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Abstract: - The energy transition is already underway, and hydrogen plays a crucial role by enabling renewable 
energy storage without emitting carbon dioxide and other greenhouse gases. Given the intermittency of 
renewable energy sources, energy storage is essential in this transition. Hydrogen technologies are recognized 
as promising solutions. One method to produce green hydrogen is through water electrolysis using renewable 
energy sources, a process identified with significant potential for decarbonization. However, it needs to 
enhance efficiency, reduce component costs, and consequently, production costs to expand its adoption. 
Alkaline water electrolysis for hydrogen production is a mature technology with commercially available 
megawatt (MW) scale installations. To enhance the performance of alkaline electrolyzers, this study focuses on 
evaluating flat and pin-type electrodes. To analyze their performance, the electrodes were tested at, 20 degrees 
Celsius, varying electrode distances between them. Tests were conducted in an electrochemical cell, where 
different operating voltages were applied incrementally, from 0.1 [V] every 30 seconds, across a range of 0 to 
2.7 [V]. From the analyzed distances, the highest current densities were obtained at 1.95 [mm] for the pin type 
and 4.59 [mm] for the flat. Comparing performances at comparable distances, it is observed that the flat 
electrode generates a higher current density than the pin type.  Although the pin-type electrode increases its 
surface area by approximately 83%, it hinders the detachment of bubbles, causing them to remain on the 
electrode's surface for a longer time and reducing its performance. 
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1  Introduction 
The increase in greenhouse gas emissions in the 
environment has become an important issue for 
many world leaders, legislators, researchers, and the 
world population in general, and that is why each of 
these groups strives, within their ranges of action, to 
limit the growing impact of climate change on the 
environment, [1], [2], [3]. 

According to the report prepared by the 
International Energy Agency, global carbon dioxide 
(CO2) emissions from energy combustion and 
industrial processes in 2023 reached a new all-time 
high of 37.4 Gt. This increase represents around 410 
Mt CO2 released into the atmosphere, with respect 
to the previous year, [4]. 

The 21st century brought with it, an extensive 
development of renewable technologies in order to 
reduce the generation of electricity through fossil 
fuels. However, even in this century, most countries 
still depend on fossil fuels for electricity generation, 
either due to the lack of technologies, resources, or 
conditions to implement the production through 
renewable energies, [5]. 

Added to this fact, it must not be forgotten that 
renewable energies are essentially intermittent, and 
this characteristic presents itself as an obstacle, no 
less, when it comes to a more generalized 
implementation. Wind and solar power generation 
can vary on a range of time scales, ranging from 
near-instantaneous to seasonal, [6]. Therefore, in a 
predominantly renewable matrix, this type of 
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generation must be balanced with demand by 
implementing energy storage systems, [7]. Systems 
that allow the accumulation of some form of energy, 
so that at another time, other than when it is 
generated, it can be used to perform some useful 
operation, [8]. Electrical energy presents difficulties 
for its storage. In general, it requires to be converted 
into another form of energy, [9]. Among the 
methods that can be used to store energy can be 
found in chemical, electrochemical, electrical, 
mechanical, and thermal systems, [10], [11], [12], 
[13]. 

Hence, for the increasing energy demand and 
consumption, requests for mitigation of greenhouse 
gas emissions, main responsibility of the global 
warming, population growth, as well as depletion of 
natural resources it is of great importance to make 
the most of renewable energy and this, of course, 
includes its surplus. The surplus that is generated at 
times of the day when the demand is less than the 
generation, [14], [15]. 

To address these challenges, excess power 
generated through renewables could be stored in 
batteries, [16], [17]. Their main advantage is their 
almost instantaneous response time, that they can be 
flexibly configured, and their relatively low 
manufacturing time, while their high investment 
cost and short useful life are the main 
disadvantages, [18]. Batteries are suitable for short-
term generation-demand balancing, specifically in 
one day [19], meanwhile, another approached would 
be to convert that surplus into storable chemicals. 

One promising approach is the production of 
fuels from renewable electricity that can then be 
used for stationary power production or 
transportation. This idea was called "power-to-x" in 
Germany in the early 2010s, where x represents the 
product to be obtained, [20]. 

