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ABSTRACT

Harvesting energy from humidity is a new approach that has emerged as a potential renewable energy source.
However, there are drawbacks to current humidity-based energy-harvesting technologies, such as the absence of a
long-term conversion mechanism in hygroscopic materials. In this study, we developed hematite/nickel oxide/graphene
(hematite/NiO/Gr) on a cellulose-based substrate as the hygroscopic material for humidity-to-energy applications. We
successfully synthesized a novel hematite/NiO/Gr composite using a cost-effective sonicated solution immersion method
at different synthesis temperatures. Results indicated that the prepared hygroscopic material is hydrophilic, with a
water contact angle of 67.83°. The fabricated humidity-to-energy device utilizing these hygroscopic materials yielded
an output voltage of 3.87 + 0.06 mV and a current density of 0.309 + 0.05 nA/cm?. This research highlights the
potential of cellulose-based hematite/NiO/Gr composites as promising hygroscopic materials that could be utilized in

future large-scale green energy technologies.

Keywords: Cellulose-based, Hematite/NiO/Graphene composite, Hygroscopic, Humidity-to-energy, Renewable energy

Introduction

Harvesting energy from humidity is a viable renew-
able energy strategy and could serve as a significant
source of power that supports other mature tech-
nologies such as solar cells,’> nanogenerators,>*
and biofuels.>® This technology has been reported
as early as 2013,” and the development is still on-
going until up to now. Hygroscopic material and

working electrodes are the two key components for
this technology. Basically, it operates on the prin-
ciple of hydration-induced ionization effects. Water
molecules are absorbed by hygroscopic materials
when they are exposed to ambient humidity, re-
sulting in subsequent hydration and the ionization
effect, which produces free charge carriers.® The hy-
groscopic materials’ gradient structure causes charge
carriers to diffuse, generating an electric potential
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between the electrodes and initiating a current flow.
However, the power output of the current humidity-
to-energy conversion based on existing hygroscopic
materials is limited by the absence of a sustained
conversion mechanism.®!! A sustained conversion
mechanism is essential in humidity energy harvesting
to ensure that the system can continuously convert
moisture into electrical energy. Furthermore, most
reported humidity-to-energy studies face challenges
in scaling up this technology due to the use of costly
materials and complex device structures. To develop
hygroscopic materials, many studies have relied on
intricate synthesis procedures, which limit the scala-
bility of the production process. '2

These challenges can be resolved by taking into
consideration a synthesis process optimization that
will influence material modification, particularly in
terms of enhancing the material’s surface qualities.
Reports indicate that ideal synthesis temperatures are
crucial for material development, which impacts the
overall effectiveness of particular applications. Nu-
merous studies using a range of methodologies on the
impact of synthesis temperature variations in various
applications are included in Table 1. Optimizing the
synthesis temperature can be a strategy in solution to
control the surface properties of the developed hygro-
scopic materials, thereby improving the conversion of
humidity to energy.

Table 1. Several studies have been conducted on the effect of synthesis temperature variations for a wide range of applications using

various methods.

Synthesis temperature

Material Application Method Q) Result Ref.
Carbon dots Electrode Hydrothermal 180, 220, and 260 + Asthe temperature of the hydrothermal ~ '®
materials treatment rises, the size stays constant.
+ High hydrothermal treatment temper-
ature = higher quantum yields up to
18.1%.
Polysaccharide Biosensing, Hot water bath 0.6-18.1 * Microgels that deswell at low AT are 14
Microgels controlled drug larger, more polydisperse, and have a
delivery, and lower density.
release » Nonuniform microgels with a low den-
sity and a high degree of polydispersity
form at high AT.
Magnetite Biomedical Coprecipitation 40, 50, and 60 + Effects the material conductivity and 15
nanopartic]es current readings.
+ At 40 °C = 10~% Q/m conductivity.
+ At 50 °C and 60 °C = 10~* Q/m con-
ductivities.
TiO2 nanorods Batteries Hydrothermal 140-180 » 140 °C = higher current rates of 500- 16
1000 mAg~!.

The ideal temperature for mild capac-
ity anode materials with good cycling
stability is 160 °C.

CaAly,04: Eu2™,

Lighting devices

Facile solution

Dy3* combustion
Hydroxyapatite Biomedical Hydrothermal
AgNPs Microscopic Wet chemical

kinetics
Hydroxyapatite Biomaterial Hydrothermal
g-C3Ny Solar energy Facile one-step

nanoparticle conversion

molten salt route

300, 400, 500, 600,
700, 800, 900, and
1000

98 °C, 110 °C and
120 °C

70, 75, 80, 85, and 90.

