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1. Introduction

Renewable energy (RE) is currently a hot topic in the research field worldwide. Examples of RE include
photovoltaic cells [1-5], biofuels [6-7], and wind power generation [8,9]. However, these sources of RE face
challenges. Solar energy, for instance, cannot solely provide electricity as the sun is not visible throughout the day,
and the initial costs of solar panel installation are very high [3]. Biofuel RE requires large-scale cultivation of
microalgae, which consumes significant water, nitrogen, and phosphorus, and may even generate greenhouse
gases, leading to climate issues [6]. Wind energy, while popular, is hindered by the unpredictable nature of wind,
difficulties in forecasting, and the inability to store it, along with the expenses of operation and maintenance [10-
11].

Humidity-to-energy technology has emerged as a potential major alternative energy source. Humidity, an
abundant resource consisting of water molecules in vapor state, can be harnessed to produce green electricity.
Initial studies on energy harvesting from humidity were reported as early as 2013, where electricity was
generated using bacterial spores reacting to changes in humidity [12]. Subsequent reports in 2014 introduced
evaporation-driven engines that successfully generated electrical power from water evaporation due to changes
in surrounding humidity [13]. Further research in 2015 demonstrated humidity gradient-based power generators
utilizing graphene oxide [14]. These pioneering works specifically focused on converting humidity into electricity,
opening new opportunities for RE research and development.

Hygroscopic materials, also known as humidity-absorbing materials, are key components in humidity-to-
energy conversion technology. This technology operates based on hydration-induced ionization effects. When
hygroscopic materials are placed between two metal electrodes and exposed to atmospheric humidity, water
molecules are absorbed, leading to subsequent hydration and the production of free charge carriers through
ionization effect [15]. The gradient configuration within hygroscopic materials induces the diffusion of charge
carriers, creating an electric potential between the electrodes and initiating current flow [16]. Thus, precise
structural control and surface modification of hygroscopic materials are crucial, affecting their hydrophilicity,
which plays a vital role in facilitating water molecule adsorption onto the material surface. As the working
principle of humidity-to-energy been discussed, noted that the adsorption process is pivotal for converting
atmospheric humidity into usable energy. Materials with good hydrophilicity tend to exhibit better water
adsorption properties, contributing to the overall effectiveness of humidity-based energy harvesting devices [17-
18]. Ensuring sufficient hydrophilicity is essential to optimize performance in humidity-to-energy technology.
Reported that the hydrophilicity of material can be controlled by the functionalization process of stearic acid (SA)
treatment [19].

Surface wettability, typically defined by the water contact angle (6ca) between a water droplet and a solid
surface, categorizes surfaces into four main properties: super-hydrophilic (< 5°), hydrophilic (< 90°), hydrophobic
(=2 90°), and super-hydrophobic (= 150°) [20-21]. A strong hydrophilic surface, characterized by high affinity for
water and high surface energy, results in water spreading well on the material, leading to a low 8ca. As reported,
surface properties are an important factor that influences surface wettability [22].

While NiO nanoparticles have a broad bandgap of 3.6 - 4.0 eV and are inexpensive as well as highly stable
conductive materials, they are widely used in numerous of applications [23-26]. Conversely, graphene (Gr) is
renowned for its high electrical and thermal conductivities, as well as its precise control over functionalization
properties [27]. Both NiO and Gr have been recognized as notable candidates for a range of applications, including
photovoltaic cells [28,29], sensors [30-34], thin film transistors [35-38], and more. A number of studies on NiO/Gr
composite employing diverse synthesis methods and applications are shown in Table 1. Based on these studies, it
is demonstrated that the NiO/Gr composition exhibits long-term stability and durability under various conditions.
In this study, a novel NiO/Gr composite will be utilized as the hygroscopic material in the humidity-based energy
harvesting device. Essentially, this hygroscopic material will function as a trap for positive ions. The zeta
potentials of NiO and Gr have been reported to be approximately -35 mV and -33 mV, respectively [39]. These
negative zeta potentials attract positive ions, primarily H+ ions, to the surfaces of NiO and Gr. The negative zeta
potential arises from surface hydroxyl groups, which structurally and chemically undergo an association-
dissociation mechanism leading to O-rich surface formation. A surface modification strategy for NiO/Gr
hygroscopic nanomaterials represents a beneficial approach considering the zeta potential, which will stimulate
ion movement for the generation of electric fields and currents, thus enhancing the overall performance of
humidity-to-energy systems.
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Table 1 Comparison of studies on NiO/Gr composite employing different synthesis methods and applications