These technologies are presented as a viable 
option to store excess renewable energy, for its 
subsequent dispatch for final use, in addition to 
providing a path to decarbonization and to produce 
"green" fuels and chemical products, [21]. Through 
these technologies, hydrogen, methane, ammonia, 
and hydrogen peroxide could be obtained, to name a 
few. These energy carriers and chemical compounds 
can provide versatility in storage (addressing 
imbalances in renewable resources), transportation, 
and their subsequent conversion to achieve 
decarbonization of energy infrastructure, [22]. 

In other words, the adoption of "power to x" 
technologies and their products will facilitate the 
integration of renewable energies in other sectors of 
the economy such as transportation, agriculture, and 
manufacturing and, in this way, they will contribute 

to the effective displacement of the requirement for 
fossil fuels and their negative effects caused by their 
production and use, on the environment, [23], [24].  

Practically, power-to-hydrogen is the backbone 
of the power-to-x concept, [25]. Hydrogen can be 
produced from any type of energy source, but given 
what it has been mentioned, it is much more 
attractive if it is obtained from renewable sources. 
The method is the electrolysis of water, where the 
latter is the raw material of the process.   

The storage concept enlaces the energy and gas 
networks through the transformation of energy into 
gas through two main steps: the production of 
hydrogen through water electrolysis (which can be 
used directly as fuel) and the conversion of 
hydrogen into chemicals or fuels compatible with 
the existing infrastructure for transportation or 
production, [26]. 

Hydrogen is perceived as a clean fuel, because 
when it is used in combustion systems or in fuel 
cells designed for this purpose, it produces only 
water as a by-product. 

In terms of properties, hydrogen has a high 
energy per unit mass. Its specific energy is 120 
[MJ/kg] at 0° Celsius and 1 atmosphere but has a 
low energy density by volume 0.01 [MJ/L] under 
the same conditions of temperature and pressure. 
Unlike conventional fuels, it has a very small and 
light molecular structure, but it is important to 
emphasize its high heating value (HHV) of 141.9 
[MJ/kg], which is almost three times that of 
gasoline, [27]. 

As it was mentioned previously, since the 
method of obtaining hydrogen through these 
technologies is electrolysis, it was going to be 
present. 

To fully understand the meaning of this process, 
it should start with the word itself. The word 
electrolysis has the suffix ¨lysis¨, of Greek origin, 
which means division or rupture, and the prefix 
¨electro¨, which refers to the flow of electrical 
current. For this reason, electrolysis is defined as the 
process in which a compound is divided into its 
component elements by passing electricity through 
it. Electrolysis is a non-spontaneous chemical 
change, since it does not occur on its own, so 
electrical energy is the force that drives the process, 
[28]. 

The electrolysis of water, then, is the breakdown 
of the water molecule into hydrogen and oxygen by 
passing electricity through it, [29]. 

A basic electrolysis cell consists of two 
electrodes, a separator/diaphragm or membrane, and 
the electrolyte, [30]. The latter is an essential part of 
the basic electrolysis cells since it is the means 
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responsible for transporting the ionic species 
generated from one electrode to the other. It 
functions as a selective conductor through which 
ions pass but electrons do not. Electrodes are the 
surfaces on which the oxidation and reduction half-
reactions take place. The cathode is the electrode at 
which reduction takes place. The anode is the 
electrode at which oxidation takes place. The 
separator or membrane is responsible for physically 
setting apart the gaseous products obtained in the 
cathodic and anodic compartments, avoiding contact 
between electrodes, and preventing cell short 
circuits. However, the membrane has an additional 
function, which is to selectively promote the 
passage of one or more components. 

