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Abstract 

Fuel cells and solar energy are promising candidates for electricity generation. It is forecast 

that fuel cells and solar power systems will play an important role in reducing the greenhouse 

gas footprint and replacing fossil fuels. Therefore, the limitations of fuel cells and solar power 

systems, such as low efficiency, high cost, and low reliability, must be addressed appropriately 

to enable their full potentials. Metal foam is a new class of material that has gained immense 

attention due to its excellent properties suitable for a wide range of applications. Its unique 

characteristics distinguish it from typical solid metals. The properties of metal foam can be 

modified during the fabrication stage by manipulating its physical structure. The goal of this 

paper is to review the application of metal foam in fuel cells and solar power systems. Besides, 

the performance of metal foam in fuel cells and solar systems is also discussed. Metal foam 

has been applied to the electrodes, gas diffusion layer and flow field of fuel cells to enhance 

performance, especially in regard to current density and flow distribution. Furthermore, metal 

foam is a heat exchanger for the solar energy harvesting system to improve its efficiency. 

Superior performances in experimental testing allows the possibility of commercialization of 

metal foam products in the renewable energy field. 
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1. Introduction 

Renewable energy, such as solar, waves, geothermal and wind energy, is an energy source 

that will not be depleted. Using renewable energy can reduce the greenhouse gas footprint by 

minimizing the consumption of fossil fuels used for electricity generation. This is important to 

ensure a cleaner and greener environment. In addition, the European Union aims to cover full 

energy demands, using the renewable and sustainable energy system. This has motivated 

researchers to explore the application of the renewable energy field to help the European Union 

achieve the 100% renewable energy target [1]. However, renewable energy also faces 

challenges due to its low efficiency and high production cost with a low return on investment. 

Therefore, it is essential to reduce production costs and improve efficiency to promote 

renewable energy globally [2, 3].  

Fuel cell is an electrochemical device to convert chemical energy into electrical energy. 

Unlike a battery, which stores the chemical energy within it, the fuel cell generates electrical 

energy from the chemical energy supplied at the anode and cathode. Depending on the types 

of fuel cells, the power density may vary with different types of reactants. Various types of fuel 

cells are available in the laboratory and market, such as Proton Exchange Membrane Fuel Cell 

(PEMFC), Microbial Fuel Cell (MFC), Phosphoric Acid Fuel Cell (PAFC), Solid Acid Fuel 

Cell (SAFC), Solid Oxide Fuel Cell (SOFC), Alkaline Fuel Cell (AFC), Direct Methanol Fuel 

Cell (DMFC), etc. The by-product of a fuel cell is environmentally friendly, which makes the 

fuel cell a preferable choice for the renewable energy system. The fuel cell market is growing 

worldwide, and by 2020, the stationary fuel cell market is expected to reach 50 GW [4]. To 

advance the commercialization of the fuel cell, different approaches have been taken to 
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improve the existing fuel cell with the aim to reduce the cost and to improve performance 

through modification of the fuel cell components [5-7]. 

Solar energy is a permanent heat and light source that is emitted from the sun to the Earth. 

The Earth receives ~170 trillion kW of incoming solar radiation (insolation) at the upper 

atmosphere. Approximately, 47% of the energy reaches the Earth’s surface. The rest is 

reflected back into space by clouds (~17%), absorbed by ozone, water vapor and dust (~19%), 

scattered by air molecules (~8%), absorbed by clouds (~4%), and reflected into space by the 

surface (~6%) [8, 9]. Solar energy is important because it is renewable energy that exists 

abundantly, is non-polluting and is free. The solar energy received by the Earth in one and a 

half hours (480 EJ) is more than the energy consumption in the year 2011 retrieved from all 

sources (430 EJ) [10]. Therefore, development of a solar energy harvesting system is an 

essential approach to promote globally renewable energy production and use to solve the issues 

of depletion of fossil fuels for electricity generation. Besides, solar energy can help combat 

global warming by reducing the dependency on fossil fuels, which emit harmful gases into the 

atmosphere.  

There are numerous solar energy harvesting systems available in the market, such as solar 

chimney, solar thermal energy storage, solar heater, concentrate photovoltaic, solar 

receiver/collector, solar pond, photovoltaic panel, etc. Low efficiency and high cost are key 

factors preventing the usage of solar energy harvesting systems abundantly in generating 

electricity. Hence, improvement of solar energy harvesting systems, such as improving the heat 

transfer or cooling performance, is crucial in promoting the application of solar energy 

harvesting systems in the worldwide market.  

Metal foam is a new class of material with excellent properties that can be applied in 

various applications [11]. Metal foam provides excellent mechanical properties and is 

lightweight, while maintaining high strength and rigidity. It also has excellent acoustic 
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properties for sound absorption application. The complex geometry within the metal foam 

increases the surface area per unit volume. This is an ideal characteristic for heat transfer 

application or thermal management applications, such as heat exchangers. By varying the 

characteristics of metal foam, such as permeability, pore size, pores per inch (PPI), etc., the 

metal foam can provide a unique interaction with the fluid that flows through it and results in 

different observations.  

There are two classes of metal foam. The first type is open cell, while the second type is a 

closed cell. Open cell metal foam allows the fluid to flow freely through one cell to another, 

and the cells are not closed. The typical open cell metal foam structure is shown in Fig. 1. The 

closed-cell metal foam consists of continuous cell walls, which separate one cell from another 

with the formation of a discrete section. The geometry of the cell is usually spherical in shape 

[13]. Depending on the application, different characteristics of metal foam should be chosen to 

meet the design requirements.  

In view of the above, metal foam can bring a new dimension in renewable energy 

application. For example, it has been used as a gas diffusion layer, electrode or flow field in 

fuel cells as well as heat transfer media in solar energy harvesting systems to improve 

efficiency and electrical performance. Metal foam, with its excellent thermal conductivity and 

high solid to fluid interfacial area that enhances fluid mixing, is an ideal heat transfer candidate 

for solar energy harvesting systems.  

Although there are many solar energy harvesting systems, not every system is suitable for 

metal foam. Solar chimneys, solar collectors/receivers, solar heat exchangers/heaters and 

thermal energy storage are solar energy harvesting systems that are appropriate for metal foam 

[14]. In addition, the cost of metal foam has been significantly reduced due to the advancement 

of manufacturing methods. For example, Alcoa (USA) introduced a new process to 

manufacture metal foam which could lead to the price of aluminum foam being as low as USD 
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5 per kg [11]. This new manufacturing process can greatly help to reduce the production cost, 

so the metal foam can be commercialized. Selection of metal foam for a certain application is 

further simplified by standardization by the agency. This will further promote the application 

of metal foam in the renewable energy field. 

In this study, a critical review of applications of metal foam in fuel cells and solar energy 

harvesting systems is conducted, encompassing various types of metal foam application in fuel 

cells. This includes proton exchange membrane fuel cells, microbial fuel cells, direct methanol 

fuel cells, alkaline fuel cells and solid oxide fuel cells. Applications of metal foam in solar 

collectors and thermal energy storage systems are also discussed. This review not only aims to 

provide an overview of the performance of the metal foam in fuel cells and solar power systems, 

but also to provide useful insight into the future development of fuel cells and solar power 

systems using metal foam. In addition, the challenges associated with metal foam use in fuel 

cells and solar power systems are also covered in the discussion.   

2. Methodology 

Despite metal foam having been used in fuel cells and solar power systems for a number 

of years, the understanding of the flow field and electrical and heat transfer characteristics in 

such systems is very limited. This is partly due to the complicated internal geometrical structure 

of (the strut) metal foam. As metal foam generally exhibits a random structure, it is very 

difficult to obtain a general correlation to describe the characteristics of this material. 

Numerous studies have suggested that metal foam is suitable for various applications in 

automotive, aerospace and electronics industries [11]. However, there are few comprehensive 

reviews of the application of metal foam in the renewable energy field, especially in fuel cells 

and solar cells.  

Hence, a review of the applications of metal foam in different components of the fuel cell 

system such as anode, cathode and gas diffusion layer is presented. This review not only 
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explores the technological advantages and challenges of these applications, but also proposes 

approaches to overcome the limitations of these applications. In addition, key factors affecting 

the performance of these applications are identified with critical discussions of future 

perspectives of metal foam in the individual components of fuel cells. In addition to the fuel 

cell system, the applications of metal foam as a heat sink in solar power systems are also 

reviewed. The performance of the metal foam in solar collectors and thermal energy storage 

systems is examined.   

3. Fuel cell 

3.1 Proton Exchange Membrane Fuel Cell  

The Proton Exchange Membrane Fuel Cell (PEMFC) is one of the most famous types of 

fuel cell available in the market, also known as Polymer Electrolyte Membrane Fuel Cell. 

Compared to other types of fuel cells, the PEMFC offers several advantages, such as cost-

effectiveness, high durability and high efficiency. The United States Department of Energy 

(DOE) recognized it as a potential candidate to replace the internal combustion engine in the 

transportation sector [14]. A PEMFC consists of bipolar plates (flow field), electrodes, catalyst, 

membrane and current collector as shown in Fig. 2.  

The PEMFC uses hydrogen as a reactant at the anode and consumes oxygen at the cathode 

to generate electricity. Both reactants are harmless and abundant in quantity and can be 

obtained through water electrolysis. The by-product of the PEMFC is water, which is clean and 

harmless. As illustrated in Fig. 2, an electron travels outside the circuit and generates electricity. 

The cation, H+, travels through the membrane electrode assembly (MEA) and combines with 

the anion, O2-, to produce water. The electrochemical equations at the anode and cathode are 

shown below: 

Anode:  𝐻𝐻2 → 𝐻𝐻2+ + 2𝑒𝑒−       (1) 

Cathode:  1
2
𝑂𝑂2 + 2𝑒𝑒− → 𝑂𝑂2−       (2) 
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Overall: 𝐻𝐻2 + 1
2
𝑂𝑂2 → 𝐻𝐻2𝑂𝑂       (3) 

The bipolar plate is an important component of the fuel cell and contributes more than 70% 

of the fuel cell weight [16, 17], and more than 40% of the fuel cell’s cost is attributed to it. 

Hence, research has been conducted on the bipolar plate to reduce its weight and improve its 

performance. The bipolar plate acts as the backbone of the PEMFC, current collectors and flow 

field for reactants. A graphite bipolar plate is commonly used in the PEMFC. Graphite is a 

material with good surface contact resistance and superior corrosion resistance. On the 

downside, the graphite bipolar plate demonstrates lower performance when compared to the 

metal foam bipolar plate [16-28]. It is also expensive and difficult to fabricate. The key 

characteristics of the bipolar plate were provided by Tawfik et al. [18]. An effective bipolar 

plate should have high corrosion resistance, low ohmic resistance, high surface tension of water, 

be lightweight, have high mechanical strength, be cost-effective, and not produce metal ions. 

