
Elemental analysis EDX (BRUKER XFLASH 6/100)
Characterization Hydrophilic analysis WCA (VCA-3000)
Surface area and porosity analysis BET (Micromeritics TriStar 11 Plus)
Electrical characterization Hall effect (ezHEMS Controller)

I-VV-t measuring system

Humidity-to-electricity conversion analysis (Kithley 2400)

Label S-HNG-hydrogel/RP

3.6 Preparation and Fabrication of Hematite/NiO/Gr on Hydrogel-based Cellulose

Substrate for Piezoelectric Coefficient Measurement

A thin layer of S-HNG paste was deposited onto the Co-Zn nanoceramic
hydrogel/FP substrate using the doctor-blade technique to fabricate a square-shaped
PENG device measuring 15 mm x 15 mm. After deposition, the sample was dried on a
hot plate at 90 °C for 1 hour. Commercial Ag paste was then applied to both the top
surfaces of the film to form the working electrodes, each with dimensions of 5 mm x
5 mm, as illustrated in Figure 3.8. The same procedure was repeated for the PENG
fabrication of the S-HNG-hydrogel/RP. The experimental parameters and
characterization techniques employed are summarized in Table 3.10.

Table 3.10
Synthesis Parameters and Characterization Techniques for S-HNG Composite on

Hydrogel-Based Cellulose Substrate for Piezoelectric Coefficient Measurement

o Nickel nitrate hexahydrate
(Ni(NOs)2-6H20)
Precursor material e  Graphene nanoplatelets, 1.0 wt.%
e Iron (1) nitrate nonahydrate (Fe
(NOs)3-9H20), 1.0 wt.%

Growth solution

- Stabilizer Hexamethylenetetramine, HMT (CsHi12N4)
preparation —
Solvent Deionized water
Volume 100 mL
Molar concentration 0.2M
Sonicating process RT,1h
Stirring process RT, 1 h, 500 rpm
. Reaction temperature 75°C, 85°C, 95°C
Immersion process —
Reaction time 1h
Drying temperature 36°C
Drying process Drying time Overnight
Ambient Air
Annealing temperature 500°C
Annealing process Annealing time 1h
Ambient Air

e  Zinc acetate dihydrate,
(Zn(CH3COO0)2:2H20)
e  Cobalt (II) acetate tetrahydrate,
[(CH3COO0)2Co0-4H20]
e Ethanolamine
Solvent 2-methoxyethanol, 30 ml
Stirring process 80°C, 3 h, 300 rpm

Solution preparation

Sol-gel process (1:1:1) molar ratio
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RT, 24 h
1 min
150°C for 10 min
e  FP (Whatman Qualitative Grade
1)
e RP

Piezometer (YE2730A, APC International Ltd.)

Aging process
Dipping process
Drying process

Substrate

Piezoelectric coefficient
analysis
Nanogenerator performance
testing analysis
Humidity-to-electricity
conversion analysis

S-HNG-hydrogel/FP-based PENG, S-HNG-hydrogel/RP-based PENG

Oscilloscope (Keysight InfiniiVision
DSOX2022A)

1-VV—t measuring system (Keithley 2400)

Characterization

Label

S-HNG paste

Kapton tape

Hydrogel-based substrate

S-HNG paste preparation Doctor blade method

Ag metal contact Ag metal contact

S-HNG layer

X ) Remove Kapton tape
Hydrogel-based substrate

Actual image of S-HNG-hydrogel/FP

Metal contact deposition Cutting process

Figure 3.8 Fabrication Process and the Image of the HGPG Device Based on S-HNG-
Hydrogel/FP Through the Doctor-Blade Technique

3.7 HGPG and PENG Device Configurations

In this study, the developed HGPG and PENG devices employ a planar electrode
configuration, which is relatively rare in energy harvesting system. In a typical planar
architecture, the working electrodes are arranged on the same plane and positioned side
by side. As illustrated in Figure 3.9, the device consists of three key components: the
working electrodes, the composite material, and the substrate. Notably, both the HGPG
and PENG utilize the exact same fabricated device configuration, including the

composite materials, substrate type, and electrode layout.

Table 3.11
List of Fabricated S-HNG-Hydrogel/FP and S-HNG-Hydrogel/RP Along with
Their Respective Code Names

Conditions Description of fabricated HGPG and PENG Code name
Pistine NiO SA-treated pristine NiO S-PN
SA-treated NG with 0.5 wt.% Gr loading S-NG -0.5
Different Gr loading SA-treated NG with 1.0 wt.% Gr loading S-NG-1.0
SA-treated NG with 1.5 wt.% Gr loading S-NG-1.5
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SA-treated NG with 2.0 wt.% Gr loading S-NG-2.0
SA-treated NG with 0.5 wt.% Gr loading on FP S-NG-FP
SA-treated NG with 0.5 wt.% Gr loading on FP S-NG-0.5-FP
SA-treated NG with 1.0 wt.% Gr loading on FP S-NG-1.0-FP
SA-treated NG with 1.5 wt.% Gr loading on FP S-NG-1.5-FP
SA-treated NG with 2.0 wt.% Gr loading on FP S-NG-2.0-FP
N ith Untreated NG with 1.0 wt.% Gr loading U-NG-1.0
i ?ertéﬁ?t?/fmém NG with 1.0 wt.% Gr loading treated with 1 wi% SA S19%-NG-1.0
trleated at 60°C for 6’ NG with 1.0 wt.% Gr loading treated with 2 wt% SA S2%-NG-1.0
hours NG with 1.0 wt.% Gr loading treated with 3 wt% SA S3%-NG-1.0
NG with 1.0 wt.% Gr loading treated with 4 wt% SA S4%-NG-1.0
SA treatment with 2 NG with 1.0 wt.% Gr loading treated at RT SRT-NG-1.0
wt.% SA, treated for 6 NG with 1.0 wt.% Gr loading treated at 30°C S30-NG-1.0
hours at different NG with 1.0 wt.% Gr loading treated at 60°C S60-NG-1.0
immersion temperature NG with 1.0 wt.% Gr loading treated at 90°C S90-NG-1.0
SA treatment with 2 NG with 1.0 wt.% Gr loading treated at for 2 hours S2h-NG-1.0
wt.% SA, treated at 30°C NG with 1.0 wt.% Gr loading treated at for 4 hours S4h-NG-1.0
for different immersion NG with 1.0 wt.% Gr loading treated at for 6 hours S6h-NG-1.0
duration NG with 1.0 wt.% Gr loading treated at for 8 hours S8h-NG-1.0
HNG with 1.0 wt.% Gr loading synthesized at 75°C S-HNG
HNG with 1.0 wt.% Gr loading synthesized at 75°C S-H75/NG
HNG with 1.0 wt.% Gr loading synthesized at 85°C S-HB85/NG
Introduction of hematite HNG with 1.0 wt.% Gr loading synthesized at 95°C S-H95/NG
in NG and different HNG with 1.0 wt.% Gr loading synthesized at 75°C on FP S-HNG-FP
synthesis temperature HNG with 1.0 wt.% Gr loading synthesized at 75°C on FP S-H75/NG-FP
HNG with 1.0 wt.% Gr loading synthesized at 85°C on FP S-H85/NG-FP
HNG with 1.0 wt.% Gr loading synthesized at 95°C on FP S-H95/NG-FP
Intearation with hvdrogel HNG with 1.0 wt.% Gr loading synthesized at 95°C on S-HNG-
fo? HGPG and PyENCg hydrogel/FP hydrogel/FP
devices HNG with 1.0 wt.% Gr loading synthesized at 95°C on S-HNG-
hydrogel/RP hydrogel/RP

Ag conductive paste was employed as the working electrode, while S-HNG was

utilized as the composite active layer, serving dually as a hygroscopic material for the

HGPG and a piezoelectric material for the PENG. The primary substrate was a

cellulose-based FP, specifically standard, commercially available Whatman Qualitative

Grade 1 (110 mm diameter). To promote innovation and sustainability, RP was

introduced as an alternative to FP. The RP was produced entirely from unused printing

paper via a simple, home-based preparation method. Both cellulose-based substrates

(FP and RP) were subsequently integrated with a Co—Zn hydrogel to enhance water

molecule uptake. The final HGPG and PENG devices were fabricated with dimensions

of 5 x 5 mm?, with a 5 mm separation between electrodes. Table 3.11 provides a

summary of the fabricated HGPG and PENG configurations along with their

corresponding sample codes for reference.
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Figure 3.9  (a) Dimensions and (b) Detailed Illustration of the Fabrication Process
for S-HNG-Hydrogel/FP- and S-HNG-Hydrogel/RP-Based HGPG and

PENG Devices. (c) Actual Photograph of the Fabricated HGPG and

PENG Devices Compared to a Human Palm. (d) Top/Front and Back

Views of the Fabricated HGPG and PENG Devices. (e) Formation of
Heteromorphic Nanochannels between Synthesized HNG. (f) Schematic
Device Structure of Surface Reactions during Humidity Conversion that
Enable Electricity Generation via the Developed Hygroscopic Materials
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3.8 Characterization Techniques

The developed and synthesized materials were comprehensively characterized
using a suite of advanced analytical techniques. The crystallographic structure and
phase evolution were examined via X-ray diffraction (XRD), while elemental
composition and morphological/atomic features were investigated using field emission
scanning electron microscopy (FESEM), scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDX), and high-resolution transmission
electron microscopy (HRTEM). Raman spectroscopy was employed to study the
vibrational modes of molecules, providing insights into the chemical bonding,
composition, and related characteristics of the materials.

Composition of surface chemical species in the samples was further analyzed
using X-ray photoelectron spectroscopy (XPS). Water contact angle (WCA)
measurements were performed using a wafer surface analysis system to assess the
surface wettability of the samples. Functional group identification was carried out by
Fourier transform infrared spectroscopy (FTIR) on untreated and SA-treated samples.
Meanwhile, the specific surface area of the materials was determined using the
Brunauer-Emmett-Teller (BET) method. Cyclic voltammetry (CV) analysis was
conducted to examine the redox behaviour of the samples. Electrical conductivity and
the Hall coefficient were measured using the Van der Pauw method with a Hall
measurement system. To further assess the device's response to humidity,
measurements were conducted at controlled temperatures in a bench-top temperature
and humidity chamber, equipped with a current-voltage-time (I-V-t) measurement
system. The piezoelectric properties of the prepared samples were evaluated using a ds3
tester by measuring the dss constant.

The synthesized pristine NiO, NG, and HNG composites including SA-treated
composite films and those integrated with various substrates such as FP cellulose-based
substrate, Co-Zn-based nanoceramic hydrogel films, and RP cellulose-based substrate
were comprehensively studied to understand their properties and how they influence the
performance of the HGPG and PENG devices.
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3.8.1 Structural and Morphological Analysis

3.8.1.1 XRD Analysis

In this study, XRD analysis was carried out using a Rigaku Ultima IV system to
examine all synthesized samples, including S-PN, S-NG, and S-HNG composites. This
also included those integrated with various substrates such as FP cellulose-based
substrate, Co-Zn-based nanoceramic hydrogel films, and RP cellulose-based substrate.
To assess the crystallinity of the materials, XRD measurements were performed in both
powder and film modes using a Cu-Ka radiation source with a wavelength of 1.541 A,
covering a 20 range from 5°/20° to 90°. The unique diffraction patterns obtained were

used to identify the material phases.

Incident Scattered
beam beam

% nA=2dsin 6 ﬁ

Atomic planes

Figure 3.10 Principle of XRD. Reproduced Permission from Reference [231].

XRD characterization is crucial for identifying materials by determining their
crystalline phases and orientations, as well as classifying their atomic-scale structure as
crystalline, polycrystalline, or amorphous. The structure of the materials was
determined by comparing the measured diffraction data with standard reference patterns
from the internationally recognized Joint Committee on Powder Diffraction Standards
(JCPDS) database.
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The following JCPDS reference patterns were used in this study: NiO (JCPDS
No. 01-071-4750), nickel (Ni) (JCPDS No. 00-004-0850), graphite (JCPDS No. 00-
041-1487), hematite (JCPDS No. 00-033-0664), magnetite (JCPDS No. 01-073-9877),
cellulose (JCPDS No. 00-056-1718) and SA (JCPDS No. 00-038-1923) as listed in
APPENDIX 2. Figure 3.10 shows the basic principle of XRD. From the XRD data,
important structural parameters such as lattice parameters, interplanar spacing, and D
were calculated to provide further insight into the material properties.

The crystallite size (D) of all synthesized materials was calculated using the
Debye-Scherrer formula [232, 233]:

D K2 (3.1)
B cos@

In this equation, D refers to the crystallite size, K is a constant which is
commonly taken as 0.9, A is the X-ray wavelength (1.541 A), 0 is the diffraction angle,
and B is the full width at half maximum (FWHM) of the diffraction peak, which reflects
broadening associated with the crystallite dimensions. To further analyze the structural
characteristics of the materials, lattice parameters (a), interplanar spacing (d), and unit
cell volume (V) were calculated. These calculations were based on Bragg’s law

equations:

a=dyh?+ k2 + [2 (3.2)
A
d= n (3.3)
2sin@
V= a? (3.4)

In these calculations, h, k, and 1 denote the Miller indices, A is the X-ray
wavelength, 0 is the diffraction angle, and n is the order of diffraction, typically taken

as 1.
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3.8.1.2 FESEM analysis

The synthesized pristine NiO, NG, and HNG composites including SA-treated
composite films and those integrated with various substrates such as FP cellulose-based
substrate, Co-Zn-based nanoceramic hydrogel films, and RP cellulose-based substrate
were examined for their surface morphology using FESEM. As illustrated in Figure
3.11, FESEM uses a field emission electron source, also known as a cold cathode field
emitter. This technique generates electrons by applying a strong electric field between
the anode and cathode, without relying on thermal energy. The filament is placed within
a high electric potential gradient, allowing for the emission of a focused, high-
brightness electron beam. The emitted electron beam interacts with the sample's surface,
and the resulting signals contain information about the material's surface morphology,
crystalline structure, orientation, and chemical composition. Due to the sharp tip of the
field emitter, FESEM provides significantly higher resolution and greater magnification
compared to conventional SEM. This allows for the detailed observation of surface
features and the clear identification of closely spaced nanoparticles or structural details
[234, 235].

Electron beam

Anode

Condensor
Lens

Scanning coils

Objective lens

Back-scattered
electron detector

Secondary electron
detector

Figure 3.11 Schematic Representation of FESEM [236]

Sample

FESEM imaging was conducted using the Thermo Scientific Apreo 2S (Faculty
of Applied Sciences, UiTM Shah Alam) and the JEOL JSM-7600F (NANO-Electronic
Centre, Faculty of Electrical Engineering, UiTM Shah Alam). Prior to FESEM
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characterization, samples were coated with either gold (Au) or Pt to minimize surface
charging during imaging. Au coating was performed using a Bal-Tec SCDO0O05 sputter
coater (Faculty of Applied Sciences, UiTM Shah Alam), while Pt coating was applied
using JEOL JFC-1600 auto fine coater (NANO-Electronic Centre, Faculty of Electrical
Engineering, UiTM Shah Alam).

The acquired FESEM images were analyzed using ImageJ, an open-source
image processing software. Each image was first calibrated using a known scale
reference. Following scale calibration, all visible particles within the selected images
were measured and analyzed. The average particle size was then calculated based on

the mean of the measured particle sizes.

3.8.1.3 HRTEM analysis

HRTEM enables imaging of a sample’s crystallographic structure down to the
atomic level [237]. Due to its extremely high resolution, HRTEM is an ideal tool for
investigating material properties at the nanoscale. It allows for the visualization of
individual atoms, crystal structures, and crystal defects. Additionally, Selected Area
Electron Diffraction (SAED) in TEM/HRTEM mode is commonly used to identify
crystal structures and measure lattice parameters [238]. In this study, HRTEM analysis
was performed using a FEI TECNAI G2 F20 X-TWIN microscope operated at 200 keV
and equipped with a Gatan Orius SC1000B camera. Prior to structural analysis, the
synthesized materials were dispersed and sonicated in ethanol to form colloidal
solutions, which were then drop-cast and dried onto carbon-coated copper grids. To
investigate the crystal structures and analyze the SAED patterns, the acquired HRTEM

images were further processed using ImageJ software.

3.8.1.4 Molecular Vibrational Spectroscopy Analysis

Raman spectroscopy provides information about a molecule’s vibrational
energy levels [239]. This technique is widely used to determine the chemical bonding,
molecular conformation, and intermolecular interactions of materials. It is a non-
destructive analytical method suitable for identifying the phase composition of
nanomaterials. A typical Raman system comprises a monochromator, detector, optical

filter, sample cell, and laser light source, as illustrated in Figure 3.12. Among these
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components, the laser light source is crucial, as it emits the laser beam that interacts
with the sample via a fiber optic cable. The performance of the laser system in Raman
spectrometers is primarily influenced by three parameters: the type of laser source, laser
wavelength, and laser spot size [240].

Sample Lens

Monochromator —— Detector

Lens

Filter

400 800 12001600 2000
Raman shift(cm™)
Laser
Reflector

Figure 3.12 Diagram of a Typical Raman Spectrometer. Reproduced with Permission
from Reference [240]

When the laser beam strikes the sample, it induces transitions in the vibrational
energy levels of the molecules. The molecule momentarily enters a higher energy
(virtual) state and then returns to a lower energy state by emitting photons [240]. Most
of these scattered photons undergo only a change in their direction of propagation
without transferring energy to the molecule. This phenomenon is known as Rayleigh
scattering or elastic scattering, and it does not provide significant chemical information.
However, a small fraction of the scattered photons interacts inelastically with the
sample, transferring or gaining vibrational energy in the process. This is referred to as
Raman scattering as illustrated in Figure 3.13(a). In this interaction, if the scattered
photons have lower energy than the incident light, the process is termed Stokes
scattering. Conversely, if they have higher energy, it is termed anti-Stokes scattering.
These processes are depicted in Figure 3.13 (b).
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Figure 3.13 Schematic Diagram of Raman Spectroscopy Principles: (a) Light
Scattering Modes of Molecules and (b) Energy-Level States Involved in
Raman Spectra. Reproduced with Permission from Reference [241].
Copyright 2023, Elsevier.

In general, a Raman spectrum serves as a unique chemical fingerprint of a
molecule or substance, enabling rapid identification or differentiation from other
materials. The spectrum consists of multiple peaks, each representing the wavelength
position and intensity of the Raman-scattered light. Each peak corresponds to a specific
molecular bond vibration such as C—C, C=C, N-O, or C—H bonds as well as to
collective vibrational modes, such as the breathing mode of a benzene ring, polymer
chain vibrations, lattice modes, and other relevant structural features. These vibrational
signatures provide valuable insights into the molecular composition and structural
characteristics of the analyzed material. In this study, the Horiba Scientific Xplora Plus
Raman spectrometer measuring system was used to perform the vibrational analysis at
the Microelectronics and Nanotechnology-Shamsuddin Research Centre (MiNT-SRC),

Universiti Tun Hussein Onn Malaysia.

3.8.2 Elemental, Chemical and Surface Analysis

3.8.2.1 EDX Analysis

EDX was employed to perform qualitative and quantitative elemental analysis,
elemental distribution mapping, and chemical state assessments of the catalyst [242].
The EDX detector is commonly integrated into both SEM and TEM systems, enabling
high-energy measurements. Basically, when high-energy electrons bombard the sample
surface, they eject inner-shell electrons, creating vacancies. The transition of electrons
from higher to lower energy levels to fill these vacancies results in the emission of

characteristic X-ray photons, which are detected by the EDX system. These emitted X-
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rays are specific to the elements present in the sample and can be presented in the form
of elemental maps or spectra [243]. The EDAX AMETEK instrument (Faculty of
Mechanical Engineering, UiTM Shah Alam) and BRUKER XFLASH 6/100 (Faculty
of Applied Sciences, UiTM Shah Alam) were utilized in this investigation.

3.8.2.2 XPS Analysis

XPS was employed in this study as a surface analysis technique to determine the
chemical composition of the developed samples. The XPS analysis was carried out at
MIMOS Berhad and the Centre for Instrumentation using the Ulvac-PHI Quantera II.
XPS is commonly used to ascertain the stoichiometry and ionic states of elements [244].
As shown in Figure 3.14, this technique involves irradiating the sample surface with X-
ray photons under vacuum conditions which also known as photoemission process,
causing the emission of electrons from the inner atomic orbitals. The binding energy of
these emitted electrons is specific to the elements from which they originate. By
analyzing the resulting energy spectrum of the photoelectrons, the elemental

composition and concentration at the sample surface can be determined.

Incident X-ray Ejected photoelectron

\ / Free
electron level
Conduction band
Fermi

level

Valence band

L2, L3

Figure 3.14 Schematic of the Photoemission Process [245]

3.8.2.3 WCA Analysis

One approach to determine surface wettability is by estimating the surface
energy through the analysis of WCA measurements. A tangent was drawn at the base
of a water droplet placed on the surface of the sample to determine the 6ca of water. In

this study, a 3 pL drop of DI water was deposited onto the surface of the fabricated

69



hygroscopic material films to evaluate their wettability. Each sample was measured

multiple times, and the average value was reported as the final WCA.

Figure 3.15 WCA Measurement Instrument: VCA-300

Based on the WCA measurements, the surface energy of the samples was
calculated using the FGG-Young’s equation [Equation (2.8)], as previously described.
In this equation, the surface tension of the liquid y, is approximately 72.8 mJ/m?,
corresponding to the DI water used in this study. The WCA measurements were
conducted using a VCA-3000 instrument (AST Products, Inc.) at the Faculty of
Chemical Engineering, UiTM Shah Alam, as shown in Figure 3.15

3.8.2.4 FTIR Analysis

FTIR is an absorption-based technique that measures the energy of molecular
vibrations when a sample is exposed to infrared light [246]. In brief, an absorbance
spectrum is produced when a continuous infrared light beam passes through the sample
and is absorbed by target molecules at specific wavenumbers corresponding to the
energy difference between molecular vibrational states, as shown in Figure 3.16. FTIR
spectroscopy can detect the internal molecular structure of a material, as the functional
groups and chemical bonds are constantly in a state of vibration [247]. The distinctive
absorption bands observed in the resulting spectra serve as the chemical fingerprint of
the sample. In this study, the FTIR analysis was conducted at the Faculty of Chemical
Engineering, UiTM Shah Alam using a Frontier FTIR spectrometer (Perkin Elmer

Spectrum One) to identify compounds and analyze the molecular structure of the
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prepared hygroscopic materials, specifically to compare samples with and without SA

treatment.
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Figure 3.16 Brief Mechanism of FTIR for Detection [248]

3.8.2.5 BET Analysis

The porosity and specific surface area of microporous and mesoporous materials
are commonly determined using the BET method, based on nitrogen adsorption
isotherm studies [249]. These two parameters are crucial in HGPG applications, as they
reveal the material's structural characteristics and may also indicate potential zones for
foulant accumulation. The quantity and size distribution of pores influence not only the
material's permeability but also its hydrophilicity [250]. Additionally, pore volume and
pore size distribution can be obtained using the Barrett-Joyner-Halenda (BJH) method,
which is applied to the desorption data derived from BET analysis [251].

In this study, BET analysis was carried out at the Faculty of Applied Sciences,
UiTM Shah Alam, using a Micromeritics TriStar Il Plus instrument and at the Institute
of Nanoscience and Nanotechnology, Universiti Putra Malaysia, using a Micromeritics
ASAP 2060 system, as depicted in Figure 3.17.
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Figure 3.17 BET Instrument: Micromeritics ASAP 2060 System

3.8.3 Electrical Analysis

3.8.3.1 CV analysis

CV is a common and effective electrochemical technique that measures the
current response to a linearly scanned potential [252]. From CV analysis, valuable
information can be obtained, such as the electron transfer rate, diffusion coefficient,
redox potential, and the amount of adsorbed species on the electrode surface [253].
Analyzing the shape and features of the resulting voltammogram is essential for
understanding the electrochemical behaviour of the materials under investigation.
Typically, CV curve shapes can be classified into three general types such as
rectangular, rounded, or quasi-rectangular, which often accompanied by broad or
distinct redox peaks. The shape of the CV curve varies depending on the charge storage
mechanism involved, such as pseudo-capacitors or Faradaic (battery-like) systems.

Figure 3.18 illustrates a CV curve characteristic of a typical redox process. The
presence and symmetry of redox peaks provide insights into the reversibility of the
redox couple and the kinetics of electron transfer. The standard rate constant for electron
transfer can be qualitatively inferred from the potential separation (Agp) between the
oxidation and reduction peaks. In pseudo-capacitors, the shape of the CV curve
typically denotes redox or Faradaic processes taking place at or close to the electrode

surface. In contrast, discrete redox peaks are typically observed in Faradaic (battery-
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like) systems, where charge storage entails electron transfer coupled with redox

processes within the electrode material.
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Figure 3.18 Typical Redox CV Curve Characteristic. Reproduce from Reference
[254]

The charge stored is related to the area under the redox peaks. Faraday’s law is
fundamental for quantifying the electrochemical response in CV. The total charge (Q)

involved in the redox process is given by:
Q=nXF (3.5)
In this equation, n is the number of electrons transferred, and F is the Faraday

constant (96,485 C/mol). This relationship aids in evaluating the electrochemical

activity of the developed materials.

Figure 3.19 CV Instrument: Autolab

In this study, CV analysis was primarily conducted to investigate the presence

of redox activity in the developed material within the system. The analysis was
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performed at the Faculty of Applied Sciences, UiTM Shah Alam, using an Autolab CV
instrument, as shown in Figure 3.19. The potential was scanned from -1 Vto 1V at a

scan rate of 0.1 V/s.

3.8.3.2 Hall Effect Analysis

The Hall effect is a phenomenon in which a Hall voltage is generated across a
semiconductor when an electric current flows through it and a magnetic field is applied
perpendicular to both the current and the voltage [255]. This voltage arises from the
formation of an electric field due to the magnetic force that pushes charge carriers to
one side of the semiconductor, resulting in charge imbalance. To perform Hall-effect
measurements, a computer-controlled system was employed, typically consisting of a
high-impedance voltmeter, an electrometer, and a constant current source. Sample was
arranged in a VVan der Pauw geometry of square configuration, which allows for accurate
determination of electrical properties in thin films. Small-area metal contacts were
deposited at the four corners of the sample to establish ohmic contacts on p-n type for
the voltage ranges of interest. Ohmic behaviour is essential for Hall-effect
measurements to avoid complications such as depletion-layer effects, which would
otherwise necessitate corrections related to film thickness. By measuring the Hall
coefficient and mobility, the electrical conductivity can be accurately estimated using
following equation [256]:

a (3.6)

In this equation, o is the electrical conductivity, p is the mobility, and Rn is the Hall
coefficient. In this study, the Hall effect analysis was carried out at the NANO-
Electronic Centre, Faculty of Electrical Engineering, UiTM Shah Alam using Hall
measurement system (ezHEMS Controller, Nanomagnetic Instruments), as depicted in
Figure 3.20.
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Figure 3.20 Hall Effect Measurement Instrument: Ezhems Controller, Nanomagnetic
Instruments

3.8.3.3 Humidity-to-electricity conversion performance analysis

As HGPG is a type of energy harvesting device that utilizes humidity to generate
electrical energy, it is essential to evaluate its response to varying humidity levels. A
key parameter in analyzing the efficiency of humidity-to-electricity conversion is the
output voltage. Since no external load or current path is connected to the HGPG device
during this measurement, the output voltage represents the maximum potential
difference the device can produce. It directly reflects the intrinsic ability of the
fabricated HGPG device to convert humidity into electrical energy. Generally, a higher
output voltage indicates a more efficient energy conversion process. In addition, Ohm’s
law was applied to examine the relationship between output voltage and load resistance,
in order to determine the maximum output power of the HGPG device, where P denotes
power, V the generated voltage, and R the load resistance:

b @7
R

In this study, the fabricated HGPG device, with an adsorption area of 1.25 cm?,
was tested under various RH levels at certain temperatures. The device was connected
to a 10 MQ resistor with no external bias applied. The analysis was carried out at the
NANO-Electronic Centre, Faculty of Electrical Engineering, UiTM Shah Alam, using
a bench-top temperature and humidity chamber (ESPEC-SH261) equipped with a
current-voltage-time (I-V-t) measuring system (Keithley 2400), which functioned as a

nanoammeter. Figure 3.21 illustrates the experimental setup used in this study.
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Figure 3.21 (a) Measurement Setup for Evaluating the Humidity-To-Electricity
Performance of Developed HGPG Devices. (b) Circuit Block Diagram of
HGPG Device Used for Voltage and Current Measurements

3.8.3.4 Piezoelectric Coefficient Analysis

In piezoelectric materials, the relationship between electrical charge and
mechanical stress is characterized by piezoelectric coefficients [257]. These coefficients
indicate either the amount of electric charge generated in response to applied pressure,
or the degree of material deformation induced by an electric field. A commonly used
device for this purpose is the ds3 meter, which directly measures the das coefficient
which representing the piezoelectric response along the same axis as the applied force.
In this study, the dss coefficient of the samples was measured at the Applied Physics
Unit, Faculty of Science and Technology, Universiti Kebangsaan Malaysia using a
piezometer (YE2730A, APC International Ltd.) as shown in Figure 3.22.

Figure 3.22 Piezometer: YE2730A, APC International Ltd

3.8.3.5 Nanogenerator Performance Testing Analysis

In this study, the output voltage produced by the S-HNG-based PENG

composite incorporated with a Co-Zn-based nanoceramic hydrogel film was measured
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using a homemade solenoid tapping device. The output voltage was recorded using a
digital oscilloscope (Keysight InfiniiVision DSOX2022A). The output voltage provides
a direct measure of the intrinsic capability of the fabricated PENG device to convert
mechanical energy into electrical energy. Moreover, the power density (P4) can be

calculated based on Ohm’s Law and the power dissipation formula, using the relation:

V2
RXA

In the equation, V represents the output voltage, R is the external load resistance,
and A denotes the active area of the PENG. The PENG developed in this study adopts
a planar electrode configuration, as illustrated in Figure 3.23. In this configuration, the
active area is typically defined by the spacing between the electrodes and the area of the

piezoelectric material situated between them [258, 259].

