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ABSTRACT

Hydrogen is a product that has been on the rise over the past decade. Its primary use is as a raw material in industry,
but it is also emerging as a provider of electrical power and fuel. A laboratory-scale electrolysis cell was used with
seawater employing stainless steel electrodes. Hydrogen production was measured using an electrochemical sensor
and an alternating current power source to measure current intensity. A voltage was established in a range of 1,5 to 20
V as the operating condition. The current density (j) behavior in the electrolysis cell increased with increasing applied
voltage. Current density ranged from 0,07 A/cm? to 3,15 A/cm?. Hydrogen production efficiency was achieved from
2,5 V onwards, indicating that reaching 1000 ppmH> was accomplished in 53 and 34 seconds at voltages of 15 and
20 V, respectively. The results demonstrate direct electrolysis with seawater and its utilization with a renewable energy
source.
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INTRODUCTION
Hydrogen (H>) is utilized for the production of hydrocarbons, ammonia, fertilizers, and the hydrogenation
of heavy hydrocarbons and metals. Additionally, it is employed as fuel in cells to generate heat and
electricity.! In the year 2022, the average intensity of carbon dioxide (CO,) emissions derived from
hydrogen production was 12 to 13,5 kg per kilogram of H». In the same year, the annual demand for H, was
95 million tons?, and it is expected to contribute up to 18% to the energy matrix by the year 2050.° Hydrogen
is produced from various carbohydrates, such as natural gases, coal, oil, and oil products, which are non-
renewable sources and are associated with CO; emissions. Nevertheless, it is also possible to obtain it
through renewable energy sources or biochemical processes that utilize biomass.* Currently, 96% of H; is
generated from non-renewable sources such as natural gas, petroleum, and steam reforming. Only 4% of
H. is produced through water electrolysis, a process that utilizes a renewable energy source.>¢ Electrolysis
is an electrochemical process that separates water molecules using electrolytic cells and electrolytes, such
as alkaline water electrolyzer (AWE) and potassium hydroxide; proton exchange membrane water
electrolyzer (PEMWE) and PFSA membranes; anion exchange membrane water electrolyzer (AEMWE)
and DVB polymer support with KOH or NaHCO3; solid oxide electrolysis cell (SOEC) and yttria-stabilized
zirconia (YSZ); and proton-conducting ceramic electrolyzer (PCCEL) with (Y,Yb)-Doped-Ba(Ce, Zr)Os.
s.. Water from lakes, rivers, and seas is considered a natural electrolyte due to its concentration of dissolved
salts, which is why it can be used directly in electrolysis to produce hydrogen.®®!° On the coast of the state
of Veracruz, seawater with a salinity of 35 ups has the following composition: chloride (C1°) 19,33 g/kg per
kilogram of seawater, sodium ion (Na*) (10,53 g/kg), sodium sulfate (NaSO4) (1,25 g/kg), magnesium ion
(Mg*) (1,139 g/kg) and sulfate (SO+*) (1,06 g/kg). Additionally, it contains the following compounds at
1,0 g/kg of seawater: Br, F, HCOs, KSO4, K, Ca*, Sr**, MgHCOs*, MgSQ., CaSO,, NaHCO3, and
H;BOs in lower concentrations.'"!'> Seawater contains sodium chloride, which dissociates into C1~ ions and
Na* cations. When a potential difference is applied, positive ions migrate towards the negative pole, and
negative ions towards the positive pole. At the anode, for every two Cl™ ions, two electrons are released,
forming chlorine gas (Cl,). At the cathode, the generated electrons decompose water into hydroxide (OH")
and hydrogen gas.!* From the experiments conducted with seawater, it is worth mentioning direct
electrolysis using copper and graphite electrodes with gradual voltage increases from 1,5 to 24 V, yielding
up to 0,77 mL Ho/min.'” In another study, electrolysis was carried out with seawater using stainless steel
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electrodes and solar panels as a power source, resulting in hydrogen production of 29,16 mL H,/min with
a power supply of 17,98 V.!* There have also been reports of the use of stainless steel electrodes for
electrolysis with river, lake, and seawater in Turkey. The maximum hydrogen yield was 2,85 mL Ha/min
with a photovoltaic panel providing 5,41 kW/m?/day.® In this study, hydrogen production is carried out at
a laboratory scale using an electrolysis cell with stainless steel electrodes. This is done to determine
operational conditions and efficient hydrogen performance, which will later be integrated into a solar energy
system.

