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ABSTRACT 

Porous metals have attracted considerable attention in academia and industry due to their 

unique combinations of material and structural characteristics, including high surface area, 

good catalytic ability, high permeability, light weight, and good mechanical properties. They 

have been considered as excellent materials for applications in electrochemical detection 

and energy generation. 

This project measured the surface area and mass transfer coefficient of the porous metals 

manufactured by the Lost Carbonate Sintering (LCS) process and further studied the effects 

of structural parameters (porosity and pore size), manufacturing process (sintering 

temperature and metal particle size), chemical etching treatments and diffusion layer 

thickness. Additionally, a novel limiting current sensor with LCS porous Ni working electrode 

was developed for determination of ferricyanide concentration.  

The surface area of porous metals is normally measured by either the BET gas absorption 

method or the mercury intrusion method. However, both methods have their own 

limitations. BET is not applicable for pores too big, while the mercury intrusion method is 

not suitable for pores too small. Besides, the BET method measures the surface area at an 

extremely small length scale and the mercury intrusion method assumes all pores are 

cylindrical. Neither is appropriate for the measurement of electrochemical surface area. In 

this thesis, the geometric, electroactive and real surface areas of the LCS porous Cu and Ni 

were measured using quantitative stereology, cyclic voltammetry (CV) peak current and 

double layer capacitance methods, respectively. The cyclic voltammetry peak current 

method exactly determines the effective surface area in electrochemical reactions and the 
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double layer capacitance method accurately measures the surface area where electrical 

double layer is formed.  

For the first time, two reactions with different diffusion layer thicknesses were employed to 

study the effect of diffusion layer thickness on the electroactive surface area of the LCS 

porous Cu. The electroactive surface area was increased by up to 2 times when the diffusion 

layer thickness was decreased from 50 µm to 1 µm. The effects of Cu particle size, sintering 

temperature and chemical treatment on the surface morphology and therefore the 

electroactive and real surface areas were also investigated. Cu particle size had a modest 

effect, with the medium particle sizes, 20 – 45 µm and 45 – 75 µm, showing the highest 

surface areas. Increasing sintering temperature from 850˚C to 950˚C or etching the samples 

by 5 M nitric acid for 5 minutes reduced the electroactive and real surface areas by 31% – 61% 

and 9% – 25%, respectively.  

For the surface area of the LCS porous Ni, the volumetric specific geometric, electroactive 

and real surface areas of the porous Ni samples, with pore sizes in the range of 250 – 1500 

µm and porosities in the range of 0.55 – 0.85, are in the ranges of 20 – 100, 30 – 100 and 

200 – 1000 cm-1, respectively. Their gravimetric specific geometric, electroactive and real 

surface areas are in the ranges of 5 – 65, 9 – 70 and 100 – 300 cm2/g, respectively. The 

electroactive surface area increases with increasing scan rate. The matrix material does not 

affect the geometric surface area and the real surface area is slightly affected by the metal 

particles used, while electroactive surface area is mainly affected by the diffusion layer 

thickness. 

The mass transfer coefficient of porous Ni was measured by the limiting current technique. 

For porous Ni samples with a porosity of 0.55 – 0.75 and a pore size of 250 – 1500 µm, the 
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mass transfer coefficient, measured at an electrolyte flow velocity range of 1 – 12 cm/s, is in 

the range of 0.0007 – 0.014 cm/s, which is up to 7 times higher than that of a solid nickel 

plate electrode. The mass transfer coefficient increases with pore size but decreases with 

porosity. The porous nickel has Sherwood numbers considerably higher than the other 

nickel electrodes reported in the literature, due to its high real surface area and its tortuous 

porous structure, which promotes turbulent flow. 

A novel limiting current sensor containing a pumping system and a three-electrode 

electrochemical cell was developed for the determination of ferricyanide concentration. A 

porous Ni sample with a porosity of 0.7 and a pore size range of 425 – 710 µm was used as 

the working electrode. The limiting current sensor showed a limit of detection (LOD) range 

of 5.35 × 10−6  – 8.7 × 10−6  M and a sensitivity range of 7.47 – 20.24 mM/mA. The 

sensitivity increases with increasing fluid flow rate. A conventional three-electrode 

electrochemical sensor, with the same LCS porous Ni working electrode, was also used for 

measuring the concentration of ferricyanide. The three-electrode electrochemical sensor 

showed a LOD range of 0.21 × 10−4 – 0.58 × 10−4 M and a sensitivity of 0.33 – 1.50 

mM/mA. Both LOD and sensitivity increase with increasing scan rate. The limiting current 

sensor showed a much lower LOD and much higher sensitivity than the three-electrode 

electrochemical sensor due to the turbulent fluid flow through the porous matrix in the 

limiting current sensor. 
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CHAPTER 1 INTRODUCTION 

1.1 Background of the research  

Porous metals are metals containing pores which are deliberately embedded in metal matrix 

(Lefebvre et al., 2008). Porous metals can be divided into two types: closed-cell and open-

cell, depending on the connectivity of pores. If pores are separated by solid walls, the 

porous metal is called closed-cell. If pores are connected with each other, the porous metal 

is described as open-cell (Lefebvre et al., 2008). Porous metals with isolated and connected 

pores have been regarded as excellent multifunctional materials due to their unique 

mechanical, thermal, electrical, acoustic, physical and chemical properties (Lefebvre et al., 

2008, Ashby et al., 2000, Banhart, 2001). In this thesis, only open-cell porous metals are 

considered. 

Lost Carbonate Sintering (LCS) is a powder metallurgy (PM) based space holder technique 

for manufacturing open-cell porous metals (Zhao et al., 2005, Zhang and Zhao, 2008). In this 

process, metal and potassium carbonate powders are first mixed together with an intended 

ratio. The mixture is then compacted into a preform, followed by sintering in a vacuum 

furnace. The potassium carbonate particles can be removed by either dissolution in hot 

water or decomposition at high temperature. Other space holders like sodium chloride 

(Zhao and Sun, 2001) and urea (Laptev et al., 2004) have also been reported. Porous metals 

manufactured by the LCS process have highly controllable porosity, pore size and even pore 

shape. The porosity and pore size of the LCS porous metals are normally in the ranges of 0.5 

– 0.85 and 75 – 1500 µm, respectively (Zhao et al., 2005). 
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High specific surface area is one of the most important characteristics of open-cell porous 

metals, especially for electrochemical applications. Surface area can be divided into three 

types: geometric, electroactive and real surface areas (Diao et al., 2015). The geometric 

surface area is the surface area of the primary pores, while the real surface area includes all 

the surface areas of pores and interstices where the electrical double layer can be formed 

(Li et al., 2014). The electroactive surface area is the effective surface area contributing to 

chemical reactions (Delahay, 1956, Bard et al., 1980), which is often different from the 

geometric and real surface areas. The electroactive surface area can be measured by an 

electrochemical method. It is sensitive to the applied scan rate (Tan et al., 2012) and is 

expected to be highly chemical reaction dependent. Previous work by Diao et al. (2015) has 

shown that the volumetric electroactive surface area of porous copper in 0.1 M KOH at a 

scan rate of 0.026 V/s increases slightly with increasing porosity but decreases with 

increasing pore size. The value of the electroactive surface area is one order of magnitude 

greater than the geometric surface area but is one order of magnitude less than the real 

surface area. However, there are still many questions remaining. For example, how do the 

scan rate and chemical reaction affect the electroactive surface area? Does the surface 

morphology affect the geometric, electroactive and real surface areas? Therefore, further 

work is needed to answer these questions. 

Mass transfer property is another important characteristic of open-cell porous metals for 

electrochemical applications. It determines the rate of the movement of a chemical species 

from bulk solution to the surface of porous matrix and therefore limits the current density 

generated (Brown et al., 1992). The mass transfer performance is affected by several 

intrinsic factors, e.g. pore size and porosity. By decreasing pore size, the mass transfer 
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performance of SORAREC porous nickel has been increased (Zhou et al., 2015). The porous 

copper fibre sintered felt (PCFSF) sample with a porosity of 0.8 shows the best mass transfer 

performance compared with two other samples with porosities of 0.7 and 0.9. The mass 

transfer performance can also be affected by some extrinsic factors. For example, 

turbulence promoters (TPs) are employed to increase the mass transfer rate by up to 4 

times because their tortuous structures can cause turbulent flow (Recio et al., 2013, Brown 

et al., 1992, Griffiths et al., 2005b). Increasing fluid velocity is another way to improve the 

mass transfer performance, but it is not always feasible due to high flow resistance and 

pumping power constraints (Brown et al., 1993). Although the mass transfer performance of 

many kinds of porous materials has been studied, little work has been conducted on the 

mass transfer properties of porous metals manufactured by the PM space holder based 

methods. Therefore, a systematic study on the mass transfer properties of porous metals 

manufactured by the LCS process is of significant importance. 

Open-cell porous metals have been employed as electrodes and electrode support materials 

in energy generation and electrochemical detection because of their excellent 

electrochemical properties. Their applications include lithium-ion battery (Huang et al., 2008, 

Wang et al., 2009), alkaline zinc battery (Shivkumar et al., 1998), nickel-hydrogen battery 

(Naito et al., 1993), solid oxide fuel cell (Tucker et al., 2007, Molin et al., 2008), 

electrochemical capacitor (Ganesh et al., 2005), hydrogen peroxide detection (Akhtar et al., 

2015), methanol detection (Yu et al., 2015) and glucose detection (Wang et al., 2015, Kung 

et al., 2014, Xia et al., 2017). However, the manufacturing processes used for these porous 

metals are complex and time-consuming, which makes them costly. Therefore, it is 

important to find alternative porous metals which are more cost effective. 
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1.2 Aims and objectives 

The main aims of this project are to study the electrochemical properties of porous metals 

manufactured by the LCS process, including geometric, electroactive and real surface areas 

and mass transfer coefficient, and to explore the feasibility of using the LCS porous metals in 

electrochemical sensors. 

The objectives of the project are: 

 To measure the surface areas of the LCS porous metals and correlate surface area 

with the structural parameters (porosity and pore size). 

 To optimise manufacturing conditions (sintering temperature and metal particle size) 

and subsequent chemical treatments to achieve high surface areas. 

 To quantify the effect of diffusion layer thickness on the electroactive surface area. 

 To measure the mass transfer coefficient of the LCS porous Ni and correlate mass 

transfer coefficient with the structural parameters (porosity and pore size). 

 To develop an electrochemical sensor using the LCS porous Ni as the working 

electrode for the determination of ferricyanide concentration. 
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1.3 Structure of thesis 

Chapter 2 of the thesis reviews the literature that is relevant to the present work, including 

manufacturing processes for porous metals, properties of porous metals, and current 

electrochemical applications of open-cell porous metals.  

Chapter 3 presents the details of experimental apparatus and processes used in this work, 

including the manufacturing process for the LCS porous nickel and copper specimens, the 

procedures for the geometric, electroactive and real surface area measurements, the 

procedure for the mass transfer coefficient measurement, novel limiting current sensor and 

ferricyanide detection procedure. 

Chapter 4 presents the results of the measurements of the geometric, electroactive and real 

surface areas of the LCS porous copper, and discusses the effects of pore size, porosity, 

particle size, sintering temperature and chemical etching. The effect of chemical reactions 

on the electroactive surface area is also analysed. 

Chapter 5 presents the results of the measurements of the geometric, electroactive and real 

surface areas of the LCS porous nickel, and discusses the effects of pore size, porosity and 

particle size. The effect of scan rate on the electroactive surface area is also analysed. 

Chapter 6 presents the results of the measurement of the mass transfer coefficient of the 

LCS porous nickel, and discusses the effects of pore size and porosity. The mass transfer 

performance of the LCS porous nickel is also compared with nickel plate and other nickel 

electrodes reported in the literature. 

Chapter 7 presents the performance of the LCS porous nickel in detecting ferricyanide using 

two electrochemical sensors, and analyses the effects of scan rate and internal flow velocity 

on the detection performance. Particular attention is paid to the enhanced performance of 

the novel limiting current sensor, compared with conventional three-electrode 

electrochemical sensor. 

Chapter 8 summarises the conclusions drawn from this thesis and recommends a few areas 

for future research. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Manufacturing of porous metals 

A range of techniques have been developed for manufacturing porous metals since early 

1990’s due to increasing commercialization. First systematic summary of the manufacturing 

methods for porous metals was made by Davies and Zhen (1983), followed by several 

important reviews published at the beginning of the 21st century (Banhart, 2001, Ashby et 

al., 2000, Liu and Liang, 2001). In these reviews, the manufacturing processes of porous 

metals developed have been classified into four ‘families’ according to the state the metal is 

processed in, namely: metal powder based, liquid metal based, metal vapour based and 

metal ions based. After 2000, a number of novel manufacturing processes, like Lost 

Carbonate Sintering (LCS) and Selective Laser Melting (SLM), have been developed. The 

appearance of these newly developed manufacturing processes has increased the vigor and 

vitality of research in porous metals. This chapter will review some important manufacturing 

processes for porous metals developed during the past decades. For simplicity, in this 

review, the manufacturing processes of porous metals are divided into two groups: 

conventional and novel. The former represents those manufacturing processes developed 

before 2000, while the later includes those manufacturing processes developed after 2000. 

2.1.1 Conventional manufacturing techniques 

There are many manufacturing techniques for porous metals developed before 2000. Most 

processes can be classified into four ‘families’ as mentioned above, represented by loose 

powder sintering, melt gas injection, chemical vapour deposition and electrodeposition. This 

section will detail these four manufacturing methods, including process, applicability, 

advantage and disadvantage. 
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2.1.1.1 Loose Powder Sintering 

Loose powder sintering is a widely used manufacturing process for open-cell porous metals, 

especially for bronze bearings and nickel membranes (Banhart, 2001, Kennedy, 2012). The 

manufacturing process is simple, where a metal powder is poured into a die followed by 

sintering. Fig. 2.1 shows a porous bronze sample manufactured by the loose powder 

sintering process. It is obvious that the interconnected pores within the porous bronze 

sample are the interstices between adjacent bronze particles. The porosity of the porous 

metal produced by loose powder sintering is normally in the range of 40% – 60% (Banhart, 

2001), dependent on the metal particle size, shape, sintering conditions and even vibration. 

The properties of the porous metals are dependent on the porous structures, which are in 

turn determined by the manufacturing parameters. For porous nickel samples 

manufactured by loose powder sintering process, increasing sintering temperature from 850 

to 1050 ˚C and sintering duration from 2 to 15 minutes improved the strength up to 40% 

(Tracey, 1979). For porous titanium samples manufactured by the loose powder sintering 

process, the effects of sintering temperature on pore size and porosity have also been 

studied (Torres et al., 2014). It was found that a higher sintering temperature resulted in a 

larger pore size but a lower porosity. In terms of economy, loose powder sintering is one of 

the simplest and low-cost manufacturing processes without the need to use any pressure 

and other additives. It is also applicable for many kinds of materials, like copper, titanium 

and stainless steel. However, it produces samples with low porosities which sometimes limit 

its wide commercialization. To achieve high porosities, some space holders have been used 

to mix with metal particles and then removed by decomposition or dissolution. This kind of 

processes is called space holder methods and will be introduced in section 2.1.2. 
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Fig. 2. 1 Porous bronze manufactured by loose powder sintering process with a spherical 

particle size of 45 – 100 µm (Eisenmann, 1998) 

2.1.1.2 Melt gas injection 

Melt gas injection is a commonly used manufacturing process for closed-cell porous 

aluminium or aluminium based alloys. A series of patents (Mangalick, 1977, Jin et al., 1990, 

Ruch and Kirkevag, 1990, Jin et al., 1992) were granted on this manufacturing technique. Fig. 

2.2 shows a schematic diagram of this manufacturing process that mainly includes three 

steps. The first step of this process is preparation of metal or alloy melts. Aluminium oxide, 

silicon carbide or magnesium oxide particles are usually added in this step to enhance the 

viscosity of the melt and to stabilize the foam formed in the next step, as the bubbles within 

the melt can float to the melt surface too quickly to form an unstable porous structure 

before solidification (Ashby et al., 2000). The next step is gas injection. Air, nitrogen, argon, 

oxygen or carbon dioxide are normally injected by a nozzle or a propeller to create fine and 
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uniform bubbles (Ashby et al., 2000). The obtained liquid or semi-solid foam is then 

transported by a conveyor belt and followed by solidification. 

The porosity, pore size and density of the porous aluminium manufactured by gas injection 

process are in the ranges of 80 – 98% , 3 – 25 mm and 0.069 – 0.54 g/cm3, respectively 

(Banhart and Symposium, 1998, Banhart, 2001). Compared with other manufacturing 

processes, the melt gas injection process is relatively simple and cost effective. The 

limitations of the melt gas injection process are also very obvious. For example, it is not 

appropriate for manufacturing other porous metals except for aluminium because of high 

melting points. In theory, the porous structures, e.g. porosity and pore size, can be 

controlled by changing the viscosities of melts, gas injection speeds, cooling rates of the 

liquid and other parameters, and the effects of these parameters have been investigated by 

many research groups (Leitlmeier et al., 2002, Babcsán et al., 2003, Gergely and Clyne, 2004). 

In practice, it is still very difficult to control the porous structures accurately. More 

experimental and simulation research work in this area is still needed. 
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Fig. 2. 2 Schematic of melt gas injection process (Banhart et al., 1999) 

2.1.1.3 Chemical vapour deposition 

Chemical vapour deposition (CVD) is one of the most successfully commercialized 

manufacturing techniques for open-cell porous metals. A typical example is INCO nickel 

foam. The manufacturing process of INCO nickel foam has been reported by many 

researchers (Ashby et al., 2000, Banhart, 2001, Paserin et al., 2003, Paserin et al., 2004). The 

CVD process mainly contains three steps: vapour deposition on a sacrificial preform, 

burnout of the preform and then densification of the deposit, as shown in Fig. 2.3. The 

vapour is nickel carbonyl which has been used to refine nickel and produce nickel powder 

(Mond et al., 1890). It can be synthesised by reaction 𝑁𝑖 +  𝐶𝑂 →  𝑁𝑖(𝐶𝑂)4 with a low 

boiling point of 43˚C and a decomposition temperature of 150 – 200 ˚C reported by Paserin 

et al. (2003) or above 120 ˚C reported by Banhart (2001). The decomposition reaction of 

nickel carbonyl is 𝑁𝑖(𝐶𝑂)4  →  𝑁𝑖 +  𝐶𝑂. In the first step, an open-cell polymer is used as a 

sacrificial preform and the open-cell polymer is coated by decomposition of nickel carbonyl 
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at a high temperature. The preform is then burnt out by heating in air. After the burn out, a 

porous metal structure with hollow ligaments is obtained. A subsequent sintering step is 

used to solidify the ligaments. 

The INCO porous nickel manufactured by the CVD process has a wide range of porosity of 70 

– 98% and a wide range of pore size of 450 – 3200 µm (Ashby et al., 2000). The pore 

architecture can be changed by using sacrificial preforms with different structures. The CVD 

technique can produce INCO porous nickel with the lowest density of 0.2 g/cm3 because of 

the high porosity deriving from its unique hollow porous structure. More importantly, the 

CVD process allows fabricating porous nickel on a large scale. Despite these advantages, the 

CVD process is relatively complex and costly compared with the loose powder sintering and 

melt gas injection processes. The CVD process is also restricted to pure metals due to the 

nature of chemical deposition. Another problem is that nickel carbonyl is highly toxic and 

requires careful environmental control which adds extra cost to the manufacturing process 

(Paserin et al., 2003). 
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Fig. 2. 3 Schematic of chemical vapour deposition process (Ashby et al., 2000) 

2.1.1.4 Electrodeposition 

The electrodeposition process for manufacturing porous metals is similar to the CVD process. 

It also consists of three stages: treatment of a sacrificial preform for electrical conductivity, 

electrodeposition and reductive sintering. Polymers including polyurethane, polyester, 

olefin polymer, ethenyl polymer, phenylethene polymer and eurelon have been used as 

sacrificial preforms (Liu and Liang, 2001). Pre-treatment by acid or alkaline solutions is 

conducted to remove oil stain and roughen the surface followed by water washing. As most 

kinds of polymers are not electrically conductive, chemical oxidative polymerization or 

electrolysis polymerization treatment is necessary to make the sacrificial polymers 

electrically conductive (Myers, 1986, Gospodinova et al., 1993). The as-obtained sacrificial 



13 
 

polymers with conductive layers on surface can be electrodeposited by intended metals. 

During the electrodeposition process, the anode is the intended metal and the cathode is 

the conductive porous polymer. The solid metal oxidises at the surface of the anode and 

becomes metallic ions in the solution, followed by moving towards cathode and reducing to 

solid metal on the surface of the cathode. The as-obtained composite body is then sintered 

to remove the sacrificial preform and to densify the deposited metal particles. The current 

density during deposition is crucial as it can affect the surface morphology and mechanical 

properties of the porous metals produced (Marozzi and Chialvo, 2000). An impulse current 

has often been used to weaken the phenomena of concentration polarization during the 

electrodeposition process (Hanusa, 1970, Nielsch et al., 2000). 

Unlike the CVD process, the electrodeposition process is applicable for both metals and 

alloys, including Ni, Cu, Cr, Zn, Cu, Sn, Co-Ni, Cu-Zn and many others. A porosity of 99% 

porous metals can be achieved by the electrodeposition process (Paserin et al., 2003), which 

is higher than that of samples manufactured by many other processes. However, the 

electrodeposition manufacturing process is relatively complex, costly and time-consuming. 

The global uniformity of the porous metal produced and potential pollution from waste 

solution are still the long-term limitations for this technique.  

2.1.2 Novel manufacturing techniques 

In the past two decades, a range of novel manufacturing techniques for porous metals have 

been developed. The most representative two processes are Lost Carbonate Sintering (LCS) 

and Selective Laser Melting (SLM).  
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2.1.2.1 Lost Carbonate Sintering 

Lost Carbonate Sintering (LCS) is a typical space holder manufacturing process which was 

developed by Zhao et al. (2005). A schematic of the LCS process can be seen in Fig. 2.4. The 

LCS process uses potassium carbonate powder as the filler material. The metal powder and 

potassium carbonate powder are first mixed at a certain volume ratio according to the 

intended porosity. A small amount of ethanol is added and serves as the binder. The mixture 

is then compacted by a hydraulic press at 200 MPa. The obtained preform is then sintered in 

one of the two different routes, either at 850˚C for 4 hours or at 950˚C for 2 hours, termed 

as carbonate dissolution route and carbonate decomposition route, respectively. In the 

carbonate dissolution route, the potassium carbonate powder within the sintered preform 

is removed by hot water. In the decomposition route, the potassium carbonate powder is 

removed by thermal decomposition during sintering. The sample is then cooled down to 

room temperature. 

In other space holder methods, sodium chloride (Zhao and Sun, 2001), ammonium 

bicarbonate and carbamide powders (Laptev et al., 2004) have also been used as space 

holders. Potassium carbonate is superior to these filler materials. For example, sodium 

chloride is difficult to be removed completely and any residual sodium chloride may result in 

contamination and corrosion of base metals. Ammonium bicarbonate and carbamide 

decompose at 200˚C (Haynes, 2014), which may lead to collapse of samples before strong 

bonding is formed between adjacent metal particles. Another issue of ammonium 

bicarbonate and carbamide is that they can release environmentally damaging gases during 

decomposition. In comparison, potassium carbonate is easy to be removed at high 

temperature or in hot water and does not contaminate many metals. 
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The LCS process can produce porous metals with controllable porous structures, including 

pore size, porosity and pore shape. The pore size and porosity of LCS porous samples can be 

in wide ranges of 53 – 1500 µm and 0.5 – 0.85, respectively (Zhao et al., 2005). However, 

the LCS process is not applicable for some metals due to reactions between potassium 

carbonate and base metals. 

 

Fig. 2. 4 Schematic of the Lost Carbonate Sintering process 

2.1.2.2 Selective Laser Melting  

Selective laser melting (SLM) is a representative process of the additive manufacturing (AM) 

technique, which has been regarded as one of the most promising manufacturing 

techniques at present. Fig. 2.5 shows a schematic of the machine and working principle of 

the SLM system developed by Osaka University (Santos et al., 2006). A laser with a 

maximum peak powder of 3 kW and an average power of 50 W is guided by optical fibers to 

melt the metal powder in a chamber. The topside of the chamber is covered by a piece of 
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glass. Argon is flushed continuously in order to minimize oxygen and nitrogen pick-up. The 

laser head is connected with a XY table which is controlled by a computer. A piston is also 

connected by the computer to adjust the height (Z axis) of the chamber. The values of X, Y 

and Z axes can be set by CAD software. The melting process of the metal powder is carried 

out in a closed chamber. Metal powder is continuously supplied by a powder container. 

This process is applicable for many kinds of metals and alloys, including aluminium (Louvis et 

al., 2011), steel (Li et al., 2010, Linxi et al., 2014), titanium (Li et al., 2010) and titanium 

alloys (Warnke et al., 2008, Thijs et al., 2010). The SLM technique can produce porous 

materials with desired structures, e.g. porosity and pore size, which is of particular interest 

to biomedical researchers in the artificial bone replacement field (Mullen et al., 2009, 

Hollander et al., 2003). The SLM technique can also produce porous metals with intended 

shapes, so subsequent cutting process can be omitted. Although the SLM technique is 

superior in many aspects, it is more complex and costly compared with other manufacturing 

processes. The precision of the porous structures produced by the SLM technique still needs 

to be improved. 

 

Fig. 2. 5 Selective laser melting: (a) illustration of the machine; and (b) working principle of 

the system (Santos et al., 2006) 
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2.1.3 Comparison of manufacturing processes  

Table 2.1 summarizes some main advantages and disadvantages of the manufacturing 

processes discussed above. For the loose sintering and melt gas injection processes, despite 

their low cost, neither is applicable for fabricating open-cell porous metals with desired 

porosity ranges. In contrast, the chemical vapour deposition, electrodeposition and selective 

layer melting methods can produce open-cell porous metals with tailored structures. 

