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Abstract 

Open-cell porous metals have received many attentions in both academia and 

industry because of their superior properties, including high surface area, great 

catalytic activity, low weight to volume ratio, and excellent mechanical 

properties. They are expected to find many applications in electrochemical 

fields. In particular, porous metals manufactured by the Lost Carbonate 

Sintering (LCS) process are potentially an excellent candidate to be used as a 

porous substrate material for electrochemical applications because they are 

low-cost and easy to be fabricated and have high surface areas and controllable 

pore size and porosity.  

 

The main aim of this research is to increase the real and electroactive surface 

areas of the LCS porous Ni without changing its porous structure, with a focus 

on applications in electrochemical detections. Firstly, the effects of 

manufacturing parameters, including pore size, porosity, fine powder ratio, 

compaction pressure and sintering temperature, on the real and electroactive 

surface areas of the LCS porous Ni were investigated. Secondly, a new 

hierarchical porous Ni structure was manufactured by combining the LCS and 

the Dynamic Hydrogen Bubble Template (DHBT) processes to increase the 

surface areas. The effects of DHBT process parameters, including type and 

concentration of Ni salt, the concentration of H+ source and deposition potential 
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and time, on the morphology and surface areas of the LCS/DHBT porous Ni 

were investigated.  

 

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

absorption method, which is often not appropriate in electrochemical 

applications, because not all surfaces take part in the electrochemical reaction. 

In this thesis, the cyclic voltammetry method, which is a typical in-situ method, 

was employed to measure the electroactive (i.e., electrochemically effective) 

and real surface areas of the LCS porous Ni samples. The specific real and 

electroactive surface areas of the LCS porous Ni samples are 500-1600 cm-1 

and 200-650 cm2/g, and 80-115 cm-1 and 30-55 cm2/g, respectively. The 

intermediate amount of fine Ni powder results in the highest real surface area, 

approximately 70% higher than the samples produced with coarse Ni powder. 

Samples produced with fine Ni powder can increase the electroactive surface 

area by up to 100%. Electroactive surface area is highly sensitive to scan rate, 

which controls the diffusion layer thickness.  

 

The mass transfer performance of electrodes reflects the rate of 

electrochemical reactions of reactors and is one of the most important 

parameters for electrochemical applications. It depends on the mass transfer 

coefficient and the surface area of electrodes. While the LCS porous Ni has a 

good mass transfer coefficient, its effective surface area is relatively low. In this 
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thesis, the effective surface area of the LCS porous Ni was increased by deposit 

a high surface area DHBT coating on the LCS porous Ni substrate. The mass 

transfer performances of the LCS and LCS/DBHT porous Ni samples were 

measured by the limiting current method. The overall mass transfer 

performance of the LCS/DHBT porous Ni is in the range of 0.004 to 0.038 cm3/s, 

which is increased by up to 207% compared to the LCS porous Ni. The mass 

transfer performance of the LCS porous Ni was also increased when a suitable 

fine Ni powder ratio was used in the manufacture, because of an increase in 

the effective surface area. 

 

A novel electrochemical sensor was developed for determination of glucose 

concentration using the LCS/DHBT porous Ni as a working electrode. It has 

many advantages, such as no enzyme, high sensitivity and large limit of 

detection range, compared to the other glucose sensors. The relationship 

between the current and glucose concentration of the Ni electrode was 

measured by the cyclic voltammetry peak current method. The nominal current 

density for the LCS/DHBT porous Ni increases by 750% and 250% comparing 

to the Ni plate and the LCS porous Ni electrode. The current density decreases 

with increasing the NH4Cl concentration during manufacturing and increases 

with increasing deposition potential and scan rate. It is decreased by 41% when 

the NH4Cl concentration is increased from 0.5 M to 1.5 M, and increased by 58% 

when the deposition potential is increased from -1.35 V to – 1.7 V. The current 
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density and the glucose concentration have linear relations in several segments. 

The slope of the current density - glucose concentration curves decreases, and 

the intercept increases, with increasing glucose concentration. The sensitivity 

values of the plate, LCS and LCS/DHBT Ni electrodes are 1724, 2651 and 5775 

μA/cm2mM, respectively. 
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Chapter 1 Introduction 

1.1 Background of Research 

Open-cell porous metals have received considerable attention in 

electrochemical fields in recent years due to their high specific surface area, 

fast kinetics of catalytic activity, good mechanical properties, and mass transfer 

performance (Ashby 2000, Banhart 2001, Zhang et al. 2011). The open-cell 

porous metals provide a large number of active sites on the surface for 

reactions due to their high surface area and, therefore, a high energy 

generation and storage in the porous metal electrode. Such material electrodes 

increase the sensitivity and accuracy of electrochemical detection. 

 

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

developed by Zhao et al. (2005). The porous metals manufactured by the LCS 

method have the advantages of high surface area, controllable porous structure, 

high mass transfer coefficient and good mechanical strength (Zhu and Zhao 

2017, Diao et al. 2015, Zhang et al. 2008). The manufacturing process of LCS 

includes four steps. 1) Metal powder and K2CO3 powder are blended together 

with a ratio pre-calculated according to the intended porosity. 2) A hydraulic 

press applies a compaction pressure on the powder mixture to form a preform. 

3) The compacted preform is transferred to a furnace and sintered at a 

temperature range of 850-950°C over a few hours. 4) The space holder K2CO3 

is removed by soaking the sintered sample in hot water. A considerable number 
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of studies on the LCS porous metals have been conducted. However, their 

surface areas are still limited and there is a large room for improvement in this 

aspect, especially in terms of mass transfer and electrochemical detection 

performance. 

 

Dynamic Hydrogen Bubble Template (DHBT) is an electrodeposition method 

developed by Marozzi et al. (2000) for fabricating porous metals. The metal 

crystals and hydrogen bubbles precipitate together on the surface of the 

cathode at an overpotential. A metal deposit forms on the electrode substrate 

while the hydrogen bubbles form micropores in the deposit. This fabrication 

process is very simple and economic and the porous metals manufactured by 

this technique have a high surface area and excellent electrocatalytic activity 

(Herraiz-cardoona et al. 2012). However, the as-fabricated porous metals are 

hard to use without a substrate because of their poor mechanical strength. 

Moreover, the bubbles coalesce together with increasing deposition time to 

form larger pores. Hence, the size of the DHBT porous metal is a significant 

limitation.  

 

In this study, a new composite LCS/DHBT porous Ni is fabricated by combining 

the LCS and DHBT processes to overcome the limitations of these two 

manufacturing processes, which has a porous structure with both high surface 

area and superior 3D porous structure. The effects of the manufacturing 
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parameters on the surface area, the mass transfer performance and the 

glucose detection performance of the LCS and LCS/DHBT porous Ni are 

investigated.  

 

Mass transfer is an important factor for porous metals in an electrochemical 

application, because it determines the reaction speed of the electrochemical 

process (Brown et al. 1992). The main methods to improve the mass transfer 

performance of porous metals include increasing the surface area of the 

electrode, increasing the mass transfer coefficient and increasing the fluid flow 

velocity (Recio et al. 2013, Zhu et al. 2017). 

 

Porous metal electrodes have higher mass transfer coefficients than solid plate 

electrodes (Zhu 2018, Diao et al. 2015). However, if the tortuosity of the porous 

electrode is too high, a powerful pump is required to overcome the high 

pressure drop inside the electrode (Zhu and Zhao 2017). Increasing the 

electrolyte flow rate can change the flow state from laminar to turbulent flow, 

which can improve the mass transfer performance (Recio et al. 2013, Griffiths 

et al. 2005). However, when the flow rate is beyond 33 cm/s, the mass transfer 

performance no longer increases (Griffiths et al. 2005). In addition, high flow 

rates require high pumping powers and stronger electrodes. However, 

increasing the surface area of the electrode improves the mass transfer 

performance without causing any pressure drop issue.  



4 

 

 

Non-enzyme electrochemical sensors have attracted much attention in recent 

years as a supplement to enzyme sensors. Ni-based electrodes are one 

potential candidate for accuracy and economic considerations. In this study, the 

LCS and LCS/DHBT porous Ni samples are assessed for electrochemical non-

enzyme glucose analysis. The relationship between the current and the glucose 

concentration in typical detection ranges is investigated. The sensitivity, limit of 

detection (LOD) and linear range are studied and compared to the other Ni-

based electrodes in the literature.  

 

1.2 Project Aim and Objectives 

The aim of this project is to study the effects of the manufacturing parameters 

of the LCS and DHBT processes on the surface area, the mass transfer 

performance and the relationship between the current and glucose 

concentration of the LCS and LCS/DHBT porous Ni. The effects of parameters 

of the LCS process, including pore size, porosity, fine Ni powder ratio, 

compaction pressure and sintering temperature, on surface area and mass 

transfer performance are studied. The parameters of the DHBT process studied 

include type of Ni salt, concentration of Ni salt, concentration of H+ source, 

deposition potential and deposition time.   
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The objectives are: 

⚫ To measure the surface areas of the LCS porous metals manufactured with 

different parameters (pore size, porosity, fine Ni powder ratio, compaction 

pressure and sintering temperature). 

⚫ To measure the surface areas of the LCS/DHBT porous metals 

manufactured with different parameters (type of Ni salt, concentration of Ni 

salt, concentration of H+ source, deposition potential and deposition time). 

⚫ To measure the mass transfer performance (product of mass transfer 

coefficient and active electrode area) of the LCS porous Ni samples 

manufactured with different fine Ni powder ratios and of the LCS/DHBT 

porous Ni samples manufactured with different deposition potentials and 

times.   

⚫ To correlate the current with glucose concentration for the Ni plate, the LCS 

porous Ni and the LCS/DHBT porous Ni electrodes in electrochemical cyclic 

voltammetry. 

 

1.3 Structure of Thesis 

Chapter 2 is a review of the literature relevant to the research of this study, 

including the manufacture methods, properties, characterization techniques 

and applications of porous metals. The principles of electrochemical 
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measurement of surface area are introduced. The electrochemical applications 

of open-cell porous metals are briefly reviewed. 

 

Chapter 3 describes the details of the fabrication processes of the porous metal 

samples used throughout the PhD project. The procedures for the 

electrochemical measurements of the surface area, mass transfer performance 

and current-glucose relationship are presented. The chemical reagents and 

equipment used for the measurements are also described. 

 

Chapter 4 presents the results of the surface areas of the LCS porous metals 

and discusses the effects of the manufacturing parameters, including pore size, 

porosity, fine Ni powder ratio, compaction pressure and sintering temperature. 

 

Chapter 5 presents the results of the surface areas of the DHBT porous Ni and 

discusses the effects of the manufacturing parameters, including type of Ni salt, 

concentration of Ni salt, concentration of H+ source, deposition potential and 

deposition time. 

 

Chapter 6 presents the results of the mass transfer performance of the Ni plate, 

the LCS porous Ni and the LCS/DHBT porous Ni samples. The effect of the fine 

Ni powder ratio in LCS porous Ni, the effects of the deposition potential and 
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deposition time in LCS/DHBT porous Ni, and the effect of electrolyte flow rate 

on the mass transfer performance are discussed.  

 

Chapter 7 presents the results on the correlations between the current and 

glucose concentration of the Ni plate, the LCS porous Ni and the LCS/DHBT 

porous Ni samples. The effects of the scan rate, deposition potential and 

deposition time in LCS/DHBT porous Ni on the correlation are analysed. The 

linear range, LOD and sensitivity of the plate, LCS and LCS/DHBT Ni 

electrodes are compared to the Ni-based electrodes reported in the literature. 

 

Chapter 8 presents the conclusions drawn in this thesis and the 

recommendations and directions for future research.   
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Chapter 2 Literature Review 

2.1 Introduction to Porous Metals 

Porous metals are multi-functional materials and have received much attention 

in industry over the past few decades. They can be classified into two types, 

closed-cell and open-cell, according to the pore structure. As the names 

suggest, closed-cell means the pores inside the porous media are sealed and 

the pores in the open-cell porous media are interconnected.  

 

The first closed-cell porous metal was manufactured by a gas injection method, 

developed by Meller in 1926 (Ashby 2000). An inert gas is injected into a molten 

metal and with the solidification of the metal, bubbles are left inside. Closed-

cell metals can absorb a large amount of impact energy through plastic 

deformation. Hence, they are applied widely in structural and functional 

products, like crash boxes and buffer material in vehicles for passenger safety 

(Zhang and Zhao 2008). Closed-cell porous metals have high mechanical 

strength and lightweight, which are highly desirable for some aerospace 

products to reduce the self-weight of aircraft. 

 

Open-cell porous metals have an interconnected porous structure, which 

permits fluids to flow through the media. Hence, they have applications in many 

fields where closed-cell porous metals are not applicable. Open-cell porous 
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metals have the potential for applications in high-temperature filtration, heat 

exchange and flow diffusion, due to their high surface area and good mass/heat 

transfer performance (Kleperis et al. 2001, Kieback et al. 2003, Nart et al. 2003). 

Their applications are expanding rapidly in recent years. Recently, open-cell 

porous metals have been employed in various electrochemical applications, 

such as current collectors, battery electrodes and electrochemical sensors 

(Hamnett 1997, Zhang et al. 2009, Niu et al. 2014, Li et al. 2015, Zhu and Zhao 

2017). They are also excellent structural-functional materials, as they can 

provide a large amount of active site and space to carry nano-active materials 

such as metal oxides/hydroxides for different requirements, which can be 

deposited onto the surface of the porous matrix by physical, chemical and other 

manufacturing techniques (Niu et al. 2014, Li et al. 2015).  

 

2.2 Manufacturing Methods for Open-cell Porous Metals 

A range of techniques has been developed for manufacturing porous metals in 

the last few decades (Dukhan 2012). Because open-cell porous metals have 

numerous advantages in some industrial applications, this section provides a 

review of the manufacturing methods for open-cell porous metals that have 

been reported or are currently employed in the industry. Manufacturing methods 

for closed-cell porous metals are not discussed here because this project is 

focused on open-cell porous metals. 
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The manufacturing methods for porous metals can be classified by the state of 

the metal during manufacturing, namely liquid, solid, vapour or ionic state 

processes (Banhart 2001, Dukhan 2013). Liquid state manufacturing uses 

molten metals and is generally carried out by casting techniques. Solid-state 

manufacturing usually uses metallic powders and fibers as raw materials, 

followed by sintering. In a vapour state process, a metal vapour is generated 

by sputtering and deposits on a sacrificial preform which is removed to leave 

voids and pores. In an ionic state method, metal ions in the electrolyte are 

deposited on a preformed substrate by a redox reaction. Table 2.1 presents the 

characteristics of these classes of manufacturing methods using one example 

for each category.   
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Table 2. 1 Characteristics of different fabrication methods for porous metals 

(Banhart 2001). 

