
International Research Journal of Innovations in Engineering and Technology (IRJIET) 

ISSN (online): 2581-3048 

Volume 6, Issue 11, pp 84-90, November-2022 

https://doi.org/10.47001/IRJIET/2022.611010  

© 2022-2017 IRJIET All Rights Reserved                     www.irjiet.com                                          84                                                                    
 

Manufacture and Characterization of Porous Electrodes 

Using Graphite Materials 
1
Sulistyo, 

2
*Sri Nugroho, 

3
Djoeli Satrijo, 

4
Hafiz Rahmat Fikri 

1,2,3,4
Mechanical Engineering, Diponegoro University, Semarang, Indonesia 

*Corresponding Author E-mail: srinugroho@lecturer.undip.ac.id 

Abstract - The main challenge in meeting energy needs is 

balancing demand and supply in addition to the negative 

impact of energy use on the environment. Currently, most 

of the energy needs are supplied by fossil fuels whose 

sources are limited while their demand continues to 

increase. Efforts to overcome these challenges by 

developing environmentally friendly energy, one of which 

is hydrogen energy. One way to get hydrogen is through 

electrolysis. One of the components of electrolysis is the 

electrode. The effectiveness of the electrode depends on the 

surface area, pore structure, and pore distribution. In this 

paper, we discuss the process of making porous electrodes 

and determine the effect of porosity on resistivity and 

compressive strength. The process of making porous 

electrodes is carried out by adding a pore former with 

variations of 5%, 10%, and 15% of the total weight of 

graphite powder, then mixed with a mixer. A 

homogeneous mixture was added with polyvinyl alcohol as 

a binder at 4% wt. Powder that has been mixed with 

polyvinyl alcohol is molded in the form of a cylinder with a 

pressure of 28 MPa. The green compact was sintered at a 

temperature of 1200°C with a heating rate of 5°C/min, and 

a holding time of 1 hour. The sintered product was 

characterized by porosity, compression, SEM, and 

resistivity tests. The results showed that the highest 

compressive strength obtained was 6.809 MPa at a 

porosity of 27.47% and the highest resistivity was obtained 

at 0.1757 Ω. meter at a porosity of 39.41%. 
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I. INTRODUCTION 

The main challenge in meeting energy needs is balancing 

demand and supply in addition to the negative impact of 

energy use on the environment [1]. Currently, most of the 

energy needs are supplied by fossil fuels which can cause 

environmental problems and the resources are limited, while 

the demand continues to increase [2]. Efforts to overcome 

these challenges by developing environmentally friendly 

energy [3]. 

Combustion products that are not environmentally 

friendly as in the combustion process in an internal 

combustion engine (ICE) are pollutants, CO2 and NOx [4]. 

These products will cause negative effects on the environment. 

One of the efforts to obtain environmentally friendly energy is 

to use hydrogen energy [5]. Hydrogen has a High Heating 

Value (HHV) of 141.86 KJ/g which is higher than gasoline 

(47.5 KJ/g) and other solid fuels (50 KJ/g) [6]. If hydrogen 

energy is used in fuel cell devices, the products produced are 

electricity, heat, steam (water vapor) and will not produce 

toxic and dangerous gases [7]. 

Hydrogen found in nature is not in the form of free 

elements so it must be processed first. One way to obtain 

hydrogen is the electrolysis process which produces hydrogen 

gas [8,9]. Electrolysis is the decomposition of water at the 

electrodes when an electric field is applied [10]. Electrolysis 

device components consist of anode, cathode and electrolyte 

[11]. The schematic of the electrolysis device can be seen in 

Figure 1 below [11]. 

 

Figure 1: Hydrogen Electrolysis Schematic [11] 

In the electrolytic process, at the anode there is a process 

of decomposition of water into oxygen, the release of 2 H+ 

ions and 2 electrons to the cathode as shown by reaction (1). 

Meanwhile at the cathode there is a capture of 2 electrons 

released by the anode so that it will produce hydrogen gas as 

shown in reaction (2) [12]. 

H2O→ 
1
/2O2 + 2H

+
 + 2e

- 
                         (1) 

2H
+
 + 2e

-
 → H2                                                     (2) 
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Electrolysis of water is not a spontaneous reaction 

because the overall reaction potential is negative by default. 

Therefore, external intervention (power source) is needed and 

the overall electrolysis reaction can be seen in reaction (3) 

below [13]. 