However, high cost is still a main challenge for these methods at present. Additionally, the 

toxic raw materials and wastes are potential problems that limit the commercialization of 

chemical vapour deposition and electrodeposition in the future. The LCS process is able to 

control the porous structure by changing the number, size and shape of the potassium 

carbonate particles. Additionally, the LCS process consists only of mixing, compacting and 

sintering, which is a relatively cheap and simple process. The only limitation is that 

potassium carbonate may react with some metals during sintering. For Cu and Ni studied in 

this thesis, there is no reaction between potassium carbonate and these two metals. 

Therefore, the LCS process is a good choice here to produce porous metals with good 

quality and low cost. 
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Table 2.1 Comparison of manufacturing processes 

Process Advantages Disadvantages 

Loose sintering  Low cost and simple 

operation (no additive and 

pretreatment required) 

 Low porosity (less than 

60%) 

Melt gas 

injection 

 Relatively low cost 

 Large porosity range (80% - 

98%) 

 Not applicable for open-cell 

porous metals 

 Difficult for manufacturing 

high melting point metals 

Chemical vapour 

deposition 

 Large porosity range (70% - 

98%) 

 Good control of porous 

structures 

 Relatively costly, 

complicated operation 

 Non-environmental 

friendly 

Electrodeposition  Large porosity range 

 Very high porosity can be 

achieved 

 Good control of porous 

structures 

 Relatively costly, 

complicated operation 

 Non-environmental 

friendly 

Lost Carbonate 

Sintering (LCS) 

 Relatively low cost and 

simple 

 Good control of porous 

structures 

 Large porosity ranges (50 – 

85 %) 

 Not applicable for some 

metals due to potential 

reactions between 

potassium carbonate and 

metals  

Selective laser 

melting 

 Precise control of porous 

structures 

 

 Very costly  (specific 

facilities and metal 

powders needed) 
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2.2 Properties of porous metals 

Porous metals have attracted considerable attention because their specific structures can 

contribute to a wide range of novel properties, including mechanical properties, electrical 

conductivity, thermal conductivity, fluid flow properties, sound absorption, energy 

absorption and so on. All of these properties have been previously summarized by several 

important reviews (Ashby and Medalist, 1983, Ramamurty and Paul, 2004, Zardiackas et al., 

2001, Imwinkelried, 2007). The importance of these properties is somewhat different 

depends on the specific applications. For example, the thermal conductivity is very 

important for porous metals employed in thermal management but not very important for 

porous metals serving as filtration materials. As this project mainly studies the 

electrochemical properties, this section will only describe a few related properties of porous 

metals, e.g. permeability, surface area and mass transfer property. 

2.2.1 Permeability 

For open-cell porous metals, a fluid, such as water, can be made to flow through the 

samples. The ability of the porous sample to allow the fluid to pass through is known as 

permeability. It is an important property of porous metals, especially for the applications in 

heat management (Antohe et al., 1996, Lu et al., 1998, Dai et al., 2012) and energy 

generation (Kumar and Reddy, 2003). Good permeability is a precondition for high heat and 

mass transfer performance of porous metals in fluid flow conditions. For applications like 

active cooling systems and fuel cells, the cooling liquid (water) or liquid fuel is forced to pass 

through the porous metals, resulting in good heat or mass transfer performance.  A high 

permeability means less resistance for fluid to pass through, which can reduce the energy 
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consumption in pumping the fluid, although too high a permeability may result in a low 

efficiency in heat or mass transfer between the fluid and the matrix of the porous metals.  

 

Fig. 2. 6 Schematic of permeability measurement apparatus (Despois and Mortensen, 2005) 

The permeability of porous samples can be determined from the relation between the fluid 

pressure and the flow velocity (Despois and Mortensen, 2005). A schematic of a 

permeability measurement apparatus is shown in Fig. 2.6. In creeping flow regime, the 

permeability of a porous metal can be calculated from the Darcy’s law which is shown below: 

𝛥𝑃

𝛥𝑥
=

µ

𝐾
𝑣0 

2.1 

where ΔP is the pressure drop between the inlet and outlet fluid, the 𝛥𝑥 is the distance 

along the direction of fluid flow, µ is the dynamic viscosity of the fluid, 𝐾 is the permeability 

of the porous sample and 𝑣0 is the Darcian velocity of the fluid flow. If the Reynolds number 

increases to a critical value, the fluid flow will change from laminar to turbulence flow, and 
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the permeability can be calculated by the Forchheimer equation (Despois and Mortensen, 

2005): 

𝛥𝑃

𝛥𝑥
=

µ

𝐾
𝑣0 + 𝜌𝐶𝑣0

2 
2.2 

where 𝜌 is the density of the fluid and 𝐶 is the form drag coefficient. 

Porosity and pore size are the two most important structural parameters of porous metals. 

They have great effects on the permeability and form drag coefficient of porous metals. 

Paek et al. (2000) measured the permeability of porous aluminium and found that the 

permeability increased with increasing porosity and pore size, while the effects of porosity 

and pore size on the form drag coefficient were not obvious. . Khayargoli et al. (2004) has 

also studied the effect of pore structure on the permeability of porous metals. They 

compared the permeability of IMI and RECEMAT metal foams, manufactured by powder 

metallurgy and electrodeposition methods, respectively. It was found that the RECEMAT 

samples are more permeable than the IMI samples. The minimum 𝐾 of the RECEMAT 

samples is about 0.38 x 10-9 m2, which is about 5 times of the maximum 𝐾 of the IMI 

samples, whereas the maximum 𝐶 (1.02 x 10-3 m-1s2) of the RECEMAT samples is about one 

fourth of the minimum 𝐶 of the IMI samples (4.01 x 10-3 m-1s2). 

Porous metals manufactured by the LCS process have good permeability. Xiao and Zhao 

(2013) reported that the permeability coefficient of the LCS porous Cu, with a porosity range 

of 60% - 80%, is up to 4 x 1010 m2, which is comparable to the RECEMAT metal foams. Avalos 

Gauna and Zhao (2016) further presented a geometric model to simulate the permeability 

of porous metals and showed that the permeability increases with porosity and pore size, 
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agreeing with Paek et al. (2000). They have also shown that the form drag coefficient 

increases with pore size but decreases with porosity. 

2.2.3 Specific surface area 

High volumetric and gravimetric specific surface areas are advantageous for porous metals 

especially when they are employed as electrodes in batteries, fuel cells and capacitors 

(Huang et al., 2008, Wang et al., 2009, Shivkumar et al., 1998, Naito et al., 1993, Tucker et 

al., 2007, Molin et al., 2008, Ganesh et al., 2005). A higher specific surface area offers more 

reaction sites for reactants or a large storage capacity for electrons per unit volume or 

weight of electrodes, generating a higher energy density. Therefore, the measurement of 

surface area is critical for the characterization of porous metals. 

BET and mercury intrusion are the two most common methods used for measuring the 

surface area of porous metals. However, they are inappropriate for measuring the 

electrochemical surface area. The BET method determines the surface area at an extremely 

small length scale (about 0.3 nm), depending on the kind of gas molecules used. Therefore, 

the BET surface area is much larger than the effective surface area in electrochemistry. The 

mercury intrusion method measures the surface area of porous metals by assuming that all 

pores are cylindrical. This assumption results in a big error for the surface area 

measurement. Additionally, the BET and mercury intrusion methods are not applicable for 

pores too big or too small, respectively.  

Diao et al. (2015) studied the surface areas of porous copper manufactured by the LCS 

process and classified the surface area into three different types, namely geometric, 

electroactive and real surface area. The geometric surface area, which only includes the 

surface area of primary pores (formed by decomposition or dissolution of K2CO3 particles) 
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within porous samples, was measured by the quantitative stereology method. The 

electroactive surface area was measured by the cyclic voltammetry peak current method, 

based on the principle that the anodic or cathodic peak current for a diffusion controlled 

reaction is proportional to the electroactive surface area of the electrode (Delahay, 1954), 

as shown in equation 2.3 

𝐼𝑃 = 268600 × 𝑛
3
2 × 𝐴𝑒𝑐𝐷

1
2𝜈

1
2 

2.3 

where 𝐼𝑃 is the peak current, 𝑛 is the electrons transferred in the equation, 𝐴𝑒  is the 

electroactive surface area, 𝑐 is the concentration of reactive species, 𝐷 is the diffusion 

coefficient and 𝜈 is the scan rate. A typical current-potential plot used for the measurement 

of the electroactive surface area of porous copper can be seen in Fig. 2.7. The electroactive 

surface area includes the surface areas of primary pores and interstices between adjacent 

metal particles, and is dependent on the nature of the reaction (Diao et al., 2015). The real 

surface area was measured by the double layer capacitance method, which is expected to 

include all the surface areas of primary pores, interstices and even the rough surface of 

metal particles (Diao et al., 2015), because the double layer capacitance method measures 

the surface area where ions can be stored. This method can determine the surface area at 

the nanoscale (Wang and Pilon, 2011). A typical current-potential plot used for the real 

surface area measurement of porous copper can be seen in Fig. 2.8. The value of the specific 

real surface area can be one order of magnitude larger than the specific electroactive 

surface area and two orders of magnitude larger than the specific geometric surface area 

(Diao et al., 2015). The details shown in Figs 2.7 and 2.8 will be explained in Sections 3.3.2 

and 3.4.1.  
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Fig. 2. 7 Current-potential plot of the porous Cu in 0.1M KOH for electroactive surface area 

measurement (Diao et al., 2015) 

 

Fig. 2. 8 Current-potential plot of the porous Cu used for the real surface area measurement 

in 0.1M KOH (Diao et al., 2015) 
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The volumetric and gravimetric specific geometric surface areas of porous metals are 

affected by porosity and pore size. Diao et al. (2015) studied the specific geometric surface 

areas of the LCS porous copper and found that the specific geometric surface areas 

increased with increasing porosity but decreased with increasing pore size. This is because 

samples with high porosities have more primary pores, and therefore a higher geometric 

surface area. A larger pore size means the primary pores become larger, decreasing the 

geometric surface area. They also compared the experimental specific geometric surface 

areas with the theoretical predictions from a stochastic model developed by Zhao, (2003). 

The experimental and theoretical results agreed very well. 

Like the specific geometric surface area, the specific electroactive surface area of porous 

metal increases with porosity but decreases with pore size (Diao et al., 2015). In addition, 

the specific electroactive surface area is also affected by the Nernst diffusion layer. Two 

different diffusion regimes have been studied in the literature (Barnes et al., 2014, Davies 

and Compton, 2005, Davies et al., 2005, Smith et al., 2015). If the Nernst diffusion layer is 

thinner than the size of the interstices, semi-infinite diffusion occurs near the surface of the 

interstices. If the diffusion layer is comparable to or greater than the interstices, then thin 

layer diffusion occurs near the surface of the interstices. The electroactive surface area can 

be measured by the cyclic voltammetry peak current method in the former case, but not in 

the latter case. In Diao et al. (2015), the diffusion layer thickness was about 30 µm, which 

meant the interstices with a size smaller than 30 µm could not be detected.  

Diao et al. (2015) showed that the volumetric specific real surface area of the LCS porous 

copper decreases with porosity and pore size, while the gravimetric specific real surface 

area increases with porosity but decreases with pore size. They also compared the real 
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surface area with the total surface area of perfectly spherical copper particles with smooth 

surface and found that the former is more than 5 times larger than the latter. They showed 

that the rough surface of copper particles accounted for the majority of the real surface 

area.  

The surface areas of porous metals can also be affected by other factors, such as 

manufacturing process, heat treatment and chemical etching. For porous nickel samples 

with a similar pore size and porosity, the MITSUBISHI porous sample manufactured by the 

slurry foaming method had a specific BET surface area of 19710 cm2/g (Đukić et al., 2013), 

which was more than 65 times higher than that of the INCO porous sample manufactured 

by the chemical vapour deposition method (292 cm2/g) (Bidault et al., 2009). Grdeń et al. 

(2012) compared the surface areas of INCO porous nickel samples before and after nitric 

acid etching and found that the electroactive surface area increased by about 150%. Tan et 

al. (2012) reported that the surface area of a nanoporous gold sample was decreased by up 

to 3.5 times after annealing at 400 ˚C. 

2.2.4 Mass transfer performance 

Mass transfer in porous electrodes, i.e., the movement of a chemical species from bulk 

solution to the surface of porous matrix (Incropera et al., 2007), is critical for 

electrochemical reactions because it is normally the rate-determining step (Bard et al., 

1980). According to Fick’s law, the rate of mass transfer is proportional to the difference 

between the concentrations in the bulk solution and at the electrode surface, with the 

proportionality coefficient being referred to as mass transfer coefficient. The mass transfer 

coefficient is an important parameter which is used to evaluate the mass transfer 

performance of porous metals. 
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The linear voltammetry technique has been used to study the mass transfer performance of 

porous Ni using the reduction of Fe(CN)6
3- (Recio et al., 2013). A typical current-potential 

plot can be seen in Fig. 2.9. There are three regions in the curve, i.e., hydrogen evolution, 

mass transfer control and mixed control regions (Recio et al., 2013), which signify different 

transfer mechanisms. The limiting current, IL, can be determined from the mass transfer 

region and the mass transfer coefficient, 𝑘, was calculated by  

𝑘 =
𝐼𝐿

𝑛𝐹𝐴𝑐
 

2.4 

where 𝑛 is the number of electrons transferred in the reaction, 𝐹 is the Faraday constant, 𝐴 

is the surface area of the working electrode and 𝑐  is the bulk concentration of the 

electroactive species. 

 

Fig. 2. 9 Current-potential plot for the reduction of Fe(CN)63- at a porous nickel electrode 

(Recio et al., 2013) 
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The mass transfer performance is normally studied in terms of the product of mass transfer 

coefficient and surface area (𝑘𝐴), which can be affected by porosity and pore size for porous 

electrodes. It was found that the mass transfer performance of the SORAREC porous nickel, 

manufactured by a metal decomposition method, decreased with increasing pore size as 

shown in Table 2.2 (Langlois and Coeuret, 1989, Cognet et al., 1995). The quantitative 

relations in Table 2.2 are related to porous structures and fluid flow. The pre-exponent is 

dependent on the surface area and the exponent is an indicator for flow regime (Recio et al., 

2013). It is clear that the exponent does not change a lot for porous nickel with different 

pore sizes, while the pre-exponent decreases significantly when pore size increases, 

indicating that porous nickel samples with larger pore sizes have better mass transfer 

performance because of high surface areas. Zhou et al. (2015) investigated the mass 

transfer performance of porous copper fiber sintered felt (PCFSF) with three different 

porosities of 0.7, 0.8 and 0.9, and found that a porosity of 0.8 gave the best mass transfer 

performance. They attributed the best mass transfer performance to an appropriate 

residence time of electrolyte (Zhou et al., 2015). A sample with a small porosity has a long 

residence time, which results in an exhaust of reactive species in electrolyte and therefore a 

poor mass transfer performance. A sample with a high porosity has a short residence time, 

which leads to an insufficient contact between reactive species and electrode and therefore 

a poor mass transfer performance.  
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Table. 2. 2 Mass transfer performance of porous nickel (Langlois and Coeuret, 1989) 

Metal Foam Pore size (m) Mass transfer performance 

G100 2 × 10−4 𝑘𝐴 = (0.80 ± 0.08)𝑢0.30 

G60 3 × 10−4 𝑘𝐴 = (0.28 ± 0.03)𝑢0.30 

G45 4.4 × 10−4 𝑘𝐴 = (0.075 ± 0.01)𝑢0.22 

Mass transfer performance can be improved by many factors, such as increasing electrolyte 

flow velocity, increasing surface area and using turbulence promoters. The mass transfer 

coefficient is a function of electrolyte Darcian velocity (𝑣0), in the form of: 𝑘 = 𝑎𝑣0
𝑏 (Recio 

et al., 2013), where a and b are two constants. Therefore, the mass transfer coefficient can 

be increased by increasing electrolyte Darcian velocity. However, it is not always feasible to 

increase electrolyte velocity due to high flow resistance and pumping power constraints 

(Brown et al., 1993). 

Recio et al. (2013) studied the mass transfer performance of a nanostructured nickel 

electrode. They found that the mass transfer performance of this nickel electrode was about 

11 times better than that of nickel plate due to high effective surface area. The mass 

transfer performance can also be increased by using turbulence promoters. For the 

nanostructured nickel electrode, the mass transfer performance was improved by 23 times 

by using a turbulence promoter (Recio et al., 2013), because the turbulence promoter (TP) 

induced turbulence flow on the surface of electrodes, increasing mass transfer performance. 

In order to compare different materials, the mass transfer performance are usually 

characterized by three dimensionless numbers, namely Sherwood number (𝑆ℎ), Reynolds 

number (𝑅𝑒) and Schmidt number (Sc), as shown in equations 2.5 – 2.7 (Recio et al., 2013). 
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𝑆ℎ =
𝑘𝑑𝑒

𝐷
 

2.5 

𝑅𝑒 =
𝑣𝑑𝑒

𝑢
 

2.6 

𝑆𝑐 =
𝜐

𝐷
 2.7 

where 𝑑𝑒 is the equivalent diameter of pores, 𝐷 is the diffusion coefficient of the reactive 

species and 𝑢 is the kinematic viscosity of the electrolyte. 𝑆ℎ and 𝑅𝑒 numbers are indicators 

of mass transfer property and flow velocity, respectively. The 𝑑𝑒 has been determined by 

either the pore size or the size of the whole flow channel (cross section of the sample) in the 

literature. In our opinion, it is better to use the pore diameter as 𝑑𝑒. This is because pore 

diameter affects fluid flow and different pore diameters can result in different flow regimes 

even at the same flow rate. Ultimately, it is the flow regimes within pores that determines 

the flow and heat transfer behaviours. 

Recio et al. (2013) compared the mass transfer performance of different electrodes in the 

literature, as shown in Fig. 2.10. It is clear that a nanostructured nickel electrode with a TP 

shows the highest Sherwood number, indicating that it has the best mass transfer 

performance. It is because of its high surface area and turbulence flow caused by the TP. A 

nickel electrode in the FM01-LC electrolyser (Brown et al., 1993) and a nickel electrode 

studied by Carlsson et al. (1983) had similar Sherwood numbers when measured without a 

TP. The nickel electrode studied by Carlsson et al. (1983) using a polypropylene TP 

(triangular threads) had a much higher Sherwood number than the nickel electrode in the 

presence of a different TP. The effect of the TP on the mass transfer performance of nickel 

solid electrodes is not obvious at high Reynolds numbers. The Sherwood numbers of a nickel 

electrode in fully developed laminar and turbulence flows are also shown in Fig. 2.10. The 
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transition from laminar flow to turbulent flow occurred at the Reynolds number of 1000. At 

low Reynolds numbers, the flow regime on the surface of the nickel electrode remains 

laminar. The flow regime turns into turbulent flow at higher Reynolds numbers. In both 

laminar and turbulent flow regimes, the Sherwood number increases with increasing 

Reynold number. The Sherwood number increases faster in the turbulent flow regime than 

in the laminar flow regime. 

 

Fig. 2. 10 Log Sh vs. log Re for various rectangular flow channel cells in the presence and 

absence of a turbulence promoter (TP): (●) nickel solid electrode, this work: no TP, (○) with 

a TP. Nanostructured nickel deposit, this work: (■) no TP and (□) with a TP. Nickel electrode 

in the FM01-LC electrolyser (Brown et al., 1993): ( ) no TP and ( ) with a TP. Nickel 

electrode in the FM01-LC (Griffiths et al., 2005a): ( ) in the absence of a TP. ( ) fully 

developed laminar flow (Pickett, 1979) and ( ) fully developed turbulent flow (Pickett, 

1979). (+) Nickel electrode (Carlsson et al., 1983) in the absence of a TP and (×) with a 

polypropylene grid with triangular threads TP (Recio et al., 2013) 
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2.3 Electrochemical applications 

Porous metals have attracted considerable attention in many electrochemical applications 

in the past decades. In the field of energy generation and storage, porous metals have been 

used as electrodes or current collectors in direct methanol fuel cells (DMFCs) (Chen and 

Zhao, 2007a) and lithium batteries (Chung and Manthiram, 2013). In the field of 

electrochemical detection, porous metals have been widely studied as sensor electrodes to 

detect various ions or molecules, such as hydrogen peroxide (Zhang et al., 2009) and glucose 

(Niu et al., 2014). Besides, porous metals have also been used as electrodes in proton 

exchange membrane (PEM) water electrolysers (Rahim et al., 2015). The porous metals 

provide enhanced performance in these applications, e.g. higher power density, larger 

capacitance, lower limit of detection and higher sensitivity. All of these enhanced 

performances can be attributed to some of the unique properties of porous metals 

reviewed in section 2.2, i.e. good permeability, high surface area and excellent mass transfer 

property.   

2.3.1 Direct methanol fuel cells (DMFCs) 

A direct methanol fuel cell is an electrochemical device using methanol as fuel to convert 

chemical energy into electrical energy. It has been regarded as one of the most promising 

portable fuel cells due to its compact volume. A typical DMFC consists of two end-plates, a 

gasket, a cathode, an anode and a membrane electrode assembly, as shown in Fig. 2.11. At 

the anode, methanol is oxidized to generate electrons. Oxygen, normally as air, is reduced 

to water or steam at the cathode (Hamnett, 1997). The chemical reactions at the anode and 

cathode can be seen in equations 2.8 and 2.9, respectively. In theory, a DMFC should have a 
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superior energy density and a short charging time (Park et al., 2008, Dillon et al., 2004, Dyer, 

2002), which makes it best fit to replace the current commercial batteries.  

𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 → 𝐶𝑂2 + 6𝐻+ + 6𝑒− 2.8 

3

2
𝑂2 + 6𝑒− + 6𝐻+ → 3𝐻2𝑂 

2.9 

 

Fig. 2. 11 Basic components of a DMFC (Hamnett, 1997) 

Despite the potential of DMFCs, there are several barriers for their commercialization as the 

source of portable devices. One of the most important barriers is the methanol crossover, as 

has been reviewed by Heinzel and Barragan (1999). It happens when methanol molecules 

diffuse through the membrane from anode to cathode and are directly oxidized by oxygen, 

especially when methanol with high concentration is used. Water flooding also limits the 

commercialization of DMFCs (Lu et al., 2005). As the chemical reaction (equation 2.9) 

generates water, the water accumulates at the cathode and prevents oxygen contact with 

the cathode, reducing the reaction rate and therefore energy density. Another barrier is the 

loss of heat (Kamarudin et al., 2009). During the operation of a DMFC, it can generate heat 
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and increase the temperature of the whole cell. The increased temperature is often 

advantageous for DMFCs as it can increase the chemical reaction kinetics. However, 

conventional anodes or cathodes are made by perforated metal plates which have high 

thermal conductivities, resulting in a large amount of heat loss.  

To overcome all of these barriers mentioned above and improve the performance of DMFCs, 

porous metals have been used as cathode current collectors in DMFCs (Chen and Zhao, 

2007a, Chen and Zhao, 2007b). The DMFCs with porous cathode current collectors yielded 

much higher and more stable performance than those with conventional perforated metal 

plates. The improved performance for the DMFCs mainly comes from three aspects. 

Firstly, porous cathode current collectors can increase the transport rate of oxygen at the 

cathode due to enhanced mass transfer performance. Fig. 2.12 shows the Nyquist plots of 

DMFC impedance spectra with a perforated-plate current collector and a porous current 

collector, with the applied frequency changing from high frequency to low frequency, from 

left to right. The two start points of the two plots at the high frequency (left) indicate the 

internal cell resistances of the two different current collectors. It is obvious that the porous 

current collector shows a higher internal cell resistance than that of the perforated-plate 

current collector, because the porous current collector has a high porosity (over 95%) and a 

lower relative density. The two end points of the two plots at the low frequency (right) 

indicate the overall mass transfer resistances of the two current collectors. The distances 

between the start point and the end point are the mass transfer resistances of the two 

current collectors. It is clear that the porous current collector has a lower mass transfer 

resistance, which contributes to a higher mass transfer rate. The authors considered the 

high specific surface area being the main reason for the enhanced transport rate. According 
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to the latest research (Diao et al., 2017), however, the tortuous porous structure may also 

have contributed to a better transport rate. Chen and Zhao (2007b) also studied the effect 

of pore size on the performance of DMFCs and founded that a smaller pore size yielded a 

higher performance as a result of the lower cell resistance. 

Secondly, porous current collectors have much higher surface area and good permeability. 

High surface area alone is not always beneficial for DMFCs. On one hand, the high surface 

area of porous metals provides more reaction sites for the reactions shown in equations 2.8 

and 2.9 at anode and cathode, respectively, generating a higher power density. On the other 

hand, more water generated from the reactions may result in serious water flooding and 

therefore decrease the power density. The good permeability of porous metals allows fast 

removal of the water generated at cathode, preventing water flooding. Therefore, using 

porous metals as current collectors in DMFCs can increase power density and prevent water 

flooding. 

Thirdly, porous current collectors have lower thermal conductivities than perforated current 

collectors and therefore maintain a high operating temperature of the cell. The thermal 

conductivity of porous metals normally decreases with porosity due to the loss of metal 

matrix (Boomsma and Poulikakos, 2001). Therefore, porous metals with high porosities have 

low thermal conductivities. Fig. 2.13 shows that fuel cells with porous current collectors 

have higher operating temperatures than the fuel cells with perforated plate current 

collectors regardless of the concentration of methanol (Chen and Zhao, 2007b). 



36 
 

 

Fig. 2. 12 Nyquist plots of DMFC impedance spectra with a perforated-plate current 

collector and a porous current collector (Chen and Zhao, 2007b) 

 

Fig. 2. 13 Operating temperature of cells with porous and perforated plate current collectors 

(Chen and Zhao, 2007b) 
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Porous metals can also improve the performance of DMFCs in other aspects. Yan et al. 

(2014) used a micro-porous metal as an anode current collector for a DMFC and found that 

high concentrations of methanol were allowed to be used without significant crossover. 