Material Application Composition Method Study outcome Ref.
NiO@NiS@G Dye-sensitized 45 mg of GO Hydrothermal Efficiency: [40]
solar cell dispersion 2.10%
NiO-GO Perovskite solar Different GO mass Solution Efficiency: [41]
cells under ratios (0.0 to 2.0 wt%) immersion 20.8%
humidity
condition
NiO/G Pseudocapacitor 0.5 gNi (NOs)2, 6H20  Hydrothermal Power density: [42]
electrodes in 20 mL GO 2800 Wkg't
Porous graphene- Supercapacitors Different wt.% GO Solvothermal Currentdensity:  [43]
NiO (PGNO) 8Ag!
NiOx/ Vertical Electrochemical Different NiO DC sputtering Capacitance [44]
graphene capacitor deposition time value: 0.15 mF
nanosheets (VGN) cm-2
rGO/NiO Gas sensor under Different wt.% GO Microwave- Highest [45]
high humidity assisted response:
hydrothermal 61.51%
Ni-NiO@Gr Wastewater Variation in pH, Single step Maximum [46]
treatment of temperature, initial adsorption
textile industries concentration of CV capacity
dye, and contact increased from
period 1028 to
1230 mg/g
NiO/Graphene Humidity-to- Stearic acids Sonicated Output voltage: This
energy treatment solution 2.26 mV, study
immersion current density:

0.18 nA/cm?

While humidity-based energy-harvesting technologies have the potential to be self-sufficient energy systems,
the development of materials for humidity-to-energy conversion is still in its preliminary phase and progressing
slowly. Table 2 shows several studies on studies on humidity-to-energy conversion. Since there have been only a
few successful reports in this particular field, the mechanism underlying the energy conversion process from
humidity is not thoroughly studied. The primary issues that this technology frequently faces are its low energy
productivity also its complicated construction procedures [47-48].

Table 2 Comparison of output performance based on several studies on humidity-to-energy conversion

Material Electrical Method Aim of study Ref.
output
MXene (TizCzTx) 24.8 yW/cm? Gelation process Moisture-driven energy [49]
aerogel generators with a bilayered
architecture

Protein nanowires 2.5 pW/cm? Bacterial Culture Device performance with [50]

Preparation whole-cell and without the

protein nanowires
Robust porous 8.1 yW/cm3 Electrodeposition  Utilization of all-printed porous [51]
carbon film carbon film in power generation
TiOz nanowire 4 pW /cm? Layer-by-layer Power generation based on TiO: [52]
assembly nanowire networks containing
3D nanochannels structure

Porous Graphene 2.02 pW/cm? Directionally Utilization asymmetric porous [53]
oxide membrane induced

thermal reduction

graphene oxide membrane to
produce power output
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To our knowledge, no reports specifically address the effect of material hydrophilicity on the humidity-to-
energy performance of NiO/Gr when used as hygroscopic materials. Here, we synthesized NiO/Gr using a
straightforward sonicated solution immersion method and deposited the hygroscopic material onto a cellulose
substrate for the fabrication of the humidity-to-energy device. The novel NiO/Gr on cellulose substrate
(NiO/Gr/cellulose) then underwent SA treatment for surface modification under specific SA concentrations,
immersion temperatures, and times. Our objective is to achieve improved hydrophilic NiO/Gr hygroscopic
materials via SA treatment, thereby yielding outstanding results in the development of humidity-to-energy
technology.