Ag Electrode

. S-HNG layer
- Hydrogel/FP

A Active area

Figure 3.23 Basic Structure of the S-HNG-Hydrogel/FP-Based PENG with Planar
Electrode Configuration

In this study, the solenoid tapping system functioned as an external mechanical
actuation system to provide continuous mechanical input. As illustrated in Figure 3.24,
the system consists of a push-pull solenoid (12 V, 250 mA), a power supply, a relay, an
Arduino Uno, and a diode. This setup was designed to activate the PENG device by
applying a repeated mechanical force, simulating real-world mechanical stimuli. By
referring to the work done by D. Kamaruzaman et al. [3], the Arduino Uno
microcontroller was programmed to generate a 10 Hz stroke frequency, operating at a
force of approximately 2 N. The specific parameters used for testing the S-HNG-

hydrogel-based PENG are summarized in Table 3.12.
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Table 3.12
Parameter Setting for Measurement of Prepared S-HNG-Hydrogel-Based PENG

Sample size 1.5cmx1.5cm
Active area 0.25 cm2
Working electrode Ag
Operational frequency 10 Hz
Applied force 2N
RH level 40%, 65%, 90%
Ambient temperature RT

To evaluate its practical application in energy harvesting, the fabricated PENG
device was also tested with LEDs, as depicted in the circuit block schematic in Figure
3.25. Once the capacitor within the circuit reached the required charge level, the switch

was triggered to power the connected electronic devices.
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Figure 3.24 Electrical Performance Test for S-HNG-Hydrogel/FP-Based PENG
Device with the Diagram of Solenoid Tapping System

Figure 3.26 illustrates the measurement setup used to evaluate the electrical
performance of the developed HGPG—PENG hybrid device. The PENG component
generates an alternating current (AC) signal under mechanical excitation, whereas the
HGPG component produces a direct current (DC) output. For direct comparison within
the HGPG—PENG hybrid configuration, the PENG waveform was converted to its DC
equivalent using the following equation [260, 261]:

Vpp (3.8
VDC,eq = Vims = ﬁ
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In this equation, Vims represents the power-equivalent DC voltage, and and Vpp denotes

the peak-to-peak voltage measured on the oscilloscope.

Capacitor

Switch

Figure 3.25 Diagram of Operating Electronic Devices through a Full-Wave Bridge
Rectifier

 Humidity chamber

Mechanical
energy into
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Figure 3.26 Measurement Setup for Evaluating the Mechanical-To-Electricity
Performance of Developed HGPG-PENG Hybrid Device
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3.9 Chapter Summary

This chapter presents the comprehensive experimental methodology employed
in this study. It outlines the procedures for synthesizing S-PN, S-NG, and S-HNG
composites using the sonicated solution immersion method. The deposition of these
composites onto cellulose-based substrates via the doctor-blade technique is also
described. Furthermore, the sol-gel method used to prepare the Co-Zn-based
nanoceramic hydrogel film is explained, along with the process of converting
wastepaper into RP for integration into the hygroscopic material film. The application
of SA treatment and the investigation of optimization parameters are thoroughly
discussed. Detailed descriptions of the complete fabrication processes and
configurations of the HGPG and PENG devices are provided. Lastly, the chapter
presents the characterization techniques used and elaborates on the testing procedures

conducted to evaluate the performance of the HGPG and PENG devices.
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CHAPTER 4
FABRICATION AND PERFORMANCE ANALYSIS OF HUMIDITY
GRADIENT ENERGY HAVESTING BASED ON PRISTINE NICKEL
OXIDE AND COMPOSITED WITH GRAPHENE AS
HYGROSCOPIC MATERIALS

4.1 Introduction

Harvesting energy from ambient humidity has emerged as a promising frontier
in RE technologies. This strategy exploits hygroscopic materials to adsorb water
molecules from the surrounding environment and convert the resulting ionic gradients
into electricity [39-41]. The careful selection of hygroscopic materials is pivotal, as their
water-trapping capacity directly governs device humidity sensitivity and the stability of
energy output [262-264]. In this study, NG composites are employed as the active
hygroscopic medium. Gr is renowned for its exceptional electrical and thermal
conductivities, coupled with tuneable surface chemistry, while NiO nanoparticles are
valued for their low cost, chemical stability, and favourable electronic properties. The
synergistic properties of NiO and Gr, particularly their favourable zeta potentials,
facilitate efficient ion mobility, thereby enabling electric field generation and current
output, and ultimately enhancing humidity-to-energy conversion efficiency. Despite
these advantages, conventional synthesis routes for NG composites are often costly,
technically demanding, and environmentally unsustainable [23, 265]. To the best of our
knowledge, the application of NG composites in humidity-to-energy harvesting has not
yet been reported [266]. In humidity-related contexts, NiO is widely recognized as a
highly effective humidity absorber [267], whereas Gr has been extensively employed
in humidity-sensing devices due to its exceptional sensitivity and strong surface
interaction capabilities [268-270].

Water uptake behaviour is fundamentally determined by a material’s
hygroscopicity and hydrophilicity, typically driven by chemisorption mechanisms
involving noncovalent interactions between hydrophilic functional groups and water
molecules [271]. Upon exposure to ambient moisture, these functional groups engage
in electrostatic interactions or hydrogen bonding with water vapor, thereby conferring
high water adsorption capacity. Modulating surface wettability such as through SA
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modification, offers an effective strategy to optimize this property. In the present work,
SA-treated NG composites were designed as the primary hygroscopic medium,
supported on a cellulose substrate whose abundant surface hydroxyl groups and intrinsic
hydrophilicity further enhance water adhesion.

This study investigates the performance of cellulose-based HGPG devices
incorporating NG composites synthesized via a simple, low-cost sonicated solution
immersion method. The chapter is structured into two parts: (1) synthesis and
characterization of untreated NG (U-NG) and S-NG composites on cellulose substrates
for HGPG applications, and (2) synthesis and characterization of S-NG composites with
varying Gr loadings on cellulose substrates for the same purpose. The overarching aim
is to exploit the unique structural and surface attributes of these materials to achieve
efficient humidity-to-electricity conversion. Through the adoption of an innovative
synthesis approach, this work addresses key limitations in the fabrication of NG
composites, paving the way for their seamless integration into self-sustaining, high-

performance energy harvesting systems.
4.2 Surface Modification of NiO/Gr Composites via SA Treatment

NG composites were successfully fabricated via a facile sonicated solution
immersion technique, followed by deposition onto a cellulose-based substrate as
detailed in Sections 3.2 and 3.3. To elucidate the influence of SA treatment on the
humidity-to-electricity conversion performance of the HGPG device, a series of
comprehensive characterizations were undertaken. Throughout the investigation, the
NG composite incorporating 1.0 wt.% Gr (NG-1.0) was employed as the reference
formulation to identify the optimum SA-treated configuration. The assessment
encompassed crystallographic and structural analyses, microstructural and
morphological evaluations, wettability and hydrophilicity measurements, as well as
electrical performance characterization, thereby enabling a holistic understanding of the

SA treatment effects on device functionality.

4.2.1 Structural Properties of untreated and SA-treated NiO/Gr composite

Figure 4.1 presents the XRD patterns of the untreated NG-1.0 (U-NG-1.0) and
SA-treated NG-1.0 (S-NG-1.0) nanostructures. The diffraction peaks at 20 = 37.04° and
44.50° are indexed to the #(1 1 1) and #(2 0 0) crystallographic planes of NiO (JCPDS
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No. 01-071-4750), respectively. Characteristic reflections for Gr appear at 26.38° and
54.54°, corresponding to the % (0 0 2) and *(0 0 4) planes (JCPDS No. 00-041-1487).
In addition, the diffraction features at 22.36° and 43.92° are assigned to the (2 0 0) and
¢(2 3 1) planes of cellulose (JCPDS No. 00-056-1718). The A at the peaks located at
44.51°, 51.85° and 76.46° correspond to the (1 1 1), (2 0 0) and (2 2 0) planes,
respectively, as indexed to Ni (JCPDS No. 00-004-0850). For SA material, prominent
peaks are observed at 21.63° and 24.18°, indexed to the ¢(3 1 1) and #(6 0 2) planes,
respectively (JCPDS No. 00-038-1923). The inset image provides a magnified view of
the XRD pattern, unequivocally confirming the successful SA functionalization on the
S-NG-1.0 surface through the emergence of distinct SA characteristic diffraction

features.
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Figure 4.1  XRD Pattern for (a) S-NG-1.0, (b) U-NG-1.0, (c) Pure SA and (d) S-NG-
1.0-FP. The Inset Image Presents a Magnified XRD Pattern, Clearly
Illustrating the Successful SA Functionalization on the S-NG-1.0 Surface

Table 4.1
The FWHM, 26, Interplanar Spacing, Unit Cell Volume, and Crystallite Size of the
NiO #(1 1 1) Plane for U-NG-1.0 and S-NG-1.0 samples

FWHM, Interplanar Unit Cell Crystallite
Sample 20 (°) . 3 .

B (rad) spacing, d (nm)  Volume, V (nm°)  size, D (nm)
U-NG-1.0 0.0173 37.02 0.242 0.074 8.5
S-NG-1.0 0.0174 37.28 0.241 0.073 8.4

XRD analysis revealed that the D of the S-NG-1.0 nanostructures, derived from
the #(1 1 1) diffraction peak of NiO via the Debye—Scherrer equation [Equation (3.1)],
exhibited a subtle contraction from 8.5 nm to 8.4 nm following SA treatment.
Concomitantly, refined broadening in the FWHM and slight peak position shifts were

discerned, signifying lattice perturbations and microstructural reconfigurations induced
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by the surface modification process. Using Equations (3.3) and (3.4), the interplanar
spacing and unit cell volume were calculated, respectively. Since both parameters are
directly dependent on the diffraction angle, any shift in peak position results in
corresponding variations in their values. A comprehensive synopsis of the structural
parameters extracted from XRD analysis is presented in

Table 4.1, providing a comparative framework for elucidating the
crystallographic modifications induced by the treatment process.

The FTIR spectra presented in Figure 4.2 exhibit distinct vibrational features
characteristic of pure SA, with absorption bands at 2913.45 cm™ and 2847.80 cm
corresponding to the asymmetric and symmetric stretching modes of —CH: groups,
respectively [272]. A sharp peak at 1699.18 cm™ is attributed to the stretching vibration
of the carbonyl (C=0) functional group, whereas the bands at 1462.95 cm™, 1429.48
cm™, and 1411.20 cm™ are assigned to —~CH. bending modes. In the S-NG-1.0 sample,
a new absorption feature at 2345.59 cm™ emerges, arising from the asymmetric
stretching of ambient CO. molecules [273]. Notably, the Ni—O stretching band at 548.26
cm™ undergoes a blue shift to 566.71 cm™ upon SA treatment, indicating successful
chemisorption of SA molecules onto the NiO nanoparticle surface.

In pure SA, the bands at 1297.11 cm™ and 940.51 cm™ correspond to —CH.
bending and rocking vibrations, respectively; their absence in the SA-treated NiO
spectrum suggests that these functional groups remain unbound or are sterically
hindered, consistent with partial removal or non-reactivity of excess SA [274]. For the
U-NG-1.0 sample, a distinct absorption band emerged at 3336.13 cm, corresponding
to the stretching vibrations of surface —OH functional groups, originating from
hydroxylated sites and physisorbed moisture on the Gr surface. Upon SA
functionalization, this band underwent a red shift to 3309.70 cm, indicative of altered
hydrogen-bonding environments and modified dipole—dipole interactions, thereby
confirming the chemical interaction between SA moieties and the NG composite surface
[275]. The FTIR analysis unequivocally confirms the successful surface
functionalization of S-NG-1.0 sample by SA molecules, as evidenced by characteristic
spectral shifts and the selective retention or disappearance of vibrational features. This
modification is expected to influence both the hydrophilicity and humidity-to-energy

conversion performance of the composite, as further discussed in subsequent sections.
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Figure 4.2  FTIR Spectra for Pure SA, S-PN, S-NG-1.0 and U-NG-1.0

4.2.2 Morphological Analysis of untreated and SA-treated NiO/Gr composite

Figure 4.3 (a—d) presents FESEM micrographs elucidating the intricate
morphological evolution of the NG-1.0 composite powder pre- and post-SA
functionalization. In the pristine U-NG-1.0 sample [Figure 4.3 (a-b)], the architecture
is dominated by nanostructured aggregates with particle diameters (&) spanning 61—
172 nm, forming loosely coalesced agglomerates with irregular intergranular
boundaries. This topology suggests a kinetically driven nucleation—growth process,
yielding high-surface-area features conducive to water molecule adsorption. Upon SA
treatment [Figure 4.3 (c—d)], pronounced morphological reconfiguration is observed,
manifesting as hierarchically layered, overlapping lamellae that emulate the quasi-
periodic arrangement of piscine scales. These lamellae are interspersed with uniformly
agglomerated nanoclusters (@ =~ 53—-106 nm), indicative of constrained crystal growth
and enhanced interfacial cohesion, possibly mediated by surface ligand coordination
between SA functional groups and NG surface sites. Such architectural modulation is
hypothesized to reduce surface energy anisotropy, thereby facilitating optimized water
adsorption—desorption Kkinetics essential for high-efficiency humidity-to-energy
transduction. The S-NG-1.0-FP micrograph [Figure 4.3 (e)] further reveals robust
anchoring of the composite onto cellulose microfibers, enabled by strong hydrogen-
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bonding interactions between cellulose hydroxyl moieties and the SA-functionalized
NG surface. This intimate interfacial adhesion ensures minimal delamination under

operational humidity gradients, thereby enhancing device stability.

S-NG
composite

Figure 4.3FESEM Images of U-NG-1.0, (b) Magnified FESEM Images of U-NG-1.0,
(c) FESEM Images of S-NG-1.0 (d) Magnified FESEM Images of S-NG-1.0, and (e)
Morphology of S-NG-1.0-FP

Elemental analysis via EDX shown in Figure 4.4 confirms the presence of
carbon (C), oxygen (O), and Ni, with sharp peaks in the 0-10 keV range, devoid of
extraneous elemental signatures. The compositional parity between U-NG-1.0 and S-
NG-1.0 confirms that SA treatment primarily modulates morphology and surface
chemistry without introducing contamination, in agreement with XRD observations.
This structural-compositional synergy is anticipated to significantly augment charge
carrier mobility and interfacial ion transport, thereby elevating HGPG performance

metrics.
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Figure 4.4  EDX Peaks with Inset Presenting the Analytic Elemental Composition of
S-NG-1.0

4.2.3 Hydrophilicity Analysis of untreated and SA-treated NiO/Gr composite

Figure 4.5 presents optical images of sessile water droplets on the surface of S-
NG-1.0-FP, revealing that SA functionalization markedly increases the Oca relative to
the untreated counterpart. The measured Oca for the SA-treated sample is 65.3° + 1.2°,
which, while elevated, remains within the hydrophilic regime. Using Equation (2.8), the
surface free energy of S-NG-1.0-FP was calculated to be 25.8 + 0.3 mJ/m?, significantly
lower than that of the untreated sample (Table 4.2). This reduction in surface energy is
indicative of enhanced interfacial water mobility, which can modulate adsorption—
desorption kinetics and, in turn, influence the humidity-to-energy conversion efficiency
of the HGPG device.

Figure 4.5  Water Contact Angle Measurements of the Prepared (a) U-NG-1.0-FP
and (b) S-NG-1.0-FP
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Table 4.2
Contact Angle Measurement Data of Samples U-NG-1.0-FP and S-NG-1.0-FP

Sample WCA (°) Surface Energy (mJ/m?)
U-NG-1.0-FP 45.9°+2.3° 30.9+£05
S-NG-1.0-FP 65.3°+1.2° 25.8+0.3

In general, a high surface energy indicates strong intermolecular attraction,
facilitating rapid bond formation and enhanced water spreading across the surface,
which manifests as a reduced 6ca. Conversely, a lower surface energy diminishes
molecular attraction, thereby increasing 6ca [276]. The wettability behaviour of a
surface is intrinsically linked to its morphological characteristics. SA functionalization
promotes the adsorption of a higher density of SA molecules onto the composite
surface, forming a more compact and orderly molecular arrangement [320, 321]. This
is consistent with FESEM observations, which reveal a layered and overlapping
morphology on the SA-treated substrate, trending toward increased surface roughness.
Literature reports suggest that pronounced surface roughness can compromise
hydrophilicity by trapping substantial volumes of air within the interstices of
agglomerated nanostructures, thus impeding effective water—solid contact [148, 277].

Theoretically, the long hydrocarbon chains of the fatty acid reduce surface
hydrophilicity, altering interfacial properties by increasing water resistance and limiting
the penetration of water molecules into the composite structure. As illustrated in Figure
4.6, during SA treatment, Ni ions on the surface of the NG composites react with SA
(CH3(CH2)16COQH) in ethanol, forming a thin layer of Ni stearate. This surface
modification alters the material’s hydrophilicity and thus affects its surface energy [3].

The reaction can be simplified as:
Ni—-OH + HOOC-R— Ni-OOC-R + H20 (4.2)
where R represents the long alkyl chain of SA, (CH2)16CHs. The modification

occurs specifically at the NiO surface, likely involving a reaction between SA (HOOC-

R) and Ni—OH groups formed through surface hydration.
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Figure 4.6  Chemical Reaction during the SA Treatment Process to produce
Optimally Hydrophilic S-NG Composites Powder

4.2.4 Electrical Characterization of untreated and SA-treated NiO/Gr composite

To assess the device’s humidity responsiveness and operational efficiency, zero-
bias measurements were performed over an active adsorption area of 1.25 cm?. The
temporal voltage response at 75 % RH is depicted in Figure 4.7, whereas Figure 4.8 (a)
and Figure 4.8 (b) illustrate the corresponding current—time profiles across the RH range
of 40 % to 90 % for the untreated and SA-functionalized devices, respectively. A
comprehensive summary of the humidity-to-energy conversion metrics for the

fabricated devices is provided in Table 4.3.
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Figure 4.7  Humidity Response of U-NG-1.0-FP and S-NG-1.0-FP Humidity-To-
Energy Device at 75% RH with 0 a Bias
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Table 4.3
The Humidity-To-Energy Performance of Fabricated U-NG-1.0-FP and S-NG-1.0-
FP-Based HGPG Devices

RH R Output voltage, V. Current density, J Power, P
Sample : )

(%) MQ) 2 (Alem?) (W)
U-NG-1.0-FP 75 10 (0.14£0.01) x 103 (11.12 £0.07) x 102 (1.93+0.12) x 1015
S-NG-1.0-FP 75 10 (2.24 £0.03) x 103 (1.79 £0.02) x 1010 (5.02 +£0.13) x1013

The experimental findings unambiguously substantiate the superior humidity-
responsive performance of the SA-functionalized (S-NG-1.0-FP) HGPG device
compared to its untreated (U-NG-1.0-FP) counterpart. At 75 % RH, the SA-treated
device achieved an output voltage of (2.24 + 0.03) x 102 V, a current density of (1.79
+0.02) x 101% A/cm?, and an output power of (5.02 + 0.13) x 10 W, surpassing the
performance of the untreated counterpart. This enhancement is attributed to the SA-
modified hygroscopic composite’s ability to trap a greater number of water molecules
under high-RH conditions, thereby facilitating more efficient charge generation and
significantly boosting voltage output [152]. The observed performance improvement
directly correlates with the morphological evolution and reduced surface energy
induced by SA treatment, which promotes optimized water adsorption—desorption
dynamics while preserving sufficient hydrophilicity for rapid humidity-driven charge
transfer.

Both fabricated devices exhibited excellent sensitivity to humidity variations.
At 90% RH, the untreated HGPG device delivered a peak output current of 0.5 nA,
whereas the SA-functionalized counterpart achieved a markedly higher output of 2.3
nA. These results substantiate that SA surface functionalization of the hygroscopic S-
NG-1.0-FP composite significantly enhances humidity-to-energy conversion

efficiency, yielding highly promising performance metrics.
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4.3 Synthesis and Characterization of NiO/Gr Composites with Different
Graphene Loading on Cellulose-based Substrate for Humidity Gradient
Energy Harvesting Application

In alignment with the gradient configuration concept of the humidity-to-energy
device, S-NG composites were successfully synthesized via a facile sonicated solution
immersion method. The resulting composites were subsequently deposited onto a
cellulose-based substrate, as detailed in Sections 3.2 and 3.3. To assess the suitability
of the synthesized S-NG composite powder for HGPG device applications, a
comprehensive suite of analyses was performed. These included crystallographic and
structural characterization, morphological assessment, hydrophilicity and wettability
evaluation, chemical state and elemental composition analysis, surface area and

porosity measurements, as well as electrical performance characterization.

4.3.1 Structural Properties of NiO/Gr Composites

Figure 4.9 shows the XRD patterns of the S-PN and S-NG composites (in
powder forms) with different Gr loadings within the angular range of 26 from 20° to
90°. The XRD patterns clearly show the diffraction peaks at 37.33°, 43.04°, 62.49°,
74.93° and 78.89° were indexed to the #(1 1 1), #(2 0 0), #(220), #(31 1), and #(2 2
2) planes, respectively, corresponding to crystallized cubic NiO (JCPDS No. 01-071-
4750) [278, 279]. Multiple distinctive peaks with sharp intensities suggest that the S-
PN synthesized has highly crystalline structures and is polycrystalline in nature [280,
281]. The XRD patterns exhibit the planes of #(6 0 2) at diffraction peak of 24.18°
corresponding to SA (JCPDS No. 00-038-1923).

In contrast, the planes of % (0 0 2) and % (0 0 4) correspond to the diffraction
peaks that are significant for graphite (JCPDS No. 00-041-1487), which are positioned
at 26.38° and 54.54°, respectively [282, 283]. The successful formation of the NG
composites is confirmed by the presence of characteristic peaks associated with NiO
and graphite in all composite samples. Following the hybridization of NiO with Gr, the
#(2 0 0) peak is slightly shifted to a higher angle at 44.5°, indicating the effect of Gr
incorporation on the peak position. This observation is consistent with the findings
reported by Kiran et al [284]. Additionally, a strong characteristic peak of Gr was

identified in all composite samples, most likely as a result of high Gr loading in the
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composites. As expected, more Gr in sample contributes to higher diffraction signal,
hence the intensity of Gr peaks increases as the amount of Gr loading increases from
0.5 wt% to 2.0 wt%. Subsequently, the weaker intensity of NiO peaks was observed as
the Gr content rises, indicating a decrease in the relative contribution of NiO to the

diffraction pattern.
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Figure 4.9  XRD Pattern of Synthesized S-NG Composites with Varying Gr Loading
(wt. %) with Inset Shows the Magnified XRD Peak Corresponding to the
#(111) Plane of NiO

The D was calculated using the Debye-Scherrer formula [Equation (3.1)]. The
resulting crystallite sizes of the samples are tabulated in Table 4.4. The crystallite size
of S-PN was approximately 19.8 nm. It was discovered that the addition of Gr reduced
the size of the crystallites, and the D value continues to decrease as the Gr content rises.
The presence of Gr may inhibit the growth of NiO crystals or cause strain in the NiO
lattice, leading to smaller crystallites [28, 285]. This observation underscores the
structural influence of Gr within the composite system and is consistent with the
Scherrer equation, which relates crystallite size to XRD peak broadening. In addition,
the interplanar spacing and unit cell volume were estimated using Equations (3.3) and
(3.4), respectively, revealing closely comparable values among the samples, consistent

with the minimal variations observed in their diffraction peak positions.
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Table 4.4
The FWHM, 26, Interplanar Spacing, Unit Cell Volume and Crystallite Size of NiO
#(1 1 1) Materials for Different Gr Loadings

FWHM, Interplanar Unit Cell Crystallite
Sample 20 (°) . 3 .
B (rad) spacing,d (nm)  Volume, V (nm3)  size, D (nm)
S-PN 0.0074 37.31 0.241 0.073 19.8
S-NG-0.5 0.0165 37.23 0.242 0.073 8.9
S-NG-1.0 0.0174 37.28 0.241 0.073 8.4
S-NG-1.5 0.0178 37.24 0.241 0.073 8.2
S-NG-2.0 0.0189 37.22 0.242 0.073 7.7
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Figure 4.10 XRD Pattern of Prepared S-NG-1.0-FP

In this study, S-PN and S-NG composites were deposited onto FP substrates,
and XRD patterns in Figure 4.10 unequivocally verified the successful formation of the
S-NG-1.0 composite on the FP cellulose-based substrate (S-NG-1.0-FP). This
confirmation is substantiated by the emergence of phase-specific, high-intensity Bragg
reflections characteristic of NiO, Gr, and cellulose, indicating the coherent integration
of all constituent phases within a unified composite architecture. Meanwhile, the XRD
pattern of the pristine FP substrate, shown in Figure 4.9, distinctly displays Bragg
reflections corresponding to the (1 0 1), e(1 1 0), (2 0 0), (0 2 3), and ®(2 3 1)
crystallographic planes, located at 20 values of 14.46°, 15.94°, 22.12°, 33.54°, and
43.84°, respectively. These reflections are characteristic of the crystalline phase of
cellulose with a monoclinic crystal structure (JCPDS No. 00-056-1718) [286, 287].
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4.3.2 Morphological Analysis of NiO/Gr Composites

FESEM analyses were conducted to investigate the surface morphology and
microstructure properties of the synthesized S-PN and S-NG composites. The FESEM
image in Figure 4.11(a) revealed the aggregated particles with irregular spheroidal
morphology of S-PN, approximately 1.9 + 0.3 pum in size. The magnified image in
Figure 4.11(c) provides a clearer view of the actinomorphic-structured NiO
microspheres, which resemble flowers composed of numerous nanosheets. For the
prepared S-NG-1.0 composites, the presence of Gr is evidenced from the FESEM image
in Figure 4.11 (b), which shows Gr flakes with ripples and a wrinkled surface resulting
from carbon compression. The average microstructure size is approximately 2.1 + 0.3
um. As observed in magnified image in Figure 4.11 (d), random dispersion of the NiO
particles occurs throughout the Gr flakes, contributing to an electro-conductive and
porous structure. The growth of NiO particles is nucleated by the defect sites and edge
surfaces of Gr in the precursor solution, which causes the particles to reorganize on Gr
flake to form heterostructures [288]. Similar results obtained by other reported studies
as well [289-291]. The conductivity of Gr and the porosity of NiO in S-NG composites
may enhance the hydrophilic properties of the composite’s material, improving its water
absorption capabilities and, consequently, its humidity harvesting performance.

The surface morphologies of S-PN and S-NG composites with 0.5 wt.%, 1.0
wt.%, 1.5 wt.%, and 2.0 wt.% of Gr loading deposited on FP were investigated. From
the FESEM images in Figure 4.12, it is evidenced that FP consists of cellulose fibrils
forming a highly porous fibrillar network. Figure 4.12 (a) shows agglomerated NiO
microstructures attached to the surface of FP and spreading between the fibrils. The
images reveal a randomly distributed, non-preferentially oriented fibril network
reinforced with NiO microstructures. Additionally, FESEM observations indicate a
rough morphological surface with noticeable porosity, which is expected to enhance

water molecule adsorption.

94



s - :
Avg. size, =21 % 0.3.pym

3 E

(e) Average size = 1.9+ 0.3 ym 304 (f) Average size = 2.1 + 0.3 ym

5

y

i / / % g 7 / / 7
1.2 14 16 1.8 20 22 24 26 2¢ 1.2 14 16 18 20 22 24 26 28 30

Microstructure size (um) Microstructure size (um)

Figure 4.11 FESEM Morphology of the (a) S-PN Powder and (b) S-NG-1.0.
Magnified FESEM Morphology of the (c) S-PN and (d) S-NG-1.0.
Histograms of the Particle Size Distribution of the (e) S-PN and (f) S-
N/G-1.0

254

204

15

Frequency
o
Frequency (Count)

Meanwhile, Figure 4.12 (b) to (e) demonstrate good dispersion of S-NG
composites within the porous network of FP, with results showing relative consistency
across the different Gr loadings. The S-NG composites appear effectively wrapped
within the channels provided by the FP. Interestingly, as the Gr loading percentage
increases, the S-NG composites particles become denser, forming a more tightly packed
structure attached to the fibrils. With increasing Gr content, the cross-linking effect
imparted by the intercalated S-NG composites particles could influence the surface

roughness as well [292]. Additionally, all composites’ samples exhibited a well-
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maintained three-dimensional network structure that was both porous and
interconnected. The rough and highly porous surface of the prepared composites is

anticipated to provide active adsorption sites, facilitating effective water absorption.

Figure 4.12 FESEM Morphology of the Prepared (a) S-PN-FP, (b) S-N/G-0.5-FP, (c)
S-N/G-1.0-FP, (d) S-N/G-1.5-FP, and (e) S-N/G-2.0-FP with Inset
Presenting the Corresponding Magnified FESEM Morphology

The presence and distribution of the elements in the S-NG-1.0-FP composites
were further confirmed by EDX analysis. The EDX spectrum in Figure 4.13 (a) verified
that elements such as C, O and Ni are presented in the composites, and Figure 4.13 (b)
to (d) show the corresponding elemental mapping images. C element indicating the
presence of Gr and cellulose-based FP. Significant dispersion of the C, O, and Ni
elements was shown EDX mapping analysis, indicating that they are well distributed
across the surface. Figure 4.14 (a) to (e) illustrates the EDX properties of specific spots
for S-PN, S-NG-0.5, S-NG-1.0, S-NG-1.5, and S-NG-2.0, along with quantitative
elemental analyses (inset). The EDX spectra of all samples display three distinct peaks
corresponding to C, O, and Ni.