Unlike conventional current collectors, the micro-porous current collector allows an 

accumulation of CO2 gas in the porous structure, forming a barrier to resist the methanol 

crossover. As discussed above, methanol crossover is one of the most important problems 

for DMFCs, especially at high methanol concentrations. As methanol crossover can be 

effectively prevented, the methanol concentration can be increased, and the reaction rate 

and energy density can be increased. It should be noted that the energy density may 

decrease with increasing methanol concentration because of limited water molecules. As 

shown in equation 2.8, methanol molecules react with water molecules at the anode. Less 

water becomes available when the methanol concentration increases, limiting the chemical 

reaction. 

2.3.2 Lithium-Ion batteries (LIBs) 

Lithium-ion batteries are one of the most important energy sources for portable devices 

worldwide during the past decades (Yoshio et al., 2009). The earliest study of lithium 

batteries started in the early 1970s. There are many kinds of lithium-ion batteries with 

different reaction systems, which can be classified into two categories: primary and 

secondary batteries. 

One of the typical primary lithium batteries is primary lithium-manganese dioxide (Li-MnO2) 

primary cell which uses lithium metal as the anode and manganese dioxide as the cathode. 

In working conditions, lithium is oxidized at the anode, generating electrons. It has an open-
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circuit voltage about 3V which is about twice as that of many other kinds of batteries 

(Yoshio et al., 2009), making it a promising primary battery. 

With the development of technologies, portable devices like phones, cameras and laptops 

are ubiquitous, and the demand of rechargeable secondary batteries become more and 

more significant. The most commonly used rechargeable secondary lithium-ion battery uses 

graphite as the anode and LiCoO2 as the cathode (Goodenough and Park, 2013, Etacheri et 

al., 2011). Fig. 2.14 shows a schematic of the graphite-LiCoO2 battery, including an anode, a 

cathode, a separator and an electrolyte. During the charging process, the lithium ions move 

from LiCoO2 to graphite, namely delithiation of LiCoO2. During the discharging process, the 

lithium ions move back from graphite to LiCoO2, namely lithiation of LiCoO2. The reactions at 

the anode and cathode can be seen in equations 2.10 and 2.11, respectively. 

𝐶6 + 𝐿𝑖+ + 𝑒−
 

⇔ 𝐿𝑖𝐶6 2.10 

𝐿𝑖𝐶𝑜𝑂2

 
⇔

1

2
𝐿𝑖+ +

1

2
𝑒− + 𝐿𝑖0.5𝐶𝑜𝑂2  

2.11 

There are several challenges for LIBs to be commercialized as large-scale energy generation 

and storage devices (Goodenough and Kim, 2009). One of the most important challenges is 

capacity. For high voltage and high capacity applications, lithium-ion battery stacks are 

normally used. The lower capacities per LIB, the more LIBs are needed. Increasing the 

capacity of per LIB can effectively decrease the volume and weight of the whole battery 

stack. Another challenge is cycle stability. LIBs have low cycle stability, mainly as a result of 

the loss of active species or the formation of lithium dendrites. 
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Fig. 2. 14 Schematic of the graphite-LiCoO2 battery (Goodenough and Park, 2013) 

Porous metals have been widely used to improve the capacity and cycle stability of LIBs. 

One of the most important reasons is the high surface area of porous metals. The high 

surface area offers more reaction sites, increasing capacity. Chung and Manthiram (2013) 

used a porous nickel as a current collector in a lithium-sulfur battery and found that the 

capacity of the battery was improved. They fabricated a sulfur-nickel foam cathode (SNF) 

using the paste-absorption method with a porous nickel sample serving as the cathodic 

current collector. As shown in Fig. 2.15, for 60 wt.% of sulfur in the paste, during the first 10 

cycles, the discharging capacity of the battery with the SNF cathode was up to 1.5 times of 

that of the battery with a conventional cathode. Another possible reason for improved 

capacity is that the porous structure provided an intimate contact between active species 

and the current collector, resulting in low internal impedance and therefore higher capacity. 

Porous titanium (Bi et al., 2013), copper (Li et al., 2009), and other alloys like nickel-tin (Jung 
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et al., 2011), nickel-chromium (Yao et al., 2007), copper-tin (Shin and Liu, 2005) have also 

been used as current collectors in various LIBs to improve their capacity. 

The stability of LIBs can also be improved by porous metals. As shown in Fig. 2.15, after 50 

cycles, the discharging capacity of the battery with the SNF cathode retained 92% of its 

original capacity, while the retention rate of the battery with a conventional cathode was 

85%. This is because the porous structure accommodates the active species and traps 

polysulfides in the cathode region, which provides good cycle stability. It is worth 

mentioning that the cycle stability of a LIB can be highly improved by using a porous lithium 

anode which effectively prohibits the formation of lithium dendrite (Wang et al., 2008). Yao 

et al. (2010) also studied the effect of annealing temperature of porous current collectors 

on the cycle stability of a LIB. They found that the annealed porous current collector 

provided the best cycle stability, followed by non-annealed porous current collector and 

then conventional current collector. 

 



41 
 

 

Fig. 2. 15 Cycling profiles of a lithium-sulfur battery with the SNF cathodes and a 

conventional cathode (Chung and Manthiram, 2013) 

2.3.3 Proton exchange membrane (PEM) water electrolysers 

Hydrogen has been regarded as one of the most environment-friendly energy source in the 

world (Dunn, 2002). However, the fact is that hydrogen does not exist in its molecular 

structure in nature. In the past, hydrogen is mainly produced by steam reforming natural 

gas or other fossil fuels, such as propane, gasoline, diesel, methanol, or ethanol (Ni et al., 

2007). The limitation is that the produced hydrogen has low purities. To this end, PEM water 

electrolysers were developed to produce highly-purified hydrogen by the electrochemical 

conversion of water (also known as water electrolysis) (Barbir, 2005). Fig. 2.16 shows a 

schematic of a typical PEM water electrolyser, including a proton exchange membrane 
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(PEM), a cathode, an anode, a current collector and a bipolar plate. The overall reaction is 

shown in equation 2.12. 

𝐻2𝑂 →
1

2
𝑂2 + 𝐻2 

2.12 

Porous metals have been used as current collectors in PEM water electrolysers because of 

their good permeability, mass transfer property, high surface area and excellent corrosion 

resistance (Ito et al., 2012, Grigoriev et al., 2009). During the water electrolysis process, 

liquid water is pumped to pass through the anodic chamber and gaseous oxygen is 

generated from the surface of anode. Like the porous current collectors in the DMFCs 

mentioned in section 2.3.1, permeable porous structure offers a pathway for liquid water 

and gaseous oxygen, making them move more effectively and increasing the overall mass 

transfer performance. High surface area still plays an important role here, for providing 

large reaction site and increasing hydrogen productivity. Additionally, porous metals, e.g.  

porous titanium, with high corrosion resistance is crucial, because the potential of the 

anode during electrolysis is so cathodic that commonly used materials (like carbon) tend to 

corrode.  
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Fig. 2. 16 Schematic of the PEM water electrolyser (Rahim et al., 2015) 

Grigoriev et al. (2009) studied the effects of the pore structure of porous current collectors 

on the performance of PEM water electrolysers and found that metal particle size and pore 

size have significant impacts on the mass transport performance in PEM water electrolysis. 

The optimum metal particle size and pore size of porous current collectors were determined 

as 50 – 75 and 12 – 13 microns, respectively. Although Grigoriev et al. (2009) optimized the 

pore structure of current collector from the mass transport point of view, the studies of the 

effects of pore size and porosity were not comprehensive. Ito et al. (2012) systematically 

studied the correlations between PEM performance and pore size and porosity. They found 

that the electrolysis performance increased with decreasing pore size until 10 µm, 

regardless of the type of porous current collector used. There was little effect of porosity 

when the porosity exceeded about 0.50. They also drew three conclusions: 1) the pore 
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diameter affects the flow regime, 2) mass transfer of liquid water to the electrode surface 

can be restricted by bubbles in the channel, and 3) larger bubbles generated from larger 

pores tend to become long slugs and thus hinder the water supply to the membrane. 

There is no doubt that porous metals are promising materials in water electrolysis. However, 

the research for using porous metals as current collectors to improve water electrolysis is 

still very limited in the literature. Further work in this area is particularly necessary.  

2.3.4 Electrochemical glucose sensor 

Accurate detection of glucose is of particular importance for clinical diagnostics in diabetes 

control. In the past, sensors with immobilized enzymes were used to monitor glucose 

concentration (Wang, 2008, Wooten et al., 2013). Although enzymes have good selective 

catalytic abilities, which offer enzyme-based sensors good selectivity and sensitivity, there 

are some intrinsic limitations. For example, the purification and immobilization of enzyme 

are time-consuming and costly (Jin et al., 2013, Tang et al., 2014). More importantly, the 

enzyme-based sensors have short lifetime and poor stability in harsh environments due to 

the nature of enzyme (Park et al., 2006, Toghill and Compton, 2010).  

Porous metals, including porous copper, nickel and gold, have been regarded as the best 

materials to develop enzyme-free biosensors for glucose detection, not only because these 

metals have good catalytic abilities for glucose oxidation reactions, but also because they 

have unique porous structures. The porous structure provides the sensors with a high 

specific surface area and makes it easier for glucose molecules to access the surface of the 

catalytic metals. This section introduces some typical enzyme-free glucose sensors made by 

various porous metals.  
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Porous copper manufactured by electrodeposition on a screen-printed carbon electrode 

substrate was used to detect glucose concentration (Niu et al., 2014). The porous copper 

sample was used as a working electrode in a three electrode electrochemical cell. It showed 

high sensitivities of 2.57 and 1.81 mA/cm-2mM-1 for glucose in a linear concentration ranges 

of 2 – 80 μM and 0.1 – 5 mM, respectively. The limit of detection was as low as 0.98 μM for 

a signal-to noise ratio of three. Fifteen identical measurements using the same porous 

copper sample provided reproducible responses with a relative standard deviation (RSD) of 

5.1%. Measurements of the same glucose sample by fifteen new porous copper samples 

provided a RSD of 7.0%. The long-term stability of this kind of porous copper is attractive, 

with only a 5% loss in sensitivity after one month working. The selectivity of the porous 

copper was also tested by adding other similar biomolecules, including xylose, galactose, 

fructose, mannose, arabinose, ribose, rhamnose, ascorbic acid, dopamine, uric acid and 

acetamidophenol. All of these biomolecules had little effect on the amperometric results, 

indicating a good selectivity of porous copper in glucose detection. The reliability of this kind 

of porous copper was also verified by a commercial glucometer in detecting the glucose 

concentration in rat and rabbit blood serum. The non-enzymatic porous copper sensor 

showed good agreement with the results from the commercial glucometer, indicating that 

the porous copper had favourable accuracy and precision in glucose detection. To further 

improve the performance of porous copper as non-enzymatic glucose sensors, a porous 

copper sample was used as a precursor for in-situ growth of copper oxide nanowire on its 

surface (Li et al., 2015). The as-obtained porous copper/copper oxide nanowires sample 

showed an improved performance in glucose detection. It had a limit of detection of 0.3 μM 

which is lower than that of porous copper studied by Niu et al. (2014). This was probably 

because of the enhanced surface area from the growth of copper oxide nanowires. The 
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sensitivity of the porous copper/copper oxide nanowire sample was about 2.22 mA/cm-

2mM-1
 in the linear concentration range from 10 µM to 18.8 mM, which is similar to that 

studied by Niu et al. (2014). The selectivity and long-term stability of this sample were also 

good. More importantly, it can be used in detecting glucose in human serum. The result 

agreed very well with a commercial glucose sensor, suggesting that this kind of porous 

sensor has the possibility of non-invasive glucose detection. 

Porous nickel samples have been used as non-enzymatic glucose sensors by Lu et al. (2013). 

The commercially available porous nickel samples were manufactured by electrodeposition. 

They exhibited a good linear range and a limit of detection of 0.05 – 7.35 mM and 2.2 μM, 

respectively. More importantly, it was found that the oxidation of glucose to glucolactone 

was catalysed by the Ni(OH)2/NiOOH redox couple on the surface of porous nickel. The 

formation of Ni(OH)2/NiOOH can be seen in equations 2.13 – 2.15 (Nie et al., 2011).  

𝑁𝑖 + 2𝑂𝐻− → 𝑁𝑖(𝑂𝐻)2 + 2𝑒− 2.13 

𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻− → 𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒− 2.14 

𝑁𝑖𝑂𝑂𝐻 + 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 → 𝑁𝑖(𝑂𝐻)2 + 𝑔𝑙𝑢𝑐𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 2.15 

Kung et al. (2014) applied an electrochemical cyclic voltammetry treatment on a pure 

porous nickel sample for 100 cycles in 1.0 M NaOH solution to obtain a single layer of nickel 

hydroxide nanoparticles covered on the full surface of the porous nickel sample. The as-

obtained sample was used as a glucose sensor with a linear range from 0.6 to 6 mM and a 

limit of detection of 0.16 μM. Niu et al. (2013) used a nanostructured porous nickel sample, 

which was grown in situ on a screen-printed carbon electrode substrate with a hydrogen-
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evolution-assisted electrodeposition strategy. The nanostructured porous nickel sample had 

a wider linear range from 0.5 μM to 4 mM and a lower limit of detection of 0.07 μM. The 

better performance can probably be attributed to the increased surface area. 

Porous gold can also be used as non-enzymatic glucose sensors due to its excellent catalytic 

abilities. Li et al. (2007) produced a porous gold film with interconnected macroporous walls 

and nanoparticles using the hydrogen bubble dynamic template synthesis followed by a 

galvanic replacement reaction. The as-obtained porous gold sample provided good 

performance in detecting glucose, with a sensitivity of 11.8 µA cm-2 mM -1 in a linear range 

from 2 to 10 mM and a limit of detection of 5 µM. Han et al. (2014) produced a 

hierarchically porous gold-cluster film sample by calcination of Au@BSA microspheres 

developed in their previous work (Wang et al., 2012). This kind of porous gold showed a 

sensitivity of 10.76 µA cm-2 mM -1 in a linear range from 0.01 to 10 mM and a limit of 

detection of 1 µM (Han et al., 2014). 

2.3.5 Properties and functions of porous metals in electrochemical applications 

Table 2.3 summarizes the electrochemical applications discussed above as well as the 

properties and functions of porous metals in these applications. It is obvious that the 

permeability, surface area and mass transfer are the most important properties in these 

electrochemical applications. In other words, if a porous metal is superior in these three 

properties, it has a great potential in many electrochemical applications. This thesis studied  

some of these properties of the porous metals manufactured by the LCS process and further 

explored the feasibility of this type of porous metal in electrochemical detection. 
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Table 2.3 Properties and functions of porous metals in electrochemical applications 

Electrochemical 
Applications 

Properties, functions of porous metals 

DMFCs 

 High surface area, providing large reaction site and generating 

high power density 

 Good mass transfer property, increasing the transport rate of 

oxygen at the cathode and therefore increasing power density 

 Good permeability, allowing fast removal of water generated 

and preventing water flooding.  

 Low thermal conductivity, decreasing heat loss during operation 

LIBs 

 High surface area, providing large reaction site and increasing 

battery capacity 

 Good mass transfer property, increasing the transport rate of 

reactive species and increasing power density 

 High volume of voids, accommodating active materials and 

preventing the formation of some undesirable materials, 

resulting in good stability. 

PEM water 

electrolysers 

 High surface area, providing large reaction site and increasing 

hydrogen productivity  

 Good mass transfer property, increasing the transport rate of 

liquid water and increasing hydrogen productivity 

 Good permeability, allowing quick liquid water supply and fast 

removal of gaseous oxygen 

 Good corrosive resistance, avoiding corrosion during operation 

Glucose sensors 

 High surface area, providing large reaction site and improving 

detection performance 

 Good mass transfer property, increasing the transport rate of 

glucose molecules and improving detection performance 

 Good catalytic ability, contributing to fast oxidation of glucose 
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2.4 Summary 

This chapter reviewed some of the commonly used manufacturing processes, important 

properties and current electrochemical applications of porous metals. Manufacturing 

techniques, including loose powder sintering, melt gas injection, chemical vapour deposition, 

electrodeposition, Lost Carbonate Sintering and selective laser melting, have been 

comprehensively reviewed. Lost Carbonate Sintering is one of the best processes in terms of 

cost and quality of samples. Three properties, i.e. permeability, surface area and mass 

transfer, of porous metals were also reviewed. In general, if a porous metal is superior in 

these three properties, it has a great potential in many electrochemical applications.  Using 

porous metals in direct methanol fuel cells, lithium-ion batteries, proton exchange 

membranes and electrochemical glucose sensors, provides enhanced performances. All of 

these enhanced performances can be attributed to the three properties studied in section 

2.2. 

Table 2.4 summarises the main knowledge gap for the LCS porous metals. Although LCS is an 

established process and has been successfully used to manufacture porous Cu, Ni, Al and Fe, 

there are still several limitations. The LCS process is not applicable for some metals, like Ti, 

due to reaction between K2CO3 and the metals. Additionally, the applicability of the LCS 

process for manufacturing extremely high melting point (>2000 ˚C) metals has not been 

explored.  

Permeability, surface area and mass transfer are three crucial properties for porous metals. 

The permeability of the LCS porous metals has been well studied, including the effects of 

porosity, pore size, as well as homogenous and hierarchical structures. The electrochemical 

surface area of porous Cu has been studied using cyclic voltammetry techniques, including 
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the effects of porosity and pore size. However, there are still some remaining questions. 

How do sintering temperature, metal particle size, chemical etching and diffusion layer 

thickness affect the surface area?  Can the surface area of other porous metals be measured 

by the cyclic voltammetry technique?  The mass transfer property of the LCS porous metals 

has not been systematically studied.  Therefore, further work is needed to study the 

electrochemical surface area and mass transfer performance of the LCS porous metals, and 

the effects of porosity and pore size.  

Porous metals have great potentials for many electrochemical applications. Currently, the 

main applications of the LCS porous metals are confined to heat management. Other 

applications, especially for electrochemical sensors and energy generation, need to be 

explored. 
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Table 2.4 Knowledge gap for the LCS porous metal 

 knowledge gap 

Manufacturing process 

 Not applicable for some specific metals. e.g. Ti, due 

to reaction between K2CO3 and metals. 

 Applicability for extremely high melting point metals. 

Properties 

Permeability 
 The permeability of the LCS porous metals have been 

well studied. 

Surface area 

 The effects of sintering temperature, metal particle 

size and chemical etching treatment are still 

unknown. 

 The effect of diffusion layer thickness on the 

electrochemical surface area has not been studied. 

 The electrochemical surface area of other porous 

metals, apart from Cu, have not been measured 

Mass transfer 

 The mass transfer property of the LCS porous metals 

has not been well studied. 

 The effects of porosity and pore size on mass transfer 

property are still unknown. 

Applications 

 Applications in electrochemical detection need to be 

explored. 

 Applications in energy generation need to be 

explored. 
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CHAPTER 3 EXPERIMENTAL METHODS 

This project mainly focuses on the electrochemical properties and electrochemical detection 

performance of the LCS porous metals. This chapter describes the experimental processes 

and methods used in this project, including the LCS manufacturing process, physical and 

chemical treatments, structural and surface characterizations, electrochemical property 

characterizations and electrochemical detection of some specific ions. 

3.1 Preparations of porous metals 

All porous metal samples with porosities in the range of 0.5 – 0.8 and pore sizes in the range 

of 250 – 1500 µm were manufactured by the LCS process. As mentioned in Section 2.1.2.1, 

the LCS process consists of mixing metal and carbonate powders, compaction of the mixture, 

sintering and removal of carbonate (Zhao et al., 2005). The carbonate particles were 

removed either by dissolution in hot water or decomposition during sintering, depending on 

different manufacturing routes. Different metal particle sizes were used to investigate the 

effects of metal particle size on the specific surface areas. To further study the effects of 

surface morphology on the specific surface areas of the LCS porous metals, porous samples 

were also treated by chemical acid etching. Porous structural parameters (porosity and pore 

size) of all porous samples were determined before measurements. 
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Fig. 3. 1 Images of metal and K2CO3 powders. (a) Spherical Ni powder with a mean particle 

size of 45 µm. (b) Rounded K2CO3 powder with a particle size range of 250 – 1500 µm 

3.1.1 Raw materials 

Food grade K2CO3 powder (Fig 3.1 a) with a rounded shape and a purity of 99% was supplied 

by E&E Ltd, Australia. The K2CO3 powder was sieved and divided into four different particle 
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size ranges: 250 – 425 μm, 425 – 710 μm, 710 – 1000 μm and 1000 – 1500 μm to 

manufacture porous metals with different pore sizes, as pore sizes are the same as the 

particle sizes of K2CO3.  

Cu powder with a spherical shape and a purity of 99.5% was supplied by Ecka Grannules 

Metal Powder Ltd, UK. The Cu powder was sieved and divided into four different particle 

size ranges: <20 µm, 20 – 45 µm, 45 – 75 µm and 75 – 90 µm in order to study the effects of 

Cu particle size on the specific surface areas.  

Ni powder (Fig 3.1 b) with a spherical shape and a purity of 99% was supplied by Changsha 

Tianjiu LTD, China. Similarly, the Ni powder has three different particle sizes with average 

particle sizes of 25 µm, 38 µm and 75 µm in order to study the effects of Ni particle size on 

the specific surface areas.  

3.1.2 Mixing and compaction 

K2CO3 powder was mixed with the Cu or Ni metal powder at pre-specified volume ratios to 

achieve target porosities. A certain rectangular or a cylindrical mould was used to make 

porous samples with a uniform thickness of 5 mm. With the target volume of the porous 

metal sample fixed, i.e. the total volume of the metal and K2CO3 powders, the masses of the 

powders required were determined by 

 𝑀𝑀𝑒𝑡𝑎𝑙 = (1 − 휀𝑛)𝑉𝜌𝑀𝑒𝑡𝑎𝑙  3.1 

 𝑀𝐾2𝐶𝑂3
= 휀𝑛𝑉𝜌𝐾2𝐶𝑂3

 3.2 

where 𝑀𝑀𝑒𝑡𝑎𝑙  and 𝑀𝐾2𝐶𝑂3
 are the masses of the metal and K2CO3 powders, respectively,  휀𝑛 

is the target porosity (also known as nominal porosity), 𝑉 is the target volume of the porous 

metal sample, 𝜌𝑀𝑒𝑡𝑎𝑙  (8.96 g/cm3 for copper and 8.91 g/cm3 for nickel) and 𝜌𝐾2𝐶𝑂3
 (2.34 
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g/cm3) are the densities of the metal and K2CO3 powders, respectively. Ethanol, 

approximately 3 – 5% in volume, was added as a binder between the metal and carbonate 

powders before mixing.  

The mixture was poured into either a rectangular or a cylindrical mould before compaction 

depending to different sintering routes. The rectangular mould had a length of 30 mm, a 

width of 20 mm and a height of 5 mm, while the cylinder mould had a diameter of 50 mm 

and a height of 60 mm. The mixture in the mould was compacted by a hydraulic press 

(Moore Hydraulic Press, UK) at a pressure of 200 MPa for 10 seconds to make preforms for 

subsequent sintering. 

3.1.3 Sintering 

Two sintering routes, namely decomposition and dissolution, were used in this work to 

investigate the effect of sintering temperature on the surface morphology and therefore the 

specific surface areas of the LCS porous metals. 

One set of porous metal samples were manufactured by the decomposition route. The 

rectangular mould was used for preparing the preforms. The compacted preforms were 

removed from the mould and then placed into a high vacuum furnace for sintering. The 

sintering curve in the decomposition route is shown in Fig. 3.2 a. The temperature was 

increased from room temperature (≈25˚C) to 200˚C at a heating rate of 5˚C/minute and 

stayed at 200˚C for 30 minutes in order to evaporate the ethanol in the preforms. The 

temperature was then increased to 800˚C at a heating rate of 10˚C/minute and stayed at 

800˚C for another 30 minutes for preliminary sintering in order to prevent the samples from 

collapse. The temperature was finally increased to 950˚C at a heating rate of 5˚C/minute 

and stayed at 950˚C for 120 minutes to achieve strong bonding between the metal particles. 
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As the decomposition temperature of K2CO3 is 891˚C, all K2CO3 particles within the preforms 

decomposed completely during the sintering process, generating open-cell porous metals 

with desired porosities and pore sizes. The as-obtained porous metal samples were cooled 

down in an argon environment to prevent oxidization.  

Another set of porous metal samples were manufactured by the dissolution route. The 

sintering process was carried out in atmosphere in a muffle furnace. The cylindrical mould 

was used for preparing the preforms. The compacted preform was kept in the cylinder 

mould with two ends sealed with compacted steel layers. There was a compacted K2CO3 

layer between the preform and each of the steel layers to prevent direct contact between 

the preform and steel. The sintering curve in the dissolution route can be seen in Fig. 3.2 b. 

The temperature was increased from room temperature (≈25˚C) to 200˚C at a heating rate 

of 5˚C/minute and stayed at 200˚C for 30 minutes in order to evaporate the ethanol in the 

preforms. The temperature was then increased to 850 ˚C at a heating rate of 5˚C/minute 

and stayed at 850 ˚C for 240 minutes to strengthen the bonding between the metal particles, 

followed by cooling in air to room temperature. As sintering temperature was lower than 

the decomposition temperature of K2CO3, all K2CO3 particles were still in the samples after 

sintering. The sintered samples were then immersed in 100 ˚C hot water to remove all K2CO3 

particles, generating open-cell porous metals with desired porosities and pore sizes. 



57 
 

 

Fig. 3. 2 Sintering curves for the decomposition route (a) and the dissolution route (b) 

The as-obtained porous metal samples were cut by an electrical discharging machine (Prima 

E250, ONA Ltd., Bristol, UK) into rectangular or cylindrical specimens. The specimens had a 

rectangular shape with dimensions of 5 × 5 × 4.8 mm for surface area measurement. The 
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specimens had a cylindrical shape with a diameter of 6mm and a height of 5 mm for mass 

transfer measurement and electrochemical detection. 