H2O + electricity → H2 + 
   1

/2O2             (3) 

The electrolytic process is strongly influenced by the 

quality of the electrodes. The effectiveness of the electrode 

depends on the surface area, pore structure, and pore 

distribution [14]. In general, the porosity of the electrode is an 

important factor affecting the electrochemical performance, 

because the available pores determine the effectiveness of the 

ion intercalation/de-intercalation process [15]. Higher 

electrode porosity will result in a higher active surface area 

which will increase the electrochemical reaction. 

The reaction that occurs at the electrode is strongly 

influenced by the material. Considerations for selecting 

electrode materials are aspects of the manufacturing process, 

do not react with electrolyte solutions, are resistant to heat, 

easy to obtain, and cost [16,17]. Based on the condition of the 

electrode reacting with the electrolyte, the electrode is divided 

into two types, namely reactive electrodes and inert electrodes. 

Reactive electrodes are electrodes that participate in reactions 

with electrolyte solutions which ultimately change the size of 

the electrode dimensions. Examples of these electrode 

materials are Copper (Cu), Aluminum (Al), Zinc (Zn), and 

Iron (Fe) [18]. While the inert electrode is an electrode that 

does not participate in the reaction so that the dimensions of 

the electrode are stable and the electrolysis reaction can take 

place properly. The types of inert electrodes are gold (Au), 

carbon (C), and platinum (Pt) [19]. 

Among the three materials, graphite has the highest 

economic value so it is widely used for various 

electrochemical applications, one of which is as an electrode 

material [20]. In addition, graphite is a good conductor, stable 

at high temperatures and resistant to use. Graphite is an 

allotrope of carbon which has a crystalline structure. 

Allotropes are different structural modifications of an element. 

Graphite has 4 valence electrons of which 3 will be bonded to 

each other in the form of covalent bonds that are bound in 

hexagonal lattice sheets [21]. While the other 1 electron floats 

freely between the various layers of the atom [22]. These 

electrons act as strong conductors, allowing the electrolysis 

process to run smoothly. 

The embodiment of the electrode material can be carried 

out by a manufacturing process from the beginning in the form 

of a powder to a solid electrode. The initial preparation is to 

choose the size of the graphite powder and the graphite 

composition. The next step is to carry out the compaction 

process at a certain pressure with the desired shape so as to 

produce a green compact product. In the compaction process, 

a pore former is added to control the porosity [23]. The pore 

former will be lost/escaped during the sintering process, 

resulting in voids on the electrodes [24]. It is expected that the 

voids formed will produce a void chain. The voids formed are 

expected to have a homogeneous structure and have a smaller 

size. The porosity of the electrode material will affect the 

mechanical and electrical strength [25]. Thus the pore former 

setting can be done carefully. 

The green compact product is followed by a sintering 

process at a certain temperature. The sintering process is 

carried out to increase the bonding of powder particles 

[26,27]. In the sintering process, there is diffusion between 

atoms to form bonds or compounds in the powder particles. 

With the increase between atoms will increase the mechanical 

properties and electrical properties of the electrode [25]. This 

paper discusses the process of making porous electrodes and 

characterizing graphite-based electrode materials. 

II. METHOD 

2.1 Material and specimen preparation 

The materials used are graphite powder with a mesh of 

100, commercial corn flour with a mesh of 70 as a pore 

former, and PVA solution as a binder. The equipment used in 

the manufacture of porous electrodes is mixers, molds, 

compactors, and furnaces. Before making the porous 

electrode, the graphite powder was tested for XRF impurities 

using the Rigaku Supermini 200 tool to determine the 

impurities present in the graphite powder. The process of 

making porous electrodes begins by adding a pore former with 

variations of 5%, 10%, and 15% of the total weight of graphite 

powder, then mixed using a mixer so that the powder mixture 

becomes homogeneous. Then the homogeneous powder 

mixture was added with a 4% wt PVA solution. 

2.2 Preparation of specimen 

The prepared material is put into a cylindrical mold with 

a diameter of 7 mm and a length of 160 mm for the 

compaction process. The pressure applied to the mold is 28 

MPa and a green compact product will be produced with a 

diameter of 7 mm and a length of 49 mm. Then the green 

compact was sintered with a temperature of 1200°C, heating 

rate of 5°C/minute, and holding time for 1 hour. 

2.3 Characterization 

After the porous electrode has been successfully made, 

characterization is carried out by testing the porosity, 

compression, and resistivity. The porosity test used in this 
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study was the Archimedes method with the ASTM C 20-00 

standard. ASTM C 20-00 is a technique used to measure 

porosity by looking at the difference in the weight of the 

specimen when it is dry and wet. The specimens were dried in 

a furnace at a temperature of 110OC for 2 hours and then their 

weight was weighed. After that, the dried specimens were 

boiled in water for 2 hours and soaked for 12 hours, and then 

their weight was weighed. The final step is to measure the 

increase in volume when the specimen is put into a measuring 

cup filled with water. 