For the S-NG composites, the C content is observed to increase with the rising
Gr content, which ranges from 0.5 wt.% to 2.0 wt.%. The EDX spectra reveal significant
reductions in the peaks of O and Ni compared to pristine NiO. This reduction is
attributed to the presence of Gr in the composites, which overshadows the signals of the
other elements. Furthermore, the purity of the synthesized composites material is
confirmed by the absence of any additional elemental peaks in the EDX spectra of the
S-NG composites.
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Figure 4.13 (a) Overall EDX Elemental Mapping of S-N/G-1.0-FP on the Same Spot:

Corresponding to (b) C, (c) O, and (d) Ni Mapping
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Figure 4.14 EDX Characteristic Peak of Composite Powder of (a) S-PN, (b) S-N/G-

0.5, (c) S-N/G-1.0, (d) S-N/G-1.5, and (e) S-N/G-2.0 with Inset
Presenting the Quantitative EDX Elemental Analysis of the S-NG

Composites

To further study the morphology and microstructure of the hybridized Gr in the
NiO crystal system, HRTEM and SAED analyses were conducted, with results shown
in Figure 8. The HRTEM images of S-PN, containing aggregated nanoparticles of
irregular size and spherical shape, are displayed in Figure 4.15(a). The HRTEM image
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shown in Figure 4.15 (b) reveals clear crystal lattice fringes with a lattice spacing of
0.247 nm, corresponding to the #(1 1 1) crystal plane of the NiO phase. The SAED
patterns shown in Figure 4.15 (c) indicating polycrystalline nature of the prepared S-
PN and from the histogram of particle sizes of S-PN presented in Figure 4.15 (d), it is
evident that most NiO nanoparticles range in size from 10 to 40 nm, with an average

size of 25 + 6 nm.

Average size = 25+ 6 nm
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Figure 4.15 TEM Images of the S-PN: (a) Low Magnification, (b) High
Magnification, (c) SAED Pattern and (d) the Histograms of the Particle
Size Distribution of S-PN

Meanwhile, the S-NG-1.0 HRTEM image, displayed in Figure 4.16 (a),
demonstrates that most NiO nanoparticles anchor to Gr, with some NiO nanoparticles
overlapping, as shown in Figure 4.16 (b). Regarding the lattice fringes, lattice spacings
of 0.308 nm and 0.246 nm have been identified based on the HRTEM image in Figure
4.16 (c). These values align with the calculated spacings of the (0 0 2) plane of Gr and
the (1 1 1) plane of NiO, respectively. Additionally, the SAED patterns shown in Figure
4.16 (d) showcase typical polycrystalline rings, indicating polycrystalline nature of the
prepared materials. The NiO nanoparticles in the hybridized system were observed to

have a reduced size, ranging from 4 to 13 nm, with an average of 8 + 2 nm, as depicted
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in Figure 4.16 (e). The particle size provided by the HRTEM analysis is complementary

to the information obtained from XRD analysis.
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Figure 4.16 TEM Images of the S-NG-1.0: (a) Low Magnification, (b — ¢) High
Magnification, (d) SAED Pattern and (e) the Histograms of the Particle
Size Distribution of S-NG-1.0

4.3.3 Hydrophilicity Analysis of NiO/Gr Composites

WCA measurements were conducted to investigate the hydrophilic properties
of samples S-PN, S-NG-0.5, S-NG-1.0, S-NG-1.5, and S-NG-2.0. The results, presented
in Figure 4.17, confirm that all samples exhibit hydrophilic characteristics. The surface
energy of each sample was calculated using Equation (2.8), and the sample details are
summarized in Table 4.5. From the measurement, the Oca increased from 49.3° + 0.6°
for S-PN-FP to 64.5° + 3.3° for S-NG-0.5-FP. This increase is likely due to the
incorporation of Gr, which contributes to a higher 6ca. Notably, S-PN-FP exhibited a
higher surface energy of 30.1 + 0.1 mJ/m? compared to 26.0 + 0.9 mJ/m? for S-NG-0.5-
FP, indicating stronger molecular interactions that promote bond formation and enhance

water spreading on the S-PN-FP surface.
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Figure 4.17 Water Contact Angle Measurements of the Prepared (a) S-PN-FP, (b) S-
N/G-0.5-FP, (c) S-N/G-1.0-FP, (d) S-N/G-1.5-FP, and (e) S-N/G-2.0-FP

Table 4.5
Contact Angle Measurement Data of Samples S-PN, S-NG-0.5, S-NG-1.0, S-NG-
1.5, and S-NG-2.0

Sample WCA (°) Surface Energy (mJ/m?)
S-PN-FP 49.3°+0.6° 30.1+0.1
S-NG-0.5-FP 64.5° + 3.3° 26.0+0.9
S-NG-1.0-FP 65.3°+1.2° 25.8+0.3
S-NG-1.5-FP 65.8° +£0.3° 25.7+0.1
S-NG-2.0-FP 67.9°+0.3° 25.1+0.1

For the S-NG-FP samples with varying Gr loadings, the Oca values were
observed to be 64.5° + 3.3°, 65.3° £ 1.2°, 65.8° + 0.3°, and 67.9° £ 0.3° for S-NG-0.5-
FP, S-NG-1.0-FP, S-NG-1.5-FP, and S-NG-2.0-FP, respectively. The corresponding
surface energy values calculated using Equation (2.8), ranged from 25 to 26 mJ/m?.
These results indicate a slight increase in Oca with increasing Gr loading from 0.5 wt.%
to 2.0 wt.%. This trend aligns with previous studies, which suggest that the observed
increment is attributed to changes in surface morphology that influence wettability [293,
294]. However, the increase in Oca across the samples is not very noticeable. This
suggests that the amount of Gr loading does not significantly influence the WCA, as the

Oca values and surface energy remain relatively similar among the samples.
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4.3.4 Molecular Vibrational Spectroscopy Analysis of NiO/Gr Composites

Raman spectroscopy was conducted to further investigate the defects and
significant changes in the microstructures of the S-NG composites. The results, shown
in Figure 4.18, indicate that the S-PN nanoparticles exhibit vibrational peaks at
approximately 509 cm™ and 1053 cm™?, corresponding to the first-order longitudinal
optical (LO) mode and second-order longitudinal optical (2LO) mode, respectively. The
formation of the NiO phase in the samples was confirmed by the Raman vibrational
bands of NiO, which appear at locations consistent with values reported in the literature
[295]. In contrast, the Raman spectrum of the S-NG composites reveals three additional
distinctive peaks, the G band at approximately 1571 cm™2, the D band at approximately
1335 cm?, and the second-order overtone of the D vibration (2D) at approximately
2696 cm™ [296]. The D band is associated with defects in the Gr structure, while the G
band corresponds to the stretching vibrations of the in-plane sp?-hybridized carbon
atoms in Gr [288, 297].
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Figure 4.18 Raman Spectra of the S-PN and S-NG Composites Powder with Varying
Gr Loading

As the Gr content increases from 0.5 wt.% to 2.0 wt.%, the intensity of the LO
and 2LO peaks decreases significantly. This reduction is attributed to the lower

concentration of NiO as the Gr content rises. The higher Gr content in the hybrid
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samples likely weakens the NiO peaks as the laser beam cannot deeply penetrate the
NiO layer. Furthermore, the shown D and G vibrational bands of the S-NG composites
closely resemble those reported for pristine Gr, indicating that the Gr structure in the
composites remains intact. This suggests that the NiO nanoparticles are successfully
incorporated onto Gr sheets using the solution immersion method without disrupting
the Gr structure.

The degree of graphitization in carbonaceous materials is often correlated with
the Ip/lg ratio. Low Ip/lg values (Ip/lc < 1) are a key characteristic indicating the pure
Gr [298]. However, Gr sheets could lose their oxygen-containing functional groups
during the reduction process, leading to the formation of defects in the Gr structure
[299]. Based on the Raman spectrum, the calculated Ip/lc ratio for each sample is less
than 1, suggesting that Gr structure has low defects. Additionally, the Raman analysis
of all S-NG composites samples shows the coexistence of NiO and Gr phonon modes,

which successively confirms the successful formation of the composites.

4.3.5 Chemical Composition Analysis of NiO/Gr Composites

The chemical composition and oxidation state of the S-NG composites were
further confirmed using XPS over a binding energy range of 0 to 1200 eV. Figure 4.19
(a) to (d) presents the XPS survey spectrum and high-resolution spectra of the Ni 2p, C
1s, and O 1s regions for the S-NG composites. As shown in Figure 4.19 (a), the
composites primarily consist of C, O, and Ni. The high-resolution XPS spectrum of Ni
2p, displayed in Figure 4.19 (b), confirms the presence of NiO, as evidenced by the
prominent peaks at 855.82 eV and 861.80 eV. Additionally, the Ni phase is represented
by peaks at 854.15 eV and 858.03 eV. The high-resolution C 1s spectrum, shown in
Figure 4.19 (c), reveals peaks corresponding to Gr in the form of non-oxygenated
carbon bonds: C=C and C-C at 283.50 eV and 284.74 eV, respectively. Additionally,
strong peaks at 285.99 eV and 285.47 eV correspond to carbonyl carbon (C=0) and
oxygen-containing functional groups (C-0O), respectively. The presence of highly
conductive Gr in the composites may facilitate additional electron-transfer pathways
and reduce electron-transfer distances, thereby enhancing conductivity [300].

Meanwhile, the high-resolution O 1s spectrum, presented in Figure 4.19 (d),
exhibits deconvoluted peaks corresponding to the NiO phase at 528.34 eV, C=0 at
529.95 eV, and C-O at 532.05 eV. The observed variation in oxidation states can be
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attributed to the heterogeneous nature of the sample [301]. The high-resolution XPS
results confirm the chemical composition and various oxidation states of the sample.
These findings align well with the XRD data, confirming the presence of NiO and Gr

in the synthesized composites.
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Figure 4.19 The XPS Spectra of the S-NG-1.0 Powder; (a) Full-Range Survey
Spectra, High-Resolution Spectra of (b) Ni 2p Region, (c) C 1s Region,
and (d) O 1s Region

4.3.6 Surface Area and Porosity Analysis of NiO/Gr Composites

BET analyses are used to further study the fibrous, porous structure of the
synthesized material. The nitrogen (N2) adsorption-desorption isotherm for S-PN and
S-NG composites powder is shown in Figure 4.20. At a relative pressure P/P° between
0 and 1, the type IV isotherms with a noticeable hysteresis loop were observed [302,
303]. The early section of the isotherm generally shows monolayer-multilayer
adsorption at low relative pressure, which than followed by capillary condensation and
pore-filling [304]. The observed hysteresis loop's shape is related to pores formed by

NiO nanoparticle aggregations, indicating that the sample is made of NiO-decorated
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sheet-like Gr. According to the BJH method, which was used to determine the
distribution of the average pore sizes, it indicates the presence of textural mesopores (2
—50 nm) in the S-PN and S-NG composites samples with relatively uniform pore size
distribution [17].
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Figure 4.20 BET Isotherm Plot; (a) N2 Adsorption Desorption of S-PN and S-NG
Composites Powder with Varying Gr Loading, and (b) BJH Adsorption
dv/dw Pore Volume of S-PN and S-NG Composites Powder with Varying
Gr Loading, dv/dw refers to the Change Rate of Pore Volume with Pore
Width

From the isotherm, it is confirmed that S-NG composites have larger BET
surface area compared to the S-PN which supported by the estimations presented in
Table 4.6. The calculated BET surface areas of S-PN were found to be 4.9 m?/g and it
increased as the Gr loading increasing. Generally, intrinsic Gr has a remarkably large
surface area of up to 2600 m?/g [305]. Due to its 2D sheet-like structure, increasing the
amount of Gr in a composite enhances its surface area, thereby expanding the interlayer
spacing where mesopores facilitate ion diffusion within the NG channels [306]. When
more Gr is added, it may prevent complete aggregation by forming a more open,
interconnected and porous network. An excessive amount of Gr can lead to wrinkles
and defects that increase the total BET surface area, indicating greater surface roughness

and resulting in a larger exposed surface area for adsorption.

Table 4.6
Comparison of the BJH Adsorption Average Pore Diameter and BET Surface Area
of S-PN and S-N/G Composites Powder with Varying Gr Loading

Sample BJH Adsorption average pore diameter (nm) BET surface area (m?/g)
S-PN 5.0 4.9
S-NG-0.5 5.4 8.9
S-NG-1.0 5.6 10.2
S-NG-2.0 5.7 135
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4.3.7 Electrical Characterization of NiO/Gr Composites-based HGPG

The Hall effect, along with the van der Pauw method, was used to obtain
additional information on the electrical characteristics of the prepared S-PN and S-NG
composites on a cellulose-based substrate. The p-type conductivity of all samples was
found to be comparable to that reported in other studies on NiO-based materials [307].
From the measurement findings, the carrier concentration varied from (1.4 +0.1) x 103
cm3to (4.1 £ 0.8) x 10%3 cm3, while the mobility of all samples ranged from (1.1 + 0.1)
x 10% cm?/V s to (2.7 = 0.6) x 10% cm?/V-s, depending on the amount of Gr content.
The Hall coefficient of the samples obtained from the measurement varied from (1.6
0.1) x10° cm®/C to (4.5 + 0.2) x10° cm®/C, as presented in Table 4.7. The results
highlight the relationship between carrier concentration and resistivity, which
ultimately affects conductivity [308].

Table 4.7
Hall Effect Measurement Data of S-PN and S-N/G Composites on Cellulose-Based
Substrate with Varying Gr Loading

Car”er_ Hall Coefficient Mobility Conductivity, ¢
Sample Concentration 3 )
(cm) (cm3/C) (cm?/(V-s)) (S/cm)

S-PN-FP (3.2 +0.2) x10%3 (2.0 +0.1) x105 (1.1+0.1) x102 (0.6 +0.1) x10-3
S-NG-0.5-FP  (4.1+0.8) x10%3 (1.6 +£0.3) x10° (1.9 +£0.1) x10? (1.3+0.2) x10°3
S-NG-1.0-FP (3.0 +0.2) x10%3 (2.1+0.2) x10° (2.7 £0.6) x10® (1.3+0.2) x10
S-NG-1.5-FP (1.4 +0.1) x10%3 (4.5 +0.2) x105 (1.6 £0.2) x103 (3.6 £ 0.3) x10°3
S-NG-2.0-FP (3.9 +0.1) x10%3 (1.6 £0.1) x105 (6.5 + 0.4) x10? (4.0 £0.1) x103

The Hall effect is also widely used as a method for accurately determining
carrier mobility in semiconductor materials. By measuring the Hall coefficient and
mobility, the electrical conductivity can be accurately estimated using Equation (3.6).
From the calculations, S-NG-1.0-FP is estimated to have the highest conductivity value
of (1.3 +0.2) x 102 S/cm. The conductivity tends to increase as the Gr content increases
from S-PN to S-NG-1.0. This observation aligns with a recent report by T.
Rajyalakshmi et al. [309], in which they successfully developed conducting polyaniline
and Gr composites using an in situ chemical oxidative polymerization method.
According to their study, the conductivity of the prepared materials increased as the Gr
content increased from 0 to 15 wt.%.

Gr is well known as a highly conductive material with extremely high carrier
mobility [310-312]. The addition of Gr to NiO facilitates the movement of charge

carriers and influences their mobility along the m-conjugated system of Gr, thereby
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increasing electrical conductivity [313]. As more Gr layers are distributed throughout
the matrix, the possibility of overlapping increases, further contributing to the increase
in electrical conductivity. However, excessive Gr loading may lead to unstructured
restacking, which could negatively affect the composite's electrical conductivity [314,
315]. This may explain the reduction in conductivity when the Gr loading exceeds 1.0

wt.%.
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Figure 4.21 (a) The 2-Probe I-V Properties of S-PN and S-NG-FP with Varying
Gr Loading. (b) The Plot of Voltage Versus Time Under Fixed RH of 75% with Zero
Bias Applied for S-PN and S-NG-FP at Varying Gr Loading

Humidity-to-energy devices based on S-PN and S-NG composites, deposited on
FP-based cellulose substrates with an adsorption area of 1.25 cm?, were prepared to
evaluate the devices’ humidity response. Figure 4.21 (a) show the two-probe I-V
properties of the devices, while Figure 4.21 (b) illustrates the voltage versus time at RT
under 75% RH without an applied bias and connected to a 10 MQ resistor. The results
indicate that the S-NG-1.0 device produced the highest output voltage of (2.24 + 0.03)
x 107V, a current density of (1.79 + 0.02) x 10°*° A/cm?, and an output power of (5.02
+0.13) x 103 W. The humidity energy conversion of the fabricated devices is presented
in Table 4.8.

Table 4.8
The Humidity-To-Energy Performance of Fabricated S-PN-FP and S-NG-FP-
Based HGPG Devices

Sample RH R Output voltage, vV  Current density, J Power, P
(%) MQ) ) (Alcm?) (W)
S-PN-FP (8.89 +£0.25) x10*  (7.12+0.20) x10"1L  (7.92 + 0.45) x104
S-NG-0.5-FP (1.08+0.03) x10°  (8.80 +0.22) x10°L  (1.21 +0.06) x103
S-NG-1.0-FP 75 10 (2.24+0.03) x10°  (1.79+0.02) 100 (5.02 +0.13) x10%2
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S-NG-1.5-FP (1.25+0.03) x10° __ (L.04+0.03) x10° _ (1.69 +0.09) x10°°
S-NG-2.0-FP (1.35+0.02) x10° ___ (1.12+0.01) x10° _ (1.96 +0.04) x10°

Figure 4.22 (a) to (e) depict the current versus time under different RH levels
ranging from 40% to 90%, without any applied bias and no connection to any resistor.
According to the analysis, all devices exhibit excellent absorption (40% - 90% RH)
(supplementary video (V2) in APPENDIX 3) and desorption (90% - 40% RH)
(supplementary video (V3) in APPENDIX 4) during humidity fluctuations. A strong
correlation exists between the electrical generation capacity of the device and moisture
content, as evidenced by the output current increasing with RH and decreasing as RH
decreases. This phenomenon supports the presence of an ion gradient and diffusion,
which can be explained by the increase in ion concentration within a fixed amount of
absorbed water as the RH rises [4, 316].

The results further reveal that as the RH level reached 90%, the S-NG-1.0 device
exhibited the highest output current of 2.3 nA among the prepared devices, whereas the
S-PN-FP-based device produced the lowest output current of 1.1 nA. This suggests that
the varying amounts of Gr loading used in this study play a crucial role in humidity-to-
energy applications, as they affect water molecule trapping and contribute to a
significant output voltage [28]. The hygroscopic nature of NiO and Gr, along with the
use of FP as a cellulose-based substrate, promotes ion mobility, generating currents and
electric fields that enhance the efficiency of the humidity-to-energy devices [317-320].

To conduct a thorough investigation, the S-NG-1.0-FP-based HGPG device was
tested at 75% RH under three different ambient temperatures (RT=25°C, 50°C, and
75°C) without a resistor connected, as illustrated in Figure 4.23 (a). The results clearly
indicate that as the ambient temperature increases, less electrical energy is produced.
The device exhibits its highest output voltage of (5.19 + 0.05) x 10 V at an ambient
temperature of 25°C. This is attributed to the optimal balance between water molecule
absorption and ion transport at this temperature. Additionally, this phenomenon can be
explained by the decrease in RH as temperature rises, leading to a lower output voltage
[316].
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The long-term stability of the device is another essential parameter in evaluating
the humidity conversion performance of the S-NG-1.0 composites. The humidity
response of the S-NG-1.0-FP-based HGPG was evaluated approximately one year later
at RT under 75% RH, and the resulting stability is shown in Figure 4.23 (b). The device
was able to generate an output voltage even after more than 400 days, with an average
output voltage of (2.13 + 0.10) x 10 V. This demonstrates that the S-NG-1.0-FP-based
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HGPG exhibits reliable and commendable long-term stability in humidity response.
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4.4 Conclusion

In conclusion, this study confirms the potential of S-NG composite as a
promising material for harvesting energy from humidity. Through the non-sophisticated
methods of sonicated solution immersion technique and the doctor-blade method, a
humidity-to-electricity device was successfully developed using S-NG composite as the
hygroscopic material on a cellulose substrate. All samples were analysed structurally,
morphologically, chemically, and electrically using characterization techniques such as
FESEM, EDX, HRTEM, XRD, WCA, Raman, XPS, BET, and Hall effect
measurements. The results indicated relative consistency across various Gr loadings,
demonstrating good dispersion of S-NG composites within the porous network of FP.
As the Gr loading percentage increased, the S-NG composites particles became denser,
forming a structure more firmly bonded to the fibrils. The XRD patterns vividly
illustrated crystallized cubic NiO, which possesses highly crystalline and
polycrystalline structures. The Debye-Scherrer formula was used to compute the D,
showing a decrease in size with increasing Gr loading. The particle size derived from
XRD analysis was further supported by HRTEM findings. Additionally, the results
demonstrated that all samples exhibited hydrophilic properties. Raman spectroscopy
confirmed the formation of the S-NG composites through the presence of D and G
bands, which are associated with the carbon structure and were observed in all samples.

XPS analysis further verified the presence of Ni, O, and C as the primary elements of
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the S-NG composites. Based on Hall effect measurements, S-NG-1.0-FP was identified
as the optimal Gr loading, exhibiting high conductivity and carrier mobility. The
humidity-to-energy device based on the S-NG-1.0-FP sample demonstrated the highest
humidity response, with an output voltage of (2.24 + 0.03) x 1072 V, a current density
of (1.79 + 0.02) x 101 A/cm?, and an output power of (5.02 + 0.13) x 103 W, as
summarized in Table 4.9. Furthermore, additional studies on the effect of ambient
temperature revealed that the device achieved its maximum output voltage of (5.19 +
0.05) x 102 V at 25°C. Overall, these findings suggest that controlling the Gr loading
element is crucial. These findings emphasize the feasibility and effectiveness of
utilizing S-NG composite for humidity-based energy harvesting applications, which
provides the opportunity for further progress in this field. However, as the power
generated by the fabricated device remains low, further research should be undertaken
to explore the development of materials that can enhance conductivity and electron

mobility, thereby improving overall HGPG device performance.

Table 4.9
Humidity-To-Energy Performance of the Fabricated HGPG Devices Connected to a
10 MQ Resistor Under 75% RH

o Output voltage, V  Current density, J Power, P
Conditions Sample V) (Alem?) (W)
S-PN-FP (8.89 +0.25) x10* (7.12£0.20) 101t (7.92 +0.45) x10-4
U-NG-1.0-FP (0.14+0.01) x 103 (1112 +0.07) x 102 (1.93 +0.12) x 10
Different Gr S-NG-0.5-FP (1.08 + 0.03) x10°° (8.80 +£0.22) x10* (1.21 +0.06) x10-18
loading S-NG-1.0-FP (2.24 +£0.03) x10- (1.79+0.02) x10°  (5.02 +0.13) x10%3
S-NG-1.5-FP (1.25 + 0.03) x10°2 (1.04 £0.03) x10°  (1.69 +0.09) x10-13

S-NG-2.0-FP (1.35 £ 0.02) x10° (112 £0.01) x10° (196 0.04) x103
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CHAPTER 5
SURFACE MODIFICATION THROUGH STEARIC ACID
TREATMENT FOR HUMIDITY GRADIENT ENERGY
HAVESTING APPLICATION

5.1 Introduction

As outlined in the working principle of humidity-to-energy conversion, the
adsorption process constitutes a decisive stage in transducing ambient humidity into
electrical energy. Materials exhibiting optimal hydrophilicity tend to demonstrate
superior water adsorption Kinetics, thereby enhancing the operational efficiency of
humidity-driven energy harvesting devices [152, 321]. Nonetheless, achieving a
balanced hydrophilic profile is critical: excessive hydrophilicity accelerates water
uptake to the point of impeding recovery dynamics, whereas insufficient hydrophilicity
slows adsorption rates, ultimately compromising device responsiveness [152]. To finely
tune the adsorption—desorption equilibrium in the S-NG composites, this study
employed surface modification via SA treatment at different parameters [153, 154],
ensuring a controlled hydrophilic interface conducive to sustained and efficient

humidity-to-electricity conversion.

5.2 Optimization Parameters for SA Treatment

To engineer an optimally tuned hydrophilic interface for the developed
composite system, a systematic parametric investigation was undertaken, interrogating
the synergistic influences of SA content, immersion temperature, and immersion
duration on surface functionalization dynamics. These parameters critically govern the
nucleation, growth, and molecular packing density of the SA-derived monolayer,
thereby dictating surface free energy modulation, wettability characteristics, and the
consequent charge-generation efficiency in humidity-to-electricity conversion. The SA
functionalization regime encompassed controlled variations in precursor concentration
(i.e., 1-4 wt.%), thermal immersion conditions (i.e., 30 °C, 60 °C, and 90 °C), and
temporal exposure intervals (i.e., 2, 4, 6, and 8 h), as delineated in Sections 3.4.1 to

3.4.3. The ensuing analytical framework encompassed high-resolution hydrophilicity
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quantification and comprehensive performance benchmarking of humidity-gradient
power generation, enabling the precise correlation between interfacial chemistry and

device-level energy harvesting efficacy.

5.2.1 Optimization at Various SA Concentration

Figure 5.1 presents the XRD diffraction profiles of samples subjected to varying
SA loadings. Prominent reflections at 20 ~ 37.22°, 44.50°, and 62.49° are indexed to
the #(11 1), #(200), and #(3 1 1) crystallographic planes of NiO (JCPDS No. 01-071-
4750), respectively. Meanwhile, characteristic peaks at 26.52° and 54.62° correspond
to the % (0 0 2) and (0 0 4) planes of Gr (JCPDS No. 00-041-1487). In addition, the
presence of SA is confirmed by the diffraction signal at 21.62°, attributable to the ¢(3 1
1) plane (JCPDS No. 00-038-1923). The magnified XRD spectra in Figure 5.1 reveal
the emergence of SA-associated peaks corresponding to the (3 1 1) plane, first
appearing in S2%-NG-1.0, indicative of molecular interactions between the SA and the

developed composite.
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Figure 5.1  XRD Pattern for (a) U-NG-1.0, (b) S1%-NG-1.0 (c) S2%-NG-1.0 (d)
S3%-NG-1.0 and (e) S4%-NG-1.0

Analysis of the XRD profiles revealed that the D of NiO, calculated from the
#(1 1 1) plane orientation via the Debye—Scherrer formula (Equation (3.1)), exhibited
a marked reduction from 8.5 nm to 6.4 nm upon SA functionalization, as detailed in
Table 5.1. This reduction in D aligns with the observations of Patil et al. [322], who

attributed such size suppression to the steric hindrance and lattice-growth inhibition
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imparted by surface-passivating SA molecules. Intriguingly, progressive elevation of
the SA content from 1 wt.% to 4 wt.% induced a pronounced crystallite coarsening,
indicative of a transition in the surface—particle interaction regime whereby excess SA
promotes nanoparticle agglomeration and facilitates crystallite enlargement through
aggregation-mediated coalescence. Meanwhile, the interplanar spacing and unit cell
volume exhibited nearly no significant changes, consistent with the nearly unchanged

diffraction peak positions observed across all samples.

Table 5.1
The FWHM, 26, Interplanar Spacing, Unit Cell Volume, and Crystallite Size of
NiO #(1 1 1) Plane for the Samples Treated with Different SA Content

FWHM, Interplanar Unit Cell Crystallite
Sample 20 (°) . 3 .

B (rad) spacing, d (nm)  Volume, V (nm°)  size, D (nm)

U-NG-1.0 0.0173 37.02 0.242 0.074 8.5

S1%-NG-1.0 0.0229 37.26 0.241 0.073 6.4
S2%-NG-1.0 0.0174 37.28 0.241 0.073 8.4
S3%-NG-1.0 0.0166 37.26 0.241 0.073 8.8
S4%-NG-1.0 0.0142 37.34 0.241 0.073 10.3

The systematic investigation demonstrated that elevating the SA loading
corresponding to progressively higher treatment concentrations, markedly enhanced the
formation of a densely packed, well-ordered molecular overlayer on the S-NG-1.0
surface. This structural refinement translated into a monotonic increase in the 6ca of S-
NG-1.0-FP with rising SA content, as illustrated in Figure 5.2. The corresponding
surface energy metrics, tabulated in Table 5.2, reveal the inverse correlation between
Oca and surface energy: elevated surface energy, indicative of strong intermolecular
attraction and facile interfacial bond formation, promotes rapid water spreading and
thus lowers 6ca, whereas diminished surface energy weakens intermolecular

interactions, thereby increasing Oca.

@) ' (b) '

Figure 5.2 Water Contact Angle Measurements for (a) U-NG-1.0, (b) S1%-NG-1.0
(c) S2%-NG-1.0 (d) S3%-NG-1.0 and (e) S4%-NG-1.0
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Table 5.2
Contact Angle Measurement Data of the Samples Treated with Different SA
Content

Immersion Immersion Surface E
Sample Temperature  duration WCA (°) urtace £nergy
(mJ/m?)
(°C) (hours)

U-NG-1.0 438 +0.1 31.3+0.1
S1%-NG-1.0 56.1 +0.3 284 +0.1
S2%-NG-1.0 60 6 65.3+1.2 25.8+0.3
S3%-NG-1.0 77.6£0.8 22.1+0.2
S4%-NG-1.0 81.3+0.9 21.0+0.3

There is a strong correlation between the sample’s surface morphology and its
wettability behaviour. Surface modification induced by SA treatment at higher
concentrations enables more SA molecules to adhere to the sample surface, resulting in
a denser and more uniformly distributed molecular layer. This contributes to a higher
Oca and lower surface energy. Figure 5.3 (a) provides a clear illustration of the

relationship between SA content and the Oca.
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Figure 5.3  (a) Graph of Contact Angle Variation with The Different SA Content. (b)
The Plots of Voltage Versus Time at A Fixed RH Of 75% with Zero
Applied Bias for Cellulose-Based Devices using U-NG-1.0 and S-NG-1.0
Samples with Different SA Content

Figure 5.3 (b) shows the voltage versus time at RT and under 75% RH, recorded
without an applied bias and with a 10 MQ resistor connected. Table 5.3 summarizes the
humidity-to-energy performance of the fabricated HGPG devices using S-NG-1.0-FP
with varying SA content. The highest recorded output values were an output voltage of
(2.24+0.03) x 102V, a current density of (1.79+0.02) x 10"° A/em?, and an output
power of (5.02+0.13)x 10 W. These results indicate that the S-NG-1.0-FP
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composite with 2 wt.% SA exhibited the most optimal characteristics for this

application.

