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ABSTRACT

Energy efficiency is a global need to decrease net emissions and optimise the use of renewable energy sources. On-
going research focuses on optimizing the use of renewable energy resources to maximize their consumption. Fuel
cells, which utilise water to generate electricity, are among these renewable energy resources. Nevertheless, as pre-
viously said, there is ongoing research focused on optimising the synthesis of hydrogen and the extraction of voltage
and current. In this study, we present the utilisation of sodium hydroxide (NaOH) in the extraction of hydrogen and
silica nanoparticles for the enhancement of power values. The experiment clearly demonstrates that using a 50%
NaOH solution resulted in the production of about 5.602 litres of hydrogen gas. Furthermore, the molar percentage
of hydrogen in the final product was determined to be 85.74%. The gas chromatography analysis findings indicate
that the product contains 81.58% hydrogen, 11.62% nitrogen, and 0.04% carbon dioxide. The electrical efficiency
achieved is 86% with a heat loss of 13.96%. In addition, the research included the introduction of silica nanopar-
ticles into the water. It was noted that this led to an increase in power density when the relative humidity was about

70%. The study also revealed that these nanoparticles had the potential to boost fuel cell performance.

Keywords: fuel cell, sodium hydroxide, electrolysis, silica nanoparticles, relative humidity, power density.

INTRODUCTION

As a consequence of the rising diversity of the
world’s population, there is a mismatch between
the production of energy and the use of energy
over the whole planet. Because of the simplicity
with which these resources may be accessed and
the decreased cost of these resources, there has
been a dramatic rise in the utilisation of energy re-
sources that are based on fossil fuels. This is due
to the fact that fossil fuels are more readily avail-
able. Renewable energy sources are used as alter-
natives to conventional energy resources with the
objective of reducing the use of fossil fuels and
making a substantial contribution to the achieve-
ment of net zero emissions [1-3]. Although they
were first developed in the 18th century, fuel cells
have since found widespread use in a variety of
stationary installations [4]. In compared to other

types of energy converters, a proton exchange
membrane fuel cell (PEMFC) is a kind of fuel cell
that generates cleaner energy by using the electro-
chemical process that occurs between hydrogen
and oxygen. The proton exchange membrane fuel
cell is commonly considered to be a highly prom-
ising energy converter due to the major benefits it
has in comparison to other devices that are now
available within the market [5—6]. The power den-
sity of a PEMFC is higher than that of traditional
fuel cells, and its actual efficiencies may reach up
to sixty percent higher than that of conventional
fuel cells. PEMFCs are not complete without the
proton exchange membrane (PEM), which is an
essential component. In addition to maintaining
a barrier between the anode and the cathode, it
makes it easier for protons to go from the an-
ode to the cathode. Strong mechanical qualities,
great electrochemical efficiency, and outstanding
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temperature and chemical stability are all require-
ments for the PEM for it to be considered suit-
able. Recent studies have been conducted with
the objective of accelerating the commercializa-
tion of fuel cells. These studies are centred on the
achievement of higher electrochemical perfor-
mance at low temperatures and humidity, while
also taking into consideration the operating tem-
perature of fuel cells. In light of this, in order to
preserve the following: According to the infor-
mation presented above, metal oxides have been
used in a number of scientific activities in order
to create channels for proton transfer. This has
been done in order to maintain the membrane’s
moisture level in the event that the temperature or
humidity conditions are low. When the sulfonated
metal oxide is functionalized, it has the potential
to serve as a vehicle owing to the existence of a
proton transfer channel and the intrinsic negative
charge that it has. As a consequence, it is antici-
pated that considerable effects would occur [7-8].
Over the last several years, there has been a sub-
stantial rise in the utilisation of nanofluid systems
in applications that include more than one de-
vice. In terms of their fundamental examination,
a large number of studies have been completed
and published. In the current day, researchers are
focusing their attention on the thermal application
of nanofluids because of the nanofluid system’s
promising behaviour in terms of enhancing ther-
mal conductivity. All of these studies have been
completed and published. Nanofluid systems, on
the other hand, are especially convincing in ap-
plications that contain non-conventional energy
sources, such as fuel cells, and photovoltaic in-
struments. These are all examples of applications
that may benefit from their use [9—12].
Nevertheless, research in the nanofluid sec-
tor has also focused on using nanofluid in other
devices, including heat exchangers. This is due
to the extensive efforts made by researchers to
enhance the performance of such devices, aiming
to address the global energy demand and mitigate
the issue of fossil fuel depletion [13—14]. Due to
the advantageous impact of fuel cells compared
to alternative power generators like internal com-
bustion (IC) engines and batteries, the utilisation
of fuel cells has grown more widespread in con-
temporary times [15—16]. Fuel cells are the elec-
trochemical devices that can convert chemical
energy into electrical energy, unlike combustion
engines and batteries. In addition, fuel cells have
the ability to generate higher amounts of electrical
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energy while functioning at lower temperatures.
In addition to compounding the negative impact,
fuel cell devices possess the advantageous char-
acteristics of being more compact, having less
mass, and generating lower levels of noise, in-
creased productivity and extended lifespan.