200 and 230

450, 500, 550, and
600

creased, the major XRD peaks shifted
to higher two theta.

Increase in particle sizes and lattice pa-
rameters.

The impedance value increased to
1.0x10% Q-cm?.

Effects the size of nanoparticles under
sufficient and insufficient Ag+ precur-
sors.

HA-230 showed superior results with a
lower Ca/P ratio of 2.29, in comparison
to HA-200, which had a Ca/P ratio of
2.44.

HA-200 showed an additional XRD
peak that correlated with Ca(OH)y im-
purities.

Effects the phase and morphology of g-
C3Ny.

As the temperature of synthesis in- 17

20

21
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According to reports, metal oxides and graphene
are significant materials that facilitate charge ex-
traction and stability enhancement because of
their energy band-level compatible qualities, cost-
effectiveness, and environmental friendliness.?%23 A
highly conductive medium for ion transport is of-
fered by graphene. On the other hand, metal oxide,
more especially, nickel oxide (NiO), is a redox tran-
sition metal active material with excellent thermal
and chemical stability as well as a high theoret-
ical specific capacity, low cost, abundance, and
environmental friendliness. Due to their exceptional
qualities, graphene and NiO compositions have found
widespread use in energy storage devices like batter-
ies and supercapacitors,?>?* as well as photovoltaic
cells.?? Most studies showed that these composites
performed the best electrochemically.?*-2> Another
potential metal oxide, iron oxide (FepOs3), which is
also known as hematite, is regarded as one of the
most significant species of nanomaterials because of
its optical, magnetic, electrical, and low-cost charac-
teristics. °° Numerous applications have made use of
it, such as lithium batteries, ??® supercapacitors, 2%
corrosion protection coatings,®' and photovoltaic
cells.? The incorporation of hematite can enhance
the reaction rates on surfaces by expanding the active
interface region, > which may improve the material’s
capacity to absorb moisture and produce charge from
ambient humidity. Furthermore, hematite integration
can also prevent electron-hole recombination. *> The
efficiency of transforming humidity-induced changes
into usable electrical energy can be increased by
preserving the generated charges through decreased
electron-hole pair recombination.

This study addressed the challenges in scaling
up this technology by developing a novel hygro-
scopic material based on hematite/NiO/Graphene
(hematite/NiO/Gr) composites using a cost-effective
and straightforward sonication solution immersion
method. During the synthesis process, surface mod-
ification with varying synthesis temperatures is used
to examine the effectiveness of the developed hy-
groscopic material. For the device configuration,
a cellulose-based substrate was used to assess the
device performance with respect to humidity re-
sponse. In conjunction with appropriate scaled-up
technology, this study supports future approaches to
sustainable energy solutions.

Materials and methods
Materials

Nickel nitrate hexahydrate (Ni (NO3)2-6H,0)
(Sigma-Aldrich), graphene nanoplatelets (99.98%,

Techinstro), iron (III) nitrate nonahydrate
(Fe(NO3)3-9H,0) (ACS reagent, >98%, Sigma-
Aldrich) and hexa-methylene-tetramine (HMT)
(CeH12Ny4, 99.0%, Sigma-Aldrich) were used as
precursor materials and stabilizers. Commercial
Whatman Qualitative Grade 1 filter paper with a
diameter of 110 mm was used as a cellulose substrate.
Commercial silver (Ag) (Mechanic, MCN-DJ002)
conductive paste was used for the working
electrode.

Synthesis of hematite/NiO/Gr composites powder

A simple sonicated solution immersion method
was employed to develop the hematite/NiO/Gr pow-
der. First, mix 0.2 M of Ni (NO3)5-6H50, 0.2 M of
HMT, and 1.0 weight percent (wt.%) of graphene
nanoplatelets into deionized water (DI water), fol-
lowed by 1 wt.% of Fe(NO3)3-9H,0 into the mixture.
The solution was sonicated for one hour in a son-
ication chamber (Hwashin Technology Powersonic
405) and then stirred for another hour at 500 rpm to
guarantee complete mixing. A 100 mL Schott bottle
(DURAN) was then filled with the homogenous mix-
ture, sealed tightly, and kept in an immersion bath
at varying temperatures of 75 °C, 85 °C, and 95 °C
for an hour (Memmert). After being immersed, the
precipitates that developed were filtered. The mate-
rials were dried overnight at 36 °C to remove excess
water molecules. The dried sample was annealed in
a chamber furnace (Protherm) for one hour at 500
°C to increase its crystallinity. The samples were then
treated with stearic acid to increase their hydrophilic-
ity. Fig. 1 depicts the described procedure.