Table 5.3

The Humidity-To-Energy Performance of the Fabricated HGPG Device at
Different SA Content Under Fixed SA Immersion Temperature Of 60°C and SA
Immersion Duration of 6h

RH R Output voltage, V  Current density, J Power, P
Sample ' )
(%)  MQ) (V) (Alcm?) (W)

U-NG-1.0 (0.14£0.01) x 103 (11.12 +0.07) x 1012 (1.93+£0.12) x 105
51%-NG-1.0 (1.56 + 0.04) x10°2 (1.25 + 0.03) x10°1° (2.43 £ 0.13) x10°3
S2%-NG-1.0 (2.24 +0.03) x10°2 (1.79 + 0.02) x10°10 (5.02 +0.13) x10°13
S3%-NG-1.0 75 10 (1.17 +0.19) x10* (9.36 + 1.52) x10°12 (1.37 £ 0.45) x10°%5
S4%-NG-1.0 (1.54 + 0.08) x10°2 (1.23 + 0.06) x10°1° (2.37 £ 0.25) x10°'3

5.2.2 Optimization at Different Immersion Temperature

Engineering a highly ordered molecular overlayer on the composite surface
necessitates precise optimization of the SA synthesis temperature. Empirically, SA
molecular assemblies exhibit accelerated nucleation kinetics, reduced defect density,
and superior long-range ordering when processed above 25 °C [323]. In this work, SA
functionalization was systematically performed at immersion temperatures of 30 °C, 60
°C, and 90 °C to elucidate the thermally induced ordering phenomena.

The corresponding XRD profiles, presented in Figure 5.4, reveal well-defined
diffraction maxima at 26 ~ 37.24°, 44.50°, and 62.49°, indexed to the #(1 1 1), #(2 0
0), and #(3 1 1) crystallographic planes of NiO (JCPDS No. 01-071-4750), respectively.
Additionally, characteristic Gr diffraction signals are evident at 26.58° and 54.72°,
corresponding to the (0 0 2) and *(0 0 4) planes (JCPDS No. 00-041-1487),
confirming the retention of Gr domains post-treatment. From the XRD profiles, a
prominent diffraction signal at 21.62°, corresponding to the ¢(3 1 1) plane (JCPDS No.
00-038-1923), is distinctly observed for the S60-NG-1.0 sample, confirming the
presence of crystalline SA. It is noteworthy that SA exhibits a melting range of
approximately 69-70 °C. At 60 °C, SA exists in a semi-molten state, enabling enhanced
molecular mobility that facilitates the formation of ordered crystalline domains, thereby
producing distinct XRD signals [324]. At lower temperatures, the limited mobility of
SA molecules suppresses crystalline ordering, resulting in extremely weak diffraction
intensities, effectively rendering the SA peak absent. Conversely, at higher

temperatures, SA becomes fully molten, and the elevated thermal energy disrupts the
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molecular packing required for recrystallization, ultimately eliminating the

corresponding SA peak from the XRD spectra.
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Figure 5.4  XRD Pattern for (a) SRT-NG-1.0, (b) S30-NG-1.0, (c) S60-NG-1.0 and
(d) S90-NG-1.0

Table 5.4
The FWHM, 20, Interplanar Spacing, Unit Cell Volume, And Crystallite Size of
NiO #(1 1 1) for the Samples Treated at Different SA Immersion Temperatures

FWHM, Interplanar Unit Cell Crystallite
Sample 20 (°) . 3 .

B (rad) spacing, d (nm)  Volume, V (nm3)  size, D (nm)
SRT-NG-1.0 0.0221 37.30 0.241 0.073 6.6
S30-NG-1.0 0.0212 37.22 0.242 0.073 6.9
S60-NG-1.0 0.0174 37.28 0.241 0.073 8.4
S90-NG-1.0 0.0159 37.22 0.242 0.073 9.2

Furthermore, the D of the treated samples was derived from the #(1 1 1)
diffraction peak of NiO using the Debye—Scherrer equation [Equation (3.1)]. The SA-
RT sample exhibited a D of 6.6 nm, which increased marginally to 6.9 nm upon
treatment at 30 °C. More substantial growth was observed at elevated immersion
temperatures, with D reaching 8.4 nm at 60 °C and 9.2 nm at 90 °C. This temperature-
dependent crystallite enlargement is consistent with the findings of Chao et al. [325],
where increased thermal energy during functionalization promoted lattice reordering
and grain coarsening.

From a device performance standpoint, moderate crystallite growth can enhance
charge transport pathways by reducing grain boundary density, thereby lowering
interfacial resistance and improving ionic mobility in humidity-to-electricity
conversion. However, excessive crystallite coarsening as observed at 90 °C, may reduce

the specific surface area and active adsorption sites, leading to diminished water uptake
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capacity. Thus, the observed structural evolution underscores a critical trade-off:
optimizing immersion temperature is essential to balance crystallite growth for efficient
electron transport with the preservation of sufficient surface area for hygroscopic
interactions, ultimately determining the overall energy harvesting efficiency of the
HGPG device. Table 5.4 presents a summary of the structural evaluation derived from
XRD analyses, detailing the FWHM, diffraction angle, interplanar spacing, unit cell
volume, and crystallite size for the samples subjected to varying SA immersion
temperatures.

Table 5.5 summarizes, and Figure 5.5 depicts, the progressive increase in 6ca
with rising immersion temperature is inversely correlated with surface energy, in
agreement with theoretical predictions. Elevated temperatures accelerate the self-
assembly kinetics of SA molecules, promoting the formation of a continuous, densely
packed molecular layer on the composite interface and thereby attenuating
hydrophilicity. Beyond 60 °C, the rate of 6ca escalation becomes markedly pronounced,
as observed in Figure 5.6 (a), indicative of a transition toward a strongly hydrophobic
regime. This pronounced shift is plausibly attributed to thermally induced
rearrangement and tighter packing of SA hydrocarbon chains, which minimizes polar
group exposure and maximizes van der Waals interactions, thereby reducing the

availability of active hydrophilic sites for water adsorption.

Figure 5.5  Water Contact Angle Measurements for (a) SRT-NG-1.0, (b) S30-NG-
1.0, (c) S60-NG-1.0 and (d) S90-NG-1.0

Table 5.5
Contact Angle Measurement Data of the Samples Treated with Different
Immersion Temperature

Immersion
SA content . o Surface Energy
Sample duration WCA (°) ,
(wt.%) (mJ/m?)
(hours)
SRT-NG-1.0 579+14 27.9+04
S30-NG-1.0 62.8+1.6 26.5+05
S60-NG-1.0 2 6 65.3+1.2 25.8+0.3
S90-NG-1.0 77118 22.3+0.6
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To elucidate the influence of surface treatment temperature on humidity-to-
electricity conversion kinetics, Figure 5.6 (b) presents the voltage-time profiles of S-
NG-1.0-FP-based HGPG devices operated at ambient temperature under 75 % RH. The
corresponding performance metrics, summarized in Table 5.6, reveal a clear
dependence on thermal processing conditions. The optimum electro-hygroscopic
response was achieved for the composite treated with SA at 60°C (S60-NG-1.0 sample),
yielding a maximum output voltage of (2.24+0.03) x 103V, a current density of
(1.79£0.02) x 102 A/cm?, and an output power of (5.02+0.13)x10¥W. This
performance enhancement is attributed to the thermally induced ordering of the SA
molecular layer, which optimizes the balance between hydrophilicity for rapid moisture
adsorption and controlled desorption for efficient charge transport, thereby maximising

the overall humidity-to-energy conversion efficiency.
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Figure 5.6  (a) Graph of Contact Angle Variation with the Different Immersion
Temperature. (b) The Plots of VVoltage Versus Time at a Fixed RH of
75% with Zero Applied Bias for HGPG Devices using S-N/G-1.0
Samples with Different Immersion Temperature

Table 5.6

The Humidity-To-Energy Performance of the Fabricated HGPG Device at
Different SA Immersion Temperature Under Fixed SA Content of 2 Wt.% and
Immersion Duration of 6h

RH R Output voltage, V  Currentdensity,J  Power, P
Sample )

(%) M) (V) (Alem?) (W)
SRT-NG-1.0 (3.12 £ 0.02) x10* (2.50 £ 0.02) x1011 (9.73 £0.13) x1015
S30-NG-1.0 (1.99 +0.03) x10-3 (1.59 + 0.02) x10°10 (3.96 £ 0.12) x1013
S60-NG-1.0 75 10 (2.24 £0.03) x10°3 (1.79 £ 0.02) x10°20 (5.02 £ 0.13) x1013
S90-NG-1.0 (1.09 *0.03) x10° (8.72 + 2.24) x10°' 11 (1.19 £ 0.07) x10°3
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5.2.3 Optimization at Different Immersion Time

Figure 5.7 presents the XRD diffraction profiles of S-NG-1.0 composites
subjected to varying immersion durations during SA treatment. All samples exhibit
nearly congruent diffraction signatures for NiO and Gr, indicating that the fundamental
crystallographic framework and phase purity of both constituents remain largely
unperturbed by SA functionalization. This suggests that the SA treatment exerts only a
marginal influence on the intrinsic crystallization dynamics of NiO and Gr, thereby
preserving their long-range structural order. Prominent diffractions at 37.24°, 44.50°,
and 62.49° are indexed to the (1 1 1), #(2 0 0), and #(3 1 1) crystallographic planes
of cubic NiO (JCPDS No. 01-071-4750). For Gr, characteristic Bragg peaks appear at
26.58° and 54.72°, corresponding to the % (0 0 2) and % (0 0 4) planes (JCPDS No. 00-
041-1487), respectively. Meanwhile, a distinct SA diffraction peak at ~21.62°,
corresponding to the ¢(3 1 1) plane (JCPDS No. 00-038-1923), was detected for S6h-
NG-1.0 and S8h-NG-1.0 as shown in magnified XRD pattern, signifying the
incorporation of SA within the composite structure at immersion durations of 6 hours
and beyond.

Notably, the diffraction signatures attributable to SA become increasingly
accentuated with extended immersion, reaching maximal prominence at 8 h. This
enhancement signifies a higher surface loading density of SA molecules, indicative of
progressive molecular adsorption and consolidation on the composite surface over
prolonged treatment durations. The D value revealed a progressive enlargement from
6.4 nm (SA-2 h) to 8.4 nm (SA-6 h), signifying that SA treatment facilitates NiO crystal
growth along the Gr interface. However, extending the immersion to 8 h produced a
reduction in D, as summarised in Table 5.7. This non-monotonic trend aligns with the
observations of Ye et al. [326], wherein prolonged surface modification induces partial
recrystallisation coupled with defect incorporation, culminating in lattice distortions
and a concomitant deterioration of long-range crystalline order. The d for the NiO & (1
1 1) plane remains remarkably consistent across all immersion durations, ranging from
0.241 to 0.242 nm. Such minimal variation indicates that the SA treatment does not
induce appreciable lattice distortion, with any subtle shifts more likely attributable to
minor strain relaxation or defect passivation at the surface rather than bulk structural
changes. Similarly, the V is effectively invariant at approximately 0.073 nm?® for all

samples, except for a marginal increase to 0.074 nm? in S8h-NG-1.0. This slight
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expansion could be associated with surface adsorption of SA molecules or relaxation of
near-surface strain after prolonged immersion, subtly influencing the lattice parameter

without compromising crystalline integrity.
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Figure 5.7  XRD Pattern for (a) S2h-NG-1.0, (b) S4h-NG-1.0, (c) S6h-NG-1.0 and
(d) S8h-NG-1.0
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Table 5.7
The FWHM, 26, Interplanar Spacing, Unit Cell Volume, and Crystallite Size of
NiO #(1 1 1) for the Samples Treated with Different Immersion Duration

FWHM, Interplanar Unit Cell Crystallite
Sample 20 (°) . 3 .

B (rad) spacing, d (nm)  Volume, V (nm?°)  size, D (nm)
S2h-NG-1.0 0.0231 37.24 0.241 0.073 6.4
S4h-NG-1.0 0.0226 37.24 0.241 0.073 6.5
S6h-NG-1.0 0.0174 37.28 0.241 0.073 8.4
S8h-NG-1.0 0.0268 37.14 0.242 0.074 55

Water contact angle measurement results in Figure 5.8 were used to derive the
surface energy via Equation (2.8) with the results summarized in Table 5.8. The sample
subjected to an 8 h treatment exhibited the lowest surface energy across all tested
durations, reflecting markedly diminished intermolecular attraction at the solid-liquid
interface. This reduction is ascribed to the formation of a substantially thicker, more
densely packed SA molecular overlayer, which impedes water ingress and consequently

suppresses ion transport dynamics within the device architecture.
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Figure 5.8 Water Contact Angle Measurements for (a) S2h-NG-1.0, (b) S4h-NG-1.0,
(c) S6h-NG-1.0 and (d) S8h-NG-1.0

Table 5.8
Contact Angle Measurement Data of the Samples Treated with Different
Immersion Duration

Immersion

SA content Surface Ener
Sample Temperature  WCA (°) ) 9y
(wt.%) o (mJ/m?)
S
S2h-NG-1.0 54.6 £2.3 28.7+£0.6
S4h-NG-1.0 62.5+1.5 26.6 0.4
S6h-NG-1.0 2 60 65.3+1.2 25.8+0.3
S8h-NG-1.0 86.4+19 194+0.6

As illustrated in Figure 5.9 (a), the water 6ca progressively increases with longer
SA immersion durations, with a marked surge observed beyond the 6 h threshold. This
change correlates with a gradual shift toward reduced surface energy and altered
wettability characteristics. Figure 5.9 (b) presents the corresponding voltage-time
profiles at RT and 75 % RH, recorded under open-circuit conditions with a 10 MQ load
resistor. The performance metrics, summarized in Table 5.9, clearly identify the 6 h
treatment as the optimal condition, delivering an output voltage of (2.24 £0.03) x 10
8V, a current density of (1.79+0.02)x10'°A/cm?, and an output power of
(5.02+0.13) x 10> W. This optimum arises from a balanced SA molecular coverage
that effectively tailors hydrophilicity while enhancing surface uniformity. At this
coverage density, water adsorption—desorption dynamics are rapid enough to sustain
efficient ion transport within the device, without the over-saturation effects observed at
longer treatments. Such a fine-tuned surface state maximizes the interplay between
hygroscopic water uptake and charge transport, thereby yielding superior humidity-to-

electricity conversion efficiency [323].
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Figure 5.9  (a) Graph of Contact Angle Variation with the Different Immersion
Duration. (b) The Plots of VVoltage Versus Time at a Fixed RH of 75%
with Zero Applied Bias for HGPG Devices using S-N/G-1.0 Samples

with Different Immersion Duration

Table 5.9

The Humidity-To-Energy Performance of the Fabricated HGPG Device at
Different SA Immersion Duration Under Fixed SA Content of 2 wt.% and
Immersion Temperature of 60°C

RH R Output voltage, V  Current density, J Power, P
Sample )

(%) MQ) V) (Alcm?) (W)
S2h-NG-1.0 (1.65 + 0.01) x10* (1.32 £ 0.01) x10°1 (2.72+ 0.03) x10%5
S4h-NG-1.0 (1.27 £ 0.01) x10* (1.02 £ 0.01) x10°1 (1.61 £ 0.03) x10°15
S6h-NG-1.0 75 10 (2.24 +0.03) x103 (1.79 +0.02) x10-0 (5.02 +0.13) x1013
S8h-NG-1.0 (1.43 £ 0.01) x10* (1.14+ 0.01) x10°1¢ (2.04 + 0.03) x10°15

5.3 Conclusion

The present study systematically investigated the optimization of SA treatment
to tailor the hydrophilicity of S-NG-1.0 composites for enhanced humidity-to-electricity
conversion in HGPG devices. Through controlled variation of three critical parameters
(SA concentration, SA immersion temperature, and SA treatment duration) the interplay
between surface wettability, structural evolution, and energy-harvesting performance
was elucidated. Results revealed that all SA-treated samples maintained inherent
hydrophilic behaviour; however, the degree of hydrophilicity and surface energy was
highly sensitive to treatment conditions. Excessive hydrophilicity accelerated water
adsorption but hindered recovery dynamics, while insufficient hydrophilicity limited
adsorption efficiency. As summarized in Table 5.10, optimal device performance was
achieved with a 2 wt.% SA treatment at 60 °C for 6 h, yielding a contact angle of 65.3°
+ 1.2° and a surface energy of 25.8 + 0.3 mJ/m2. Under these conditions, the molecular

coverage was sufficiently uniform to enhance interfacial water adhesion and ion
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transport, without imposing diffusion barriers. The optimized S-NG-1.0-FP device
delivered an output voltage of (2.24 + 0.03) x 10V, a current density of (1.79 + 0.02)
x 1019 A cm, and an output power of (5.02 + 0.13) x 1033 W at 75% RH under zero
bias, representing a significant improvement over untreated composite. These findings
establish a clear processing-—structure—function relationship and demonstrate that fine-
tuning SA surface functionalization is a decisive strategy for achieving balanced

wettability and superior energy-harvesting performance in humidity-responsive

devices.

Table 5.10

Humidity-To-Energy Performance of the Fabricated HGPG Devices Connected to a

10 MQ Resistor under 75% RH

. Output voltage, V  Current density, J Power, P
Conditions Sample V) (Alem?) (W)

. U-NG-1.0 (0.14+£0.01)x 103 (11.12+0.07) x 102 (1.93+0.12) x 105
d%ﬁgﬁi‘g“:g‘(}‘r’]"t‘;ﬂt S1%NG-10 _ (L.56+0.04) x10® (125 +0.03) x10° _ (2.43%0.13) x103
treated at 60°C for 6 —S2%-NG-10  (224£0.03)x10°  (1.79+0.02) x10™  (5.02£0.13) x10°3

hours S3%-NG-1.0  (1.17 +0.19) x10* (9.36 +1.52) 102 (1.37 +£0.45) x10°15
S4%-NG-1.0  (1.54 +0.08) x10°3 (1.23 £0.06) x10%®  (2.37 +£0.25) x10°3

SA treatment with 2 SRT-NG-1.0 (3.12 £ 0.02) x10* (2.50 + 0.02) x10°%* (9.73+£0.13) x10°°
wt.% SA, treated for 6 S30-NG-1.0 (1.99 + 0.03) x10°® (1.59 £ 0.02) x10°%0 (3.96 £ 0.12) x10°3
hours at different S60-NG-1.0 (2.24 +0.03) x10°3 (1.79 £0.02) 10 (5.02 +£0.13) x10°'13
immersion temperature  S90-NG-1.0 (1.09 +0.03) x10°3 (8.72+2.24) x10™  (1.19+0.07) x10°3
SA treatment with 2 S2h-NG-1.0  (1.65+0.01) x10*  (1.32+0.01) x101*  (2.72+0.03) x10'15
wt.% SA, treated at S4h-NG-1.0 (1.27 £0.01) x10* (1.02 £0.01) x10-**  (1.61 +0.03) x10%5
60°C for different S6h-NG-1.0 (2.24 +0.03) x10° (1.79£0.02) 10 (5.02 +0.13) x10°1®
immersion duration S8h-NG-1.0 (1.43 +0.01) x10* (1.14 £0.01) x10™  (2.04 +£0.03) x10°1°
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CHAPTER 6
FABRICATION AND PERFORMANCE ANALYSIS OF HUMIDITY
GRADIENT ENERGY HARVESTING BASED ON HEMATITE/
NICKEL OXIDE/ GRAPHENE COMPOSITES AND HYDROGEL
BASED CELLULOSE SUBSTRATE AS HYGROSCOPIC
MATERIALS

6.1 Introduction

Metal oxides and Gr have emerged as pivotal functional materials for charge
extraction and stability enhancement in energy devices owing to their band-level
compatibility, cost-effectiveness, and environmental benignity [311, 312]. Gr, with its
exceptional electron mobility and high surface conductivity, provides a highly
conductive medium for ion transport, while transition-metal oxides, particularly NiO,
offer complementary redox activity, excellent thermal and chemical stability, high
theoretical specific capacity, low cost, and material abundance. The synergistic
integration of NiO and Gr has therefore been extensively exploited in high-performance
electrochemical systems, including batteries and supercapacitors [302, 312], as well as
photovoltaic devices [311], where these composites consistently exhibit superior
electrochemical behaviour [302, 312, 327].

Another promising candidate, iron oxide (hematite, oa-Fe.0s), is widely
recognised for its unique combination of optical, magnetic, and electrical
functionalities, coupled with low cost and environmental sustainability [328, 329].
Hematite has been deployed in a wide range of applications, including photovoltaic cells
[330], lithium-ion batteries [331, 332], supercapacitors [333, 334], and anticorrosion
coatings[335]. As demonstrated by Mohamed et al. [330], hematite incorporation
expands the active interfacial region, accelerates surface reaction kinetics, and enhances
the material’s hygroscopic capability, facilitating improved moisture adsorption and
charge generation from ambient humidity. Furthermore, its ability to suppress electron—
hole recombination prolongs charge carrier lifetimes, thereby increasing the efficiency

of humidity-induced energy conversion [330].
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In parallel, hydrogels have recently garnered considerable attention as next-
generation functional matrices for HGPG due to their intrinsic hygroscopicity and
unique ion-conduction behaviour [45, 336]. Hydrogels can absorb substantial amounts
of atmospheric water, which acts as an electrolyte to promote ion mobility within the
polymeric network [337]. By integrating hydrogels with functional fillers, advanced
HGPG systems can be engineered to exploit humidity variations for direct electricity
generation via ion migration across humidity gradients.

This chapter presented a comprehensive investigation into the synergistic
incorporation of hematite, Co—Zn nanoceramic hydrogel, and recycled waste-derived
components into HGPG architectures. Detailed structural, morphological, and
functional analyses were performed, supported by comparative evaluations against
established benchmarks. The integration of waste-derived materials provided a
sustainable route for addressing global waste accumulation, positioning this strategy at

the intersection of green energy harvesting and waste-to-energy valorisation.

6.2 Synthesis and Characterization of Hematite/NiO/Gr Composites on Cellulose-
based Substrate for Humidity Gradient Energy Harvesting Application

Leveraging the gradient-configuration architecture of the humidity-to-energy
device, the author successfully engineered S-HNG composite powders via a facile
sonicated solution—immersion method, followed by deposition onto a cellulose-based
substrate to yield the S-HNG-FP-based HGPG. This strategic material design integrates
the synergistic functionalities of hematite, NiO, and Gr, enabling enhanced charge
generation, transport, and retention under ambient humidity conditions. The detailed
synthesis protocol for the S-HNG powder and device fabrication steps are provided in
Sections 3.5 and 3.5.1. A comprehensive suite of characterisation techniques, including
crystallographic analysis, nanoscale morphological evaluation, hydrophilicity profiling,
and humidity-to-electricity conversion measurements was employed to systematically
correlate the material’s structural and surface properties with its electrical output. This
integrated approach not only validates the S-HNG-FP composite as a high-performance
hygroscopic medium but also establishes critical structure—property—function

relationships for next-generation humidity-driven energy harvesting systems.
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6.2.1 Structural Properties Analysis of Hematite/NiO/Gr Composites

The XRD patterns of prepared S-NG-1.0 and S-HNG powder are shown in
Figure 6.1. Diffraction peaks at 26 of 37.20° and 44.60° which corresponds to the #(1
1 1) and #(2 0 0) planes, signifying the formation of crystallized cubic NiO
nanoparticles (JCPDS No. 01-071-4750). The XRD patterns clearly exhibit the planes
of (0 0 2) and *(0 0 4) at diffraction peak 26.60° and 54.66°, respectively,
corresponding to crystallized hexagonal Gr (JCPDS No. 00-041-1487). The diffraction
peaks at 35.82°, 43.50°, 57.54° and 63.14° were indexed to the m(1 1 0), m(2 02), m (1
2 2) and m(2 1 4) planes, indicating the formation of crystallized trigonal hematite
(JCPDS No. 00-033-0664). A small and negligible diffraction peak at 30.42°, marked
by blue triangle symbol ( A) was indexed to the (2 2 0) plane, indicating the FezO4 also
known as magnetite (JCPDS No. 01-073-9877). This peak arises from the incomplete
transformation of iron precursor to hematite [338].
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Figure 6.1  XRD Pattern of Synthesized S-NG-1.0 and S-HNG Composites

The estimated XRD parameters are summarized in Table 6.1. The results
indicate that the presence of hematite significantly influences XRD characteristics. For
the S-NG-1.0 composite, the D of NiO particles at the (1 1 1) plane is calculated to be
7.93+£0.71 nm. This value increases substantially to 17.76 +£0.57 nm in the S-HNG
composite. The notable increase in NiO grain size suggests that the direct introduction

of hematite promotes crystallite growth through co-crystallization and interfacial
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interactions [339]. This enhancement is likely due to the heterogeneous nucleation and
templating effects of hematite within the composite matrix, supporting the hypothesis
that hematite functions as a structural scaffold facilitating NiO grain development [134].
Meanwhile, the interplanar spacing and unit cell volume remained nearly identical and
essentially unchanged, respectively, with the average diffraction peak positions

differing by only a negligible margin.

Table 6.1
The FWHM, 26, Interplanar Spacing, Unit Cell Volume and Crystallite Size of NiO
#(111)for S-NG-1.0 and S-HNG

FWHM, Interplanar Unit Cell Crystallite
Sample 20 (°) . 3 .
B (rad) spacing, d (nm) Volume, V (nm®)  size, D (nm)
S-NG-1.0 0.0174 37.28 0.241 0.073 8.4
S-HNG 0.0084 37.22 0.242 0.073 17.4

6.2.2 Morphological and Elemental Analysis of Hematite/NiO/Gr Composites

The morphological and microstructural features of the synthesized S-HNG
composites were elucidated via FESEM analysis. Figure 6.2 (a) and Figure 6.2 (b)
depict the surface architectures of the S-NG-1.0 and S-HNG composites, respectively,
with their corresponding high-magnification views shown in Figure 6.2 (c) and Figure
6.2 (d). The S-NG-1.0 composite exhibits densely agglomerated nanoparticles with an
average diameter @avg Of 45 £ 0.9 nm. In contrast, the S-HNG composite displays
slightly coarser agglomerates (Javg = 57 £ 0.7 nm), indicative of hematite incorporation
influencing the growth Kinetics. Distinct Gr flakes, characterized by rippled and
stratified surfaces likely originating from carbon lattice compression, are discernible in
both samples. NiO and hematite nanoparticles are heterogeneously distributed across
the Gr basal planes, generating a hierarchically porous and electrically conductive
network [340]. The abundant edge sites and defect domains on the Gr substrate serve
as preferential nucleation centres during synthesis, fostering the anchoring and
redistribution of NiO and hematite crystallites to yield integrated heterostructures with
enhanced interfacial contact.
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Figure 6.2 FESEM Images of Synthesized (a) S-NG-1.0 and (b) S-HNG Prepared

using the Sonicated Solution Immersion Method, with (c) and (d)
Showing Their Corresponding Magnified FESEM Images, respectively

a), c

( )2::: Element W;I/Sht At(t:z)!lc
185 CK 84.7 95.1
16 0K 2.2 1.9
1% Ni K 13.0 3.0

108K] Sample: S-NG-1.0

081K|

0.54K

Ni
027K Ni
<3 e N
a ; i -

0.00K
000 1.00 200 3.00 4.00 5.00 6.00 7.00 8.00 900
Roe § Weight Atomi
eig omic
1.04K] Element (%) )
-y CK 53.4 81.5
2 oK 45 5.4
0.65K]
Fe K 121 4.0
0.52K]
Ni K 30.0 9.4
0.39K] Fe
Rk N Sample: S-HNG
3 o
0.13K] Fel -
0.00KLE o - - il B
0.00 1.00 200 3.00 400 5.00 6.00 7.00 8.00 9.00

Figure 6.3  EDX Peaks with Analytic Elemental Composition of Synthesized (a) S-
NG-1.0 and (b) S-HNG

The elemental composition of the S-NG-1.0 and S-HNG composites was
analyzed using EDX spectroscopy. The EDX spectrum of the S-NG-1.0 composite,
shown in Figure 6.3 (a), confirms the presence of C, Ni, and O. In contrast, the EDX
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spectrum of the S-HNG composite in Figure 6.3 (b) shows an additional peak
corresponding to iron (Fe), indicating the presence of hematite. The presence of C
confirms the incorporation of Gr within the composites. As shown in Figure 6.3 (a) and
Figure 6.3 [b (inset)], the C content in the S-NG-1.0 composite is higher than in the S-
HNG composite, which is consistent with the XRD results. No other elements were

detected in the EDX spectra, suggesting the purity of the synthesized composites.

6.2.3 Hydrophilicity Analysis of Hematite/NiO/Gr Composites

As established earlier, the hydrophilicity of the fabricated composites was
quantified through 6ca measurements, providing a direct metric for liquid spreading
behaviour on the solid surface. The results, presented in Figure 6.4, confirm that both
S-NG-1.0-FP and S-HNG-FP exhibit pronounced hydrophilic characteristics. The S-
NG-1.0-FP sample demonstrated a 6ca of 65.3° £ 1.2°, corresponding to a surface
energy of 25.8 + 0.3 mJ/m?, calculated via Equation (2.8). In contrast, the S-HNG-FP
exhibited a marginally lower 6ca of 64.2° £ 3.6°, yielding a slightly elevated surface
energy of 26.1 + 1.0 mJ/m?, as detailed in Table 6.2. These findings align with Shrimali
etal. [341], who reported that hematite incorporation into NiO-Gr composites enhances
water adsorption owing to the abundance of surface hydroxyl groups, thereby
augmenting hydrophilic behaviour. This synergistic surface chemistry is expected to
play a pivotal role in optimizing humidity-induced charge generation in HGPG systems.