2. Methodology

2.1 Synthesis of NiO/Gr Nanostructured Powder

Nickel nitrate hexahydrate (Ni (NO3)2-6H20) (Sigma-Aldrich), graphene nanoplatelets (99.98%, Techinstro) and
hexamethylenetetramine (HMT) (CsH12N4, 99.0%, Sigma-Aldrich) were used as the precursor materials and
stabilizer, respectively. NiO/Gr nanomaterials sample was synthesized using sonicated solution immersion
method. Initially, disperse 0.2 M of Ni (NO3)2:6H20, 0.2 M of HMT and 1.0 weight percent (wt.%) of graphene
nanoplatelets into deionized water (DI water). To ensure thorough mixing, the solution underwent sonication in
an ultrasonic bath (Hwashin Technology Powersonic 405) for 1 hour, followed by stirring at 500 rpm for an
additional hour. After that, the homogenous mixture was poured into a 100 mL Schott bottle (DURAN), tightly
closed, and immersed for an hour at 75°C in a water bath (Memmert). After immersion, the produced precipitates
were collected and filtered using Whatman Qualitative Grade 1 filter paper (diameter 110 mm). The obtained
nanomaterials were dried overnight at 36°C to eliminate the remaining water molecules. Subsequently, to achieve
better crystallinity, the dried sample was then annealed in a chamber furnace chamber (Protherm) at 500°C for
one hour in an ambient environment. The procedure depicted is illustrated in Fig. 1.

D Transfer the solution
7 to Schott bottle ¥,
HMT @ e
b t’N\(NGS)g 61,0
~. —

Graphene
nanoplatelets

Dl water

Solution preparation for Sonication process Stirring process
NiO/Gr powder synthesis

Drying process

Transfer the dried - H = el
powder to =4 =t = =5
crucible < _ ‘
y, Immersion process
> A & [}

H |
@] i i Collect the produced
K - / . precipitate
.. e : i
Annealing process @ Lo

Fig. 1 Synthesis of the NiO/Gr nanomaterials through the ultrasonicated solution immersion method

2.2 Stearic Acid Treatment

To improve hydrophilic properties, the NiO/Gr samples underwent stearic acid treatment at certain
concentrations, immersion temperatures, and durations, as illustrated in Fig. 2. SA (95%, Sigma-Aldrich) was
dissolved in ethanol (99.8%, SYSTERM) at 2 wt.%. The solution was then sonicated for 10 minutes. After adding
the prepared NiO/Gr powder, the mixture was stirred at 300 rpm at temperatures of 60°C for 6 hours (hrs).
Afterward, the solution was filtered and dried overnight at 36°C.
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Fig. 2 Stearic acid treatment on NiO/Gr

2.3 Fabrication of Humidity-to-Energy Device

1 g of SA-treated NiO/Gr nanostructured powder was dispersed in 15 mL of transparent adhesive liquid (Chunbe
6603), serving as a binder. The resulting paste was labelled as NiO/Gr paste. Using cellulose filter paper (Whatman
Qualitative Grade 1, diameter 110 mm) as a substrate, a shaped pattern measuring 15 mm x 15 mm was prepared.
Subsequently, the NiO/Gr paste was applied using the doctor blade technique to create a uniform thin coating of
hygroscopic material on the cellulose substrate. Following this, the deposited hygroscopic layer was left to dry on
a hot plate at 90°C for 1 hour before applying the working electrode, measuring 5 mm x 5 mm in contact size, onto
the film. The gap between the contacts was measured at 5 mm. To prepare the working electrode, commercial
silver (Ag) conductive paste (Mechanic, MCN-DJ002) was applied onto the hygroscopic layer in accordance with
the patterned cellulose substrate as illustrated in Fig. 3.

[ [=5mm .
- | SA-treated NiO/Gr ‘
8 on cellulose substrate
+~+— Ag metal contact
— ]
15 mm i o e
(@) (b)
Fig. 3 (a) The structural layout; and (b) image of the fabricated SA-treated NiO/Gr-based humidity-to-energy
device