3.1.4 Chemical etching 

All the as-produced porous metal samples were ultrasonically cleaned in dilute hydrochloric 

acid to remove the metal oxides from the surface and then washed with distilled water. To 

study the effects of chemical etching on surface morphology and in turn the surface areas of 

the LCS porous metals, some of the samples were chemically etched by immersing the 

samples in 5 M nitric acid under ultrasonication at room temperature for 5 minutes. The 

weight loss of the etched samples was less than 5%. Samples with porosities higher than 70% 

were not etched, because the etching process could easily result in a weight loss higher than 

10% and therefore significantly change the porous structures.  

3.1.5 Real porosity determination 

The real porosity of the samples, 휀𝑟, was determined from the relative density, which was 

calculated by dividing the apparent density of the porous metal sample by the density of the 

metal (see equation 3.3).  

 
휀𝑟 = 1 − 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑡𝑖𝑣𝑦 = 1 −

𝑀/𝑉

𝜌𝑀𝑒𝑡𝑎𝑙
 

3.3 

where M and V are the mass and volume of the porous sample, respectively. 𝑀/𝑉 is the 

apparent density of the porous sample. The mass of the sample was measured by an 

analytical balance and the volume was calculated by multiplying its length, width and height 

(for rectangular samples) or cross-sectional surface area and height (for cylindrical samples). 



59 
 

3.2 Geometric surface area measurement 

Quantitative stereology (QS) was used to measure the geometric surface areas of the 

porous copper and nickel with porosities in the range of 0.5 – 0.8 and pore sizes in the range 

of 250 – 1500 µm. Before measurements, the outer surface of porous samples (before 

electrical discharging machine cutting) was well ground by sandpapers with grits of 80 and 

320 to achieve a good surface finish. A micrograph of the porous metal sample was then 

taken by a digital microscope camera (Veho VMS-004) and a counting grid was then 

superimposed onto the micrograph, as shown in Fig. 3.3. In the micrograph, the light region 

indicates pores and the dark region represents the metal matrix, the counting grid was in 

black with each square having a 1 mm side length. The intersects between the pore 

perimeters and grid lines were counted by Image J (Diao et al., 2015). The volumetric 

specific geometric surface area, AVG ,and the gravimetric specific geometric surface area, 

AMG ,can be calculated by the Equations 3.4 and 3.5 below (Underwood et al., 1970): 

 
𝐴𝑉𝐺 =

2𝑁

𝐿
 

3.4 

 
𝐴𝑀𝐺 =

2𝑁

𝐿(1 − 휀)𝜌𝑚𝑒𝑡𝑎𝑙
 

3.5 

where 𝑁 is the number of intercepts between the  pore perimeters and grid line, 𝐿 is the 

total length of the grid lines, 휀 is the porosity of porous metal and 𝜌𝑚𝑒𝑡𝑎𝑙  is the density of 

pure solid metal (Cu or Ni). It should also be noted that porous samples with pore sizes 

smaller than 250 µm were not measured by this method because it was difficult to 

distinguish pores and interstices between adjacent metal particles in the metal matrix.  
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Fig. 3. 3 Micrograph of the outer surface of a porous copper sample (dark regions: Cu matrix, 

light regions: pores) 

3.3 Electroactive surface area measurement 

The electroactive surface areas of the LCS porous copper and nickel samples were measured 

by the cyclic voltammetry (CV) peak current method (Diao et al., 2015). According to the 

literature (Delahay et al., 1954, Bard et al., 1980), the CV peak current is linearly 

proportional to the electroactive surface area of an electrode. The quantitative relations 

between peak current and electroactive surface area of porous coper and porous nickel 

samples were determined by the Berzins–Delahay and the Randles–Sevcik equations, 

respectively, because of different natures of the reactions used (Shen and Akolkar, 2017). 

Porous samples with porosities in the range of 0.5 – 0.8 and pore sizes in the range of 250 – 

1500 µm were measured. 
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3.3.1 Experimental apparatus 

A three-electrode electrochemical cell connected with a potentiostat (Autolab PGSTAT101) 

was used for all electroactive surface area measurements. Fig. 3.4 shows a schematic 

diagram of the three-electrode electrochemical cell. It consisted of a working electrode, 

reference electrode and counter electrode. The porous sample served as the working 

electrode. The reference electrode was a saturated calomel electrode (SCE). A platinum coil 

was used as the counter electrode for the CV measurements of porous samples, while a 

platinum plate was used as the counter electrode for the CV measurements of metal plates. 

For electroactive surface area measurements of porous Cu and Ni, the electrolytes were 0.1 

M KOH and 1 mM potassium ferrocyanide in 0.1 M KOH, respectively. 

 

Fig. 3. 4 Schematic of the three-electrode electrochemical cell used for the CV 

measurements 
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3.3.2 Procedure for porous Cu 

Fig. 3.5 shows a typical current-potential plot of porous copper in 0.1 M KOH. The applied 

potential was in the range from -1.6 to 0.7 V and the scan rate was 0.01 V/s. There are two 

current peaks in the forward sweeping part of the curve. The peaks, 1 and 2, indicate two 

different chemical reactions, Equations 3.6 and 3.7, respectively (Hampson et al., 1972, 

Ambrose et al., 1973):  

 2𝐶𝑢 + 2𝑂𝐻− → 𝐶𝑢2𝑂 + 𝐻2𝑂 + 2𝑒 3.6 

 𝐶𝑢 + 2𝑂𝐻− → 𝐶𝑢(𝑂𝐻)2 + 2𝑒 3.7 

Peaks 1 and 2 were controlled by the diffusion of Cu+ in the solid electrode and the diffusion 

of OH- in the electrolyte, respectively (Hampson et al., 1972, Ambrose et al., 1973). Both 

peaks were used to measure the electroactive surface areas with an aim to study the effects 

of the chosen reaction and the diffusion layer thickness. As the products Cu2O and Cu(OH)2 

are in solid state, the reactions 3.6 and 3.7 follow the Berzins–Delahay reversible soluble–

insoluble redox transitions model (Shen and Akolkar, 2017). The quantitative relations 

between the peak current and electroactive surface area can be expressed in Equation 3.8 

(Delahay, 1954): 

 
𝐼𝑝 = 3.67 × 105𝑛

3
2𝐴𝐸𝑐𝐷

1
2𝑣

1
2 

3.8 

where 𝐼𝑝  is the peak current, 𝑛 is the number of electrons in the reaction, 𝐴𝐸  is the 

electroactive surface area of the working electrode, 𝑐 is the bulk concentration of reactive 

species, 𝐷 is the diffusion coefficient of the reactive species and 𝑣 is the scan rate. 
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Fig. 3. 5 Typical current-potential plot of porous copper in 0.1 M KOH in the potential range 

of -1.6 to 0.7 V at a scan rate of 0.01 V/s 

Equation 3.8 cannot be used directly to calculate the surface area of the Cu electrode due to 

passivation (Diao et al., 2015). Therefore, seven copper plates with known geometric 

surface areas as shown in Fig. 3.6 were used to calibrate the relation between the peak 

current and electroactive surface area for porous copper. The copper plates were ground by 

sandpapers (grits 80, 320, 600 and 1200), polished by cloths (6 and 1µm) and further 

polished by a silk-type cloth pad with a 0.04 μm colloidal silica suspension to achieve a 

mirror finish. The current-potential plots of the copper plates (see Fig 4.4 Chapter 4) are 

similar to those of the porous copper in Fig. 3.5. The quantitative relation between peak 

current and electroactive surface area was determined by measuring the peak currents of 

the mirror-polished copper plates, because the electroactive surface areas of the mirror-

polished copper plates was their geometric surface areas.  
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This quantitative relation is also applicable for porous copper. Therefore, the electroactive 

surface area of porous copper can be determined from the peak current. The volumetric, 

𝐴𝑉𝐸 , or gravimetric, 𝐴𝑀𝐸 , specific electroactive surface area of porous copper was 

calculated by dividing the electroactive surface area over volume or mass of the porous 

copper samples. 

 

Fig. 3.6 Mirror polished copper plates surrounded by resin holder 

3.3.3 Procedure for porous Ni 

Fig. 3.7 shows a typical current-potential plot of porous nickel in the electrolyte of 1 mM 

potassium ferrocyanide in 0.1 M KOH. The applied potential was in the range from -0.3 to 

0.4 V. The applied scan rate was in the range from 0.005 to 0.05 V/s in order to study the 

effect of scan rate on the electroactive surface area of porous nickel. The current peak at a 

potential about 0.22 V in Fig. 3.7 corresponds to the oxidation of ferrocyanide to 

ferricyanide: 
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[𝐹𝑒(𝐶𝑁)6]4−

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→
 

[𝐹𝑒(𝐶𝑁)6]3− + 𝑒 
3.9 

 

Fig. 3. 7 Typical current-potential plot of porous nickel in the electrolyte of 1 mM potassium 

ferrocyanide in 0.1 M KOH in the potential range of -0.3 – 0.4 V 

As both ferrocyanide and ferricyanide are soluble, the reaction 3.9 follows the classical 

Randles–Sevcik reversible soluble–soluble redox transitions model (Bard et al., 1980). The 

quantitative relation between the peak current and the electroactive surface area is 

determined by the Randles–Sevcik equation (Bard et al., 1980): 

 
𝐼𝑝 = 268600𝑛

3
2𝐴𝐸𝐷

1
2𝐶𝑣

1
2 

3.10 

In order to calibrate the quantitative relation in Eq. 3.10, six mirror-polished nickel plates 

(the same polishing process as for copper plates) with known geometric surface areas were 

used. The volumetric, 𝐴𝑉𝐸 , or gravimetric, 𝐴𝑀𝐸 , specific electroactive surface area of porous 
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nickel was further calculated by dividing the electroactive surface area over volume or mass 

of the porous nickel samples. 

3.3.4 IR-compensation 

The large surface areas of the porous samples resulted in currents of magnitude in the order 

of ~10 mA , which could cause significant distortions in voltammetry due to uncompensated 

solution resistance (Smith et al., 2015). The measured solution resistance in the cell was 

about 8 – 10 Ohm. The “IR-compensation” feature in the potentiostat was used to 

automatically compensate the potential signal for solution resistance (where I is the current 

and R is the solution resistance between the reference and working electrodes). For mirror-

polished metal plates, the solution resistance was not compensated due to low currents 

generated. 

3.4 Real surface area measurement 

The real surface area of the porous metal samples was measured by the cyclic voltammetry 

double layer capacitance method (Diao et al., 2015). Porous copper and nickel samples with 

porosities in the range of 0.5 – 0.85 and pore sizes in the range of 250 – 1500 µm were 

measured. The experimental apparatus was the same as that used in the electroactive 

surface area measurement (Fig. 3.4). The electrolytes used for porous copper and nickel 

samples were 0.1 M KOH and 8 M KOH, respectively. The applied potential ranges for 

porous copper and nickel were -1 to -0.75 V and -0.3 to -0.2 V, respectively. The applied 

scan rates were 0.05, 0.1, 0.2, 0.3 and 0.5 V/s.  
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3.4.1 Procedure for porous Cu 

The current-potential plot of a porous copper sample in the potential range -1 to -0.75 V is 

shown in Fig. 3.8. As there is no Faradaic current in this potential range, the capacitance, 𝐶 

(F), of the porous copper can be determined by (Lewandowski et al., 2012):  

 
𝐶 =

𝛥𝐼

2𝑣
 

3.11 

where 𝛥𝐼 is the difference between charge and discharge current, as shown in Fig. 3.8, 𝑣 is 

the applied scan rate. As the specific capacitance of the copper/0.1M KOH interface is 

2 × 10−5 F/cm2 (Łukomska and Sobkowski, 2004), the real surface area, 𝐴𝑅(cm2), of porous 

copper could be determined: 

 
𝐴𝑅 =

𝐶

2 × 105
 

3.12 

The volumetric, 𝐴𝑉𝑅, or gravimetric, 𝐴𝑀𝑅, specific real surface area of porous copper was 

calculated by dividing the real surface area over volume or mass of the porous copper 

samples. 

 

Fig. 3. 8 Current-potential plot of the LCS Cu for real surface area measurement 
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3.4.2 Procedure for porous Ni 

The current-potential plot of a porous nickel sample in the potential range of Faradaic 

current is shown in Fig. 3.9. The capacitance was determined from Eq. 3.11, following the 

same process as for porous copper. As the specific capacitance of the nickel/8 M KOH 

interface is 2.8 × 10−5 F/cm2 (Gagnon, 1976), the real surface area of porous nickel can be 

calculated by:  

 
𝐴𝑅 =

𝐶

2.8 × 10−5
 

3.13 

The volumetric, 𝐴𝑉𝑅, or gravimetric, 𝐴𝑀𝑅, specific real surface area of porous nickel was 

calculated by dividing the real surface area over volume or mass of the porous nickel 

samples. 

 

Fig. 3. 9 Current-potential plot of the LCS Ni for real surface area measurement 
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3.5 Mass transfer coefficient measurement 

The mass transfer coefficient of porous nickel was measured by the limiting current 

technique (Recio et al., 2013). Porous nickel samples with porosities in the range of 0.5 – 

0.85 and pore sizes in the range of 250 – 1500 µm were measured. A mirror-polished nickel 

plate was also measured in order to compare the mass transfer performance between the 

LCS porous nickel samples and nickel plate. 

3.5.1 Experimental apparatus  

 

Fig. 3. 10  Schematics of (a) mass transfer experimental apparatus, (b) porous nickel working 

electrode and (c) nickel plate working electrode: (1) electrolyte reservoir, (2) pumping pipe, 

(3) waste solution reservoir, (4) peristaltic pump, (5) working electrode, (6) reference 

electrode (SCE), (7) counter electrode (platinum coil), (8) glass beaker, (9) wire, (10) 

potentiostat, (11) computer, (12) acrylic tube, (13) water proof shrinkage tube, (14) LCS 

porous nickel sample, (15) nickel wire, (16) solid nickel plate. 

Fig. 3.10 is a schematic diagram of the mass transfer experimental apparatus. It consists of a 

plastic electrolyte reservoir, a peristaltic pump (Masterlex L/S Computer-Compatible Digital 

Pump), a three electrode cell, a potentiostat (Autolab PGSTAT101) and a computer. The 
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sample to be tested served as the working electrode. A water proof shrinkage tube was 

used to connect the porous nickel sample to an acrylic tube with an outer diameter of 6 mm 

(Fig. 3.10 b). The nickel plate was inserted into the acrylic tube, parallel to the tube and the 

flow of the electrolyte (Fig. 3.10 c). The electrolyte was forced to pass through the porous 

electrode, or flow past the solid plate electrode, and exhausted by the peristaltic pump.  

1 M Na2CO3 solution was used as the background electrolyte. In characterising the nickel 

plate electrode, the electrolyte contained 10-3 M K3Fe(CN)6 and 10-2 M K4Fe(CN)6. In 

characterising the LCS porous nickel electrodes, the concentrations of the reactive species 

were reduced by 10 times and the electrolyte contained 10-4 M K3Fe(CN)6 and 10-3 M 

K4Fe(CN)6. This is because porous metals have high surface areas (Diao et al., 2015), which 

can generate high currents, causing distortions in the measurements due to uncompensated 

solution resistance. Reducing the concentrations of the reactive species eliminated the 

effect of uncompensated solution resistance (Smith et al., 2015).  

The limiting current was measured by linear sweep voltammetry in the potential from 0.2 V 

to -1.2 V at a scan rate of 5 mV/s. The pumping rate was in the range 16.8 to 240 mL/min. 

3.5.2 Determination of mass transfer coefficient 

The electrochemical reaction used in this work was the reduction of the ferricyanide ion: 

 [𝐹𝑒(𝐶𝑁)6]3− + 𝑒− → [𝐹𝑒(𝐶𝑁)6]4− 3.14 

A typical current-potential plot of the porous nickel electrode can be seen in Fig. 3.11. There 

are three regions in the curve, i.e., hydrogen evolution, mass transfer control and mixed 

control regions, which signify different transfer mechanisms. The limiting current, 𝐼𝐿, was 
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determined from the mass transfer region and the mass transfer coefficient, 𝑘, was 

calculated by (Recio et al., 2013): 

 
𝑘 =

𝐼𝐿

𝑛𝐹𝐴𝑅𝑐
 

3.15 

where 𝑛 is the number of electrons exchanged in the reaction (n=1), 𝐹 is the Faraday 

constant, 𝐴𝑅 is the real surface area of the working electrode and c is the bulk concentration 

of the electroactive species. 

 

Fig. 3. 11 Typical current vs potential plot for the reduction of Fe(CN)63- in 10-4 M 

K3Fe(CN)6 +  10-3 M K4Fe(CN)6 + 1 M Na2CO3 at a porous nickel electrode with a scan rate 

of 0.005 V/s 

3.6 Electrochemical detection of ferricyanide  

A porous nickel sample with a pore size of 250 – 425 µm and porosity of 0.7 was used to 

electrochemically detect ferricyanide with different concentrations, using 1 M Na2CO3
 as the 
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background electrolyte. The detection was conducted by both a conventional three-

electrode electrochemical sensor and a novel limiting current sensor. 

3.6.1 Three-electrode electrochemical sensor 

The schematic graph of the three-electrode electrochemical sensor was the same as that in 

Fig. 3.4. A series of solutions with a volume of 250 ml and different ferricyanide 

concentrations in the range of 0.001 mM to 10 mM were made before testing. According to 

the Randles–Sevcik equation (Eq. 3.10), the peak current is linearly proportional to the 

concentration of ferricyanide. The detection limit was considered as the concentration 

when the signal to noise ratio dropped below 3. The detection sensitivity was determined 

by dividing peak current over the concentration with a unit of ampere per mole. As the 

sensitivity is related to scan rate, the applied scan rates were chosen from 0.005 to 0.1 V/s 

in order to investigate the effect of scan rate on the detection sensitivity. 

3.6.2 Limiting current sensor 

The schematic graph of the limiting current sensor was shown in Fig. 3.12. A series of 

solutions with a volume of 2 L and different ferricyanide concentration in the range of 0.001 

mM to 10 mM were required. The applied scan rate constantly stayed at 0.005 V/s. 

According to Eq. 3.15, the limiting current is linear proportional to the concentration of 

ferricyanide. Like the cyclic voltammetry detection, the detection limit was considered as 

the concentration when the signal to noise ratio was dropped to below 3. The detection 

sensitivity was determined by dividing peak current over the concentration with a unit of 

ampere per mole. As the sensitivity is related to solution pumping rate, the pumping rates 

were chosen from 16.8 to 84 mL/min in order to investigate the effect of pumping rate on 

the detection sensitivity. 



73 
 

 

Fig. 3. 12 Schematic illustration of the limiting current sensor prototype. 
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CHAPTER 4 SURFACE AREA OF POROUS Cu 

4.1 Surface morphology of the LCS porous Cu 

Fig. 4.1 shows the SEM images of the LCS porous Cu samples manufactured with different 

Cu particle sizes (<20, 20 – 45, 45 – 75 and 75 – 90 µm), sintering temperatures (850 and 

950˚C) and chemical treatment conditions (with and without nitric acid etching). The 

samples sintered at 850˚C (A – D) have rough surfaces, with the initial spherical Cu particles 

easily discernible. It can also be observed that the smaller the Cu particles, the thicker the 

sintering necks relative to the particle size. The samples sintered at 850˚C and etched 

(second column, E – H) show smoother surfaces, revealing strong sintering necks and 

making original particles less visible, especially in the small Cu particle sample (Fig. 4.1 E). 

The samples sintered at 950˚C (I – L) are apparently denser and have thicker sintering necks 

than the samples sintered at 850˚C (A – D) for any given Cu particle size. The sample made 

by the smallest particles (Fig. 4.1 I) is fully sintered with the original particles barely 

discernible. The original particles can still be seen in the samples made by larger particles 

(Fig. 4.1 J – L), but they are less noticeable than in the samples sintered at 850˚C (A – D). The 

samples sintered at 950˚C and subsequently etched (M – P) show more flat surfaces, with 

the original particles hardly noticeable for all samples. Surface morphology characterization 

is essential for studying the surface area of porous metals because the morphology can 

affect the surface area directly. These SEM images will be used to discuss how particle size, 

sintering temperature and chemical etching affect the surface morphology and therefore 

the surface areas of porous Cu. 
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Fig. 4.1 SEM images of the LCS porous Cu samples with different Cu particle sizes and 
processing conditions (to be continued) 
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Fig. 4.1 (continued) SEM images of the LCS porous Cu samples with different Cu particle 
sizes and processing conditions  
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4.2 Geometric surface area 

The geometric surface area of porous Cu only includes the surface area of the primary pores 

formed from the decomposition or dissolution of the K2CO3 particles. The geometric surface 

areas of the porous Cu samples manufactured using the Cu powder with a particle size of 20 

– 45 µm were measured by the quantitative stereology method. The porous Cu samples had 

different porosities in the range of 0.50 – 0.80 and different pore sizes in the range of 250 – 

1500 µm.  

4.2.1 Effects of porosity and pore size 

Figs. 4.2 and 4.3 show the variations of the volumetric (𝐴𝑉𝐺) and gravimetric (𝐴𝑀𝐺) specific 

geometric surface areas of the porous Cu samples with porosity at different pore sizes. The 

volumetric and gravimetric specific geometric surface areas are in the ranges of 20 – 100 

cm-1 and 5 – 50 cm2/g, respectively. The values are similar to those of the specific geometric 

surface areas of the porous Cu samples with an average particle size of 75 µm (Diao et al., 

2015), indicating that the Cu particle size does not affect the geometric surface area. A 

systematic study on the effect of particle size on the specific geometric surface areas of 

porous Ni will be shown in Chapter 5.  

Porosity and pore size are the two most important parameters affecting the geometric 

surface area of porous Cu. Both volumetric and gravimetric specific geometric surface areas 

increase with increasing porosity but decrease with increasing pore size. For a porous 

sample with a fixed pore size, a higher porosity means more pores within the porous sample, 

thus greater geometric surface area. For a sample with a fixed porosity, a larger pore size 

means a smaller number of pores within a certain volume, thus less geometric surface area. 
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The effect of pore size on the specific geometric surface areas is more significant than the 

effect of porosity. 

 

Fig. 4.2 Variations of volumetric specific geometric surface area of porous Cu samples with 
porosity at different pore sizes (the lines designate the results from theoretical predictions) 
fff  

 

 

Fig. 4.3 Variations of gravimetric specific geometric surface area of porous Cu samples with 
porosity at different pore sizes (the lines designate the results from theoretical prediction) 
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4.2.2 Comparison with theoretical prediction 

The specific geometric surface areas of porous Cu can also be predicted theoretically (Diao 

et al., 2015). The theoretical prediction is based on a stochastic model developed by Zhao 

(2003). According to the model, the geometric surface area of a porous sample is equal to 

the total surface area of the K2CO3 particles minus the surface area of the contact necks 

between the K2CO3 particles. The volumetric and gravimetric specific geometric surface 

areas of porous Cu can be expressed by Eqs. 4.1 and 4.2, respectively. 

 
𝐴𝑉𝐺 =

3

𝑟
1 − 휀 +

𝑅
휀

 
4.1 

 
𝐴𝑀𝐺 =

3

𝜌𝐶𝑢(𝑟 +
𝑅(1 − 휀)

휀 )
 

4.2 

where 𝑟 is the surface weighted mean radius of the Cu particles (19 µm), 𝑅 is the surface 

weighted mean radius of the K2CO3 particles (171, 312, 468 and 645 µm for K2CO3 size 

ranges 250 – 425, 425 – 710, 710 – 1000 and 1000 – 1500 µm, respectively (Diao et al., 

2015)), 𝜌𝐶𝑢is the copper density (8.96 g/cm3) and 휀 is the porosity. The volumetric and 

gravimetric specific geometric surface areas from theoretical calculations obtained from 

Eqs.4.1 and 4.2 are also shown in Figs. 4.2 and Fig. 4.3 (coloured lines). It is shown that the 

experimental results agree reasonably well with the theoretical predictions, especially for 

the effects of porosity and pore size on the geometric surface area. However, the accuracy 

of the theoretical prediction still needs to be improved. Further improvement should take 

the metal particle size distribution, potassium carbonate size distribution and the random 

arrangement of potassium carbonate particles, into consideration.   
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4.3 Electroactive surface area 

The electroactive surface area can include the contributions from the primary pores and the 

interstices between the Cu particles. In this project, the cyclic voltammetry peak current 

method was used to measure the electroactive surface area of porous Cu. Two chemical 

reactions were employed in order to study the effect of chemical reactions. Samples with 

different porosities in the range of 0.5 – 0.8, a fixed pore size in the range of 1000 – 1500 

µm and different particle sizes of <20, 20 – 45, 45 – 75 and 75 – 90 µm, manufactured by 

different sintering temperatures, before and after chemical etching were measured. 

4.3.1 Cu plate calibration 

Fig. 4.4 shows a typical current-potential plot of a mirror-polished copper plate with a 

geometric surface area of 0.0543 cm2 in 0.1 M KOH at a scan rate of 0.01 V/s. The polishing 

process was shown in Section 3.3.2 and the surface roughness can be as low as 0.03 µm 

(Onwubu et al., 2018). Both peak 1 and peak 2 were used to measure the electroactive 

surface area with an aim to study the effects of the chosen reaction and the diffusion layer 

thickness. The corresponding reactions can be seen from Eqs. 3.6 and 3.7 in Chapter 3. 

Because of the mirror surface finish, the geometric surface area can be regarded as equal to 

the electroactive surface area. 

Fig. 4.5 shows the linear relations between the peak current (µA) and the electroactive 

surface area (cm2) of a series of mirror-polished Cu plates at peak 1 and peak 2, which can 

be expressed by Eqs. 4.3 and 4.4, respectively.  