Figure 6.4  Water Contact Angle Measurement of Synthesized (a) S-NG-1.0-FP and
(b) S-HNG-FP
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Table 6.2 Contact Angle Measurement Data of Samples S-NG-1.0-FP and the S-
HNG-FP

Sample WCA (°) Surface Energy (mJ/m?)
S-NG-1.0-FP 65.3°+1.2° 25.8+0.3
S-HNG-FP 64.2° + 3.6° 26.1+1.0

6.2.4 Surface Area and Porosity Analysis of Hematite/NiO/Gr Composites

Complementary BET and BJH analyses in Figure 6.5 further reveal that
hematite incorporation markedly increases porosity and surface accessibility. The S-
HNG composite exhibited a BET surface area of 12.3 m?/g and a BJH average pore
width of 29.2 nm, compared to 10.2 m?/g and 5.6 nm, respectively, for S-NG-1.0 (Table
6.3). Such an expansion of specific surface area and mesoporous structure, attributed to
the inherently porous morphology of hematite nanostructures, provides additional
active sites for water adsorption and promotes more efficient ion migration [342]. The
synergistic enhancement in hydrophilicity and porosity yields a dual benefit: improved
electrolyte accessibility at the electrode interface and reduced ion transport resistance,
both of which are critical for maximising humidity-to-electricity conversion efficiency.
This integrated structure—property relationship firmly establishes S-HNG composites as

a superior platform for high-performance HGPG devices.
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Figure 6.5 (a) BET Isotherm Plot of N2 Adsorption Desorption Of S-NG-1.0 and S-
HNG. BJH Adsorption dv/dw Pore Volume Of (b) S-NG-1.0 And (c) S-
HN, dv/dw Refers to the Change Rate of Pore Volume with Pore Width

Table 6.3
Comparison of the BJH Adsorption Average Pore Diameter and BET Surface Area
of S-NG-1.0 and the S-HNG Composites Powder

Sample BJH Adsorption average pore diameter (nm) BET surface area (m?/g)
S-NG-1.0 5.6 10.2
S-HNG 29.2 12.3
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6.2.5 Electrical Characterization Analysis of Hematite/NiO/Gr Composites

Given that humidity-to-energy conversion mechanisms often proceed via
interfacial redox reactions, CV analysis was employed to elucidate the redox activity of
the developed electrode materials. The CV profiles in Figure 6.6 reveal distinct
electrochemical signatures for the two composites. The S-NG-1.0-FP sample exhibits a
relatively broad voltammogram with moderate redox peak currents of approximately 5
x 10 A, indicative of limited faradaic activity. In stark contrast, the S-HNG-FP sample
displays broader, more pronounced, and well-defined redox peaks, with peak currents
nearly doubled to ~1 x 10* A. This enhancement reflects an increased density of
electroactive sites and improved charge-transfer kinetics, attributable to the synergistic
contribution of hematite and NiO nanoparticles interfaced with conductive Gr sheets.
Both systems demonstrate pseudocapacitive behaviour, underscoring their ability to
store charge through a combination of faradaic reactions and double-layer capacitance.
The markedly superior redox response of the S-HNG-FP composite confirms that
hematite incorporation not only enhance water adsorption and ion transport but also
amplifies the interfacial redox dynamics essential for efficient humidity-to-electricity

conversion.
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— (b)S-NG-1.0-FP
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Figure 6.6  CV Analysis of the Prepared of S-NG-1.0-FP and S-HNG-FP

From the CV analysis, the S-HNG-FP electrode exhibited a markedly higher
current magnitude compared to S-NG-1.0-FP, signifying an improved charge-storage
capacity and superior electrochemical reactivity. This enhancement is attributed to the

strategic incorporation of hematite, which introduces additional redox-active centres via
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the Fe®*/Fe?* transition. These Fe-based sites operate in concert with the Ni?*/Ni** redox
couple, generating a complementary redox-active interface that simultaneously
facilitates charge separation and accelerates ionic transport [134]. The CV profile of S-
HNG-FP further revealed a distinct reduction feature near —1.0 V, characterised by
sharper curvature and an enlarged hysteresis loop relative to S-NG-1.0-FP, hallmarks
of intensified faradaic redox activity arising from the synergistic interplay between Fe
and Ni oxides [133]. Mechanistically, this behaviour is consistent with reports by
Banbela et al. [343], wherein the coupling of transition-metal oxide phases enlarges the
electroactive surface area and mitigates charge-transfer resistance, thereby improving
redox Kinetics. In the S-HNG-FP sample, the hierarchical integration of NiO and
hematite onto the Gr framework creates a highly conductive, porous, and
electrochemically accessible architecture. This structural configuration maximizes
electrolyte penetration, shortens ion-diffusion pathways, and sustains rapid electron
shuttling, collectively enabling robust humidity-to-electricity transduction
performance.

Hall effect measurements were conducted to investigate changes in electrical
characteristics influenced by the introduction of hematite into the composite. Based on
the findings, the carrier concentration decreased from (3.0 + 0.2) x 10** cm™ for S-NG-
1.0-FP to (0.5 + 0.1) x 102 cm™for S-HNG-FP. Similarly, the Hall mobility decreased
from (2.7 £ 0.6) x 103cm?/V-s to (2.3 = 0.1) x 103 cm?/V-s. The Hall coefficient was
(2.1 £0.2) x 10° cm®C for S-NG-1.0-FP and (13.9 + 0.3) x 10° cm®/C for S-HNG-FP,
as presented in Table 6.4. The electrical conductivity of the samples, calculated using
Equation (3.6), showed that S-HNG-FP had a lower conductivity of (1.7 £ 0.1) x 10
3S/cm compared to S-NG-1.0-FP with a conductivity of (1.3 = 0.2) x 102 S/cm. This
reduction is primarily attributed to the properties of hematite, which has a wide
bandgap, resulting in low intrinsic electrical conductivity [344]. The addition of
hematite introduces additional resistance in the composite, as electrons within hematite
require higher energy to move and to overcome potential barriers. In other words,
hematite particles disrupt the continuous conductive network formed by Gr, thereby

lowering the Hall-measured conductivity.
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Table 6.4
Hall Effect Measurement Data of S-Ng-1.0 and the S-Hng Composites on
Cellulose-Based Substrate

Samble Corgzlf]:'rz;ion Hall Coefficient Mobility Conductivity, ¢
P (o) (cm?C) (cm?(V-s)) (Slem)

SING-LO-FP___ (3.0%0.2) x102 (2.1+0.2) x10° (2.7+0.6) x10° (1.3+02) x102

S-HNG-FP__ (0.5+0.1) x 1053 (13.9+0.3) x 105 (23+0.1) x 10° (1.7£0.1) x 103

Humidity-response measurements were performed on both S-NG-1.0-FP and S-
HNG-FP to assess their operational efficacy in HGPG configurations. The voltage—time
profiles recorded at a fixed RH of 75% with an adsorption area of 1.25 cm? are shown
in Figure 6.7, while the performance metrics are summarized in Table 6.5. The S-NG-
1.0-FP-based HGPG yielded an output voltage of (2.24 + 0.03) x 107 V, whereas the
S-HNG-FP-based device exhibited a marginally superior output of (3.01 + 0.23) x 103
V. This performance gain highlights the strategic advantage of hematite incorporation,
which serve as a multifunctional charge-transport mediator under humid conditions and
is a critical determinant in amplifying the device’s electrical output [124].
Mechanistically, this improvement is ascribed to the presence of larger crystallites in
the hematite-containing composite, which mitigate grain boundary resistance and

thereby facilitate more efficient ion migration, as corroborated by FESEM analyses.
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Figure 6.7  The Voltage Versus Time at a fixed RH of 75% with Zero Bias Applied
for S-NG-1.0-FP-based and S-HNG-1.0-FP-based HGPGs
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Table 6.5
The Humidity-To-Energy Performance of Fabricated S-NG-1.0-FP and the S-
HNG-FP-based HGPG devices

Sample RH R Output voltage, V  Current density, J Power, P
(%) (MQ) V) (Alem?) (W)
S-NG-1.0-FP 75 10 (2.24 +£0.03) x 103 (1.79 +0.02) x 1010 (5.02 +0.13) x10°3
S-HNG-FP 75 10 (3.01£0.23) x1073 (2.41+0.02) x 1010 (9.06 + 0.07) x10'3

In accordance with the established humidity-to-electricity conversion
mechanism, which predominantly involves surface-mediated redox processes, the
inclusion of hematite introduces an additional Fe3*/Fe?* redox couple that
synergistically complements the Ni?*/Ni®* redox activity of NiO [345]. This dual redox
functionality enhances charge separation dynamics, increases the density of
electrochemically active sites, and accelerates ionic transport across the composite—
electrolyte interface, ultimately enabling more efficient transduction of ambient

humidity into usable electrical energy.
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Figure 6.8 The Current Versus Time at Various RH Levels with Zero Bias Applied

For (b) S-NG-1.0-FP-Based HGPG and (c) S-HNG-FP-Based HGPG

The current-time transients across varying RH levels, as depicted in Figure 6.8,
reveal that both devices exhibit robust and reversible humidity responsiveness. During
the adsorption phase, a stable baseline current was sustained at 40% RH, followed by a
progressive augmentation in current magnitude as the RH increased to 90%. Notably,
at peak humidity, the S-HNG-FP—-based HGPG delivered a marginally higher steady-
state current of 2.4 nA compared to the 2.3 nA attained by its S-NG-1.0-FP counterpart.
Upon transitioning into the desorption regime, wherein RH was sequentially reduced

from 90% to 40%, both systems demonstrated a commensurate decline in current
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output, underscoring their excellent reversibility and dynamic equilibrium response

under cyclic humidity variations.

6.3 Synthesis and Characterization of Hematite/NiO/Gr Composites on
Cellulose-based Substrate for Humidity Gradient Energy Harvesting

Application at Different Immersion Growth Temperature

The gradient architecture of the hygroscopic material induces directional
charge-carrier diffusion, thereby generating an electric potential between the electrodes
and initiating current flow. For humidity-to-energy conversion, sustaining this
mechanism is critical to ensure continuous transduction of ambient moisture into
electrical power. Achieving such stability requires synthesis process optimization aimed
at tailoring material modifications, particularly those that enhance surface
physicochemical properties. Among these parameters, synthesis temperature plays a
decisive role, directly influencing surface morphology, defect chemistry, and interfacial
interactions, thereby dictating the overall device performance. In this study, the S-HNG
composites were subjected to controlled surface modification under varying synthesis
temperatures to evaluate their efficacy as high-performance hygroscopic materials.

6.3.1 Structural Properties Analysis of Hematite/NiO/Gr Composites

XRD patterns of prepared S-HNG powder are shown in Figure 6.9. Diffraction
peaks at 37.3° and 44.44°which corresponds to the #(1 1 1) and #(2 0 0) planes,
signifying the formation of crystallized cubic NiO nanoparticles (JCPDS No. 01-071-
4750). The XRD patterns clearly exhibit the planes of (0 0 2) and *(0 0 4) at
diffraction peak 26.52° and 54.66°, respectively, corresponding to crystallized
hexagonal graphite (JCPDS 00-041-1487). The diffraction peaks at 35.68°, 43.44°,
57.38° and 63.04° were indexed to the m(1 1 0), m(2 0 2), m(1 2 2) and m(2 1 4) planes,
indicating the formation of crystallized trigonal hematite (JCPDS No. 00-033-0664).

From XRD results, the D of hematite, NiO and Gr nanostructures were
calculated from e(1 1 0), #(1 1 1) and *(0 0 2) peak, respectively, by using Debye-
Scherrer equation [Equation (3.1)]. The estimation of XRD parameters is presented in
Table 6.6. As expected, the findings indicate that the synthesis temperature significantly

influences XRD properties. At a temperature used in synthesis of 75°C, the D of
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hematite particles at the ®(1 1 0) plane is calculated as 23.50 £ 0.78 nm. It slightly
increases to 24.29 £ 1.21 nm and 24.42 + 1.25nm, at higher temperatures of synthesis
of 85°C and 95°C, respectively. Similarly, the D of NiO particles at the #(1 1 1) plane
IS estimated to increase from 17.54 + 2.15 nm to 18.17 + 1.00 nm as the synthesis
temperature rises. These findings align with several reports that have investigated the
hematite and NiO structure [232, 346-348]. It is anticipated that higher synthesis
temperatures accelerate the reaction rate, resulting in a faster crystallite grain formation
process, which in turn, leads to larger D [347]. Additionally, as observed in the XRD
spectra, the intensity of the Gr peak % (0 0 2) decreases from 24.33 £ 0.29 nm to 23.25

+ 0.31 nm with increasing synthesis temperature, consistent with a prior report [349].
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Figure 6.9  XRD Pattern of S-HNG at Synthesis Temperature of 75°C, 85°C and
95°C

Table 6.6

The FWHM and Crystallite Size of Hematite m(1 1 0), NiO #(1 1 1) and Gr %(0 0
2) Calculated using the Debye-Scherrer Formula

= (110) *(111) *(002)
Crystallite Crystallite .
Sample FWHM, p Sizz : FWHM, B Sizz : FWHM, §  Crystallite
(rad.) ' (rad.) ' (rad.) size, D (nm)
(nm) (nm)
75°C  (621:021)x10° 2350078 AN 47500005 GEEODDX 9534029
85°C  (6.01:030)x10° 2420121 BI0ODN 47692139 G 94194016
05°C  (598:030)x10° 24422125 COROM 4gi74900 GO 30540
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6.3.2 Morphological and Elemental Analysis of Hematite/NiO/Gr Composites

FESEM analysis revealed loosely agglomerated nanoparticles randomly
distributed across the S-HNG composite surface, with an @ayg ranging from 44 to 97 nm
[Figure 6.10 (a-f)]. As reported in the literature, precise control over particle dimensions
at the nanoscale is pivotal for advancing high-efficiency humidity-driven energy
harvesting systems, as reduced particle size enhances specific surface area and
facilitates superior electronic coupling, thereby improving energy conversion efficiency
and charge-transport dynamics [53, 350].

& gavg.=62t10nm /’:L

e o

w2y &

Figure 6.10 FESEM Images of Synthesized S-HNG Prepared via the Sonicated
Solution Immersion Method at Synthesis Temperatures of (a) and (d)
75°C, (b) and (e) 85°C, (c) and (f) 95°C, respectively. The Green Dashed
Line Indicates Regions of Nanoparticle Agglomeration

At a synthesis temperature of 75 °C, the nanoparticles exhibit moderate
agglomeration with an @ayg of 57 £ 7 nm, indicating that this temperature provides
sufficient thermal energy to promote the nucleation and growth of NiO and hematite on
the Gr flakes. Increasing the synthesis temperature to 85 °C results in a higher particle
yield and a moderate increase in size (Jayg = 62 = 10 nm). At 95 °C, extensive
nanoparticle formation is observed, accompanied by more pronounced agglomeration
and an @ayg of 78 + 13 nm, which still within the nanoscale regime but with greater

clustering due to intensified particle growth kinetics.
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Figure 6.11 (a) presents the FESEM micrograph of the S-H95/NG-FP surface,
revealing a uniform and well-integrated dispersion of HNG composites intricately
embedded within the microchannels of the cellulose-based FP substrate. The
topography exhibits pronounced surface roughness and an interconnected porous
network—maorphological attributes that are highly conducive to enhanced water-vapour
adsorption and subsequent ion transport. A magnified view in Figure 6.11 (b) further
elucidates the presence of densely agglomerated HNG domains, firmly anchored onto
the FP fibrillar matrix and uniformly distributed along the inter-fibril regions, thereby
ensuring robust interfacial contact and optimal active surface exposure for humidity-to-

electricity conversion.
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Figure 6.11 (a) FESEM Image of S-H95/NG-FP, (b) Magnified FESEM Image of S-

H95/NG-FP, and (c) EDX Spectrum with Elemental Composition
Analysis of S-H95/NG-FP

Figure 6.11 (c) presents the EDX spectrum of S-H95/NG-FP, clearly confirming
the presence of C, Ni, O, and Fe, thereby validating the successful deposition of HNG
composites onto the FP substrate. Complementary EDX elemental mapping, shown in
Figure 6.12 (a—f), reveals the spatial distribution of these constituent elements across
the sample. In the mapping, C, Ni, O, and Fe are visualized in purple, green, red, and
light blue, respectively. An additional Au peak is observed, originating from the gold
coating applied to the sample to mitigate surface charging effects during high-resolution
imaging. Collectively, these results substantiate not only the incorporation but also the
uniform dispersion of all targeted elements within the composite matrix, highlighting

the structural coherence and compositional homogeneity of the synthesized material.
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(f) Fe in the S-H95/NG-FP

In this study, the maximum synthesis temperature was constrained to 95 °C due
to equipment limitations. The results clearly demonstrate that synthesis temperature
exerts a profound influence on nanoparticle aggregation dynamics. Elevated thermal
energy modulates interparticle forces by diminishing electrostatic repulsive barriers,
thereby enabling van der Waals attractions to dominate and driving extensive
agglomeration [232, 351]. While a moderate degree of agglomeration can be
advantageous by increasing surface roughness and thereby facilitating greater water
molecule adsorption [352-354], excessive clustering of particles severely reduces the
accessible specific surface area for effective hygroscopic interactions [21]. Literature
reports further corroborate that excessively high synthesis temperatures induce severe
nanoparticle coalescence, which impairs humidity-to-electricity conversion efficiency
by restricting moisture diffusion pathways and limiting active surface—moisture
interactions [355-357]. These findings highlight the criticality of engineering optimal
nanoparticle dispersion to maximize accessible surface area and facilitate efficient
water molecule capture for enhanced energy conversion.

The HRTEM images displayed in Figure 6.13 (a) shows that S-H95/NG contains
aggregated nanoparticles of irregular size and spherical shape with hematite and NiO
nanoparticles anchor to Gr. The HRTEM image shown in Figure 6.13 (b) reveals clear
crystal lattice fringes with a lattice spacing of 0.310 nm, corresponding to the (0 0 2)
crystal plane of the Gr phase. Meanwhile, lattice spacings of 0.257 nm, 0.241 nm, and
0.204 nm have been identified based on the HRTEM image which align with the
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calculated spacings of the (1 1 0) plane of hematite, the (1 1 1) plane of NiO, and the (1
1 1) plane of Ni, respectively. From the histogram of particle sizes S-H95/NG presented
in Figure 6.13 (c), it is evident that most HNG nanoparticles range in size from 48 to 75
nm, with an average size of 59 = 7 nm. The particle size provided by the HRTEM

analysis is in agreement to the information obtained from XRD analysis.
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Figure 6.13 TEM Images of the S-H95/NG: (a) Low Magnification and (b) High
Magnification. (c) Histograms of The Particle Size Distribution of The S-
HNG

6.3.3 Hydrophilicity Analysis of Hematite/NiO/Gr Composites

The WCA results presented in Figure 6.14 confirm that all samples exhibit
hydrophilic characteristics. Notably, as the synthesis temperature increases from 75 °C
to 95 °C, the Oca decreases progressively. Specifically, S-H75/NG-FP records a 6ca of
64.2° + 3.6° with a surface energy of 26.0 + 1.0 mJ/m?, while S-H85/NG-FP exhibits a
Bca of 63.2° = 0.5° with a surface energy of 26.4 £ 0.1 mJ/m2. The lowest 6ca of 62.6°
+ 0.1°, corresponding to a surface energy of 26.6 + 0.1 mJ/m2, is observed for S-
H95/NG-FP, as summarized in Table 6.7. This progressive decrease in Oca is attributed
to enhanced hydrophilicity induced by increased surface roughness [358]. As
corroborated by FESEM observations, higher synthesis temperatures promote greater
nanoparticle agglomeration, thereby increasing surface roughness and generating

additional porous spaces [232, 359], which collectively contribute to the reduced ca.
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Figure 6.14 Water Contact Angle Measurement of S-HNG Composites on Cellulose-
Based Substrate with Different Synthesis Temperature (a) 75°C (b) 85°C
and (c) 95°C

Table 6.7
Contact angle measurement data of samples S-H75/NG-FP, S-H85/NG-FP and S-
H95/NG-FP

Sample WCA (°) Surface Energy (mJ/m?)
S-H75/NG-FP 64.2°+3.6° 26.1+1.0
S-H85/NG-FP 63.2°+0.5° 264+0.1
S-H95/NG-FP 62.6°+0.1° 26.6+0.1

6.3.4 Chemical Composition Analysis of Hematite/NiO/Gr Composites

The chemical composition and oxidation states of the S-H95/NG composites
were further investigated using XPS over a binding energy range of 0 to 1200 eV. Figure
6.15(a) to (d) presents the XPS survey spectrum and the high-resolution spectra of the
Ni2p, C 1s, and Fe 2p regions for the S-HI95/NG composites. As shown in Figure 6.15
(@), the composite primarily consists of C, Ni, and Fe. The high-resolution Ni2p
spectrum in Figure 6.15 (b) confirms the presence of NiO, indicated by prominent peaks
at 856.38 eV and 862.01 eV. Metallic Ni is also detected, with corresponding peaks at
854.78 eV and 860.61 eV. Figure 6.15 (c) displays the high-resolution C 1s spectrum,
which reveals peaks associated with Gr, particularly non-oxygenated carbon bonds such
as C=C and C-C at 284.08 ¢V and 284.74 ¢V, respectively. Additional peaks at
285.41 ¢V and 286.02 eV correspond to oxygen-containing functional groups, namely
C-0 and carbonyl carbon (C=0), respectively.

Additionally, the Fe2p spectrum in Figure 6.15 (d) exhibits peaks
corresponding to the hematite phase at 713.97 eV, as well as a minor peak at 725.53 eV
attributed to magnetite [360, 361]. Peaks at 710.11 eV and 723.98 ¢V are assigned to
Fe, while peaks at 711.89 eV and 724.78 eV are attributed to FeO. Meanwhile, the high-
resolution O 1s spectrum, presented in Figure 6.15 (e), exhibits peaks corresponding to
the NiO phase at 530.38 eV, C=0 at 532.10 eV, C-O at 533.54 eV, FeO at 531.08 eV
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and hematite at 529.45 eV [301]. Overall, the high-resolution XPS results confirm the
chemical composition of the sample, aligning well with the XRD data and verifying the

presence of hematite, NiO, and Gr in the synthesized composites.
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Figure 6.15 The XPS Spectra of the S-H95/NG Powder; (a) Full-Range Survey

Spectra, High-Resolution Spectra of (b) Ni 2p Region, (c) C 1s Region,
(d) Fe 2p Region and (e) O 1s Region

6.3.5 Surface Area and Porosity Analysis of Hematite/NiO/Gr Composites

BET analysis revealed a progressive decrease in both specific surface area and

BJH average pore width of the S-HNG composites with increasing synthesis
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temperature. As presented in Table 6.8, S-H75/NG exhibited the highest BET surface
area (12.3 m?/g), which marginally declined to 12.0 m?/g for S-H85/NG and dropped
sharply to 2.3 m?/g for S-H95/NG. A similar trend was observed for the BJH average
pore width, decreasing from 29.2 nm (S-H75/NG) to 26.8 nm (S-H85/NG) and further
to 25.9 nm (S-H95/NG). Comparable trends in surface area reduction with increased
synthesis temperature have been reported in previous studies [362, 363]. This decline is
plausibly attributed to temperature-induced aggregation of hematite and NiO
nanoparticles on Gr surfaces, leading to partial pore filling and blockage, which in turn

limits the number of accessible mesopores for N2 adsorption during BET measurements.

Table 6.8
Comparison of the BJH Adsorption Average Pore Diameter and BET Surface Area
of S-H75/NG, S-H85/NG and S-H95/NG Composites Powder

Sample BJH Adsorption average pore diameter (nm) BET surface area (m?/g)
S-H75/NG 29.2 12.3
S-H85/NG 26.8 12.0
S-H95/NG 25.9 2.3

6.3.6 Electrical Characterization Analysis of Hematite/NiO/Gr Composites

Hall effect measurements were conducted to investigate the electrical
characteristics of S-HNG synthesized at different temperatures. Based on the findings,
the carrier concentration increased from (0.45 = 0.1) x 103 cm™ to (0.63 * 0.3)
x 103 cm® as the synthesis temperature increased. Similarly, the Hall mobility
increased with rising synthesis temperature, from (2.3 £ 0.1) x 103cm?/V:s to (2.6 *
1.3) x10*cm?/V-s. Meanwhile, the Hall coefficient decreased from (13.9 + 0.3)
x 10°cm®/C for S-H75/NG-1.0-FP to (10.7 £ 0.5) x 10°cm®/C and (10.0 + 0.4)
x 10% cm®/C for S-H85/NG-FP and S-H95/NG-FP, respectively.

The electrical conductivity of the samples calculated using Equation (3.6),

+

showed that S-H95/NG-FP exhibited the highest conductivity among the samples, with
a value of (2.6 = 1.3) x 102 S/cm, as presented in Table 6.9. These results indicate that
synthesis temperature plays a significant role in enhancing the Hall-measured
conductivity. The enhanced conductivity observed for S-H95/NG-FP based on Hall
effect measurements, indicates lower resistivity within the developed material. This
leads to higher carrier mobility, which in turn results in increased conductivity. This
improvement is attributed to the greater thermal energy during synthesis, which

promotes the formation of larger crystal domains and improved crystallinity, in
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alignment with the XRD results obtained [134]. In addition, according to Wang et al.
[364], microstructures with optimized surface area and conductive pathways can form
at the ideal synthesis temperature. This contributes to enhanced electron diffusion
within the Gr matrix, thereby facilitating higher conductivity.

Table 6.9
Hall Effect Measurement Data of S-H75/NG, S-H85/NG and S-H95/NG
Composites on Cellulose-Based Substrate

Carrier Hall Coefficient Mobility Conductivity, ¢
Sample Concentration 3 )

(cm?) (cm?/C) (cm?/(V-s)) (S/cm)
S-H75/NG-FP_ (0.45 +0.1) x 10 (13.9+£0.3) x 10° (23+£0.1) x10° (1.7+0.1) x10°
S-H85/NG-FP  (0.58 +0.2) x 103 (10.7 +£0.5) x 10° (3.3+0.2) x 103 (3.1+0.1) x 103
S-H95/NG-FP  (0.63 +0.1) x 103 (10.0 +0.4) x 10° (2.6 +1.3) x 10 (2.6 +1.3) x 102

On the other hand, other measurements were conducted at specific RH levels to
evaluate the samples' response to humidity and their operational effectiveness. HGPG
devices with a humidity absorption area of 1.25 cm? were fabricated using S-HNG
composites synthesized at range of temperatures, 75°C, 85°C and 95°C. The voltage
versus time at a fixed RH of 75% is shown in Figure 6.16 (a), and Table 6.10 highlights
the samples' performance in harvesting humidity into electricity. The results indicate
that S-H95/NG-FP-based HGPG exhibited the best performance, with an output voltage
of (3.87 £ 0.06) x 10°V. In comparison, S-H75/NG-FP-based HGPG and S-H85/NG-
FP-based HGPG generated voltages output of (3.01 + 0.23) x 10V and (3.45 + 0.22)
x 10V, respectively. These results highlight the critical role of synthesis temperature
in dictating overall electrical conversion efficiency. The observed performance
enhancement is intrinsically linked to temperature-induced modulation of surface
hydrophilicity. As previously discussed, S-H95/NG-FP exhibits superior hydrophilic
characteristics relative to S-H75/NG-FP and S-H85/NG-FP, enabling more effective
adsorption and retention of water molecules. This enhanced water-trapping capability
facilitates increased ion mobility and redox activity within the composite, culminating

in a marked improvement in output voltage [152].

Table 6.10
The Humidity-To-Energy Performance of Fabricated S-H75/NG-FP, S-H85/NG-
FP and S-H95/NG-FP-Based HGPG Devices

o Output voltage, ~ Current density, Power, P
Sample RH (%) R M) V (V) 3 (Alem?) W)
S-H75/NG-FP (3.01£023)x10° _ (2.41 +0.02) x 100 _ (9.06 « 0.07) x10%3
S-HB5/NG-FP 75 0 (3.45+0.22) x 100 (2.76 +0.18) x10%° _ (1.19 £ 0.15) x1022
S-HO5/NG-FP (3.87 £ 0.06) x 102 (3.09 £ 0.05) x 100 (1.50 £ 0.05) x1022
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Figure 6.16 (b) shows the current versus time at varying RH levels. From the
graph, all samples demonstrated a good response to humidity changes. They maintained
a steady electrical signal at 40% RH and increased steadily as it reached 90% RH during
the adsorption process. At 90% RH, S-H95/NG-FP-based HGPG produced the highest
current of 3.3 nA, compared to S-H75/NG-FP-based HGPG and S-H85/NG-FP-based
HGPG, which generated slightly lower currents of 2.4 nA and 2.7 nA, respectively.
During the desorption process, as RH decreased from 90% to 40%, all samples showed

a drop in current.
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Figure 6.16 (a) The Voltage Versus Time at a Fixed RH Of 75% with Zero Bias
Applied to Fabricated S-H75/NG-FP, S-H85/NG-FP and S-H95/NG-FP-
Based HGPG. (b) The Current Versus Time at Various RH Levels with
Zero Bias Applied to Fabricated S-H75/NG-FP, S-H85/NG-FP and S-
H95/NG-FP-Based HGPG

Due to equipment limitations, the maximum immersion bath temperature
attainable in this study was 95 °C, which consequently served as the highest synthesis
temperature investigated. Literature reports indicate that, particularly in humidity-
driven energy harvesting applications, synthesis temperatures exceeding 95 °C can
markedly influence nanoparticle attributes such as size, shape, and crystallinity, thereby
potentially enhancing device performance [365, 366]. Nonetheless, the optimal
synthesis temperature is highly dependent on the material system, synthesis route, and
intended application [32, 367-370]. For instance, a study on Ni-MOFs for
supercapacitor electrodes reported that synthesis at 80 °C yielded materials with larger
specific surface areas and superior electrochemical performance [371]. Conversely,

work on bismuth antimony telluride (BiosSbisTes) thin films revealed that powders
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synthesized at 150 °C achieved optimal thermoelectric and semiconducting
characteristics [372].

Based on this research, higher synthesis temperatures enhanced the hydrophilic
nature of the sample by increasing nanoparticle aggregation, surface roughness, and
porosity, which collectively reduced the 6ca and improved humidity responsiveness.
Overall, this work highlights the importance of synthesis temperature in tuning material
properties such as morphology, hydrophilicity, and crystallinity to maximize the
efficiency of humidity-to-energy conversion.