𝛲 =

𝑊𝑠−𝑊𝑑

𝜌𝑤

𝑉𝑝+𝑉𝑠
× 100% =

𝑉𝑝
𝑉𝑡  × 100%                 (4) 

Where P is the apparent porosity, Ws is specimen wet 

weight, Wd is specimen dry weight, Vp is porous volume, Vs 

is solid volume and Vt is total volume. 

Particle crushing strength tests or single compression 

tests are used to assess the resistance of a graphite electrode to 

fracture. In this study, the compression test used the ASTM C-

695 standard. According to ASTM C-695 there is no general 

rule for the size of the test specimen, but it has a requirement 

that the minimum ratio between specimen length and cross-

sectional area (width or diameter) must be 1.9 - 2.1 : 1. The 

graphite electrode sample is pressed between two metal plates. 

, one of which does not move and the second moves 

downwards in the axial direction at a speed of 1 mm/min using 

a compression engine mechanical test. 

C = W/A                          (5) 

 

Where C is compressive strength, W is total load and A is 

surface area. 

The ASTM C611 standard is used in this study for the 

resistivity test. The resistance is measured using this method. 

Resistivity data will be derived from the resistance data. The 

primary distinction between resistance and resistivity is that 

resistance is influenced by the size of the specimen being 

measured, but resistivity is unaffected by the specimen's size. 

The resistivity describes the material's qualities because it is 

unaffected by size. 

ρ = (R x A) / L            (6) 

 

Where ρ is resistivity, R is specimen resistance, A is 

surface area, and L is specimen length. 

The porosity was determined using the morphological 

SEM test. Jeol JSM 6510 La is the tool used for 

morphological SEM testing. 

 

III. RESULT AND DISCUSSION 

It is required to examine the composition of the graphite 

powder material first in order to ascertain the elemental 

content of the graphite powder material before making the 

graphite electrode specimen. XRF testing can be used to 

determine the composition of graphite powder materials. 

Table 1 shows the findings of XRF composition testing in the 

form of components. 

Table 1: Graphite Powder Element Test Results 

Component Result (%mass) 

Al 0,1048 

Si 0,5703 

P 0,02 

S 0,147 

K 0,0549 

Ca 0,1356 

Fe 0,1009 

Cu 18,0847 

Zn 0,2308 

Zr 0,016 

Rh 0,1278 

Sn 0,1184 

Sb 0,7842 

Pb 0,5661 

C 78,9386 

The graphite material utilized as an electrode has an 

average carbon content of 85.45%, making it appropriate for 

use as an electrode [28]. Graphite electrodes are created and 

the sintering procedure is carried out after knowing the 

composition of the graphite powder material. The electrodes 

were measured after the sintering process to identify the 

dimensional changes that happened during the procedure. 

Before and after the sintering process, the electrode 

dimensions were measured in Table 2. 

Table 2: Measurement of Electrode Dimensions Before and After 

Sintering 

Electrode 

Length  

Before 

Sintering 

(mm) 

Length 

After 

Sintering 

(mm) 

Diameter 

Before 

Sintering 

(mm) 

Diameter 

After 

Sintering 

(mm) 

Graphite 49 47,97 7 6,8 

Graphite+ 

5% Pore 

Former 

48,35 46,31 6,8 6,5 

Graphite + 

10% Pore 

Former 

48,56 46,19 6,9 6,6 

Graphite + 

15% Pore 

Former 

47.21 45.02 6,6 6 

There is dimensional shrinkage in the sintered specimens, 

according to the data in Table 2. This sintering process is a 

combustion process that occurs after a molding process in 

which powder particles are combined through diffusion 
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processes as the temperature rises, resulting in a stronger and 

denser product [26]. Water will evaporate during the sintering 

process, leaving an empty hole that was previously filled with 

water, resulting in the creation of pores and atomic diffusion 

[29]. As shown by Roulon's research [30], a binder that is 

dispersed throughout the compacted powder in a solid form 

when it reaches the melting point in the sintering process will 

cause particle rearrangement and shrinkage. PVA (polyvinyl 

alcohol) is a binder that boils at 228°C [31] and burns entirely 

at 950°C. The vaporized PVA will leave spaces, allowing 

diffusion to take place, increasing the density of the material. 