There are several characteristics that have been 
used to classify the different types of water 
electrolyzer, such as the states of aggregation and 
the type of electrolyte, as well as their operating 
conditions linked to temperature and pressure, [31]. 
However, the one that is widely accepted is by the 
type of electrolyte and this classification allows 
differentiating four technologies: alkaline, 
polymeric electrolyte membrane, anion exchange 
membrane, and solid oxide, [32], [33], [34]. In 
alkaline-type electrolyzers, a highly concentrated 
potassium hydroxide solution is used as 
an electrolyte, which is responsible for the transport 
of hydroxyl anions. For the other types of 
electrolyzers, a solid electron-insulating electrolyte 
is used that, in addition to transporting ionic species, 
physically separates the gases produced. Water 
electrolysis plants to produce hydrogen have been 
identified as a key factor in the production cost of 
X. To be more specific, in addition to the CAPEX of 
the electrolyzer, the initial investment for the 
installation of renewable energies must be 
considered. Although alkaline electrolysis is the 
most mature electrolysis technology, if the 
decarbonization of the energy sector is to be 
achieved, the other should be developed. The 
polymeric electrolyte membrane because it presents 
a better response to energy fluctuations than the 
alkaline one. Solid oxide because it presents a 
higher efficiency and lower energy demand. Anion 
exchange membrane water electrolyzers would 
provide a promising alternative by combining many 
benefits of alkaline and proton exchange membrane 
electrolyzers, [35]. The alkaline working 
environment allows the use of economical bipolar 
plates and porous transport, as well as 
electrocatalysts that do not belong to the platinum 
group. Furthermore, the implementation of an anion 
exchange membrane could operate at differential 

pressure, fast dynamic response, low energy losses, 
and higher current density, [36], [37].  

Given that for the implementation of these 
technologies at the scale needed, low-cost materials 
are required, and the manufacturing method can be 
carried out on an industrial scale, in this work the 
performance of two types of 316L stainless steel 
electrodes is proposed to be analyzed in an 
environment like that of an alkaline type 
electrolyzer. One pair is the material as purchased 
from the factory and the other has a pin-type 
topology on its surface that will allow it to increase 
its active area by approximately 83%. 
 

 

2  Materials and Methods 
 
2.1  Construction of the Electrode Topology 
Onto the surface of a 110 [mm] length x 111 [mm] 
width x 3 [mm] thickness, 316L stainless steel 
electrode, a pin-type topology was applied.  It 
consists of straight vertical and horizontal channels, 
which intersect, with dimensions of 90 [mm] length 
x 1 [mm] width x 1 [mm] depth. The channels were 
made by a universal milling machine using a 
circular shaped high-speed steel saw of 8.0 x 1.0 
[mm] in diameter (SINPAR). These channels then 
give rise to the pins which, with their side walls of 2 
[mm] length x 1 [mm] width, increase the active 
area of the electrode by approximately 83%, 
compared to the original electrodes without them. 
Figure 1(a), shows the image obtained by the Leica 
stereoscopic microscope with a DFC295 camera, 
using an increase of 0.63x. The irregularities in the 
base and sides of the channels can be observed, 
caused by the tool used in their manufacture, as well 
as the excess material remaining on the edges of the 
pins, such as protruding edges and excess material 
that remains attached, increasing the exposed 
surface area of the electrode. It should be noted that 
the burr resulting from the manufacturing method 
has not been considered in the calculation of the 
percentage of gained active area. The electrodes 
submitted to the machining process were those 
named mechanized electrodes with pin-type 
topology. 

To compare the behavior of this type of 
geometry, a pair of flat electrodes of the same 
material were evaluated, with dimensions 110 [mm] 
length x 110 [mm] width x 2.2 [mm] thickness. 
Figure 1(b), is an image taken with the Leica 
stereoscopic microscope, using a magnification of 
0.63x. 
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Fig. 1: View of the: a) pin-type topology and b) flat 
electrodes 
 

2.2 Preparation and Cleaning of the 

 Electrodes 
A preparation is undertaken to remove any 
impurities that may adhere to the surface of the 
electrodes because of manufacturing and machining 
processes. Initially, an abrasive product containing 
sodium dodecyl benzene sulfonate, carbonates, and 
alkalizing agents is used, followed by thorough 
rinsing with drinking water. Next washing with a 
detergent containing anionic surfactants such as 
sodium lauryl ether sulfate and sodium linear 
alkylbenzene sulfonate, subsequently by extensive 
rinsing with drinking water. Finally, two rinses with 
distilled water are performed. 