In a study conducted by Giinestekin et al. [17],
the researchers examined the impact of nano-
catalyst, carbon nanotubes, and hybrid graphene
quantum dots-carbon nanotubes on the current
signal of methanol fuel cell (DMFC) devices. Ac-
cording to the findings of the inquiry, the hybrid
graphene quantum dots-carbon nanotubes nano-
catalyst exhibited the maximum performance in
terms of current density when compared to oth-
er nano-catalysts. By using metal carbides and/
or nitrides (MXene) nanoparticles coupled with
platinum ruthenium catalyst to produce a new
electro-catalyst, Abdullah et al. [18] were able to
optimise the performance of a DMFC system. In
the course of the study project, it was discovered
that the current density of nano enhanced catalyst
is about 2.34 times greater than that of catalyst
that is utilised in commercial applications. The
authors come to the conclusion that the extraor-
dinary morphology of MXene, which is capable
of facilitating a more rapid transfer of ions, is
responsible for the enhancement in electrocata-
lyst performance. Pourfayaz et al. [19] did a re-
search on a combined polymer electrolyte mem-
brane fuel cell and absorption chiller system. This
chiller used several types of nanofluids, including
silver (Ag) nanoparticles-water nanofluid, and
aluminium oxide nanoparticles-water nanofluid,
as coolants. The objective was to improve the co-
efficient of efficiency of the whole system. The
research determined that the refrigerant, which
included a dispersion of silver nanoparticles, at-
tained an overall efficiency of 81%. In a separate
study, Kordi et al. [20] used a numerical method
to examine the efficiency of a fuel cell with a
polymer electrolyte membrane. The fuel cell was
aided by the use of aluminium oxide nanoparti-
cles-water nanofluid as a cooling agent. The study
included dispersing aluminium oxide nanoparti-
cles in varying volume concentrations within the
base fluid to examine the impact of nano addi-
tive volume concentration on the cooling rate of a
four-plate cooler. The numerical analysis revealed
that the use of nanofluid accelerated the cooling
process and greatly improved the fuel cell’s ef-
ficiency. Specifically, the use of a nanofluid with
a volume concentration of 0.006% brought about
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a decrease of 13% in the temperature uniformity
index, along with an increase of 35% in pres-
sure drop. The findings imply that the inclusion
of nanofluids in cooling plate devices could en-
hance heat transfer characteristics, resulting in
enhanced fuel cell performance. In their study,
Zakaria et al. [21] examined the use of nanofluid
coolants containing ALO, particles distributed
in water and water/ethylene glycol solutions for
cooling PEM fuel cells. The nanoparticles were
limited to a maximum volume percentage of just
0.5%v due to the significant increase in electri-
cal conductivity that occurred with higher per-
centages. An additional ratio was established to
measure the proportional growth of both thermal
and electrical conductivity. As a result, it is clear
from the research that has been shown above that
nanoparticles have the potential to be used in fuel
cells for the purpose of cooling the fuel cell and
extracting hydrogen while it is functioning.

The generation of hydrogen is one of the most
significant parts of the fuel cell, which is per-
formed by the electrolysis process with the help
of metal electrodes. For example, the dispersion
of metal may be enhanced by using materials such
as AL O,, SiO,, carbon nanotubes [22], CeO, [23],
and graphene [24]. Hydrogen originates mostly
from water, and the hydrogen that is produced
can be used for the generation of energy as well
as the engines of vehicles because it is simple to
convert and is beneficial to the environment. The
use of this kind of energy is preferred for tradi-
tional vehicles as a fuel because it decreases the
amount of carbon monoxide that is released and
contributes to the achievement of net zero emis-
sions. In addition to being a renewable source of
energy, this particular form of energy discharges
heat energy during the process of hydrogen ex-
traction. Electrolysis of water is considered the
most efficient method for hydrogen production.
This process involves the decomposition of wa-
ter into oxygen and hydrogen gas using an elec-
tric current. During the reaction occurring at the
cathode, two water molecules capture two elec-
trons, resulting in the production of hydrogen
gas (H,) and hydroxide ions (OH"). Meanwhile,
at the anode, two additional water molecules
undergo decomposition to produce oxygen gas
(0,), releasing 4H+ ions and transferring elec-
trons to the cathode. The H" and OH- ions un-
dergo neutralisation, resulting in the formation
of water molecules. The overall reaction for the
electrolysis of water can be represented as:

2H,0(l) — H, (g) + O,(g)

Hydrogen and oxygen gas emanate from this
reaction and form bubbles at the electrode, which
can be collected. This principle is employed for
the manufacture of hydrogen and hydrogen per-
oxide, leading to the generation of hydrogen ve-
hicle fuel. For this investigation, we evaluated the
hydrogen (H,) productivity generated by compar-
ing the total volume, production rate, and produc-
tion time of hydrogen created through the elec-
trolysis process using different concentrations of
sodium hydroxide (NaOH) as the catalyst.

MATERIALS AND METHODS

Every component used in the production
of silica nanoparticles was of high quality and
readily available, requiring no additional purifi-
cation. An initial component, tetraethyl orthosil-
icate (TEOS) (SiCH,O,, Sigma Aldrich), was
employed in the sol-gel synthesis technique. In
addition, ethanol (C,H,OH, GK Life Sciences)
and hydrochloric acid (HCl, SRL Chemicals
Itd.) were used as part of the procedure. The ini-
tial step of the synthesis process involved adding
10 ml of ethanol to a clean beaker and stirring
it on a magnetic stirrer at a speed of 500 rpm.
Next, a small amount of hydrochloric acid was
carefully added to the mixture while it was being
stirred consistently. After some time, 1.5 ml of
tetraethyl orthosilicate (TEOS) were added and
stirred for about 15 minutes. The solution that
was produced underwent a process of drying in
a hot air oven at 150 °C for four hours, followed
by annealing in a muffle furnace at 300 °C for
five hours to obtain the desired silica nanopar-
ticles. Each of these processes occurred within a
span of twenty-four hours.

RESULTS AND DISCUSSION

The crystal structure and functional bond
analysis of the silica nanoparticles were studied
using X-ray and Fourier transformation infrared
spectroscopy (FTIR) respectively and presented
in Figure la and Figure 1b. Based on the given
diffraction pattern la, the Debye-Scherer Equa-
tion can be used to calculate the crystallite size of
the silica nanoparticles. The Equation is:

D = KJ/ (B*cost) (1)
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Figure 1. XRD (a) and FTIR (b) spectra of silica nanoparticles

This Equation 1 describes the connection be-
tween various parameters within the context of
crystallites. “D” denotes the average size of the
crystallites, while a constant ”K” (0.9) is used to
represent the relationship with the crystallite size.
The wavelength of the employed X-ray is repre-
sented by ”A” (1.54), and the full width at half
maximum (FWHM) is denoted by ”5”. Lastly,
the Bragg angle is represented by 6”. Figure la
shows a significant peak in the X-ray spectrum at
a Bragg angle of 22°, indicating the possible ex-
istence of silica nanoparticles that reflect from the
(100) plane. This observation is consistent with
previous research [25, 26]. The XRD pattern indi-
cates that the silica nanoparticles have a hexago-
nal crystal structure and display primitive lattices
with parameters a = b =4.913 A° and ¢ = 5.405
A°. According to the Debye Scherer formula, the
crystallite size of the silica nanoparticles, fol-
lowing calcination at 300 °C, measures approxi-
mately 48 nanometers. This discovery highlights
the amorphous nature of the nanoparticles and
their incredibly small size, resulting in a strong
connection between silicon (Si) and oxygen (O).
Figure 1b displays the FTIR spectra of the sili-
ca nanoparticles synthesised through the sol-gel

EHT=10.00 kV
WD = 11.3 mm

ens
Mag= 1000KX Gun Vacuurn = 1.50e-09 mbar

method. The analysis was performed using Ori-
gin pro. The vibration frequencies at 2976 cm’!,
1656 cm!, and 2122 cm™! confirm the presence
of hydroxyl O-H bonds in the silica nanopar-
ticles. Furthermore, the appearance of peaks at
1126 cm™, 1056 cm!, and 746 cm! suggests the
formation of Si-O-Si, Si-OH, and Si-O, respec-
tively. These findings align with prior studies
that have been published [27, 28].