 

 

2.2.1 Liquid State Process 

Liquid state processes for the manufacture of open-cell porous metals may 

involve pouring molten metal into a mould with a removable sacrificial preform, 

direct foaming by injecting gases into the molten metal or using a gas-releasing 

blowing agent to create a cellular structure, followed by metal solidification. The 
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main methods include direct foaming, space holder casting, investment casting 

and spray foaming. This section describes these fabricating processes and 

discusses their characteristics. 

 

2.2.1.1 Direct Foaming 

The direct foaming process is a widely used fabrication method because it 

provides economic and ecological products compared to other fabrication 

processes (Luthardt et al. 2015). In this process, the air is employed to generate 

the porous structure inside the matrix. As shown in Fig. 2.1, the melt is input 

into a cylinder by a peristaltic pump (1); the gas (2) is injected into the melt from 

and through the porous membrane (3) static mixing elements (4) provide a good 

distribution of pores by mixing the melt with the air. The foam solidifies after 

leaving the cylinder and produces an open-cell metal foam. The rheological 

parameter is a significant factor in the direct foaming process. To ensure foam 

stability, silicon carbide, aluminum oxide or magnesium oxide particles are 

added to the molten metal to enhance the viscosity of the melt, which can hinder 

the mobility of air bubbles. Fig. 2.2 represents a typical directly foamed open-

cell porous structure. The foam fabricated by this method has a porosity range 

of 70%-95% with a pore size in the range of 0.1-6 mm.  
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Fig. 2. 1: Schematic of the direct foaming device (Luthardt et al. 2015). 

 

The direct foaming technique has many advantages. It does not release a large 

amount of waste because it is a template-free process, which allows it to 

become a cost-effective, ecological and simple process. Moreover, it provides 

a process for the mass production of metal foam with low density. For example, 

products of 1.5 m wide and 15 cm thick were produced by a Canadian company 

and the production line delivered 1000 kg of the products per hour (Banhart 

2001). However, the pore structure and distribution of the foam are difficult to 

be controlled. It is mainly suitable for the production of closed-cell foams. 
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Fig. 2. 2: A typical directly foamed open-cell structure with big pores (Luthardt 

et al. 2015). 

 

2.2.1.2 Space Holder Casting 

Porous metals can be formed by casting molten metal in a mould with a 

sacrificial space filler in particulate form. The molten metal is cast around a filler 

which is removed by thermal, dissolution or chemical treatment. To ensure that 

the filler can be eliminated completely, it should occupy a high proportion of 

space and the granules are interconnected. Many space filler materials have 

been developed, such as soluble salts, polymers, glasses and aluminum oxide 

hollow spheres (Banhart 2001, Chen et al. 1999, Grote et al. 1999, Thiele 1971). 

Fig. 2.3 represents a typical process of the space holder casting method. The 

space holders are first accumulated in a mould and preheated to a specific 
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temperature. The melt is then infiltrated into the space holder preform by 

external pressure. After the solidification of the molten metal, the space holders 

are removed by further treatment. 

 

Fig. 2. 3: A typical process of space holder casting methods (Banhart 2001). 

 

As a large number of space filler granules are stacked together and the melt 

may have a high viscosity and surface tension, it is difficult to cast around these 

granules. Defects are often present. A porous structure may even not be 

created. Negative pressure or vacuum is often needed to promote infiltration. 

Pre-heating of the mould and space holder is necessary to prevent the melt 

from solidifying before a complete cellular structure is formed. 

 

A wide range of metals, such as copper, aluminium and zinc, can be processed 

by the space holder casting method. The pore size, porosity and pore 

distribution can be controlled by designing the shape, amount and size of the 
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space filler granules in this process, because the porous structure is a negative 

replica of the granules as shown in Fig. 2.4. The maximum porosity of the space 

holder casting products is up to 80%. 

 

Fig. 2. 4: Cellular aluminium manufactured by a space holder process 

(Banhart 2001). 

 

The space holder casting method provides uniform porous structures and low-

density products with isotropic properties. It can also produce compound 

structures like sandwich structures, in which porous and dense regions are 

sandwiched into each another. For example, the products can have dense 

surfaces and porous cores. Threads can be machined in the dense part for 

connecting to other devices.  
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2.2.1.3 Investment Casting 

Porous metals can be made by the investment casting method. A schematic 

process of the method is shown in Fig. 2.5. In this process, a removable 

polymer scaffold with interconnected cells is employed. The open-cell polymer 

scaffold is dipped in a slurry of high heat-resisting material like calcium 

carbonate in a container (Yosida et al. 1990). The container is vibrated to 

eliminate the bubbles trapped in the mixture. After the slurry is cured, the 

polymer scaffold is removed by a thermal treatment. The molten metal is poured 

into the mould formed by the removal of the polymer scaffold. An external 

pressure is usually applied to ensure the formation of a complete porous 

structure. The porous structure is obtained after the demoulding process, which 

is a replica of the polymer scaffold. Fig. 2.6 shows an open-cell aluminium foam 

made by the investment casting method. 

 

Fig. 2. 5: A schematic process of the investment casting (Banhart 2001). 
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Fig. 2. 6: Micrograph of an aluminium foam produced by the investment 

casting method (Harte et al.1999). 

 

The investment casting technique can be applied to most metals. The porosity 

is normally in the range of 80-97%. The cellular structure, cell size, and porosity 

can be tailored by choosing an appropriate polymer precursor. However, this 

method has some disadvantages. Firstly, each porous structure uses one 

mould. Secondly, the demoulding process is very time-consuming and it is 

difficult to avoid the occurrence of damages to the delicate parts of the structure 

during this process. Thirdly, it is difficult to ensure a completely filled filament, 

because the casing process is directional solidification. As the process is time 

and cost-consuming, the price of the as-manufactured structure is relatively 

high and the yield is low (Hintz et al. 1999, Moore 1999).  
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2.2.1.4 Spray Forming 

Spray forming is also called the Osprey process. Fine molten metal droplets 

are formed by a spraying or atomizing process, travelled to the surface of a 

substrate and solidify on the surface to form a deposit (Barnhart 2001). The 

materials used in this process can be pure metals or alloys. Adding a 

decomposable powder agent into the process can release a large amount of 

gas in the deposit, which can create a porous structure, as shown in Fig. 2.7. 

Many porous alloy structures, including copper-zinc alloy and carbon steel, 

have been developed (Kelley et al. 1993, Barnhart et al. 1998). However, the 

pore generation of the spray foaming method is not uniform and the pores are 

not well interconnected. The maximum porosity is about 60%. 

 

Fig. 2. 7: Schematic of pores generated in the spray foaming process 

(Barnhart 2001). 

 

2.2.2 Solid State Process 
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Solid-state processes are another pathway to fabricate porous structures. 

Different from the liquid-state processes, the materials used in the solid-state 

processes are not molten over the whole process and partly maintain their 

shape and morphology. Hence, the microstructure of the products made by 

these processes is markedly different. The raw materials are in powder form. 

The powder particles are connected by sintering, binder or other solid-state 

operations. The solid-state processes for manufacturing open-cell porous 

structures include powder metallurgy, foaming of slurries, the metal 

powder/binder process and the space holder process. The slurry foaming 

process is similar to the liquid process mentioned in section 2.2.1.1, except that 

molten metal is replaced with a metal slurry. This section introduces the two 

main solid-state processes. 

 

2.2.2.1 Powder Metallurgy Process 

Powder metallurgy (PM) is a conventional solid-state manufacturing technique. 

With the development of modern PM techniques, this technology has been 

employed in commercial mass production (Upadhyaya 1997). It is simple, rapid, 

flexible, low-cost, and can be used to fabricate materials difficult to form by other 

techniques, such as high-melting-point metals. PM technology is widely used 

also because surface treatment is not necessary (Selcuk et al. 2010).  

PM technology is particularly popular for manufacturing small components with 
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complex geometries. It has four main advantages (Dewidar et al. 2006):  

(1) Waste-free forming (does not need secondary operation); 

(2) Easy forming of high-melting hard-to-machine materials; 

(3) Homogeneous compositional distribution; 

(4) Appropriate porosity provides suitable strength. 

 

Fig. 2.8 shows a schematic process of the PM method. The metal powder and 

the binder are blended and then compacted under a pressure to make a 

preform. The preform is sintered under a high temperature to form a metal 

component.  

 

Fig. 2. 8: Basic steps of the PM process (Upadhyaya 1997). 
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The PM technique can be used to produce porous metals if a significant amount 

of porosity is left inside the metal matrix by controlling the manufacturing 

process. Fig. 2.9 demonstrates a typical porous bronze produced by the PM 

manufacturing method. The porous structure of the PM products is determined 

by the porosity of the compact, compact pressure and sintering temperature. 

Sintering reduces the porosity of the sintered preform due to the diffusion of 

metal atoms at high temperatures, normally occurring at a temperature over 50% 

-90% of the material’s melting point to ensure that the powder is not fully 

densified (Ashby 2000). The porosity of loose-powder sintered porous metals 

is normally in the range of 40%- 60%, depending on the size and shape of the 

powder particles (Banhart 2001).  

 

Fig. 2. 9: Loose powder sintered porous bronze (Eisenmann 1998). 
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2.2.2.2 Space Holder Process 

To increase the porosity of PM porous metals, space fillers can be used to form 

extra pores. The space holder powder is uniformly blended with the metal 

powder to make the preform. After sintering, the space holder is removed by 

thermal or leaching treatment, such as dissolution or decomposition, leaving 

pores inside the porous metal. Many space holder materials, such as 

carbonates, sodium chloride, carbamide, polystyrene, magnesium, saccharose 

and ice, have been used (Adamek et al. 2015, Arifvianto et al. 2014, Zhang and 

Zhao 2008, Papantoniou et al. 2018). The space holder material needs to be 

eliminated easily and not react with the metallic powder. The space holder 

process has a good control over porosity and pore size and is therefore more 

flexible than the traditional loose-powder sintering process.  

 

2.2.3 Vapour State Process 

Metal or compound vapours can be sputtered or deposited onto sacrificial 

porous substrates to form porous metal structures by removing the substrates. 

The majority of pure metals and alloys have been successfully deposited by 

vapour deposition techniques (Sherman 1987, Park et al. 2001). There are two 

main vapour deposition techniques, which are chemical vapour deposition 

(CVD) and physical vapour deposition (PVD).  
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2.2.3.1 Chemical Vapour Deposition (CVD) 

CVD is a deposition method that forms a dense film on the surface of a 

substrate in a chamber filled with evaporated target metal compounds. Several 

gaseous compounds react and deposit on the substrate surface to form a 

coating (Powell et al. 1966). There are three main ways of CVD, namely thermal 

decomposition, chemical synthesis and chemical transport reaction. Fig 2.10 

shows a schematic diagram of a typical CVD reactor.  

 

Fig. 2. 10: Schematic diagram of a typical CVD reactor (Park et al. 2001). 

 

The principle of a thermal decomposition reaction is that a gaseous metal 

compound decomposes into the solid target product and a gaseous by-product 

when heated to a certain temperature. The reaction gas is introduced into a 

chamber furnace under a vacuum or inert atmosphere. The furnace 
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temperature is raised to the decomposition temperature of the compound to 

make it decompose, and the target metal is deposited on the substrate. The 

key to the thermal decomposition reaction lies in the selection of a suitable 

volatilization source and decomposition temperature. Fig 2.11 shows a typical 

Ni foam manufactured by this method.  

 

Fig. 2. 11: SEM micrograph of Inco Ni foam (Paserin et al. 2004). 

 

Chemical synthesis is a process where a variety of reactive gases react with 

each other to produce a metal that deposits on the surface of a substrate to 

form a solid coating. Normally, several reaction gases are fed into a tube 

furnace under a vacuum or inert atmosphere. The furnace temperature is raised 

to facilitate the synthesis reaction on the substrate. The key to chemical 

synthesis are the selection of reaction agents and avoiding the formation of by-

products.  
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The chemical transport reaction process uses the target product as a source 

and deposits it using an equilibrium reaction. The target metal first reacts with 

a gas to generate a gaseous compound, which is transported to the deposition 

zone at a temperature different from the volatilization zone by a carrier gas. The 

decomposition reaction deposits the source metal on the substrate.  

 

The CVD processes can create fine porous metals with complex shapes and 

structures if a porous removable scaffold is used as the substrate. The porous 

structure obtained from the CVD process goes through a thermal treatment to 

eliminate the substrate and a porous metal structure is produced. The porous 

structure and morphology can be controlled by selecting the right polymer 

substrate. The porosity achieved can be up to 98% (Ashby et al. 2000). 

However, this process has to be operated in a high-temperature environment, 

which brings a great challenge to the substrate and equipment. In addition, 

gaseous metals can be harmful and toxic.  

 

2.2.3.2 Physical Vapour Deposition (PVD) 

PVD is similar to CVD, except that the metal source is from the evaporation or 

sputtering of the target metal. It can be applied to most metals, alloys and even 

organic materials. It can be categorized into four types: vacuum evaporation, 

sputter deposition, arc vapour deposition and ion plating (Mattox 1999). The 
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differences between these techniques are shown in Fig 2.12. 

 

Fig. 2. 12: Various PVD processes: a) vacuum evaporation, b-c) sputter 

deposition, d-e) arc vapour deposition and f-i) ion plating (Mattox 1999). 

 

Vacuum evaporation takes place in a vacuum or near vacuum condition. The 

material source is heated to form vaporized molecules which directly deposit 

on the surface of a substrate without contacting any contamination even gas. 

The material utilization of this method is relatively poor. 

 

Sputter deposition is a non-thermal vaporization process. It uses atomic-sized 

energetic bombarding particles, generated and accelerated by plasma, to 

bombard the surface of a target, causing the ejection of the surface atoms by 

momentum transfer, which then deposit on a substrate (Mattox 1999). If a 

porous sacrificial substrate is used and is later removed by a heating process, 

a porous metal is formed. The production rate of sputter deposition is relatively 
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low compared to thermal evaporation. The flux distribution is difficult to control, 

which can cause a nonuniform coating in most simple plasma configurations. 

In addition, those bombarding particles that do not have enough energy to 

cause sputter-vaporization of target surface atoms will convert impact energy 

into thermal energy. This raises the temperature of the substrate, which may 

affect the quality of the products. 

 

In the arc vapour process, a low-voltage high-current direct current (DC) is 

applied between a cathode and an anode in a low-pressure atmosphere to 

generate an arc, as shown in Fig. 2.13. The arc causes the local material to 

melt and vaporize to produce gaseous metal atoms.  