The specimen dimensions will vary and shrink as a result of 

this procedure [32]. Figure 2 shows statistics on the porosity 

of porous electrodes. 

 

Figure 2: Porosity Graph against the Forming Material 

According to Hedayat and Prabowo's research [33,34], 

the average porosity increases with the number of pore 

formers. Because the pore former materials are combustible 

during the sintering process [35], the fewer pore formers used, 

the fewer voids are produced, and the end product is denser 

[29]. The porosity of the electrode is kept between 20% and 

40% [36] to retain its mechanical strength. This is in line with 

the findings of the study, which showed a range of 27.47–

39.41%. 

Figure 3 depicts the porosity aspect of the porous 

electrode's mechanical strength as indicated by the 

compressive strength. It shows that the average compressive 

strength value will decrease along with the increase in the 

porosity value [37] this is in accordance with research 

conducted by Dele-Afolabi and Sulistyo. [38,39]. The large 

porosity causes many voids to form, causing the spaces that 

should be filled with atoms to become empty, resulting in a 

loss in the specimen's compressive strength [29,40]. This is 

because the compressive strength of a specimen is 

proportional to its density; on the other hand, the compressive 

strength of a specimen is proportional to its density [41]. 

 

Figure 3: Compressive Strength against the Porosity Graph 

After measuring the porosity and compressive strength, it 

was discovered that the pores had a significant impact on the 

values of porosity and compressive strength [40].  In order to 

back up the results of the porosity and compressive tests, the 

SEM test was carried out to show the pores produced on the 

electrode's surface. The porous electrode's SEM 

morphological examination findings are shown in Figure 4. 

The red arrow in Figure 4 indicates the vacant area of the 

graphite electrode that is not filled with particles and generates 

a porosity. In the graphite electrode SEM morphology, few 

pores form without the application of a pore creator, as shown 

in Figure 4(a). SEM testing on graphite electrodes with pore 

formers is used to observe the changes that occur. When a 

pore former is introduced to a graphite electrode, it causes 

macro pores to grow on the electrode but not micropores, 

resulting in a change in the graphite electrode's structure [42]. 

The space between the graphite electrode particles widens as 

the pore former is increased. The sintering process, which 

burns the pore shape of corn flour at a temperature of roughly 

600 oC, causes this state. Corn flour burns and vanishes, 

leaving holes (pores). More holes were produced as more corn 

flour was applied to the graphite electrode [39]. When a 5 

percent pore former is added to Figure 4 (b), fewer pores are 

generated, however when a 15 percent pore former is added to 

Figure 4 (d), more and more uniform pores are formed. The 

higher the relative porosity of a material, the more gaps are 

generated between the particles, and the particle bond chains 

become more tenuous. Because the bonding support between 

one particle and another is so weak, the material's strength 

falls as it becomes less dense. [39]. 

The resistivity and porosity of the porous electrode are 

shown in Figure 5. Along with the porosity, the resistivity 

value will rise. Montes' research [44] supports this conclusion. 

Carbon materials' porosity is recognized to have an impact on 

their resistivity value. Quantitative models of the relationship 

between porosity and electrical resistivity in carbon materials, 

on the other hand, are still missing [45]. This is related to the 

resistivity's nature, which rises in lockstep with porosity. 

Because of the channel produced by the pores, the greater the 
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porosity, the smaller the part of the electric current transfer 

and the longer the path that must be crossed [44]. 

 

 

 

 

Figure 4: Porous Graphite Electrode Morphology (a) Without Addition 

of Pore Former (b) Addition of Pore Former 5% (c) Addition of Pore 

Former 10% (d) Addition of Pore Former 15% 

 

Figure 5: Resistivity Graph against the Porosity 

IV. CONCLUSION 

According to the study's findings, the porosity rose in 

tandem with the quantity of pore formers applied. Because the 

pore former materials are combustible during the sintering 

process [35], the fewer pore formers used, the fewer voids 

produced, and the end product is denser. The morphology of 

the SEM porous electrode revealed the formation of porosity. 

Porosity has an effect on compressive strength; for example, 

when porosity increases, the average compressive strength 

drops. Because of the high value of porosity, many voids 

arise; leaving the gaps that should be filled with atoms vacant. 

As a result, the specimen's compressive strength is reduced. 

The resistivity value will grow as the porosity value at the 

electrode increases. This is related to the resistivity's nature, 

which will rise in tandem with the increase in porosity. 

Because of the channel produced by the pores, the greater the 

porosity, the smaller the portion of the electric current transfer 

and the longer the path that must be crossed [44]. 
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