The field emission scanning electron micros-
copy FESEM image of the colloidal suspension
(sol) and gelation to form a system in continu-
ous liquid phase (gel) sol-gel synthesised silica
nanoparticles is shown in Figure 2a, accompanied
by the elemental analysis in Figure 2b conducted
through Energy dispersive X-ray analysis.

Figure 2a clearly illustrates the formation of
silica flakes measuring approximately 500 nm
in size. The weight percentage of silicon is 56.7,
while oxygen accounts for 43.3%. The particles
were gradually injected into the hydrolysis cham-
ber while undergoing hydrolysis in order to as-
sess the effectiveness of silica nanoparticles in
enhancing hydrogen extraction and cell voltage
extraction. The data on hydrogen generation was
obtained by measuring the change in water level

1M Spectrum 57

W% o
Si 567 19
0 43 19

Figure 2. FESEM image (a) and energy dispersive X-ray (EDAX) spectra (b) of silica nanoparticles
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in the measuring tube before and after the elec-
trolysis process. This was done using different
concentrations of NaOH and during a certain time
period. The disparity in water level in the measur-
ing tube was then used to ascertain the amount
of seawater before to and subsequent to the elec-
trolysis process, which indicated the volume of
hydrogen generated by the electrolysis process.
Moreover, this hydrogen volume data was then
used to compute the production rate and yield of
hydrogen, as well as the yield of hydrogen gener-
ated by the electrolysis process of saltwater ex-
tracted from a mangrove plantation region, using
different concentrations of NaOH as a catalyst.
The study findings were processed and discussed
using quantitative descriptive analysis.

For this investigation, an electrode made of
stainless steel was utilised in the electrolysis pro-
cedure. Applying a direct voltage between the two
electrodes creates an electric potential difference.
When a potential difference is present, ions in the
electrolyte solution are attracted to the electrode
with the opposite charge. The ions observed in
this investigation are a result of the dissociation of
NaOH, just as a materials scientist would expect.
When the NaOH solution dissociates, it forms Na*
and OH- ions. Within the electrolyte solution, the
positively charged sodium (Na") and hydrogen
(H") ions are drawn towards the cathode, while
the negatively charged hydroxyl (OH) ions are
directed towards the anode. Just at the electrode,
a redox reaction occurs due to the movement of
these ions, resulting in the creation of an electric
current in the solution. Figure 3 demonstrates the
relationship between the concentration of NaOH
used in the electrolysis of hydrogen water and the
corresponding increase in the amount of water
used as the raw material. Water is filled in the stor-
age tube to facilitate the electrolysis process for
the hydrogen (H,) and oxygen (O,) gas. After the
initial 20 min of electrolysis, gas will start to build
up in the reservoir tube. Based on the measurements
taken during the procedure, it has been observed that
hydrogen gas begins to appear around the 20™ sec-
ond. Through this experiment, it is evident that as the
quantity of hydrogen gas increases, the water level
decreases. By applying the cylindrical volume equa-
tion to the gas height data in the tube, it is possible
to determine the gas level and calculate the amount
of gas produced. The concentration of the NaOH
solution directly affects the amount of hydrogen
gas produced, as indicated in the literature review.
Figure 3 presents data illustrating the correlation

between the concentration of NaOH solution and
the quantity of hydrogen gas produced.

The data collection method involved conduct-
ing five tests, with each test using a distinct con-
centration of the NaOH solution: 10%, 20%, 30%,
40%, and 50%. Based on the experimental re-
sults, it is evident that there is a clear relationship
between the concentration of the sodium hydrox-
ide (NaOH) solution and the quantity of hydrogen
(H,) gas produced. During the initial experiment
with a 10% NaOH solution, the volume of hy-
drogen gas generated amounted to 3.2901 litres.
In the subsequent trial, the volume of hydrogen
gas expanded to 4.0861 litres. The increase in hy-
drogen volume is quite small, measuring approxi-
mately 0.8 litres. In the following iteration, there
is an increase in the volume of hydrogen gas by
approximately 0.1 1. The production of hydrogen
gas is still increasing from the previous run, al-
though the rate of increase is not as high as in the
first and second runs. The NaOH solution is ef-
fective as an electrolyte in this process. Based on
conducted research, it has been found that the use
of electrolytes containing sodium (Na) can lead to
the formation of visible flocs in gas storage tubes.
Obstructions in the electrode pipeline can impede
the reaction and hinder the breakdown of water
into hydrogen and oxygen.