6.4 Enhanced Humidity Gradient Energy Harvesting with Hematite/NiO/Gr
Composites on Hydrogel/FP for Humidity Gradient Energy Harvesting
Application

The integration of cellulose with hydrogel offers a substantial advancement in
realizing gradient configurations for next-generation HGPG devices. In this study, S-
H95/NG composite powder was synthesized via a straightforward sonicated solution
immersion method, as outlined in Section 3.5, and subsequently deposited onto a Co—
Zn-based nanoceramic hydrogel—cellulose substrate. The substrate was prepared using
a sol—gel process, while the fabrication of the HGPG device incorporating the S-HNG
composite on the Co—Zn-based nanoceramic hydrogel film is described in Section 3.5.2.
Comprehensive evaluations, including structural characterization, morphological
analysis, hydrophilicity assessment, and electrical performance measurements, were

undertaken to determine the suitability of the prepared sample for HGPG applications.

6.4.1 Structural Properties Analysis of Hematite/NiO/Gr-Hydrogel/FP

The XRD patterns of prepared S-HNG-hydrogel/FP are shown in Figure 6.17.
Diffraction peaks at 37.72° and 44.04° which corresponds to the #(1 1 1) and #(2 0 0)
planes, signifying the formation of crystallized cubic NiO nanoparticles (JCPDS No.
01-071-4750). The XRD patterns clearly exhibit the planes of % (0 0 2) at diffraction
peak 26.02° corresponding to crystallized hexagonal graphite (JCPDS No. 00-041-
1487). The diffraction peaks at 35.24°, 43.44° and 64.20° were indexed to the m(1 1 0),
m(2 0 2) and m(2 1 4) planes, indicating the formation of crystallized trigonal hematite
(JCPDS No. 00-33-0664).
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Figure 6.17 XRD Pattern of (a) FP, (b) Hydrogel/FP, (c) S-HNG-hydrogel/FP and (d)
S-HI95/NG-FP

Additionally, the XRD patterns clearly exhibit the planes of ¢(1 0 1), @ (11 0),
e (200), e (023)and e (23 1) at diffraction peak 13.98°, 15.84°, 22.14°, 33.34° and
43.74°, respectively, corresponding to crystalline phase with monoclinic structure of
cellulose (JCPDS No. 00-056-1718) [286, 287]. The hydrogel component on the Co-Zn
hydrogel-cellulose substrate is most likely represented by the broad peak, marked by
the pink triangle symbol (A ) in the XRD pattern around 9.30° indexing to the (0 0 3)
plane [373, 374]. The peak that was observed aligns with the hydrogel network's
structural ordering. This indicates semi-crystalline in the hydrogel matrix or ordered
regions within the polymer network, which are typical of cellulose-based hydrogels
[375, 376].

Based on the XRD results, the D of the Gr nanostructures was calculated from
the % (0 0 2) peak using Equation (3.1). The estimated XRD parameters are summarized
in Table 6.11. It was found that S-H95/NG-FP exhibits a D value of 20.14 + 0.49 nm,
which is larger than that of S-HNG-hydrogel/FP with a D of 18.45+0.20 nm. This
suggests that the hydrogel film disrupts the stacking of Gr layers, resulting in a
diminished intensity of the Gr peak in the XRD pattern [377, 378]. According to Das et
al. [379], sharp Ni and NiO peaks accompanied by a weak Gr peak indicate that NiO/Ni

particles cover and interfere with the ordered stacking of Gr sheets in the composite.
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The interplanar spacing and unit cell volume exhibited consistency, with only negligible

deviations in their mean diffraction peak positions.

Table 6.11
The FWHM, 26, Interplanar Spacing, Unit Cell Volume and Crystallite Size of Gr

% (0 0 2) for S-H95/NG-FP and S-HNG-hydrogel/FP

FWHM, o Interplanar Unit Cell Volume, Crystallite
Sample 20 (°) . 3 .

B (rad) spacing, d (nm) V (nm°) size, D (nm)
S'HQFSP/NG' (7.0740.17) x 103 2612  0.34+(7.26 x10%)  0.32+(2.03x10%)  20.14+0.49
hy%'r':g'eﬁ'pp (7.7240.08) x 103 2599 034+ (1.83x104) 032+ (517x10%)  18.45£0.20

6.4.2 Morphological and Elemental Analysis of Hematite/NiO/Gr-Hydrogel/FP

Figure 6.18 (a) shows the FESEM image of the cross-section of the prepared S-
HNG-hydrogel/FP. The image reveals that the sample has an approximate thickness of
240 pm. Meanwhile, Figure 6.18 (b) displays the top-view FESEM image of the sample,
which exhibits a porous and heterogeneous surface morphology. Bubble-like
formations are visible on the surface, likely resulting from phase separation or air
entrapment during the gelation or drying process of the hydrogel. These spherical
features which vary in size, appear to enhance the porous structure of the surface.
Nanochannels formed between the HNG composites are evident in the FESEM images
shown in Figure 6.18 (c) and (d), which display both porosity and an interconnected
network within the material, forming heteromorphic nanochannels with a wide range of

nanoscale widths.
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Figure 6.18 FESEM Images of the Prepared S-HNG-Hydrogel/FP: (a) Thickness of S-

HNG-Hydrogel/FP, (b) Top-View Image, (c) Cross-Sectional Image, and

(d) Magnified Cross-Sectional Image. The Red Dashed Arrow Indicates
the Interconnected Porosity within the S-HNG-Hydrogel/FP

The cellulose fibers are visible through the pores, suggesting that the hydrogel
network forms and spreads throughout the cellulose base. This observation is supported
by the EDX results of the cross-sectional sample shown in Figure 6.19, which confirm
the presence of C, Ni, O, and Fe from the HNG composite, as well as C, Co, and Zn
from the Co-Zn-based nanoceramic hydrogel-cellulose substrate. The Co and Zn
elements are uniformly distributed throughout the sample, while Ni and Fe are
predominantly concentrated at the surface due to the top-side deposition of the HNG
composite. The extra peaks observed in the EDX spectrum are attributed to the Pt
coating, which was applied to reduce charging effects during FESEM and EDX
imaging. The interconnected pores, exposed cellulose fibers, and bubble-like structures
contribute to an increased surface area, which is advantageous for ion mobility and
water absorption which are key factors in enhancing the performance of HGPG devices.
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Figure 6.19 (a) EDX Colour Mapping: (b) Co, (c) Zn, (d) Ni, (e) O and (f) Fe in the
S-HNG-hydrogel/FP

The HRTEM images of the prepared S-HNG-hydrogel/FP, containing
aggregated nanoparticles of irregular sizes and spherical shapes, are shown in Figure
6.20 (a). The HRTEM image in Figure 6.20 (b) reveals clear lattice fringes with
spacings of 0.238 nm, corresponding to the (1 1 1) planes of the NiO phase of the Ni
phase, respectively. Meanwhile, lattice fringes with spacings of 0.253 nm and 0.304 nm
are observed, corresponding to the (1 1 0) plane of the hematite phase and the (2 0 0)
plane of the Gr phase, respectively. These observations confirm that hematite/NiO
nanoparticles are anchored onto the Gr surface, with some degree of nanoparticle
overlap. The particle size distribution, shown in the histogram in Figure 6.20 (c),
indicates that the nanoparticles range from 46 to 69 nm, with an average size of 55 + 5
nm. The particle size determined from HRTEM analysis is consistent with the values

obtained from XRD measurements.

(a) co-zn
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Figure 6.20 TEM Images of the S-HNG-hydrogel/FP: (a) Low Magnification and (b)
High Magnification. (c) Histograms of the Particle Size Distribution of
the S-HNG-hydrogel/FP

150



6.4.3 Hydrophilicity Analysis of Hematite/NiO/Gr-Hydrogel/FP

Figure 6.21 shows that the prepared S-HNG-hydrogel/FP exhibits strong
hydrophilic properties, with a 6ca of 44.6° + 0.4°, corresponding to a higher surface
energy of 31.2 + 0.1 mJ/m?. In comparison, S-H95/NG-FP shows slightly higher Oca of
62.6°+ 0.1°, with a surface energy of 26.6 = 0.1 mJ/m?, as summarized in Table 6.12.
The enhanced hydrophilicity observed in the hydrogel-integrated sample is attributed
to the Co-Zn hydrogel network, which forms through metal-ligand interactions and sol-

gel transition, improving both water interaction and gelation behaviour.

(a)

Figure 6.21 Water Contact Angle Measurement of S-HNG-hydrogel/FP

Table 6.12
Contact Angle Measurement Data of samples S-H95/NG-FP and S-HNG-
hydrogel/FP
Sample WCA (°) Surface Energy (mJ/m?)
S-H95/NG-FP 62.6°+0.1° 26.6+0.1
S-HNG-hydrogel/FP 44.6°+0.4° 31.2+0.1

As illustrated in Figure 6.22, the synthesized Co-Zn hydrogel was dropped onto
a microscope glass slide. When heated in a furnace (Protherm) at 90 °C for 3 minutes,
the hydrogel visibly shrank and dried. In contrast, exposure to a high-humidity
environment (90% RH for 10 minutes) caused the hydrogel to expand significantly,
indicating its strong affinity for water absorption from the surrounding environment.
The integration of the hydrogel into the composite structure enhances hydrophilicity
and moisture interaction, attributed to its abundance of hydroxyl (-OH) and amine (-
NH.) groups [380]. These functional groups contribute to the observed low contact
angle, high surface energy, and improved moisture adhesion, making the material
suitable for HGPG applications [381].
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Figure 6.22 Co-Zn Hydrogel on a Microscope Glass Slide: (a) After Heating at 90 °C
for 3 minutes, Showing Visible Shrinkage and Drying, and (b) After
Exposure to a High-Humidity Environment (90% RH) for 10 Minutes,
Showing Visible Expansion

6.4.4 Surface Area and Porosity Analysis of Hematite/NiO/Gr-Hydrogel/FP

Based on BET analysis, it was discovered that the BET surface area and BJH
average pore width of S-HNG-hydrogel/FP were lower than those of the sample of S-
H95/NG-FP. This is due to the pores and surface features of the cellulose substrate have
been covered by the hydrogel layer. The hydrogel has a tendency to form a dense
network that fills in the gaps between fibers result in smooth surface topography during
gelation and drying. Thus, the hydrogel-coated sample has lower surface area and
smaller average pore @ due to fewer accessible pores for N2 adsorption during BET
measurement.

BET measurements were used to determine the Density Functional Theory
(DFT) pore characteristics of the samples. For the S-H95/NG-FP sample, the analysis
revealed the presence of micropores (< 2 nm) with a micropore volume of 5.8x10%3
m®/g. In contrast, the S-HNG-hydrogel/FP sample exhibited no detectable
microporosity, as the hydrogel layer likely blocked the micropores, rendering them
inaccessible for N2 adsorption analysis. Notably, as summarized in Table 6.13, the S-
HNG-hydrogel/FP sample displayed a pore volume of approximately 4.1 x 102 mq/g
and a total surface area in pores larger than 2 nm of 28.9 m?/g, both of which are higher
than those of the S-H95/NG-FP sample. These results indicate that the hydrogel
introduces additional mesoporous structures into the composite. Such mesoporosity is
beneficial for enhancing moisture adsorption and facilitating ion transport, both of

which are essential for high-performance HGPG applications.
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Table 6.13
Comparison of BET Surface Area and DFT Pore Size Distribution between S-
H95/NG-FP and S-HNG-hydrogel/FP

ij:'or tion BET Volume in Total Volume in  Total Area
Sample averagpe nore surface Pores<2nm  Pores<=100nm in Pores>=
2 -3 m3 -2 m3 2
diameter (nm) area (m2/g) (%107 m3/g) (%10 m°/g) 2 nm (m?/g)
S'H9F5FfNG' 8.5 68.4 5.8 2.0 21.6
S-HNG-
hydrogel/FP 3.9 56.5 0.0 41 28.9

6.4.5 Electrical Characterization Analysis of Hematite/NiO/Gr-Hydrogel/FP

Measurements were conducted on S-H95/NG-FP and S-HNG hydrogel/FP to
assess their humidity responsiveness and operational performance in HGPG
applications. Figure 6.23 (a) presents the current-time response at various RH levels.
Both samples exhibited a clear and stable response to humidity variations, maintaining
a consistent electrical signal at 40% RH during the adsorption phase, which
progressively increased as the RH rose to 90%. At 90% RH, the S-H95/NG-FP-based
HGPG produced a current of 3.3 nA, whereas the S-HNG hydrogel/FP-based HGPG
achieved a substantially higher current of 13.0 nA. This pronounced enhancement is
attributed to the hydrogel layer, which provides a highly hygroscopic and ion-
conductive network that facilitates rapid water uptake and efficient ion transport across
the device. During the desorption phase, as the RH decreased from 90% to 40%, both
devices displayed a corresponding decline in current output, demonstrating their
reversible and stable humidity response characteristics.

The voltage—time profiles at a fixed RH of 75% are shown in Figure 6.23 (b),
with the corresponding performance metrics summarized in Table 6.14. The S-
H95/NG-FP-based HGPG delivered an output voltage of (3.87 + 0.06) x 102 V, a
current density of (3.09 + 0.05) x 10°%% A/ecm?, and an output power of (1.50 + 0.05) x
1012 W. In contrast, the S-HNG hydrogel/FP-based HGPG achieved a markedly higher
output voltage of (11.50 + 0.20) x 102 V, a current density of (9.23 + 0.16) x 100
Alcm?, and an output power of (13.23 + 0.23) x 10"*? W. This substantial enhancement
in performance is attributed to the hydrogel’s exceptional hygroscopicity and
interconnected three-dimensional porous network, which enable greater water uptake,
serve as a reservoir for active material, and facilitate enhanced ion dissociation.

Moreover, as supported by the BET analysis discussed earlier, hydrogel integration
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optimizes the microstructural architecture and overall porosity, thereby reducing
diffusion resistance by allowing water molecules to readily permeate the structure under
high-humidity conditions [113]. In addition, the hydrogel’s capacity to promote ion
mobility strengthens the development of a moisture gradient, further boosting voltage
generation [382].
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Figure 6.23 (a) The Current Versus Time at Various RH Levels with Zero Bias
Applied to Fabricated S-H95/NG-FP and S-HNG-Hydrogel/FP-Based
HGPG. (b) the Voltage Versus Time at a Fixed RH of 75% with Zero
Bias Applied to Fabricated S-H95/NG-FP and S-HNG-Hydrogel/FP-
Based HGPG

Table 6.14
The Humidity-To-Energy Performance of Fabricated S-H95/NG-FP and S-HNG-
Hydrogel/FP-Based HGPG Devices

Sample RH R Output voltage, V  Current density, Power, P
(%) M) V) J (Alcm?) (W)
S-HI5/NG-FP 5 1o _(387%006)x10° (3.09£0.05x 107 (1.50£0.05) x107
S-HNG-hydrogel/FP (1150 + 0.20) x 103 (9.23 +0.16) x10%°0 _ (13.23 + 0.23) x102

6.4.6 Working mechanism of Hematite/NiO/Gr Composites on Hydrogel/FP for
Humidity Gradient Energy Harvesting Application

The working mechanism of the developed HGPG device is illustrated in Figure
6.4 highlighting the voltage generation phenomena during humidity conversion.
Cellulose paper, specifically FP, was used as the substrate in the HGPG device. A
material property gradient is introduced when the S-HNG composites layer is deposited
on the FP substrate, due to differences in surface energy, conductivity, and
hygroscopicity between the composites and the cellulose. This gradient facilitates

directed ion migration, enabling charge separation and the generation of electricity
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[383-385]. The fibrous, porous architecture of cellulose paper is well known for forming
spontaneous, randomized capillary channels [386]. Meanwhile, the interface between
NiO and Gr incorporated with hematite, gives rise to heteromorphic nanochannels,
which differ in shape, conductivity, and surface properties. As illustrated in Figure 6.4
(a), a network of continuous, heteromorphic nanochannels is formed by the aligned
nanopores in hematite/NiO and Gr. These nanochannels are essential for promoting
directional water molecule migration, facilitating ion transport, and generating internal

potential differences crucial for power generation [387, 388].

(a) Heteromorphic nanochannel
Ag electrode (created between HNG)

hematite/NiO

Nanopores on

the surface
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Humidity-to-energy
device

HNG on cellulose-based substrate

HNG composite
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Figure 6.24 Operation Mechanism of the Constructed Humidity-To-Energy Device,
Illustrating the VVoltage Generation during Humidity Conversion: (a)
Formation of Heteromorphic Nanochannels Between Synthesized HNG,
(b) Nanochannels Facilitate Continuous Charge Separation and Maintain
lonic Current, (c) Surface Reactions During Humidity Conversion that
Enable Electricity Generation via the Developed Hygroscopic Materials
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A HGPG device incorporating S-HNG-hydrogel/FP is equipped with Ag metal
contacts positioned at its edges. The Co-Zn hydrogel functions as a highly porous and
hydrophilic layer that efficiently captures water molecules from ambient air, enabling
continuous hydration driven by the concentration gradient at the composite-hydrogel
interface. The presence of Co?* and Zn?* ions in the hydrogel reduces the energy barrier
for water diffusion. This enhancement is attributed to electrostatic interactions between
the divalent metal ions and water molecules, which promote sustained proton and
hydroxide mobility [389]. The absorbed water molecules undergo partial dissociation
into H* and OH" ions due to ionization effects [390]. While OH" ions may be trapped or
neutralized at the surface, H* ions continue to migrate through a network of
interconnected heteromorphic nanochannels formed by the aligned nanopores within
the HNG composite layer. These nanochannels are critical for facilitating directional
proton flow, supporting ion transport, and contributing to the development of internal
potential differences necessary for power generation [387, 388].

Simultaneously, electrocatalytic surface redox reactions occur spontaneously
and serve as the primary power source. As water molecules reach the composite layer,
they trigger and participate in redox reactions. In this phase, H* ions facilitate the
oxidation of Ni(OH), to NiOOH, releasing electrons and additional protons, while Fe3*
in hematite is reduced to Fe?* by accepting electrons [391, 392]. Following these
reactions, the released H* ions continue migrating through the nanochannels within the
composite. Sustained proton transport helps maintain the redox cycle and supports
continuous charge separation. The electrons generated from oxidation are conducted
through the highly conductive Gr layer toward the Ag electrode, generating a
measurable voltage and current. Several reported studies on humidity-based energy
harvesting have involved surface redox reactions, confirming that humidity can trigger
electrochemical processes for power generation, consistent with the findings of this
study [393-396].

Figure 6.24 (b) illustrates how the system functions as a self-sustained moisture-
gradient material for humidity conversion. Humidity distribution across the device is
typically non-uniform [397]. Asymmetry in the material, such as that introduced by the
heteromorphic nanochannels, along with factors like device orientation, may cause one
side to absorb slightly more moisture than the other. This leads to a significant potential
gradient across the hydrogel and composite structure. Consequently, the device’s output

voltage and current are measured across the two metal contacts. The roles of the Ag
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electrodes as anode or cathode depend on the local humidity conditions and the direction
of internal ion flow [398]. Typically, the anode is the electrode at which oxidation
occurs, and electrons are released into the external circuit, while the cathode is where

electrons are received, facilitating reduction reactions and electron collection.

6.5 Innovative Humidity Gradient Energy Harvesting Using Hematite/NiO/Gr
Composites on Hydrogel/RP for Humidity Gradient Energy Harvesting
Application

The integration of RP with hydrogel represents a noteworthy advancement
toward achieving a gradient configuration in HGPG devices, while simultaneously
aligning with the waste-to-energy concept for long-term sustainable energy solutions.
In this study, HNG composite powder was synthesized via a straightforward sonicated
solution immersion method, as outlined in Section 3.5. The synthesized composite was
subsequently deposited onto a Co-Zn-based nanoceramic hydrogel-RP substrate. The
preparation of the RP substrate integrated with hydrogel, employing the sol-gel method,
along with the fabrication of the HGPG device incorporating the S-HNG composite on
the Co-Zn-based nanoceramic hydrogel film, are detailed in Section 3.5.3. The potential
of the developed sample for HGPG applications was systematically evaluated through
comprehensive analyses, including structural characterization, morphological

examination, hydrophilicity assessment, and electrical performance testing.

6.5.1 Structural Properties Analysis of Hematite/NiO/Gr-Hydrogel/RP

The XRD patterns of prepared S-HNG-hydrogel/RP are shown in Figure 6.25.
Diffraction peaks at 37.70°, 43.90° and 62.70° which corresponds to the #(1 1 1), #(2
0 0) and #(2 2 0) planes, signifying the formation of crystallized cubic NiO
nanoparticles (JCPDS No. 01-071-4750). The XRD patterns clearly exhibit the planes
of % (0 0 2) at diffraction peak 26.28° corresponding to crystallized hexagonal graphite
(JCPDS No. 00-056-0160). The diffraction peaks at 35.40°, 43.12° and 64.02° were
indexed to the m(1 1 0), m(2 0 2) and m(2 1 4) planes, indicating the formation of
crystallized trigonal hematite (JCPDS No. 00-033-0664). Additionally, the XRD
patterns clearly exhibit the planes of (1 0 1), (11 0), ¢(111), #¢(200), (02 3) and
e(2 3 1) at diffraction peak 14.04°, 15.80°, 19.12°, 22.30°, 33.44° and 43.84°,
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respectively, corresponding to crystalline phase with monoclinic structure of cellulose
(JCPDS No. 00-056-1718) [286, 287]. A sharp diffraction peak at 29.06°, marked by a
brown triangle symbol ( A ), was indexed to the (1 0 4) plane, indicating the presence of
trigonal CaCOs, an additive derived from the RP (JCPDS No. 00-005-0586) [399].
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Figure 6.25 XRD Pattern of (a) FP, (b) RP, (c) S-HNG-hydrogel/RP and (d) S-HNG-
hydrogel/FP

Table 6.15
The FWHM, 26, Interplanar Spacing, Unit Cell Volume and Crystallite Size of NiO
#(111) for S-HNG-hydrogel/FP and S-HNG-hydrogel/RP

FWHM, Interplanar Unit Cell Crystallite

Sample 20 (° . .

P B (rad) © spacing, d (nm) Volume, V (nm®)  size, D (nm)
hyi}';g'\éﬁép (6.35+0.05) x10°  37.94 0.24+(5.11x10%  0.07+(4.48x10%  23.12+0.18
hy%'r':g‘eﬁ'FP (6.24+0.04)x10° 3775 024+ (430x10%) 007+ (38Lx10%)  23.49+0.16

From the result analysis, it is observed that the XRD pattern of hydrogel/RP is
similar to hydrogel/FP with some extra peaks indicating the RP may consist of additives
such as inks and fillers (i.e., CaCos) [400]. On the other hand, the S-HNG-hydrogel/RP
sample shows a more prominent Gr peak, indicating that the addition of RP significantly
enhances the visibility of the Gr peak while reducing the crystallinity of NiO, as
presented in Table 6.15. According to Damnali et al. [401], RP typically contains higher
levels of chemical variability which improve crystallite alignment and, thus, increase
the intensity of the XRD signal for carbon-based phases. However, the D of NiO
calculated from the #(1 1 1) peak using Equation (3.1) shows only a very slight increase,
indicating that the D values for both samples are relatively similar and not significantly
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affected. In addition, the interplanar spacing and unit cell volume were effectively
identical, with their average diffraction peak positions differing by only a marginal

amount.

6.5.2 Morphological and Elemental Analysis of Hematite/NiO/Gr-Hydrogel/RP

Figure 6.26 (a) presents the FESEM cross-sectional image of the S-HNG-
hydrogel/RP sample, revealing an overall thickness of approximately 474 pm. The
cross-sectional view in Figure 6.26 (b) highlights a well-developed network structure
characterized by pronounced porosity and high interconnectivity within the material.
The top-view FESEM image in Figure 6.26 (c) shows a porous surface morphology
populated with spherical features of varying dimensions, with an average size of 58.2 +
16.5 pm. A magnified view in Figure 6.26 (d) further reveals that these pores form
interconnected pathways, which are advantageous for moisture penetration and ion
transport.

The hydrogel network is observed to penetrate and distribute uniformly
throughout the cellulose matrix, as evidenced by the EDX cross-sectional analysis
shown in Figure 6.27. The EDX spectrum confirms the presence of C, Ni, O, and Fe
from the S-HNG composite, together with C, Co, and Zn originating from the Co-Zn-
based nanoceramic hydrogel-cellulose substrate. Calcium (Ca) peaks were also
detected, validating that the additive in the RP is Ca, consistent with the XRD results
and in agreement with previous reports [402, 403]. Extra peaks in the spectrum
correspond to the thin Au coating applied to reduce surface charging during FESEM
and EDX characterization. The comparable porous structure and elemental composition
observed for composites on both hydrogel/RP and hydrogel/FP substrates indicate that
RP-based HGPG devices can perform on par with those fabricated using commercial
FP, making RP a promising low-cost and sustainable alternative for humidity-driven

energy harvesting applications.
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S-HNG-Hydrogel/RP, (b) Magnified Cross-Sectional Image, (c) Top-
View Image, and (d) Magnified Top-View Image Showing a Clear View
of The Pores. The Red Dashed Arrow Indicates the Interconnected
Porosity within the S-HNG-Hydrogel/RP

Mass Norm. Atom
(%) %

Carbon 32.26 60.57
Oxygen 13.83 19.49
Zinc 2452 846
Cebalt 1972 755
Nicksl 616 237
Iron 255 103
Calcium 096 054

100.00 100.00

Element

0
o 18 . Energy IV

Figure 6.27 (a) EDX Colour Mapping: (b) C, (c) O, (d) Ca, (e) Fe, (f) Co, (g) Ni and
(h) Zn in the S-HNG-hydrogel/RP
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6.5.3 Hydrophilicity Analysis of Hematite/NiO/Gr-Hydrogel/RP

The WCA measurements were carried out to evaluate the hydrophilic properties
of S-HNG-hydrogel/RP and to compare them with those of S-HNG-hydrogel/FP. Based
on the results shown in Figure 6.28, S-HNG-hydrogel/RP exhibited a slightly higher
Oca of 56.4°+0.3°, with an estimated surface energy of 28.3 +0.1 mJ/m?, calculated
using Equation (2.8). However, as presented in Table 6.16, S-HNG-hydrogel/FP
demonstrated stronger hydrophilic properties, with a lower Oca of 44.6°+0.4° and a

surface energy of 31.2+ 0.1 mJ/m?.

-

Figure 6.28 Water Contact Angle Measurement of (a) S-HNG-hydrogel/RP and (b) S-
HNG-hydrogel/FP

Table 6.16
Contact Angle Measurement Data of Samples S-HNG-hydrogel/FP and S-HNG-
hydrogel/RP
Sample WCA (°) Surface Energy (mJ/m?)
S-HNG-hydrogel/RP 56.4°+0.3° 28.3+0.1
S-HNG-hydrogel/FP 44.6° +0.4° 31.2+0.1

As previously discussed, the higher 6ca observed for the RP sample is likely due
to the presence of additives that hinder water interaction. According to Cherkas et al.
[399], additives such as Ca, as detected in the EDX analysis, can affect the porosity of
paper, thereby influencing its hydrophilicity. Nevertheless, the sample still exhibits
hydrophilic behaviour, attributed to the presence of the Co-Zn hydrogel network, which

facilitates water attraction.
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6.5.4 Surface Area and Porosity Analysis of Hematite/NiO/Gr-Hydrogel/RP

Based on BET analysis, the S-HNG-hydrogel/RP exhibited a significantly lower
surface area of 0.3 m?/g compared to 56.5 m?/g for the S-HNG-hydrogel/FP, as shown
in Table 6.17. This substantial reduction is likely attributable to the presence of
wastepaper additives such as ink, coatings, and lignin, which can coat fiber surfaces or
obstruct pore spaces, thereby limiting N2 adsorption during BET measurements [404].
Additionally, RP fibers are generally shorter and more fragmented than FP fibers,
resulting in irregular and poorly interconnected pore networks that further decrease the
accessible surface area [405]. DFT pore size distribution analysis revealed that the S-
HNG-hydrogel/RP sample contained pores larger than 2 nm, with a total pore area of
7.9 x 102 m?/g. In contrast, the S-HNG-hydrogel/FP substrate exhibited a markedly
higher total pore area of 28.9 m?/g. These results indicate that the S-HNG-hydrogel/FP
possesses a more developed mesoporous architecture, which can facilitate more

efficient water molecule and ion transport within the HGPG system.

Table 6.17
Comparison of BET Surface Area and DFT Pore Size Distribution between S-
HNG-hydrogel/FP and S-HNG-hydrogel/RP

Sample BET surface area (m#/g) Total Area in Pores >= 2 nm (m?/g)
S-HNG-hydrogel/RP 0.3 7.9 x 1072
S-HNG-hydrogel/FP 56.5 28.9

6.5.5 Electrical Characterization Analysis of Hematite/NiO/Gr-Hydrogel/RP

Measurements were performed on the S-HNG-hydrogel/RP to assess its
humidity response and operational performance in HGPG devices. The voltage—time
profiles at a fixed RH of 75% are shown in Figure 6.29 (a), with the corresponding
electrical output data summarized in Table 6.18. The HGPG device incorporating the
S-HNG-hydrogel/RP substrate generated an output voltage of (2.30 + 0.01) x 103 V,
which is markedly higher than that of the pure RP substrate without composite or
hydrogel integration, yielding only (0.75 + 0.01) x 10 V. In comparison, the S-HNG-
hydrogel/FP-based HGPG achieved a substantially higher output voltage of (11.50 +
0.20) x 10 V. This performance gap is attributed to the superior material properties of
the FP-based device, as discussed earlier. Specifically, the S-HNG-hydrogel/FP exhibits
a greater surface area and larger total pore volume than its RP-based counterpart,

enabling more efficient adsorption and retention of water molecules—an essential
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factor for effective humidity-to-energy conversion in HGPG systems [345]. This
interpretation is further supported by the WCA measurements, which revealed stronger
hydrophilicity in the S-HNG-hydrogel/FP compared to the S-HNG-hydrogel/RP.