 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 = 0.017 ∗ 𝑝𝑒𝑎𝑘 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 4.3 

 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 = 0.00353 ∗ 𝑝𝑒𝑎𝑘 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 4.4 
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It is worth mentioning that the proportionality coefficient in equation 4.4 has a different 

value from that reported by Diao et al. (2015), because of different scan rates and different 

units of current used. Considering that the peak current is proportional to the square root of 

scan rate, the difference between the coefficient in Eq. 4.4 and that in (Diao et al., 2015) is 

less than 15%, mainly due to experimental variability. The effect of scan rate on the 

electroactive surface area of porous Ni will be studied in Chapter 5. 

 

Fig. 4.4 The current-potential plot of a mirror-polished copper plate with a geometric 

surface area of 0.0543 cm2 in 0.1 M KOH in the potential range of -1.6 to 0.7 V at a scan rate 

of 0.01 V/s 
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Fig. 4.5  Linear relations between peak current and electroactive surface area of mirror-

polished Cu plates 

4.3.2 Effect of Cu particle size 

The volumetric specific electroactive surface areas, measured by peak 1 (𝐴𝑉𝐸_𝑝1) and peak 2 

(𝐴𝑉𝐸_𝑝2) of the LCS porous Cu samples with different Cu particle sizes and porosities, 

manufactured under different process conditions, are shown in Figs. 4.6 and 4.7, 

respectively. The porosities used here are nominal porosities. It is obvious that the specific 

electroactive surface areas are affected by both Cu particle size and porosity for all 

manufacturing and treatment conditions. For each process condition, the surface areas vary 

with porosity without any particular pattern, in agreement with (Diao et al., 2015). In order 

to remove the effect of porosity and focus on the effect of particle size, the average 

volumetric specific electroactive surface area for each particle size is also shown in the 

graphs. Figs. 4.6 and 4.7 show that Cu particle size has a moderate effect on the 
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electroactive surface areas. As a general trend, both the electroactive surface areas 

measured by peak 1 and peak 2 first increase and then decrease with particle size. The 

maximum surface area values are achieved in the samples either with a particle size of 20 – 

45 µm or with a particle size of 45 – 75 µm. 

The effect of Cu particle size on surface area is twofold. On the one hand, smaller particles 

offer a higher total surface area (Diao et al., 2015). On the other hand, it is easier to sinter 

smaller particles to achieve a denser structure, resulting in a huge loss in surface area. In 

contrast, larger Cu particles have lower total surface area but experience less loss in surface 

area during sintering. Overall, the effect of particle size on the surface area depends on 

which of the two mechanisms is more significant. As a consequence, samples with a 

medium particle size range often have the highest surface areas. 
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Fig. 4. 6 Volumetric specific electroactive surface areas, measured by peak 1, of the LCS 

porous Cu samples with different Cu particle sizes and different porosities, manufactured by 

(a) 850˚C sintering, (b) 850˚C sintering and etching, (c) 950˚C sintering and (d) 950˚C 

sintering and etching (to be continued) 
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Fig. 4.6 (continued) Volumetric specific electroactive surface areas, measured by peak 1, of 

the LCS porous Cu samples with different Cu particle sizes and different porosities, 

manufactured by (a) 850˚C sintering, (b) 850˚C sintering and etching, (c) 950˚C sintering and 

(d) 950˚C sintering and etching 
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Fig. 4.7 Volumetric specific electroactive surface areas, measured by peak 2, of the LCS 

porous Cu samples with different Cu particle sizes and different porosities, manufactured by 

(a) 850˚C sintering, (b) 850˚C sintering and etching, (c) 950˚C sintering and (d) 950˚C 

sintering and etching (to be continued) 
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Fig. 4.7 (continued) Volumetric specific electroactive surface areas, measured by peak 2, of 

the LCS porous Cu samples with different Cu particle sizes and different porosities, 

manufactured by (a) 850˚C sintering, (b) 850˚C sintering and etching, (c) 950˚C sintering and 

(d) 950˚C sintering and etching 
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4.3.3 Effects of sintering temperature and chemical etching   

Fig. 4.8 shows the effects of sintering temperature and etching treatment on the specific 

electroactive surface areas of porous Cu measured by peak 1 and peak 2. Sintering 

temperature has a great effect on the electroactive surface areas. The volumetric specific 

electroactive surface areas measured by peaks 1 and 2 of samples sintered at 850 ˚C before 

etching are in the ranges of 500 – 850 and 250 – 350 cm-1, respectively, while those of the 

samples sintered at 950˚C before etching are in the ranges of 200 – 350 and 100 – 250 cm-1, 

respectively. Therefore, increasing the sintering temperature from 850 ˚C to 950 ˚C can 

result in reductions of approximately 60%, on average, in the electroactive surface area 

measured by peak 1 (Fig. 4.8 a) and 40% in the electroactive surface area measured by peak 

2 (Fig. 4.8 b). The effects of sintering temperature on the volumetric specific electroactive 

surface areas of the porous Cu samples after etching are similar, with reductions of about 65% 

and 45% for the electroactive surface areas measured by peaks 1 and 2, respectively. The 

reductions are due to smoother surfaces and thickened sintering necks, as a result of the 

increased densification at a higher sintering temperature, as evidenced in Fig. 4.1.  

Etching treatment also has a significant effect on the specific electroactive surface areas. 

There is a strong correlation between the surface areas before and after etching. The 

chemical etching resulted in reductions of 25% in the electroactive surface area measured 

by peak 1 (Fig. 4.8 a) and 9% in the electroactive surface area measured by peak 2 (Fig. 4.8 

b). It is because chemical etching significantly reduced the surface roughness of the LCS Cu 

samples, as evidenced in Fig. 4.1. It is interesting to see that there is no mutual interference 

between the effects of sintering temperature and chemical etching, indicating that both 

sintering temperature and chemical etching modify surface morphology uniformly.  
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Fig. 4.8 Correlations between electroactive surface areas of samples with and without the 

etching treatment for the LCS porous Cu samples sintered at two different temperatures: (a) 

measured by peak 1 and (b) measured by peak 2 
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4.4. Real surface area  

The real surface area includes the surface areas of the primary pores, interstices between 

the Cu particles and even the surface features on the Cu particles at an extremely small 

length scale. In this project, the cyclic voltammetry double layer capacitance method was 

used to measure the real surface area of porous Cu samples. Samples with different 

porosities in the range of 0.5 – 0.8, pore size in the range of 1000 – 1500 µm and different 

particle sizes of <20, 20 – 45, 45 – 75 and 75 – 90 µm, manufactured at different sintering 

temperatures, before and after chemical etching were measured. 

4.4.1 Effect of Cu particle size 

Fig. 4.9 shows the volumetric specific real surface area, 𝐴𝑉𝑅 (cm-1), of the LCS porous Cu 

samples with different Cu particle sizes and porosities, manufactured under different 

process conditions. The overall volumetric specific real surface areas of the LCS porous Cu 

are in the ranges of 1400 – 2000 cm-1, 1000 – 1800 cm-1, 600 – 1600 cm-1 and 600 – 1400 

cm-1 for samples sintered at 850˚C without etching, 850˚C with etching, 950˚C without 

etching and 950˚C with etching, respectively. Like the volumetric specific electroactive 

surface areas in Figs. 4.6 and 4.7, porous Cu samples with medium particle sizes show the 

maximum volumetric specific real surface areas because of the effects discussed in section 

4.2.2. The optimum particle size range for the samples sintered at 850˚C is 20 – 45 µm no 

matter with or without chemical etching, while the optimum particle size range for the 

samples sintered at 950˚C is 45 – 75 µm. We can probably draw a conclusion that the 

optimum particle size increases with sintering temperature because the loss in surface area 

of Cu particles during sintering process becomes more serious at higher sintering 

temperatures. 
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Fig. 4.9 Volumetric specific real surface areas of the LCS porous Cu samples with different Cu 

particle sizes and different porosities, manufactured by (a) 850˚C sintering, (b) 850˚C 

sintering and etching, (c) 950˚C sintering and (d) 950˚C sintering and etching (to be 

continued) 
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Fig. 4.9 (continued) Volumetric specific real surface areas of the LCS porous Cu samples with 

different Cu particle sizes and different porosities, manufactured by (a) 850˚C sintering, (b) 

850˚C sintering and etching, (c) 950˚C sintering and (d) 950˚C sintering and etching. 
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4.4.2 Effects of sintering temperature and chemical etching 

Fig 4.10 shows the effects of sintering temperature and etching treatment on the real 

surface area of porous Cu. Like the volumetric specific electroactive surface areas in Fig 4.8, 

the volumetric specific real surface area of porous Cu decreases from approximately 1300 – 

1900 cm-1 to 600 – 1400 cm-1 by increasing the sintering temperature from 850˚C to 950˚C, 

with a reduction of about 40%. Similarly, chemical etching can decrease the volumetric 

specific real surface area from 700 – 1900 cm-1 to 500 – 1700 cm-1, with a reduction of 11%. 

This is because a higher sintering temperature or chemical etching can flatten the surface of 

porous Cu. Similarly, the sintering temperature and chemical etching modify the surface 

morphology uniformly. 

  

Fig. 4.10 Correlation between real surface areas of samples with and without etching 

treatment for the LCS porous Cu samples sintered at two different temperatures 
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4.4.3 Relation between electroactive and real surface areas 

Fig. 4.11 shows the relations between the volumetric electroactive surface area and real 

surface area for the LCS porous Cu samples manufactured with different Cu particle sizes 

and sintered at 850˚C and 950˚C, before and after chemical etching. A moderate level 

correlation exists between the electroactive and real surface areas. The electroactive 

surface area measured by peak 2 is approximately 16 – 18% of the real surface area, 

regardless of the manufacturing temperature and treatment conditions. The ratio between 

the electroactive surface area measured by peak 1 and the real surface area depends on the 

manufacturing conditions. The ratio was approximately 40% for samples sintered at 850℃, 

and reduced to 37% after etching. The ratio was 24% for samples sintered at 950℃ and 

further reduced to 19% after etching.  

It was evident that the electroactive surface area depends on the electrochemical reaction 

being considered and the diffusion species involved in the reaction. For peak 1, the diffusion 

species is Cu+ in the solid phase. For peak 2, the diffusion species is OH- in the electrolyte 

(Hampson et al., 1972). The differences between 𝐴𝑉𝐸_𝑝1  and 𝐴𝑉𝐸_𝑝2  and 𝐴𝑉𝑅  can be 

explained by considering the thickness of the diffusion layer involved in the reaction. The 

Nernst diffusion layer thickness, , can be calculated by (Amatore, 1995): 

 

𝛿 = √
𝐷𝑅𝑇

𝑛𝐹𝑣
 

4.5 

where 𝐷 is the diffusion coefficient (2 × 10−5 cm/s for OH- in the electrolyte and 1 × 10−8 

cm/s for Cu+ in solid Cu (Hampson et al., 1972), 𝑅 is the gas constant (8.134 J/ Kmol), 𝑇 is 

the temperature (298 K), 𝑛 is the number of electrons transferred in the reaction (2 for both 

reactions 1 and 2), 𝐹 is the Faraday’s constant (96485 C/mol) and 𝑣 is the applied scan rate 
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(0.01 V/s). The diffusion layer thicknesses for OH- and Cu+, calculated by Eq. (7), are about 

50 µm and 1 µm, respectively. 

The real surface area is the maximum electroactive surface area that can contribute to any 

electrochemical reactions. Because no diffusion of reactive species is involved in the 

measurements of real surface area, the Nernst diffusion layer thickness can be regarded as 

zero. The surface features at all length scales contribute to the surface area. For the reaction 

controlled by the diffusion of Cu+, however, any features less than 1 µm in the LCS porous 

Cu, e.g., the very fine interstices/protrusions in the metal matrix formed by the sintered Cu 

particles, will be depleted with Cu+ ions rapidly due to limited supply, characteristic of thin 

layer diffusion, as shown schematically in Fig. 4.12. The species are depleted because of a 

longer distance of diffusion from the electrolyte reservoir to the electrode surface at which 

the reaction takes place. Those interstices or protrusions with a size smaller than 1 µm can 

be ignored by the reaction (Barnes et al., 2014, Davies and Compton, 2005, Davies et al., 

2005), as they do not contribute fully to the current density and thus cannot be detected. 

The electroactive surface area is effectively the contour or boundary of the diffusion layer 

within the solid Cu. Similarly, for the reaction controlled by the diffusion of OH-, any 

features less than 50 µm in the LCS porous Cu will not contribute fully to the current density 

and thus cannot be detected as part of the electroactive surface area. In this case, the 

electroactive surface area is effectively the contour or boundary of the diffusion layer within 

the electrolyte (Fig. 4.12). 

In short, the double layer capacitance method and the cyclic voltammetry method based on 

diffusion controlled reactions can measure the electroactive surface areas at different 

length scales. The double layer capacitance method can detect all features of the surface. 
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The CV method based on the diffusion of Cu+ ions can only detect surface features bigger 

than 1 µm, while the CV method based on the diffusion of OH- ions can only detect surface 

features bigger than 50 µm. As a consequence, the real surface area is greater than the 

electroactive surface area for Cu+ diffusion, which in turn is greater than the electroactive 

surface area for OH- diffusion.  

Fig. 4.11 also shows that while the ratio between 𝐴𝑉𝐸_𝑝2 and 𝐴𝑉𝑅 did not change with 

process conditions, the ratio between 𝐴𝑉𝐸_𝑝1 and 𝐴𝑉𝑅 changes with sintering temperature 

and chemical etching. The different behaviour in 𝐴𝑉𝐸_𝑝1 is likely because the reaction at 

peak 1 is not solely controlled by Cu+ diffusion. In the region of the solid electrode near the 

interface with the electrolyte, there is sufficient supply of OH- ions and the reaction is 

controlled by the Cu+ diffusion in the solid phase. In the region farther away from the 

interface with the electrolyte, i.e., in the interior of the cell wall, the supply of OH- ions is 

also limited by the diffusion of the OH- ions in the electrolyte. The reaction becomes both 

Cu+ and OH- diffusion controlled.  
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Fig. 4.11 Correlations between electroactive surface area and real surface area for the LCS 

porous Cu samples sintered at (a) 850℃, (b) 850℃ and etching, (c) 950℃, and (d) 950℃ and 

etching (to be continued) 
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Fig. 4.11 (continued) Correlations between electroactive surface area and real surface area 

for the LCS porous Cu samples sintered at (a) 850℃, (b) 850℃ and etching, (c) 950℃, and (d) 

950℃ and etching. 
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Fig. 4.12 Schematic of diffusion layers of OH- and Cu+ at the interface between Cu matrix 

and electrolyte 

4.5. Summary  

The specific geometric, electroactive and real surface areas of porous Cu samples 

manufactured by the LCS process, with pore sizes in the range of 250 – 1500 µm and 

porosities in the range of 0.5 – 0.8, were measured by quantitative stereology, cyclic 

voltammetry peak current and double layer capacitance methods, respectively. 

The volumetric and gravimetric geometric surface areas of the LCS porous Cu are in the 

ranges of 20 – 100 cm-1 and 5 – 50 cm2/g, respectively.  They increase with increasing 

porosity and decreasing pore size. The experimental results agree reasonably well with the 

theoretical results from a stochastic model. However, the model still needs to be improved 

by considering the metal particle size distribution, potassium carbonate size distribution and 

the random arrangement of potassium carbonate particles. 
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The electroactive surface area of the LCS porous Cu depends on the reaction being 

considered and the diffusion layer thickness associated with the reaction. A thicker diffusion 

layer results in a lower electroactive surface area. The electroactive surface area of the LCS 

porous Cu can be increased up to twice by decreasing the diffusion layer thickness from 50 

µm to 1 µm.  

Both electroactive and real surface areas of the LCS porous Cu can be affected by metal 

particle size and sintering temperature. The particle size of the Cu powder used to 

manufacture the LCS porous Cu had a modest effect on the electroactive and real surface 

areas, with the medium particle sizes, 20-45 µm or 45-75 µm, showing the highest surface 

areas. Increasing sintering temperature from 850C to 950C reduced the electroactive and 

real surface areas by 31-61%. Chemical etching reduced the electroactive and real surface 

areas by 9-25%. 
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CHAPTER 5 SURFACE AREA OF POROUS Ni 

5.1 Geometric surface area of porous Ni 

The effects of porosity, pore size and particle size on the geometric surface area of porous 

Ni were investigated. The porous Ni samples have porosities and pore sizes in the ranges of 

0.5 – 0.85 and 250 – 1500 µm, respectively. All of the porous Ni samples were manufactured 

by the decomposition route (950˚C sintering for 2 hours) with particle sizes of 25, 38 and 75 

µm. Two typical SEM images of a LCS porous Ni sample are shown in Fig. 5.1. The geometric 

surface area of the porous Ni samples was compared with that of the porous Cu samples 

reported by Diao et al. (2015) in order to study the effect of material type on the geometric 

surface area of porous metals. 

5.1.1 Effects of porosity and pore size 

Fig. 5.1 shows the volumetric and gravimetric specific geometric surface areas of the porous 

Ni samples with different pore sizes and different porosities. The volumetric and gravimetric 

specific surface areas are in the ranges of 20 – 100 cm-1 and 5 – 65 cm2/g, respectively. Both 

volumetric and gravimetric specific geometric surface areas increase with porosity but 

decrease with pore size, agreeing with the results for the porous Cu samples reported by 

Diao et al. (2015). This is because the geometric surface area is the surface area of the 

primary pores. For a fixed pore size, a higher porosity means more pores within the porous 

Ni samples. For a fixed porosity, a smaller pore size means a larger number of pores within a 

certain volume of the porous Ni samples, both increasing the geometric surface area.  
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Fig. 5.1 SEM images of a porous Ni sample manufactured by Lost Carbonate Sintering 

process at magnifications of (a) 30 and (b) 1000 
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Fig. 5. 2 Volumetric (a) and gravimetric (b) geometric specific surface areas of porous nickel 

made by 25 μm (Black), 38 μm (Red) and 75 μm (Grey) nickel particles 
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5.1.2 Effect of particle size  

Fig. 5.2 also shows that the porous Ni samples made using different particle sizes of 25, 38 

and 75 µm, have similar specific geometric surface areas, indicating that the particle size has 

little effect on the geometric surface area. The effects of metal particle size on the 

volumetric and gravimetric specific geometric surface areas can be estimated by Eqs. 5.1 

and 5.2, (Diao et al., 2015) respectively, 

 
𝐴𝑉𝐺 =

3

𝑟
1 − 휀 +

𝑅
휀

 
5.1 

 
𝐴𝑀𝐺 =

3

𝜌𝑁𝑖(𝑟 +
𝑅(1 − 휀)

휀 )
 

5.2 

where 𝑟 is the mean radius of the Ni particles (37.5 µm), 𝑅 is the mean radius of the K2CO3 

particles (171, 312, 468 and 645 µm for K2CO3 size ranges 250 – 425, 425 – 710, 710 – 1000 

and 1000 – 1500 µm, respectively (Diao et al., 2015), 𝜌𝑁𝑖 is the Nickel density (8.91 g/cm3) 

and 휀 is the porosity. The mean radius of the Ni particles (𝑟) is only 2% to 25% of the mean 

radius of the K2CO3 particles (𝑅). According to Eqs. 5.1 and 5.2, the volumetric and 

gravimetric specific geometric surface areas increase with decreasing particle size, and they 

increase by less than 30% when the particle size is decreased from 75 µm to 25 µm. 

Therefore, the metal particle size theoretically has a moderate theoretical effect on the 

geometric surface area. The theoretical results are in agreement with the experimental 

results. 

5.1.3 Effect of matrix material 

The geometric surface area of the porous Ni samples is compared with that of the porous Cu 

samples produced by the LCS process studied by Diao et al. (2015). The porous Cu samples 

with porosity in the range of 0.55 – 0.75 and pore size in the range of 250 – 1500 µm were 
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made using a Cu powder with a mean particle size of 72 µm. Their specific geometric surface 

areas are in the ranges of 15 – 90 cm-1 and 5 – 40 cm2/g, respectively, which are similar to 

the specific geometric surface areas of the porous Ni samples made using a slightly larger 

particle size of 75 µm.  As discussed in Section 5.1.2, the metal particle size has little effect 

on the geometric surface area. Therefore, the matrix material is also shown to have little 

effect on the geometric surface area. 

5.2 Electroactive surface area of porous Ni 

In this thesis, the porous Ni samples with porosity and pore size in the ranges of 0.5 – 0.85 

and 250 – 1500 µm, respectively, were measured to investigate the effects of porosity and 

pore size. As the electroactive surface area also depends on the diffusion layer thickness and 

surface morphology (Diao et al., 2015), it is expected to be sensitive to scan rate and particle 

size. This is because the diffusion layer thickness varies with scan rate and the surface 

morphology can be changed using different particle sizes. In this project, three scan rates of 

0.005, 0.01 and 0.05 V/s, and three different particle sizes of 25, 38 and 75 µm were used in 

order to study the effects of scan rate and particle size on the electroactive surface area. 

5.2.1 Ni plate calibration 

Fig. 5.3 (a) shows a typical current-potential plot of a mirror-polished Ni plate with a 

geometric surface area of 0.0177 cm2 measured in a solution of 1 mM ferrocyanide and 0.1 

M KOH at a scan rate of 0.05 V/s. For a mirror-polished Ni plate, the electroactive surface 

area is the same as the geometric surface area. The anodic peak current at a potential of 

about 0.22 V can be used to measure the electroactive surface area of Ni plates or porous Ni 

samples. The reaction corresponding to the anodic peak is the oxidation of ferrocyanide, as 

shown in Eq. 3.9. 
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Fig. 5.3 (b) shows the relations between the peak current and the electroactive surface area 

of the mirror-polished Ni plates at different scan rates. The lines are the theoretical results 

as calculated from the Rendles-Sevcik equation (Eq. 3.10) with a known diffusion coefficient 

of 6 × 10−6 cm/s (Smith et al., 2015). The experimental results are obtained from the 

averages of the data from six mirror-polished Ni plates. The error in measuring the peak 

current of mirror-polished Ni plates is not shown in Fig. 5.3, because it is too small (less than 

5%) to be clearly distinguished. It is obvious that the experimental results agree well with 

the theoretical results.  

It is reasonable to assume that the Rendles-Sevcik equation also applies to porous samples. 

The electroactive surface area, 𝐴𝐸  (cm2), of porous Ni can be calculated from the anodic 

peak current, 𝐼𝑝 (µA), measured at scan rates of 0.005, 0.01 and 0.05 V/s by Eqs. 5.3, 5.4 and 

5.5, respectively.  

 𝐼𝑝 = 46.5𝐴𝐸   5.3 

 𝐼𝑝 = 65.8𝐴𝐸   5.4 

 𝐼𝑝 = 147.1𝐴𝐸   5.5 
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Fig. 5.3 (a) Current-potential plot of a mirror-polished nickel plate with a 

geometric/electroactive surface area of 0.0177 cm2 measured in a solution of 1 mM 

ferrocyanide and 0.1 M KOH at a scan rate of 0.05 V/s. (b) Relations between peak current 

and surface area 
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5.2.2 Effects of porosity and pore size 

Figs. 5.4 and 5.5 show the variations of the volumetric and gravimetric specific electroactive 

surface areas with porosity measured at different scan rates for the porous Ni samples. In 

order to study the effects of porosity and pore size, all of the samples shown in Figs. 5.4 and 

5.5 have an identical particle size of 38 µm. The volumetric specific electroactive surface 

areas of porous Ni with pore sizes of 250 – 425, 425 – 710, 710 – 1000 and 1000 – 1500 µm 

are in the ranges of 40 – 120, 40 – 100, 30 – 100 and 30 – 90 cm-1, respectively. The 

gravimetric specific electroactive surface areas of porous Ni with pore sizes of 250 – 425, 

425 – 710, 710 – 1000 and 1000 – 1500 µm are in the ranges of 10 – 70, 10 – 65, 10 – 60 and 

5 – 60 cm/g, respectively. In each graph in Figs. 5.4 and 5.5, the volumetric or the 

gravimetric specific electroactive surface area increases with increasing porosity. Comparing 

graphs a – d in Figs. 5.4 and 5.5 shows that both volumetric and gravimetric specific 

electroactive surface areas decrease with pore size.  

Overall, the volumetric and gravimetric electroactive surface areas are in the ranges of 30 -

100 cm-1 and 5 – 70 cm2/g, respectively, and the volumetric and gravimetric geometric 

surface areas are in the ranges of 15 – 90 cm-1 and 5 – 40 cm2/g, respectively. The 

electroactive surface area is only slightly larger than the geometric surface area, indicating 

that the contribution from the primary pores is dominant and the contribution from the 

interstices between the Ni particles to the electroactive surface area is very small. Besides, 

both electroactive and geometric surface areas increase with increasing porosity and 

decreasing pore size. This is because the electroactive surface area of the porous Ni samples 

mainly comes from the surface area of the primary pores.  
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Fig. 5.4 Variations of the volumetric specific electroactive surface area with porosity 

measured at different scan rates for porous Ni with pore sizes of (a) 250 – 425 µm, (b) 425 – 

710 µm, (c) 710 – 1000 µm and (d) 1000 – 1500 µm (to be continued) 
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Fig. 5.4 (continued) Variations of the volumetric specific electroactive surface area with 

porosity measured at different scan rates for porous Ni with pore sizes of (a) 250 – 425 µm, 

(b) 425 – 710 µm, (c) 710 – 1000 µm and (d) 1000 – 1500 µm  
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Fig. 5.5 Variations of the gravimetric specific electroactive surface area with porosity 

measured at different scan rates for porous Ni with pore sizes of (a) 250 – 425 µm, (b) 425 – 

710 µm, (c) 710 – 1000 µm and (d) 1000 – 1500 µm (to be continued) 
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Fig. 5.5 (continued) Variations of the gravimetric specific electroactive surface area with 

porosity measured at different scan rates for porous Ni with pore sizes of (a) 250 – 425 µm, 

(b) 425 – 710 µm, (c) 710 – 1000 µm and (d) 1000 – 1500 µm 
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5.2.3 Effect of scan rate 

Figs. 5.4 and 5.5 also show the volumetric and gravimetric electroactive surface areas of 

porous Ni samples measured at different scan rates. The volumetric specific electroactive 

surface areas measured at the scan rates of 0.005, 0.01 and 0.05 V/s are in the ranges of 30 

– 60, 40 – 80 and 50 – 120 cm-1, respectively, and the gravimetric specific electroactive 

surface areas measured at the scan rates of 0.005, 0.01 and 0.05 V/s are in the ranges 5 – 40, 

10 – 50 and 15 – 70 cm2/g, respectively. Both volumetric and gravimetric specific 

electroactive surface areas increase with increasing scan rate. 