Reddy and Kumar studied the application of metal foam as the flow field and compared it with 

conventionally used rectangular channels through numerical analysis [19]. In the simulation, 

MEA, anode, and cathode were classified as flow domain with roughly 0.4 million mesh sizes. 

Thermodynamics equations for the electrochemical reactions and equations for membrane 

properties were all defined with some assumptions made in the simulation. The SIMPLE 

algorithm was used to solve the momentum equations, continuity equations, species flux 

equations and transport equations. The study concluded that decreasing the permeability of 

metal foam resulted in an improvement in the fuel cell’s electrical performance. The average 

current density is about 5943 A.m-2 when the permeability is about 10-6 m and increases to 

8325 A.m-2 when the permeability is reduced to 10-11 m. The simulation results agreed with 

experimental data from Kumar and Reddy in which the relationship between permeability and 

performance of fuel cells agreed qualitatively [20]. The experimental results showed that the 

improvement of the fuel cell was due to pressure drop increases across the flow field. Although 
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lower permeability produced better fuel performance, it is impossible to manufacture metal 

foam with a permeability lower than 10-8 m because of the difficulty in machining such thin 

cross-sectional channels. The improvement of permeability will remain limited until a new 

manufacturing process is introduced. 

To improve the role of metal foam on bipolar plates, other parameters are considered. 

Afshari et al. studied the effects of channel depth and effect of metal foam porosity numerically 

[21]. The current density increased with increasing metal foam porosity which, however, 

induced a higher pressure drop. It was observed that the porosity of metal foam in the range of 

0.85 to 0.7 does not affect the temperature variation along the flow channel. This phenomenon 

was corroborated by Hossain and Shabani’s investigation [22]. 

The design of the flow field of the bipolar plate is critical in determining the performance 

of the fuel cell. Tsai et al. studied the effects of the design of the flow field by applying metal 

foam as the flow distributor [23]. Five types of flow fields based on metal foam were proposed 

and compared with the graphite bipolar plate. A metal foam flow distributor performed better 

than a graphite bipolar plate. Performance can also be improved by using multiple inlets and 

dividing metal foam into multiple regions. This can ensure better gas distribution, which will 

enhance the performance further. In addition, different designs of anode housing (flow field) 

using aluminum foam was proposed by Wilberforce et al. [24]. Flow plate designs were 

investigated numerically and they concluded that open pore cellular foam performs better when 

compared to traditional fuel cell flow plate designs. The new design reduces dead zones, which 

can lead to accumulation of water that affects fuel cell performance. 

Carton and Olabi conducted a numerical simulation to study the flow distribution [25]. A 

double channel flow plate was compared with a flow plate made from pore cellular foam 

material. The results showed that the distribution of oxygen and hydrogen from the inlet to 

outlet were more even when open pore cellular foam was used as flow plates. On the other side, 
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the double channel fuel cell exhibited a poor distribution of reactants. Under the same operating 

conditions, the current density of the foam flow plate surged by more than 55% at 0.7 V 

compared to the double channel.  

Tseng et al. investigated the effect of porosity, hydrophobic treatment and operating 

conditions of the metal foam flow field experimentally [26]. Metal foam performed better than 

the conventional graphite plate flow channel with a negligible corrosion problem. Hossain and 

Shabani summarized the challenges of using metal foam in the PEMFC [22]. The challenges 

included corrosion of the metal body, which will lead to decreasing conductivity. It is believed 

that metal foam is a good candidate for the PEMFC, but more experimental data are needed to 

validate it. Besides, existing numerical models are not yet mature. Hence, an in-depth 

investigation of metal foam should be conducted to make use of its unique properties for fuel 

cell applications. Besides this, the corrosion issues of metal foam can be balanced by applying 

a layer of coating. Some common coatings used are noble metals, metal oxides, metal carbides 

and graphite [29-31]. 

Temperature can affect the performance of a fuel cell. An optimum operating temperature 

is desirable to achieve a high-performance fuel cell. At low temperature, the rate of reactions 

of the fuel cell will be reduced and lead to performance losses, especially in current density. At 

high temperature, it will dry the membrane and reduce the ionic conductivity and the maximum 

theoretical voltage of a fuel cell will be affected.  

In winter, it is hard to start a fuel cell, especially when the ambient temperature is below 

0 °C at which temperature water freezes and causes a blockage on the cathode. It is vital to 

make sure the fuel cell maintains its function in winter, especially in automotive applications. 

Huo et al. conducted experimental studies to investigate the cold start behavior of a PEMFC 

using nickel foam for cathode flow distribution [27]. Under galvanostatic control, the 
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performance of metal foam for cathode flow distribution is better than that of the conventional 

parallel flow channel. Applying metal foam results in better gas flow and improved ice storage.  

The effect of high temperature on the PEMFC was investigated by Tseng et al. [28]. At 

high temperature, the water is not in a liquid state but in its steam phase. A fuel cell installed 

with metal foam performed 20% better than a graphite serpentine flow field plate at high 

temperature. A high temperature PEMFC (HT-PEMFC) offers benefits of higher 

electrochemical kinetics on the catalyst, faster rate of reaction, improved external thermal 

management, simplified internal water-management, and no water flooding.  

A study of the PEMFC thermal management system was conducted by Odabaee et al. 

experimentally [32] and Afshari et al. numerically [33]. Odabaee et al. used a metal foam heat 

exchanger as the thermal management system for the PEMFC [32]. The water cooling system 

of the fuel cell was replaced with an air cooling system using aluminum metal foam. Compared 

to a water-cooled fuel cell system, only half of the pumping power was required for the 

aluminum foam to remove the same heat under the same operating conditions. Besides, the air-

cooled metal foam generated more uniform temperature distribution within the graphite plate. 

Afshari et al. inserted cooling plates (bipolar plates) within the PEMFC stack and concluded 

that metal foam is able to maintain temperature uniformity with a low pressure drop [33]. This 

is mainly contributed by the high permeability coefficient of metal foam. 

Water management is essential to ensure smooth operation of the PEMFC. Too little water 

will reduce the membrane’s durability and lead to poor electrode adhesion on the membrane, 

while too much water will cause flooding at the cathode gas diffusion layer (GDL). Balancing 

the water content in the PEMFC is important for its operation [34]. Three main problems yet 

to be resolved in a conventional PEMFC membrane humidifier are the cost of machining, 

disturbance of water diffusion under the ribs of the channel plates, and additional weight and 

volume imposed on the channel. The above-mentioned problems can be solved by applying 



12 
 

metal foam [35]. Using metal foam on both sides (wet and dry) can enhance performance. 

However, there is no improvement when using metal foam on the dry side. Besides this, 

lightweight metal foams can reduce the mass and provide a high surface to volume ratio that 

can enhance the reaction sites, which further improves the flow distribution. 

An Air-breathing PEM fuel cell (ABPEM) is a new type of PEMFC, with the cathode side 

open to the atmosphere. The absorption of oxygen by the cathode is mainly based on the 

convection from its surroundings. Since it does not require an extra component to supply 

oxygen to the cathode, it is simpler compared to a pressurized air PEM (PAPEM). Its lightness 

and simple design are ideal for portability. However, it performed poorly with only 350 

mW.cm-2 of power density produced compared to PAPEM with 566 mW.cm-2 [36]. To improve 

its efficiency, the idea to apply open pore cellular foam on the anode and cathode sides was 

proposed by Baroutaji et al. [37]. The findings concluded that the ABPEM has a weakness in 

the form of a water management problem, which can be solved by coating the PTFE on the 

metal foam. Compared to the work done by Jeong et al. [38], application of metal foam on the 

ABPEM exhibited a 77% increment of performance as compared to the conventional flow 

distributor ABPEM using a graphite flow field. 

In summary, metal foam is widely used in the PEMFC. It can be used on various 

components of a fuel cell to optimize the fuel cell performance, such as GDL, thermal 

management system, bipolar plate, flow distributor, etc. Although metal foam brings 

tremendous advantages to the fuel cell, it is also associated with disadvantages, such as 

corrosion, hydrophobicity, and pressure drop. Future studies to address these problems are 

needed. 

3.2 Direct Methanol Fuel Cell 

The Direct Methanol Fuel Cell (DMFC) uses methanol as a reagent on the anode. It is 

well-known for its portability because methanol is in its liquid state at room temperature and 
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its structure is simpler compared to other types of fuel cells. Although the DMFC offers higher 

power and energy density, the efficiency is low compared to the PEMFC. Since the DMFC is 

made for portability, it is lightweight. Various methods have been proposed for the DMFC, 

such as air-breathing and passive methanol solution supply. These designs can eliminate the 

parasitic power losses, as it does not require the powering of ancillary devices [39]. The 

operating process and structure of the DMFC are shown in Fig. 3. Electrochemical equations 

for the DMFC are shown in Eqs. (4) to (6). 

Anode:  𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂 + 𝐻𝐻2𝑂𝑂 → 6𝐻𝐻+ + 6𝑒𝑒− + 𝐶𝐶𝑂𝑂2    (4)  

Cathode:  3
2
𝑂𝑂2 + 6𝐻𝐻+ + 6𝑒𝑒− → 3𝐻𝐻2𝑂𝑂      (5) 

Overall: 𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂 + 3
2
𝑂𝑂2 → 2𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2     (6) 

One drawback of the DMFC is that the methanol used in the anode contains water and 

methanol, which will reduce the power density of the fuel cell. Using a high concentration of 

methanol at the anode will cause fuel cross-over. Cross-over occurs when highly concentrated 

methanol diffuses through the membrane to the cathode and rapidly consumes the oxygen. Less 

than 30% of chemical energy in methanol can be converted to electrical energy, while the rest 

of the energy is converted to heat due to this phenomenon [41]. As a consequence, it is 

impossible to use pure methanol at the anode using current technology. Low concentration 

helps to hinder the diffusion rate (reduce methanol crossover) but also reduces the power 

density. Therefore, there should be a balance between concentrations of methanol to optimize 

the performance of the DMFC.  

The flow field is important in the DMFC, because it helps in methanol distribution at the 

anode, and oxygen distribution at the cathode. As discussed, metal foam is a suitable candidate 

to replace graphite bipolar plates in the PEMFC. This is also applied to the DMFC [42-44]. 