 

 

Fig. 2. 13: Schematic diagram of a typical arc PVD reactor (Yen et al. 1995). 

 

Ion plating is another PVD process. The difference with the other PVD methods 
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is the bombarding source, which is usually an ion of inert or reactive gas. The 

high-energy bombarding ions are positively charged and are accelerated 

towards the substrate, which is at a negative potential concerning the 

bombarding ion particles. The energy of the bombarding ions is in the range of 

50 – 300 eV to guarantee good properties of the deposit (Mattox 1999). The as-

produced porous metals have an uniform thickness and a smooth surface 

morphology due to gas scattering and atomic peening effects and 

independence of the angle of incidence of the material source. However, 

uniform ion bombardment is hard to obtain. Furthermore, the bombarding ions 

can be incorporated into the coating and cause residual compressive stresses 

to influence the mechanical properties of the coating. 

 

2.2.4 Ionic State Process 

Metals in their ionic state can be transported to porous substrates and form 

porous structures. The ionic state methods mainly include electroless plating 

(also called a chemical deposition) and electrodeposition (also called 

electroplating).  

 

2.2.4.1 Electroless Plating Process 

A metal coating on a sacrificial foam substrate is formed in an aqueous solution 
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of a target metal salt. Both oxidation and reduction reactions take place in the 

electrolyte and metal deposits on the substrate by reduction. To meet the 

requirement of commercial batch production, the material of the sacrificial 

substrate needs to be mechanically processible and easy to be removed by 

dissolution or decomposition. The precursor is first coarsened in an acidic 

solution and then immersed into an electrolyte with noble ions to produce active 

catalytic centers for promoting the subsequent redox reaction. During 

deposition, the precursor is immersed in the pre-formulated electrolyte for 

several seconds for ion layer adsorption and reaction. Reducing agents (e.g. 

hydrazine) are used for the reduction of the metal ion on the surface of the 

substrate. (Nobari et al. 2016) 

 

2.2.4.2 Electroplating Process 

Electroplating is another electrodeposition method for porous metal production 

(Schwarzacher 2006, Gamburg et al. 2011). Same to other deposition methods, 

a coating is formed on a precursor, followed by removing the substrate. 

Different from electroless plating, the precursor in electroplating must be 

conductive. In the electroplating of metal, metallic ions (Mn+) in the solution are 

reduced by obtaining electrons from the cathode and metal deposits on the 

surface of the cathode, while the anode is dissolved due to the oxidation 

reaction. The redox reactions are simply (Jeske et al. 1995): 
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Anode (oxidation reaction):  M0 – ne- → M2+             2.1 

Cathode (reduction reaction): Mn+ + ne- → M0             2.2 

 

The overall process of electrochemical deposition is complex. It includes mass 

transfer, charge transfer and crystallization. Mass transfer is the first step, 

where the electroactive species move to the surface of the cathode from bulk 

solution due to electrical potential difference with the anode. The metal ions are 

reduced and metal atoms are absorbed in the substrate surface by electron 

transfer. The crystals of the deposit grow step by step, as shown schematically 

in Fig. 2.14. 

 

Fig. 2. 14: Fundamental steps of electrodeposition at an electrode surface, 

where 1 refers to the hydrated ions, 2 refers to the diffusion of ions to 

activated sites and 3 refers to the growth of the deposit (Schwarzacher 2006). 

 

In electrodeposition, the properties and quality of the coatings can be controlled 
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by various manufacturing parameters and electrolyte conditions such as 

concentration of a solution, potential intensity/current density, operating 

temperature and pH of the solution (Gamburg et al. 2011, Schwarzacher 2006). 

In some cases, various compounds are added to the electrolyte to obtain a 

smooth and homogeneous metal surface. Heat treatment is applied in the 

deposition of most metals and alloys, as it can remove the surface stress in the 

deposits and improve the mechanical strength of the finished products. One 

disadvantage of electrodeposition, however, is that the electrolyte wastes can 

cause health and environmental issues and treatment of wastes must be strictly 

implemented. 

 

2.2.5 Other Methods 

There are other pathways which are not mentioned above and can fabricate 

porous metals. For example, the chemical etching process can be employed to 

make porous metals (Erlebacher et al. 2001, Sieradzki et al. 2002). In a 

corrosive condition, metal surfaces are oxidized, especially where energy 

density is high. For alloys of metals with very different reactivities, chemical 

etching can remove only the metal with a higher reactivity rather than all of them. 

Such a process is called dealloying, which provides a new pathway to 

manufacturing nanoporous metal structures (Erlebacher et al. 2001, Sieradzki 

et al. 2002). The dealloying process is a corrosion process to selectively 
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dissolve electrochemically active elements, normally with a lower activity than 

hydrogen (e.g. zinc) in alloys. The corrosion reaction can be promoted by either 

a chemical reaction (acids or alkali etching) or an electrochemical reaction 

(anodizing). Fig 2.15 shows a typical porous structure produced by a dealloying 

method. 

 

Fig. 2. 15: SEM macrograph of a dealloyed porous metal (Chen et al. 2013). 

 

2.2.6 Lost Carbonate Sintering (LCS) 

Lost Carbonate Sintering (LCS) is one of the space filler manufacturing 

methods to fabricate porous metals, developed by Zhao et al. (2005). The LCS 

method employs K2CO3 powder as the space filler material. Moistened K2CO3 

powder is well blended with a metallic powder at a volume ratio calculated 

according to the intended porosity. The mixture is then transferred to a container 

and compacted under a pressure, typically 200 MPa, to make the green preform. 
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The preform is then sent to a furnace and sintered at a high temperature for 

several hours. The pore fillers in the sintered preform are then removed by 

dissolving in water or decomposing in high temperature atmosphere to form a 

porous structure. Fig. 2.16 shows the LCS process schematically. 

 

Fig. 2. 16: Schematic of the LCS process (Zhao et al. 2005). 

 

K2CO3 is an ideal space filler for fabricating porous metals. It is very soluble in 

water, especially in hot water, with a solubility of 149.2 g per 100 mL in 100°C 

water (Haynes et al. 2016). This feature allows it to be fully eliminated from the 

porous matrix. The melting point of K2CO3 is 891°C, which allows it to maintain 

a stable condition during the process without reacting with the metal (Haynes 

et al. 2016). At the same time, it provides strong support so the metal particles 

can form a strong bonding with each other. In addition, K2CO3 does not release 

toxic substances during the high-temperature sintering process. Fig. 2.17 

shows a typical SEM micrograph of an LCS porous metal. 
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Fig. 2. 17: Porous copper produced by LCS method (Diao et al. 2015). 

 

2.2.7 Dynamic Hydrogen Bubble Template (DHBT) 

The Dynamic Hydrogen Bubble Template (DHBT) method is one of the 

electrodeposition techniques (Shin et al. 2003, Li et al. 2007, Tong et al. 2009). 

In the DHBT process, hydrogen evolution is intended and the bubbles play an 

important role in the production of a porous structure by acting as a dynamic 

soft template. As the electrolyte cannot enter the hydrogen bubbles, no metallic 

crystallization takes place in the bubbles and hence pores form. The pore size 

increases with deposition time because of the agglomeration of small gas 

bubbles, as shown schematically in Fig. 2.18. Even though the DHBT method 

provides even distribution and considerable micropores in the porous metals, 

the pore size of the porous structure cannot be controlled (Shin et al. 2003, Li 

et al. 2007). 
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Fig. 2. 18: Schematic of DHBT for porous membrane production (Shin et al. 

2003). 

 

The surface morphology and pore structure of DHBT porous films depend on 

the processing parameters. The parameters include concentrations of metal 

salt and H+ source, deposition potential and time, the value of solution pH and 

type and concentration of surfactant (Shin et al. 2003, Sengupta et al. 2018). 

 

Deposition time has a significant effect on the morphology and pore structure 

of DHBT porous foams (Cherevko et al. 2010, Plowman et al. 2015). Increasing 

the deposition time, the foam wall gradually becomes thick. In addition, the 

hydrogen bubbles generated on the substrate surface have a long pathway to 

escape the porous film, which causes collision and agglomeration of bubbles, 

leading to the formation of big bubbles and pores.  

 

DHBT porous metals have been used in electrochemical applications, due to 

their unique microporous structure and superior electrochemical properties. 

Hao et al. (2019) reported that the Oxygen Evolution Reaction (OER) property 
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of DHBT porous Ni electrodes is improved compared to Ni plate electrodes 

because the electroactive surface area of DHBT porous Ni is 270 times larger 

than that of Ni plate. Li et al. (2007) developed a gold-filmed DHBT sensor to 

detect ascorbic acid (AA), uric acid (UA) and p-acetaminophen (AP) in 

biological samples using electrochemical characterization methods. They 

pointed out that the sensor has a wide glucose detection range of 2-10 mM with 

a high sensitivity of 11.8 μAcm-2mM-1. Plowman et al. (2015) investigated a Li-

ion battery using DHBT modified copper foil as the electrode and showed that 

the battery has a high reversible capacity and cycling stability. The electrode 

was fabricated by in-situ production without using additives and binders 

between the substrate and the porous film. Xia et al. (2011) developed a novel 

super-capacitor based on the DHBT porous Ni/Co(OH)2 electrode. This 

composite electrode has a high specific active surface area, which provides 

high energy density, a specific capacitance of 1920 F/g, and good cycling 

stability.  

 

2.3 Properties of Porous Metals 

2.3.1 Surface Area 

The surface area of porous metal is a significant parameter in many fields 

(Woods et al. 1976, Trasatti and Petrii 1991, Jarzabek et al. 1997, Takasu et al. 

2000, Diao et al. 2015, Zhu and Zhao 2017). Particularly in electrochemical 
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applications, a high surface area electrode can generate/store more electrical 

energy because a large surface area provides more reaction sites for 

electrochemical reactions (Shivkumar et al. 1998, Wang et al. 2009, Zhu and 

Zhao 2017). Hence, measurement of an electrode’s surface area has attracted 

much attention.  

 

Surface areas can be classified as geometric, electrochemical and real surface 

areas (Diao et al. 2015). The geometric surface area only counts the surface of 

the pore geometry, disregard the contributions of the micro-features on the 

surface. Electrochemical surface area is the area where an electrochemical 

reaction takes place. It is sometimes also called effective surface area (Mund 

et al. 1974). Real surface area is the whole area of every surface feature. 

Compared to electroactive surface area, the real surface area is several times 

larger because of the smaller length scale under detection (Trasatti and Petrii 

1991, Diao et al. 2015, Smith et al. 2015).  

 

2.3.1.1 Electrochemical Measurement Method 

Different measurement methods for a porous material can result in different 

surface area values. For example, Trasatti and Petrii (1991) pointed out that the 

real surface area is sensitive to the condition of the measurement method and 

the probe scale in a given measurement system. Therefore, an appropriate 
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measurement method should be employed according to the material and 

porous structure of the specimen. This section introduces the main 

electrochemical methods used to measure real and electroactive surface areas. 

 

2.3.1.1.1 Double Layer Capacitance Method 

The double-layer capacitance (DLC) method is widely adopted for the 

measurement of the surface area of a porous structure made of the same 

material (Trasatti and Petrii 1991). In an electrochemical cell, there is a well 

defined interface between the solid electrode and the liquid electrolyte. When 

the solid surface possesses a charge, the liquid must have a balancing counter 

charge. Charged particles or electrons absorbing and desorbing on the surface 

of the electrode will cause a change of charge. The capacitance of this process 

can be determined by (Gagnon 1976):  

𝐶 =
𝑄

𝐸
=

𝐼

𝑣′
                              2.3 

where C is the capacitance, Q is the charge stored on the electrode, E is the 

potential applied on the electrode, I is the current and v’ is potential sweep rate. 

 

The double layer formed by the non-faradaic process is shown in Fig. 2.19. The 

thin layer most close to the electrode is called the compact layer or inner 

Helmholtz plane (IHP), which is caused by specifical adsorption. The layer 

outside the IHP is the outer Helmholtz plane (OHP) formed by the solvated ions, 
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which attract charged particles and are adsorbed to a distance from the 

electrode surface. The layer of non-specifically adsorbed ions that distribute 

between OHP and the bulk electrolyte is the diffusion layer.  

 

Fig. 2. 19: Schematic diagram of Helmholtz layer and the inner and outer 

plane (Bard 2002). 

 

The DLC method obtains the real surface area of a porous electrode by 

measuring its apparent total capacitance of the double layer through the 

current/potential curves at different sweep rates (Campbell et al. 2004). The 

real surface area can be calculated from the capacitance by (Gagnon 1976): 

A =
∆C

C′
=

I

v′C′
                            2.4 

where ΔC is the differential capacitance, I is the charging current, C’ is the 

reference capacitance per unit area and v’ is the scan rate. Fig. 2.20 shows the 

typical current-potential plots obtained in the double-layer capacitance method 

and the current-scan rate plot. The DLC method has been employed to 
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measure the real surface areas of LCS porous copper and LCS porous copper 

(Diao et al. 2015, Zhu and Zhao 2017).  

 

Fig. 2. 20: (a) Typical current-potential plots obtained by the double layer 

capacitance method and (b) the corresponding dependence of current on 

scan rate (Cherevko et al. 2010). 

 

The DLC method is an in-situ measurement to obtain surface area during the 

reaction, which is very useful in the electrochemical field. However, this method 

has several limitations. The specific capacitance of the metal must be known. 

The ions in the electrolyte have to adsorb on the electrode metal. For example, 

fluorine ions can adsorb on silver but not on mercury (Trasatti and Petrii 1991). 

Moreover, the oxide film and impurities on the electrode surface have to be 

cleared fully to ensure the accuracy of the result (Trasatti and Petrii 1991). 

 

2.3.1.1.2 Hydrogen Adsorption Method 

The hydrogen adsorption method can be used to measure the surface area of 
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metals which have the hydrogen adsorption phenomenon (Michri 1972, Woods 

1976, Beden et al. 1990). Cyclic voltammetry and chronopotentiometry are two 

common techniques in hydrogen adsorption measurement (Trasatti and Petrii 

1991). Fig. 2.21 shows the current-potential curve of hydrogen adsorption and 

desorption at the voltammogram peaks (Lukaszewski et al. 2016).  

 

Fig. 2. 21: Various reactions under different potential ranges at Pt electrode in 

0.5 M H2SO4 (Lukaszewski et al. 2016). 

 

The charge at the adsorption voltammetric peak can be assumed to correspond 

to the adsorption of hydrogen atoms on the metal surface. The amount of 

hydrogen adsorption can be determined quantitatively by measuring the charge 

transferred from the solution to the electrode surface. The surface area of the 

electrode can be derived from: 

A=QH/QH*                             2.5 

where QH is the measured charge due to the hydrogen adsorption for a given 
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potential and QH* is the charge of a monolayer of hydrogen adsorption per unit 

area. 

