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Abstract: In order to build an alkaline water electrolyzer in the future, in this work we investigated the following aspects: (1) the effect 
of the presence of a physical diaphragm; (2) distances between electrodes; (3) the use of the same electrode material, stainless steel 
316L, without and with a chemical acid treatment; (4) agitation and (5) the addition of a surfactant to the electrolyte. All these 
parameters were analyzed in a specific electrolytic cell constructed for that purpose. The objective of this experimental work is to 
establish the optimal operational conditions proposed for alkaline water electrolysis. The results obtained showed that the presence of a 
physical diaphragm increases resistance but when the electrodes are near (no more than 5 mm) the current density increases. No 
evidence of bubble resistance was observed in the nearest distances proposed. The chemical pickling proposed did not show an increase 
in the active area of the electrodes because it decreased the depth of the roughness which is characteristic of the commercial material 
and it generated porosities or cavities where the bubbles formed were retained. Agitation improved performance when electrodes with 
a chemical acid treatment were tested because removal of bubbles formed in their tortuous surface is favored.  
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1. Introduction 

Hydrogen potential as an energy vector resides in its 

capacity to be used as an energy source that can be 

produced in a specific place, stored and transported 

where it is required. This means that when we refer to 

hydrogen as an energy vector, it involves its production, 

storage, transportation and use. Focusing on hydrogen 

production, it is possible to affirm that about 90 

different methods are known. Those methods can be 

classified into four different categories: Biological, 

Thermical, Chemical and Electrochemical [1]. As 

regards the electrochemical method, and in particular, 

alkaline water electrolysis, we find that this 

technology offers the following advantages: 

simplicity, accuracy and it is widely known. Besides, 

gases obtained as a result of the reaction are highly 

pure, which makes a further purification stage 

unnecessary [2]. It is important to mention that the 

impurity present is mostly water steam, 

approximately 3 % at 25 ℃ and 1 atmosphere, [3] 

which does not interfere with the next step: the use of 

gases in a PEM fuel cell as fuel and comburent. 

However, using electrical energy for the production 

of hydrogen is estimated as a disadvantage because 

a non-renewable energy source (fossil fuels) is being 
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applied to produce electricity which, at a further stage, 

will allow to generate hydrogen through electrolysis. 

There are two steps, one of which (burning of fossil 

fuels) is highly expensive. On the other hand, the 

reformed method permits to produce hydrogen in only 

one step, but clearly the purity of the gases is not as 

high as that obtained through electrolysis, because the 

impurity is carbon monoxide which is a poison of the 

catalyst of the PEM fuel cell. Commercial 

electrolyzers have an energy consumption of 4.5-5 

kWh/Nm3 hydrogen when conventional sources of 

energy are used (electrical energy) [4]. Past efforts 

were mainly focused on improving all the components 

of electrolyzers in order to reduce energy 

consumption. Presently, an additional technological 

challenge is to make them operate appropriately when 

resorting to intermittent sources of energy like 

renewable energy sources, which create a more 

favorable scenario for the use of electrolyzers. 

In order to improve the efficiency of this type of 

systems, several researchers have focused their work 

on the optimal conditions of operation, such as 

working at high pressures and temperatures with the 

purpose of diminishing the potential at which the 

reactions develop, as well as over-potential [5]. Other 

researchers focused their work on the current effect, 

the gap between electrodes and the working 

temperature [3, 6-7]. However, the tendencies over 

the last few years have been aimed at the development 

of electrodes new materials [8], electrocatalyzers, 

electrolytes, additives and the adequate management 

of the resulting bubbles [9]. In accordance with the 

first line of investigation to establish the optimal 

operating conditions of an electrolyzer prototype 

developed in our laboratory, the following were 

studied: (1) the effect of a physical separator in the 

electrolysis system; (2) the gap between electrodes; (3) 

the use of the same material for electrodes (stainless 

steel 316L) with and without the application of 

pickling treatment with hydrochloric acid; (4) the 

incorporation of a stirring system and (5) the addition 

of a surfactant to the electrolyte. 

2. Materials and Methods 

In order to study the effect that the gap between 

electrodes has on alkaline water electrolysis, a device 

consisting of a glass electrolytic cell and an acrylic 

plate in its base was built. The purposes of that plate 

were to establish the position of the physical separator 

through a slot in its center well as to hold the separator, 

thus ensuring the perpendicular position in relation 

with the base. 