Arisetty et al. examined the performance of the DMFC using metal foam as the flow field [42]. 

The factors to be considered are pore size and density of the metal foam. To maintain the 
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accuracy and consistency of the experiment, the operating condition was strictly controlled. 

The operating temperature was maintained at 50 °C with a constant airflow rate of 400 cm3.min-

1. The back pressure was kept at 1 bar. A methanol solution of 2M was used and heated to 

50 °C before injection into the fuel cell. Deionized water was used to flush the fuel cell after 

every experiment testing to remove any residue left in the fuel cell for 15 minutes. Increasing 

the pore per inch (PPI) and the density of metal foam resulted in better performance, especially 

in current density and electrical conductivity. There will always be an obvious increase in 

performance when compared to a serpentine flow field. Similar to the PEMFC, the effect of 

corrosion is unavoidable. After 40 hours of operation, there was significant metal corrosion 

present in the fuel cell. A nickel coating was suggested for the metal foam to resist corrosion.  

The GDL is important to ensure the fuel cell’s performance by preventing flooding, 

maintaining humidity and ensuring an even distribution of reactants over the electrode surface. 

The feasibility of using metal foam as the GDL was also explored and the results showed an 

improvement compared to cloth and metal mesh [42]. The idea to eliminate the GDL was 

proposed by Chen and Zhao to reduce the weight of the DMFC [45]. New MEA was suggested 

by eliminating the cathode GDL and replacing it with Ni-Cr alloy metal foam for transporting 

oxygen, thereby acting as a current collector. When compared to conventional MEA, this new 

MEA exhibited better performance and proved that application of metal foam in fuel cells is 

worth investing in. 

Chen and Zhao also studied the possibility of using porous current collectors in passive 

DMFCs experimentally [39]. Ni-Cr alloy metal foam current collectors used in the passive 

DMFC performed better than the perforate-plate current collector. Besides this, it was more 

stable and more lightweight. Yan et al. replaced the conventional anode collector with a micro-

porous anode current collector and experimented with it to investigate its performance [46]. 

This method can greatly reduce the effect of methanol crossover and allows more concentrated 
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methanol to be fed to the anode. The experimental results showed that 22M methanol can 

generate a power capacity of 41.4 mW cm-2, which is 35% higher than that of the conventional 

DMFC. 

Huang et al. studied the effect of using an anode porous catalyst layer (CL) and anode 

porous micro-porous layer (MPL) [47]. The porous CL and porous MPL were prepared using 

magnesium oxide as a sacrificial pore-former and varied with the percentage of magnesium 

oxide to produce a CL and MPL with different porosities. The findings concluded that the 

highest performance was achieved by the DMFC with a porous CL and MPL followed by the 

DMFC with a porous CL and the conventional DMFC. The results of the fuel cell impedance 

were in the opposite sequence. This proved that porous material in a CL and MPL can greatly 

enhance the performance of the DMFC, by increasing the catalyst utilization with a larger 

electrochemical surface area and reduce the charge-transfer resistance. Besides this, fuel cell 

performance was affected by the percentage of magnesium oxide as a pore-forming agent. 

When the percentage of MgO was increased from 0% to 20%, the peak power density improved 

from 30 mW cm-2 to 36 mW cm-2. In addition to the anode CL, the cathode CL also plays a 

role in fuel cell performance. The effect of the porosity of the cathode CL was investigated by 

Lee et al. [48]. The porosity effect in the cathode CL contributed to the increment of fuel cell 

performance by 55.5%, which is 11% greater than the effect of using a porous anode CL. This 

showed that the porosity effect is greater at the cathode and weaker at the anode. This is due to 

the pores in the cathode CL being more capable of removing water from the electrode and 

preventing flooding. 

Similar to the PEMFC, metal foam showed a positive impact when applied on the DMFC. 

It can be used in the CL, MPL, current collector, MEA and GDL of a DMFC. The development 

of metal foam on the DMFC should be continued, so the technology becomes more mature and 

can be commercialized, especially for portable application. It may replace the rechargeable 
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battery due to a 5- to 10-fold improvement in energy density and having a longer cycle life 

[41]. The issues of methanol crossover and corrosion have yet to be resolved. Furthermore, 

using metal foam in MEA shows larger impedance, which is also an issue to be tackled so that 

cell performance can be enhanced [45]. 

3.3 Microbial Fuel Cell 

The Microbial Fuel Cell (MFC) generate electricity by the aid of exoelectrogenic bacteria 

found in various ecological niches. Bacteria can remove organic matter from wastewater 

through anaerobic respiration and release electrons for electricity generation. The efficiency of 

the power generation depends on the type of MFC. For example, using oxidative 

phosphorylation can yield about 65% energy efficiency [49], while the potential efficiency is 

about 59% with a high current for acetate [50]. Many advantages are associated with the MFC, 

such as high conversion efficiency by direct conversion of substrate energy to electricity, does 

not require further gas treatment of by-products, and does not require energy input for aeration 

given that the cathode is passively aerated and the MFC can operate at ambient or low 

temperatures efficiently [51]. The energy recovery rate from municipal liquid waste fraction 

can be improved through three stages of treatment but still requires further studies for better 

performance [52]. However, the MFC is limited by cost, high activation loss [53] and limited 

power density [54]. Factors that affect the performance of the MFC are the oxidation of 

substrates in an anode, permeability of PEM, and supply and consumption of oxygen in the 

cathode chamber. Besides, transfer of electrons from the anode compartment to anode surface 

is also another factor that affects the performance of the MFC [55]. To date, the main 

application of the MFC is still limited to laboratory-scale devices. It is proposed that the MFC 

can be used in applications, such as biosensors, biohydrogen production [56], bioelectricity 

generation and wastewater treatment [57]. 
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Construction of the MFC is illustrated in Fig. 4, and it shows that bacteria tend to stick to 

the anode electrode and oxidation takes place to release electrons and hydrogen ion. The 

electrochemical equations of the MFC are rather complicated because of different 

microorganisms at the anode and electron acceptors at the cathode. The byproducts of the MFC 

reactions are water and carbon dioxide. 

Some common bacteria and corresponding substrate used in the MFC are shown in Table 

1. Types of substrates used with the corresponding power density are shown in Table 2. By 

varying the type of substrate and microbes, different power densities can be achieved. 

MFC-derived bioelectrochemical cells, in particular MECs (Microbial Electrolysis Cells) 

were reviewed by Kumar et al. [61]. A guideline was provided to develop a microbial 

electrochemical cell. The startup time should be kept as low as possible. The performance of 

the MFC can be affected by anode potential, concentration of substrate, operating temperature 

and material of electrodes. Besides, Kook et al. studied the feasibility of replacing commonly 

used Nafion membrane with supported ionic liquid membrane (SILM) [62, 63]. The findings 

concluded that the energy yield can be improved in a MFC because SILM has low electrical 

resistivity. This suggests that metal foam with low electrical resistivity is an ideal candidate to 

apply on the MFC.   

Although many studies have been conducted to modify the anode to improve performance 

such as carbon nanotube, stainless steel, nanocomposite metal oxide, conducting polymer and 

graphite-based material used for anode modification, there is a lack of studies using metal foam 

at an anode. Using metal foam at an anode aims to provide a higher specific surface area and 

increase the coverage for attachment of bacteria, which can aid to increase performance.  

Yang et al. investigated the effect of different types of metallic anode on performance [64]. 

The results showed that the conductivity of the anode is closely related to MFC performance. 

Increasing the porosity will reduce the conductivity and cause lower power performance. 
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Hence, high porosity metal foam is not desired for the MFC. However, the limitation of using 

metal foam can be curbed by modifying it, as shown in the work done by Karthikeyan et al. 

[65]. Different types of anodes were used and compared with unmodified nickel foam. The 

observation proved that modified nickel foam has lower ohmic resistance than unmodified one. 

It was suggested that the electrode used in the MFC should have characteristics such as good 

electrical conductivity, low resistance, anti-corrosion, chemical stability, large surface area, 

high biocompatibility, and good mechanical strength and toughness for better performance [66]. 

From the suggested characteristics, metal foam possesses a high surface area to volume ratio, 

good mechanical properties, high current conductivity and low resistance, which make it 

suitable for the electrodes.  

Jiang et al. used macroporous graphite carbon foam (MGCF) as an anode to increase the 

surface area and polydopamine (PDA) was coated on the MGCF to improve the 

biocompatibility [67]. The MFC then underwent the test to determine its performance. The 

findings showed that the MFC with the MGCF-PDA showed the highest performance, which 

yielded a power density of 1735 mW.cm-2 compared to the MGCF with the power density of 

784 mW.cm-2 and conventional carbon foam with the power density of 258 mW.cm-2. The 

improvement was about 220% and 672% for the MFC with the MGCF-PDA and the MFC with 

the MGCF, respectively. This is because the MGCF provides a higher surface area for bacteria 

attachment, while the PDA is a coating that enhances the hydrophilicity which can further 

promote bacteria attachment. These two factors greatly improved the performance of the MFC. 

The feasibility of using graphene foam as an anode was also investigated. It was found that a 

graphene foam anode has increased electrochemical interactions and results in reducing bio-

convertible substrate consumption, while maintaining a short response time [68]. This is in 

agreement with the work by Kwok et al. who made the observation that the flow-through design 

is better than the flow-over design for a MFC with graphene aerogel as a porous electrode [69]. 
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Cheng and Wu investigated the performance of an air cathode MFC when using nickel 

foam as the current collector, PTFE as the binder and carbon as the catalyst [70]. Linear sweep 

voltammetry (LSV) was used to evaluate the performance of the fuel cell. From the result, a 

nickel foam cathode can produce current and power density about 11% and 22% higher than 

that of a carbon cloth cathode. This is attributed to the fact that nickel foam has lower ohmic 

resistance due to its highly porous structure. The internal resistance of nickel foam is 85 Ω 

while that of carbon cloth is 109 Ω. However, a platinum cathode still outperformed nickel 

foam when it was used as a current collector with the power density of 1320 mW.cm-2 versus 

1190 ± 50 mW.cm-2. On the bright side, nickel foam is only 1/30 of the cost of the platinum 

cathode, which is very attractive for mass production. 

The investigation of metal foam application on the MFC is still in its premature stage with 

limited experimental results [71]. Hence, it required a long time to commercialize the MFC. 