 

The surface area measured by the hydrogen adsorption method is close to the 

true surface area of the metal because the hydrogen atom is the smallest 

particle that can be regarded as an adsorbate (Lukaszewski et al. 2016). The 

inaccuracy and unreproducibility of the surface area in the hydrogen adsorption 

method is around 10% (Hayes and Kuhn 1980). However, some assumptions 

have been made before using this method, which are not always valid for every 

condition. 1. The coverage of the adsorption is complete on the surface with a 

monolayer of hydrogen. 2. A defined quantitative relationship between the 

measured charge and the adsorbed atoms. 3. No surface alteration during the 

hydrogen adsorption and desorption process. 4. The metal does not absorb 

hydrogen.  

 

The hydrogen adsorption method can be applied to porous metals at low 

potential scan rates (Kessler et al. 1985). It cannot be used to measure the 

surface area of transition metals including Ni, Cu and Fe, because of a 

distortion of the voltammogram caused by the ohmic resistance and kinetic 

restriction at high potential scan rates. A spillover effect in powder electrodes 

due to the diffusion of hydrogen along the surface is also uncovered, which 

results in invalid charge in the measurement (Tareasewich et al. 1967). Another 



44 

 

shortcoming of this method is the ionic adsorption during the hydrogen 

adsorption process, which also results in invalid charge (Aemand and Claviliver 

1989).  

 

2.3.1.1.3 Underpotential Deposition (UPD) Method 

Underpotential deposition (UPD) refers to deposition of a metal on the surface 

of another metallic substrate when the deposition potential is more positive than 

its bulk deposition potential. It happens because the interaction between the 

adsorbing metal and the substrate is larger than that of the adsorbing metal 

particles themselves. It is in fact the initial step of the bulk deposition of the 

metal. The deposition layer can be a monolayer or multilayer, depending on the 

interaction of the adsorbing metal and the substrate.  

 

UPD has been widely used in surface area measurement since Franklin et al. 

(1976) firstly applied the method. Many metals, including Pd on Ag, Cu o Pd, 

Cu on Ru and Pb on Au, have been found to possess the UPD phenomenon 

(Franklin et al. 1976, Zhang et al. 2004, Deakin et al. 1988, Chierchie et al. 

1988). The UPD surface area can be measured by cyclic voltammetry, 

chronoamperometry (CHR), electrochemical impedance spectroscopy (EIS) 

and electrochemical quartz crystal microbalance (EQCM) techniques. It can be 

calculated by the following equation: 
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A= QM/QM*                          2.6 

where QM is the charge consumed in the range of voltammetric stripping of the 

adatoms and QM* is the charge corresponding to a monolayer of deposited 

metal per unit area. 

 

The most notable advantage of UPD is its high reproducibility (Trasatti and 

Petrii 1991). In addition, this method can be used for some cases where other 

adsorption methods are not suitable. For example, for metal Ru, the 

contributions of hydrogen and oxygen are hard to separate; therefore the 

hydrogen adsorption method cannot be applied. However, a monolayer of Cu 

can be formed on the surface of a Ru metal electrode (Trasatti and Petrii 1991), 

so the UPD technique is viable in this case. 

 

The coverage of the surface by the adatom layer is strongly dependent on the 

deposition condition, the type of metals and the cleanness of the electrolyte and 

the electrode surface (Dall’Antonia et al. 2001). Hence, several iterations of 

cyclic voltammetry are usually operated to record the condition of the blank 

background electrolyte and to clean the electrode surface. Similar to the other 

adsorption techniques, several main problems can occur in the determination 

of the UPD surface area. Firstly, the boundary of the voltammetric stripping 

region is not distinct, making it difficult to quantify the charge of adatoms 

accurately. Secondly, the formation of a complete monolayer is not possible, 
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because multilayer and clusters of metal adatoms usually form before the full 

monolayer coverage is completed (Podlovchenko et al. 1987). Finally, the 

contributions of double layer capacitance, hydrogen and oxygen adsorption are 

difficult to distinguish in the voltammetric stripping region, resulting in an 

underestimation of the UPD surface area. 

 

2.3.1.1.4 Peak Current Method 

The electrochemical peak current method can be used to determine the 

effective surface area of metals (Diao et al. 2015, Zhu and Zhao 2017, Tan et 

al. 2102). Fig. 2.22 shows a typical current-potential plot of the voltammogram 

used in the peak current surface area measurement. The method is based on 

the semi-infinite controlled process, where the value of the peak current in the 

voltammogram has a linear relationship with the surface area of the electrode 

if the other factors which can affect the peak current are not varying. The 

electroactive surface area of the porous metal can therefore be calculated from 

the peak current.  
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Fig. 2. 22: A typical current-potential plot of the oxidation of ferrocyanide on 

the surface of an LCS porous Ni sample (Zhu and Zhao 2019). 

 

More specifically, the peak current occurs in the diffusion-controlled region 

when the diffusion process becomes the rate-determining step and the 

electroactive surface area is determined by the Randles - Sevcik equation (Bard 

2002, Delahay 1954) as follows: 

𝑖𝑝 = 268600 × 𝑛
3

2 × 𝐴𝑐𝐷
1

2𝑣′
1

2                     2.7 

where n is the number of electrons transferred in the redox process, A is the 

active surface area, c is the concentration of the reactive species in the bulk 

solution, D is the diffusion coefficient of the electrolyte, v’ is the scan rate. 

 

The electrochemical peak current method is an in-situ surface area 

measurement. It is useful for the measurement of effective surface areas in 
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reaction (Zhu and Zhao 2017). The peak of the voltammogram is easy to be 

obtained, and electrochemical surface area can be determined by the peak 

current. However, in the hydrogen adsorption method, the hydrogen adsorption 

and evolution take place in the same region without an observable division, 

which causes misestimation of the current by hydrogen adsorption. 

where the regions of hydrogen adsorption and evolution are hard to be 

distinguished due to no observable division between them. One limitation of this 

method is that the measured surface area depends on the relative magnitudes 

of the diffusion layer thickness and the roughness of the electrodes (Zhu and 

Zhao 2019). The structural features smaller than the diffusion layer thickness 

cannot be detected. Diao et al. (2015) indicated that the diffusion layer 

thickness is approximately 30 μm. 

 

2.3.1.2 Effect of Structural and Processing Parameters on 

Surface Area 

Many factors, including the manufacturing process and its processing 

parameters, can affect the surface area of porous metals (Trasatti and Petrii 

1991, Lukaszewski et al. 2016, Diao et al. 2015). The surface morphology and 

porous structure are different for the porous metal products manufactured by 

different processes. Porous metals produced by CVD have flat surfaces; porous 

metals produced by space holder methods have relatively low porosity; porous 
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metals produced by DHBT have a very rough surface morphology and high 

porosity (Banhart 2001, Diao et al. 2015, Shin et al. 2003). The different surface 

morphology and porous structure can have a significant effect on the surface 

area. For example, the surface area of a CVD Ni foam, measured by Brunaue-

Emmett-Teller (BET), is 292 cm2/g, while the surface area of a slurry foamed Ni 

foam with a similar pore size and porosity is 19710 cm2/g (Bidault et al. 2009, 

Duki et al. 2013).  

 

Pore size is an important factor affecting the surface area of porous metals. For 

a given porosity, smaller pores mean more pores in the metal matrix and 

therefore a larger surface area. Zhu and Zhao (2017) investigated the effect of 

porous structure on surface areas of LCS porous copper and reported that the 

specific surface area increases with decreasing pore size.  

 

Porosity is another factor affecting the surface area of porous metals. A high 

porosity represents a large amount of pores inside the metal matrix and, for the 

same pore size, brings about a high surface area. Studies on LCS porous 

copper and Ni (Diao et al. 2015, Zhu et al. 2017) showed that increasing 

porosity leads to an increase in the surface area.  

 

Surface morphology has a significant effect on the surface area, especially for 

those measured by a sensitive method like DLC (Zhu et al. 2015, Grden et al. 
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2012, Stanislaw et al. 2019). A rough surface results in a high surface area. 

Stanislaw et al. (2019) electroplated Ni nanomesh on an aluminium oxide 

substrate, which was subsequently removed using a KOH solution. They 

reported that the electroactive surface area of the 3.3 μm thick porous Ni 

samples was 87-107 times of that of a planar Ni, because the 3D porous Ni 

structure provides a large internal surface area. Grden et al. (2012) studied the 

effects of thermal, chemical and electro-oxidizing surface treatments on the 

surface morphology and surface area of porous Ni. They found that chemical 

etching resulted in a higher surface area because it produced a rougher surface 

and a clean surface condition without changing the porous structure. Zhu and 

Zhao (2017) reported that the real surface area of the LCS porous copper was 

reduced by 31-61% and 9-25% by chemical and thermal treatments, 

respectively, due to smoothened surface. 

 

The processing parameters of various manufacturing methods can also affect 

the surface area of the as-produced porous metals. The factors include 

operation temperature, operation time, pressure, atmosphere, type and 

concentration of reactant, and intensity of potential and current (Zhu and Zhao 

2017, Diao et al. 2015, Li et al. 2007). Temperature is an important factor in 

powder metallurgy methods. A higher sintering temperature decreases the real 

surface area of the LCS porous copper (Zhu and Zhao 2017).  
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2.3.2 Mass Transfer Performance 

Mass transfer in electrochemistry refers to the movement of a reactant from the 

bulk electrolyte to the electrode surface. Mass transfer performance is an 

important parameter for electrochemical reactors, especially for those reactors 

having fast electrode reaction kinetics (Bard 2002). In such reactors, the 

electrochemical reaction rate is controlled by the mass transfer process (Recio 

et al. 2013, Zhu and Zhao 2017). Fig. 2.23 is a schematic diagram of a typical 

electrode reaction pathway. A general redox process involves mass transfer 

from the bulk solution to the electrode surface, charge transfer on the electrode 

and other intermediate reactions (e.g. adsorption/desorption). In an 

electrochemical redox reaction with a fast reaction kinetic, the diffusion process 

is the rate-determining step (Zhu and Zhao 2017).  

 

Fig. 2. 23: Schematic diagram of electrode reaction pathway (Bard 2002). 
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The rate of mass transfer is proportional to the concentration gradient in the 

bulk solution, which is described by Fick’s law (Compton 2012, Compton et al. 

2013). Fick’s second law states that the flux of the species, J0, is proportional 

to the concentration gradient: 

𝐽0 = −𝐷
𝜕2𝐶

𝜕𝑥2
                          2.8 

where D is the diffusion coefficient, c is the concentration of bulk solution and x 

is the distance away the electrode surface.  

 

The mass transfer performance can be characterized by the voltammogram 

method, also called the limiting current method (Recio et al. 2013, Zhu and 

Zhao 2017). Fig. 24 shows a typical current-potential profile in a voltammogram. 

It has three kinetic regions, including hydrogen evolution region, mass transfer 

control region and mixed control region. The limiting current, IL, is determined 

by: 

IL = kAnFc                          2.9 

where k is the mass transfer coefficient, A is the active electrode area, n is the 

number of electron transfer in the reaction, F is the Faraday constant, and c is 

the concentration of the bulk solution. 
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Fig. 2. 24: Typical voltammogram for the reduction of 1 mM K3Fe(CN)6 in 1 M 

Na2CO3 (Recio et al. 2013). 

 

The study of mass transfer performance in porous electrodes is particularly 

important because they have high surface areas and complicated structural 

characteristics which exhibit a superior mass transfer performance. There are 

three pathways to improve the mass transfer performance of the electrode, 

including increasing the surface area, increasing the mass transfer coefficient 

and increasing the electrochemical catalysis of the electrode (Zhu and Zhao 

2017).  

 

Recio et al. (2013) studied the mass transfer in plate electrodes with smooth 

and rough surfaces. They reported that the mass transfer performance of an 
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electrode with a rough surface is 11 times higher than that with a smooth 

surface. They also employed a turbulence promoter in the experiment to study 

the effect of the fluid state on the mass transfer performance. The mass transfer 

performance was further increased by 23 times compared with those without a 

promotor. This is because using a turbulence promoter changes the fluid flow 

from laminar to turbulent.  

 

Zhou et al. (2015) studied a series of porous copper-fibre electrodes with 

different porosities of 0.7. 0.8 and 0.9, made by sintering. The best mass 

transfer performance appears at the porosity of 0.8. They indicated that the 

mass transfer depends on the residence time of the electrolyte inside the 

porous metal. If the porosity is too low, the electrolyte inside the porous 

electrode is exhausted quickly. If the porosity is too high, the electrolyte leaves 

the porous metal rapidly without sufficient reaction. Both result in a low mass 

transfer performance. 

 

Zhu and Zhao (2017) studied the mass transfer performance of the LCS porous 

Ni electrode. They found that the mass transfer coefficient increases with 

increasing pore size and decreases with increasing porosity. The mass transfer 

performance is up to 300 times higher than the Ni plate. Langlois and Coeuret 

(1989) reported that the mass transfer performance of a Ni foam decreases 

with increasing pore size. They used three grades of Ni foam, G100, G60 and 
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G45, and found that the BET surface area of the G100 Ni foam is 2.16 times 

higher than the G45 Ni foam, which has the largest pore size. 

 

The effect of electrolyte flow rate on the mass transfer can be expressed by 

(Recio et al. 2013): 

kA = avb                          2.10 

where ‘kA’ is the mass transfer performance, which is the product of ‘k’, the 

mass transfer coefficient and ‘a’, active electrode surface area, ‘a’ is a constant 

associated with the structural properties of the electrode, v is the electrolyte 

flow velocity and ‘b’ is a constant associated with the mass transport condition. 

The mass transfer performance increases with increasing the electrolyte 

velocity. However, the highest mass transfer performance appears at a velocity 

around 33 cm/s, beyond which the fluid resistance limits further enhancement 

of the mass transfer (Brown et al. 1993). 

 

In the investigations into the mass transfer, several dimensionless numbers, 

including Sherwood number (Sh), Reynolds number (Re) and Schmidt number 

(Sc), are used (Recio et al. 2013): 

𝑆ℎ =
𝑘𝑑𝑒

𝐷
                            2.11 

                           2.12 

                            2.13 

u

vde=Re

D

v
Sc =
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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. The 

relationship among these parameters can be expressed as (Brown et al. 1992, 

Park et al. 2007): 

Sh = αReβSc0.33                         2.14 

where ‘α’ is a constant associated with the geometrical structure of the 

electrode and ‘β’ is a constant depending on the hydrodynamic regime. The 

Sherwood number can be used to compare electrodes with different 

geometrical and physical properties. 