The effect of scan rate on the electroactive surface area can be explained by the effect of 

the Nernst diffusion layer thickness. The Nernst diffusion layer thickness (δNernst) is 

expressed by (Prasad and Sangaranarayanan, 2004, Compton and Banks, 2007, Amatore et 

al., 2001, Molina et al., 2010): 

 
𝛿𝑁𝑒𝑟𝑛𝑠𝑡 =

𝑛𝐹𝐴𝐸𝐷𝑐

𝐼𝑝
 

5.6 

where 𝐼𝑝 is the peak current, 𝑛 is the number of electrons in the reaction (𝑛 = 1), 𝐹 is the 

Faraday constant (𝐹 = 96485 𝐶/𝑚𝑜𝑙), 𝐴𝐸  is the electroactive surface area of the working 

electrode, 𝐷 is the diffusion coefficient of the reactive species (𝐷 = 6 × 10−6 𝑐𝑚2/𝑠) and 𝑣 

is the scan rate, 𝑐 is the bulk concentration of the reactive species (𝑐 = 10−6 𝑚𝑜𝑙/𝑐𝑚3). 

Substituting 𝐼𝑝 by using Rendles-Sevcik equation (Eq. 3.10) gives, 

 

𝛿𝑁𝑒𝑟𝑛𝑠𝑡 = 0.36√
𝐷

𝑣
 

5.7 

The Nernst diffusion layer thicknesses are 125, 88 and 39 µm at scan rates of 0.005, 0.01 

and 0.05 V/s, respectively. The diffusion layer thickness decreases with increasing scan rate. 
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As discussed in Chapter 4, a thinner diffusion layer results in more surface features being 

detected and therefore a larger electroactive surface area. The electroactive surface area of 

the porous Ni samples nearly doubles by increasing the scan rate from 0.005 to 0.05 V/s, or 

decreasing the diffusion layer thickness from 125 to 39 µm. It should be noted that Eq. 5.6 is 

different from Eq. 4.5, because the reaction on the surface of the porous Ni samples is 

reversible (Bard et al., 1980), while the reaction on the surface of the porous Cu samples is 

irreversible (Ambrose et al., 1973). 

5.2.4 Effect of the ratio between δNernst and pore size 

Fig. 5.6 shows the ratios between the electroactive and geometric surface areas for the 

porous Ni samples. The electroactive surface area of the porous Cu samples manufactured 

by the LCS process was found to be much greater than the geometric surface area because 

of the additional contributions from the interstices between the Cu particles (Diao et al., 

2015). However, this is not always the case for the porous Ni samples. The ratio between 

the electroactive and geometric surface areas is in the range of 0.5 – 3, i.e., the electroactive 

surface area of the porous Ni samples is similar to and sometimes even smaller than their 

geometric surface area. The ratio does not change much with porosity but decreases 

significantly with decreasing scan rate and decreasing pore size. The variation of the ratio 

between the electroactive and geometric surface areas with scan rate can be explained in 

terms of the magnitude of the diffusion layer thickness relative to the pore size. For the scan 

rates used in this study, the diffusion layer thicknesses (39 – 125 µm) are 3% – 40% of the 

pore size (250 – 1500 µm). For a large pore size, the diffusion layer thickness at a high scan 

rate is much smaller than the pore radius. The curvature of the pore surface has little effect 

on the measurement and the electroactive surface area is always greater than the 

geometric surface area. For a small pore size, however, the diffusion layer thickness 
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becomes comparable to the pore radius, especially at low scan rates. The curvature of the 

pore surface has to be taken into account. As the electroactive surface area measures the 

surface of a diffusion layer thickness inside the pore away from the pore surface, it can be 

significantly smaller than the geometric surface area. 
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Fig. 5.6 Variations of the ratio between the electroactive surface area (AE) measured at 

different scan rates and the geometric surface area (AG) for porous Ni samples with porosity 

at different pore sizes: (a) 250 – 425 µm, (b) 425 – 710 µm, (c) 710 – 1000 µm and (d) 1000 – 

1500 µm (to be continued) 
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Fig. 5.6 (continued) Variations of the ratio between the electroactive surface area (AE) 

measured at different scan rates and the geometric surface area (AG) for porous Ni samples 

with porosity at different pore sizes: (a) 250 – 425 µm, (b) 425 – 710 µm, (c) 710 – 1000 µm 

and (d) 1000 – 1500 µm  
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5.2.5 Effect of Ni particle size  

Fig. 5.7 shows the variations of the volumetric specific electroactive surface area of porous 

Ni with porosity for different Ni particle sizes at different pore sizes. In order to study the 

effect of particle size, all the samples were measured at an identical scan rate of 0.05 V/s. 

For a pore size of 250 – 425 µm, the volumetric specific electroactive surface areas of 

porous Ni manufactured with different particle sizes of 25, 38 and 75 µm are in the ranges 

of 55 – 140, 50 – 120 and 60 – 120 cm-1, respectively (Fig. 5.7a). The samples manufactured 

by the 25 µm particles show the largest volumetric specific electroactive surface area, 

compared with the samples manufactured by the 38 µm and 75 µm particles. This is 

probably because of the different surface roughness of the samples made by different 

particle sizes, sintered at a temperature of 950 ˚C. In general, smaller particles lead to 

rougher surface morphology, increasing the electroactive surface area. For larger pore sizes 

(especially Fig. 5.7 c and Fig. 5.7 d), the effect of particle size on the electroactive surface 

area becomes less significant. There are two possible reasons. On the one hand, for a fixed 

porosity, samples with large pore sizes have less pores and therefore less internal surface 

area. The electroactive surface area mainly comes from the outer surface area of the porous 

samples. As the outer surface is finished by the EDM machining, the roughness of the outer 

surfaces should be the same for all samples. Therefore, the effect of particle size on the 

electroactive surface area becomes not pronounced. On the other hand, for pore sizes of 

710 – 1000 and 1000 – 1500 µm, the pore size is about 12 – 25% of the diameter of the 

sample (6 mm) and the random arrangement of pores can result in significant experimental 

variability. 
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Fig. 5.7 Variations of volumetric specific electroactive surface area of porous Ni with 

porosity for different Ni particle sizes at different pore sizes: (a) 250 – 425 µm, (b) 425 – 710 

µm, (c) 710 – 1000 µm and (d) 1000 – 1500 µm (to be continued) 
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Fig. 5.7 (continued) Variations of volumetric specific electroactive surface area of porous Ni 

with porosity for different Ni particle sizes at different pore sizes: (a) 250 – 425 µm, (b) 425 

– 710 µm, (c) 710 – 1000 µm and (d) 1000 – 1500 µm  
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5.3 Real surface area of porous Ni 

In this thesis, the cyclic voltammetry double layer capacitance method was used to measure 

the real surface area of the porous Ni samples. The porosity and pore size are in the ranges 

of 0.5 – 0.85 and 250 – 1500 µm, respectively. Different Ni particle sizes of 25, 38 and 75 µm 

were used in order to study the effect of particle size on the real surface area. The real 

surface area of the porous Ni samples was compared with that of the porous Cu samples 

reported by Diao et al. (2015) to investigate the effect of matrix material. 

5.3.1 Effects of porosity and pore size 

Figs. 5.8 and 5.9 show the variations of volumetric and gravimetric specific real surface 

areas with porosity for samples with different pore sizes. For any fixed Ni particle size, the 

volumetric specific real surface area decreases with increasing porosity and pore size, 

agreeing very well with that reported by Diao et al. (2015). This is because, for a fixed pore 

size, a higher porosity means less nickel matrix and therefore less real surface area. If the 

porosity approaches unity, there will be no nickel matrix left and therefore no surface area. 

For a fixed porosity, a larger pore size means fewer pores within a fixed volume and thicker 

pore walls, which are difficult for the electrolyte to fully penetrate to form an electrical 

double layer, and therefore decreased real surface area. The gravimetric specific real 

surface area also decreases with increasing pore size due to the same reason. The effect of 

porosity on the gravimetric specific real surface area is not pronounced.  

5.3.2 Effect of particle size 

Figs. 5.8 and 5.9 also show that the volumetric and gravimetric specific real surface areas of 

the porous Ni samples manufactured using Ni powders with particle sizes of 25, 38 and 75 

µm are in the ranges of 500 – 1600 cm-1 and 200 – 400 cm2/g, 200 – 1400 cm-1 and 150 – 
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400 cm2/g, 200 – 1000 cm-1 and 100 – 300 cm2/g, respectively. Comparing Figs. 5.7 and 5.8 

(a), (b) and (c) shows that both the volumetric and gravimetric specific real surface areas 

decrease with particle size. This is because a smaller particle has more specific surface area 

than a larger particle. Diao et al. (2015) have founded that the specific real surface area of 

porous Cu is roughly proportional to the specific surface area of the Cu particles. Therefore, 

smaller particles can contribute to larger specific real surface areas.  

5.3.3 Effect of matrix material 

The volumetric specific real surface areas of the porous Ni samples manufactured using a 

powder with a particle size of 75 µm are in the range of 200 – 1000 cm-1. The volumetric 

specific real surface areas of the porous Cu samples manufactured using a powder with a 

particle size of 72 µm studied in Chapter 4 are in the range of 600 – 1600 cm-1. The real 

surface areas of the porous Ni and Cu samples are in the same order of magnitude but the 

latter is slightly higher, indicating that the material has a moderate effect on the real surface 

area. This is likely due to the different surface roughness of the metal particles. 
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Fig. 5.8 Variations of volumetric specific real surface area with porosity for samples with 

different pore sizes and different particle sizes: (a) 25 µm, (b) 38 µm and (c) 75 µm (to be 

continued) 
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Fig. 5.8 (continued) Variations of volumetric specific real surface area with porosity for 
samples with different pore sizes and different particle sizes: (a) 25 µm, (b) 38 µm and (c) 75 
µm 

 

Fig. 5.9 Variations of gravimetric specific real surface area with porosity for samples with 
different pore sizes and different particle sizes: (a) 25 µm, (b) 38 µm and (c) 75 µm (to be 
continued) 
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Fig. 5.9 (continued) Variations of gravimetric specific real surface area with porosity for 

samples with different pore sizes and different particle sizes: (a) 25 µm, (b) 38 µm and (c) 75 

µm  
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5.4 Summary 

The specific geometric, electroactive and real surface areas of porous Ni samples 

manufactured by the LCS process, with pore sizes in the range of 250 – 1500 µm and 

porosities in the range of 0.55 – 0.85, were measured by quantitative stereology, cyclic 

voltammetry peak current and double layer capacitance methods, respectively. 

The volumetric and gravimetric specific geometric surface areas of the porous Ni samples 

are in the ranges of 20 – 100 cm-1 and 5 – 65 cm2/g, respectively. The geometric surface area 

increases with increasing porosity and decreasing pore size. Matrix material and metal 

particle size have no effect on the geometric surface area.  

The volumetric and gravimetric specific electroactive surface areas of the porous Ni samples 

measured at the scan rate range of 0.005 – 0.05 V/s are in the ranges of 30 – 100 cm-1 and 9 

– 70 cm2/g, respectively. The electroactive surface area of the LCS porous Ni mainly comes 

from the primary pores. The electroactive surface area can be significantly affected by the 

ratio between δNernst and pore size. The effect of Ni particle size on the electroactive surface 

area is not obvious, except for porous Ni with a pore size of 250 – 425 µm. 

The volumetric and gravimetric specific real surface areas of the porous Ni samples are in 

the ranges of 200-1000 cm-1 and 100-300 cm2/g, respectively. The real surface area is 

slightly affected by the metal particles used. 
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CHAPTER 6 MASS TRANSFER COEFFICIENT OF POROUS 

Ni 

Mass transfer coefficient is an indicator of mass transfer performance of a porous electrode. 

It is related to the rate of the movement of a chemical species from bulk solution to the 

surface of the porous electrode (Incropera et al., 2007). In this thesis, the mass transfer 

coefficients of porous Ni with porosities in the range of 0.5 – 0.8 and pore sizes in the range 

of 250 – 1500 µm were measured by a linear voltammetry technique. All samples were 

manufactured using a Ni powder with an average particle size of 75 µm and had an identical 

cylindrical shape with a diameter of 6 mm and a height of 5 mm. The flow rate of electrolyte 

was changed in the range from 0.28 to 1.87 mL/s in order to investigate the effect of flow 

rate. The mass transfer coefficient of porous Ni was also compared with those of a mirror-

polished solid Ni plate and other Ni electrodes. 

6.1 Effects of pore size and porosity 

Fig. 6.1 shows the variations of the mass transfer coefficient with porosity at different 

electrolyte flow rates in the range of 0.28 – 1.87 mL/s for the LCS porous Ni samples with 

various pore size ranges. For the conditions investigated in this work, the mass transfer 

coefficient of the LCS porous Ni is in the range of 0.00069 to 0.0135 cm/s. For any given 

electrolyte flow rate, the mass transfer coefficient decreases with porosity, and more 

pronounced at high electrolyte flow rates than at low flow rates. Comparing Fig. 6.1 (a) – (d) 

shows that the mass transfer coefficient increases with pore size for the samples with a 

fixed porosity and measured at a fixed electrolyte flow rate. The reason behind the effects 

of porosity and pore size will be discussed in Section 6.3. 
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Fig. 6.1 Mass transfer coefficient as a function of porosity at different electrolyte flow rates 

for the LCS porous Ni samples with various pore sizes: (a) 250–425, (b) 425–710, (c) 710–

1000 mm and (d) 1000–1500 µm (to be continued). 
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Fig. 6.1 (continued) Mass transfer coefficient as a function of porosity at different 

electrolyte flow rates for the LCS porous Ni samples with various pore sizes: (a) 250–425, (b) 

425–710, (c) 710–1000 mm and (d) 1000–1500 µm 
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6.2 Effect of flow velocity 

It is shown in Fig. 6.1 that the mass transfer coefficient of the LCS porous Ni samples 

increases with the electrolyte flow rate. While it is convenient to describe the mass transfer 

performance of a porous sample at an overall electrolyte flow rate, the effect of flow rate is 

better understood by the resultant flow velocity in the pore channels. The internal flow 

velocity, 𝑢, can be determined by: 

 
𝑢 =

𝑄

𝐴𝐶휀
 

6.1 

where 𝑄 is the flow rate of the electrolyte, 𝐴𝐶  (0.283 cm2) is the cross sectional area of the 

flow channel, i.e., the acrylic tube, and 휀 is the porosity of the porous Ni sample. 

Fig. 6.2 shows the variations of the mass transfer coefficient of the porous Ni samples with 

internal flow velocity, plotted in the logarithmic scale. The data for the solid Ni plate are also 

presented for comparison. The mass transfer coefficient increases exponentially with 

electrolyte flow velocity, which agrees well with the literature (Recio et al., 2013, Cognet et 

al., 1995). The relation between mass transfer coefficient, 𝑘, and internal flow velocity, 𝑢, 

can be described by (Langlois and Coeuret, 1989, Cognet et al., 1995): 

 𝑘 = 𝑎𝑢𝑏 6.2 

where 𝑎 is a constant associated with the structural properties of the working electrode and 

𝑏 is a constant dependent on the hydrodynamic regime. The value of the exponent b can 

serve as an indicator of the nature of the flow (Incropera et al., 2007). The values of b for 

laminar or turbulent flows are about 0.33 and 0.8, respectively. The value of b is expected to 

increase during the transition from laminar to turbulent flow.  
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Fig. 6. 2 Mass transfer coefficient as a function of electrolyte flow velocity for the LCS 

porous Ni samples with different porosities and various pore sizes of: (a) 250 – 425, (b) 425 

– 710, (c) 710 – 1000 and (d) 1000 – 1500 µm (to be continued) 
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Fig. 6.2 (continued) Mass transfer coefficient as a function of electrolyte flow velocity for 

the LCS porous Ni samples with different porosities and various pore sizes of: (a) 250 – 425, 

(b) 425 – 710, (c) 710 – 1000 and (d) 1000 – 1500 µm 
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6.3 Interpretation of the effects of porosity and pore size  

Fig. 6.3 shows the variations of the pre-exponential constant, 𝑎, and the exponent, 𝑏, in Eq. 

6.2 as a function of the geometric surface area of the LCS porous Ni samples. The values of 𝑎 

and 𝑏 were obtained from Fig. 6.2 and the values of the geometric surface area are shown 

in Chapter 5. It is clearly shown that the pre-exponential constant 𝑎 and the exponent 𝑏 are 

strongly correlated with the geometric surface area. The higher the volumetric geometric 

surface area, the lower the pre-exponential constant 𝑎 and the exponent 𝑏.  

The effect of geometric surface area on the constant 𝑎 may arise from its effect on the 

spatial distribution of the electrolyte in the porous channels. For a fixed porosity, different 

geometric surface areas lead to different thicknesses of electrolyte in the porous channel. A 

higher volumetric geometric surface area means a thinner electrolyte near the surface of 

the metal matrix, i.e., the electrolyte being spread more thinly against the surface. If the 

depth of the electrolyte becomes comparable to or even thinner than the Nernst diffusion 

layer (Diao et al., 2015), it can cause exhaustion of the reactive species. This may effectively 

lead to a reduced bulk concentration of the reactive species, which in turn can result in a 

reduced pre-exponential constant.  

Geometric surface area is probably not a direct causative parameter for the exponent b. The 

exponent is an indicator of flow turbulence (Recio et al., 2013) which is more likely affected 

by the tortuosity of the porous structure. Tortuosity of a porous medium characterizes the 

convoluted pathways, or channels, formed by pores through the porous medium. It is 

defined as the ratio of the average length of pathways between two points to the straight-

line distance between the points in the porous medium. Lower porosities and large pores in 

LCS porous metals generally result in high tortuosity values (Diao et al., 2017). At the same 
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time, Lower porosities and large pores lead to lower volumetric geometric surface areas. A 

low volumetric geometric surface area is therefore associated with a high tortuosity and 

high turbulence, resulting in a high exponent value. 

Fig. 6.3 also shows that the effects of porosity and pore size on the constants are different, 

although both affect the volumetric geometric surface area. The pre-exponential constant 𝑎 

increases significantly with pore size but does not change much with porosity for any given 

pore size. The effect of pore size can be explained by the relative magnitudes of the 

electrolyte reservoir and the diffusion layer. On the one hand, smaller pores contain smaller 

pockets of electrolyte and thus thinner electrolyte. On the other hand, smaller pores have 

greater surface curvatures and consequently thicker diffusion layers. The higher ratios 

between diffusion layer and electrolyte depth can lead to more severe exhaustion of 

reactive species and thus a reduced pre-exponential constant. The exponent b generally 

decreases significantly with porosity, but does not change as much with pore size for any 

given porosity. Although the porous Ni samples with the smallest pore size (250 – 425 µm) 

show lower exponent values, the samples with the other pore sizes have similar exponent 

values. These results indicate that the spatial distribution of the electrolyte is mainly 

influenced by pore size while the flow turbulence is mainly dependent on porosity.  
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Fig. 6. 3 Variations of (a) pre-exponential constant a and (b) exponent b with volumetric 

geometric surface area 
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6.4 Comparison with solid Ni electrode 

Fig. 6.2 shows that nearly all the LCS porous Ni samples have higher mass transfer 

coefficients (up to 7 times) than the solid Ni plate at the same electrolyte flow velocities. 

This is very likely because the LCS porous structure promotes a highly turbulent flow, which 

is well known to lead to a high mass transfer coefficient (Szánto et al., 1996). The exception 

is the samples with the smallest pores of 250 – 425 µm at low electrolyte velocities, which 

have mass transfer coefficients similar to those of the Ni plate at the same velocity (Fig. 

6.2a). This is because the flow within the LCS porous Ni samples with small pores may 

remain laminar at low flow velocities, as in the case of the flow on the surface of a Ni plate. 

The mass transfer performance of porous electrodes depends not only on the mass transfer 

coefficient but also on the internal surface area. The mass transfer performance is described 

by the product of the mass transfer coefficient and the real surface area (𝑘𝐴). The volumes 

of the porous Ni samples and Ni plate used in this study are almost identical, about 0.14 cm3. 

The porous Ni samples have a geometric surface area in the range of 2.83—13.56 cm2 and a 

real surface area in the range of 45 – 135 cm2, which are about 1 – 5 times and 16 – 50 

times of the geometric/real surface area of the solid Ni plate (2.8 cm2). Given that the 

porous Ni samples have a mass transfer coefficient 1 – 7 times of that of the solid Ni plate at 

the same electrolyte flow velocities, the mass transfer performance (kA) of the LCS porous 

Ni can be up to 300 times better than the solid Ni plate.  

The limiting current can also be used as a direct indicator of the mass transfer performance, 

provided the electrodes to be compared are measured under the same conditions with the 

same electrolyte concentrations. The maximum limiting current of the porous Ni samples 

was 0.0131 A, which is about 30 times of the limiting current of the Ni plate measured at the 
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same electrolyte velocity (0.0046 A). However, the concentration of Ferricyanide used in the 

measurements for the Ni plate was 10 times higher than that used in the measurements for 

the porous Ni samples. Therefore, the mass transfer performance of the porous Ni is 

therefore up to 300 times better than the solid Ni plate, the same conclusion as reached by 

comparing the mass transfer performance in terms of 𝑘𝐴.  

The value of pre-exponential constant 𝑎 for the solid Ni working electrode is 0.00078, which 

is higher than the 𝑎 values of the LCS porous Ni samples with the smallest pore size (250 – 

425 µm) but lower than those of the porous samples with larger pore sizes (Fig. 6.3 a). The 

value of exponent 𝑏 for the solid Ni working electrode is 0.37, which is similar to the value 

reported in the literature for a fully developed laminar flow (≈ 0.33) (Szánto et al., 1996). 

This indicates that, in the range of flow velocity studied in this work (1 to 12 cm/s), the 

electrolyte flow on the surface of the Ni plate remains laminar. The values of 𝑏 for the 

porous Ni electrodes, however, are much higher, ranging from 0.57 to 1.03 (Fig. 6.3 b). The 

flow within the LCS porous structure can change to turbulence flow, due to the highly 

tortuous nature of the pore channels.  

Fig. 6.4 replots the constant 𝑏 values against the porosity values of the LCS porous Ni 

samples. It is interesting to note that the trend lines for the samples with pore sizes of 250 – 

425 µm, 425 – 710 µm and 710 – 1000 µm approach 0.37 at a porosity of 1, i.e., the 𝑏 value 

of the Ni plate, which can be seen as a “porous sample” with a porosity of 1. The data points 

for the samples with a pore size of 1000 – 1500 µm do not show a clear trend, because the 

pore size is about one sixth of the diameter of the sample and the random arrangement of 

pores can result in significant experimental variability.  
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Fig. 6.4 shows that the constant 𝑏 decreases with porosity but increases with pore size. As a 

general trend, the enhancement of the mass transfer coefficient therefore decreases with 

porosity but increases with pore size (Fig. 6.1 and Fig. 6.2). As discussed previously in 

Section 6.3, this is because tortuosity of the porous samples generally increases with 

decreasing porosity and increasing pore size and a high tortuosity in turn increases flow 

turbulence (Diao et al., 2017). 

 

Fig. 6. 4 Variation of exponent b with porosity at different pore sizes 
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6.5 Comparison with other Ni electrodes  

Mass transfer to a porous electrode can be characterized by three dimensionless 

parameters, namely the Sherwood (𝑆ℎ), Reynolds (𝑅𝑒) and Schmidt (𝑆𝑐) numbers: 

 
𝑆ℎ =

𝑘𝑑𝑒

𝐷
 

6.3 

 
𝑅𝑒 =

𝑣𝑑𝑒

𝜐
 

6.4 

 𝑆𝑐 =
𝜐

𝐷
 6.5 

where 𝑘 is the mass transfer coefficient, 𝑑𝑒 is the diameter of the flow channel, 𝐷 is the 

diffusion coefficient of electroactive species, 𝜐 is the kinematic viscosity of the electrolyte, 

and 𝜈 is the superficial or Darcian flow velocity of the electrolyte, which is simply the flow 

rate divided by the cross sectional area of the sample or the flow channel. In this work, the 

diameter of the flow channel 𝑑𝑒 = 0.6 cm, the diffusion coefficient of ferricyanide ion 𝐷 = 

6 × 10−6 cm2s-1 and the kinematic viscosity of the electrolyte 𝜐=9.56 × 10−3 cm2s-1 (Recio 

et al., 2013). It should be noted that in calculating the Sherwood number (Eq. 6.3) for the 

LCS porous Ni samples, the geometric surface area was used for calculating the mass 

transfer coefficient, 𝑘, instead of the real surface area as in Eq. 6.2. This is to facilitate 

comparison with other electrode materials, because geometric surface area was often used 

to characterize the mass transfer performance of different types of electrodes in the 

literature.  

Fig. 6.5a shows the correlations between Sherwood and Reynolds numbers for the LCS 

porous Ni samples. The Sherwood number increases exponentially with the Reynolds 

number in the range of 60 – 415. The sample with a low porosity of 0.55 and a large pore 

size of 1000 – 1500 µm shows the highest Sherwood number (5770 – 40429), while the 
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sample with a high porosity of 0.75 and a small pore size of 250 – 425 µm shows the lowest 

Sherwood number (315 – 942). Fig. 6.5b compares the LCS porous Ni electrode with a 

number of other Ni electrodes and shows that the LCS porous Ni has superior performance 

in terms of the Sherwood number in a modest range of Reynolds number. 