2.4 Characterizations

The morphological studies and the elemental composition analyses for the SA treated-NiO/Gr nanomaterials were
conducted using field emission scanning electron microscopy (FE-SEM; JEOL JSM-7600F; 15 kV of energy
operating voltage) and scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy
(EDX; Scanning range of 0 - 10 keV) (Hitachi, SU-3500). Platinum (Pt) coatings (10 nm thick; auto fine coater, JEOL
JFC-1600) were applied to the sample before the EDX measurements in order to minimize charging in the SEM
images. Using Cu-Ka1 radiation (A = 1.5406 A) in the 26 range from 20° to 90°, X-ray diffraction (XRD; Rigaku,
UltimalV) was used to characterize the crystallinity and phase formation. The water contact angle (WCA) of NiO
on cellulose substrate was investigated using wafer surface analysis system (VCA-3000, AST product, Inc). The
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chemical group identification was carried out by Fourier transform infrared spectroscopy (FTIR) on untreated
and treated samples using a Spectrometer Frontier (Perkin Elmer, Spectrum One). Each sample scanned in
attenuated total reflection (ATR) from 4000 to 350 cm-! wavenumbers. To investigate the device's response to
humidity and its performance, measurements were conducted in a bench-top temperature and humidity chamber
(ESPEC-SH261) equipped with a current-voltage-time measurement system (I-V-t;Keithley 2400) at 25°C.

3. Result

3.1 Structural Characterizations - XRD and FTIR

Fig. 4 shows the XRD patterns of untreated and SA-treated NiO/Gr nanostructure. The observed peaks matching
well with the reported (PDF card No. 01-071-4750) data of NiO, (PDF card No. 004-0850) data of nickel, (PDF card
No.041-1487) data of graphite, (PDF card 056-1718) data of cellulose and (PDF card No. 038-1923) data of stearic
acid. The diffraction peaks at 37.04° were indexed to the (1 1 1) corresponding to NiO, respectively. Meanwhile,
the peaks at 44.51° and 51.85° were indexed to the Ni (1 1 1) and Ni (2 0 0) planes of nickel, respectively. The
diffraction peaks which are relevant for Gr are in the positions of 26.38° and 54.54° corresponding to the planes
of *(0 0 2) and *(0 0 4), respectively. The XRD patterns clearly exhibit the planes of ® (2 0 0) and @ (2 3 1) at
diffraction peak 22.36° and 43.92°, respectively, corresponding to cellulose. For stearic acid, diffraction peaks at
21.63° and 24.18° corresponding to 4 (3 1 1) and 4 (6 0 2), respectively.
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Fig. 4 XRD pattern for (a) SA-treated NiO/Gr; (b) untreated NiO/Gr; (c) pure SA; and (d) SA treated NiO/Gr on
cellulose substrate

From XRD results, the crystallite size (D) of NiO/Gr nanostructures calculated from (1 1 1) peak of NiO by
using Debye-Scherrer equation [54]:

KA
- B cos@ (1)

where K represents a constant, given as 0.9, while A is the XRD’s X-ray wavelength (A = 1.5418 A), 0 is the
diffraction angle and (3 refers to full width at the half maximum (FWHM), which correlates with the diffraction
broadening due to the dimensions of the crystallite. The findings demonstrated a decrease in D from 8.65 nm to
5.31 nm following SA treatment, as presented in Table 3. Additionally, variations in FWHM values and shifts in
position were noted pre- and post-SA treatment, suggesting structural alterations resulting from the treatment.
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Table 3 The crystallite size of NiO/Gr nanostructures calculated using the Debye-Scherrer formula

Sample FWHM, B Lattice parameter,a Interplanar spacing, Unit Cell Crystallite
(rad.) (nm) d (nm) Volume, V size, D
(nm3) (nm)
Untreated NiO/Gr 0.017 0.419 0.242 0.073 8.65
SA-treated 0.028 0.419 0.242 0.074 5.31
NiO/Gr

Based on the FTIR spectra in Fig. 5, there are peaks at 2913.45 cm! and 2847.80 cm! that are related to the
asymmetric and symmetric stretching of CH, groups of pure SA, respectively [55]. The peak at 1699.18 cm™ is
related to stretching vibration of carbonyl double bond, meanwhile, peaks at 1462.95 cm™t 1429.48 cm™ and
1411.20 cm™ are related to bending vibrations of CH, groups. For SA-treated NiO, new peak was observed at
2345.59 cm™ attributed to asymmetric stretching vibrations mode of the CO; molecule presented from the
ambience [56]. The absorption band at 548.26 cm™" have slightly shifted to higher wavenumber at 566.71 cm™,
indicating that SA is bonded to the surface of the NiO nanoparticles. The peak at 1297.11 cm™" and 940.51 cm™
were correlated to the bending and rocking vibration, respectively, of the CHz functional group in pure SA.