While crystal acrylic was the material used for the 

physical separator, stainless steel 316L was used for 

the electrodes. This choice was mainly made because 

of its high inert chemistry behavior against corrosive 

environments (like KOH 35% w/w) and its high 

content of nickel (14%). This allows to obtain a low 

over-potential in the oxygen evolution reaction and a 

good performance in the hydrogen evolution reaction 

in comparison to other steels like 304 an 430 [10].  

To increase the gap between electrodes, rectified 

crystal acrylic blocks were used (90 × 20 × 20 mm), 

see Fig. 1(a). 

An electrolytic solution of KOH 35 % w/w was used 

for alkaline water electrolysis prepared with bi-distilled 

water to which a drop of sodium dodecyl sulfate was 

added with the purpose of decreasing the superficial 

tension of the solution. 

The agitation was made by incorporating a stir bar, 

placing the device on an electromagnetic stirrer and the 

bar behind the acrylic plate. Importantly, the plate was 

raised by 2 centimeters, placing acrylic blocks in the 

extremes inside the glass electrolytic cell. 

As the walls of the glass electrolytic cell have 

rounded sides, the acrylic plate was not tightly adjusted 

on its base, which allows the flow of the electrolytic 

solution from the lower to the upper compartment 

(where the electrodes are) (Fig. 1(b)). 

The electrodes were connected to a power source 

Agilent N5743A System DC Power Supply (12.5 V/60 

A, 750 W) once the device had been assembled. Current 
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(a) 

 
(b) 

Fig. 1  (a) Device used in the experiences; (b) system of 
blocks and agitation. 
 

measurements were made at a certain potential 

between 0.0 and 4.0 V. The operational conditions 

were room temperature and atmospheric pressure. 

Current, voltage and temperature were the monitor 

parameters. They were used to calculate current density, 

decomposition potential, resistance and resistivity. All 

experiences were carried out twice. 

Two types of stainless steel 316L electrodes were 

used for the experiences: One was the material in its 

original condition (after a cleaning treatment which is 

described later in this paper); another was the same 

material with a special chemical pickling treatment. 

The cleaning treatment that was applied to the 

electrodes before they were employed consisted of 

these steps [11-12]: 

• Wash the electrodes with distilled water and allow 

to dry; 

• Soak up a filter paper in acetone, and use it to 

clean the electrode. Then, allow the solvent on the 

electrode to evaporate; 

• Soak up a filter paper in alcohol and use it to clean 

the electrode. Then, allow the solvent on the electrode 

to evaporate. 

The chemical pickling treatment with hydrochloric 

acid 1 M (Cicarelli Laboratory, 36.5-38.0 %), applied 

to the electrodes consisted of these steps [13]: 

• Place the samples in a solution of hydrochloric 

acid 1 M at 70 ℃ during 30 minutes; 

• Wash the samples with distilled water and allow 

to dry; 

• Place the samples in a solution of nitric acid 5 % 

(Cicarelli Laboratory, 65 %) at room temperature; 

• Wash the samples with distilled water and allow 

to dry. 

The chemical pickling treatment has the purpose of 

enhancing the electrode efficiency through the increase 

of its surface. The objective is to obtain a rough surface 

that notonly increases the active area of the electrode 

but also creates a less smooth surface for the generated 

bubbles to move away. This type of surface allows the 

bubbles to become detached of the surface more 

quickly. The additional useful effect is releasing the 

reaction products of the electrode surface in a shorter 

time, thus permitting the reaction evolution to obtain a 

larger amount of products [11]. 

The studied configurations (systems) are: 

• Both electrodes of the material in their original 

condition, hereinafter called original electrodes; 

• Both electrodes with chemical pickling treatment 

with hydrochloric acid 1 M; 

• The negative electrode with chemical pickling 

treatment and the positive electrode in its original 

condition; 

• The positive electrode with chemical pickling 

treatment and the negative electrode in its original 

condition. 

The microstructure study of the electrodes was made 

choosing a representative sample of each electrode, 

which was cut with a mitre saw. The sizes of the 

samples were of 10 × 10 × 2 mm with the purpose of 

analyzing them later under a SEM (Scanning Electron 

Microscope) Philip SEM 515. 

