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1. INTRODUCTION 

Carbon possesses a unique characteristic of both electrical and structural properties of that make an 

ideal material that uses for fuel cell fabrication. Carbon is unique element among the chemical elements 

that can exist in various allotropes form. The softest, naturally occurring form is graphite. Only three of 

the valence electron in the carbon atom is involved in forming sp2 hybrid bond that means the fourth 

electron forms a pi-bond. This is because of pi electrons are mobile, graphite is a good electrical 

conductor, which is used to for fuel cell application. The pi electrons in graphite can also react with 

other elements without change the layer structure. However, some reacting atoms or molecules can 

interact between the layers, and cause either decrease or increase in electrical conductivity [1]. 

The DCFC is a power generation device converting the chemical energy of carbon directly into 

electricity by electrochemical oxidation of the fuel. There are different types of fuel cells, such as solid 

oxide fuel cells, hydrogen fuel cells, alkaline fuel cells, phosphoric acid fuel cells and molten carbonate 

fuel cells. The basic structure of direct carbon fuel cell is identical to other fuel cells. All cells consist 

of a cathode and anode separated by electronically insulating but ionically conducting electrolyte. The 

difference between DCFC and other fuel cells is that the anode chamber is supplied with a solid 

carbonaceous fuel (e.g. coals, biomass, active carbon, graphite etc) that is oxidized directly at the 

electrode surface. Among other fuel cell technology, DCFC is relatively simple and require expensive 

preparation of any gaseous fuel as well as all carbonaceous substances [2]. 

 Among the two forms of carbon, the highly organized carbon form is graphite, is used as the benchmark 

because of its availability and stability. DCFCs has a potential to convert chemical energy of carbon 

directly into electricity without applied any external force (like combustion, reforming process and 

gasification) [3]. 
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Abstract: Carbon is a unique element that possesses both electrical and structural properties that make an 

ideal material for uses fuel cells process. The direct carbon fuel cell (DCFC) is a special type of high 

temperature fuel cell that directly uses a solid carbon as the anode. The direct electrochemical power 

generation from carbon in fuel cells uses molten hydroxide electrolyte and carbon is electrochemically directly 

oxidized to generate power without the need for combustion or reforming process. Molten hydroxides are very 

important electrolyte in direct carbon fuel cell. They have a higher ionic conductivity and higher activity of 

carbon electrochemical oxidation. Depending on its compelling cost and performance advantages, the use of 

molten hydroxide electrolytes has been rejected by researchers, because of the potential formation of carbonate 

salt in the cell. In DCFC anode acts as an electrode which needs to have low resistance and high electron 

conductivity and also as a reactant which will be consumed during direct electrochemical power generation 

from carbon fuel cell.. 

The performance of DCFC is influences by various operating conditions including cathode inlet air flow rate, 

electrolyte temperature and fuel particle size. The operation of DCFC could be improved by proper selection 

of the fuel particle size. Larger the fuel particle size, the slower the cell voltage and as the electrolyte 

temperature increase, the electrical parameters also increase and the corrosion of the fuel cell reduced by the 

formation of oxide layers that determine reliable and continuous operation of the fuel cell.     
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Direct carbon fuel cell (DCFC) is a high temperature fuel cell using carbon materials directly as the 

anode. DCFC has unique attractive characteristics. Firstly, it provides a great thermodynamics 

advantages than other fuel cell types like MCFC, PAFC and AFC. Secondly, it should be twice as fuel 

efficient as coal-fired power plants, resulting in reduced carbon dioxide emission per unit generated 

electricity [4]. 

A fuel cell that uses carbon as a fuel is called direct carbon fuel cell (DCFC). Several researcher 

investigated that the use of carbon as a fuel at a temperature of 10000C using a solid oxide fuel cell 

(SOFC) with solid yttria-stablized zirconia as the electrolyte. But the results obtained with SOFC 

approach only slightly more than the modest one [5]. The direct carbon fuel cell (DCFC) is a novel high 

temperature fuel cell, is drawing to increasing attention due to its high conversion efficiency with low 

pollution [6]. 

