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ABSTRACT 

 

This study is to evaluate the surface of AISI 316 as an electrode material for water 

electrolysis under various potassium hydroxide (KOH) electrolyte concentrations. In the 

experimental method, AIS316 electrode and KOH solution put into the water electrolysis 

system. The electrolysis system was combined with the hybrid car engine system that 

consumed a combination of hydrogen and gasoline as the fuel source. KOH solution 

concentration was varied from 0 to 0.53M, which was then used to evaluate the surface 

of AISI 316 electrode as well as hybrid car performances. The experimental results 

showed that electrolyte solution concentration is an important parameter to maintain high-

efficiency hydrogen generation. The more KOH added it gave benefits for creating the 

more hydrogen gas. However, it brought problems in the electrode surface corrosion. The 

optimum condition to get more hydrogen gas but with less corrosion damage was obtained 

when performing the process with 0.40 M of KOH. Indeed, the result also found that the 

more hydrogen gas being produced has a direct correlation to the reduction of fuel 

consumption and exhaust gas emission (e.g., CO2, CO, and NOx).   

 

Keywords: Potassium hydroxide; AISI 316; corrosion resistance; fuel savings; exhaust 

gas emission reduction. 

  

INTRODUCTION 

 

Recently, studies on the water electrolysis for hydrogen production have attracted 

tremendous attention for researchers. Water electrolysis is very simple as the process can 

be done in a one-pot apparatus system, known as a water electrolyser. The hydrogen is 

generated by involving the reaction of the metallic electrode in the electrolyte (either acid 

or basic solution) under the introduction of the voltage source [1].  

To improve the efficiency of the water electrolyser, several strategies have been 

proposed, including additional layers of proton exchange membrane [2, 3], manufacturing 
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multilayer cell electrode structure [4], selecting excellent electrode material [5, 6], and 

bringing several choices for electrolyte solution [6, 7]. Although their reports are well-

documented, there is no research on the investigation onto corrosion resistance of the 

surface of the electrode. Further, their researches limited to the production of hydrogen 

gas only and no information about the possible direct application of hydrogen gas.  

Based on our previous studies [8, 9], the purpose of this study was to evaluate the 

surface of AISI 316 as the electrode material for water electrolysis under various 

potassium hydroxide (KOH) electrolyte concentrations. AISI 316 was used as a model of 

electrode since this material has been well-known and categorised as one of the best 

electrode materials for generating hydrogen based on our previous report [8]. 

The AISI 316 electrode and KOH solution were placed in the water electrolysis 

system. Different from other reports regarding the water electrolysis apparatus [1], the 

present electrolysis system was combined with the hybrid car engine system. The hybrid 

car engine system consumed a combination of hydrogen and gasoline as the fuel source. 

KOH solution concentration was varied from 0 to 0.53M, which was then used to evaluate 

the surface of AISI 316 electrode as well as hybrid car performances.  

 

METHODOLOGY 

 

Materials 

 

This study used KOH (Bratachem, Indonesia) and AISI 316. KOH was used directly 

without further purification process. For preparing the electrolyte solution, KOH was 

diluted into aqueous solution directly. Various KOH concentrations were tested from 0 

to 0.53 M. 

 

Apparatus for Water Electrolysis 

  

In the experimental procedure, AISI 316 and KOH electrolyte solution were placed into 

the water electrolysis system (Figure 1). The system apparatus was equipped with a 

hybrid car engine system. The system consisted of 300 mL glass reactor as the main 

container as shown in Figure 1 (a) and 300-mL glass reactor as a second container (see 

container in Figure 1 (b)). The electrolysis process occurs at the main container when 

electrolyser is connected to the accumulator (see the device in Figure 1(c)). The produced 

hydroxyl gas (HHO) from electrolysis is then carried out to the second container and 

finally is flowed to the combustion chamber (see the device in Figure 1 (d)) of the car 

engine. 

The main container consists of a number of negative and positive electrodes and 

three neutral plates which are inserted in each electrode. The materials of the electrodes 

are AISI 316. Each electrode is separated by an insulator gasket to inhibit short circuits 

among them. The second container consists of two cavities. The first cavity (see (b-1) in 

Figure 1) serves as a chamber to trap the electrolyte solution that is still mixed with HHO, 

and the second cavity (see (b-2) in Figure 1) serves as a chamber to condense the residual 

gas. With the structure of these two cavities, the HHO produced by electrolysis is clean. 
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Figure 1. Water electrolysis equipment using AISI 316 as the electrode: (a) main 

container (contained AISI 316 and KOH electrolyte), (b) second container, (c) 

accumulator, and (d) combustion chamber. 