 

2.4 Electrochemical Applications 

Open-cell porous metals, especially those with modified functional surfaces, 

have received much interest over the past three decades due to their great 

combinations of properties of electrocatalysis, specific capacitance, specific 

surface area, and mass transfer coefficient (Zhu and Zhao 2017, Diao et al. 

2015, Recio et al. 2013). They have found increasing applications in a wide 

range of new fields, including electrochemical sensors, electrochemical 

batteries, fuel cells and so on (Lu et al. 2011, Niu et al. 2013, Noelle et al. 2018, 

Krishnamoorthy et al. 2014). The development of manufacturing technologies, 

e.g., electrochemical, hydrothermal, physical deposition and other methods as 

complements of conventional metallurgical techniques, has further advanced 
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the applications. 

 

2.4.1 Electrochemical Glucose Sensors 

One of the most significant attributes of porous metals is their electrocatalysis 

of bio-detection of redox substances (e.g. glucose, dopamine etc). They can be 

employed as non-enzyme bio-detectors for medical instruments to improve the 

user experience as well as the accuracy and selectability of products. Non-

enzyme bio-detectors possess many advantages over enzyme detectors. They 

have a significant market potential because of long life-span, easy fabrication, 

low cost, low requirements for storage environment as well as high 

reproducibility and stability (Niu et al. 2013, Zhu et al. 2018, Chakraborty et al. 

2020, Jagadeesan et al. 2019).  

 

In the recent few decades, fast detection of glucose in humans become an 

important issue, because of a rapidly growing number of people with diabetes 

(Stefan-van Staden et al. 2018). Since the development of the first enzymatic 

glucose detector, glucose oxidase (GOx) glucose sensors have been widely 

used in the production of blood glucose test paper due to their high selectivity 

and accuracy (Park et al. 2006, Toghill et al. 2010). However, because GOx is 

affected by oxygen content, dehydrogenase is employed to substitute GOx in 

many glucose detection sensors. Although enzymes possess a high selectivity, 
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accuracy and wide detection range in glucose detection, enzyme-based 

sensors have obvious limitations. The production and storage of the GOx 

enzyme are costly to guarantee the activity of the enzyme. Moreover, the 

immobilization of enzymes on the electrode is a time-consuming process, and 

the processing temperature must be controlled (Tang et al. 2014).  

 

Non-enzyme bio-detector can avoid the shortcomings of enzyme-based 

detectors, including high-pricing and storage issues. Noble metals such as gold 

show a great catalytic performance in glucose detection, but the high-cost 

prevents their mass production (Chen et al. 2021). Transition metals and their 

oxides have been investigated extensively in academia and industry in order to 

reduce the cost and implement mass-production goals. To improve the 

detection accuracy, it is necessary to use a high surface area electrode, which 

can output a relatively high signal to increase the signal-to-noise ratio in the 

measurement. 

 

The principle of glucose detection is based on the redox reaction of glucose at 

the electrode. The oxidation of glucose to gluconolactone occurrs on a 

transition metal surface in an alkaline solution (e.g. 0.1 M NaOH solution), and 

the equilibrium reaction can be described as (e.g. for Ni electrode) (Safavi et al. 

2009): 

𝑁𝑖 + 2𝑂𝐻− → 𝑁𝑖(𝑂𝐻)2 + 2𝑒−                     2.15    
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𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻− → 𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒−              2.16 

𝑁𝑖𝑂𝑂𝐻 + 𝑔𝑙𝑢 𝑐𝑜𝑠 𝑒 → 𝑁𝑖(𝑂𝐻)2 + 𝑔𝑙𝑢𝑐𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒            2.17 

 

Niu et al. (2013) developed a highly-sensitive and selective glucose detector 

using a porous Ni electrode manufactured by the DHBT method. This electrode 

has a wide linear concentration range of 0.0005-4 mM with a high sensitivity of 

2900 μA/(cm2mM); its limit of detection (LOD) for glucose is 0.07 μM. Guo et al. 

(2015) reported a three-dimensional nanostructured porous CNT/MnO2 

composite electrode with a superior sensitivity of 3406.4 μA/cm2mM and a low 

LOD of 0.5 μM for glucose detection.  

 

Porous metal structure carrying catalytic material provides a high specific 

surface area and allows the reactant to flow through to improve the 

performance of sensors. Kung et al. (2014) synthesized Ni hydroxide 

nanoparticles in-situ on a Ni foam electrode by an electrochemical cyclic 

voltammetric method. This composite electrode possessed superior 

electrocatalytic performance in glucose detection, with a high sensitivity of 

1950.3 μA/cm2mM, a wide linear range of 0.6 - 6 mM and a low LOD of 0.16 

μM. The electrode was still stable after storage in the atmosphere for over a 

month, which indicates excellent reproducibility.  

 

2.4.2 Electrochemical Batteries 
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Electrochemical batteries are devices that can efficiently convert chemical 

energy into electrical energy. They have received much interest in both 

academia and industry due to the shortage of fossil fuels and environmental 

issues. Using fuel cells as an example, fuels like methanol and hydrogen gas 

are directly converted into electrical energy through fuel cells based on a redox 

reaction (Chen et al. 2007, Chung et al. 2013). The configuration incorporates 

an anode, a cathode and an electrolyte. The fuels and oxidizing agent or source 

flow by/through the anode and cathode, respectively. At the surface of the 

anode, oxidation of the fuel occurs, which generates electrons and produces 

an electric current to the cathode along with the external circuit. The ions formed 

by the anode reaction are transferred to the cathode through an electrolyte and 

react with oxygen and electrons on the surface of the cathode to generate new 

products. Fig. 2.25 shows a schematic diagram of a simple hydrogen-oxygen 

fuel cell. The reaction is split into two half-reactions: 

𝐻2 ⇔ 2𝐻+ + 2𝑒−  (for anode)                 2.18             

1

2
𝑂2 + 2𝐻+ + 2𝑒− ⇔ 2𝐻2𝑂 (for cathode)              2.19 
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Fig. 2. 25: Schematic diagram of a simple hydrogen-oxygen fuel cell (O’Hayre 

et al. 2016). 

 

Fuel cells have a high energy conversion efficiency due to direct 

electrochemical energy conversion. The energy capacity of fuel cells is 

determined by the fuel reservoir size. The electricity is generated continuously 

while the fuel is supplied.  

 

Fuel cells can be classified by their electrolyte and the major types of fuel cells 

are listed in Table 2.2. Solid state electrolytes can provide a highly reliable and 

long-lasting reactor without emissions of polluted gases such as NOx and SOx.  
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Table 2. 2 Major fuel cell types: proton exchange membrane fuel cell 

(PEMFC), phosphoric acid fuel cell (PAFC), alkaline fuel cell (AFC), molten 

carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC) (O’Hayre et al. 

2016). 

 

 

The reaction rate in fuel cells is determined by the fluid’s transport, i.e., the 

mass transfer performance. Mass transport in the fuel cell is dominated by fluid 

flow velocity, mass transport condition (e.g. convection or diffusion) and surface 

area of the electrode. Because the electrochemical reactions take place at the 

surface of the electrode/current collector, and the fast flow allows a large 

number of reactant molecules to transfer to the surface, as shown in Fig. 2.26, 

a diffusion layer (concentration gradient of reactant from the fuel tank to the 

interface between electrode and electrolyte) develops at the anode of an 

operating hydrogen-oxygen fuel cell. 
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Fig. 2. 26: Schematic diagram of the diffusion layer that develops at the anode 

of an operating hydrogen-oxygen fuel cell configuration (O’Hayre et al. 2016). 

 

In electrochemical batteries, the specific surface area of the electrode is an 

important parameter because of the large number of active materials loading 

on the electrode surface. Therefore, high surface area porous current collectors 

are often employed in these electrochemical battery applications. Yun et al. 

(2016) developed a porous copper current collector by the dealloying method. 

The porous electrode was first made from a Cu-Zn alloy and the Zn component 

was removed by chemical etching, leaving behind micropores to accommodate 

the lithium metal. The electrode exhibited a high energy capacity and high-

reliability. Lu et al. (2016) plated the active materials onto a copper nanowire 

current collector as the anode and showed that it has a high coulombic 

efficiency, superior rate performance and conductivity. Li et al. (2017) fabricated 

a porous copper foam current collector and demonstrated that, compared to 
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planar copper foil, the porous copper foam provides a high specific surface area 

and therefore improved the electrochemical reaction kinetics. They reported 

that the porous copper foam/lithium composite electrode has a lower resistance 

than bare lithium metal (Fig. 2.27). Noelle et al. (2018) reported that a structural 

electrochemical battery based on porous metal current collectors possessed a 

high safety margin and energy density. Jin et al. (2017) investigated the effect 

of the current collector contact area on the cell resistance of the SOFC cathode 

and reported that the cell resistance decreased from 1.43 to 0.019 Ωcm2 at 

800C when the contact area of the current collector increased from 4.6% to 

27.2%. 

 

Fig. 2. 27: Contrast of resistance in Nyquist plots of the composite electrode 

and bare lithium metal (Li et al. 2017). 
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2.5 Summary 

This chapter reviews the manufacturing methods, electrochemical properties 

and applications of open-cell porous metals. The four different manufacturing 

pathways and their characteristics are summarized. The effects of surface 

condition and porous structure on surface area and mass transfer performance 

of porous metals are discussed and summarized. The LCS porous metals have 

superior 3D porous structure and good mass transfer coefficient. However, 

such manufactured porous structures have relatively low surface area, which 

cause the limitations of the LCS porous metals in electrochemical applications. 

Therefore, the methods and processes to increase the surface area of the LCS 

porous metals is necessary to study. The investigations on the electrochemical 

characterizations of important properties of porous metals are reviewed. Two 

electrochemical applications of open-cell porous metals, sensors and batteries, 

are introduced.  
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Chapter 3 Experimental Methods 

3.1 Introduction 

This chapter describes the fabrication procedures used to manufacture the 

porous metal samples and the methods used to characterize the samples. The 

porous metal samples were manufactured by the Lost Carbonate Sintering 

(LCS) and the Dynamic Hydrogen Bubble Template (DHBT) methods. The 

surface areas and mass transfer performance of the porous metal samples 

were characterized by cyclic and linear voltammetry methods. The correlations 

of electrode current with glucose concentration using porous metal electrodes 

were investigated by cyclic voltammetry technique. 

 

3.2 Preparation of LCS Porous Ni 

The LCS process is a space holder method for manufacturing porous metals, 

developed by Zhao’s group at the University of Liverpool in 2005 (Zhao et al. 

2005). In LCS, K2CO3 powder is used as the space holder agent, which is 

subsequently eliminated by the dissolution treatment. The pore size of the LCS 

porous metals is normally in a range of 250 – 1500 μm and the porosity is in a 

range of 60 – 85%. The LCS process for manufacturing porous metals is shown 

schematically in Fig. 3.1. 
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Fig. 3. 1: The schematic diagram of the LCS process (Zhao et al.2005). 

 

3.2.1 Raw Materials 

All chemicals used in the experiments were analytical grade without further 

purification. The coarse and fine Ni powders with spherical particles and a purity 

of 99.5% were supplied by Changsha Tianjiu Ltd. China. The mean particle size 

of the coarse and fine Ni powders were 100 μm and 10 μm, respectively. The 

fine powder was mixed with the coarse powder with contents of 0%, 20%, 40%, 

60%, 80% and 100% in weight to study the effect of metal particle size on the 

surface area and mass transfer performance of the as-manufactured LCS 

porous Ni. The space filler is a food-grade spherical K2CO3 powder with a purity 

of 99% supplied by E&E Ltd., Australia. The K2CO3 powder was sieved and 

divided into four different particle size ranges of 250-425 μm, 425-710 μm, 710-
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1000 μm and 1000-1500 μm for fabricating porous metal samples with different 

pore sizes and porosities. 

 

3.2.2 Mixing and Compaction 

The Ni powder was mixed with the K2CO3 powder at a pre-determined volume 

ratio according to the target porosity and pore size. To disperse particles and 

prevent particle agglomeration, 1 wt.% ethanol was employed as an additive. A 

stainless-steel cylindrical tube (with Φ = 50 mm) was used as the mould to 

accommodate the powder mixture. The thickness of the final porous Ni samples 

was 5 mm, and the mass of K2CO3, mK2CO3 and the mass of Ni, mNi, can be 

determined by: 

𝑚𝑁𝑖 = (1 − 𝜀)𝑉𝜌𝑁𝑖                        3.1 

𝑚𝐾2𝐶𝑂3
= 𝜀𝑉𝜌𝐾2𝐶𝑂3

                       3.2 

where ε is the porosity, V is the volume of the porous Ni sample, and ρNi and 

ρK2CO3 are the densities of Ni and K2CO3, respectively. 

 

The powder mixture in the mould was compacted by a hydraulic press (Moore 

Hydraulic Press, UK) at pressures of 0, 50, 100 or 200 MPa for 30 seconds to 

form a preform for subsequent heat treatment. Fig. 3.2 shows a schematic 

diagram of the compaction process for manufacturing the preforms. 
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Fig. 3. 2: Schematic diagram of the compaction process for manufacturing the 

preforms (Diao et al. 2015). 

 

3.2.3 Sintering and Dissolution 

The preform was transferred to a vacuum furnace for sintering. The 

temperature was raised from room temperature to 200˚C and stayed at 200˚C 

for 30 minutes to eliminate the ethanol in the preform. The temperature was 

then increased to the sintering temperature of 850˚C and kept for 4 hours. The 

temperature profile of the sintering process is shown in Fig. 3.3. After sintering, 

the sample was taken out from the stainless steel tube by extrusion and 

immersed in hot water for dissolution. The K2CO3 particles inside the sample 

were completely removed by the dissolution process, resulting in a LCS porous 

Ni sample. 
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Fig. 3. 3: Temperature profile of the sintering process (Zhu and Zhao 2017). 

 

3.2.4 Taguchi Design in the Manufacture of LCS Porous Ni 

Samples 

Taguchi orthogonal array design was used to investigate the effects of LCS 

processing parameters on the surface areas of the porous Ni. Based on 

previous research on processing conditions (Diao et al. 2015), five key factors 

were selected: K2CO3 particle size, K2CO3 volume percentage, fine Ni powder 

ratio, compaction pressure and sintering temperature. As the particle size and 

the volume percentage of the K2CO3 powder determine the pore size and 

porosity of the resultant porous Ni sample, these two parameters are labelled 

as pore size and porosity, respectively, for convenience. Each of the five factors 

had four levels and an L16 orthogonal array was designed, as shown in Table 

3.1. 
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Table 3. 1 L16 orthogonal array design of experiments. 