The relationship among the dimensionless parameters at a constant temperature can be 

expressed as (Taama et al., 1996, Brown et al., 1992, Brown et al., 1993, Griffiths et al., 

2005a, Kinoshita and Leach, 1982) : 

 𝑆ℎ = 𝛼𝑅𝑒𝛽𝑆𝑐0.33 6.6 

where 𝛼 is a constant associated with the geometry and surface area of the electrode and 𝛽 

is a constant dependent on the hydrodynamic regime. Constant 𝛽 is the same as the 

constant 𝑏 in Eq. 6.2. Constant 𝛼 is different from but related to the pre-exponential 

constant 𝑎 in Eq. 6.2. 

Table 6.1 shows the values of 𝛼 and 𝛽 for the LCS porous Ni samples, obtained by fitting the 

experimental data to equation 6.6. Constant 𝛼 generally increases with pore size except for 

two samples. The two exceptions are likely due to the experimental errors or variability. The 

effect of porosity on constant 𝛼 shows no clear trend. Constant 𝛽 increases with increasing 

pore size but decreases with increasing porosity.  

Table 6.2 shows the values of 𝛼 and 𝛽 for the LCS porous Ni samples in comparison with 

various Ni electrodes taken from the literature. The values of constant 𝛼 of the LCS porous 

Ni samples are about 100 – 350 times higher than that of the Ni plate (Brown et al., 1993) 

and about 3 – 8 times higher than those of the Ni foams with a high porosity of 0.97 (Cognet 

et al., 1995). This is because the LCS porous Ni has a large effective (real) surface area, which 
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is about one to two orders of magnitude higher than its geometric surface area. For the 

nanostructured Ni electrode which was reported with a high effective surface area (Recio et 

al., 2013), the values of constant 𝛼 are comparable to that of the LCS porous Ni samples  

The values of constant  of the LCS porous Ni samples are similar to that of the Ni plate 

under turbulent flow but higher than that of the Ni plate under laminar flow (Szánto et al., 

1996). They are considerably higher than those of the Ni foams (Cognet et al., 1995) and the 

nanostructured Ni (Recio et al., 2013). 

Table. 6. 1 Constants α and β for the porous Ni samples 

               Porosity 
 

 
Pore size (µm) 

α β 

0.55 0.60 0.65 0.70 0.75 0.55 0.60 0.65 0.70 0.75 

250 – 425 45.53 40.2 29.28 27.2 30.35 0.84 0.74 0.73 0.67 0.57 

425 – 710 48.69 27.31 33.22 44.1 27.17 0.95 0.98 0.86 0.77 0.75 

710 – 1000 51.24 - 56.18 61.94 42.94 0.96 - 0.91 0.84 0.81 

1000 – 1500 82.63 - 73.85 44.38 47.17 1.03 - 0.99 1.01 0.78 

 

Table. 6. 2 Constants α and β for various electrodes (TP stands for turbulence promoter) 

                      Electrode 𝑹𝒆 α β 

LCS  
porous Ni 

Porosity: 0.55 – 0.75 & 
Pore size:1000 – 1500 µm 

60 – 415 27.17 – 82.63 0.57 – 1.03 

Ni plate 
(Brown et 
al., 1993, 
Szánto et 
al., 1996) 

No TP 
200 – 1000 

0.22 0.71 

With TP 0.74 0.62 

Laminar flow <2300 2.54 0.33 

Turbulent flow >2300 0.023 0.8 

Ni foam 
(Cognet et 
al., 1995) 

MN020 

30 – 250 

10.8 0.28 

MN060 7.1 0.36 

MN100 10.5 0.42 

Nano Ni 
(Recio et 
al., 2013) 

Without a TP 
250 – 1000 

28.4 0.23 

With a TP 86.2 0.14 
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Fig. 6. 5 Correlations between Sherwood and Reynolds numbers for (a) LCS porous Ni 

samples and (b) various Ni electrodes. For each pore size range in (a), the lines correspond 

to porosities of 0.55, 0.60, 0.70 and 0.75 (from top to bottom). The legends in (b) designate 

solid Ni plate in the absence and presence of a TB (Brown et al., 1993), nanostructured Ni in 

the absence and presence of a TB (Recio et al., 2013), Ni foam MN020, MN060 and MN100 

(Cognet et al., 1995). 
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6.6 Summary  

The mass transfer coefficient of the LCS porous nickel samples with a porosity of 0.55-0.75 

and a pore size of 250-1500 µm was measured at an electrolyte flow velocity range from 1 

to 12 cm/s. The mass transfer coefficient of the LCS porous nickel is in the range 0.0007-

0.014 cm/s. It increases with pore size and decreases with porosity. At low flow velocities, 

the mass transfer coefficient is similar to that of the nickel plate. At high flow velocities, it 

can be up to 7 times larger than that of the nickel plate due to turbulence. The overall mass 

transfer performance (kA) of the LCS porous nickel samples is up to 300 times better than 

the nickel plate. The LCS porous nickel has a higher Sherwood number than many other 

nickel electrodes in the modest range of Reynolds number, due to its high real surface area 

and its tortuous porous structure, which promotes turbulent flow. 
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CHAPTER 7 MEASUREMENT of FERRICYANIDE 

CONCENTRATION 

Porous metals manufactured by the LCS process are expected to be good materials for 

electrochemical sensors due to their high specific surface areas and excellent mass transfer 

property. In general, the specific surface area increases with increasing porosity and 

decreasing pore size, while the mass transfer performance decreases with increasing 

porosity and decreasing pore size. In order to balance the surface area and mass transfer 

property, a porous Ni sample with a medium pore size of 425 – 710 µm and a medium 

porosity of 0.7 was used as the working electrode to measure the concentration of 

ferricyanide. The porous Ni sample has a volumetric geometric surface area of about 13 cm-1. 

Two electrochemical sensors with the same LCS porous Ni working electrode, one is a 

conventional three-electrode electrochemical sensor and another one is a newly-developed 

limiting current sensor, were used to measure the concentration of ferricyanide. The 

detection performances of these two electrochemical sensors were compared. 

7.1 Three-electrode sensor 

Fig. 7.1 shows typical current-potential plots of the porous Ni sample in various 

concentrations of ferricyanide using the three-electrode sensor. When the concentration of 

ferricyanide is zero (black line), there is no anodic peak current. As the concentration 

increases to 0.1 mM, the anodic peak current occurs at a potential of about 0.22 V. The lines 

with different colours indicate different concentrations. It is obvious that the anodic peak 

current increases with increasing ferricyanide concentration. According to the Randles–
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Sevcik equation (Eq 3.10), the peak current is proportional to the concentration of 

ferricyanide.  

 

Fig. 7. 1 Typical current-potential plots of a porous Ni sample in various concentrations of 

ferricyanide using the three-electrode sensor 

Fig. 7.2 shows the linear relations between the anodic peak current and the ferricyanide 

concentration at different scan rates. The solutions with ferricyanide concentrations of 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 mM were prepared for 

measurement. Higher concentrations, i.e., higher than 10 mM, were not measured because 

they can be easily measured even by Ni plates. The relations at low concentrations, i.e., 

lower than 1 mM, are shown as an extended graph at the top-right corner. It is obvious that 

the same linear relations exist at all concentrations, indicating that the LCS porous Ni sample 

is applicable to measure the ferricyanide concentration at a wide range of concentration 

from 0.1 to 10 mM using the three-electrode sensor.   
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For an electrochemical sensor, the sensitivity and limit of detection (LOD) are two most 

important parameters. The sensitively of the three-electrode sensor is expressed by the 

change in the anodic peak current over the change in the ferricyanide concentration and the 

LOD is determined as the concentration when the signal/noise=3, i.e., 

 
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑎𝑛𝑜𝑑𝑖𝑐 𝑝𝑒𝑎𝑘 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 

7.1 

 
𝐿𝑂𝐷 =

3 𝜎 

𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
 

7.2 

where σ is the standard deviation of the linear regression of the peak current vs 

concentration curve.  

In Fig. 7.2a, the trend line between the anodic peak current (y-axis) and the concentration 

(x-axis) is expressed as 𝑦 = 0.331𝑥 + 0.11. According to Eq. 7.1, the sensitivity should be 

equal to the value of the slope which is 0.331 mA/mM. The value of the intercept is 0.11, 

which is an indicator of the background current. The correlation coefficient, 𝑅2, is 0.99957, 

indicating that the trend line fits the data very well. Comparing Fig. 7.2 (a) – (d) shows that 

the sensitivity increases with increasing scan rate. The sensitivities at scan rates of 0.005, 

0.01, 0.05 and 0.1 V/s are 0.33, 0.50, 1.12 and 1.50 mA/mM, respectively. This can be 

explained by two reasons. First, according to the Randles–Sevcik equation (Eq 3.10), the 

anodic peak current generated from a solution at a fixed concentration increases with 

increasing scan rate. Second, the effective surface area of the porous Ni sample, also known 

as electroactive surface area, increases with increasing scan rate (as explained in Chapter 5), 

resulting in a higher anodic peak current. A higher anodic peak current results in a higher 

sensitivity. Although a higher scan rate provides a higher current and sensitivity, scan rates 
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higher than 0.1 V/s are normally not used for detection because the effect of the resistance 

of the solution will be more serious at higher scan rates.  

The standard deviations of the linear regressions are 0.0227, 0.0532, 0.202 and 0.290 mA at 

scan rates of 0.005, 0.01, 0.05 and 0.1 V/s, respectively. Therefore, the LODs of the three-

electrode sensor are about 0.21 × 10−4, 0.32 × 10−4, 0.54 × 10−4 and 0.58 × 10−4 M at 

scan rates of 0.005, 0.01, 0.05 and 0.1 V/s, respectively. It is clear that the LOD increases 

with increasing scan rate. This is because of the effect of increasing measurement noise. A 

larger noise can result in a higher LOD.  

 

Fig. 7. 2 Relations between anodic peak current and ferricyanide concentration at different 

scan rates: (a) 0.005 V/s, (b) 0.01 V/s, (c) 0.05 V/s and (d) 0.1 V/s (to be continued) 
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Fig. 7.2 (continued) Relations between anodic peak current and ferricyanide concentration 

at different scan rates: (a) 0.005 V/s, (b) 0.01 V/s, (c) 0.05 V/s and (d) 0.1 V/s (to be 

continued). 
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Fig. 7.2 (continued) Relations between anodic peak current and ferricyanide concentration 

at different scan rates: (a) 0.005 V/s, (b) 0.01 V/s, (c) 0.05 V/s and (d) 0.1 V/s. 

7.2 Limiting current sensor 

Fig. 7.3 shows typical current-potential plots of the porous Ni sample in various 

concentrations of ferricyanide using the limiting current sensor. When the concentration of 

ferricyanide is zero (black line), the limiting current is nearly zero. As the concentration of 

ferricyanide increases to 0.005 mM, the limiting current becomes distinguishable from the 

limiting current obtained without ferricyanide. The lines with different colours indicate 

different concentrations. It is obvious that the limiting current increases with increasing 

ferricyanide concentration. According to Eq. 3.15, the limiting current is proportional to the 

concentration of ferricyanide. The determinations of the sensitivity and LOD are similar as 

those used in the cyclic voltammetry measurement. The sensitivity of the limiting current 
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sensor is expressed by the change in the limiting current over the change in the ferricyanide 

concentration, 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 

7.3 

and the LOD is determined by Eq. 7.2. 

Fig. 7.4 shows the linear relations between the limiting current and the ferricyanide 

concentration at different electrolyte flow rates. The solutions with ferricyanide 

concentrations of 0.005, 0.006, 0.007, 0.008, 0.009, 0.01, 0.02, 0.03, 0.04 , 0.05, 0.06, 0.07, 

0.08, 0.09, 0.1, 0.2, 0.3, 0.4, 0.5 mM were prepared for measurement. The relations at low 

concentrations, i.e., lower than 0.01 mM, are shown as an extended graph at the top-right 

corner. It is obvious that the same linear relations exist at all concentrations, indicating that 

the LCS porous Ni sample is applicable to measure the ferricyanide concentration at a wide 

range of concentration from 0.005 to 0.5 mM using the limiting current sensor. 

In Fig. 7.4a, the trend line between the anodic peak current (y-axis) and the concentration 

(x-axis) is expressed as 𝑦 = 7.47𝑥 − 0.008. According to Eq. 7.1, the sensitivity is equal to 

the value of the slope which is 7.47 mA/mM. The value of the intercept is 0.008, which is an 

indicator of the background current. The correlation coefficient, 𝑅2, is 0.99957, indicating 

that the trend line fits the data very well. The sensitivities of the limiting current sensor at 

flow rates of 16.8, 42 and 84 mL/min are 7.47, 13.35 and 20.24 mA/mM, respectively. The 

sensitivity increases with increasing flow rate because of two reasons. First, the limiting 

current increases with increasing electrolyte flow rate, resulting in a higher sensitivity. 

Second, a higher electrolyte flow rate can result in a more turbulent flow (Diao et al., 2017), 

which further increases the limiting current and thus sensitivity. Although a higher flow rate 
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provides a higher limiting current and sensitivity, care should be taken in using high flow 

rates. Firstly, high flow rates can result in high pressure within the porous samples, which 

may damage the porous structures. Secondly, high flow rates require large pumping energy, 

increasing the cost of the measurement.  

The standard deviations of the linear regressions are 0.0218, 0.0363 and 0.0361 mA at flow 

rates of 16.8, 42 and 84 mL/min, respectively. Therefore, the LODs using the linear 

voltammetry technique are 8.7 × 10−6, 8.15 × 10−6 and 5.35 × 10−6 M, respectively. It is 

clear that the LOD decreases with increasing flow rate. As discussed before, a higher flow 

rate results in a higher sensitivity. According to Eq. 7.2, the LOD decreases with increasing 

sensitivity.  

 

Fig. 7.3 Typical current-potential plots of the porous Ni sample in various concentrations of 

ferricyanide using the limiting current sensor 
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Fig. 7.4 Relations between limiting current and ferricyanide concentration at different 

electrolyte flow rates of: (a) 16.8 mL/min, (b) 42 mL/min and (c) 84 mL/min.(to be continued) 
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Fig. 7.4 (continued) Relations between limiting current and ferricyanide concentration at 

different electrolyte flow rates of: (a) 16.8 mL/min, (b) 42 mL/min and (c) 84 mL/min. 

7.3 Comparison of three-electrode sensor and limiting current sensor 

Table 7.1 shows the performances of the LCS porous Ni sample in the measurement of the 

concentration of ferricyanide using the two electrochemical sensors. The three-electrode 

sensor shows LODs of 0.21 × 10−4 , 0.32 × 10−4 , 0.54 × 10−4  and 0.58 × 10−4  M and 

sensitivities of 0.33, 0.50, 1.12 and 1.5 mA/mM at different scan rates of 0.005, 0.01, 0.05, 

and 0.1 V/s, respectively. The sensitivity and LOD increase with increasing scan rate and the 

reasons have been discussed in section 7.1. The limiting current sensor shows LODs of 

8.7 × 10−6 , 8.15 × 10−6  and 5.35 × 10−6  M and sensitivities of 7.47, 13.35 and 20.24 

mA/mM at flow rates of 16.8, 42 and 84 mL/min, respectively. The LOD of the limiting 

current sensor is as low as one tenth of the three-electrode sensor and the sensitivity of the 

limiting current sensor is up to 60 times higher than the three-electrode sensor.   
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The enhanced performance of the limiting current sensor can be attributed to the forced 

fluid flow within the porous samples. For the three-electrode electrochemical sensor, the 

anodic peak current is used to express the ferricyanide concentration. The anodic peak 

current depends on the mass transfer rate of ferricyanide.  A higher mass transfer rate can 

contribute to a higher anodic peak current. As the three-electrode sensor measures the 

ferricyanide concentration in a static condition, the mass transfer process mainly includes 

diffusion of ferricyanide. For the limiting current sensor, the limiting current is used to 

express the ferricyanide concentration. The limiting current also depends on the mass 

transfer rate of ferricyanide. As the limiting current sensor measures the ferricyanide 

concentration in a dynamic condition, the mass transfer process includes not only diffusion 

but also convection, resulting in much higher limiting currents and thus higher sensitivities 

and lower LODs. 
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Table. 7. 1 Comparison of ferricyanide detection performance between the three-electrode 

sensor and limiting current sensor 

Technique                                     LOD (M) Sensitivity (mA/mM) 

Three-electrode 

sensor 

Scan rate 

(V/s) 

0.005 0.21 × 10−4 0.33 

0.01 0.32 × 10−4 0.50 

0.05 0.54 × 10−4 1.12 

0.1 0.58 × 10−4 1.50 

Limiting current 

senor 

Flow rate 

(mL/min) 

16.8 8.7 × 10−6 7.47 

42 8.15 × 10−6 13.35 

84 5.35 × 10−6 20.24 

 

7.4 Comparison with other sensor materials 

Table 7.2 shows the ferricyanide detection performance of various materials, including the 

LCS porous Ni, glassy carbon electrode and carbon paste electrode. For the LCS porous Ni, 

two electrochemical sensors  were used to detect the concentration of ferricyanide. While 

only three-electrode sensor was used for other materials. For the three-electrode sensor 

with the LCS porous Ni working electrode, the LOD and sensitivity are in the ranges of 

0.21 × 10−4 −  0.58 × 10−4  M and 0.33 − 1.50 mA/mM, respectively. For the limiting 

current sensor with the LCS porous Ni working electrode, the LOD and sensitivity are in the 

ranges of 5.35 × 10−6 − 8.7 × 10−6 M and 7.47 − 20.24 mA/mM, respectively. 
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Perenlei et al. (2011) used a glassy carbon electrode with modified surface to measure the 

concentration of ferricyanide using the three-electrode sensor. The modified glassy carbon 

electrode has a LOD of 4.86 × 10−5 − 1.1 × 10−6 M and a sensitivity of 0.0776 mA/mM. 

The LOD has a large range, with its upper limit and lower limit in the same order of 

magnitude as those of the LCS porous Ni in three-electrode sensor and limiting current 

sensor, receptivity. The sensitivity of the modified glassy carbon electrode is one order of 

magnitude smaller than that of the LCS porous Ni using the three-electrode sensor  and two 

orders of magnitude smaller than that of the LCS porous Ni using limiting current sensor. 

Niranjana et al. (2009) and (Pandurangachar et al., 2010) used modified carbon paste 

electrodes to measure the concentration of ferricyanide using the three-electrode sneor.  

The LODs of the carbon paste electrodes are about 10-4 M, which is similar to that of the LCS 

porous Ni using the three-electrode sensor. The sensitivities of the carbon paste electrodes 

are one order of magnitude smaller than that of the LCS porous Ni using the three-electrode 

sensor. 

The excellent detection performance of the LCS porous Ni can be attributed to its high 

specific surface area and tortuous porous structure. For the three-electrode sensor, the high 

specific surface area provides more reaction sites for the oxidation of ferricyanide, resulting 

in a high peak current and thus higher sensitivity. For the limiting current sensor, the 

tortuous structure leads to a high turbulence flow within porous sample, increasing the 

limiting current and improving the sensitivity. The limiting current sensor is expected to be 

suitable for many other sensor materials. 



157 
 

Table. 7. 2 Ferricyanide detection performance of various materials 

Material LOD (M) 
Sensitivity 

(mA/mM) 

LCS Ni1 (This work) 5.35 × 10−6 –  8.7 × 10−6 7.47 – 20.24 

LCS Ni2 (This work) 0.21 × 10−4 –  0.58 × 10−4 0.33 – 1.50 

Glassy Carbon Electrode2 
(Perenlei et al., 2011) 

4.86 × 10−5 –  1.1 × 10−6 0.0776 

Carbon Paste Electrode2 
(CV)(Niranjana et al., 2009) 

10-4 0.0233  

Carbon Paste Electrode2 
(Pandurangachar et al., 2010) 

10-4 0.012  

1means the limiting current sensor and 2 means the three-electrode sensor 
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

8.1.1 Surface area of LCS porous Cu 

The geometric surface area of porous Cu is the surface area of the primary pores only. The 

volumetric and gravimetric specific geometric surface areas of the porous Cu samples with 

porosities in the range of 0.5 – 0.8 and pore sizes in the range of 250 – 500 µm measured by 

the quantitative stereology method are in the ranges of 20 – 100 cm-1 and 5 – 50 cm2/g, 

respectively. Both volumetric and gravimetric specific geometric surface areas increase with 

porosity but decrease with increasing pore size.  

The electroactive surface area of porous Cu includes the contributions from the primary 

pores and some of the interstices between the Cu particles. The volumetric specific 

electroactive surface area of the porous Cu samples was measured by the cyclic 

voltammetry peak current method using two different reactions. The electroactive surface 

area depends on the reaction being considered and the diffusion layer thickness associated 

with the reaction. A thinner diffusion layer results in a higher electroactive surface area. By 

decreasing the diffusion layer from 50 µm to 1 µm, the electroactive surface area is nearly 

doubled. The particle size of the Cu powder used to manufacture the LCS porous Cu has a 

modest effect on the electroactive surface area, with the medium particle sizes, 20 – 45 µm 

or 45 – 75 µm, showing the highest electroactive surface areas. Increasing sintering 

temperature from 850˚C to 950˚C and using chemical etching can reduce the electroactive 

surface area of the LCS porous Cu samples up to 70% and 30%, respectively.  
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The real surface area includes the surface areas of the primary pores, interstices between 

the Cu particles and even the surface features on the Cu particles at a small length scale. 

The volumetric real surface area of the porous Cu samples was measured by the cyclic 

voltammetry double layer capacitance method. Like the volumetric electroactive surface 

area, the volumetric real surface area varies with Cu particle size. The porous Cu samples 

manufactured using the medium particle sizes 20 – 45 µm and 45 – 75 µm show the highest 

volumetric specific real surface areas. Increasing sintering temperature from 850˚C to 950˚C 

and using chemical etching can reduce the real surface area about 50% and 11%, 

respectively. 

8.1.2 Surface area of LCS porous Ni 

The volumetric and gravimetric specific geometric surface areas of the LCS porous Ni 

samples with porosities in the ranges of 0.5 – 0.85 and pore sizes in the range of 250 – 1500 

µm are in the ranges of 20 – 100 cm-1 and 5 – 60 cm2/g, respectively. Like the geometric 

surface areas of the LCS porous Cu, the volumetric and gravimetric specific geometric 

surface areas increase with porosity but decrease with pore size. The Ni particle size and the 

matrix material have little effect on the geometric surface areas.  

The volumetric specific electroactive surface area of the LCS porous Ni samples measured at 

scan rates of 0.005, 0.01 and 0.05 V/s are in the ranges of 30 – 60 cm-1, 40 – 80 cm-1 and 50 

– 120 cm-1, respectively. The electroactive surface area increases with increasing scan rate 

or decreasing diffusion layer thickness. The electroactive surface area was further found to 

be dependent on the ratio between the diffusion layer thickness and the pore size. When 

the diffusion layer thickness is much smaller than the pore size, the electroactive surface 

area is much larger than the geometric surface area. When the diffusion layer thickness is 



160 
 

comparable to the pore size, the electroactive surface area becomes similar to or even 

smaller than the geometric surface area because of large surface curvature. The samples 

manufactured using the Ni powder of 25 µm particles show the highest electroactive 

surface area.  

The volumetric specific real surface area of the LCS porous Ni is in the range of 200 – 1600 

cm-1. It decreases with increasing porosity and pore size. The LCS porous Ni samples 

manufactured using 25 µm Ni particles show the highest real surface areas. 

8.1.3 Mass transfer coefficient of LCS porous Ni 

The mass transfer coefficient of the LCS porous Ni samples with porosities of 0.55 – 0.75 and 

pore sizes of 250 – 1500 µm was measured at electrolyte flow velocities of 1 – 12 cm/s. The 

mass transfer coefficient of the LCS porous Ni samples is in the range of 0.0007 – 0.0014 

cm/s. It increases with pore size but decreases with porosity. At low flow velocities, the 

mass transfer coefficient is similar to that of the Ni plate. At high flow velocities, it can be up 

to 7 times larger than that of the Ni plate due to turbulence. As the real surface area of the 

LCS porous Ni is about 50 times larger than that of the Ni plate, the overall mass transfer 

performance, determined either by the product of mass transfer coefficient and real surface 

area(𝑘𝐴) or the limiting current of the LCS porous Ni samples, is up to 300 times better than 

the Ni plate. This work has also compared the mass transfer properties of various materials 

and found that the LCS porous Ni has higher Sherwood numbers than many other Ni 

electrodes in the modest range of Reynolds number, due to its high real surface area and its 

tortuous porous structure, which promotes turbulent flow.  
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8.1.4 Ferricyanide detection 

A LCS porous Ni sample with a porosity of 0.7 and pore size of 425 – 710 µm has been used 

to measure the concentration of ferricyanide using two electrochemical sensors. The three-

electrode electrochemical sensor shows a limit of detection of 0.21 × 10−4 −  0.58 × 10−4 

M and a sensitivity of 0.33 – 1.50 mM/mA. The limit of detection increases with increasing 

scan rate because the measurement noise increases, and the sensitivity increases with 

increasing scan rate because the peak current increases with scan rate. The limiting current 

sensor shows a much lower limit of detection of 5.35 × 10−6 −  8.7 × 10−6 M and a much 

higher sensitivity of 7.47 – 20.24 mM/mA. The limit of detection decreases with increasing 

electrolyte flow rate, and the sensitivity in the linear voltammetry measurement increases 

with increasing electrolyte flow rate because a higher electrolyte flow rate contributes to a 

higher limiting current. The enhanced performance of the limiting current sensor compared 

with the three-electrode sensor is mainly due to the turbulent fluid flow through the porous 

matrix. It is worth mentioning that this is the first time to develop the limiting current 

sensor. This technique has shown much improved performance compared with the cyclic 

voltammetry peak current technique. Also, this work has proved that the LCS porous Ni has 

potentials in electrochemical detection.  