Although attempts have been made to achieve large application of the MFC, the results are not 

promising [72]. The start-up time is too long and the electrodes are prone to degradation and 

corrosion. Therefore, this provides a useful insight to promote the research in this area. The 

enhancement of the conductivity of the porous electrode is needed to improve the performance 

of the MFC. Replacing carbon cloth as the current collector with nickel mesh or stainless-steel 

mesh achieved a cost reduction, yet was able to produce a high power density [73, 74].  

3.4 Solid Oxide Fuel Cell  

The Solid Oxide Fuel Cell (SOFC) is an attractive fuel cell that yields energy with high 

efficiency using hydrogen, hydrocarbon, syngas and biofuel without producing harmful by-

products. It can reach an efficiency as high as 60% [75] and over 80% [76] if cogeneration of 

waste heat is carried out. Due to its flexibility of fuel feed, it can be used in various stationary 

or mobile applications, such as auxiliary power units, combined heat and power units and 

portable power sources [77]. The structure of the SOFC consists of anode, solid electrolyte and 
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cathode as shown in Fig. 5. The structure of the SOFC may look simple, but it is very 

complicated to ensure the high efficiency of a SOFC. Various components, such as current 

collector, bi-layer electrode and interface layer, are crucial to ensure its efficiency. The 

materials used and manufacturing methods of the components are keys factor in determining 

the efficiency of the fuel cell. Similar to other types of fuel cell, the SOFC can be stacked 

together to increase the electricity output. However, based on the study by Hiraiwa et al. [79], 

the power output of a single cell in a stack cell will reduce to 70% when compared to a single 

cell’s performance with the variation of ± 3%. A stack fuel cell will suffer losses but prefers to 

be stacked together to produce a higher power output. Fig. 6 illustrates the construction of a 

SOFC stack. The electrochemical equations for the SOFC are listed below [78]: 

Anode reaction : 

i) Hydrogen : 𝐻𝐻2 + 𝑂𝑂2− → 𝐻𝐻2𝑂𝑂 + 2𝑒𝑒−       (7) 

ii) Hydrocarbon : 𝐶𝐶𝑛𝑛𝐻𝐻2𝑛𝑛+2 + (3𝑛𝑛 + 1) 𝑂𝑂2− → 𝑛𝑛𝑛𝑛𝑂𝑂2 + (𝑛𝑛 + 1)𝐻𝐻2𝑂𝑂 + (6𝑛𝑛 + 2)𝑒𝑒− (8) 

iii) Syngas : 𝐶𝐶𝐶𝐶 + 𝑂𝑂2− → 𝐶𝐶𝐶𝐶2 + 2𝑒𝑒−       (9) 

Cathode reaction: 

Oxygen  : 1
2
𝑂𝑂2 + 2𝑒𝑒− → 𝑂𝑂2−       (10) 

Although the SOFC offers a promising prospect for replacing fossil fuels for electricity 

generation, it remains limited due to some drawbacks. The main disadvantages are its high 

operating temperature and cost. It usually needs to be operated within the temperature range 

between 800 °C and 1000 °C, which can greatly affect the reliability and durability of the fuel 

cell due to the failure of materials. Hence, material selection is vital to ensure fuel cell 

performance and lifetime. The cost of the SOFC is attributed to the material, manufacturing 

process and operating condition. The SOFC also suffers from sulfur poisoning [81], corrosion 

issues [82], and coking [81, 83], which further hinders its applications. The recent trend is to 
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focus on developing a SOFC that can operate at low temperature and the introduction of new 

materials to improve performance, durability, reliability and cost. 

The feasibility study of using nickel foam as anode material was conducted by Arshad et 

al. [84]. The experiment was performed using three types of electrolytes with and without the 

presence of nickel foam as an anode. All three cases tested showed nickel foam as an anode 

produced higher power density than fuel cells without nickel foam as an anode. The peak power 

density was recorded at 411 mW.cm-2 using samarium doped ceria (SDC) as electrolyte and 

nickel foam as an anode. This proved that nickel support is a good approach to enhance fuel 

cell performance. Zeng et al. investigated the effects of anode porosity for the SOFC [85]. The 

CFD approach based on FEM is used to study the effects of porosity on thermal stress, 

temperature, and polarization. The investigation results suggested that it is important to control 

the porosity as it can cause an improvement by eliminating stress in the electrodes. Increasing 

porosity will reduce the von Mises stress along the main flow direction, increase the 

polarization of the anode and improve the diffusion coefficient. 

The latest generation of the SOFC is called the metal supported cell (MSC) and the metal 

foam is important in determining performance. The MSC can provide excellent mechanical 

support to the fuel cell with a fast startup at a lower cost. However, it performs poorer than an 

anode supported cell (ASC) in regard to power density. The EVOLVE fuel cell is a project 

aimed to develop a new structure for the SOFC with a high power density. In 2013, a SOFC 

with NiCrAl metal foam as metal support impregnated with La-doped strontium titanate (LST) 

with yttria-stabilized-zirconia (YSZ) as the electrolyte was developed [76]. In 2014, an anode 

functional layer made of gadolinium-doped ceria LST-GDC was laminated on NiCrAl metal 

foam and tested as a fuel cell [75]. The power density reached 20 mW.cm-2 [86]. The 

improvement was followed by optimization of the microstructure. In 2015, the fuel cell was 

tested with open circuit voltage measured at 0.97 V at the temperature of 750 °C, which was 
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lower than the theoretical Nernst Potential [87]. The power density produced at 750 °C and 0.7 

V using lanthanum strontium cobalt ferrite (LSCF)-CGO as a composite cathode with the 

mixture of H2 and N2 as fuel was 80 mW.cm-2. The result was not promising and further 

enhancement was conducted. It was predicted that pore size and thickness of NiCrAl-LST 

affected the performance, and further tuning of the microstructure was carried out. The latest 

update from the project was Jan 31st, 2017; the power density generated by the single fuel cell 

was 170 mW.cm-2 at 0.7 V and 750 °C [88]. This marked the end of the project. Gondolini et 

al. studied the feasibility of using NiCrAl metal foam as metal support for the SOFC but 

integrated it with nickel-gadolinium-doped-ceria (Ni-GDC) [89]. The porosity of the NiCrAl 

metal foam was about 80% to ensure high permeability for the gas diffusion while maintaining 

adequate mechanical stability of the system. Besides this, the presence of aluminum in the foam 

can increase the oxidation resistance by forming aluminum oxide, which improves the 

durability of the fuel cell.  

Understanding the microstructure of porous metal is important to determine its 

characteristics before applying it to the fuel cell. Masson studied the morphological modeling 

of the metal foam supported the SOFC configuration [90]. A 3D model was developed to 

estimate the transport properties, such as volume fraction of the phases, gas permeation, ionic 

conductivity and 3D tortuosity. The model developed was based on Pluri-Gaussian and SEM 

imaging. This work provided a useful insight into the effect of microstructure on the transport 

properties. Maznoy et al. synthesized porous nickel-aluminum (Ni-Al) for the MSC application 

through a combustion synthesis route [91]. It was suggested that the size of powdered reagent 

was an important factor to determine the porosity and pore size of the final product. 

Combustion synthesis produced a porous Ni-Al plate, which was suitable to be used as a 

support substrate of the SOFC. The absence of chromium in the metal foam composition was 

to eliminate chromium poisoning, which may eventually cause degradation to the fuel cell [92]. 
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Maznoy et al. concluded that porous Ni-Al can be a good support in the MSC after examining 

the effect of porosity parameters, mechanical properties and gas permeability of the synthesized 

material [91]. The usage of the porous Ni-Al alloy as metal support was also supported by other 

studies [93-95]. At 700 °C with humid hydrogen as fuel fed to the anode, a SOFC with 

deformation strengthened Ni-Al alloy foam as metal support could achieve a power density of 

500 mW.cm-2 [93]. In addition, the power density yielded by a SOFC with compressed Ni-Al 

alloy foam as metal support was 550 mW.cm-2 under the same operating conditions [94]. 

Meanwhile, the power density could reach 400 mW.cm-2 at 800 °C when the porous Ni-Al 

metal support was fabricated using self-propagating high-temperature synthesis [95]. The 

differences in power density obtained were explained by the different porous metal structure 

and different types of anode material, electrolyte and cathode. 

Even though the MSC has significant advantages, it also creates a new problem for fuel 

cell design. The high-temperature corrosion rate of porous metal is strongly affected by the 

porosity level. Besides, high temperature will lead to the formation of oxide scale and increase 

specific area resistance. It was also found that electrical resistance is influenced by the porosity 

of the porous metal [96]. Hence, it is important to solve the corrosion issues in porous metal. 

Stange et al. studied the corrosion properties of porous alloy support for the SOFC and 

proposed a new method to overcome the corrosion [82]. Chromium poisoning happens when 

the chromium in the alloy diffuses and reacts with oxygen to form chromium oxide. This will 

reduce the electrical conductivity and cause degradation of the fuel cell. Pre-coating and post-

coating have been proposed to enhance the resistance of metal support to oxidation and 

chromium poisoning. Coating of La (Mn0.5Co0.5)0.8 on the porous metal will increase 

conductivity, improve oxidation resistance and reduce chromium poisoning to enhance 

performance. Introducing manganese in the coating enhances corrosive resistance [97]. Creep 

of the porous metal support is another issue associated with the fuel cell that needs to be solved. 
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Good creep resistance is needed to avoid electrolyte bending and thermal stress in the fuel cell 

[98]. Creep will gradually generate cracks in the electrolytes and finally cause degradation of 

stack integrity and result in fuel cell failure. Esposito et al. proposed an understanding of the 

secondary creep in the porous metal supports by developing a model using the continuum 

damage mechanics approach [99]. The oxide layer will significantly affect the creep behavior 

of the porous metal, and oxidation resistance is important. The model developed was able to 

estimate the time to rupture in a diffusional creep regime at low stress.  

Metal foam is also used in the current collector of a SOFC. Nickel metal foam is commonly 

used as a current collector in the SOFC [79, 83, 100-102]. The applicability of nickel-based 

porous metal as the current collector was studied by Hiraiwa et al. [79, 100]. It was found that 

Ni-10Sn porous metal exhibits a lower area-specific resistance of 0.017 Ω.cm-2 than pure nickel 

porous metal after 1,000 hours of heat treatment. Nickel-tin (Ni-Sn) porous metal produces the 

power density of 107 mW.cm-2, comparable to platinum mesh. This is an attractive result, as it 

can replace platinum mesh in the SOFC, which is otherwise costly. The cost can be further 

reduced without compromising performance. Using Ni-Sn porous material can reduce the 

operating temperature to below 600 °C, which is very promising for mobile application. The 

performance remains stable after 1,000 hours due to its excellent gas diffusion and current 

collecting ability. 10 wt% of Sn within the nickel porous metal is the ideal composition that 

gives the best performance. Pure nickel metal foam is not attractive due to its high area-specific 

resistance and is prone to oxidation, which causes degradation of the fuel cell.  