 

Characterisation 

 

Surface analysis  

 

For surface analysis, characterisations were conducted using a scanning electron 

microscope (SEM; FE-SEM SU5000, Hitachi Co. Ltd., Japan) that is equipped with an 

energy dispersive X-ray spectroscopy (EDX).  

 

Mass loss analysis method 

 

Two characterisation methods were conducted to analyse the performance of water 

electrolyser, i.e., mass loss analysis method and the constant volume sampling method 

(CVS). Mass loss analysis method was done to measure the corrosion rate of AISI 316 as 

the electrode of water electrolyser. The used parameters (i.e., solution concentration, 

solution temperature, and exposure time) are based on the results of our previous study 

[8]. In the study, AISI 316 had the most excellent corrosion resistance in KOH solution 

of 22.5 gpl (0.40 M) compared to AISI 304 and Cu alloy. In this case, AISI 316 was 

dipped in a solution of KOH, sodium hydroxide (NaOH), and sodium chloride (NaCl) for 

1344 h and it was observed for every 336 h. Detail information for the parameters used 

for testing AISI 316 corrosion resistance is shown in Table 1. 
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Table 1. Parameters used in the testing of AISI 316 corrosion resistance in KOH 

 

Condition Value 

Electrolyte concentration 0.27 – 0.53 M 

Temperature 25oC 

Exposure time 336 – 1344 h 

 

Constant volume sampling method 

 

The performance of the present water electrolyser apparatus was investigated by 

combining the generated hydrogen with a car engine system (1500 cc of Toyota Kijang 

5K, Toyota Co. Ltd., Japan). The system was tested at various engine rotation speeds and 

electric currents. The testing parameters are shown in Table 2. The variations of engine 

rotation speeds and electric currents are intended to obtain the data on fuel savings and 

reduction of exhaust gas emission. 

 

Table 2. Parameters used in the testing of water electrolyzer performance 

 

Condition Value 

Solution type KOH 0.00 – 0.53 M 

Electric current 5 – 15 A 

Rotation Speed 2000 – 5000 rpm 

Air Pressure 960 mbar 

Air Temperature 28°C 

Relative humidity 72 % 

    

The analysis on car engine fuel savings was done using CVS method to compare 

the standard engine fuel consumption (not equipped with electrolyser) and engine fuel 

consumption equipped by water electrolyser. Electrodes on the water electrolyser were 

connected with the positive and negative poles of the accumulator, so the electrolyser can 

work and produce HHO gas. At the same time, the generated HHO gas was piped into the 

engine air filter that is connected directly to the combustion chamber. The addition of 

HHO gas into the combustion chamber is expected to increase the explosive scale of 

combustion. 

 

RESULTS AND DISCUSSION 

 

Surface Analysis Results 
 

Table 3 shows the surface analysis of AISI 316 under various concentrations of KOH 

electrolyte based on corrosion rate. As a standard comparison, the analysis was also done 

using NaOH and NaCl electrolyte solutions. As shown in the table, under constant process 

condition, the electrolyte types and concentrations play an important role in the corrosion 

process. The higher concentrations of electrolyte solutions used have correlation to the 

more production of electrolyte ions. This is due to the more contact and interaction to 

occur between the ions and the metal electrode that can lead to a corrosion process. 
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Table 3. Corrosion rate of AISI 316 using various types and concentrations of 

electrolyte. 
 

 CRKOH (mpy) CRNaOH (mpy) CRNaCl (mpy) 

0.27M 0.012065 0.060504 0.073505 

0.40M 0.018215 0.061401 0.096779 

0.53M 0.115044 0.065527 0.100382 

 

Regarding the electrolyte types, the lowest and the highest corrosion rates occur 

in KOH and NaCl solution, respectively. Although the chemical properties of KOH, 

NaOH, and NaCl are almost similar and are easy to dissolve in water, their activities in 

the corrosion process are different. For the case of KOH and NaOH, their activities 

depend on the hydroxyl (OH-) ion [10-21]. Their process provides a small amount of OH- 

ions, which can give a positive impact to the formation of a protective coating.  

In the experiment conducted in NaCl solution, a higher corrosion rate possibly 

occurs since chloride (Cl-) ion is created. This ion is highly active for the corrosion 

process, and at the same time, it can break the passivity layer created by the OH- ion [22, 

23]. Further, with the addition of NaCl concentration of up to 0.53 M, the conductivity of 

the solution increases. The increase in the conductivity of the solution is proportional to 

the increase in the corrosion current density and relates to the creation of high solubility 

of O2 as an oxidant.  

As shown in Table 3, AISI 316 in all types and concentrations of the electrolytes 

has the highest corrosion rate of 0.115044 mpy. This means that the AISI 316 is highly 

resistant to the environment that influences electrolyte solution [24-26]. As a 

consequence, AISI 316 was used as an electrode material in water electrolyser. In 

addition, since KOH is an alkaline solution and has less corrosion damage to AISI 316, 

KOH with various concentrations was used as a main electrolyte solution in the water 

electrolyser.  