14

(a) (b) 1.44 90% RH —— RP
1.2 13.0 nA —~ = S-HNG-hydrogel/RP
1.2 = S-HNG-hydrogel/FP

1.0-/

1.0

> <
) 0.8
=] —RP ajc_> 0.8
x 0.64 = S$-HNG-hydrogel/RP *
° ’ = S-HNG-hydrogel/FP = 0.6
g &
2 044 S 0.4
> e o

0.2 e 0.2

0.0+ 0.04

*Connected to R *Not connected to R
-0.2 T T T -0.2 T T T T T
0 50 100 150 200 0 200 400 600 800 1000 1200
Time (s) Time (s)

Figure 6.29 (a) The Voltage Versus Time at a Fixed RH of 75% with Zero Bias
Applied to Fabricated S-HNG-Hydrogel/RP and S-HNG-Hydrogel/FP-
Based HGPG. (b) The Current Versus Time at Various RH Levels with
Zero Bias Applied to Fabricated S-HNG-Hydrogel/RP and S-HNG-
Hydrogel/FP-Based HGPG

Table 6.18
The Humidity-To-Energy Performance of Fabricated S-HNG-hydrogel/FP and S-
HNG-hydrogel/RP-based HGPG devices

RH R Output voltage, V  Current density, J Power, P
Sample ’ )
(%) MQ) V) (Alcm?) (W)
Pure RP (0.75+0.01) x 10 (6.00 +0.08) x 101! (5.63+0.15) x 10-14
S-HNG-hydrogel/RP_ . 10 (2.30£0.01) x 108 (1.84+0.01) x 10  (5.29 +0.05) x 1022
S-HNG-hydrogel/FP (11.50+0.20) x 103 (9.23 £0.16) x10°  (13.23 + 0.23) x10-12

The current-time response at different RH levels is shown in Figure 6.29 (b).
The graph demonstrates that the S-HNG-hydrogel/RP-based HGPG device responded
effectively to changes in humidity. During the adsorption process, it maintained a stable
electrical signal at 40% RH, which gradually increased as the RH rose to 90%. At 90%
RH, the S-HNG-hydrogel/RP-based HGPG produced a current of 8.0 nA, while the S-
HNG-hydrogel/FP-based HGPG generated a higher current of 13.0 nA. During the
desorption process, as RH decreased from 90% to 40%, both samples exhibited a
corresponding decrease in current, confirming that both devices responded well to
humidity changes. Nevertheless, the S-HNG-hydrogel/RP-based HGPG is still
considered a viable and eco-friendly alternative for HGPG applications, contributing to

the advancement of sustainable, waste-to-energy harvesting technologies.
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To further evaluate its performance, the S-HNG-hydrogel/RP-based HGPG
device was subjected to a simulated mouth-blowing test to assess its response to rapid
humidity fluctuations. As shown in Figure 6.30 and the supplementary video (V4) in
APPENDIX 5, the device exhibited a pronounced and immediate electrical response to
sudden airflow. This behaviour underscores its high sensitivity to transient humidity
changes and its ability to effectively convert moisture into electrical energy, thereby

demonstrating strong potential for powering low-power electronic devices.
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Figure 6.30 Humidity Response of S-HNG-hydrogel/RP-based HGPG to Humidity
Changes Under Blowing Conditions

6.6 Conclusion

This investigation substantively propels the frontier of humidity-to-energy
transduction by executing a deliberate optimization of both compositional architecture
and synthetic protocol. A bespoke hygroscopic nanocomposite, architecture from S-
HNG and integrated with a Co—Zn-based hydrogel on a cellulose scaffold, was
meticulously engineered to surmount persistent bottlenecks in achieving stable, high-
efficiency energy conversion. The resultant composite manifests exceptional
hygroscopic uptake kinetics and superior humidity-to-electricity conversion efficacy,
stemming from its hierarchically tailored morphology, maximized specific surface area,
and optimized surface hydrophilicity. Through deployment of a cost-effective, low-
temperature sonicated solution-immersion materials synthesis, the fabricated HGPG

demonstrated exemplary operational endurance, acute responsiveness to relative
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humidity fluctuations, and intrinsic adaptability to dynamic environmental stimuli. The
strategic inclusion of hematite nanophases and Co—Zn-based hydrogel proved pivotal
in modulating interfacial charge dynamics, expediting ionic flux, and fortifying charge
separation processes which collectively culminating in an enhanced power conversion
trajectory. As summarized in Table 6.19, the optimally configured HGPG attained peak
performance metrics of (11.5 + 2.1) x 10° V, (9.23 + 0.16) x 107*° A/cm? in current
density, and (13.23 + 0.23) x 102 W under 75% RH, underscoring the synergistic
efficacy of the composite—hydrogel framework. Extending the paradigm of sustainable
material integration, this study further validates the incorporation of waste-derived RP
substrates as a viable platform for HGPG fabrication. The S-HNG/Co-Zn-hydrogel/RP
configuration yielded an output voltage of (2.30 + 0.01) x 10 V, substantiating its
potential as an eco-conscious, economically scalable alternative. While scope remains
for further refinement, these findings consolidate the technological promise of such
architectures as next-generation, environmentally benign power generation modules for

autonomous systems operating in humidity-rich milieus.

Table 6.19
Humidity-To-Energy Performance of the Fabricated HGPG Devices Connected to a
10 MQ Resistor under 75% RH

L. Output voltage, V  Current density, J Power, P
Conditions Sample :
i (V) (Alem?) W)
Introduction of hematite ~ S-NG-1.0-FP  (2.24 +0.03) x 10 (1.79+£0.02) x 100 (5.02 +0.13) x10°13
in NG S-HNG-FP (3.01£0.23)x10° __ (2.41+0.02) x10° _ (9.06 + 0.07) X103
Different svnthesi S-H75/NG-FP  (3.01+0.23)x103  (2.41+0.02) x 100  (9.06 +0.07) x1013
t‘;n:’ ef;’turees S "SH85/ING-FP__ (345+0.22)x10° _ (2.76 £0.18) x10® _ (1.19 £ 0.15) x1022
P S-H95/NG-FP  (3.87 +0.06) x 103 (3.09 £0.05) x 102° (1,50 + 0.05) x102
S-HNG-
hydrogel/FP (11.50 £0.20) x 10°  (9.23 £0.16) 10 (13.23 + 0.23)x10%2
Integration with Pure RP (0.75+0.01) x 103 (6.00 +0.08) x10*  (5.63+0.15) x 104
hydrogel and RP S-HNG- 3 10 (5.29 £ 0.05) x
hydrogel/RP (2.30 +£0.01) x 10 (1.84 +£0.01) x 10 1018
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CHAPTER 7
HEMATITE/ NICKEL OXIDE/ GRAPHENE ON HYDROGEL-
BASED CELLULOSE SUBSTRATE FOR PIEZOELECTRIC
NANOGENERATOR AND HYBRID DEVICES APPLICATIONS

7.1 Introduction

Besides humidity, the immediate environment offers a diverse range of energy
sources that can be harvested, including mechanical energy [171]. Mechanical sources
are commonly acknowledged as widely available and abundant forms of energy.
Various forms of natural vibration and motion are prevalent in our environment, such
as vibration waves, mechanical impacts, gusts of wind, vehicular transportation, and
bodily movements [406]. Mechanical energy can originate from sources like
respiration, blood circulation, heart impulses, and even the smallest respiratory
movements [176]. Several methods exist for converting mechanical energy into
electrical energy. Among these are electromagnetic induction, piezoelectric generation,
and electrostatic storage. Piezoelectric energy harvesting systems have shown
considerable promise as a feasible technique for providing an alternative to
conventional electrical energy sources. Of the various effects used for energy
scavenging, piezoelectricity has emerged as the most promising. Compared to
electromagnetic and electrostatic methods, piezoelectric energy conversion offers
superior efficiency and greater adaptability for use in portable electronic devices [407].
To date, the development of PENGs has increased significantly, indicating major
growth in the field and suggesting strong potential for continued advancement in the
coming years [408].

NiO and Gr have been widely utilized in PENGs due to their properties that are
suitable for converting mechanical energy into electricity [409-411]. NiO has been
reported to exhibit high dielectric properties, which enhance the local electric field
within PENG materials, thereby aiding charge polarization [412]. Meanwhile, Gr is well
known for its high electrical conductivity, which facilitates rapid charge transfer and
collection. This reduces internal resistance and consequently boosts the output current
of the PENG [413]. Hematite has also been frequently reported as an effective nanofiller

in PENGs, contributing to improved piezoelectric output [414]. However, to the best of
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our knowledge, no studies have directly combined hematite, NiO, and Gr in a single
PENG application in the recent literature. HNG composite is expected to provide
synergistic effects, complementing each component’s functionality as a novel
piezoelectric material.

In this chapter, a comprehensive study is presented on the development of a
novel piezoelectric material based on a S-HNG composite. This includes the integration
of a Co-Zn nanoceramic hydrogel and the utilization of waste materials in the PENG
architecture. The study also introduces a newly discovered hybrid energy harvesting
device comprising of HGPG and PENG (HGPG-PENG), capable of generating
electricity from two renewable sources (i.e, humidity and mechanical movement).
Detailed discussions and relevant comparisons have been provided throughout the
chapter to support the development and performance of the HGPG-PENG, highlighting

its dual-functionality as a clean energy harvesting device.

7.2 Synthesis and Characterization of Hematite/NiO/Gr Composites on Hydrogel-

based Cellulose Substrate for Piezoelectric Nanogenerator Applications

In this study, the S-HNG composite was synthesized using a sonicated solution
immersion process and implemented in the PENG device, as detailed in Sections 3.6.
Comprehensive analyses were conducted to evaluate the potential of the S-HNG-
hydrogel/FP and S-HNG-hydrogel/RP for PENG applications, as well as their
performance in the hybrid HGPG-PENG system.

7.2.1 Piezoelectric Coefficient Analysis

The dzz measurement was conducted to confirm the suitability of the developed
S-HNG-hydrogel films for PENG applications. The measured ds3 values were 12.36
0.21 pC/N for the S-HNG-hydrogel/FP and 12.00 + 0.20 pC/N for the S-HNG-
hydrogel/RP. Interestingly, the samples exhibited measurable ds3 values without any
electrical poling. According to Huang et al. [415], the presence of NiO within the
piezoelectric material induces spontaneous polarization, as NiO has the ability to initiate
dipole alignment even without a poling process. Gr has also been reported to enhance
the dss of piezoelectric materials without the need for high-field poling [416]. This
finding is supported by the performance of the S-HNG-hydrogel/FP-based PENG,
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which demonstrates its ability to generate electrical energy from applied mechanical

force.

7.2.2 PENG and HGPG-PENG Hybrid Devices Performance Analysis

To evaluate the output performance, a custom-built tapping solenoid applying a
2 N force at 10 Hz was used. As shown in Figure 7.1, the S-HNG-hydrogel/FP-based
PENG generated an average peak-to-peak voltage (Vep) of 12.0£0.2 V, while the S-
HNG-hydrogel/RP-based PENG produced a comparable average Vep of 4.5+0.2 V.
The measurements were conducted at RT without any external resistor or applied bias,
to demonstrate the intrinsic capability of the fabricated PENG devices to convert

mechanical energy into electrical energy.

(a) RT Vpp=12.020.2V | (b) Vpp=4.5+0.2V

Voltage (V)

, *Not connected to R *Not connected to R
o T T T T

T
0 1 2 3 4 5 6
Time (s)

T T T T T 1
0 1 2 3 4 5 6
Time (s)

Figure 7.1 Output Vpp of (2) S-HNG-hydrogel/FP and (b) S-HNG-hydrogel/RP-
based PENG under Solenoid Tapping with a Force of 2 N Force at 10 Hz

To assess the operational durability and effectiveness of the devices, the stability
of the S-HNG-hydrogel/FP-based PENG was examined. As shown in Figure 7.2, the
device was subjected to 5000 cycles over 100 seconds, and its output voltage remained
relatively stable, with minor fluctuations likely due to the coil winding tolerance of the
push-pull solenoid. Figure 7.3 compares the performances of both the FP- and RP-based
PENGs under various forces, including single-finger tapping, two-finger tapping, and
full-hand tapping. Results show that the Vpp values varied accordingly, depending on

the magnitude of the applied force, as summarized in Table 7.1. A demonstration of the
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S-HNG-hydrogel/RP-based PENG under full-hand tapping is shown in Supplementary
Video (V5) in APPENDIX 6.

Table 7.1
The Vpp and Py of S-HNG-hydrogel/FP-based and RP-based HGPG-PENG Devices
under Various Tapping Forces

Active area

Tapping Peak-to-peak

Power density, Pqg

Sample R (MQ
i (cm?) M force voltage, Ver (V)  (W/cm?)
1 finger 4.6+04 (8.4+0.6) x 10
i i 2 fingers 5.0+0.4 (1.0+0.1) x 10°
S-HNG-hydrogel/FP 0-25 10 Full hand 63206 (16+0.2) x 105
1 finger 4.0+0.2 (6.5+0.4) x 10°©
i i 2 fingers 53+0.2 (1.1+0.1) x10°
S-HNG-hydrogel/RP 0.25 10 Full hand 68207 (19+0.2) x 10°
¢ Vep=69%04V | __________ ¢ Vpp=8.5+0.5V
i W | il A | ‘I
:, | :, ‘ ‘
4 *Not connected to R a
50 S. 5. Tyme‘s)ﬁ 58 60 35‘0 352 3547”."& (5)35;5 358 36.0
S
5.
. | | Vpp=8.9%0.5V
Vpp=8.8+0.5V .
60.0 60.2 80. 41Ime (S)G(Jé 608 610 0 2 95 4T|me ‘5?56 e %0
Figure 7.2 S-HNG-hydrogel/FP-based PENG Stability under ~100 s
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Figure 7.3  (a) Image of the Fabricated PENG during Testing under Various Applied
Forces. Output Vep of (b) S-HNG-hydrogel/FP-based PENG and (c) S-
HNG-hydrogel/RP-based PENG under Different Applied Forces: Single-
Finger Tapping (Purple), Two-Finger Tapping (Orange), and Full-Hand
Tapping (Brown)

The PENG produced an alternating current (AC) output, necessitating
conversion to direct current (DC) for practical device operation. A full-wave diode
bridge rectifier was employed to achieve AC-DC conversion, with an LED selected as
a visual load to validate the device’s real-world applicability. The rectified output was
stored in a 1 puF capacitor, and the charging dynamics were monitored using a digital
multimeter. Under a 2 N solenoid-driven tapping force, the S-HNG-hydrogel/FP-based
PENG charged the capacitor to approximately 2.1 V within 2 min, subsequently
powering the LED, as shown in Figure 7.4. Under identical conditions, the S-HNG—
hydrogel/RP-based PENG achieved a terminal voltage of ~1.2 V, also successfully
illuminating the LED (Figure 7.5; Supplementary Video (V6), APPENDIX 7). These
results confirm the feasibility of the developed PENG architectures for direct integration

into low-power electronic systems.

170



Figure 7.4  (a) Before and (b) After Measuring the VVoltage Across a Capacitor using
the S-HNG-hydrogel/FP-based PENG. (c) Before and (d) After Applying
Solenoid Tapping to the S-HNG-hydrogel/FP-Based PENG, Successfully

Lighting Up a Red LED

Figure 7.5  (a) Before and (b) After Measuring the VVoltage Across a Capacitor using
The S-HNG-Hydrogel/RP-Based PENG. (c) Before and (d) After
Applying Solenoid Tapping to the S-HNG-Hydrogel/RP-Based PENG,
Successfully Lighting Up a Red LED

The PENG developed in this study adopts a planar electrode architecture as
shown in Figure 7.6 (a), in which the electrode gap and the intervening piezoelectric
material define the active energy conversion region. In the unstrained state, the S-HNG—
hydrogel/FP-based PENG remains electrically neutral, with no measurable current.
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Upon application of mechanical pressure directly to the metal electrode, the device
undergoes in-plane compression, perturbing the internal charge equilibrium and
inducing piezoelectric polarization as illustrated in Figure 7.6 (b). Unlike conventional
sandwich-type PENGs, where the electric field is oriented through the thickness, this
configuration generates an electric field parallel to the device surface. Releasing the
applied force reverses the polarization direction, producing a current of opposite
polarity as the electric dipoles relax to their initial alignment. The corresponding output
voltage profile under repeated pressing—releasing cycles, along with a magnified view

of a single cycle, is shown in Figure 7.6 (c).
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(a) Basic Structure of the S-HNG-Hydrogel/FP-Based PENG with a
Planar Electrode Configuration and the Actual Image of Fabricated S-
HNG-Hydrogel/FP-Based PENG. (b) Schematic Illustration of the
Working Mechanism of the Developed S-HNG-Hydrogel/FP-Based
PENG During One Cycle. (c) Output Voltage of the S-HNG-
Hydrogel/FP-Based PENG with a Corresponding Zoomed-In View of a
Single Voltage Cycle

Figure 7.6

To evaluate the functionality of the S-HNG-hydrogel/FP and RP materials in a
hybrid HGPG-PENG system, the devices were tested under varying RH levels using the
same tapping solenoid (2 N at 10 Hz), as described in detail in Section 3.8.3.5. As shown
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in Figure 7.7, the generated voltage increased with higher RH, indicating that humidity
enhances the mechanical-to-electrical energy conversion performance. Table 7.2
summarizes the performance of both the S-HNG-hydrogel/FP-based and RP-based
HGPG-PENG devices.

10
°] My I AREY ° Vpp=13.020.5V
6 6
Vep=6.6 01V Vpp=6.5£0.4V
X Vpp= - - 1Vpp_ Y “] Vpp=4.8£0.3V
g 6. pp=3.9%0. 22_
g [}
E 0 g i<}
S o
> o S ]
o » 40% RH
K oS RH =] ’ 65% RH
64
64
-84 *Connected to R 90% RH *Connected to R O §03
T T T T T T T -8 . i . ; : ; [
2 3 4 5 6 7 8 2 3 4 5 6 7 .
Time:te) Time (s)

Figure 7.7 Output Vpp of (2) S-HNG-hydrogel/FP and (b) S-HNG-hydrogel/RP-
based HGPG-PENG under Solenoid Tapping with a Force of 2 N Force at
10 Hz Measured at Different Humidity Levels: 40% RH (red), 65% RH
(Blue), and 90% RH (Green)

Table 7.2
The Ve and Py of S-HNG-hydrogel/FP-based and RP-Based HGPG-PENG
Devices under Different RH Level

Active area RH Peak-to-peak Power density, P4
Sample R (MQ '
P (cm?) (M) (%) voltage, Ver (V) (W/cm?)

40 3.9+0.1 (0.6 +0.1) x 105
NG 65 6.6+0.1 (1.7£0.1) x 10°®
S-HNG-hydrogel/FP 0.25 10 90 151203 (9.0204)x10°
40 48+03 (0.9 £0.1) x 10°
NG 65 6.5+0.4 (1.7£0.2) x 10°
S-HNG-hydrogel/RP 0.25 10 90 130205 (6.5%05) x 10°

For comprehensive evaluation, the HGPG-PENG hybrid devices were
examined under 75% RH using a tapping solenoid (2 N at 10 Hz), with the results
presented in Figure 7.8. Since the oscilloscope output displays the PENG waveform in
AC form, it was converted to its DC equivalent using Equation (3.8). As summarized
in Table 7.3, mechanical excitation from the HGPG-PENG generated markedly higher
voltages compared to the HGPG alone. This enhancement arises from the engineered
material’s capacity to promote synergistic coupling between humidity-induced ionic
dynamics and piezoelectric charge generation, thereby accelerating ion mobility and

enabling more efficient charge transport.
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Figure 7.8 Output Vpp of (a) S-HNG-hydrogel/FP and (b) S-HNG-hydrogel/RP-
based HGPG-PENG under Solenoid Tapping with a Force of 2 N Force at
10 Hz at 75% RH

Table 7.3

Performance Comparison of S-HNG-Hydrogel/FP-Based HGPG, RP-Based
HGPG, and HGPG-PENG Hybrid Devices Evaluated under 75% RH

R RH VRMS, HGPG-PENG
Sample V - V ' V V
p MQ) (%) PP, HGPG-PENG (V) V) Hepra (V)
S-HNG-hydrogel/FP 5 7302 26+0.1 (1150 £ 0.20) x 107
S-HNG-hydrogel/RP 71+06 2502 (2.30 £ 0.01) x 107

While the RP-based device produced slightly lower Vpp than the FP-based
device, it still exhibited comparable performance and contributed significantly to the
development of an innovative and sustainable energy harvesting system. Furthermore,
the RP-based HGPG-PENG device demonstrated impressive long-term stability,

maintaining consistent electrical output after 200 days, as shown in Figure 7.9.
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Figure 7.9  Plot of Output Vep Measured at Different Days for the S-HNG-

Hydrogel/RP-Based HGPG-PENG Device at RT

7.3 Conclusion

This study establishes S-HNG-hydrogel/FP as a novel piezoelectric material
engineered through a simple, scalable, and cost-effective synthesis—fabrication route.
Without the need for additional electrical poling, the material achieved a notable
piezoelectric charge coefficient (dss) of 12.36 + 0.21 pC/N. When integrated into a
PENG architecture, the S-HNG-hydrogel/FP device delivered an average Vep of 12.0
+ 0.2 V under a 2 N, 10 Hz actuation from a custom-built tapping solenoid, and
consistently generated measurable electrical signals under diverse mechanical stimuli,
including single-finger, dual-finger, and full-hand tapping. Incorporation of RP as a
sustainable substrate further validated the versatility of the design. The S-HNG-
hydrogel/RP-based PENG exhibited performance comparable to its FP counterpart,
successfully charging a capacitor via a diode bridge rectifier and powering an LED. The
device demonstrated exceptional operational stability, maintaining continuous signal
generation over extended durations exceeding 200 days. Crucially, both FP- and RP-
based devices exhibited dual-mode energy harvesting capability within integrated
HGPG-PENG systems, enabling concurrent conversion of ambient humidity gradients
and mechanical inputs into electrical energy using a single, multifunctional material
platform. These findings not only underscore the technological viability of HNG-based
composites for hybrid energy harvesting but also pave the way for eco-conscious, self-
powered systems that leverage sustainable substrates and multimodal energy

transduction mechanisms.
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CHAPTER 8
CONCLUSION AND FUTURE DEVELOPMENT

8.1 Conclusion

The first objective was successfully accomplished through a rigorous structural,
morphological, wettability, and performance assessment of actinomorphic-structured
NG composites functionalized via SA treatment. HGPGs were fabricated using SA-
functionalized NG (S-NG) composites on FP substrates with Gr loadings systematically
varied between 0.5 and 2.0 wt%, enabling precise correlation of composition with
device performance. XRD pattern confirmed the coexistence of crystalline NiO and Gr
phases, while FESEM images revealed that S-NG composites displayed graphene flakes
decorated with NiO nanoparticles, forming electro-conductive, porous heterostructures
intimately integrated within the cellulose fibril network of FP. WCA measurements
indicated predominantly hydrophilic behaviour, with contact angles rising slightly from
64.5° + 3.3° 10 67.9° £ 0.3° as Gr loading increased. The introduction of heteromorphic
nanochannels, fabricated via the sonicated solution-immersion method, imparted well-
defined crystallinity, hierarchical surface topology, and tuneable hydrophilicity
conducive to rapid adsorption—desorption dynamics. Among all compositions, the 1.0
wt% Gr composite (S-NG-1.0) exhibited the highest electrical conductivity, (1.3 £ 0.2)
x 10 S/cm, and delivered superior humidity-to-electricity conversion, achieving an
output voltage of (2.24 + 0.03) x 10V, a current density of (1.79 + 0.02) x 10"1% A/cm?,
and an output power of (5.02 + 0.13) x 103 W.

The second objective has been successfully achieved through a comprehensive
optimization of S-NG composites on cellulose-based FP substrates, correlating
structural characteristics, surface morphology, wettability, chemical composition, and
HGPG performance. Systematic variation of SA concentration, immersion temperature,
and immersion duration revealed that device performance is highly sensitive to surface
functionalization conditions, with balanced hydrophilicity being critical for efficient
humidity-to-electricity conversion. The optimal parameters of 2 wt.% SA content, 60
°C immersion temperature, and 6 h immersion duration, produced a uniformly packed
molecular overlayer that enhanced interfacial water adhesion and ion transport while

avoiding over-saturation effects. Under these conditions, the optimized S-NG-1.0-FP
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device achieved a contact angle of 65.3° + 1.2°, a surface energy of 25.8 + 0.3 mJ/m?,
and superior performance metrics, including an output voltage of an output voltage of
(2.24 +0.03) x 103V, a current density of (1.79 + 0.02) x 10"%° A cm™, and an output
power of (5.02 + 0.13) x 1013 W at 75% RH. These findings clearly establish the
processing-structure—function relationship and confirm SA surface functionalization as
a strategy for achieving high-performance, humidity-responsive HGPG devices.

Incorporation of hematite into the NG composite was found to induce distinct
modifications in surface morphology, crystallographic arrangement, and chemical
composition, while markedly enhancing HGPG performance, thereby fulfilling the third
objective of elucidating the structure—property—performance relationships underpinning
hematite integration in advanced humidity to energy conversion materials. The
hematite-modified NG composite, functionalized with SA, was comprehensively
characterized to elucidate its structure—property—performance relationships. Although
the intrinsically wide bandgap of hematite contributed to a reduced Hall conductivity of
(1.7 £ 0.1) x 10° S cm?, the S-HNG-FP-based HGPG device exhibited superior
humidity-to-electricity conversion, delivering an output voltage of (3.01 + 0.23) x 1073
V, a current density of (2.41 + 0.02) x 101 A cm, and an output power of (9.06 +
0.07) x 103 W. CV analysis further confirmed enhanced redox activity of S-HNG-FP
relative to S-NG-FP, underscoring the pivotal role of hematite in boosting device
performance. To counteract the reduced Hall conductivity, synthesis temperatures to
prepare S-HNG composites were systematically varied (75 °C, 85 °C, and 95 °C). As
anticipated, higher synthesis temperatures improved conductivity, with the maximum
value of (2.6 + 1.3) x 102 S cm™ achieved at 95 °C. The FESEM image analysis
revealed increased particle agglomeration at elevated temperatures, resulting in higher
surface roughness and improved hydrophilicity, as evidenced by reduced 6ca. However,
BET analysis indicated that excessive agglomeration diminished accessible pore
volume and surface area. Despite this trade-off, the S-HNG-FP sample synthesized at
95 °C demonstrated the best HGPG performance, achieving an output power of (1.50 £
0.05) x 1012 W.

The fourth objective of this study was achieved by demonstrating that
integrating HNG composites with Co-Zn-based nanoceramic hydrogel films,
synthesized via the sol-gel method and deposited on both FP and RP cellulose-based
substrates, significantly enhanced humidity-to-energy conversion performance,

confirming the effectiveness of this architecture for high-efficiency, sustainable HGPG

177



devices. The integration of Co-Zn-based nanoceramic hydrogel into the HNG
composite was successfully explored. The hydrogel was synthesized via sol-gel method,
and FP substrates were immersed to create hydrogel/FP, onto which the S-HNG layer
was deposited (S-HNG-hydrogel/FP). XRD and EDX analyses confirmed the presence
of Co-Zn elements and successful hydrogel formation. FESEM images showed a porous
structure, and WCA measurements indicated enhanced hydrophilicity. BET analysis
further revealed the development of an additional porosity network, beneficial for ion
transport and moisture absorption. The S-HNG-hydrogel/FP-based HGPG achieved
significantly enhanced performance, with an output voltage of (11.50 + 0.20) x 103V,
current density of (9.23 £ 0.16) x 101% A/em?, and output power of (13.23 +0.23) x 10°
12W. This study also embraced sustainability through innovation, aligning with circular
economy principles by integrating RP into device fabrication. RP which prepared via a
home-based method, was used to replace FP in the device, resulting in the S-HNG-
hydrogel/RP-based HGPG. This device demonstrated comparable performance to its
FP-based HGPG, achieving (2.30 + 0.01) x 102V, (1.84 + 0.01) x 101° A/cm?, and
(5.29 +0.05) x 102 W.

The fifth objective has been successfully achieved through the comprehensive
characterization of the HNG composite integrated with Co—Zn-based nanoceramic
hydrogel films, confirming its exceptional multifunctional performance in both PENG
and hybrid HGPG-PENG configurations. The engineered composite exhibited a high
piezoelectric coefficient, robust voltage output, and excellent humidity-to-electricity
conversion efficiency, underpinned by its optimized material’s properties. The
integration of S-HNG-hydrogel/FP and S-HNG-hydrogel/RP into PENG devices
yielded promising piezoelectric coefficients of 12.36 + 0.21 pC/N and 12.00 =+
0.20 pC/N, respectively. The S-HNG-hydrogel/FP-based PENG generated an average
Vep 0f 12.0 £ 0.2 V, while the RP-based counterpart achieved a comparable average
Vpp 0f 4.5 £ 0.2 V. Both configurations successfully charged capacitors and powered
LEDs under a 2 N solenoid tap, demonstrating practical applicability. Furthermore, the
dual-mode HGPG-PENG systems showcased stable and synergistic energy harvesting
from both mechanical and moisture sources, highlighting the versatility of the
composite-hydrogel integration as a scalable, cost-effective, and sustainable platform
for next-generation self-powered electronics. The hybrid device based on S-HNG-
hydrogel/FP achieved a Vpp of 15.1 £ 0.3 V and a power density of (9.1 £ 0.4) x 10
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>W/cm?, while the S-HNG-hydrogel/RP-based device attained a Vpp of 13.0 £ 0.5 V
and a power density of (6.5 + 0.5) x 10 W/cm? under 90%RH.

Table 8.1 presents the humidity to energy conversion performance of HGPG
devices across the various parameters investigated in this study, while Table 8.2 details
the output characteristics of the hybrid HGPG- PENG configurations. Collectively,
these findings demonstrate that the strategic integration of structural engineering,
precise surface chemistry modulation, and sustainable substrate design delivers a
powerful synergistic effect, establishing an effective pathway toward high efficiency,

multifunctional energy harvesters.