However, applying nickel metal foam is still feasible if the appropriate coating is used on 

the nickel foam. For example, nickel-phosphorus coated nickel foam on the current collector 

is coke resistant [83]. Nickel-phosphorus was coated onto nickel foam through electroless 

plating. This process involved submerging the nickel foam samples into the plating solution. 

Next, the bubbles that formed in the foam were removed by evacuating the sample for 5 
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minutes. The process was continued by heating the solution to 85 °C in a water bath and it was 

held for 10 to 30 minutes during the plating process. Last, deionized water was used to rinse 

the plated samples and left to dry in a stream of air. When testing under a syngas environment, 

it was found that plated nickel foam exhibited high carbon deposition resistance and remained 

stable when the coating contained more than 6.5 wt% of phosphorus. However, there was about 

a 247% weight gain in pure nickel foam, indicating the formation of carbon on its surface. This 

is because hydrogen sulfide (H2S) in syngas can poison nickel by forming nickel sulfide [103]. 

This greatly reduces fuel cell performance in the long term. When comparing plated nickel 

foam with uncoated nickel foam, both cells generate power densities of more than 900 mW.cm-

2, indicating that both nickel foams can perform well. Plated nickel foam has an advantage, 

which is coke resistance.  

The performance of plated nickel foam is comparable to gold mesh as a current collector. 

It is suggested that nickel-phosphorus-coated nickel foam is an ideal candidate for the current 

collector. Copper is also an attractive coating solution for nickel foam [101]. Copper surface-

modified nickel foam was prepared in such way that copper-coated nickel foam was heated 

while maintaining the weight ratio of copper and nickel in a reducing atmosphere [97]. The 

copper and nickel ratio was 1:2. The surface-modified nickel possessed higher coking 

resistance and mechanical stability when compared to unmodified nickel foam. The power 

density was 10% higher than that of the gold mesh current collector in a syngas-fed SOFC. The 

work was continued by Low et al. in which the composition of copper/nickel was changed to 

2.5 using electrochemical plating [81]. Observations of carbon deposition were the same as in 

the work discussed previously, but the effect of the composition of copper and nickel on the 

resistance was not discussed in both papers. However, it is believed that a high copper/nickel 

ratio is necessary to improve the resistance to carbon deposition.  
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Although copper offers more advantages as a current collector, it cannot be used in a high-

temperature SOFC because copper has a low melting point, is structurally unstable at high 

temperature and ductile [104]. Copper will lose its electrode conductivity at a temperature 

higher than 1073 K. This explains why nickel will always remain the preferred choice. It is 

also difficult to ensure a uniform thickness of copper deposited in highly porous nickel foam.  

Electrodes are important components of the SOFC. They are used for electrochemical 

reaction sites and facilitate gas diffusion. The most commonly used materials for anode 

electrodes include Ni-YSZ cement anode, fluorite anode, perovskite anode, tungsten bronze 

anode and pyrochlore anode materials [78, 105]. Some of the commonly used materials for 

cathode electrodes include perovskite, lanthanum cobaltite and ferrite, ferro-cobaltite, 

lanthanum manganite, nickelate and K2NiF4 [106]. A porous electrode can increase reaction 

sites due to high porosity with a large surface area. The porous structure also enables faster and 

even gas diffusion, which improves the performance of a SOFC.  

The application of metal foam on the electrode is still not popular nowadays. Williford and 

Chick studied the diffusion limitation in a porous anode [107]. It was suggested that 

optimization of the surface diffusion, reactive area and adsorption at the electrolyte/anode is 

important in determining the maximum power density of a SOFC. This can greatly enhance 

the concentration polarization and promote a triple phase boundary. Evaluation of various 

electrode materials for low-temperature SOFCs was conducted by Jung et al. [102]. The 

performance of lanthanum strontium cobaltite (LCS), porous platinum and porous nickel were 

compared. Among three electrodes tested, porous nickel anodes always had the lowest peak 

power density, independent of the temperature. On the other hand, platinum electrodes 

performed well when applied as cathode and anode under 400 °C but performed poorer than 

LSC at a temperature above 450 °C as the cathode. The operating temperature is important in 

affecting the performance. This shows that metal foam is not suitable to be used as electrodes 
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for the SOFC. Nickel foam performs poorly while platinum foam is too costly to be 

commercialized and can provide good efficiency only under low temperatures. 

In a polymer fuel cell of a fuel cell stack, platinum contributes roughly 30% of the cost 

[108]. LSC has the advantage of producing high performance with reduced cost. Although 

metal foam performs poorly as the electrode in the SOFC, it can be used in other parts of a 

SOFC. The feasibility of using porous nickel foam as an anode conductive layer was studied 

by Corbin et al. [109]. As an anode conductive layer, the coefficient of thermal expansion (CTE) 

matching is important, while maintaining high electrical conduction and high porosity is 

needed to facilitate gas transport. Nickel foam possesses all the stated characteristics for CTE 

matching to be improved. When Ni/YSZ is used as an anode, pressing the nickel foam before 

sintering can reduce the CTE of the composite to match YSZ. High-pressed nickel foam will 

further enhance the electrical conductivity, which is ideal for the conductive layer. The study 

provides guidelines on creating a wide range of porous Ni/YSZ composites by controlling the 

microstructure of the nickel foam to maximize its potential as anode conductive layers. 

Based on the characteristics of the metal foam, it has high electrical conductivity, porosity, 

high strength and is structurally stable, which meets the material requirements of a SOFC. 

However, metal foam is susceptible to corrosion, which is unavoidable in the fuel cell 

environment. To counter this issue, several coatings are introduced as discussed. Using metal 

foam alone in a fuel cell is impossible, but using metal foam as a backbone and modifying it 

by various means will make it possible to be used in the SOFC. 

3.5 Alkaline Fuel Cell 

An alkaline fuel cell (AFC) is a fuel cell where the operating condition is in an alkaline 

medium. It is one of the oldest practical fuel cells, and was used in the U.S. Apollo space 

program in the mid-1960s [110]. Nowadays, the development of the AFC has drawn attention 

from researchers due to its high efficiency, low temperature and cheapness compared to the 
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PEMFC. Conventional AFCs use hydrogen as fuel at the anode while consuming oxygen at the 

cathode to produce electricity through the redox reactions at the anode and cathode with 

potassium hydroxide (KOH) as the electrolyte.  

Due to the rapid development of the AFC, hydrogen is no longer the only fuel that is 

applicable. Fuel such as ethanol [111], glucose [112] and borohydride [113] can be fed into the 

anode while the electrolyte can be liquid or solid, such as an anion exchange membrane (AEM) 

providing the electrolyte that is maintained in an alkaline medium [114]. From the study, it was 

found that oxidation and reduction reactions are faster in alkaline medium than acidic medium, 

which contributes to the higher performance of the AFC, as it can enhance the conductivity of 

the AEM as well [115]. In addition, the application of cheaper metal catalysts and non-noble 

metals is made possible by eliminating platinum, which is expensive. The study suggested that 

AEM (alkaline) is more suitable than PEM (acidic) for application in a fuel cell [116]. By 

replacing PEM with AEM, the peak power density rose from 1.5 mW.cm-2 to 20 mW.cm-2 with 

glucose used as the fuel fed at the anode. 

The state of the art in AFC structure is almost similar to the other type of fuel cell, which 

comprises an anode, GDL, CL, electrolyte and current collector as shown in Fig. 7. The AFC 

can be stacked to increase the output power density. The electrochemical equations of the AFC 

are described in Eqs. (11) to (13). Hydrogen is fed to the anode, while oxygen is supplied at 

the cathode: 

Anode:  2𝐻𝐻2 + 4𝑂𝑂𝐻𝐻− → 4𝐻𝐻2𝑂𝑂 + 4𝑒𝑒−     (11) 

Cathode:  𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 + 4𝑒𝑒− → 4𝑂𝑂𝐻𝐻−      (12) 

Overall: 2𝐻𝐻2 + 𝑂𝑂2 → 2𝐻𝐻2𝑂𝑂       (13) 

The electrochemical equations may differ from each other and are dependent on the type 

of fuel. For example, supplying glucose into the anode of the AFC may generate an 

intermediate product such as gluconic acid [109] and enediols [117]. The intermediate products 
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may affect the performance of the AFC. Intermediate products reduce the electrons generated 

in the reaction process. One mole of glucose is able to release 24 electrons [118]. This will 

reduce the performance and cause wastage of the chemical energy contained in the glucose. 

In the AFC, the properties of the cathode are important, and will affect the performance 

and durability of the AFC as reviewed by Bidault et al. [119]. It was shown that the material 

and manufacturing method of the cathode can affect the performance of the fuel cell. 

Furthermore, other issues of the AFC were also addressed. Some common problems that need 

to be solved are carbon dioxide effect, corrosion effect, weeping and flooding, fuel crossover, 

and production of carbonate, as they can all lead to the deterioration of the AFC’s performance. 

Since the cathode is important, development of the cathode is more aggressive than the 

anode. Bidault et al. presented a sizeable number of studies on the cathode of the AFC [120-

123]. The feasibility of using nickel foam as the cathode (and its performance) was compared 

to silver-coated nickel foam and nickel mesh [120]. The performances were discussed in terms 

of resistance, impedance, cyclic voltammogram analysis and polarization curve. From the 

result, nickel foam offers various advantages compared to nickel mesh. It is cheap, has 

enhanced electrochemical performance, has lower ohmic resistance, has low oxygen reduction, 

and has reaction charge transfer resistance. The silver coating on nickel foam is important in 

affecting the performance. Ohmic resistance and charge transfer resistance can be reduced 

when a coating of silver is applied to the nickel foam. However, there was an optimum silver 

coating loading which was about 11 mg.cm-2. High coating loading will not improve the fuel 

cell performance, but induce extra cost to the fabrication of the electrode. Besides this, no 

experimental work on power density was carried out in this study. The work was continued by 

incorporating the electrode with GDL [121]. An extra active layer consisting of manganese (IV) 

oxide deposited on the carbon black was added on the top of the GDL. The newly-integrated 

cathode electrode design is shown in Fig. 8.  
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The study suggested that MnO2 is a suitable catalyst that can improve cathode performance 

with high potential. The polarization curve from experiments showed that the addition of 

manganese dioxide on the silver-plated nickel foam can produce 132 mA.cm-2 compared to 

silver-plated nickel foam without manganese dioxide which showed only 40 mA.cm-2 at 0.8 V. 