Figure 2 shows the SEM images of the AISI 316 surface before and after dipping 

into the KOH solution. As shown in Figure 2(a), the structure of AISI 316 is relatively 

smooth. Then, after put into the KOH solution after several hours, the corrosion process 

occurs, resulting in some cavities and holes as shown by the red mark in Figure 2(b). This 

result confirms for the occurrence of the corrosion process. 

Based on the results of the SEM analysis in Figure 2, the corrosion type of AISI 

316 was pitting corrosion. This occurred when an oxide layer on the surface of AISI 316 

was damaged by aggressive chemical species, such as Cl- and H+ ions. The corrosion can 

be prevented if the electrode has time for immediate re-passivation. Pitting corrosion is a 

common type of corrosion. This occurs in a material that is exposed to the acid/base 

environment. When it happens as the result of the metal anode system, this type of 

corrosion is extremely dangerous. The corrosion process is invisible and can continue 

even though the only visible parts on the surface are small holes. This corrosion 

mechanism occurs because of a physical or metallurgical influence (their carbide 

precipitation or inclusion). In addition, there is one area on the metal surface that is 

corroded faster than the others. These conditions gave rise to a small pit, and rapid metal 

dissolution occurred in the pit when the oxygen reduction occurred on a flat surface. Fast 

dissolving metal will result in the displacement of ions. Another study also showed that 

pitting corrosion is contributed by the elastic zone stress under the yield strength of the 

material in cases when immersion and stress are applied simultaneously [19]. 
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Figure 2. SEM images of AISI 316 before (a) and after (b) the dipping process in KOH 

solution. 
 

Table 4 shows the EDS result of the AISI 316 before and after the corrosion 

process using the KOH solution. As shown in the table, the composition of some elements 

has changed during the corrosion process. Iron, chromium, and nickel composition 

decreased, which was due to the corrosion process. The elements were removed from the 

mother material and dissolved into the solution. 

 

Table 4. Elemental composition of AISI 316 before and after the corrosion process 

using KOH solution. 

 

Element 
Elemental composition (wt. %) 

Before corrosion* After corrosion 

C 0.08 4.69 

Cr 19.00 13.34 

Ni 12.00  6.36 

Fe 68.40 51.24 

             Note: *taken from references[8, 27]  
 

To ensure the main reason for the decreases in the element in the material, the 

analysis of the elemental composition in the corroded electrode is shown in Table 5. As 

shown in this table, there is a Cr2O3 compound in AISI 316 with a relatively large 

percentage. The Cr2O3 acts as a protective barrier on the metal surface and inhibit its 

corrosion in the subsequent process [10]. In addition, the FeO and NiO compounds 

indicate the presence of some pits in AISI 316 after corroded. The presence of 1.80% of 

the Au2O3 compound in EDS testing showed an impurity as a result of the preparation 

process with Au coated specimen [22]. 
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Table 5. Chemical composition of AISI 316 after corroded in KOH solution.  

 

Element (keV) Mass% Compound Mass% 

C K 0.277     4.69 C 4.69 

O    22.77   

Cr K 5.411   13.34 Cr2O3 19.49 

Fe K 6.398   51.24 FeO 65.93 

Ni K 7.471     6.36 NiO   8.09 

Au K 2.121     1.60 Au2O3   1.80 

Total  100.00  100.00 
* The study used ZAF method standard less quantitative analysis using the fitting coefficient of 

0.2207 and total oxide of 24.0. 

 

Analysis of Hybrid Car Engine System 
 

Fuel consumption 

 

The fuel consumption analysis of the car engine equipped by water electrolyser was 

measured by the CVS method. Figure 3 shows the relationship between fuel consumption 

and engine rotation. A direct correlation between the engine rotation and the fuel 

consumption in the range of 2000 to 3500 rpm was found. For engine rotation of more 

than 3500 rpm, the fuel consumption is relatively stable. Based on the figure, the smallest 

fuel consumption occurred when using 0.40 M of KOH. At steady state engine speed 

condition, fuel consumption of car engine equipped with water electrolyser of 0.40 M of 

KOH was around 5877-6236 kg/h, whereas fuel consumption of car engine that was not 

equipped with water electrolyser was around 6233-6856 kg/h. The comparison between 

the two car engine conditions showed that fuel saving was 6-10% when using 0.40 M of 

KOH. 

 

 
 

Figure 3. The relationship between fuel consumption and engine rotation. 