However, the presence of this group on the SA treated NiO surface leads to unreacted SA, thus no peaks were
observed at both bands [57].

Untreated
‘ NiO/Gr
3336137 | SA-NiO/Gr
. 3309.79”1
3 :
§ SA-NIO
= )
E 2345.59
IS
@ SA
o
|_

| 1462.95 f
g A 940.51
1297.11 :
: 2847.80 [T
| 2913.45

b SN
i e

T T T T T T T T T T T T . T - T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 5 FTIR spectra for pure SA, SA-treated NiO, SA-treated NiO/Gr and untreated NiO/G

For NiO/Gr, a new peak at 3336.13 cm-! is due to presence of stretching vibrations of OH functional group
which originated from the interactions on the Gr surface. After SA treatment, the absorption band was observed
shifted to lower wavenumber of 3309.70 cm-1, which originates from the functionalization process [58].

3.2 Surface Morphology - FESEM and EDX

For Fig. 6 presents the FESEM images of NiO/Gr morphologies pre- and post-SA treatment. Fig. 6(a) and (b) display
the surface of NiO/Gr before SA treatment, revealing nanostructured aggregates, with an average diameter (dx)
range of 60.6 - 172.4 nm. Fig. 6 (c) and (d) illustrate significant changes after treating the NiO/Gr with SA, resulting
layered and overlapping surface which resembled the arrangement of scales on fish with agglomerated small
nanoparticles, with an average dx of 52.7 -105.9 nm. Fig. 6 (e) shows the image of SA-treated NiO/Gr deposited on
cellulose substrate. As observed, the treated NiO/Gr were attached well on the cellulose fibers. The EDX of the
NiO/Gr nanostructure are shown in Fig. 6 (f) which confirms the presence of carbon (C), oxygen (0), and nickel
(Ni) elements, with peaks appearing between 0 to 10 keV. No other elements are detected in the EDX spectra,
indicating that these results align with the XRD spectra findings.
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Fig. 6 FESEM images of untreated NiO/Gr (a) x 20,000 magnification, 15 kV applied voltage; (b) x 50,000
magnification, 15 kV applied voltage. FESEM images of SA-treated NiO/Gr; (c) x 20,000 magnification, 15 kV
applied voltage; (d) x 50,000 magnification, 15 kV applied voltage; (e) lllustration of SA-treated NiO/Gr on
cellulose substrate and (f) EDX peaks with analytic elemental composition of NiO/Gr nanocomposite (inset)

3.3 Hydrophilicity Properties - WCA

Fig. 7 shows images of water droplets on the surface of substrate. One way to determine the surfaces’ wettability
is by estimating the sample's corresponding surface energy by analyzing their 8ca measurements. The surface
energy can be calculated using simplified Fowkes-Girifalco-Good-Young theory [59]:

y& = Jrilcosbe, + 1) 2

vds is denoted as the dispersive portions of the surface tension for the solid surfaces and assuming V171 is
approximately equal to the testing liquid used which is the nonpolar liquid deionized water with a surface tension
of 72.8 m]/m2. The calculated surface energy for each sample is shown in Table 4.
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Fig. 7 Contact angle measurement (a) untreated NiO/Gr; (b) SA-treated NiO/Gr

Table 4 Water contact angle and surface energy of untreated NiO/Gr and SA-treated NiO/Gr

NiO/Gr Water contact angle (°) Surface energy (mL/m?)
Untreated 49.20 30.09
SA-treated 64.00 26.18

The results clearly indicate that SA-treated NiO/Gr/cellulose has higher 6ca between the water droplet and
substrate surface compared to the untreated substrate. However, the 6ca of the SA-treated sample which is 64.00°
which is still in hydrophilic nature. From the calculations, the surface energy obtained for SA-treated
NiO/Gr/cellulose substrate is 26.18 m]J/m?2 which is lower than the untreated sample. Generally, high surface
energy means a strong molecular attraction which leads to easier to form bonds, the water spreads on the material
and thus the 8ca become low, whereas low surface energy means vice versa [22]. Notably, the surface's wettability
behavior correlates closely with the surface morphology of the sample. Surface modification from the SA
treatment allows more SA molecules to attach onto the sample surface, therefore forming a denser and well-
arranged self-assembled monolayer (SAM). This is aligned with the FESEM images that show the layered and
overlapping surface of SA-treated substrate which tend toward rougher surface. According to reports, larger
surface roughness could indicate poor hydrophilicity where large amount of air trapped in the gap of
agglomerated nanostructures formation [59,60].