Fabrication of humidity-to energy device

1 g of prepared hematite/NiO/Gr powder was dis-
solved in 15 mL of clear glue (Chunbe 6603) to
create hematite/NiO/Gr paste with a concentration
of 66.7 mg/mL. Next, the hematite/NiO/Gr paste was
applied to a prepared 15 mm by 15 mm square of
cellulose substrate using the doctor blade technique,
creating a uniform thin layer of hygroscopic material.
In this study, commercial Whatman Qualitative Grade
1 filter paper, measuring 110 mm in diameter, served
as the cellulose substrate. The deposited hygroscopic
layer was then allowed to dry for an hour at 90 °C on
a heating surface before the working electrode, which
had a contact size of 5 mm by 5 mm, was applied to
the film. As shown in Fig. 2, the working electrode
was prepared by applying commercial Ag conductive
paste to the hygroscopic layer in accordance with the
patterned substrate.
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Fig. 1. Synthesis of the hematite/NiO/Gr powder via the sonicated solution immersion method.

Ag electrode

<= Hematite/NiO/Gr layer

<+ (ellulose substrate

Fig. 2. Device configuration of hematite/NiO/Gr composites layer
on cellulose substrate.

Characterizations

Field emission scanning electron microscopy (FE-
SEM) (Thermo Scientific, Apreo 2 S; 15 kV of energy
operating voltage) integrated with energy dispersive
X-ray spectroscopy (EDX; Scanning range of 0 - 10
keV) was used to perform the elemental composition
analyses and the morphological investigations for
the hematite/NiO/Gr composites. Platinum (Pt) coat-
ings (10 nm thick; auto fine coater, JEOL JFC-1600)
were applied to the sample before the EDX measure-
ments to minimize charging in the FESEM images.
X-ray diffraction (XRD; Rigaku, UltimalV) charac-
terization to examine the crystallographic structure
and phase development in the 20 range between 20°
and 90° using Cu-Ku1 radiation (A = 1.5406 A). A
wafer surface analysis device (VCA-3000, AST prod-
uct, Inc.) served to measure the water contact angle
(WCA) of hematite/NiO/Gr composites on cellulose
substrate. A bench-top temperature and humidity

chamber (ESPEC-SH261) with a current-voltage-time
measuring system (I-V-t; Keithley 2400) was used
to perform electrical characterization measurements,
specifically to analyze the device’s performance and
its response to humidity.

Results and discussion
X-ray diffraction analysis

The X-ray diffraction (XRD) patterns of prepared
hematite/NiO/Gr powder are shown in Fig. 3. Diffrac-
tion peaks at 26 of 37.3°, 43.44° and 62.96° which
corresponds to the (1 1 1), (2 0 0) and (2 2 0)

*(110)
um]l o(122)
|1 } 95°
|7 S
- | Nig111)
3 | AEOY ooy 200
s | 1 1 85°
3 | S | S .
w .
o = "{0o2)
-
=
*(004)
L ] 75°
[ VRV SRS | TIPS . .
20 30 40 50 (] 70 80 20

2 Theta (degree)

Fig. 3. XRD pattern of hematite/NiO/Gr composites powder at syn-
thesis temperature of 75 °C, 85 °C and 95 °C.
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planes, signifying the formation of crystallized cubic
NiO nanoparticles (PDF card No. 01-071-4750). The
diffraction of pattern at peak 44.44 ° and 51.80° cor-
responds to the Ni(1 1 1) and Ni(2 0 0), indicating
nickel (PDF card No. 004-0850). The XRD patterns
clearly exhibit the planes of *(0 0 2) and *(0 0 4) at
diffraction peaks 26.52° and 54.66°, respectively, cor-
responding to crystallized hexagonal graphite (PDF
card 56-0160). The diffraction peaks at 35.68° and
57.38° were indexed to the (1 1 0) and e(1 2
2) planes, indicating the formation of crystallized
trigonal hematite (PDF card 33-0664). The diffrac-
tion peak at 30.42°, which corresponds to the m(2
2 0), indicates that Fe3Oy4, also known as magnetite
(PDF card No. 01-073-9877). This peak arises from
the incomplete transformation of iron precursor to
hematite.