  

The fuel savings of car engine equipped by water electrolyser occurred because 

of the existence of HHO gas in the fuel-air mixture in the combustion chamber. The fuel-

air mixture (without HHO) requires a longer time to ignite before reaching the top dead 
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centre (TDC) of the engine. On the other hand, the explosion of gas fumes presses the 

piston down and out of sequence, so the ignition process makes it less efficient. The 

pressure of the piston down and out of sequence goes too early and a little in reverse and, 

therefore, causes a “knocking” noise and produces less power [28]. 

To enhance the engine power, the octane rating of fuel must be increased. Octane 

rating indicates how much fuel can be compressed before it ignites. More engine power 

can be produced by increasing octane rating because combustion will be much closer to 

TDC. The increase of fuel octane rating can be done by adding HHO to the fuel-air 

mixture. The new mixture (fuel, air, and HHO) can be transformed into mechanical torque 

without knocking. Indeed, each piston transfers more energy during the combustion cycle, 

making the combustion more efficient. Certainly, more efficient combustion results in the 

reduction of fuel consumption [29].  

 

Exhaust gas emissions 

 

In addition to the impact on fuel savings, the measurements of exhaust gas emission 

reduction were performed using CVS. The influence of hydrogen generation was 

analysed to the reduction of exhaust gases, such as CO2, CO, and NOx, which are air 

pollutants and harmful for human health and the environment. Thus, the concentration of 

these gases must not exceed a certain threshold value.  

Table 6 shows the levels of CO2, CO, and NOx in car engine are equipped with 

and without water electrolyser at an engine speed of 3500 rpm. As an example, we took 

the sample from the uses of KOH as a model of the electrolyte. We found that car engine 

equipped with water electrolyser in all KOH concentrations had relatively low levels of 

exhaust emissions compared to the car engine without water electrolyser. The reduction 

in CO2, CO, and NOx is in a range of 7.10 – 9.10%, 1.60 – 5.60%, and 17.50 – 28.90%, 

respectively. 

 

Table 6. Car engine exhaust gas emissions at various KOH concentrations 

 

 

KOH concentration added in the electrolyte (M) 

0.00 0.27 0.40 0.53 

CO2 (%) 5.95 5.53 5.41 6.16 

CO (%) 12.4 11.7 12.2 11.9 

NOx (ppm) 433 357.2 339 307.8 

 

Slightly different from savings of fuel consumption, the greatest reduction of 

exhaust gas emissions occurred at various concentrations solution with different types of 

gases. The lowest levels of CO2 emission occurred in the car engine which was equipped 

with water electrolyser of 0.40 M of KOH with a reduction of 9.1%. Meanwhile, the 

lowest CO emission occurred in the car engine equipped with water electrolyser of 0.27 

M of KOH with a reduction of 5.6%. The lowest NOx emission occurred in an engine 

equipped with water electrolyser of 0.53M KOH with a reduction of 28.9%. As a 

comparison, other researchers have shown the suitability of NOx content generated 

during the coke combustion through unreacted-core model [30]. This study has illustrated 

the successful application of the unreacted-core model for the NOx emission of coke 

combustion. 

Based on the data of CO2, CO, and NOx, the following results are obtained: CO2 

had been generated during the burning fuel with oxygen in the combustion chamber. 



Hamidah et al. / International Journal of Automotive and Mechanical Engineering 15(4) 2018 5863-5873 

5871 

Because there is low consumption of fuel, the generated CO2 gases can be reduced. 

Meanwhile, CO gas had been produced because the oxygen in the fuel-air-HHO mixture 

is less than the theoretical value. However, with the additional hydrogen, the generated 

CO can be reduced. Meanwhile, NOx had been produced because the nitrogen from the 

air was merged with oxygen at a temperature over 1800oC. The discussion about these 

phenomena are in a good agreement with other reports [31]. Other study had investigated 

that the uses of Jatropha biodiesel and turpentine oil can give a good performance and 

reduced emissions of the CO2, NOx, and CO compared to the pure diesel fuel [17]. 

 

CONCLUSION 

 

We have successfully investigated the surface of AISI 316 as the electrode material for 

water electrolysis under various potassium hydroxide (KOH) electrolyte concentrations. 

In the experiment, the electrode was put in the KOH electrolyte solution with various 

concentrations (from 0 to 0.53 M). The electrolysis system was combined with the hybrid 

car engine system that consumed a combination of hydrogen and gasoline as the fuel 

source. The results showed that the selection of the cell structure, the electrode material, 

and the electrolyte solution is an important parameter for maintaining high efficiency of 

hydrogen generation. These parameters involve the possibility of ion-ion reaction and 

ion-electrode interaction. The best condition for the production of hydrogen is when using 

0.40 M of KOH. The generated gas using the best condition can reduce fuel consumption 

and exhaust gas emission (e.g. CO2, CO, and NOx). 
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