The latest development in DCFC is to utilize highly reactive carbon particulates dispersed in the molten 

electrolyte, between the anode and cathode at high temperature. The anode and cathode reactions in this 

work may be expressed by the following reaction, 

Anode reaction:                  C + 2CO3
2-   → 3CO2 + 4e- 

Cathode reaction:               O2 + 2CO2 + 4e-   → 2CO3
2- 

Over all reaction:               C + O2    →   CO2 

It occurs with the flow of four electrons from the anode to cathode. 

 

Figure1. Schematic diagram of a DCFC configuration 

Researchers pointed out the anode in DCFC are simply a current collector and the electrochemical 

reaction occurs between carbon and carbonate ions in the electrolyte environment. The carbon fuel was 

placed on the anode surface before the fuel cell was assigned. Typical DCFCs operating temperature 

ranges from 6500C to 9000C and its performance is strongly dependent on temperatures [7]. 

2. THEORY OF DIRECT CARBON FUEL CELL WITH MOLTEN HYDROXIDE ELECTROLYTE 

2.1. Advantages of Molten Hydroxide Electrolyte in DCFC 

DCFC is a type of fuel cells that uses molten hydroxide (NaOH) as the electrolyte contained a metallic 

container, which acts as a cathode. Fuel is fed in to the cell in the form of a rod made from graphite 

derived carbon dipped into the electrolyte. This fuel rod act as the anode of the cell and air is purged in 

to the molten salt at the bottom of the container to supply oxygen at the cathode. Typical operating 

temperatures are in the range 500-6500C [8]. 

There several advantages of molten hydroxide electrolyte over molten carbonate electrolyte (i) molten 

hydroxide electrolyte are higher ionic (electrical) conductivity. This higher ionic conductivity is 

achieved require lower temperatures in molten hydroxide than molten carbonate electrolytes,450-

6500C, (ii) molten hydroxide electrolyte is the higher electrochemical properties of carbon, which means 

the higher anodic oxidation rate and lower over potentials exhibited in the molten hydroxide electrolyte 

system. The higher ionic conductivity and higher anodic currents enable lower operating temperatures 

(450-7500C) and these allow the use of less expensive materials for cell fabrication, (iii) molten 

hydroxide electrolyte is higher yield of carbon oxidation at the lower melt temperature of the hydroxide 

system [9, 10].  



Electrochemical Power Generation from Carbon in Fuel Cell with Molten Hydroxide Electrolyte

 

International Journal of Advanced Research in Chemical Science                                                       Page | 19 

Molten hydroxide has lower over potentials and greater oxidation rate than molten carbonate. Due to 

these factors the MHFC to operate at lower temperatures, allowing for cheaper materials to be used for 

cell fabrication and electrodes [11]. At lower operating temperature of the hydroxide melts, the major 

product of carbon oxidation is CO2. It indicates that four electrons exchanged per one carbon atom but 

the higher temperatures of the carbonate melt, the major product is CO and shows only two electrons 

are exchanged per one carbon atom.  The main problem in commercialization a typical MCFC is 

corrosion instability of the NiO cathode at 6500C over time [9]. 

The dissolution of NiO in a carbonate electrolyte is accelerated by the present CO2 and O2 gases and by 

higher temperatures in the MCFC. But in molten hydroxide electrolyte, the dissolution of NiO is 

expected to be significantly lower because of the lower temperature (<5000C) and the absence of CO2 

gas from the inlet air and Ni has to be a chemically stable materials in molten hydroxide environment. 

Nickel containers are used to produce anhydrous NaOH by concentrating an aqueous solution and by 

heating that solution up to 5000C to produce the desired NaOH melt. Furthermore, Nickel is used as the 

anode in sodium production from the resulting sodium hydroxide melt [10]. 

2.2. The role of molten hydroxide electrolyte in direct carbon fuel cell 

The main role of molten hydroxide electrolyte in the DCFC is to create a medium through which 

carbonate ions can travel from the cathode to the anode. Electrolytes can also act as a kind of filter that 

used to prevent undesirable ions or electrons from disrupting the desired chemical reactions. In the 

aqueous alkaline fuel cell, the electrolyte consists in a liquid mixture that presents a good ionic 

conductivity. The molten hydroxide electrolytes present the advantages of higher electrochemical 

activity of carbon and the operating temperatures of the fuel cell can be lowered and consequently 

reduce the corrosion problem [13].  