From XRD results, the crystallite size (D) of
hematite, NiO, and graphene nanostructures were
calculated from (1 1 0), (1 1 1), and *(0 0 2) peak,
respectively, by using the Debye-Scherrer Eq. (1):%3

K\

- B cosb )

Where K stands for a constant, which is set at 0.9,
A is the X-ray wavelength of the XRD (A = 1.5418
10\), 6 is the diffraction angle, and 8 is the full width
at half maximum (FWHM), which corresponds to
the diffraction broadening caused by the crystallite’s
dimensions.

The estimation of XRD parameters is presented
in Table 2. The findings indicate that the synthesis
temperature has a significant influence on XRD prop-
erties. At a temperature used in synthesis of 75 °C,
the crystallite size of 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 4 1.25nm, at
higher temperatures of synthesis of 85 °C and 95 °C,
respectively. Similarly, the crystallite size of NiO par-
ticles 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. 27 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 crystallite sizes.®> Additionally,
as observed in the XRD spectra, the intensity of the
graphene 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. *®

Surface morphological studies

The morphology and microstructure of the synthe-
sized hematite/NiO/Gr composites were examined
using FESEM. Fig. 4(a) to 4(c) show the FESEM
images of the composites synthesized at different
temperatures, while Fig. 4(d) and 4(e) present mag-
nified views of each sample. The images reveal Gr
flakes with rippled and layered surfaces, attributed to
carbon compression. NiO and hematite particles are
randomly dispersed across the Gr flakes, contributing
to a porous, electro-conductive structure.*° The de-
fect sites and edge surfaces of the Gr in the precursor
solution act as nucleation centers for the formation
of NiO and hematite particles, which subsequently
redistribute on the Gr flakes to form heterostructures.
The FESEM images also show loosely agglomerated
nanoparticles randomly scattered across the surface,
with an average diameter ranging from 44 to 97
nm. According to the literature, controlling particle
size at the nanoscale is crucial for developing effi-
cient humidity-based energy harvesting devices, as
nanoparticles offer higher surface area and enhanced
electronic interactions that improve energy conver-
sion and charge transport. *%4!

As shown in Fig. 4(a), agglomerated nanoparti-
cles are observed at a synthesis temperature of 75
°C, with an average diameter (@) of 57 £+ 7
nm. This suggests that a synthesis temperature of
75 °C furnishes adequate thermal energy to facili-
tate the nucleation and subsequent crystalline growth
of NiO and hematite phases, while simultaneously
promoting their effective anchoring and structural in-
tegration onto Gr flakes. As the temperature increases
to 85 °C, the formation of nanoparticles becomes
more pronounced in terms of quantity, accompanied
by an increase in particle size, reaching an @,y of
approximately 62 + 10 nm. At 95 °C, the increased
formation of nanoparticles results in more extensive

Table 2. The FWHM and crystallite size of hematite ® (1 1 0), NiO (1 1 1), and Gr *(0 0 2) were calculated using the Debye-

Scherrer formula.

o(110) ai1n *(002)
Sample g (rad.) D (nm) B (rad.) D (nm) B (rad.) D (nm)
75 °C (6.21 £ 0.21) x 103 23.50 + 0.78 (8.43+1.03) x 1073 17.54 4+ 2.15 (5.86 + 0.07) x 10 24.33 + 0.29
85 °C (6.01 £0.30) x 103 24.29 +1.21 (8.35+0.67) x 103 17.62 +1.39 (5.90 + 0.04) x 103 24.19 +0.16
95 °C (5.98 + 0.30) x 102 24.42 +1.25 (8.08 4+ 0.44) x 103 18.17+1.00 (6.13 +£0.08) x 103 23.25 + 0.31
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Fig. 4. FE-SEM image of hematite/NiO/Gr composites powder at magnification of 5,000x and 50,000 at synthesis temperature 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.