In other words, the improvement was nearly threefold. The percentage of PTFE used was 

important to ensure that no flooding occurred on the electrode. The ratio of PTFE to carbon 

black of 3:1 showed superior improvement to the performance by increasing the 

hydrophobicity of the electrode. The GDL also played an important role in affecting cell 

performance and the optimum thickness was about 0.5 mm. Reducing the thickness can 

improve the oxygen permeability without causing electrolyte weeping. The performance of the 

fuel cell is not only limited by the type of material used for the electrode, thickness of GDL 

and the percentage of loading; the type of catalyst is a factor that needs to be considered. Using 

metal foam alone as the electrode is not enough to guarantee superior performance.  

The performance of an integrated anode electrode was also investigated by Le and Zhao 

using ethanol as fuel [124]. The anode electrode was combined with a catalyst and diffusion 

layer as a whole, with nickel foam used as a skeleton substrate coated with palladium and PTFE 

as a binder. An AEM was used as an electrolyte. Fig. 9 shows the comparison between 

conventional and integrated anode electrodes. The result showed that the performance of the 

newly-integrated anode can produce a peak power density of 74 mW.cm-2 while conventional 

anodes can only generate 54 mW.cm-2. This is due to the increment in mass transport of fuel, 

reduction in cell resistance and increment in surface area for the electrochemical sites. The 

amount of palladium loading was also important to the study, and it was suggested that 2.0 

mg.cm-2 was the optimum loading condition for the best performance. This study also showed 

that the cathode is dominant in affecting the fuel cell performance. However, the development 

of the anode is also important, as it can contribute to the improvement of the performance. The 
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effectiveness of manganese dioxide and palladium as the catalyst in integrated electrodes is not 

known and further experimental work can be conducted to compare them. 

Chen et al. studied glucose fuel cells and measured their performance with silver/nickel 

foam as the electrode and AEM as the electrolyte [117]. Nickel foam was the base material of 

the electrode and was coated with silver through a simple spontaneous deposition method. At 

80 °C, the power density of 2.03 mW.cm-2 was reached when using silver/nickel foam. The 

power density was higher than the pure nickel foam electrodes [125]. During the 

electrochemical reaction, it was observed that the color of the glucose in KOH tended to change 

from transparent to claret red, indicating the formation of enediols. The presence of enediols 

can further boost the performance of the fuel cell.  

The feasibility of using gold/nickel foam as both anode and cathode of a glucose fuel cell 

with AEM as the electrolyte was studied by Chen et al. [126]. Gold is a noble metal, and it 

should be able to produce a high power density based on assumption. The simple spontaneous 

deposition method was used on deposit gold particles on the surface of the nickel foam. Factors 

such as glucose concentration, KOH concentration, and temperature were tested against peak 

power density. By maintaining the concentration of KOH and glucose at 6M and 0.5M 

respectively, the power density of 26.6 mW.cm-2 was yielded at 70 °C. It was higher than the 

reported 20 mW.cm-2 from other literature, and is suitable for large-scale application [111]. 

Comparing both works done by Chen et al. [117, 126], it was found that gold/nickel foam 

can perform far superiorly to silver/nickel foam, and this indicates that gold is a better catalyst 

than silver. The performance of gold/nickel foam as anode and cathode electrodes was also 

studied by Cao et al. [113]. In this study, glucose was replaced with alkaline NaBH4 at the 

anode, while pure oxygen was replaced with hydrogen peroxide and a Nafion-115 membrane 

was used. From the SEM images, gold/nickel foam had a larger surface area than that of the 

nickel foam, and thus the current density obtained by gold/nickel foam was also higher. It 
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yielded a maximum of 100 mW.cm-2 in power density. These results further prove that gold is 

a good catalyst in improving catalytic activity, and that using metal foam alone is not enough 

to yield good power density. High power density generated also indicates that borohydride is 

a suitable fuel candidate for the AFC.  

Other than nickel foam, silver is also a popular selection for electrode material. Bidault 

and Kucernak investigated the application of porous silver membranes as the AFC cathode 

electrode [122]. Impedance measurement and a polarization curve were used to examine the 

fuel cell’s performance. The anode was fed with pure hydrogen with a KOH solution and the 

cathode remained in open air. This air-breathing AFC fuel cell was measured against power 

density, and it showed the value of 50 mW.cm-2 at 25 °C. The operation conditions allowed it 

to be applied for a mobile application. The power density was further improved from 15 

mW.cm-2 to 65 mW.cm-2 [123]. This improvement was due to the replacement of PTFE with 

Teflon AF and adding the catalyst manganese dioxide or platinum. The Teflon AF coating was 

more uniform than the PTFE and this resulted in the excellent hydrophobicity of the structure, 

while manganese dioxide and platinum can increase the catalytic activity of the oxygen 

reduction reaction. Similar to nickel foam, using a silver membrane alone is not sufficient to 

guarantee a high power density. The addition of a catalyst on the surface is essential for 

improving the output. The performances of the nickel foam versus silver membrane as the 

cathode electrode were not compared, and this can serve as the new direction for future study.  

It was believed that manufacturing methods of the electrode can affect the fuel cell’s 

performance. Ma and Sahai investigated the impact of the AFC electrode fabrication method 

[127]. Two types of fabrication methods, namely the electron beam physical vapor deposition 

(PVD) and the ink paste methods were used to produce palladium-coated nickel foam and 

palladium-coated carbon paper, giving four sets of experiment subjects. The fabricated product 

was used as the anode of the AFC, with Nafion 212 membrane and platinum as the cathode. 
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Borohydride, NaBH4 in NaOH, was used as the fuel fed at the anode. In summary, nickel foam 

performed better than the carbon paper. The ink paste method exhibited better performance 

than electron beam physical vapor deposition due to greater palladium loading. The electrode 

prepared using PVD had lower metal loading, and yet was able to produce high power density 

close to the electrode prepared using ink paste.  

Li and He conducted an experiment to study the layer reduction method to fabricate 

palladium-coated nickel foam [128]. This method was able to avoid catalyst aggregation and 

also ensured a thin porous catalyst film was uniformly coated on the skeleton. Additionally, it 

caused improvement in the electrochemical kinetics and promoted the transportation of the 

reactant and electrons. Experimental results demonstrated that by using this method to prepare 

palladium/nickel foam, an increment of 1.16 times of the current density can be achieved while 

an enhancement of power density of about 1.03 times can be achieved when compared to the 

conventional design. This improvement may be attributed to growth in the electrochemical 

surface area and mass transport due to high permeability. 

An innovative design was developed to break through the bottleneck faced by current 

AFCs. For instance, An et al. proposed a combination via an acid-alkaline fuel cell [129, 130]. 

This new design used an alkaline medium at the anode and acidic medium at the cathode. The 

anode electrode was made with nickel foam coated with palladium-nickel/carbon (PdNi/C), 

while the cathode was carbon black coated with platinum/carbon (Pt/C). The anode and cathode 

were separated by a Nafion 117 membrane. NaOH and ethanol were used as a fuel fed to the 

anode while hydrogen peroxide and sulfuric acid were supplied to the cathode. The output 

power density reached 240 mW.cm-2 at 60 °C for this innovative fuel cell, which was 

considered the highest power density achieved in the year 2011. However, hydrogen 

decomposition was a problem that caused a dramatic drop in the cathode potential.  
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Fuel cell performance was further improved by replacing the cathode electrode with a bi-

functional electrode composed of nickel-chromium foam as backbones, and deposited with 

gold particles [130]. The peak power density produced was 200 mW.cm-2. Although the power 

density was 40 mWcm-2 lower than the previous study, it was still higher than the conventional 

electrode which produced only 135 mW.cm-2. The benefits of using nickel-chromium metal 

foam coated with gold were its ability to reduce the hydrogen peroxide decomposition which 

can lead to severe degradation. Gold was chosen as a catalyst because gold is effective in 

preventing the gas evolution of hydrogen peroxide [131]. From this study, it was proven that 

metal foam is more suitable to be applied to the electrode than carbon black, as the porosity 

properties of the metal foam can enhance catalytic activity and thereby reduce transport 

resistance. 

Nickel foam is widely used because of its excellent properties like its lightweight quality 

and high porosity in 3D structures, and it is able to provide sufficient mechanical strength. 

Popular coatings such as palladium, gold and platinum were used as a catalyst to promote the 

catalytic activity. The drawback of AFCs, such as degradation, is seldom discussed. It is 

important to understand the degradation behavior so that improvements can be made in the 

future. The study of degradation was carried out by Li and Zhao [132]. Anode degradation 

happened after 520 hours of discharge, which caused voltage loss while AEM showed a 

reduction in its inherent conductivity. Thus, the factors that cause degradation and solutions to 

compensate for it should be proposed to improve the reliability of the fuel cell. Further work is 

still required to improve the performance of the Anion Exchange Membrane Fuel Cell 

(AEMFC) as suggested by Kucernak et al. [133]. This is because its performance is still below 

par as compared to the PEMFC. With similar platinum loadings, the AEMFC can only produce 

0.06 W.cm-2 as compared to 0.544 W.cm-2 [134] and 0.41 W.cm-2 [135] of the PEMFC. The 

weak performance may be due to the poor hydroxide conduction at the catalyst layer. The 
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performance can be enhanced by increasing the permeability, surface area, electric conductivity 

of the electrode, and the catalyst layer. Undoubtedly metal foam is the most suitable candidate 

due to its porosity characteristics.