4. Electrical Properties - I-V Measurements

Surface wettability of a sample has a significant impact which affects the performance of the humidity-to-energy
device. Hydrophilicity of material will influence output voltage of the device. Therefore, it is crucial to undergo SA
treatment for surface modification in order to determine the optimum hydrophilicity properties. To evaluate the
device's response towards humidity and its operational efficiency, measurements were conducted with zero bias.
The humidity-to-energy performance of the fabricated devices was presented in Table 5. Fig. 8. (a) show the
voltage versus time at 75% of relative humidity (RH) while Fig. 8 (b) and (c) show current versus time from 40%
RH to 90% RH for untreated and SA-treated devices, respectively.

Table 5 The humidity-to-energy performance of fabricated devices

Sample Area, A RH Resistance, R Output Current Power, P
(cm?) (%) Q) voltage, V (V) density, ] (W)
(A/cm?)
Untreated 1.25 75 10M 1.39 x 104 1.11 x 10-11 1.92 x 10-15
SA-treated 1.25 75 10M 2.26 x 103 1.81 x 10-10 5.09 x 10-13

From the result, it is confirmed that the humidity response performance of the NiO/Gr/cellulose humidity-to-
energy device improved with the SA treatment process. At 75% RH, noted that the output voltage of the SA-treated
device produced was up to 2.26 mV with current density of 1.81 x 10-10 A/cm? which is better than untreated
device. This is because the composite hygroscopic material with SA treatment is able to trap more water molecules
at high RH and resulting in significant voltage production [17]. The response and recovery time of the humidity-
to-energy device is known as the time needed for the total output voltage change to reach 90% during both
absorption (40%-90% RH) and desorption (90%-40% RH). From the study, when the RH achieved 90%,
untreated devices yielded the highest current output of 5.03 x 10-10 A at 593 s, while the SA-treated device
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achieved the highest current output of 2.27 x 1099 A at 566 s. On the other hand, untreated devices took about
607 s for recovery time. The SA-treated device took slightly longer time, which is 633 s. Regardless of the specifics,
both humidity-to-energy devices still provide excellent responses and recovery during the humidity changes.

40 6.0+ 250 0,
a) ——Untreated NIO/Gr b) 90 RH% ) 90 RH%
— SA-treated NiO/Gr| 504
3.0 2.00
4.04
- ] n
o~ 20 z T 1504
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2 = =
1.004
;; 1.0 z 20 :x:
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£ € L
© S 104 2 500
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= sy 0.00
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1.0
40 RH% -5.00
20 T T T T 2.0 T T T T T 1 T T T T T 1
a 100 200 200 400 500 [ 200 400 600 800 1000 1200 )] 200 400 600 00 1000 1200
Time (s) Time (s} Time (s)

Fig. 8 Humidity response of (a) untreated and SA-treated NiO/Gr humidity-to-energy device at 75% RH with 0 A
bias; (b) untreated; and (c) SA-treated humidity-to-energy device from 40% to 90% RH with 0 V bias

5. Conclusion

In conclusion, this study confirms that surface treatment with SA on the hygroscopic material of NiO/Gr which
than deposited on cellulose substrate helps enhance humidity-to-energy performance with impressive results,
including an output voltage of 2.26 mV, a current density of 0.18 nA/cm?, and a power output of 0.51 pW at 75%
RH. According to the study, excessive hydrophilicity causes water molecules to adsorb quickly, which slows down
device recovery, while insufficient hydrophilicity causes slow adsorption and hence sluggish device response.
Therefore, to develop a humidity-to-energy device with improved response and recovery performance, future
research should focus on optimizing factors to achieve an optimal level of hydrophilicity that neither absorbs
water molecules too rapidly nor too slowly, thereby enhancing device performance.
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