Table 8.1

Humidity-To-Energy Performance of the Fabricated HGPG Devices Connected to

a 10 MQ Resistor under 75% RH

. Output voltage, V  Current density, J Power, P
Conditions Sample V) (Alem?) (W)

S-PN-FP (8.89 £0.25) x10% __ (7.12£0.20) xI0™__ (7.92 £ 0.45) x10™
U-NG-LO-FP__ (0.14+£0.01) x 10° __ (11.12£0.07) x 102 (1.93£0.12) x 105
S-NG-0.5-FP__ (L08£0.03) x10° __ (8.80 £0.22) X101 (1.21 £ 0.06) x102
: : SNG-LO-FP___ (2.24%0.08)x10° _ (L79£0.02) x100 _ (5.02 £ 0.13) x103
Different Gr loading  — e 5 Fp (1,052 0.03) x10° (104 £0.03) x10® (169 £ 0.09) X107
S-NG-2.0-FP___ (L35£0.02) x10° __ (L.12£0.01) x10™ __ (1.96 £ 0.04) x102
_ U-NG-1.0 ___ (0.14£0.00)x 10° _ (11.12£0.07)x 102 (1.93£0.12) x 1055
dmfgﬁﬁtg’:g‘;"t‘éﬂ . _SL%NG-10  (156£004)x10°  (125£003) x10T  (243+0.18) x107
roaod at 60°C for 6 _S2%-NG-10  (2.04+008) x10°  (179%0.02) <10 (5.02£0.13) X103
Hours S3%-NG-1.0 __ (L17£0.19) x10* __ (9.36 + 1.52) x10%2 _ (1.37 £ 0.45) x1055
S4%-NG-1.0 __ (L.54 £0.08) x10° __ (1.23+0.06) X100 (2.37 £ 0.25) x10°53
SA treatmentwith 2 SRT-NG-1.0___ (3.12£0.02) x10° __ (250 £0.02) x10% __ (9.73 £ 0.13) x10°®
Wt% SA, treated for 6 _ S30-NG-1.0___ (1.99 +0.03) x10° __ (1.59+0.02) x10©° __ (3.96 £ 0.12) X103
hours at different S60-NG-1.0 __ (2.24£0.03) x10® __ (L.79£0.02) x10° __ (5.02 £ 0.13) x103
immersion temperature ~ SO0-NG-1.0 ___ (L.09 £0.03) x10° __ (8.72 £ 2.24) x10.__ (1.19 £ 0.07) x10°2
SA treatmentwith 2 S2h-NG-1.0___ (1.65£0.01) x10% __ (1L.32£0.01) x1011 __ (2.72+0.03) x105
Wt% SA, treated at _ SAh-NG-1.0 (127 £0.01) x10* __ (L.02 £ 0.01) x10™* __ (1.61 £0.03) x10™
60°C for different S6h-NG-1.0 _ (2.24£0.03) x10® __ (L.79£0.02) x10° __ (5.02 £ 0.13) x103
immersion duration S8h-NG-1.0 (1.43 +0.01) x10* (1.14 £0.01) x10*t  (2.04 +0.03) x10'15
Introduction of hematite ~ S-NG-1.0-FP  (2.24 +0.03) x 10 (1.79+£0.02) x 100 (5.02 +0.13) x10°13
in NG SHNG-FP___ (3.01£023)x10° __ (241£0.02) x 10 _ (9.06 £ 0.07) x103
Difforent synthesis.  —SPUOINGTEP  (01£023)x107  (2.41002) x 10T (906 +0.07) x10™
temperature S-H85/NG-FP__ (3.45+0.22) x 10° __ (2.76£0.18) x10° __ (L.19 £ 0.15) x102
S-HI95/NG-FP__ (3.87 £0.06) x 10° __ (3.09 £0.05) x 10 (150 £ 0.05) x102
hysd-rgg’;\IeCI;/;:P (1150+0.20) x 103 (9.23%0.16) x101®  (13.23 £ 0.23)x102
Integration with Pure RP (0.75£0.01) x 10° ___ (6.00 £ 0.08) x10X _ (5.63 £ 0.15) x 10

hydrogel and RP hyfj}';g‘eﬁép (230+0.01) x 10° (L84 +0.01) x 1010 (5'226—'_8'05) X

Table 8.2

Performance of HGPG-PENG Devices under Tapping Solenoid (2 N at 10 Hz) at
Different RH Levels

Condition Sample RH Peak-to-peak voltage, Power density, Pqd
(%) Ve (V) (W/cm?)
Different type of S-HNG- 40 3.9+0.1 (0.6 £0.1) x 105
substrate hydrogel/FP 65 6.6+0.1 (1.7+0.1) x 10
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90 15.1+0.3 (9.1+0.4) x 105

S-HNG- 40 48+0.3 (0.9 £0.1) x 10°
hydrogel/RP 65 6.5+0.4 (1.7+£0.2) x 10
90 13.0£0.5 (6.5+0.5) x 10

This study represents a pioneering advancement in the development of both
hygroscopic materials for HGPG and piezoelectric materials for PENG. By utilizing the
previously unexplored S-HNG integrated with Co-Zn-based nanoceramic hydrogel on
FP substrates, this research provides new insights into the potential of these materials
to enhance electricity generation from both humidity and mechanical energy sources.
Furthermore, the incorporation of RP into energy harvesting devices highlights
significant environmental and economic advantages, reinforcing the feasibility of
sustainable energy technologies. This work aligns closely with several United Nations
SDGs, particularly SDG 7 — Affordable and Clean Energy, SDG 9 — Industry,
Innovation, and Infrastructure, and SDG 12 — Responsible Consumption and
Production. The developed energy-harvesting materials and devices (i.e., HGPG,
PENG, and the hybrid HGPG-PENG) are noteworthy not only for their RE generation
capabilities but also for their contribution to environmentally friendly innovation and

effective waste management.

8.2 Future Development

The fabricated S-HNG hydrogel/FP and S-HNG hydrogel/RP devices exhibit
substantial promise as multifunctional hygroscopic and piezoelectric components for
self-powered energy harvesting systems. While this work marks significant progress in
advancing HGPG and PENG materials, further systematic studies are warranted to
maximize energy harvesting efficiency and electrical output. One promising strategy
involves incorporating ZnO fillers into the S-HNG composite. Owing to its diverse
nanostructures, excellent structural and chemical stability, and high humidity
sensitivity, ZnO has been extensively employed in nanogenerator architectures [417-
419] and is poised to further elevate HGPG performance. Incorporation of ZnO,
potentially through tailored doping strategies, could yield superior charge generation
and transport characteristics. Beyond compositional engineering, process parameters
such as immersion time during synthesis and annealing duration merit careful
optimization, as prior reports confirm their pivotal role in modulating crystallinity,

morphology, particle size, porosity, and surface chemistry [420, 421]. Such structural
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refinements directly influence the charge generation efficiency of HGPGs in humidity-
to-electricity conversion and PENGs in mechanical-to-electricity transduction, offering

clear avenues for performance enhancement.
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APPENDIX 1

Supplementary Video (V1)
Process of Making Recycled Paper Using a Home-based Method

https://youtu.be/wImE7ualRmM
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APPENDIX 2

NiO (JCPDS No. 01-071-4750) for XRD analysis

PDF Card No.: 01-071-4750 Quality:I

Sub-File Name: Inorganic, Mineral, Alloy&Metal, Common Phase, Forensic, ICSD Pattern
Formula: Ni O
Name: Bunsenite, syn I/Ic (RIR)= 4.76
Crystal System: Cubic Space Group: Fm—-3m(225) Dmeas:
Cell Parameters: a= 4.2000 b= 4.2000 c= 4.2000
Alpha=  90.000 Beta= 90.000 Gamma= 90.000
Volume= 74.088 Z= 4
Reference: Davey, W.P., Hoffmann, E.O. Phys. Rev.15(1920)333.
Radiation: CuKal Wavelength= 1.54060
2Theta range: 37.04 - 14472

Database comments: ANX: AX. Analysis: Ni1 O1. Formula from original source: Ni O. ICSD Collection
Code: 53930. Minor Warning: No e.s.d reported/abstracted on the cell
dimension. No R factors reported/abstracted. Wyckoff Sequence: b a. Unit Cell
Data Source: Powder Diffraction.

Relative Intensity

100

90
80+
70
60+
50+
40
30+
20+
10

| L |

04— — I —
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 = 105 115 125 135 145

2Theta
No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity h k
1 37.04 2425 66.7 1 1 1
2 43.04 2.100 100.0 2 0 0
3 62.49 1.485 44.5 2 2 0
4 74.93 1.266 148 3 1 1
5 78.89 1.212 10.7 2 2 2
6 94.38 1.050 39 4 0 0
7 106.15 0.964 39 3 3 1
8 110.21 0.939 9.6 4 2 0
9 127.92 0.857 7.1 4 2 2
10 14472 0.808 29 5 1 1

Note: 2theta are calculated with wavelength = 1.54056
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Nickel (JCPDS No. 00-004-0850) for XRD analysis

PDF Card No.: 00-004—-0850 Quality:S

Sub-File Name: Inorganic, Mineral, Alloy&Metal, Common Phase, Educational Pattern, Forensic,...
Formula: Ni
Name: Nickel, syn Vic (RIR)= ——
Crystal System: Cubic Space Group: Fm-3m(225) Dmeas:
Cell Parameters: a= 3.5238 b= 3.5238 c= 3.5238
Alpha=  90.000 Beta= 90.000 Gamma= 90.000
Volume= 43.756 z= 4
Reference: Swanson, Tatge. Natl. Bur. Stand. (U. S. ), Circ. 5391(1953)13.
Radiation: CuKal Wavelength= 1.54050
2Theta range: 44.51 - 155.65

Database comments: Additional Patterns: See PDF 01-087-0712. ANX: N. Analysis: Spectrographic

analysis show <0.01% each of Mg, Si and Ca. Sample Source or Locality: Sample
obtained from Johnson Matthey Company, Ltd. Temperature of Data Collection: 299
K. Unit Cell Data_Source: Powder Diffraction.

Relative Intensity

100
90
80+
70
60-
504
40
30
20
| |
30 35 40 45 50 55 60 65 70 75 80 85 90 95 105 115 125 135 145 155
2Theta
No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity h
1 44.51 2034 100.0 1 1 1
2 51.85 1.762 42.0 2 0 0
3 76.37 1246 21.0 2 2 0
4 92.94 1.062 200 3 1 1
5 98.45 1.017 7.0 2 2 2
6 121.93 03881 40 4 0 0
7 144.67 0808 14.0 3 3 1
8 155.65 0.788 15.0 4 2 0

Note: 2theta are calculated with wavelength = 1.54056

Go to Top

230

in




Graphite (JCPDS No. 00-041-1487) for XRD analysis

PDF Card No.: 00-041-1487 Quality:I

Sub-File Name: Inorganic, Mineral, Alloy&Metal, Battery Material, Common Phase, Educational ...
Formula: Cc
Name: Graphite-2H I/lc (RIR)= 7.78
Crystal System: Hexagonal Space Group: P63/mmc(194) Dmeas: 2.160
Cell Parameters: a= 2.4704 b= 2.4704 c= 6.7244
Alpha=  90.000 Beta= 90.000 Gamma= 120.000
Volume= 35.540 Z= 4
Reference: Sanc, 1., Polytechna, Foreign Trade Corporation, Panska, Czechoslovakia. ICDD...
Radiation: CuKal Wavelength= 1.54051
2Theta range: 26.38 - 93.59

Database comments:

Additional Patterns: To replace 00-001-0640, 00-001-0646, 00-002-0456,

00-003-0401, 00-023-0064, 00-025-0284 and 00-034-0567 and validated by
calculated pattern 00-025-0284. ANX: N. Sample Source or Locality: Specimen
from Netolice, Czech Republic. Temperature of Data Collection: 298(1) K.
Warning: Lines with abs(delta 2Theta)>0.06 DEG. Unit Cell Data Source: Powder

Diffraction.
Relative Intensity
100
90+
80
70
60+
50
40+
30
20
10
+—
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
2Theta
No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity h k |
1 2638 3376 100.0 0 ) 2
2 4222 2139 2.0 1 0 0
3 44.39 2039 6.0 1 0 1
4 5045 1.807 1.0 1 ) 2
5 54.54 1.681 40 0 ) 4
6 59.60 1.548 1.0 1 ) 3
7 77.24 1.234 30 1 1 0
8 83.18 1160 30 ] 1 2
9 86.82 1121 1.0 0 0 6
10 93.50 1.057 1.0 2 ) 1

Note: 2theta are calculated with wavelength = 1.54056
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Hematite (JCPDS No. 00-033-0664) for XRD analysis

PDF Card No.: 00-033-0664 Quality:S

Sub-File Name: Inorganic, Mineral, Alloy&Metal, Common Phase, Educational Pattern, Forensic,...
Formula: Fe2 03
Name: Hematite, syn I/le (RIR)= 2.40

Crystal System: Trigonal Space Group: R-3c(167) Dmeas: 5.260

Cell Parameters: a= 5.0356 b= 5.0356 c= 13.7489
Alpha=  90.000 Beta= 90.000 Gamma= 120.000
Volume= 301.926 Z= 6

Reference: Natl. Bur. Stand. (U. S. ) Monogr. 2518(1981)37.

Radiation: CuKal Wavelength= 1.54060

2Theta range: 2414 - 147.96

Database comments: Additional Patterns: To replace 00-013-0534 and validated by calculated pattern

00-024-0072. See PDF 01-079-0007. General Comments: Pattern reviewed by
Syvinski, W., McCarthy, G., North Dakota State Univ., Fargo, North Dakota, USA,
ICDD Grant—in-Aid (1990). Agress well with experimental and calculated
patterns. Additional weak reflection (indicated by brackets) was observed.

Melting Point: 1623-1633 K. Opaque Optical Data: Opague mineral optical data on

Relative Intensity

100

90

80

70+

60

50+

40

30

20+

10+ |

0 i il | o I I P [ | PRI U | L 11
| PR S PR DS N N P P Y Py e PR ORI [ D SR NN S e e PR R o S T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 105 115 125 135 145
2Theta

No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity h k |
1 24.14 3684 300 0 1 2 21 8071 1.190 50 1 2 8
2 33.15 2700 1000 1 0 4 22 | 8294 1163 50 0 2 10
3 35.61 2519 70.0 1 1 0 23 84.91 1.141 7.0 1 3 4
4 39.28 2292 30 ) 0 6 24 88.54 1.104 7.0 2 2 6
5 40.85 2207 200 1 1 3 25 | 9134 1077 20 0 4 2
6 4352 2078 30 2 0 2 26 | 937 1.056 7.0 2 1 10
7 49.48 1.841 400 0 2 4 27 95.24 1.043 10 1 1 12
8 54.00 1694 450 1 1 6 28 | 9566 1.039 30 4 0 4
9 56.15 1.637 1.0 2 1 1 29 102.28 0989 40 3 1 8
10 5743 1603 50 1 2 2 30 104.91 0971 10 2 2 9
1 51.50 1509 100 0 1 8 3t 106.62 0961 50 3 2 4
12| 6245 1486 300 2 1 4 32 107.02 0958 40 0 1 14
13 | 6399 1454 300 3 0 0 33 108.09 0952 50 4 1 0
14 66.03 1414 1.0 1 2 5 34 11151 0932 20 4 1 3
15 | 69.60 1350 30 2 0 8 35 113.59 0921 20 0 4 8
16 71.94 1311 100 1 0 10 36 116.04 0908 50 1 3 10
17 72.26 1.306 6.0 1 1 9 a7 117.75 0900 10 3 [} 12
18 75.43 1259 80 2 2 0 38 118.69 0895 30 2 0 14
19 7173 1228 4.0 3 0 6 39 12243 0879 60 a 1 6
20 7876 1214 20 2 2 3 40 125.92 0865 10 2 3 8

Note: 2theta are calculated with wavelength = 1.54056
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PDF Card No.: 00-033-0664 Quality:S

No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity
41 128.75 0.854 3.0 4 0 10

42 131.87 0.844 5.0 1 2 14

43 133.23 0.839 3.0 3 3 0

e 144.45 0.809 40 3 2 10

45 147.96 0.801 4.0 2 4 4

Note: 2theta are calculated with wavelength = 1.54056
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Magnetite (JCPDS No. 01-073-9877) for XRD analysis

PDF Card No.: 01-073-9877 Quality:S

Sub-File Name: Inorganic, Mineral, Alloy&Metal, Battery Material, Common Phase, Forensic, Ph...
Formula: Fe3 04
Name: iron diiron(lll) oxide, magnetite I/Ic (RIR)= 5.07
Crystal System: Cubic Space Group: Fd-3m(227) Dmeas:
Cell Parameters: a= 8.3199 b= 8.3199 c= 8.3199
Alpha=  90.000 Beta= 90.000 Gamma= 90.000
Volume= 575.910 Z= 8
Reference: Finger, LW., Hazen, RM., Hofmeister, AM. Phys. Chem. Miner.13(1986)215.
Radiation: CuKal Wavelength= 1.54060
2Theta range: 18.46 — 148.37

Database comments: ANX: AB2X4. Analysis: Fe3 0O4. Formula from original source: Fe3 04. ICSD

Collection Code: 77591. Pressure of Datacollection: 3900 MPa. Wyckoff
Sequence: e d a. Unit Cell Data Source: Single Crystal.

Relative Intensity

100
90+
80-
70
60
50+
40+
30+
204
104
0 —T T —T U T T T T T T T rllll u L |I IIIIIII T Il T T |II
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 105 115 125 135 145
2Theta
No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity h k |
1 18.46 4.804 8.8 1 1 1 21 107.63 0.954 1.1 6 6 2
2 30.36 2.942 29.1 2 2 0 22 111.81 0.930 2.2 8 4 0
3 35.76 2.509 100.0 3 1 1 23 115.02 0913 0.2 9 1 1
4 37.41 2.402 78 2 2 2 24 120.57 0.887 0.6 6 6 4
5 43.47 2.080 20.7 4 0 0 25 124.06 0.872 3.9 9 3 1
6 47.60 1.909 0.6 3 3 1 26 130.22 0.849 8.3 8 4 4
7 53.94 1.698 8.6 4 2 2 27 134.20 0.836 0.1 7 5 5
8 57.51 1.601 283 5 1 1 28 141.53 0.816 1.7 10 2 0
9 63.17 1.471 36.9 4 4 0 29 146.55 0.804 5.4 9 5 1
10 66.42 1.406 08 5 3 1 30 148.37 0.801 12 10 2 2
11 71.68 1.315 28 6 2 0
12 74.76 1.269 6.8 5 3 3
13 75.78 1.254 29 6 2 2
14 79.80 1.201 22 4 4 4
15 82.78 1.165 04 5 5 1
16 87.71 1.112 28 6 4 2
17 90.66 1.083 9.9 7 3 1
18 95.58 1.040 37 8 0 0
19 103.55 0.981 13 8 2 2
20 106.60 0.961 53 7 5 1

Note: 2theta are calculated with wavelength = 1.54056
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Cellulose (JCPDS No. 00-056-1718) for XRD analysis

PDF Card No.: 00-056—1718 Quality:S

Sub-File Name: Organic, Pharmaceutical, Polymer
Formula: (C6 H10 05 )n
Name: Cellulose IB I/Ic (RIR)= 8.27
Crystal System: Monoclinic Space Group: P21(4) Dmeas:
Cell Parameters: a= b= c=
Alpha= Beta= Gamma=
Volume= Z= 4
Reference: Kaduk, J., BP Chemical, Naperville, IL, USA. Private Communication(2005).
Radiation: CuKal Wavelength= 1.54063
2Theta range: 13.81 - 60.15

Database comments:

Relative Intensity

quantum mechanical calculation, with fixed experimental lattice parameters.

Additional Patterns: To replace 00-050-2241. See See PDF 00-060-1502. Sample
Preparation: The sample was a sheet of Whatman No.42 filter paper. Structures:
Crystal structure optimized by a density functional plane wave pseudopotential
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100

90+

80+

70

60+

50

40
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20-

10+

0 T |II W I.I”II !II'\']l Ly Il“lllll“\' Tt T T
02 46 810 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70
2Theta
No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity h k |
1 13.81 6.409 3.4 0 1 1 21 34.80 2576 4.2 =] 3 1
2 14.27 6.201 1.5 1 0 1 22 35.10 2554 1.9 =1 2 3
3 14.86 5.959 24.5 -1 1 0 23 35.87 2.502 0.8 3 0 1
4 16.67 5.314 23.7 1 1 0 24 36.78 2442 1.5 1 2 3
5 18.74 4.730 2.1 1 1 1 25 37.33 2407 33 % 3 1
6 20.27 4377 35 0 1 2 26 31.75 2381 0.9 3 1 0
| 20.59 4.309 5.9 1 0 & 27 38.58 2.332 0.7 1 1 4
8 22.98 3.867 100.0 2 0 0 28 39.24 2294 35 -2 3 1
9 23.44 3.792 0.7 0 2 1 29 39.90 2258 1.1 =2 2 3
10 24.55 3.623 1.0 2 0 1 30 40.12 2246 0.5 -3 2 1
11 25.01 3.557 1.2 =1 2 1 31 41.89 2.155 29 2 0 4
12 27.99 3.185 23 2 1 1 32 42.14 2142 1.7 -2 3 2
13 29.17 3.059 2.7 ~4 2 2 33 4227 2.136 1.3 0 3 3
14 2984 2991 1.4 -1 1 3 34 42.87 2108 20 2 2 3
15 30.81 2.900 2.8 1 1 3 35 43.70 2070 0.5 2 3 1
16 31.15 2.869 3.2 1 2 2 36 45.00 2013 3.6 1 3 3
17 31.78 2.814 3.5 2 1 2 37 45.55 1.990 0.5 -1 4 1
18 33.97 2.637 4.3 0 2 3 38 46.25 1.961 0.8 3 1 3
19 34.10 2.627 3.6 [ 3 1 39 46.51 1.951 1.0 -3 3 1
20 34.53 2.595 35 0 0 4 40 46.96 1.933 3.3 1 1 5
Note: 2theta are calculated with wavelength = 1.54056
1/2




PDF Card No.: 00-056—1718 Quality:S

No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity
41 48.01 1.893 0.6 =Z 4 0
42 48.14 1.888 1.1 =1 4 2
43 49.03 1.857 1.0 2 2 4
44 50.59 1.803 1.1 2 3 3
45 50.94 1.791 0.8 1 3 4
46 51.77 1.764 1.3 2 1 5
47 52.09 1.754 0.5 3 1 4
48 52.89 1.730 0.9 4 1 2
49 57.12 1.611 1.0 -3 4 2
50 58.05 1.587 0.6 -4 3 2
51 58.48 1.577 0.8 3 3
52 60.15 1.537 0.6 2 1 6

Note: 2theta are calculated with wavelength = 1.54056
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Stearic Acid (JCPDS No. 00-038-1923) for XRD analysis

PDF Card No.: 00-038—-1923 Quality:S

Sub-File Name: Organic, Common Phase, Educational Pattern, Forensic, Pharmaceutical
Formula: C18 H36 02
Name: Stearic acid I/Ilc (RIR)= —-
Crystal System: Monoclinic Space Group: P21/c(14) Dmeas:
Cell Parameters: a= 39.9600 b= 4.9540 c= 9.3780
Alpha=  90.000 Beta=  94.810 Gamma= 90.000
Volume= 1849.948 Z= 4
Reference: Welton, J., McCarthy, G., North Dakota State Univ., Fargo, ND, USA. ICDD Gran...
Radiation: CuKa Wavelength= 1.54178
2Theta range: 223 - 5233

Database comments: Additional Patterns: To replace 00-009-0618. General Comments: All peaks (153
total) with 2-theta angles greater than 30° and intensities of less than three
were omitted. Average relative standard deviation in intensity of the 10
strongest reflections for three specimen mounts = 12.8%. Melting Point: 342.6
K. Sample Source or Locality: Sample obtained from Fisher Scientific Company.
Structures: C form. Unit Cell: Cell parameters refined from original Crystal
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2Theta

No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity h k |
1 223 39.620 1000 1 0 0 21 21.63 4.105 3538 3 1 1
2 445 19.856 44 2 0 0 22 21.84 4,066 14 -4 1 1
3 6.67 13.251 206 3 0 0 23 2231 3981 07 10 [ 0
4 887 9.958 06 4 0 0 24 2237 3971 0.7 -6 1 0
5 1111 7.957 26 5 0 0 25 2249 3950 06 4 1 1
6 15.57 5,687 07 7 0 0 26 2277 3.902 06 -5 1 1
7 17.79 4.983 02 8 0 0 27 2284 3890 07 5 0 2
8 18.45 4,806 03 -2 1 0 28 2357 3771 09 5 1 1
9 18.95 4,680 05 -1 0 2 29 23.80 3735 34 -1 1 0
10 19.12 4639 05 -2 0 2 30 23.89 3.722 6.1 -6 1 1
1 19.30 4596 03 1 0 2 31 24.18 3678 102 6 0 2
12 1959 4527 04 -3 0 2 32 24.57 3620 07 11 0 0
13 19.86 4.466 08 2 0 2 33 2478 3590 03 6 1 1
14 2002 4431 09 -4 1 0 34 25.00 3559 03 -8 [ 2
15 2029 4374 ] 0 1 1 35 25.16 3531 0.2 -1 1 1
16 2049 4332 14 1 1 ] 36 25.34 3512 02 -8 1 0
17 2059 4311 09 -2 1 | 37 25.65 3470 0.2 7 0 2
18 2093 4.240 33 2 1 1 38 26.15 3405 02 7 1 1
19 21.11 4.206 55 -5 1 0 39 26.20 3399 02 0 1 2
20 2120 4187 9.7 -5 0 2 40 2631 3385 03 -2 1 2

Note: 2theta are calculated with wavelength = 1.54059
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PDF Card No.: 00-038-1923 Quality:S

No. | 2Theta d-Value Intensity h k | No. | 2Theta d-Value Intensity h k |
4 2643 3.370 02 1 1 2 101 44.05 2054 04 6 2 2
42 26.55 3.355 0.3 -9 0 2 102 | 44.16 2.049 04 8 0 4
43 26.65 3.342 0.4 -3 1 2 103 | 44.28 2.044 0.3 =11 2 0
44 26.85 3318 04 12 0 0 104 | 44.46 2.036 03 4 1 4
45 27.00 3.300 0.6 -9 1 0 105 45.16 2.006 0.3 -18 1 1
46 21.20 3.276 0.5 -4 1 2 106 | 45.28 2.001 0.4 -8 1 4
47 27.46 3.246 0.3 3 1 2 107 | 45.38 1.997 0.4 9 0 4
48 27.64 3.225 0.2 8 1 | 108 | 4547 1.993 0.3 =9 2 2
49 27.88 3.198 03 -5 1 2 109 51.88 1.761 03 -14 1 4
50 28.09 3.174 0.3 -8 1 1 110 | 51.97 1.758 0.3 15 2 1
51 28.21 3.161 0.2 -10 0 2 111 52,04 1.756 0.3 -16 2 0
52 28.74 3.104 0.3 -10 1 0 112 | 52.10 1.754 04 -2 1 5
53 2891 3.086 0.4 9 0 2 113 | 5217 1.752 0.3 -3 1 5
54 29.15 3.061 0.3 13 0 0 114 5233 1.747 0.3 16 1 3
55 29.24 3.052 0.2 9 1 1
56 29.74 3.002 0.5 -10 1 1
57 29.91 2.985 1.0 =11 0 2
58 30.24 2953 09 6 1 2
59 30.56 2.923 0.3 =14 1 0
60 31.43 2.844 0.4 -11 1 1
61 32,51 2.752 03 Al 0 2
62 35.71 2512 0.3 -6 1 3
63 35.82 2.505 0.5 4 1 3
64 36.06 2.489 0.8 16 0 0
65 36.24 2.477 0.5 0 2 0
66 36.34 2470 0.3 13 0 2
67 37.34 2.406 0.3 11 1 2
68 37.46 2.399 0.3 -4 2 0
69 37.65 2.387 0.3 1 2 1
70 37.72 2.383 0.7 =2 2 1
1 37.92 2371 08 2 2 1
72 38.16 2.357 0.7 -5 2 0
73 38.42 2.341 0.6 ) 0 4
74 38.52 2.335 0.5 0 0 4
75 38.61 2.330 05 7 1 3
76 38.80 2.319 0.4 1 0 4
F 38.94 2.311 0.3 -15 1 1
78 39.03 2.306 03 -5 2 1
79 3951 2279 0.5 5 2 1
80 39.64 2272 0.6 -10 1 3
81 39.71 2.268 0.8 -6 2 1
82 39.78 2.264 1.0 -6 0 4
83 40.04 2.250 09 =14 1 2
84 40.28 2.237 0.4 6 2 1
85 40.38 2.232 0.4 4 0 4
86 4045 2.228 03 15 0 2
87 40.53 2224 0.5 =7 2 1
88 40.64 2218 0.7 -8 2, 0
89 40.74 2213 0.9 18 0 0
90 40.84 2.208 1.0 13 1 2
91 4097 2.201 1.0 -16 1 1
92 41.03 2.198 1.0 9 1 3
93 41.17 2.191 0.7 7 2 1
94 41.25 2.187 0.5 0 2 2
95 41.29 2.185 04 =2 2 2
96 41.38 2.180 0.3 1 2 2
97 4338 2.084 04 2 1 4
98 43.69 2.070 0.5 -10 2 1
99 43.85 2.063 0.4 3 1 4
100 43.94 2.059 05 -6 1 4

Note: 2theta are calculated with wavelength = 1.54059
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APPENDIX 3

Supplementary Video (V2)

Demonstration of HGPG device performance across varying humidity levels
(40%-90% RH)

Go to Top
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https://youtu.be/qYaSPhgaV-k

APPENDIX 4

Supplementary Video (V3)

Demonstration of HGPG device performance across varying humidity levels
(90%—-40% RH)

Go to Top
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https://youtu.be/wol0MKSr0bQ

APPENDIX 5

Supplementary Video (V4)
Humidity Response of S-HNG-Hydrogel/RP-based HGPG to Humidity Changes
Under Blowing Conditions

https://youtu.be/Px8mn-pDkD8
Ok.r3 0

e
[=] X

Goto Top

241


https://youtu.be/Px8mn-pDkD8

APPENDIX 6

Supplementary Video (V5)
Demonstration of the S-HNG-Hydrogel/RP-based PENG
Under Full-Hand Tapping

https://youtu.be/TMykPxY9magc
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https://youtu.be/TMykPxY9mgc

APPENDIX 7

Supplementary Video (V6)
S-HNG-Hydrogel/RP-based PENG Under 2 N Solenoid Tapping,
Successfully Powering LED

https://voutu.be/rHdOsL XywWs

Goto Top

243


https://youtu.be/rHdOsLXywWs
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