3. Results and Discussion 

3.1 Effect of Surfactant Addition 

Water electrolysis reaction takes place when the 

electrolytic solution and the electrode are in contact. 
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(a)            (b) 

  
(c)            (d) 

Fig. 3  Graphic representation of (a) and (b): current density as a function of applied voltage differences for the system of 
original electrodes and for the system of pickling electrodes respectively (both without agitation); (c) and (d): resistance as a 
function of distance between electrodes for the same systems. 
 

  
(a)            (b) 

  
(c)           (d) 

Fig. 4  Graphic representation of (a) and (b): current density as a function of applied voltage differences for the system of 
original electrodes and for the system of pickling electrodes respectively (both with agitation); (c) and (d): resistance as a 
function of distance between electrodes for the same systems. 
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represented, because the behavior shown by the 

systems presenting chemical pickling in one of their 

electrodes also reduces the system performance as the 

distance increases. 

Fig. 4 shows the results obtained for the same 

systems but with the incorporation of agitation. 

Agitation did not modify the behavior of the systems 

in relation to the rise in the resistance as a consequence 

of the gap increase between electrodes. Likewise, 

agitation did not improve results in shorter distances 

where instability was still observed. It may be 

concluded that for the distances evaluated in our study, 

6 mm is the distance presenting the highest current 

density for both systems. 

3.3 Agitation Effect 

One aspect to consider is the incorporation of 

agitation as a tool to improve the performance of the 

systems under study. For that purpose, we compared 

the different systems with and without agitation (Fig. 5). 

Agitation in the systems where one or both 

electrodes were treated with hydrochloric acid 

chemical pickling improved their performance. This is 

due to the movement generated in the electrolytic 

solution which allowed the removal of the bubbles that 

had been formed in the cavities on the electrode surface. 

This faster removal led to the generation of a greater 

amount of product as a consequence counting with 

available surface for the reaction. In the case where the 

system had original electrodes, no perceptible 

improvement was observed. The movement generated 

in the electrolytic solution could be insufficient or just 

inadequate to accomplish the removal of bubbles from 

the surface of the electrodes. 

For a detailed study of the stirring phenomenon in 

this type of device, 6 mm distance between electrodes 

was evaluated for all systems as it was the distance 

where the greatest amount of products was obtained. 

Fig. 6(a) showed the current density of each system 

as a function of the applied voltage differences. The 
 

  
(a)           (b) 

  
(c)           (d) 

Fig. 5  Graphic representation of the current density as a function of applied voltage difference for the systems with and 
without agitation: (a) original electrodes; (b) chemical pickling electrodes; (c) chemical pickling negative electrode and (d) 
chemical pickling positive electrode. Pink squares represent systems with agitation. Blue triangles represent systems without 
agitation. 
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4. Conclusions 

The addition of surfactant improves bubbles removal 

because it allows bubbles to decrease their size and the 

time of permanence on the electrode, as a consequence 

of decreasing the surface tension of the system. 

A larger distance between electrodes increases 

resistance. This fact is supported by other authors 

(Nagai and Mahrous) who obtained the same results 

with other materials as electrodes. 

In our experience, the best results were obtained 

when the distance between electrodes was 6 mm 

because in shorter distances, the current fluctuates. 

This effect could be explained by the affinity that the 

bubbles present with the separator material, in addition 

to the shorter distance between the separator and the 

electrode which hinders bubbles removal and presents 

a current fluctuation. 

Stirring only improves the system performance 

where one or both electrodes are treated with chemical 

pickling. Chemical pickling affects the surface of the 

electrodes and allows a faster bubble removal as a 

result of a honeycomb surface. For the systems without 

stirring, the pickling treatment proposed with 

hydrochloric acid did not show an increase in the active 

area of the electrode because on the one hand it 

decreases the depth of the roughness which is 

characteristic of the commercial material and on the 

other hand, it generates porosities or cavities where the 

bubbles formed are retained or located. This last 

phenomenon in addition to the loss of surface due to a 

reduction of the roughness makes the system with 

pickling electrodes not to behave in the expected way. 

In the experience with stirring, the result is the one 

expected, because stirring allows the faster removal of 

the bubbles. 

As it was evidenced, the presence of a physical 

separator in this type of systems increased resistance. 

The result of this work can be used to compare with 

different materials to be employed as separators to 

maintain the products obtained by water electrolysis 

separated. 
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