agglomeration, with an @,,; of 78 &+ 13 nm, while
still maintaining the nanoscale range. In this study,
the maximum synthesis temperature was limited to
95 °C due to equipment constraints. These findings
demonstrate that the synthesis temperature signifi-
cantly influences the particles’ aggregation behavior.
Aggregation occurs due to low electrostatic repul-
sive barriers, which allow van der Waals attractions
to dominate, promoting particle agglomeration. 3742
Typically, the presence of nanoparticle agglomer-
ates contributes to increased surface roughness and
enhances water adsorption. *>~*> However, excessive
agglomeration can significantly reduce the effective
surface area available for moisture uptake.*® It is
reported that high synthesis temperatures would re-
sult in severe nanoparticle aggregation, potentially
reducing energy conversion efficiency by restricting
moisture diffusion and surface interaction. “/~*° These
observations highlight the importance of controlling
nanoparticle dispersion to maximize the exposed sur-
face area and enhance water molecule adsorption.
The components of the hematite/NiO/Gr compos-
ites were mapped and examined using EDX spec-
troscopy. The EDX data of the composites, shown in
Fig. 5 (a), confirms the presence of the elements car-
bon (C), nickel (Ni), oxygen (O), and iron (Fe). Peaks
appear between 0 and 10 keV. These results are con-
sistent with the XRD spectra, as the EDX spectra show
no additional elements. The results are presented in
Fig. 5 (a) (inset), indicating that element C signifies
the presence of graphene within the composites. The
elemental composition and distribution in the com-
posite matrix were further determined by the EDX
color mapping shown in Fig. 5 (b) to (g). In this map-

ping, the colors purple, green, red, and light blue rep-
resent elements C, Ni, O, and Fe, respectively. These
results confirm the presence and good distribution of
all the mentioned elements in the composite matrix.

Water absorption is closely related to hygroscopic
materials and hydrophilic properties. It often oc-
curs through the mechanism of chemisorption via
noncovalent interactions between hydrophilic func-
tional groups and water molecules. °° Basically, when
exposed to atmospheric moisture, hydrophilic func-
tional groups interact electrostatically or form hydro-
gen bonds with molecules of water vapor, enabling
the hygroscopic material to exhibit water absorption
behavior. NiO is known as a strong humidity ab-
sorber,®! while graphene and hematite have been
widely used in humidity sensing applications due
to their excellent sensing capabilities.®?>* In this
study, hematite/NiO/Gr composites have been uti-
lized as hygroscopic materials with cellulose as the
substrate, which enhances water adherence due to the
hydrophilic nature of cellulose.

This behavior can be evaluated using the water
contact angle (6ca), which measures the tendency
of a liquid to spread on a solid surface. The results
in Fig. 6 show that all samples exhibit hydrophilic
properties. However, as the synthesis temperature
elevates from 75 °C to 95 °C, the Oca decreases.
This can be attributed to enhanced hydrophilicity
resulting from increased surface roughness. > As pre-
viously discussed, higher nanoparticle agglomeration
is evident in the FESEM images as the synthesis tem-
perature rises, leading to greater surface roughness.
This results in the creation of more porous spaces, */-°°
which in turn leads to a lower 6¢a.
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Fig. 5. (a) EDX peaks with analytic elemental composition of hematite/NiO/Gr composites (inset). (b) EDX color mapping: (c) overall mapping,
(d) carbon, (e) nickel, (f) oxygen, and (g) iron in the hematite/NiO/Gr composites.

c)

/

Fig. 6. Water contact angle measurement of hematite/NiO/Gr composites on cellulose-based substrate with different synthesis temperatures
(a) 75 °C, (b) 85 °C, and (c) 95 °C.

Humidity response tiveness. Cellulose-based substrates with an area
of 1.25 cm? were prepared using hematite/NiO/Gr
Measurements were conducted at specific rela- composites synthesized at a range of temperatures,

tive humidity (RH) levels to evaluate the samples’ 75 °C, 85 °C, and 95 °C. These were labelled
response to humidity and their operational effec- as hematite/NiO/Gr-75, hematite/NiO/Gr-85, and
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Table 3. The humidity-to-energy performance of fabricated devices.

Area, Resistance, Output voltage, Current density, Power,
Sample A(cm?) RH (%) R() V (mV) J (nA/cm?) P (pW)
Hematite/NiO/Gr-75 3.01 £0.23 0.241 £+ 0.018 091 £0.14
Hematite/NiO/Gr-85 1.25 75 10 M 3.45 £ 0.22 0.276 £ 0.018 1.19 £ 0.15
Hematite/NiO/Gr-95 3.87 £ 0.06 0.309 £ 0.005 1.50 + 0.05
6.0
(a) 4009 (b)
5.0 90% RH
3.00
S 40- e ). A
L) S @
= e — © 2004
304 —— st
5 £
E’ 5 1.00
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Fig. 7. Response to humidity measurements of hematite/NiO/Gr composites on cellulose-based substrate synthesized at different tempera-
tures (a) The voltage versus time at a fixed RH of 75% with zero bias applied and (b) the current versus time at various RH levels with zero

bias applied.