Different experiments have shown that, in order to achieve the desired ionic conductivity, the electrolyte 

mixture must be heated approximately 1500C above its melting temperature. The melting temperatures 

of electrolytes are highly dependent on their composition [7]. Electrochemical reactions involved with 

the molten hydroxide electrolyte DCFC are shown below, 

Anode:   C+   4OH-   →   2H2O   +   CO2   +   4e- 

Cathode:   O2   +   2H2O   +   4e-   →   4OH- 

Over all reaction:    C   +   O2   →   CO2
 

2.3. Conversion of Molten Hydroxide into Molten Carbonate 

Depending on its compelling cost and performance advantages, the use of molten hydroxide has been 

rejected in the past by DCFC researchers, due to the potential formation of carbonate salt in the cell due 

to the absorption of CO2 by the hydroxide melt. Because of the conversion of hydroxide into carbonate, 

the above discussed advantages of hydroxide electrolyte is lost. But the carbonate formation can be 

prevented by reducing carbonate formation in DCFC is to ensure a high water content of the electrolyte [9]. 

Conversion of hydroxide into carbonate formation can be expressed by using chemical process 

represented by the following reaction, 

 2OH-   + CO2   ↔   CO3
2- + H2O                                                                                                       (1) 

And also an electrochemical process taking place at the carbon anode given by: 

C   +   6 OH-   →   CO3
2-   +   3 H2O   + 4 e-                                                                                                (2) 

6 OH-   ↔   3 O2- +   3 H2O   (fast)                                                                                                          (3) 

C   +   3O2- →   CO3
2- +   4 e-   (slow)                                                                                                      (4) 

The rate of carbonate formation depends upon the O2- and water concentration. The prevention or 

significantly reduction of carbonate formation was made by ensuring a high water content of the 

electrolyte which causes reactions (1) and (3) to shift backward to decrease the carbonate formation. 

The high water content in the melt is simply achieved by maintaining a humid atmosphere above the 

melt [10]. High water content in the electrolyte has advantages effect on DCFC performance. During 

the reducing carbonate formation, high water content increases the ionic conductivity of the melt. Water 

in hydroxide melt helps in reducing the corrosion rate of nickel, iron and iron oxide. But the corrosion 

rate of these metals depends on the peroxide content of the melt [9]. 
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The molecular oxygen is oxidized in fused hydroxide and reacts with oxide and hydroxide ions 

producing superoxide and peroxide ions. The corrosion rate of these metals depends on the peroxide 

content of the melt the electrolyte. The concentration of these ions is determined by the following 

equilibrium, 

O2   +   4OH-   ↔    2O2
2-   +   2H2O                                                                                                       (5) 

 3O2   +   4OH-   ↔    4O-   +     2H2O                                                                                                     (6) 

From these reactions, the water vapour pressure may increase and reduce the oxides content of the melt 

with reduces the corrosion rate simultaneously. There are some oxides SiO2, ZnO and MgO might be 

help in preventing the conversion of hydroxide in to carbonates [9]. 

3. ELECTRODE REACTION IN MOLTEN HYDROXIDE ELECTROLYTE 

3.1. Electrochemical Oxidation of Carbon 

Electrochemical oxidation of carbon requires a high temperature because of its slow (inactive) kinetics 

and is generally performed on molten hydroxide electrolyte [8]. Reactions species can be performed on 

molten hydroxide electrolyte depend on the acid-base properties of the melts and the concentration. By 

applying heat, the molten hydroxide electrolyte loses water, the concentration of OH- ions is decrease 

and such melt is called basic melt are metal cation Me+, O2
-, O2- ,O2

2- anions and molecular,O2 [9].  But 

in molten hydroxides with a high water content is called acidic melts equilibrium reaction (5) and (6) 

are shift to the left, resulting in a very low concentration of ions containing only oxygen O2-, O2
2-and 

O2
- ions. So, the dominant species in molten hydroxide melts with high water content are Me+, OH- 

ions, O2 and H2O molecules [8].  