EXPERIMENTAL
Material and Methods
The electrolysis cell was constructed using a low-form Griffin beaker made of borosilicate glass from the
KIMAX® brand, with a maximum capacity of one liter (Fig.-1). Ethylene-vinyl acetate rubber material was
used to hermetically seal the container, with a structure measuring 4,5 cm in height, 10,3 cm in internal
diameter, 13,5 cm in external diameter, and immersed 2,8 cm inside the beaker. An acrylic plate measuring
eight centimeters in height and 0,2 cm in thickness was attached to the rubber stopper to separate the gases
within the chamber.

Fig.-1: Experimental Prototype of the Electrolysis Cell

Two cylindrical stainless steel 316 electrodes, each measuring 11 cm in length and 0,6 cm in diameter, were
used and incorporated into the rubber structure, providing a contact area with seawater of 13,47 cm?. To
carry out the electrolysis process, a volume of 900 mL of seawater from the coasts of Veracruz, Mexico,
was employed. A GW INSTEK model GPS-3303 power supply connected to the electrical grid was used
as the power source to control the voltage applied to the cell. The electrodes were connected to the power
supply through two electrical conductor cables on the external top part of the cell. The electrolytic system
(Fig.-2) consists of a gas sensor connected to a microprocessor that records the data on a computer.

Computer

Fig.-1: Employed Electrolysis System

General Procedure
Operating conditions were established by gradually increasing the voltage within a range of 1,5 to 20, and
current density and hydrogen yield data were collected. '

Detection Method
The current density was determined using the GW INSTEK model GPS-3303 equipment, which was
directly connected to the electrodes. This device provided measurements of the current present in the
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electrodes during the experimental process. Additionally, the known size of the electrodes was taken into
account to calculate the current density. To capture hydrogen, two plastic hoses with a diameter of 0,5 cm
were inserted into an acrylic chamber with the following dimensions (14 cm in length, 8 cm in height, and
8 cm in width). This chamber housed a hydrogen gas sensor (ZE03 Electrochemical H,) from the Winsen
brand (Fig.-3).

Winsen

Implemented
software

ESP-32
module

Fig.-2: Hydrogen Capture : = 4&} System
The hydrogen capture system consists of a sensor
connected to the PIC16F887 microcontroller integrated into the ESP-32 module. The sensor receives the
signal from the module and returns it with measurement data, which the ESP-32 module interprets using
software developed with Arduino.

RESULTS AND DISCUSSION

Current Density Behavior

The current density (j) of the cell increased as the voltage was raised (Fig. 4). This is in line with Ohm's
law, which states that the current in a circuit is directly proportional to the voltage. The current obtained
ranged from 0,07 A/cm? to 3,15 A/cm?, within a voltage range of 1,5 V to 20 V. Santos and collaborators
determined the current density through electrolysis with 100 ml of water, a stainless-steel cathode
(rectangular prism-shaped plates), and a contact surface area of 4,59 cm?. The results for current density
were as follows: 1,7 V=0,01 A/em?, 1,8 V =0,02 A/cm? and 1,95 V = 0,05 A/cm?2.'* Other researchers
used stainless steel electrodes (rectangular prism plates) with a similar contact surface area (4,6 cm?), and
the current density at 1,65 V was 0,037 A/cm?.!> These previous studies used contact surfaces smaller than
that used in the experimental prototype of this document (13,47 cm?). Lee and colleagues mentioned that
the contact surface area is a significant factor, but the application of an electrolyte improves the performance
of the electrolysis cell. They implemented an electrolysis cell in the form of a rectangular prism with a
contact surface area of 0,5 cm?, achieving a current density of 0,025 A/cm? at 1,6 V due to the application
of the alkaline electrolyte KOH.'® On the other hand, they implemented an electrolyzer with an electron
exchange membrane in the form of a rectangular prism, and this membrane enhances electron transfer. They
used a porous stainless-steel plate as the electrode with dimensions of 2 cm in height, 1 cm in length, and
1 cm in width. The current density obtained was 0,012 A/cm? with 2 V applied.’
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Fig.-4: Current Density (A/cm?) vs. Voltage (V)
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According to what was indicated by Lavorante and colleagues, the application of chemical etching
treatment with HCl to increase porosity improves current density parameters and reduces resistance by 20%
compared to untreated electrodes.'® In experiments similar to this document, Givirovskiy and colleagues
conducted electrolysis with a similar experimental prototype to the one presented in this article (a
cylindrical cell). They used stainless steel electrodes with a contact surface area of 13 cm? For the
electrolysis, they used distilled water with hydrogen-oxidizing bacteria. They reported current density
values of: 2,5 V = 0,005 A/cm?, 3 V = 0,0085 A/cm?, 3,5 V = 0,0175 A/em?, 4 V = 0,03 A/cm>."’
Furthermore, a cylindrical cell with stainless steel electrodes and a contact surface area of 0,38957 cm? was
used, which reduces the cross-sectional area through which the current flows. The current density data
obtained were: 1,5V =0,07 A/cm? 2V =0,13 A/cm?, 2,5V =0,25 A/cm?, 3 V=0.5 A/cm®?° The above
data are lower than those obtained in the experimental study of this document because the conductivity of
seawater is higher than that of tap water and distilled water, resulting in higher current density and faster
electrolysis performance.