Experiment 

No. 

Pore size 

(µm) 

Porosity 

(%) 

Fine 

powder 

ratio 

(%) 

Compactio

n Pressure 

(MPa) 

Sintering 

Temperature 

(°C) 

1 250-425 65 0 0 700 

2 425-710 70 20 0 750 

3 710-1000 75 40 0 800 

4 1000-1500 80 60 0 850 

5 250-425 75 60 50 750 

6 425-710 80 40 50 700 

7 710-1000 65 20 50 850 

8 1000-1500 70 0 50 800 

9 250-425 80 20 100 800 

10 425-710 75 0 100 850 

11 710-1000 70 60 100 700 

12 1000-1500 65 40 100 750 

13 250-425 70 40 200 850 

14 425-710 65 60 200 800 

15 710-1000 80 0 200 750 

16 1000-1500 75 20 200 700 



72 

 

Notes: Pore size refers to the particle size of the K2CO3 powder. Porosity refers 

to the volume fraction of the K2CO3 powder in the metal/ K2CO3 mixture. Fine 

powder ratio refers to the weight ratio of fine powder in the whole metal powder 

mixture. 

In this study, the fine Ni powder ratio was identified as the most important 

parameter affecting the surface area of the porous Ni samples. Further 

experiments for the effect of fine powder ratio were carried out because this 

factor shows to have an important effect on the surface area of the LCS porous 

Ni in the pre-experiments. In this set of experiments, the pore size (425 – 710 

m), porosity (70%), compaction pressure (200 MPa) and sintering temperature 

(850C) were fixed and six fine Ni powder ratios (0%, 20%, 40%, 60%, 80% or 

100%) were investigated. 

 

3.3 Preparation of DHBT and LCS/DHBT Porous Ni 

3.3.1 Raw Materials 

Ni strips were used as substrates to manufacture the DHBT porous Ni films to 

study the effect of DHBT manufacturing parameters on surface area. They have 

a purity of 99.99% and a size of 1 mm x 45 mm. They were polished to mirror-

like smooth surface using metallographic techniques to make substrates. The 

LCS porous Ni samples were used as substrates to manufacture the composite 

LCS/DHBT porous Ni samples. The samples have a porosity of 80% and pore 
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size in the range of 710-1000 μm. The Ni substrates were then cleaned with 

10% dilute NaOH and HCl, respectively, to remove the grease and oxides on 

the surface. The substrates were washed with distilled water and ethanol in turn 

and dried using nitrogen gas. All the cleaning processes were carried out in an 

ultrasonic cleaner. The Ni salts used in this study were Ni(CH3COO)2 (99.5% 

purity) and Ni(SO3NH2)2 (99.5% purity). NH4Cl (99% purity) was used to 

generate hydrogen bubbles. All raw materials were supplied by Simga-Alrich 

Co. Ltd. 

 

3.3.2 Electro-deposition 

The Ni strip substrates were then numbered and electrodeposited with different 

manufacturing parameters in two different electrolytes, Ni(CH3COO)2 and 

Ni(SO3NH2)2 as shown in Tables 3.2 and 3.3, respectively. A three-electrode 

configuration was used in this experiment. A Pt plate with a surface area of 1 

cm2 was used as the counter electrode, a saturated calomel electrode (SCE) 

was employed as the reference electrode and the Ni substrate was used as the 

working electrode. The electrodeposition process was driven by a potentiostat 

(Autolab PGSTAT 101). The experiments were carried out in a 50 mL 

electrolytic tank at room temperature. The distance between the electrodes was 

20 mm in all experiments. The solutions for experiment were degassed by 

aerating plenty of nitrogen gas. After deposition, the DHBT porous Ni samples 
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were cleaned by plenty of distilled water and ethanol without using ultrasonic 

cleaner to avoid damage of samples, because the DHBT porous Ni samples 

have extremely high porosity; the metal walls are thin and the strength of the 

DHBT porous Ni is limited. The cleaned samples were dried and then 

characterized using the potentiostat and a Scanning Electron Microscope 

(SEM). 

Tables 3.2 and 3.3 show the bath compositions and deposition parameters used 

to manufacture the DHBT films in the Ni(CH3COO)2 and Ni(SO3NH2)2 

electrolytes, respectively. Each parameter has 3 levels.  

 

Table 3. 2 Bath compositions and deposition parameters in Ni(CH3COO)2 

electrolyte. 

Number Ni(CH3COO)2/M NH4Cl/M Potential/V Time/s 

1 0.2 0.5 -1.35 150 

2 0.2 1 -1.35 150 

3 0.2 1.5 -1.35 150 

4 0.1 1.5 -1.35 150 

5 0.4 1.5 -1.35 150 

6 0.2 1.5 -1.5 150 

7 0.2 1.5 -1.7 150 

8 0.2 1.5 -1.35 60 

9 0.2 1.5 -1.35 300 
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Table 3. 3 Bath compositions and deposition parameters in Ni(SO3NH2)2 

electrolyte with 1.5 M NH4Cl. 

Number   Ni(SO3NH2)2 (M) Potential (V) Time (s) 

1 0.1 -1.7 150 

2 0.2 -1.7 150 

3 0.4 -1.7 150 

4 0.2 -1.9 150 

5 0.2 -2.1 150 

6 0.2 -1.7 100 

7 0.2 -1.7 200 

 

The composite LCS/DHBT porous Ni samples used for mass transfer 

performance study were manufactured in the same electrodeposition process, 

except that the substrates were LCS porous Ni samples. The electrolyte 

contained 0.2 M Ni(CH3COO)2 and 0.5 M NH4Cl. The deposition potentials were 

-1.35, -1.5 and -1.7 V and the deposition times were 60, 150 and 300 s, as 

shown in Table 3.4.  
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Table 3. 4 Deposition potential and time for manufacturing the LCS/DHBT 

porous Ni samples for mass transfer study. 

Number Potential (V) Time (s) 

1 -1.35 60 

2 -1.5 60 

3 -1.7 60 

4 -1.35 150 

5 -1.5 150 

6 -1.7 150 

7 -1.35 300 

8 -1.5 300 

9 -1.7 300 

 

The composite LCS/DHBT porous Ni samples used for glucose detection study 

were manufactured in the same electrodeposition process using LCS porous 

Ni samples as the substrates. The porous Ni substrates have a porosity of 80% 

and a pore size range of 710 – 1000 μm, and were cut into cuboids (456 mm). 

A thin porous Ni film was electrodeposited on each of the substrates by the 

DHBT method. The electrolyte contained 0.2 M Ni(CH3COO)2 and different 

concentrations of NH4Cl, as shown in Table 3.5. The deposition potentials were 

-1.35, -1.5 and -1.7 V, as shown in Table 3.5, and the deposition time was set 

at 300s. 
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Table 3. 5 NH4Cl concentration and deposition potential for manufacturing the 

LCS/DHBT porous Ni samples for glucose detection study. 

Number NH4Cl /M Potential /V 

1 0.5 -1.35 

2 1 -1.35 

3 1.5 -1.35 

4 0.5 -1.5 

5 1 -1.5 

6 1.5 -1.5 

7 0.5 -1.7 

8 1 -1.7 

9 1.5 -1.7 

 

3.4 Measurement of Electroactive Surface Area 

3.4.1 Experimental Apparatus 

All electrochemical experiments were performed using a potentiostat (Auto lab 

PGSTA101). The experiments took place in a sealed glass vial, with a three-

electrode configuration consisting of a porous metal working electrode, a 

saturated calomel electrode (SCE) reference electrode and a Pt coil wire 

counter electrode. A schematic diagram of the three-electrode electrochemical 

cell used for the cyclic voltammetry (CV) measurements is shown in Fig. 3.4. 
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The measurements were carried out in 1 mM K4[Fe(CN)6] in a 0.1 M KOH 

background solution. A series of mirror-polished Ni plates with known surface 

areas were employed to calibrate the measurements.  

 

Fig. 3. 4: Schematic diagram of the three-electrode electrochemical cell used 

for the CV measurement (Zhu and Zhao 2017). 

 

3.4.2 Procedure of Measurement 

The electroactive surface area of the porous Ni samples was measured by the 

peak current method (Rohatgi 2000), the details of which were reported in (Diao 

et al. 2015). This cyclic voltammetry method is based on the fact that the peak 

current for a reversible electron transfer reaction is proportional to the surface 

area and the proportionality coefficient can be determined experimentally using 

samples with known surface areas.  
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The measurement was carried out on an electrochemical workstation with the 

three-electrode configuration at room temperature. The working electrode was 

the porous Ni sample. The reference electrode was a saturated Calomel 

Electrode (SCE, +0.241V vs standard hydrogen electrode) and the counter 

electrode was a platinum wire. The electrolyte was a 1 mM K4[Fe(CN)6] in 0.1 

M KOH solution, which was de-aerated with argon for 5 minutes before the 

measurement. The potential window was from -0.2 to 0.4 V vs. SCE and the 

scan rate range was from 0.005 to 0.3 V/s. The anodic peak appears at around 

0.25 V, as shown in Fig. 3.5. The electrochemical reaction during the scan was 

in the form of: 

 [Fe(CN)6]4− ⇆ [Fe(CN)6]3− + e−                3.3 

 

Fig. 3. 5: A typical current-potential plot of redox reaction of ferrocyanide (Zhu 

and Zhao 2019). 
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The peak current, ip, predicted for a reversible electron transfer in the diffusion-

controlled regime can be calculated by the equation 2.7. 

 

In order to eliminate the effect of electrolyte’s resistance, compensated work 

was considered in this study, because a significant distortion in the voltammetry 

will appear if the resistance of the electrolyte is not compensated (Diao et al. 

2015). The potential at the peak current could shift positively and affect the 

kinetics of the reaction, the details of which will be discussed in Chapter 7. The 

‘IR-compensation’ feature of the potentiostat was set up to compensate for the 

resistance of the electrolyte automatically. 

 

3.5 Measurement of Real Surface Area 

The real surface area of the porous Ni samples was measured by the double 

layer capacitance (DLC) method, a voltammetry approach which can obtain the 

real surface area by determining the apparent total capacitance of a porous 

electrode (Diao et al. 2015, Trasatti and Petrii 1991, Campbell et al. 2004). The 

real surface area can be determined by equation 2.4. The reference 

capacitance per unit area is 28 μFcm-2 for Ni in 8 M KOH, and therefore the real 

surface area of porous Ni can be calculated by dividing the capacitance 

obtained by adsorption/desorption by 28 μFcm-2 (Gagno 1976).  

 



81 

 

The measurement was carried out on the electrochemical workstation with the 

same three-electrode configuration as for the electroactive surface area 

measurements, at room temperature. The electrolyte was an 8 M KOH solution, 

which was de-aerated with argon for 5 minutes before the measurement. The 

potential window was chosen in a non-redox reaction potential range from -0.8 

to -0.7 V vs. SCE and the scan rate was set in the range of 0.05 to 1 V/s.  

 

3.6 Measurement of Mass Transfer Performance 

The mass transfer performance of the porous metals was measured by the 

limiting current method (Recio et al. 2013, Zhu and Zhao 2017). The LCS 

porous Ni sample with a porosity of around 80% and pore size in the range of 

1000 – 1500 μm was used as the substrates for this measurement. The mass 

transfer performance of the LCS porous Ni samples with different fine Ni 

powder ratios of 0%, 20%, 40%, 60%, 80% and 100% and the LCS/DHBT 

porous Ni samples with different manufacturing parameters (as shown in 

section 3.3.2) were investigated under various electrolyte fluid velocities of 1.32 

– 6.66 cm/s.  

 

3.6.1 Experimental Apparatus 

The electrochemical configuration used to characterize the mass transfer 
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performance consisted of two electrolyte tanks, a three-electrode system, and 

a fluid transport system as shown in Fig. 3.6. The workstation and the three-

electrode configuration were the same as for the surface area measurements.  

 

Fig. 3. 6: Schematic of the electrochemical configuration for the mass transfer 

measurement. 1 is electrolyte reservoir, 2 is the solution input pipe, 3 is waste 

solution tank, 4 is a peristaltic pump, 5 is working electrode, 6 is SCE 

reference electrode, 7 is Pt coil counter electrode, 8 is the glass vial, 9 is 

conducting wire,10 is potentonstat, 11 is computer monitor, 12 is an acrylic 

tube, 13 is water barrier film, 14 is porous working electrode, 15 is conducting 

wire and 16 is mirror-polished Ni plate (Zhu and Zhao 2017). 

 

3.6.2 Determination of Mass Transfer Performance 

The measurement was carried out at room temperature. The electrolyte was a 

1 mM K4[Fe(CN)6] in 1 M Na2CO3 solution, which was de-aerated with argon for 

5 minutes before the measurement. The potential window was from -1.2 to 0.2 

V vs. SCE, because the mass-transfer controlled regime is at a potential range 
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of around -0.8 to 0 V vs. Ag/AgCl as shown in Fig 3.7. The scan rate was set at 

0.005 V/s. The fluid flow velocities were 1.32, 2.22, 4.38 and 6.6 cm/s.  

 

Fig. 3. 7: Typical current vs potential plot for the reduction of Fe(CN)6
3- in 10-4 

M K3Fe(CN)6 + 10-3 M K4Fe(CN)6 + 1 M Na2CO3 at a porous Ni electrode with 

a scan rate of 0.005 V/s (Recio et al. 2013). 

 

In mass transfer controlled regimes, the reaction depends on the rate of 

reactant transport to the electrode surface. The mass transfer performance, kA 

can be characterized by the product of mass transfer coefficient, k, and active 

electrode area, A: 

kA =
IL

nFΔC
                            3.4 

where IL is the limiting current, n is the number of electrons exchanged in the 

reaction, F is the Faraday constant and ΔC is the concentration difference of 
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the electroactive species between the bulk solution and the electrolyte at the 

electrode surface. 

 

3.7 Correlation between Peak Current and Glucose 

Concentration 

The catalytic activity of the Ni2+/Ni3+ couple in an alkaline medium allows fast 

catalysis of glucose to gluconolactone as shown in equation 2.15 – 2.17. An 

anodic peak will form if glucose exists in the solution. The current and potential 

of the peak depends on the concentration of the glucose, as shown in Fig. 3.8. 

The peak current increases with increasing the concentration of glucose. It is 

worth to mention that with the increase of glucose concentration, the current 

peak shifts positively.   

 

Fig. 3. 8: Current versus potential profiles as glucose concentration increases 

from 0 to 10 mM. 
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The Ni plate, LCS porous Ni and LCS/DHBT porous Ni with the same geometric 

surface area of 4 cm2 were investigated in this experiment. The manufacturing 

parameters of the LCS/DHBT porous Ni samples were shown in section 3.3.2. 