The reaction mechanism of anodic oxidation of carbon is unknown and most likely is very complex due 

to involve up four electrons, two stable reaction products such as, CO and CO2 and also many reaction 

intermediates are produced [10]. Therefore, in acidic melts, the anodic oxidation of carbon is the 

primary reaction product is CO2 by using the following equation, 

 C   +   4OH- → CO2   + 2 H2O   +   4e-                                                                                                  (7) 

The presence of CO in the product gas mixture can be explained by the reaction between the gaseous 

CO2 and solid carbon to form gaseous CO, can be expressed as, 

C + CO2   ↔   2CO                                                                                                                                    (8) 

The equilibrium constant of the equation (8) was determined by function of temperature. So, it was 

found that the dominant gaseous species at a temperature of above 7500C is CO, whereas at lower 

temperatures the dominant gaseous species is CO2. The results indicate that other mechanism may be 

responsible for the formation of CO during anodic oxidation of carbon [10]. Based on the experimental 

findings, different review proposed that a reaction path way consists of two electrochemical steps, (i) 

involves the electrochemical oxidation of carbon to CO and (ii) involves further electrochemical 

oxidation of CO molecule to CO2 at higher over potentials [9]. 

If the anodic over potential is not high enough with high surface area carbon anode, CO will not be 

further oxidized into CO2 resulting in a high CO/CO2 ratio. It results that the flow of current density 

which is turn low because of first high surface area at carbon particles close to current collector and 

high electrical resistance through the anode slurry because of weak particle to particle contact resulting 

in almost no activity of carbon particle far from the current collector [10].  But, at higher current 

densities, the over potentials are high, resulting in the oxidation of CO to CO2 and very low CO/CO2 

ratio [9]. 

3.2. Cathodic Reduction of Oxygen 

The mechanism of the cathodic reaction is also not completely understood still now. Researcher showed 

that, oxygen reduction in molten hydroxide has no practically experimental work. The analogy of 

oxygen reduction with aqueous alkaline solutions one can assume temporarily that stoichiometric 

reaction for oxygen reduction in hydrated molten hydroxides is the same as in aqueous solutions, 

O2   +   2H2O    + 4e-   → 4OH-                                                                                                                 (9) 

Therefore, oxygen reduction at cathode may involve electrons per oxygen molecule depending on the 

reduction product. So, the concentration of superoxide and peroxide ions in hydrated (acidic) melts is 

very low, one cannot damages that equation (9), which is the oxygen reduction reaction in aqueous 
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solutions is the dominant reaction in molten hydroxide in direct carbon fuel cell. Superoxide and 

peroxide oxide ions may also appear as reactants in oxygen reduction at cathode. According to oxygen 

reduction at cathode is expressed by, 

O2
2-   +   2H2O   +   2e-   →   4OH-                                                                                                          (10)  

O2
-    +   2H2O   +   3e-   →      4OH-                                                                                                         (11) 

The result measured only the limiting current of oxygen reduction in hydroxides but not study the 

electrode reaction mechanism of oxygen [10]. 

4. OPERATING PRINCIPLES OF DIRECT CARBON FUEL CELL 

DCFCs are electrochemical methods that convert the chemical energy in carbon directly into electricity 

without any combustion. It is the direct electrochemical oxidation of solid carbon at high temperatures 

(6000C-9000C). The reactions in DCFC produce pure carbon dioxide, provided high purity carbon is 

used as a fuel [8]. 

Researchers at SARA for DCFC on a simple cell design, the use of less expensive materials and 

achieving cell performance acceptable for scale up. The simple cell design is a modern design based on 

the use of a nonporous air cathode. The central part of the cell is a cylindrically carbon anode immersed 

into molten sodium hydroxide, which serve as electrolyte. The molten hydroxide is contained in a cell 

container, which act as the same as the air cathode [9]. During this time, the air cathode filled with 

oxygen by introducing the humidified air in to cell melt where as the gas bubbler located at the bottom 

of the cell. Since the cell does not have a separator, the humidified air bubbles and air dissolved in the 

melt are direct contact with the two electrodes such as, the graphite anode and oxygen cathode [10]. 