To ensure that the electrodes are free from any 
type of impurities before evaluation, the following 
cleaning treatment is applied to them: a filter paper 
(one for each electrode) is soaked with acetone 
(99.5%, Sintorgan), to carefully clean the surface, 
and allowed solvent to evaporate. Finally, a filter 
paper (one for each electrode) is soaked with 
absolute ethyl alcohol (Biopack), which is used to 
cleanse the surface of the electrode, and the solvent 
is allowed to evaporate. 

2.3  Electrochemical Experiments 
Determinations were conducted at 20 [°C], 
atmospheric pressure and using a 30% w/w solution 
of potassium hydroxide (KOH 85% Biopack) as the 
electrolyte. This solution was prepared by 
determining the mass of potassium hydroxide 
needed and adjusting it to the volume with the 
necessary amount of distilled water. Once bottled, 
two drops of colloidal dispersion of the non-ionic 
surfactant Triton X-100 (Biopack) were added. 

 The electrochemical cell, where the 
electrodes were evaluated, comprised a cubic 
container, various pairs of rectified blocks, two 
guide brackets, two mobile locks (all constructed 
from crystal acrylic), and four steel screws, [38].  

The cubic container has, right in its center, a slot 
that extends along its side walls and base. This slot 
allows the delineation of the cathodic and anodic 
compartments. It is where the material to be used as 
a separator is placed. The separator material 
employed is Zirfon®, which is a porous composite 
material that consists of a polysulfone matrix with 
embedded zirconium oxide in powder form, 
manufactured based on the film-casting technique, 
[39]. Each electrode is secured to a guide bracket 
using two small stainless-steel screws. The rectified 
blocks serve to establish the distance between the 
pair of electrodes. These are placed between the side 
wall of the cubic container and the guide brackets. 
Each set of rectified blocks has a length determined 
by the cubic container, but a different width that 
allows studying the behavior of the electrodes at 
various distances between them. Once the separator, 
electrolyte, pair of rectified blocks, and guide 
brackets with the electrodes have been placed inside 
the container, each piece is secured by the mobile 
locks. These pieces are crucial for maintaining the 
established position throughout the entire 
experiment. When the electrochemical cell was 
prepared, electrical connections were established 
with a Fullenergy System DC Power Supply 
HY3020 (30 V / 20 A, 600 W). Current 
measurements were taken at various potentials 
ranging from 0.0 to 2.7 V, with the applied voltage 
difference incremented by 0.1 V every 30 seconds. 
Each electrode gap, determined by the rectified 
blocks, was analyzed at least four times. Standard 
deviation and standard error were calculated. Given 
that the system's temperature increases after each 
experiment, to return to the initial working 
temperature, it was allowed to cool to room 
temperature. 
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3  Results and Discussion 
For the decomposition of the water molecule to be 
successfully carried out, the energy required to 
overcome several barriers inherent to the 
electrochemical process must be provided. These 
obstacles encompass the electrical resistance within 
the circuit, the activation energies required for the 
hydrogen and oxygen evolution reactions at the 
electrode surfaces, the availability of electrode 
surfaces hindered by gas bubbles, and the resistance 
to ionic transfer within the electrolyte solution. 
 Electrical resistances can be determined using 
Ohm's law: R = V/I, where 𝐼, is the current flowing 
through the circuit when a voltage V, is applied. 
Alternatively, resistances can be calculated using 
the physical formula: R = L/(kA), where L 
represents the length of the conductor, k is the 
specific conductivity, and A is the cross-sectional 
area. 
 Related to the electrical resistance, different 
distances between electrodes were chosen to 
evaluate both types of geometries. Since the 
electrochemical cell establishes the distances using 
rectified blocks and the electrode’s thickness, the 
values obtained are not the same in both 
experiments. 
 In Figure 2(a), are the polarization curves 
obtained by evaluating the flat stainless-steel 
electrodes at the following distances: 7.51; 6.10, and 
4.59 [mm]. As the distances between electrodes get 
closer, the current density increases. It is important 
to keep in mind that current density is a parameter 
related to the number of products being formed, so a 
higher value implies greater production of hydrogen 
and oxygen. In this graphical representation (Figure 
2(a)), it can also be observed that, although the 
reduction in distance from 7.51 [mm] to 6.10 [mm] 
and from 6.10 [mm] to 4.59 [mm] is very similar 
(on average 1.46 [mm]), in the latter pair mentioned, 
another phenomenon begins to appear, related to the 
formation and detachment of bubbles that increase 
resistance, and a comparable increase in current 
density is not observed as it is between 7.51 [mm] 
and 6.10 [mm]. 
 In Figure 2(b), it can see the percentage increase 
in current density when comparing only the closest 
(4.59 [mm]) and farthest electrode distances (7.51 
[mm]). As soon as the necessary potential for water 
decomposition is applied under these operating 
conditions, there is a very noticeable increase that 
later decreases until reaching a plateau at 2.3 [V] 
with a 40% enhancement. 
 