By examining the production of hydrogen
gas in a laboratory experiment and conducting
a literature study, it becomes clear that there are
discrepancies in the results. Just like a physicist,
the data from the literature study revealed a clear
linear relationship as the volume increased. How-
ever, the experimental results took a different

5.0

4.5

4.0 o

Gas Volume H2 (L)

3.5+

3.0

5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55
NaOH concentration (wt%)
Figure 3. Experimental study on effect of sodium

hydroxide electrolyte solution concentration
to the volume of hydrogen gas production
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path, showing a tendency to decrease instead.
Based on the literature review, the highest quan-
tity of hydrogen that can be generated is 24.4786
litres. In addition, Figure 3 shows that the largest
amount of hydrogen is 4.5902 litres. There is a
clear distinction that occurs. Based on scientific
principles, it can be deduced that when the con-
centration reaches 10%, the volume of hydrogen
should ideally be 5.8869 litres. However, in real-
ity, the volume of hydrogen is only 3.2901 litres.
The difference is negligible since the electrode
pipe is still functioning properly and remains free
from contamination.

In the second experiment result, there is a
slight difference observed at a 20% NaOH con-
centration. The calculated value is 11.6752 litres,
whereas the measured value is 4.0861 litres. It
became evident that there was a noticeable dif-
ference between the expected and observed out-
comes during the fifth trial, particularly when
utilising a 50% NaOH solution. According to the
calculations, the theoretical results come out to
be 24.7486 litres, while the experimental results
show 4.5902 litres. There is a difference of about
20 litres. The decrease in the volume of hydro-
gen by up to 20 litres in the experiment can be
explained by a decline in the electrode’s perfor-
mance, which is becoming more saturated.

The theoretical equilibrium voltage for water
electrolysis is 9.08 Volts. Analysis of NaOH con-
centration yields potential cell values from 12.04
to 12.07 Volts. Note that this electrolysis process
needs a voltage significantly greater than equi-
librium. The experiment tool panel sets the volt-
age as 13.1 Volts, but it’s really 13.3 Volts. The
system has a continuous over potential since the
equilibrium voltage of 9.08 V is measured in an
unreachable standard state. Over potential raises
working voltage much above equilibrium. The
source voltage may be changed to enhance the
working voltage while maintaining current. The
minimal voltage needed for consistent beginning
current is called the working voltage. The actual
cell potential value exceeds the predicted cell po-
tential limit, showing that each reaction and con-
centration variation may be satisfied.

The temperature variation with proton con-
ductivity was demonstrated in Figure 4 with vari-
ous concentrations of silica nanoparticles.

The silicon dioxide (SiO,) membrane’s wa-
ter absorption and volume swelling are strongly
connected to proton exchange membranes’ water
interaction. Water absorption is the membrane’s

418

=== Without addition of Si02
= (.05 Wt%

— 0.1 Wt%
= 0.2 Wt%

0.15 4

0.10 4

Proton Conductivity (Scm™)

0.00

2:6 ZT7 2?8 279 370 311 372
100/TK"!

Figure 4. Graph depicting the variation of
proton conductivity with temperature

capacity to absorb water in water. Water mol-
ecules are essential for proton conduction in fuel
cells, hence proton exchange membranes must
maintain water. Proton exchange membranes
expand after water absorption. The mechanical
strength of the proton exchange membrane may
be reduced by excessive swelling, compromis-
ing fuel cell stability and longevity. Comparison
shows that silicon dioxide (SiO,)-nanoparticle
membrane absorbs more water than pure Nafion
membrane( sulfonated tetrafluoroethylene based
fluoropolymer-copolyme). Silica’s porous struc-
ture, surface area, and adsorption capability help
the proton exchange membrane retain water.

CONCLUSIONS

Silica nanoparticles were synthesized using
sol-gel synthesis in a rapid way to study their
effect on the proton conductivity. NaOH was
used as the catalyst to boost the electrolysis
process using water. XRD investigations on the
silica nanoparticles evidenced the amorphous
nature of silica. FTIR investigations on the
silica nanoparticles identified the formation of
silica functional bonds and was also supported
by EDAX analysis. FESEM investigations en-
dorsed the formation of flake-like structures
in the as-synthesized silica nanoparticles. Fur-
ther, the addition of silica nanoparticles into
the host liquid i.e., water improved the proton
conductivity and water absorption. The elec-
trolysis process yields a significant volume of
hydrogen gas, reaching 4.5902 litres. Thus, the
ideal NaOH concentration in this study is 50%.
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