 

Figure2. Schematic diagram of SARA direct carbon fuel cell 

The suitable air cathode materials during DCFC molten hydroxide electrolyte, the materials is 

inexpensive and corrosion stable that can be used for both the air cathode and cell container. From these 

materials the researchers found, nickel is the best air cathode material for molten hydroxide electrolyte [7]. 

5. FACTORS AFFECTING THE PERFORMANCE OF DIRECT CARBON FUEL CELL 

The influence of several operating conditions for the performance of direct carbon fuel cell likes, cathode 

inlet air flow rate, electrolyte temperature, the size of fuel particle. Several experiments showed that cell 

performance of DCFC was increased with the cathode inlet air flow rate and cell temperature [2]. 

5.1. The Effect of Electrolyte Temperature 

The effect of temperature in the performance of DCFC indicates that the increase of electrolyte 

temperature brings about increase the electrical parameters of the cell. The fuel cell generated high 

power density and current was probably they improved conductivity of electrolyte and also to increase 

the reaction rate. The increased electrolyte temperature not only increases the cell performance but also 

an impact on the corrosion process that may leads to the shutdown of fuel cells. The current and power 

densities achieved at a temperature of 773K were twice as high result as obtained 673K [3, 7]. 
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Fig3. Effect of temperature on power density as a function of current density 

5.2. The Effect of Air Flow Rate 

The effect of air flow rate showed that both very small and very large air flow rates to the cathode 

chamber of the fuel had a negative effect on DCFC electrical performance. The value of the air flow 

rate affects the deterioration of the performance of DCFC. This may be related to insufficient amount 

of substrate (O2) in the reduction reaction which occurs on the cathode surface. The higher reaction rate, 

related to higher current generated by fuel cell results in increased demand for the oxygen which is 

contained in the air fed to the cathode. In other way, very high values make a lot of gas bubbles, which 

are formed at the surface of the electrode, limited the reaction surface area and also the fuel cell achieves 

decrease electrical parameters [2].  

 

Fig4. Effect of air flow rate on power density using a graphite rod at 6750C 

At a flow rate above the optimum air flow value, the air flowing either very quickly for the reaction to 

occur optimally or it may be that the bubbles transfer from the float is very large. This cause poorer 

gas-solid contact at the cathode surface and inhibits the Cathode reaction [2]. 

5.3. The Effect of Particle Size of the Fuel 

The size of the fuel particles directly affects the electromotive force. Generally, the larger the fuel 

particles size the lower the cell voltages. Better performance of the fuel cell obtained by a fuel with a 

medium particle size compared to the performance of a cell which was fed by a fuel with a smaller 

particle size may suggest that larger space between the fuel particles positively affect the cell 

performance [2]. The size of carbon particle decrease, the current density increase to higher values at 

high electrode potential this is caused by the larger reactive surface area of carbon particles [6]. 

5.4. Electrical Conductivity of Carbon Fuel 

The electrical conductivity of carbon fuel is one of the criteria for the performance of the cell. Carbon 

fuels not only are consumed by the electrochemical reaction but also contact by current collector directly 

assisted the transfer of electrons. It is well-known that electrical conductivity highly dependent on the 

degree of graphite structure. A more ordered carbon has a high electrical conductivity but the 

amorphous structure of carbon is lowest electrical conductivity caused by high porosity [6]. 
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6. CONCLUSION 

Direct electrochemical power generation from carbon in direct carbon fuel cell is a novel high 

temperature fuel cell and also drawing ever increasing attention due to its high conversion efficiency 

with low emission. DCFC is the only fuel cell type converting solid carbon into electricity without the 

need for combustion processes or reforming process. Compared with other type of fuel cells, DCFC has 

the thermodynamic advantages of near-zero entropy change (high efficiency) at high temperature. 

DCFC using molten hydroxide electrolyte is most applicable rather than molten carbonate electrolyte 

due to higher electrical conductivity and the higher electrochemical activity of carbon. Accordingly, the 

DCFC operated at lower temperatures and thus cheaper materials used to manufacture the cell. The 

performance of DCFC is increase as the temperature of the electrolyte also increases but decrease as 

the size of fuel particle increase. 
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