hematite/NiO/Gr-95. The voltage versus time at a
fixed RH of 75% is shown in Fig. 7(a), and Table 3
highlights the samples’ performance in harvesting
humidity into electricity. The results indicate that
hematite/NiO/Gr-95 exhibited the best performance,
with an output voltage of 3.87 £+ 0.06 mV. In compar-
ison, hematite/NiO/Gr-75 and hematite/NiO/Gr-85
generated output voltages of 3.01 + 0.23 mV and
3.45 + 0.22 mV, respectively. These findings sug-
gest that synthesis temperature plays a crucial role,
as it significantly influences overall power con-
version performance. This is primarily due to the
hydrophilic properties of each sample, which vary
with the synthesis temperature. As discussed earlier,
hematite/NiO/Gr-95 exhibits the most enhanced hy-
drophilic properties compared to hematite/NiO/Gr-
75 and hematite/NiO/Gr-85. This allows it to trap
more water molecules, thereby producing a notable
increase in voltage.°”

Fig. 7(b) shows the current versus time at varying
RH levels. From the graph, all samples demonstrated
a good response to humidity changes. They main-
tained a steady electrical signal at 40% RH and
increased steadily as it reached 90% RH during the
adsorption process. At 90% RH, hematite/NiO/Gr-95
produced the highest current of 3.28 nA, compared

to hematite/NiO/Gr-75 and hematite/NiO/Gr-85,
which generated slightly lower currents of 2.41 nA
and 2.71 nA, respectively. During the desorption pro-
cess, as RH decreased from 90% to 40%, all samples
showed a drop in current.

Due to the inherent thermal limitations of the ex-
perimental setup utilized in this study, the immersion
bath temperature was constrained to a maximum
of 95 °C, which consequently defined the upper
limit of the synthesis conditions investigated. Lit-
erature reports, particularly within the scope of
humidity-driven energy harvesting applications, un-
derscore that synthesis temperatures exceeding 95 °C
can critically modulate nanoparticle physicochemi-
cal properties—such as dimensionality, morphologi-
cal uniformity, and crystallinity—thereby enhancing
overall device efficacy.’®°° However, the optimal
synthesis temperature is highly dependent on the
material system, synthetic pathway, and targeted
functional application.®’%® For instance, Ni-based
metal-organic frameworks (Ni-MOFs) employed in
supercapacitor electrodes have shown that materials
synthesized at 80 °C exhibit superior specific sur-
face area and enhanced electrochemical response. ®*
In contrast, studies on bismuth antimony telluride
(Bip.sSby5Tes) thin films revealed that synthesis
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at 150 °C yielded powders with maximized ther-
moelectric and semiconducting performance, thus
highlighting the criticality of tailoring synthesis pa-
rameters to application-specific requirements. ®°

Conclusion

This research significantly advances the devel-
opment of materials for humidity-to-energy har-
vesting by optimizing both material selection and
synthesis methods. The study addresses key chal-
lenges in achieving stable energy conversion and
introduces a novel hygroscopic composite based
on hematite/NiO/Gr integrated with cellulose-based
substrates. These composites exhibit excellent wa-
ter absorption and energy conversion capabilities
due to their favorable morphological and hydrophilic
properties. Fabricated via a cost-effective, low-
temperature, sonication-assisted solution immersion
technique, the humidity energy harvesting device
demonstrated remarkable long-term operational sta-
bility, sustaining performance for up to 400 days.
Its performance varied with RH level, highlight-
ing its sensitivity and adaptability to environmental
changes. Although still in early development, the
technology shows strong potential for use in self-
powered sensors, wearable electronics, and hybrid
energy harvesting systems in humid environments.
Crucially, the study affirms that synthesis temper-
ature is a pivotal parameter in modulating key
material characteristics to enhance energy harvesting
efficiency. Among the evaluated conditions, the com-
posite synthesized at 95 °C achieved superior output
performance, generating an open-circuit voltage of
3.87 + 0.06 mV, a current density of 0.309 £+ 0.005
nA/cm?, and a power output of 1.50 & 0.05pW under
75% RH. Elevated synthesis temperatures facilitated
nanoparticle aggregation, increased surface rough-
ness, and enhanced porosity—factors that collectively
augmented the material’s hydrophilic behavior by
lowering the contact angle (6ca) and improving its
humidity responsiveness. Overall, this study under-
scores the critical role of synthesis temperature in
tailoring morphological, hydrophilic, and crystalline
properties to maximize the efficacy of humidity-
responsive energy conversion systems.
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