Understanding transport phenomena is essential in the development of the AFC. It will 1 

help researchers to understand the effects of various parameters, such as anode/cathode 2 

material, concentration or type of fuel used and design structure of components that will affect 3 

the fuel cell performance without investing heavily in the experimental setup.  4 

3.6 Direct Ethanol Fuel Cell 5 

Wang et al. experimented on the Direct Ethanol Fuel Cell (DEFC) to identify the effect of 6 

metal foam on performance [136]. Two electrodes, palladium/nickel foam and 7 

palladium/palladium film foam were used. The loading of palladium on nickel foam and 8 

palladium film were kept constant at 0.11 mg.cm-2 and the results showed that palladium/nickel 9 

foam can produce an oxidation peak current density of 107.7 mA.cm-2. The increment was 10 

eight times greater than that of the palladium film. Besides, palladium/nickel foam exhibited 11 

stability after 500 cycles. The performance of palladium film dropped after 500 cycles. Nickel 12 

foam is a promising electrode for the DEFC.  13 

An and Zhao studied the transport phenomenon in the DEFC [137]. Transport phenomena 14 

in the anode, membrane, and cathode were discussed in detail. It was found that the anode 15 

diffusion layer should be kept as thin as possible for better delivery of reactants. Therefore, 16 

nickel foam was suitable to be used as a diffusion layer as it has high porosity (~95%). 17 

Application of nickel foam as a diffusion layer was also supported by Kamarudin et al. [111]. 18 

Nickel foam can enhance the ion conductivity and reduce diffusion resistance due to its high 19 

porosity and eventually leads to high performance of the fuel cell.  20 

An et al. developed a one-dimensional model to study the DEFC [138]. The model was 21 

used to explain the phenomenon of the fuel cell. Porosity of the diffusion layer was an 22 
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important factor in affecting performance. High porosity and a thin diffusion layer will offer 23 

better performance. However, this may lead to poor mechanical properties. Yang et al. 24 

proposed two-dimensional transport models to investigate the DEFC [139]. A numerical study 25 

was conducted to validate the model. The model showed good agreement with experimental 26 

data. The model accounted for the structural design of the electrodes in affecting performance. 27 

Porosity and pore size of the metal foam can affect the performance of the fuel cell. However, 28 

there is a lack of numerical studies to understand the transport phenomenon in the DEFC.  29 

4. Solar power system 30 

4.1 Solar Collectors/Receivers 31 

The solar collector is a heat exchanger in which solar energy is absorbed and converted 32 

into heat. The heat is then carried away by the fluid flow within the solar collector and heat is 33 

conducted to the user. It is used for low temperature application, such as providing heat for 34 

building, hot water and solar cooling in air conditioning processes. Various parameters, such 35 

as geometry, design, working fluid and operating conditions will affect the efficiency of a solar 36 

collector. Flat plate solar collectors are popular for low and medium heating application. The 37 

performance of a solar collector depends on how much solar energy is absorbed and how well 38 

the heat is transferred to the working fluid. Low mean temperature between the collector 39 

surface and the fluid will give better performance. The heat transfer rate should be increased 40 

to produce higher efficiency.  41 

Sopian et al. experimented on the double-pass solar collector to evaluate the thermal 42 

performance with and without porous material [8, 140]. Porous media were inserted into the 43 

bottom channel and the experiment was carried out using halogen lamps to mimic solar 44 

radiation. The study suggested that the thermal efficiency increased when porous media were 45 

present and was attributed to the increase of heat transfer area. Naphon conducted a numerical 46 
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study of the double-pass flat plate solar air heater [141]. Porous media were inserted into the 47 

bottom channel as illustrated in Fig. 10. The numerical result was compared with the 48 

experimental work done by Sopian [8]. The result obtained for the solar air heater gave an 49 

average difference of 18.4% in the presence of porous media and 4.3% in the absence of porous 50 

media, respectively. In terms of thermal efficiency, there was an improvement of 25.9% due to 51 

the existence of porous media in the bottom channel of the solar air heater. 52 

Heat transfer enhancement of a flat-plate solar water collector was studied with the 53 

consideration of metal foam blocks in the flow channel [142]. Streamlines, pressure drops, 54 

Nusselt numbers and temperature gradients were parameters considered in this study. A 55 

correlation of Nusselt number in terms of Reynolds number, Prandtl number and porosity of 56 

the metal foam was developed with ±15% relative deviation. Thermal performance could be 57 

improved when the inner wall of the solar absorber was replaced with metal foam. The study 58 

was continued by performing a numerical simulation on a solar flat plate collector [143]. In 59 

this study, aluminum foam filled with paraffin was used. A finite volume approach was used 60 

to discretize the governing equation with a SIMPLEC algorithm used to solve momentum and 61 

continuity equations. Two temperature models were used for the simulation. The numerical 62 

study suggested that embedding of paraffin in the aluminum foam can affect the heat transfer 63 

and melting rate of paraffin. This will result in more uniform temperature distribution. The 64 

results were accurately predicted when using local non-thermal equilibrium assumptions. This 65 

showed that metal foam is able to enhance the performance of a solar collector and the 66 

performance can be further increased by embedding paraffin in it. The effect of the Nusselt 67 

number on metal foam in a flat plate solar collector was studied by Jouybari et al. [144]. It was 68 

shown that metal foam can increase the Nusselt number of the system.  69 
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The improvement of the solar collector’s efficiency can be enhanced by using nanofluid. 70 

It was suggested that types of nanofluids, mass flow rate of nanofluids, concentration and size 71 

of nanofluids affect the efficiency of the solar collector. Using Cu-H2O as nanofluid exhibited 72 

an improvement of 23.83% in terms of solar collector efficiency [145]. Furthermore, solar 73 

collector efficiency underwent improvements of 15.7% and 16.7% when TiO2-H2O and CuO-74 

H2O were used as nanofluid, respectively [146, 147].  75 

The application of metal foam is not only limited to the flat-plate solar collector, but 76 

extends to other types of solar collector, such as the tubular solar receiver and volumetric solar 77 

receiver. Optimized design of the tubular solar receiver using porous medium was studied 78 

numerically by Lim et al. [148]. The design point was identified to provide guidelines for 79 

manufacturing processes. Porosity, thermal conductivity and the length of the porous medium 80 

were found to be factors producing a highly efficient tubular solar receiver. Thermal 81 

conductivity and the porosity of porous materials were factors determining the maximum 82 

temperature of the solar collector. By combining all the design points, the outlet temperature 83 

of the tubular solar receiver was about 13 oC higher than the previous unmodified system. The 84 

performance of the porous disc enhanced receiver outweighed the performance of the tubular 85 

solar receiver in the study conducted by Reddy et al. [149]. The thermal gradient between the 86 

receiver surface and the fluid was less than the conventional tubular receiver in the case of the 87 

porous disc enhanced receiver. The efficiency of the tubular receiver was improved by Baskar 88 

et al. [150]. At a Reynolds number of 31,845, the Nusselt number for the porous disc receiver 89 

was about 70% higher than that for the tubular solar receiver. 90 

Regarding the volumetric solar receiver, a study was conducted by Becker et al., which 91 

concluded that a proper selection of porous material properties is able to reduce or avoid the 92 

flow instability [151]. The relationship between pressure drop and ceramic foam was 93 
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investigated experimentally and numerically by Wu et al. [152]. The results showed that the 94 

pressure drop reduced with the increase of porosity and cell size of the ceramic foam in 95 

numerical and experimental works. Ergun’s equation was the most successful model for 96 

predicting the pressure drop in the porous media. However, there should be an optimum 97 

porosity when applying ceramic foam to compromise the pressure drop and strength of the 98 

material. Nickel foam was used in the volumetric solar receiver and the thermal performance 99 

and flow effects were studied by Michailidis et al. [153]. From the study, the efficiency was 100 

affected by material parameters and flow conditions. The main drawback of using nickel foam 101 

is that nickel exhibits poor resistance to hot corrosion, which is the operating condition for the 102 

volumetric solar receiver. Hence, a simple treatment method using slurry aluminization of 103 

nickel foam was proposed to create a protective oxidation resistant coating on the porous 104 

material. 105 

The discussion above was based on the use of the steady flow rate for the working fluid. 106 

The idea of using pulsation flow for thermal enhancement was numerically examined by Huang 107 

et al. [154]. Metal foam was attached to the absorbing plate as shown in Fig. 11. It was found 108 

that the average heat transfer enhancement factor was positively correlated with the pulsating 109 

amplitude, Reynolds number, effective conductivity ratio and reduction of porosity. The 110 

Nusselt number is dependent on the Reynolds number, porosity, pulsating frequency and 111 

oscillation amplitude of the axial inlet velocity in the pulsating flow. Pulsating flow can 112 

improve heat transfer but also introduce an additional pressure drop, which requires extra 113 

pumping power to circulate the fluid. Hence, heat transfer enhancement should be correlated 114 

with the induced pressure drop for economic consideration. 115 

Although most of the results discussed above prove that porous metal is an ideal candidate 116 

to promote heat transfer and enhance the thermal efficiency of the solar collector, this is not 117 
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true for all cases. In the case of using curved flow technology, it behaves in the opposite way 118 

[155]. The duct of curved flow technology was filled with coarse aluminum chips with the 119 

porosity of 0.1453 and the fluid produced a low exit temperature compared to the clean duct. 120 

The pressure loss caused by porous media hinders the possibility of natural circulation. Hence, 121 

an extra pump power is needed to overcome the pressure loss and overall efficiency is reduced. 122 

This experiment gave an insight into the feasibility of using porous media in the solar collector 123 

which depends on the type of solar collector, as metal foam is not suitable for all types of solar 124 

collector. Investigation and experiments should be continued to identify the feasibility of metal 125 

foam for various applications. 126 

Xu et al. used different models to analyze the performance of the metal foam solar collector 127 

[156]. A modified fin analysis method was proposed for better estimation of the thermal 128 

performance. The application of different model assumptions, such as local thermal non-129 

equilibrium (LTNE) and local thermal equilibrium (LTE) was adopted for different situations. 130 

For example, LTNE effect in the porous media is weakened with increasing porosity while 131 

LTE is valid for a low Darcy number. Significant differences were found when the Darcy model 132 

and Brinkman model were used for small duct scale. The differences were reduced when a 133 

large duct scale was applied. Hence, the modified fin analysis (combined fin-LTE model) helps 134 

to improve the accuracy.  135 

In conclusion, the thermal efficiency for various solar collectors can be increased to about 136 

60 to 70% using porous material [14]. However, studies have also shown a decrement in curve 137 

flow technology efficiency. Metal foam provides an insight into the future development of the 138 

solar collector due to its excellent thermal properties. More research shall be conducted in this 139 

field for a better understanding of its impact. 140 

4.2 Thermal energy storage systems 141 
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Thermal energy storage (TES) is part of a component in the solar energy harvesting system. 142 