 
Fig. 2: Flat electrodes: a) polarization curves at 
20°C and b) its percentage increase in current 
density 
 
 In Figure 3(a), are the results obtained for the 
pin-type geometry electrodes analyzed by the 
distances: 5.80; 3.53; 3.02, and 1.95 [mm], and the 
polarization curves acquired can be seen. The results 
are consistent with the previous ones; as the 
electrodes get closer, the current density rises, in the 
distances tested in this work. Figure 3(b), shows the 
percentage increase in current density for the closest 
(1.95 [mm]) and farthest (5.80 [mm]) distances 
between electrodes. After applying the minimum 
potential for water decomposition under these 
conditions, the percentage also increases rapidly and 
starts to gradually decrease from 2 [V] until 
apparently reaching a plateau at 2.5 [V]. This 
decrease can be attributed to the fact that with 
higher applied potential differences, bubbles fail to 
detach properly, which evens out the performance of 
the electrodes.  
 As the current density affects the amount of 
hydrogen and oxygen production; a higher current 
density leads to a faster rate of electrochemical 
reactions. However, the increased gas production 
rate causes rapid bubble formation, which raises the 
overpotential due to the additional resistance from 
the bubbles that partially cover the electrode surface 
until they detach. 
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Fig. 3: Pin-type electrodes: a) polarization curves at 
20°C and b) its percentage increase in current 
density 
 
 Table 1 presents the average values obtained 
from the standard deviations and the standard error 
for each of the distances evaluated. With the 
standard deviation, the aim is to show how 
dispersed the data from the four tests are about the 
mean. Since the presented values are small, it 
indicates that they are close to the average and that 
the results obtained from the conducted experiments 
are reproducible. For the standard error, the goal is 
to verify how much the sample mean might vary 
compared to the true population average. The 
presented values indicate that the results are 
consistent and that there is little variability in the 
central value of the different determinations made. 
 
Table 1. Average of standard deviation and standard 

error for determination of “Flat” and ¨Pin-type¨ 
electrodes. 

Electrodes Distance 

[mm] 

Standard 

Deviation 

Standard 

Error 

Flat 7.51 1.16 0.58 

Flat 6.30 2.05 0.92 
Flat 4.59 3.84 2.22 

Pin-type 5.80 0,93 0.47 
Pin-type 3.53 0.72 0.36 
Pin-type 3.02 0.57 0.28 
Pin-type 1.95 0.49 0.35 

 
 To compare the results obtained from both 
electrodes, distances between them that were as 
similar as possible were sought. Figure 4(a), 
exhibits the polarization curves for two distances of 