The glucose measurement performance of the LCS/DHBT porous Ni samples 

was characterised in the same three-electrode electrochemical system 

(Autolab PGSTAT 101) by the cyclic peak current method. The electrolyte was 

a 0.1 M KOH background solution and the concentration of glucose was 

changed from 10 μM in a step of 50 μM to 500 μM and increased until a peak 

current could not be obtained. The sweep potential window was from -0.2 to 1 

V and the scan rate was in the range of 25 to 300 mV/s. The anodic peak current 

was measured at each glucose concentration.  

 

3.8 Error and Uncertainty 

Mean values were used to characterize the errors in this study. Each 

experiment was repeated three times under the same conditions to obtain the 

mean value by: 

𝑋 =
1

𝑛
∑ 𝑥𝑖

𝑛
𝑖=1                             3.5 

where X is the mean value, n is the number of measurements and 𝑥𝑖 is the 

value of each measurement. The standard deviation was obtained by the 

following equation:  

∆𝑥

𝑋
=

√∑ (𝑥𝑖−𝑋)2/(𝑛−1)𝑖

𝑋
× 100%                   3.6 
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The error and standard deviation of measurements in this work were less than 

5%. 

In this thesis, propagation of uncertainty is used to estimate the uncertainty of 

the experiments. The uncertainty can be determined by the equation:  

𝜔𝑅 = √(𝜔1
𝜕𝑅

𝜕𝑥1
)2 + (𝜔2

𝜕𝑅

𝜕𝑥2
)2 + ⋯ + (𝜔𝑛

𝜕𝑅

𝜕𝑥𝑛
)2            3.7 

where 𝜔1 , 𝜔2 …, 𝜔𝑛  are the uncertainties in the independent variables 

𝑥1, 𝑥2, … , 𝑥𝑛. 

For example, in the gravimetric real surface area measurements, the sources 

of uncertainty are the mass of the sample, the current and the scan rate in the 

reaction. The uncertainty of the surface area can be obtained by  

𝜔𝐴 = √(𝜔𝐼
𝜕𝐴

𝜕𝐼
)2 + (𝜔𝑣

𝜕𝐴

𝜕𝑣
)2 + ⋯ + (𝜔𝑚

𝜕𝐴

𝜕𝑚
)2             3.8 

where 𝜔𝐼 , 𝜔𝑣 and 𝜔𝑚 are the uncertainties in reaction current, scan rate and 

sample mass. The uncertainties of the parameters due to the measurement 

equipment are summarized in Table 3.6.  

Table 3. 6 Uncertainty of physical parameters in this study. 

Parameter Uncertainty  

Pore size 0.5 μm 

Porosity <0.25% 

Mass 0.001 g 

Volume 0.01 cm3 

Compaction pressure 0.05 MPa 

Temperature 0.5 ℃ 

Time 0.01 s 

Potential 0.01 mV 

Current 0.01 mA 

Fluid velocity 0.005 mL/s 

Surface area <5% 
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Chapter 4 Real and Electroactive Surface Areas of LCS Porous 

Ni 

4.1 Introduction 

This chapter presents and discusses the experimental results on the real and 

electroactive surface areas of the porous Ni samples manufactured by the LCS 

process. The investigations include the effects of porous structure and 

manufacturing processing parameters on the surface morphology, real surface 

area and electroactive surface area. The structural and processing parameters 

studied include pore size, porosity, content of fine Ni powder, compaction 

pressure and sintering temperature. The Taguchi design method was employed 

to identify and rank the effects of parameters on the surface areas. The effects 

of fine Ni content were investigated further in detail. 

 

4.2 Surface Morphology 

The microstructures of the LCS Ni samples manufactured under different 

processing conditions are shown in Fig. 4.1. It is observed that the LCS porous 

Ni samples have interconnected pores and rough surfaces. There are two 

different pore sizes, marked as primary pore and secondary pore (Fig. 4.1a). 

The primary pores are formed by eliminating the space holder K2CO3 particles 

and the secondary pores are formed by the interstices and gaps between the 
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metal particles. The primary pores are interconnected through small windows 

because the K2CO3 particles are randomly distributed in the metal matrix and 

in contact with each other during manufacturing. The shape and size of the 

primary pores are determined by the K2CO3 particles, as they are negative 

replicas of the K2CO3 particles. The secondary pores are much smaller than the 

primary pores as shown in Fig. 4.1a, because the metal particles are smaller 

than the space holder particles and the interstices are even much smaller after 

sintering. 
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Fig. 4. 1:SEM micrographs of LCS porous Ni samples with benchmark 

processing parameters (pore size 425 – 710 μm, porosity 60%, coarse Ni 

powder only, compaction pressure 200 MP and sintering temperature 850C) 

or with one parameter different from the benchmark condition: a) benchmark, 

low magnification; b) benchmark, higher magnification, c) sintering 

temperature 850 C, d) fine Ni content 60%, e) fine Ni content 100%, f) no 
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compaction and g) sintering temperature 700 C. 

 

Fig. 4.1c, d and e show the LCS porous Ni samples with no, 60% and 100% 

fine Ni powder ratio, respectively, sintered at 850°C for 4 hours. The samples 

formed with fine metal particles show a high degree of sintering with large 

sintering neck, because the high surface active energy promotes atomic 

diffusion under the high-temperature sintering condition. In contrast, the sample 

formed with only the coarse Ni powder shows narrower sintering necks between 

the metal particles.  

 

Fig. 4.1f shows an LCS porous Ni sample manufactured without applying 

compaction pressure during the compaction stage. It shows that the metal 

particles are loosely sintered with very thin sintering necks. In comparison, the 

sample manufactured with a 200 MPa compact pressure shows stronger 

sintering necks (Fig. 4.1b, d). This is because the high compact pressure 

presses the metal particles closer, enhancing the contacts between the metal 

particles and reducing the voids and interstices inside the metal matrix.  

 

Comparing Fig. 4.1c and g shows that sintering temperature significantly affects 

the surface morphology. The porous Ni sample manufactured by sintering at 

700°C (Fig. 4.1g) shows very little sintering necking with the metal particles 

weakly sticking together due to slow atomic diffusion. Increasing the sintering 
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temperature to 850°C resulted in larger sintering necks, and flatter and 

smoother surfaces, due to faster atomic diffusion and reduction of voids and 

cavities.  

 

Low compaction pressure or low sintering temperature can both result in 

insufficient sintering and therefore more secondary pores in the metal matrix 

(Fig. 4.1f and g). The secondary pores are voids or interstices between the 

metal particles. They are irregular in shape and are typically from submicron to 

a few dozen microns. The larger secondary pores exist at locations of loose 

metal particle packing due to low compaction pressure, while the smaller 

secondary pores are associated with places of closer particle packing due to 

high compaction pressure.  

 

Surface morphology of LCS porous Ni can be altered by chemical treatments. 

Fig. 4.2 shows the surface morphology after chemical treatment by 20% diluted 

hydrochloric acid. The surface becomes flat and smooth as the small 

protrusions and defects are removed after the diluted hydrochloric acid 

treatment (Fig. 4.2). The treatment does not change the porous structure, as 

the mass loss was less than 1% of the porous sample.  
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Fig. 4. 2: Surface morphology of porous Ni sample treated with 20% diluted 

hydrochloric acid for 60 mins. 

 

Fig. 4.3 shows the surface morphology after chemical treatment by 98% 

concentrated sulfuric acid. The surface becomes rough after etching with the 

concentrated sulfuric acid (Fig. 4.3). However, the treatment of Ni in 

concentrated sulfuric acid can lead to oxidation of Ni, so further treatment is 

necessary to remove the oxide layer. In this experiment, the porous samples 

after the sulfuric acid etching were cleaned with plenty of distilled water and 

then soaked with the diluted hydrochloric acid for several seconds in an 

ultrasonic cleaner to remove the passivation film. The EDX analysis of the 

sample (Fig. 4.4) shows that only Ni element is detected, which indicates that 

the chemical treatment does not change the composition of the samples.  
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Fig. 4. 3: Surface morphology of porous Ni sample treated with concentrated 

sulfuric acid for 60 min, a) low magnification and b) high magnification. 
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Fig. 4. 4: a) SEM micrograph and b) EDX spectrum of LCS porous Ni sample 

treated with concentrated sulfuric acid for 60 min and 20% diluted 

hydrochloric acid for 20 s. 
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4.3 Effect of Processing Parameters on Real Surface Area 

Fig. 4.5 shows the effects of the pore size, porosity, fine Ni content, compaction 

pressure and sintering temperature on the volumetric and gravimetric real 

surface areas of the porous Ni samples. The volumetric and gravimetric real 

surface areas varied in the ranges of 540-1550 cm-1 and 200-650 cm2/g, 

respectively, for the parameter values studied in this experiment. It is shown 

that the fine Ni powder ratio has a huge effect on the real surface area. The 

volumetric and gravimetric surface areas increased 2.96 and 3.25 times, 

respectively, when the content of fine Ni powder was increased. With increasing 

porosity, the volumetric real surface area decreased while the gravimetric real 

surface area increased slightly. Pore size, compaction pressure and sintering 

temperature had no significant effect on the real surface areas. In general, both 

volumetric and gravimetric real surface areas slightly decrease with increasing 

the pore size, compaction pressure and sintering temperature.  
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Fig. 4. 5: Variations of (a) volumetric and (b) gravimetric real surface areas 

with level of parameter. 

 

Porosity and pore size are two structural parameters of the LCS porous Ni 

samples, which have different effects on the real surface area. The real surface 
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area is mainly determined by the amount of Ni particles in the porous Ni sample, 

because it is the total surface area of all the Ni particles accessible by the 

electrolyte, excluding the surface area loss due to the formation of sintering 

necks (Diao et al. 2015, Zhao et al. 2001). For any given volume of a porous Ni 

sample, a higher porosity means less metal and therefore a lower volumetric 

real surface area. For a given mass of porous Ni sample, porosity has little 

effect on the real surface area, i.e., the gravimetric real surface area is 

insensitive to porosity. For fixed porosity, the amount of metal particles is 

constant, and therefore, both volumetric and gravimetric real surface areas are 

insensitive to pore size. However, changing porosity or pore size can affect the 

electrolyte accessibility to secondary pores, which can have some small effects 

on the real surface area. The effects of porosity and pore size on the real 

surface area are consistent with the previous results reported by Diao et al. 

(2015). 

 

Moreover, the detects and patterns on the particles would also provide a large 

number of activated sites for reaction during the electrochemical process. 

Hence, the different measurement methods in electrochemical processes 

would significantly affect the surface area for example, if the detection probe is 

thinner than the detection of the particle surface, the real surface area is 

obtained. The electrochemical surface area is obtained if the electrolyte can 

access all interstices and voids and the detection probe is thinner than the 
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interstices. If the scale of probe is thicker than the magnitude of the secondary 

pore but thinner than the primary pore, only the electroactive surface area of 

large pores can be detected. 

 

4.4 Effect of Processing Parameters on Electroactive Surface 

Area 

Fig. 4.6 shows the effects of the five processing parameters on the volumetric 

and gravimetric electroactive surface areas of the porous Ni samples. The 

volumetric and gravimetric electroactive surface areas varied in the ranges of 

75-115 cm-1 and 30-55 cm2/g, respectively, for the parameter values studied in 

this experiment. The electroactive surface area is approximately one order of 

magnitude lower than the real surface area, because of the scale of the diffusion 

layer is comparable to the size of the secondary pores. Both volumetric and 

gravimetric electroactive surface areas increased with porosity and fine Ni 

powder ratio and decreased with pore size, compaction pressure and sintering 

temperature.  
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Fig. 4. 6: Variations of (a) volumetric and (b) gravimetric electroactive surface 

areas with level of parameter 
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For volumetric electroactive surface area, adding fine Ni powder had the most 

significant effect, with the electroactive surface area increasing by 40% when 

the fine Ni content increased from 0 to 40%. The electroactive surface area was 

increased by 11.6% when the porosity was changed from 65% to 80% and 

decreased by 17.9%, 16.5% and 25.9% when the pore size, compact pressure 

and temperature, respectively, were increased in the studied ranges. For 

gravimetric electroactive surface area, the effect of porosity is more noticeable. 

The electroactive surface area was increased by 62.5% and 44.1% when the 

porosity and fine Ni content, respectively, were increased in the studied ranges. 

It was decreased by 20.2%, 20.2% and 23.4% when the pore size, compact 

pressure and sintering temperature, respectively, were increased in the studied 

ranges. This is due to the decreases in the amount and size of the secondary 

pores.  

 

The electroactive area is determined by the internal porous structure and is 

sensitive to both primary and secondary pores. The primary pores are 

characterized by porosity and pore size. A higher porosity means more primary 

pores in the porous sample and therefore provides more total surface area. For 

a fixed porosity, larger pores lead to fewer primary pores in the porous sample 

and overall less specific surface per unit volume. In other words, increasing 

pore size results in a lower electroactive surface area.  
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The secondary pores can also contribute to the electroactive surface area, 

depending on the diffusion layer thickness. In many cases, the secondary pores 

can provide more electroactive surface area than the primary pores. At a fixed 

porosity, decreasing the pore size means more pores inside the metal matrix, 

and therefore larger internal surface area. Secondary pores are affected by 

compaction pressure, sintering temperature and Ni particle size. A higher 

compaction pressure removes or reduces more secondary pores, leading to 

reduced electroactive surface area. A higher sintering temperature promotes 

more rapid diffusion of Ni atoms on the surface of the Ni particles during 

sintering, which causes a smoother surface and therefore decreased 

electroactive surface area. The effects of fine Ni powder ratio (from 0% to 100%) 

will be discussed in the next two sections when further experimental data are 

presented. 

 

4.5 Effect of Fine Ni Powder ratio on Real Surface Area 

The variations of volumetric and gravimetric real surface areas with fine Ni 

powder ratio are shown in Fig. 4.7. The real surface areas increased with 

increasing fine Ni content from 0 to 60% and then decreased with increasing 

fine Ni content further. The specific real surface areas peaked at the fine Ni 

content at 60%. At low and intermediate fine Ni powder ratio, the metal matrix 

can be regarded as a skeleton of coarse Ni particles covered with fine Ni 
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particles. Most fine Ni particles distribute evenly at the surface of the space 

holder particles, i.e., primary pores. They are not much conglomerated and 

therefore most of the fine particles contribute to the real surface area. For the 

same amount of metal matrix, as discussed in Section 4.1, more fine Ni 

particles lead to a higher surface area. On the other hand, if the fine Ni powder 

ratio is too high, the fine particles tend to agglomerate and form thicker sintering 

necks during sintering. This is because small particles have higher surface 

energy and enlarged area of contact, the diffusion paths of the metal atoms are 

shorter, and therefore the fine particles can sinter more readily at high 

temperature (Qin et al. 2016). The high degree of sintering associated with fine 

Ni particles can result in reduced real surface area.  
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Fig. 4. 7: Variations of a) volumetric and b) gravimetric real surface areas with 

fine Ni ratio at different porosities (see inset). Other parameters: pore size 425 

– 710 m, compaction pressure 200 MP and sintering temperature 850 C 

 

4.6 Effect of Fine Ni Powder ratio on Electroactive Surface Area 

The variations of volumetric and gravimetric electroactive surface areas with 

fine Ni powder ratio at selected scan rates are shown in Fig. 4.8. At any given 

scan rate, the volumetric and gravimetric electroactive surface areas increased 

with increasing fine Ni content, especially more markedly at higher scan rates. 