8.2 Future work 

8.21 Surface area measurements 

The porous Cu and Ni manufactured by the LCS process have been proved to be good 

electrode materials in electrochemical detection due to their high specific surface areas and 

excellent mass transfer performance. Other porous metals, e.g., Fe, Al, Ti may also have 

potentials in some electrochemical applications. Therefore, surface area measurements are 
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required for these porous metals. Their surface areas can also be measured by the same 

methods. 

The effects of sintering temperature, particle size, and chemical etching on the surface areas 

of porous metals have been studied. The other process parameters, e.g. compaction 

pressure and potassium carbonate shape, in the LCS manufacturing process may also have 

significant effects on the surface areas. Future work is required to study the effects of 

compaction pressure and potassium carbonate shape on the surface areas of the LCS porous 

metals. 

Porous metals manufactured by different processes have different structures and therefore 

different surface areas. It is therefore important to study the effect of manufacturing 

process, e.g. loose sintering, selective laser melting or electrodeposition, on the surface 

areas of porous metals. Future work can be carried out to compare the surface areas of the 

porous metals manufactured by these processes. 

8.2.2 Mass transfer characterization 

The mass transfer coefficient of porous Ni manufactured by the LCS process has been 

studied by the limiting current technique. The effects of porosity and pore size have also 

been studied. However, other factors, e.g., particle size, sintering temperature and pore 

shape, can also affect the porous structures and further change the mass transfer property. 

Therefore, the effects of these factors need to be studied.  

The mass transfer coefficient of porous Cu cannot be measured by the limiting current 

technique using the same electrolyte. To study the mass transfer performance of porous Cu, 
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a methanol reformation cell is needed to measure the conversional percentage of methanol 

needs to be measured.  

Porous metals manufactured by different processes have different porous structures and 

are expected to have different mass transfer coefficients. Future work can be carried out to 

compare the mass transfer performance of porous metals manufactured by LCS, loose 

sintering, selective laser melting and electrodeposition processes. 

8.2.3 Electrochemical sensor applications 

Porous Ni manufactured by the LCS process has shown outstanding performance in 

measuring the concentrations of ferricyanide due to its high surface area and excellent mass 

transfer property. The LCS porous Ni is expected to have great potential in detecting other 

ions and molecules. Future work can explore the applicability of the LCS porous metals in 

various ions and molecules detection. 
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APPENDIX 

Tables A-1 – 13 show the raw data used in Chapter 4, including the geometric, 

electroactive and real surface areas for porous Cu samples manufactured using Cu 

powders with different particle sizes and processed by different treatments.  

Table. A-1 Geometric surface areas of the LCS porous Cu 

Pore size (µm) Porosity AVG (cm-1) AMG (cm2/g) 

250 – 425 

0.56 64 16.18 

0.59 72 19.92 

0.64 80 25.21 

0.68 84 29.36 

0.72 92 36.80 

0.77 100 48.31 

425 – 710 

0.56 44 11.15 

0.60 48 13.52 

0.63 52 15.62 

0.67 56 19.22 

0.72 60 24.23 

0.78 64 32.15 

710 – 1000 

0.57 32 8.27 

0.62 32 9.43 

0.64 36 11.18 

0.67 38 13.04 

0.72 40 16.15 

0.78 44 22.74 

1000 – 1500 

0.53 20 4.74 

0.63 22 6.72 

0.65 24 7.61 

0.69 24 8.61 

0.74 28 12.06 

0.76 32 15.17 
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Table. A-2 Electroactive surface area measured by peak 1 for the LCS porous Cu 

manufactured by 850 ˚C sintering 

Particle size (µm) Nominal Porosity AVE_p1 (cm-1) 

<20 

0.50 629.64 

0.55 534.44 

0.60 636.71 

0.65 795.10 

0.70 579.06 

0.75 601.33 

20 – 45 

0.50 783.48 

0.55 741.62 

0.60 807.36 

0.65 787.17 

0.70 790.52 

0.75 834.98 

45 – 75 

0.50 741.39 

0.55 841.08 

0.60 686.49 

0.65 771.65 

0.70 743.15 

0.75 717.87 

75 – 90 

0.50 663.71 

0.55 707.05 

0.60 727.10 

0.65 738.72 

0.70 610.27 

0.75 676.93 
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Table. A-3 Electroactive surface area measured by peak 1 for the LCS porous Cu 

manufactured by 850 ˚C sintering and chemical etching 

Particle size (µm) Nominal Porosity AVE_p1 (cm -1) 

<20 

0.50 496.10 

0.55 434.54 

0.60 538.45 

0.65 520.13 

20 – 45 

0.50 621.97 

0.55 631.66 

0.60 605.18 

0.65 624.68 

45 – 75 

0.50 573.61 

0.55 658.98 

0.60 501.77 

0.65 579.06 

75 – 90 

0.50 503.64 

0.55 519.45 

0.60 548.41 

0.65 550.01 
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Table. A-4 Electroactive surface area measured by peak 1 for the LCS porous Cu 

manufactured by 950 ˚C sintering 

Particle size (µm) Nominal Porosity AVE_p1 (cm-1) 

<20 

0.50 256.91 

0.55 219.15 

0.60 281.76 

0.65 257.27 

0.70 212.35 

0.75 253.47 

20 – 45 

0.50 279.41 

0.55 222.27 

0.60 246.02 

0.65 269.90 

0.70 312.79 

0.75 345.15 

45 – 75 

0.50 332.79 

0.55 302.90 

0.60 297.69 

0.65 308.30 

0.70 321.79 

0.75 368.07 

75 – 90 

0.50 262.05 

0.55 203.75 

0.60 261.14 

0.65 257.99 

0.70 281.77 

0.75 284.49 
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Table. A-5 Electroactive surface area measured by peak 1 for the LCS porous Cu 

manufactured by 950 ˚C sintering and chemical etching 

Particle size (µm) Nominal Porosity AVE_p1 (cm-1) 

<20 

0.50 181.91 

0.55 141.57 

0.60 213.04 

0.65 197.37 

20 – 45 

0.50 202.63 

0.55 177.29 

0.60 191.04 

0.65 214.33 

45 – 75 

0.50 222.85 

0.55 225.70 

0.60 206.28 

0.65 229.39 

75 – 90 

0.50 205.39 

0.55 189.19 

0.60 217.16 

0.65 187.87 
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Table. A-6 Electroactive surface area measured by peak 2 for the LCS porous Cu 

manufactured by 850 ˚C sintering 

Particle size (µm) Nominal Porosity AVE_p2 (cm-1) 

<20 

0.50 279.24 

0.55 248.72 

0.60 270.50 

0.65 364.66 

0.70 264.66 

0.75 228.07 

20 – 45 

0.50 317.27 

0.55 276.95 

0.60 295.88 

0.65 304.66 

0.70 323.54 

0.75 370.95 

45 – 75 

0.50 337.68 

0.55 368.62 

0.60 371.27 

0.65 312.93 

0.70 309.71 

0.75 326.32 

75 – 90 

0.50 297.69 

0.55 261.84 

0.60 299.67 

0.65 328.97 

0.70 278.08 

0.75 342.57 
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Table. A-7 Electroactive surface area measured by peak 2 for the LCS porous Cu 

manufactured by 850 ˚C sintering and chemical etching 

Particle size (µm) Nominal Porosity AVE_p2 (cm-1) 

<20 

0.50 240.56 

0.55 207.52 

0.60 247.96 

0.65 250.05 

20 – 45 

0.50 276.85 

0.55 245.89 

0.60 237.54 

0.65 320.84 

45 – 75 

0.50 296.31 

0.55 336.79 

0.60 352.71 

0.65 247.16 

75 – 90 

0.50 275.10 

0.55 287.64 

0.60 272.35 

0.65 286.99 
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Table. A-8 Electroactive surface area measured by peak 2 for the LCS porous Cu 

manufactured by 950 ˚C sintering 

Particle size (µm) Nominal Porosity AVE_p2 (cm-1) 

<20 

0.50 184.98 

0.55 122.89 

0.60 186.12 

0.65 219.05 

0.70 158.40 

0.75 201.41 

20 – 45 

0.50 180.31 

0.55 144.35 

0.60 166.37 

0.65 185.33 

0.70 188.86 

0.75 178.76 

45 – 75 

0.50 218.75 

0.55 190.59 

0.60 189.40 

0.65 201.12 

0.70 214.09 

0.75 251.72 

75 – 90 

0.50 190.76 

0.55 130.42 

0.60 176.39 

0.65 157.74 

0.70 202.80 

0.75 234.76 

 

 

 



182 
 

Table. A-9 Electroactive surface area measured by peak 2 for the LCS porous Cu 

manufactured by 950 ˚C sintering and chemical etching 

Particle size (µm) Nominal Porosity AVE_p2 (cm-1) 

<20 

0.50 150.40 

0.55 100.57 

0.60 166.37 

0.65 173.59 

20 – 45 

0.50 171.91 

0.55 132.57 

0.60 162.20 

0.65 193.09 

45 – 75 

0.50 191.17 

0.55 181.13 

0.60 191.86 

0.65 189.71 

75 – 90 

0.50 165.28 

0.55 164.70 

0.60 189.46 

0.65 123.73 
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Table. A-10 Real surface area of the LCS porous Cu manufactured by 850 ˚C sintering 

Particle size (µm) Nominal Porosity AVR (cm-1) 

<20 

0.50 1741.11 

0.55 1460.96 

0.60 1801.06 

0.65 1901.73 

0.70 1771.13 

0.75 1847.77 

20 – 45 

0.50 1881.32 

0.55 1720.43 

0.60 1878.02 

0.65 1870.03 

0.70 1895.30 

0.75 2015.12 

45 – 75 

0.50 1777.77 

0.55 1615.38 

0.60 1884.62 

0.65 1807.69 

0.70 1760.00 

0.75 1732.26 

75 – 90 

0.50 1670.47 

0.55 1624.39 

0.60 1724.42 

0.65 1689.32 

0.70 1545.48 

0.75 1728.60 
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Table. A-11 Real surface area of the LCS porous Cu manufactured by 850 ˚C sintering and 

chemical etching 

Particle size (µm) Nominal Porosity AVR (cm-1) 

<20 

0.50 1443.87 

0.55 1278.34 

0.60 1456.17 

0.65 1584.77 

20 – 45 

0.50 1690.83 

0.55 1683.03 

0.60 1678.23 

0.65 1675.24 

45 – 75 

0.50 1523.46 

0.55 1461.54 

0.60 1615.38 

0.65 1576.92 

75 – 90 

0.50 1335.24 

0.55 1465.92 

0.60 1379.53 

0.65 1375.02 
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Table. A-12 Real surface area of the LCS porous Cu manufactured by 950 ˚C sintering 

Particle size (µm) Nominal Porosity AVR (cm-1) 

<20 

0.50 1089.07 

0.55 676.86 

0.60 964.84 

0.65 1274.09 

0.70 1073.54 

0.75 1138.01 

20 – 45 

0.50 1156.37 

0.55 928.77 

0.60 1165.85 

0.65 1006.17 

0.70 1143.65 

0.75 1340.83 

45 – 75 

0.50 1277.13 

0.55 958.52 

0.60 1104.21 

0.65 1250.05 

0.70 1313.90 

0.75 1461.45 

75 – 90 

0.50 1108.07 

0.55 890.08 

0.60 1005.05 

0.65 1006.17 

0.70 1154.64 

0.75 1252.80 
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Table. A-13 Real surface area of the LCS porous Cu manufactured by 950 ˚C sintering and 

chemical etching 

Particle size (µm) Nominal Porosity AVR (cm-1) 

<20 

0.50 1008.88 

0.55 676.86 

0.60 1165.85 

0.65 1234.27 

20 – 45 

0.50 1019.97 

0.55 851.38 

0.60 924.64 

0.65 1199.67 

45 – 75 

0.50 1185.04 

0.55 1210.98 

0.60 1340.83 

0.65 1073.54 

75 – 90 

0.50 935.75 

0.55 851.38 

0.60 1005.05 

0.65 851.38 
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Tables A-14 – 21 show the raw data in used Chapter 5, including the geometric, 

electroactive and real surface areas for porous Ni samples manufactured using Ni powders 

with different particle sizes.  

Table. A-14 Geometric surface area of the LCS porous Ni manufactured using 25 µm 

particles. 

Pore size (µm) Porosity AVG (cm-1) AMG (cm2/g) 

250 – 425 

0.53 60 14.37 

0.60 73 20.44 

0.62 77 23.02 

0.67 82 28.32 

0.72 92 36.67 

0.77 100 48.13 

425 – 710 

0.58 46 12.26 

0.62 51 15.01 

0.65 54 17.44 

0.68 57 19.79 

0.72 60 24.32 

0.77 64 30.61 

710 – 1000 

0.60 32 9.04 

0.60 32 9.04 

0.69 40 14.46 

0.66 38 12.68 

0.74 42 17.96 

0.75 42 19.03 

1000 – 1500 

0.55 20 5.03 

0.60 22 6.11 

0.64 24 7.39 

0.67 24 8.12 

0.74 30 12.83 

0.73 30 12.49 
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Table. A-15 Geometric surface area of the LCS porous Ni manufactured using 38 µm 

particles. 

Pore size (µm) Porosity AVG (cm-1) AMG (cm2/g) 

250 – 425 

0.58 68 18.24 

0.62 74 22.10 

0.66 80 26.61 

0.70 84 31.37 

0.74 94 40.99 

0.79 98 53.41 

425 – 710 

0.60 46 12.89 

0.61 48 13.93 

0.66 52 17.30 

0.70 56 21.04 

0.75 60 27.49 

0.79 64 34.23 

710 – 1000 

0.62 30 8.79 

0.63 32 9.75 

0.68 36 12.50 

0.72 38 15.28 

0.76 42 19.60 

0.81 46 27.30 

1000 – 1500 

0.58 20 5.41 

0.63 22 6.69 

0.69 24 8.63 

0.70 24 8.96 

0.75 28 12.71 

0.80 32 18.09 
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Table. A-16 Geometric surface area of the LCS porous Ni manufactured using 75 µm 

particles. 

Pore size (µm) Porosity AVG (cm-1) AMG (cm2/g) 

250 – 425 

0.60 68 19.22 

0.65 76 24.11 

0.70 82 30.35 

0.74 90 38.49 

0.82 96 61.04 

425 – 710 

0.57 42 11.09 

0.65 50 16.15 

0.69 54 19.42 

0.72 56 22.16 

0.79 60 31.37 

710 – 1000 

0.66 36 11.77 

0.64 34 10.55 

0.67 36 12.23 

0.73 42 17.49 

0.80 44 24.23 

1000 – 1500 

0.72 26 10.55 

0.57 20 5.24 

0.66 22 7.17 

0.73 26 10.83 

0.83 30 19.43 
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Table. A-17 Volumetric specific electroactive surface area of the LCS porous Ni. 

Pore size (µm) Porosity 
AVE (cm-1) 

0.005 V/s 0.01 V/s 0.05 V/s 

250 – 425 

0.58 39.77 53.72 85.28 

0.62 42.87 52.54 84.37 

0.66 44.85 57.75 91.72 

0.70 51.05 64.77 101.15 

0.74 52.32 69.02 104.43 

0.79 61.10 76.74 110.15 

0.80 62.52 78.15 112.58 

425 – 710 

0.60 41.47 51.84 72.45 

0.61 43.32 53.25 77.78 

0.66 44.85 55.50 80.93 

0.70 48.67 58.65 84.37 

0.75 52.52 63.05 85.94 

0.79 59.10 67.30 92.03 

0.84 59.14 69.05 93.06 

710 – 1000 

0.62 39.35 45.99 67.30 

0.63 42.50 49.17 70.20 

0.68 41.51 49.72 70.59 

0.72 43.68 50.92 74.15 

0.76 46.93 55.30 75.98 

0.81 49.02 57.72 83.22 

0.82 48.68 61.75 91.26 

1000 – 1500 

0.58 36.36 40.72 51.71 

0.63 38.25 44.05 62.84 

0.69 39.91 45.92 69.40 

0.70 42.83 51.62 72.32 

0.75 45.59 55.72 79.56 

0.80 44.89 55.20 78.56 

0.84 48.26 58.64 84.84 
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Table. A-18 Gravimetric specific electroactive surface area of the LCS porous Ni. 

Pore size (µm) Porosity 
AME (cm2/g) 

0.005 V/s 0.01 V/s 0.05 V/s 

250 – 425 

0.58 10.66 14.39 22.85 

0.62 12.79 15.67 25.17 

0.66 14.90 19.19 30.48 

0.70 19.04 24.16 37.73 

0.74 22.79 30.06 45.48 

0.79 33.26 41.77 59.96 

0.80 35.64 44.54 64.17 

425 – 710 

0.60 11.61 14.51 20.28 

0.61 12.56 15.44 22.56 

0.66 14.90 18.44 26.89 

0.70 18.26 22.01 31.66 

0.75 24.03 28.86 39.33 

0.79 31.58 35.96 49.17 

0.84 40.60 47.40 63.88 

710 – 1000 

0.62 11.51 13.45 19.69 

0.63 12.94 14.97 21.37 

0.68 14.39 17.24 24.47 

0.72 17.55 20.45 29.79 

0.76 21.88 25.78 35.42 

0.81 29.06 34.22 49.34 

0.82 29.68 37.65 55.65 

1000 – 1500 

0.58 9.83 11.01 13.98 

0.63 11.61 13.37 19.08 

0.69 14.34 16.50 24.94 

0.70 15.98 19.25 26.98 

0.75 20.67 25.26 36.07 

0.80 25.34 31.16 44.35 

0.84 34.38 41.78 60.44 
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Table. A-19 Volumetric specific real surface area of the LCS porous Ni manufactured using 

25 µm particles. 

Pore size (µm) Porosity AVR (cm-1) AMR (cm2/g) 

250 – 425 

0.53 1581.16 378.25 

0.60 1218.89 340.89 

0.62 1067.20 318.63 

0.67 1049.33 362.04 

0.72 892.05 355.12 

0.77 667.83 321.07 

425 – 710 

0.58 1008.82 268.65 

0.62 1087.95 319.90 

0.65 1005.80 324.48 

0.68 1027.60 356.29 

0.72 804.35 325.64 

0.77 604.00 288.54 

710 – 1000 

0.60 985.32 278.14 

0.60 886.86 250.35 

0.69 896.13 323.56 

0.66 910.83 303.61 

0.74 699.59 298.90 

0.75 497.11 224.93 

1000 – 1500 

0.55 909.03 228.54 

0.60 815.15 226.20 

0.64 804.35 247.49 

0.67 681.57 230.43 

0.74 526.09 224.82 

0.73 531.89 221.27 
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Table. A-20 Volumetric specific real surface area of the LCS porous Ni manufactured using 

38 µm particles. 

Pore size (µm) Porosity AVR (cm-1) AMR (cm2/g) 

250 – 425 

0.58 1392.31 373.04 

0.62 1299.88 387.71 

0.66 1019.97 338.90 

0.70 792.42 295.59 

0.74 645.93 281.32 

0.79 508.92 277.06 

425 – 710 

0.60 769.25 215.28 

0.61 827.60 239.99 

0.66 917.08 304.71 

0.70 788.41 294.09 

0.75 519.68 237.83 

0.79 433.83 236.18 

710 – 1000 

0.62 876.46 256.41 

0.63 743.38 226.30 

0.68 738.13 255.93 

0.72 728.66 292.71 

0.76 665.22 310.13 

0.81 477.73 283.19 

1000 – 1500 

0.58 984.18 266.05 

0.63 731.66 222.73 

0.69 586.75 210.80 

0.70 546.50 203.85 

0.75 429.21 194.58 

0.80 351.05 198.19 
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Table. A-21 Volumetric specific real surface area of the LCS porous Ni manufactured using 

75 µm particles. 

Pore size (µm) Porosity AVR (cm-1) AMR (cm2/g) 

250 – 425 

0.60 947.83 267.56 

0.65 789.33 250.10 

0.70 636.58 235.31 

0.74 593.38 253.52 

0.82 457.44 290.53 

425 – 710 

0.57 687.32 181.30 

0.65 631.89 200.21 

0.69 528.78 189.98 

0.72 461.08 182.22 

0.79 341.56 178.37 

710 – 1000 

0.66 618.83 202.09 

0.64 591.10 183.22 

0.67 560.28 190.13 

0.73 417.50 173.68 

0.80 227.40 125.07 

1000 – 1500 

0.72 451.35 182.95 

0.57 639.22 167.34 

0.66 570.15 185.58 

0.73 455.11 189.33 

0.83 214.89 139.01 
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Table A-22 shows the raw data used in Chapter 6, including the mass transfer coefficient 

of porous Ni samples with different pore sizes and porosities at different flow rates. 

Table. A-22 Mass transfer coefficient of the LCS porous Ni. 

Pore size 

(µm) 

Nominal 

Porosity 

Mass transfer coefficient (cm/s) 

0.28 

mL/s 

0.47 

mL/s 

0.70 

mL/s 

0.93 

mL/s 

1.17 

mL/s 

1.40 

mL/s 

1.63 

mL/s 

1.87 

mL/s 

250 – 425 

0.55 
1.15E-03 8.87E-04 8.20E-04 6.88E-04 7.07E-04 1.15E-03 8.87E-04 8.20E-04 

0.60 
1.72E-03 1.28E-03 1.18E-03 9.84E-04 9.44E-04 1.72E-03 1.28E-03 1.18E-03 

0.65 
2.40E-03 1.76E-03 1.61E-03 1.23E-03 1.20E-03 2.40E-03 1.76E-03 1.61E-03 

0.70 
3.12E-03 2.17E-03 1.98E-03 1.52E-03 1.40E-03 3.12E-03 2.17E-03 1.98E-03 

0.75 
3.79E-03 2.56E-03 2.34E-03 1.79E-03 1.59E-03 3.79E-03 2.56E-03 2.34E-03 

425 – 710 

0.55 
1.61E-03 1.30E-03 1.38E-03 1.38E-03 1.18E-03 1.61E-03 1.30E-03 1.38E-03 

0.60 
2.61E-03 2.10E-03 1.89E-03 1.96E-03 1.53E-03 2.61E-03 2.10E-03 1.89E-03 

0.65 
3.83E-03 3.17E-03 2.53E-03 2.63E-03 2.21E-03 3.83E-03 3.17E-03 2.53E-03 

0.70 
5.04E-03 4.27E-03 3.29E-03 3.38E-03 2.73E-03 5.04E-03 4.27E-03 3.29E-03 

0.75 
6.23E-03 5.21E-03 4.11E-03 3.96E-03 3.23E-03 6.23E-03 5.21E-03 4.11E-03 

710 – 1000 

0.55 
1.93E-03 1.34E-03 1.36E-03 1.29E-03 1.93E-03 1.34E-03 1.36E-03 1.29E-03 

0.60 
3.06E-03 2.13E-03 2.09E-03 1.95E-03 3.06E-03 2.13E-03 2.09E-03 1.95E-03 

0.65 
4.45E-03 3.08E-03 2.95E-03 2.70E-03 4.45E-03 3.08E-03 2.95E-03 2.70E-03 

0.70 
5.73E-03 4.01E-03 3.75E-03 3.41E-03 5.73E-03 4.01E-03 3.75E-03 3.41E-03 

0.75 
7.41E-03 4.91E-03 4.52E-03 4.08E-03 7.41E-03 4.91E-03 4.52E-03 4.08E-03 

1000 –1500 

0.55 
1.93E-03 1.79E-03 1.46E-03 1.14E-03 1.93E-03 1.79E-03 1.46E-03 1.14E-03 

0.60 
3.23E-03 2.96E-03 2.36E-03 1.72E-03 3.23E-03 2.96E-03 2.36E-03 1.72E-03 

0.65 
5.00E-03 4.42E-03 3.62E-03 2.43E-03 5.00E-03 4.42E-03 3.62E-03 2.43E-03 

0.70 
6.69E-03 5.87E-03 4.77E-03 2.88E-03 6.69E-03 5.87E-03 4.77E-03 2.88E-03 

0.75 
8.39E-03 7.31E-03 6.11E-03 3.48E-03 8.39E-03 7.31E-03 6.11E-03 3.48E-03 



196 
 

Tables A23 – 24 show the raw data used in Chapter 7, including the peak and limiting 

currents in the measurements of ferricyanide concentration using cyclic voltammetry peak 

current and linear voltammetry limiting current techniques, respectively.    

Table A-23 Measurement of the concentration of ferricyanide using the CV technique. 

Concentration 

(mM) 

Anodic peak current (mA) 

0.005 V/s 0.01 V/s 0.05 V/s 0.1 V/s 

0.1 0.162 0.272 1.05 1.58 

0.2 0.189 0.321 1.15 1.72 

0.3 0.215 0.363 1.24 1.89 

0.4 0.248 0.42 1.33 2.02 

0.5 0.287 0.47 1.49 2.19 

0.6 0.331 0.542 1.61 2.3 

0.7 0.367 0.615 1.76 2.55 

0.8 0.405 0.655 1.93 2.76 

0.9 0.448 0.746 2.09 2.96 

1 0.49 0.801 2.2 3.16 

2 0.806 1.29 3.52 4.92 

4 1.38 2.22 5.65 7.91 

6 2.1 3.27 8 10.9 

8 2.77 4.16 9.8 13.3 

10 3.41 5.01 11.6 15.7 
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Table A-24 Measurement of the concentration of ferricyanide using the LV technique. 

Concentration (mM) 

Limiting current (mA) 

16.8 mL/min 42 mL/min 84 mL/min 

0.005 0.0406 0.0591 0.0795 

0.006 0.0487 0.0708 0.103 

0.007 0.0607 0.086 0.124 

0.008 0.0694 0.102 0.149 

0.009 0.0786 0.12 0.175 

0.01 0.0887 0.135 0.211 

0.025 0.202 0.338 0.51 

0.05 0.38 0.641 0.971 

0.075 0.561 0.964 1.46 

0.1 0.743 1.31 1.97 

0.2 1.51 2.64 4.03 

0.3 2.24 3.94 6.12 

0.4 3.03 5.42 8.04 

0.5 3.67 6.61 10 

 