the pin-type electrodes and one for the flat 
electrodes. It is clear that the current density 
achieved by the flat electrodes is higher than that of 
the pin-type electrodes. Figure 4(b), presents that 
this increase on average is approximately 180 
percent at a distance of 5.80 [mm] and 150 for the 
3.53 [mm].  
 Since the only difference between 
determinations, besides the distances between 
electrodes, is the geometry on which the 
electrochemical reactions occur, the variation could 
be attributed to the behavior of bubbles on the 
surface. 
 During the water electrolysis process, hydrogen 
and oxygen bubbles form on the surface of the 
cathode and anode, respectively. However, these 
bubbles are only released when they reach a 
significant size. As mentioned at the beginning of 
this section, the presence of these bubbles, which 
partially cover the electrode surfaces until they 
reach the appropriate size, increases the overall 
electrical resistance of the system. This is because 
the bubbles reduce the contact area between the 
electrode surface and the electrolyte, hinder electron 
transfer, and consequently increase ohmic losses 
throughout the system. By obstructing the active 
area of the electrode, they decrease the system's 
efficiency. The addition of two drops of a colloidal 
dispersion of the non-ionic surfactant Triton X-100 
aims to reduce the surface tension of the electrolyte 
used. 

 
Fig. 4: Flat vs Pin-type electrodes: a) polarization 
curves at 20°, 5.80 [mm], and 3.53 [mm] for pin-
type and 4.59 [mm] for flat and b) its percentage 
increase in current density 
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The electrical resistances in a water electrolysis 
system thus include mass transport phenomena, 
partial coverage of the electrodes and diaphragm by 
the generated bubbles, and the inherent resistance in 
the system's circuits, [40], [41]. Electrical resistance 
directly causes heat generation, resulting in the loss 
of electrical energy in the form of heat and this is 
the reason why to produce the same amount of 
product more energy is required. The heat released 
is the product of the applied voltage difference and 
the current density. Therefore, the heat released for 
these three systems will be discussed. At the same 
current density, it could be observed (Figure 5(a)) 
that the systems where the pin-type electrodes are 
evaluated, released more heat to generate an equal 
amount of hydrogen than the one, with flat 
electrodes.  In Figure 5, the two graphical 
representations show the same results; however, 
Figure 5(b), displays the initial values to better 
appreciate this fact. For the case of the flat 
electrode, at a current density of   99,37 [mA/cm²], 
less heat is released compared to the pin-type 
electrode at 3.53 [mm] with a current density of 
101,39 [mA/cm²] (208,68 and 243,33 [mW s/cm2] 
respectively). The same can be said for the same 
type of electrode at 5.80 [mm], as it releases a 
greater amount of heat (216,96 [mW s/cm²]) even at 
a lower current density (90,40 [mA/cm²]). 

 

 
Fig. 5: Heat released vs current density from 0 to: a) 
2.7 [V] and b) 2.3 [V] 
  

The electrode with pin-type geometry affects 
the detachment of the generated bubbles. The 
straight walls of the pins seem to be the favorable 
spots for bubble accumulation, which, by remaining 
longer, prevent the electrode surface from being 
available for the electrochemical process. Another 
point that should be considered in future work is 
whether the recirculation of the electrolyte could 
improve this situation as well as the homogenization 
of the electrolyte solution concentration near the 
active area. Although this geometry results in an 
approximately 83% increase in the exposed surface 
area of the electrode, the results show a noticeable 
detriment in this specific process. 
 

 

4  Conclusion 
The behavior of two different electrode topologies 
has been evaluated: flat and pin-type. The pin type, 
despite having an active surface area 83 percent 
larger than the flat type, did not show a comparable 
increase in current density. This fact may be directly 
related to the bubbles generated on the electrode 
surface. The pins do not facilitate the rapid release 
of bubbles, which accumulate over long periods, 
rendering the surface ineffective. As a result, 
overpotentials and ohmic losses appear. 

Concentration overvoltage arises from mass 
transport processes. Limited mass transport 
increases the concentration of products between the 
electrode and the electrolyte and consequently 
reduces the concentration of reagents. Ohmic losses 
are the result of the resistance of various cell 
components and the gas bubbles covering the 
electrode surface. To overcome the barriers, a 
higher voltage is required to obtain the same amount 
of product, and the energy losses result in a greater 
amount of heat released. 

In electrochemical processes that involve bubble 
formation, geometries that increase the active area 
are required, as long as they also promote bubble 
formation and rapid detachment. In this case, using 
the material as it comes from the factory is the best 
option, since the horizontal channels and the pins 
generated by the intersections retain bubbles for a 
prolonged period and decrease the inherent 
efficiency of the material used. 
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