Hydrogen Yield

In this study, when applying a voltage of 1,1 V, bubbles were observed around the electrode. This indicates
that hydrogen production from seawater is possible at voltages below 1,5 V, as the thermodynamic voltage
required for electrolysis is 1,23 V.2! When a voltage of 1,5 V was applied, the yield was 295 ppmH in 1800
seconds, and this value was the average of the experiment conducted in triplicate. To reach a concentration
of 1000 ppmHo,, it took 6215 seconds (Table-1). Similarly, a cylindrical cell was used, where they tested
with a voltage of 1,5 V and obtained 705 ppmH, in 1800 seconds. They used stainless steel electrodes,
distilled water, and NaOH-KOH as the electrolyte. However, the H, concentration was achieved due to the
application of a temperature range of 225-300 °C, concluding that the increase in current is directly
proportional to the applied temperature and voltage.??

Table-1: Values of the Estimated Time to Achieve 1000 ppmH,* in Relation to Voltage

Voltage (V) Time (s) Voltage (V) Time (s)
1.5 6215 11 64
2 1646 11.5 70
2.5 368 12 67
3 273 12.5 62
3.5 253 13 58
4 203 13.5 56
4.5 183 14 64
5 163 14.5 50
5.5 167 15 53
6 144 15.5 46
6.5 123 16 48
7 127 16.5 43
7.5 119 17 38
8 110 17.5 42
8.5 94 18 39
9 91 18.5 40
9.5 79 19 43
10 84 19.5 39

10.5 74 20 34

* Measurement with a hydrogen sensor.

In relation to the experiment in the document, with a voltage of 2 V, it took 1646 seconds to reach 1000
ppmHo. These results can be compared to those obtained by al-Shara and collaborators, who achieved 2000
ppmH, in 1800 seconds by applying high temperatures.”> When applying a voltage of 3 V, the average
concentration of H, was 1000 ppmH> in 273 seconds. In another study, different voltages were applied, but
at 3 V, they obtained 73773 ppmH> in 600 seconds. This result was due to the electrolysis being conducted
in a cell with 14 electrodes in parallel, deionized water, ZnO as a catalyst, and H,SOs as an electrolyte. The
data obtained by Maulana and colleagues show a high yield over a longer period compared to the
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experiment in this document, which suggests that the difference in the number of electrodes, the
implementation of the catalyst, and the electrolyte played a role in this outcome.?® The concentration
obtained at 12 V was 1000 ppmH, in 67 seconds in this experiment. Hydrogen production was rapid
compared to lower voltages. Increasing the voltage led to maximum production in less time with the sensor
used in this study, as it has a maximum measurement capacity of 1000 ppmH.. In an electrolytic system
implemented by Satrio and colleagues using a cylindrical cell (12 cm in height and five centimeters in
diameter) and 600 mL of wastewater from the instant noodle industry, they achieved a yield of 5000 ppmH>
in 7200 seconds when applying 12 V.2* When a voltage of 15 V was applied, the sensor detected 1000
ppmH: in 53 seconds. This can be contrasted with a water electrolysis experiment that used a real-time TGS
821 sensor connected to a PC viaa DAQ. It detected a hydrogen production of 655,76 ppmH: with a voltage
of 15 V in 660 seconds.? Regarding the highest voltage in this document, 1000 ppmH, was achieved in 34
seconds with 20 V. It is important to highlight that, unlike the findings of Wardhana and colleagues, who
obtained 1226,9 ppmH: in 6000 seconds by applying 24 V with distilled water, our study uses seawater.
This approach represents a significant contribution as it demonstrates the feasibility of hydrogen production
from more abundant resources.?® The research presented above allows us to observe the similarity in the
experimental prototype of this study, with the difference lying in the cell configuration, electrode material,
and water used.
CONCLUSION

The development of the seawater electrolysis process at the laboratory level was able to produce hydrogen.
By applying higher voltage, the current density increased, demonstrating an increase in hydrogen
production. The contact surface area of 13,47 cm? of the cell showed a higher current density compared to
studies that used smaller contact surfaces. Additionally, the superior conductivity of seawater contributed
to efficient hydrogen production. The results defined the feasibility of direct electrolysis using seawater as
the electrolyte to be applied in conjunction with a renewable energy source.
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