It is used to store solar energy captured by the solar collector for later use. The availability of 143 

sunlight depends on many factors. Solar radiation changes over time and weather. On a cloudy, 144 

hazy or rainy day, solar radiation decreases and eventually becomes zero at night. Hence, 145 

thermal energy storage is used to store the solar energy, so the energy is readily available when 146 

there is no solar radiation. To ensure the availability of energy at all times, thermal energy 147 

storage should have high thermal storage capacity with a good heat transfer rate and low 148 

response time [157]. To increase efficiency, the material used for TES should have the 149 

characteristics of high operating temperature, high thermal conductivity, high thermal 150 

absorption and high specific heat capacity [158].  151 

Metal foam possesses characteristics suitable for TES application. Metal foam cannot be 152 

used alone in TES application and usually is used with PCM to improve the performance of 153 

TES. PCM is a type of material that stores thermal energy in terms of chemical energy through 154 

melting to maintain a constant temperature in the TES. The amount of energy that can be 155 

absorbed depends on the latent heat of fusion. PCM has a large space capacity and isothermal 156 

behavior during melting and is mainly used in latent thermal heat storage [159]. However, its 157 

main disadvantage is low thermal conductivity, which can be compensated for by applying 158 

embedded PCM in the metal foam. 159 

Mesalhy et al. numerically investigated the effect of thermal conductivity of PCM 160 

embedded in the high thermal conductivity porous matrix [160]. From the study, it was shown 161 

that porosity has a positive effect on melting rate and heat transfer characteristics. Low porosity 162 

can increase the melting rate, with the drawback of slowed convection motion. Besides this, 163 

the melting rate is proportional to the thermal conductivity of the porous matrix. By combining 164 
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these two effects, it was suggested to use the porous matrix with high thermal conductivity and 165 

high porosity to increase the response of PCM storage.  166 

Xiao et al. measured the thermal conductivity of paraffin/metal foam [161]. Two types of 167 

PCM, paraffin/copper foam and paraffin/nickel foam, were used. The measurement showed 168 

that the composite paraffin PCM had higher conductivity. Paraffin/nickel foam has a thermal 169 

conductivity 3 times higher than that of pure paraffin, while paraffin/copper foam has a thermal 170 

conductivity 15 times higher than that of pure paraffin. The effect of conductivity is important 171 

as shown numerically and experimentally in the work done by Chen et al. [162]. During the 172 

melting of PCM, the structure of the metal can cause a significant impact on the heat transfer 173 

rate because the metal foam will improve the heat transfer in the solid-liquid phase, attributed 174 

to the excellent thermal conductivity of metal foam. Wu and Zhao used copper and steel alloy 175 

embedded with NaNO3 [163]. The findings suggested that the heat transfer rate was improved 176 

2.5 times as compared to the case in which the metal foam was absent. From the study carried 177 

out by Zhao et al., the heat transfer rate was increased by 3 to 10 times when adding metal foam 178 

in the PCM [164]. The degree of improvement depends on the structure and material of the 179 

metal foam. The time taken for solidification of PCM was reduced by more than half when 180 

metal foam was integrated into the PCM. 181 

The effect of melting rate in the presence of metal foam was investigated numerically by 182 

Yang et al. [165]. A tetrakaidecahedron unit cell was used to mimic real foam application in 183 

the study. It was found that metal foam can accelerate the melting rate of PCM. The melting 184 

time was 37.5% lower compared to the case without metal foam. This showed that the response 185 

time had been reduced and the efficiency of the TES had been increased. The numerical result 186 

agreed with the experimental result from Badenhorst et al. [166]. In this study, graphite foam 187 

was used for storage of concentrated solar energy and solar energy capture. The prototype of 188 
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the solar concentrator was designed with a simple two-axis tracking method as shown in Fig. 189 

12. The prototype was cheap and simple, yet able to reach concentration ratios in excess of 190 

1,000 suns. Graphite foam reduced the melting time of PCM by 46% when compared to pure 191 

PCM. By manipulating the foam geometry and concentration ratio, the size of the receiver can 192 

be reduced by 75% and still provide the same efficiency.  193 

By using different types of PCM with different types of metal foam, it greatly enhances 194 

the TES efficiency in terms of response time and the heat transfer rate. The degree of 195 

improvement depends on the types of metal foam and its properties. Proper study of PCM and 196 

metal foam characteristics can help identify the combination of PCM and metal foam that 197 

should be used for a given application. The selection of suitable PCM for a certain application 198 

is a complicated process, and a study was carried out by Xu et al. to help in the selection of 199 

PCM for solar absorption cooling application [167]. The method helped to identify the most 200 

suitable PCM material for a specific application. As suggested by Rashidi et al., future study 201 

is needed, especially research on the high temperature thermal energy storage system as it is 202 

limited [9]. 203 

5. Current perspective 204 

Fuel cells and solar power systems are promising renewable sources that can replace fossil 205 

fuels in the future. The research in these two fields is ongoing and it can be foreseen that the 206 

performance of the fuel cell and solar power system will be increased in the near future. Metal 207 

foam with its excellent properties can improve the performance of fuel cells and solar energy 208 

power systems. Applying metal foam in both systems will improve the energy output, increase 209 

the waste heat rejection and stimulate a uniform flow field. The common issue faced by both 210 

applications is temperature control. Metal foam with its good thermal properties can enhance 211 

the heat rejection rate of the system to prolong the cycle life.  212 
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Most of the literature review is based on the performance of a single component but not a 213 

whole system and the experimental results are based on the laboratory environment. Hence, 214 

the main focus of the upcoming research should be on evaluating the performance of the fuel 215 

cell system and solar power system as a whole with metal foam components. The 216 

characteristics of metal foam are affected by pore density, porosity, permeability and interfacial 217 

area. The understanding of how these parameters affect the performance of the systems is 218 

necessary and not yet available in the literature.  219 

Although the power density of the fuel cell can be improved by using metal foam 220 

electrodes, it also introduces serious corrosion issues. This will cause damage to the system in 221 

long-term operation. Hence, an anti-corrosion coating is needed for the metal foam. Coating 222 

methods required are far more complicated due to the presence of porosity in the metal foam. 223 

Besides, it is also necessary to ensure that the internal surface of the pores receives sufficient 224 

coating as compared to the outer metal foam surface. Other issues such as fuel crossover, high 225 

impedance of the fuel cell, hydrophobicity and pressure drop are interesting topics of concern 226 

as well. 227 

There are many types of porous media available in the market with different pore density, 228 

porosity and material. Most of the studies are focused on a single characteristic of the metal 229 

foam. For example, the application of metal foam in the fuel cell is focused on nickel foam 230 

only but other types of porous media are rarely investigated. Besides, study of the effect of 231 

using different combinations of porosity and pore density in a system is also very rare. On the 232 

other hand, the application of porous media in the solar energy harvesting system is relatively 233 

new and has not been applied in commercial products. This could provide a future direction of 234 

metal foam research in the renewable energy field especially in the fuel cell and solar power 235 

system.   236 
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6. Conclusions 237 

Numerous experiments and numerical simulations have been conducted to study the 238 

application of metal foam on the fuel cell and solar energy harvesting system. It is concluded 239 

that metal foam is a promising material to be implemented in a fuel cell and solar energy 240 

harvesting system. It can boost performance and provide additional benefits, such as reduced 241 

cost and overall weight. In a fuel cell system, using metal foam alone as a component is not 242 

satisfactory. Metal foam is not corrosion resistant, is subject to carbon deposition at high 243 

temperature and is not hydrophobic. Hence, a coating is necessary to minimize the corrosion 244 

issue of metal foam. Besides, the coating also helps to prevent carbon deposition and repel 245 

water. The electrical characteristics can be further improved with a coating of metal foam. In 246 

the solar energy harvesting system, metal foam can be modified to enhance thermal 247 

performance, such as embedding paraffin into the metal foam. Most literature suggests nickel 248 

foam to be well-suited for fuel cell application, while there is no consensus on the types of 249 

metal foam to be used in the solar energy harvesting system. This can provide a new direction 250 

for future study. In addition, there are limited numerical studies that identify the relationship 251 

between the characteristics of metal foam and performance. Forthcoming studies can focus on 252 

developing porous media models to form a set of correlation equations. The equations can help 253 

predict the performance by manipulating the characteristics of the metal foam. This is 254 

important, as it can greatly reduce the experimental time and cost of producing a prototype for 255 

experimental study.  256 
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 884 
Fig. 1. a) Aluminium foam sample and b) close view of the aluminium foam 885 
structure [12]. 886 
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 889 
Fig. 2. Proton Exchange Membrane Fuel Cell design [15]. 890 
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 892 
Fig. 3. Schematic diagram of a Direct Methanol Fuel Cell [40]. 893 
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 895 
Fig. 4. Schematic diagram of a Microbial Fuel Cell [58]. 896 
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 898 
Fig. 5. Structure of a Solid Oxide Fuel Cell [77]. 899 
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 901 
Fig. 6. Construction layout of the Solid Oxide Fuel Cell stack [79]. 902 
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 904 
Fig. 7. Schematic diagram of an Alkaline Fuel Cell [40]. 905 
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 907 
Fig. 8. Schematic diagram of an integrated cathode electrode [120]. 908 
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 910 
Fig. 9. Diagram of an anode structure: newly developed integrated anode electrode (left), 911 

conventional anode electrode (right) [123]. 912 
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 914 
Fig. 10. Schematic diagram of a double-pass thermal solar collector with porous media in the 915 

second channel [8]. 916 
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 918 
Fig. 11. Schematic diagram of a flat-plate solar collector [141]. 919 
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 921 
Fig. 12. Illustration of tracking system from morning to afternoon [165]. 922 
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Table 1. Example of Microbes and its corresponding substrate [59]. 924 

Microbes Substrate 

Actinobacillus Succinogenes Glucose 

Escherichia Coli Glucose, Sucrose 

Clostridium Butyricum Starch, Glucose, Lactate, Molasses 

Aeromonas Hydrophilia Acetate 

Desulfovibrio Desulfuricans Sucrose 

 925 
  926 
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Table 2. Example of substrate with its corresponding the power density [59]. 927 
Substrates Power produced in mA.cm-2 

Lactate 0.005 

1,2-Dichloroethane 0.008 

Cysteine 0.0186 

Ethanol 0.025 

Propionate 0.035 

Carboxymethyl cellulose 0.05 

Azo dye with glucose 0.09 

Phenol 0.1 

Furfural 0.17 

Sucrose 0.19 

Sodium formate 0.22 

Mannitol 0.58 

Starch 0.62 

Sorbitol 0.62 

Arabitol 0.68 

Glucose 0.70 

Xylitol 0.71 

Ribitol 0.73 

Xylose 0.74 

Galactitol 0.78 

Acetate 0.8 

Glucuronic acid 1.18 

 928 