At a scan rate of 0.4 V/s, for example, the electroactive surface area of the 

sample with 100% fine Ni powder is 1.7 times of the sample with 100% coarse 

Ni powder. This is because smaller particles provide a rougher surface 

morphology and produce smaller secondary pores. The diffusion layer is thin 
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and most of details on the surface of the porous Ni can be detected, which 

causes an increase in the electroactive surface area (Molina et al. 2013, 

Amatore et al. 2001). Increasing fine Ni powder ratio in the Ni powder mixture 

reduces the mean granularity of the mixture and therefore results in a reduced 

overall diffusion layer thickness. As a result, extra surface areas are detected 

which cannot be obtained under a thick diffusion layer.  
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Fig. 4. 8: Variations of a) volumetric and b) gravimetric electroactive surface 

areas with fine Ni powder ratio at selected scan rates (see inset, V/s). Other 

parameters: pore size 425 – 710 m, porosity 60%, compaction pressure 200 

MP and sintering temperature 850 C. 

 

Fig. 4.8 shows that the electroactive surface area is very sensitive to scan rate. 

This is because the electroactive surface area is obtained directly from peak 

current, which is a function of scan rate. The relationship between peak current 

and scan rate depends on the thickness of the diffusion layer, which is the 

region where the concentration of the reaction species increases from zero at 

the electrode surface to the bulk concentration at a distance into the electrolyte 

reservoir. The diffusion layer thickness, , can be calculated from scan rate, v’, 

by (Scholz 2002, Diao et al. 2015): 

δ = √
DRT

nFv′
                           4.1 

where D is the diffusion coefficient of the species involved in the redox reaction 

(6.4x10-6 cm2/s for ferrocyanide), R is the gas constant, T is temperature, n is 

the number of electrons transferred in the redox process (n = 1 for the 

ferrocyanide reaction), F is the Faraday constant. 

 

If the diffusion layer is thin compared to the electrolyte reservoir, the redox 

reaction is more likely to be controlled by diffusion of the reacting species. In 
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the diffusion-controlled regime, the peak current, ip, is proportional to the square 

root of scan rate and can be predicted by the equation 2.7. 

 

If the diffusion layer is of a similar magnitude to the electrolyte reservoir (known 

as thin-layer condition), the redox reaction is more likely to be controlled by the 

quantity of the reacting species in the electrolyte reservoir. For a process with 

a thin-layer limited response, the peak current is proportional to the scan rate 

and can be calculated by (Bard 2002): 

ip =
F2v′Vc

4RT
                           4.2 

where V is the volume of the electrolyte reservoir. 

 

Fig. 4.8 also shows that the degree of effect of fine Ni powder ratio on the 

electroactive surface area is different at different scan rates. The electroactive 

surface area increases more pronouncedly with increasing fine Ni content at 

high scan rates. This behavior is due to the additional effect of diffusion layer 

thickness for electrodes with rough surfaces.  

 

Fig. 4.9 plots peak current versus scan rate (bottom abscissa) and diffusion 

layer thickness (top abscissa, calculated from equation 4.1) in the logarithmic 

scale. It shows that the peak current is proportional to scan rate in the low scan 

rate region (thin-layer limited) and proportional to square root of scan rate in the 

high scan rate region (diffusion-controlled). It confirms that the factor controlling 
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the reaction indeed changed with scan rate in the current test conditions. In any 

case, the peak current increases as scan rate increases, initially proportionally 

and gradually transitioning to sublinear.  

 

Fig. 4. 9: Variations of peak current with scan rate (bottom abscissa) or 

diffusion layer thickness (top abscissa) for different fine Ni powder ratios (pore 

size 425 – 710 m, porosity 60%, compaction pressure 200 MP and sintering 

temperature 850 C). 

 

Fig. 4.10 is a schematic diagram showing how scan rate affects diffusion layer 

and how the diffusion layer thickness affects the measured electroactive 

surface area for samples with different surface morphologies or geometric 

features. The electroactive surface area can be regarded as the area of the 

outer surface of the diffusion layer (Diao et al. 2015, Zhu and Zhao 2017). It 

can be considerably smaller than the real surface of the porous structure, and 
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even smaller than the external contour of the surface. With increasing the 

thickness of the diffusion layer, the diffusion layer becomes flatter and the 

surface area of the samples is underestimated. The deviation depends on the 

relative magnitudes between the diffusion layer thickness and the surface 

roughness or geometrical features of the porous structure. The electroactive 

surface follows the contour of the surface features that are greater than or 

comparable to the diffusion layer thickness. Geometrical features on the 

surface are considerably smaller than the diffusion layer, or some small 

recessed cavities such as secondary pores, are submerged in the diffusion 

layer and do not contribute to the electroactive surface. The measured 

electroactive surface area is therefore always smaller than the real surface area. 

Increasing the scan rate decreases the diffusion layer thickness, resulting in 

better resolution of the surface morphology, i.e., better detection of finer surface 

features. 
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Fig. 4. 10: Schematic diagram showing how scan rate affects diffusion layer 

and electroactive surface area. 

 

The porous Ni samples with the same primary pore size have similar internal 

surface contours, regardless of the fine Ni powder ratio. At a low scan rate, the 

diffusion layer is thick. The effect of surface morphology on the electroactive 

surface area is small, as the surface features smaller than the diffusion layer 

thickness is practically not detected. At a high scan rate, however, the diffusion 

layer becomes thin. More finer surface features are revealed. Samples with 

higher fine Ni contents will produce a more noticeable increase in electroactive 

surface area, because they have rougher surfaces and finer surface features.  

 

It is worth noting that fine Ni powder ratio affects the transition of the ip vs v 

curve from a slope of 1 to 0.5, in the logarithmic scale as shown in Fig. 4.9. 

Table 4.1 shows the transition range of scan rate, and the corresponding 

diffusion layer thickness, for the samples with different fine Ni powder ratios. 

The nominal mean Ni particle size for each sample is also listed in the table to 

give a qualitative indication of the magnitude of the diffusion layer relative to the 

surface morphology. It is shown that increasing fine Ni powder ratio, or 

decreasing nominal Ni particle size, the transition range of diffusion layer 

thickness decreases. 
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Table 4. 1 Nominal mean Ni particle size, range of scan rate and 

corresponding diffusion layer thickness of the transition region for samples 

with different fine Ni powder ratios. 

Fine Ni 

content, % 

Nominal mean Ni 

particle size, μm 

Range of scan 

rate, V/s  

Range of diffusion 

layer thickness, μm 

0 100 0.02 – 0.04 27 – 19 

20 82 0.02 – 0.07 27 – 15 

40 64 0.03 – 0.08 22 – 14 

60 46 0.04 – 0.09 19 – 13 

80 28 0.05 – 0.11 17 – 12 

100 10 0.06 – 0.125 16 – 11 

 

4.7 Summary 

The surface morphology of the LCS porous Ni samples manufactured with 

varying process parameters, including pore size, porosity, metal particle size, 

compaction pressure, sintering temperature and chemical treatment, were 

characterized and the real and electroactive surface area are measured.  

 

The volumetric and gravimetric real surface areas of the LCS porous Ni 

samples are in the ranges of 500-1650 cm-1 and 200-650 cm2/g, respectively. 

The volumetric real surface area increases with increasing fine Ni powder ratio 
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and decreasing pore size and porosity. The gravimetric real surface area 

increases with increasing fine Ni powder ratio and porosity and decreasing 

compaction pressure. 

 

The volumetric and gravimetric electroactive surface areas of the LCS porous 

Ni samples are in the ranges of 60-220 cm-1 and 30-130 cm2/g, respectively. 

The electroactive surface area increases with increasing porosity, but it 

decreases with increasing pore size, compaction pressure and sintering 

temperature. The electroactive surface area also depends on the diffusion layer 

thickness associated with the electrochemical reaction. In the semi-infinite 

diffusion controlled regime, the thickness of the diffusion layer mainly depends 

on the sweep speed. A high sweep speed leads to a relatively thin diffusion 

layer and therefore provides a high electroactive surface area. 
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Chapter 5 Real Surface Area of DHBT Porous Ni 

5.1 Introduction 

Porous Ni has attracted many interests as electrodes for electrocatalysis, 

sensor and modified current collector for supercapacitors because of the high 

surface area and electrical conductivity (Drunen et al. 2014, Lu et al. 2016, 

Akhtar et al. 2014, Xu et al. 2010). The high surface area leads to large energy 

generation and storage, and the high electrical conductivity results in rapid 

electrochemical reactions and high energy transport density. This chapter 

investigates the morphology and real surface area of the porous Ni samples 

manufactured by the Dynamic Hydrogen Bubble Template (DHBT) method 

under different deposition and solution conditions. The effects of several key 

process parameters (including type and concentration of Ni salt, the 

concentration of H+ source, deposition potential and time) are discussed.  

 

5.2 Effect of Deposition Condition on Current Density 

Fig. 5.1 shows the nominal current density-time profiles for three Ni(CH3COO)2 

concentrations of 0.1, 0.2 and 0.4 M. In each case, there is a rapid decrease in 

nominal current density in the first 10 s. This is because a large number of 

hydrogen bubble formed and covered on the surface of the substrate, which 

hinder the redox reaction and causes a decreased current. After this period, the 
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nominal current density increases, due to increased hydrogen nucleation and 

evolution. The nearly linear increase in nominal current density over time as a 

whole is because of the increased surface area and the process is controlled 

by semi-infinite diffusion (Sengupta et al. 2018). The serration shape of the 

curve features fluctuation in nominal current density because the generated gas 

bubbles coalesce and break off on the surface, temporarily changing the 

effective surface area. When the bubbles stick on the surface, the effective 

surface area is decreased and the total current is decreased. When the bubbles 

break off from the surface, the effective surface area is increased and the total 

current is also increased. Comparing the three curves shows that the nominal 

current density increases with increasing the concentration of Ni(CH3COO)2 in 

the solution, because of the decreased internal electrical resistance.  

 

Fig. 5.1 shows that the slope in the solution containing Ni(SO3NH2)2 is less 

steep than in the solution containing Ni(CH3COO)2. This is because different 

reactions occur on the anode. Several hydrogen bubbles covered on the 

surface, and therefore doesn’t decrease the effective area of the substrate. The 

oxidation of (NH2SO3)- increases the pH of the solution, which slows hydrogen 

and metal evolution and impedes the rate of increase in nominal current density 

over time (Sengupta et al. 2018).  
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Fig. 5. 1: Deposition nominal current density versus deposition time for 

different concentrations of a) Ni(CH3COO)2 and b) Ni(NH2SO3)2 in the solution 

with 1.5 M NH4Cl, under a deposition potential of -1.5 V over 150 s. 

 

Fig. 5.2 shows the nominal current density-time profiles for three different NH4Cl 
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concentrations of 0.5, 1.0 and 1.5 M. Again, in each case, there is a rapid 

decrease in nominal current density in the first 10 s and then a gradual increase 

over time. The nominal current density increases with increasing the 

concentration of NH4Cl, which is because of the decreasing of the electric 

resistance. At a low concentration of NH4Cl, the nominal current density is low, 

because Ni deposition is the predominant reaction. With increasing the 

concentration of NH4Cl, the hydrogen evolution reaction plays a more important 

role.  

 

Fig. 5. 2: Deposition nominal current density versus deposition time for 

different concentrations of NH4Cl in the solution with 0.2 M Ni(CH3COO)2 

under a deposition potential of -1.5 V over 150 s. 

 

Fig. 5.3 shows the nominal current density-time profiles for three different 
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applied deposition potentials of -1.35, -1.5 and -1.7 V in 0.2 M Ni(CH3COO)2 

and 0.2 M Ni(NH2SO3)2 solutions. At a low deposition potential of -1.35 V in 0.2 

M Ni(CH3COO)2, the nominal current density decreases at the beginning of 

deposition due to the hydrogen bubble on the surface of substrate as mentioned 

above. In all the other cases, the nominal current density increases with time 

all along. Increasing potential significantly increases the nominal current density, 

because of the increasing rate of hydrogen evolution and nucleation of metal 

crystals. Because diffusion is the rate-determinant step in the deposition 

reaction, the increasing hydrogen evolution results in more gas bubbles, which 

stirs the solution and hence increases the nominal current density.  
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Fig. 5. 3: Deposition nominal current density versus deposition time for 

different applied deposition potentials in a) 0.2 M Ni(CH3COO)2 and b) 0.2 M 

Ni(NH2SO3)2 solutions with 1.5 M NH4Cl over 150 s. 
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Fig. 5.4 shows the nominal current density-time profiles for three samples with 

different lengths of deposition time in a) 0.2 M Ni(CH3COO)2 and b) 0.2 M 

Ni(NH2SO3)2 solutions. It shows that the deposition rate in the Ni(NH2SO3)2 

solution is much more consistent than that in the Ni(CH3COO)2 solution. Unlike 

in the Ni(CH3COO)2 solution (Fig. 5.4 a), the deposition current increases 

dramatically at the beginning of deposition in the solution with Ni(SO3NH2)2. 

This is because the presence of plenty of SO4
2- ions in the solution prevents 

the gas bubbles to cover the surface of the substrate. This effectively increases 

the actual surface area, resulting in a great increase of deposition current.   
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Fig. 5. 4: Deposition nominal current density versus deposition time for three 

samples with different lengths of deposition time in a) 0.2 M Ni(CH3COO)2 and 

b) 0.2 M Ni(NH2SO3)2 solutions with 1.5 M NH4Cl under a deposition potential 

of -1.5 V over 60 - 300 s. 
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5.3 Effect of Deposition Condition on Surface Morphology 

5.3.1 Ni(CH3COO)2 Solution 

Fig. 5.5 shows the SEM micrographs of the samples with different process 

conditions with varying concentrations of Ni(CH3COO)2, the concentration of 

NH4Cl, deposition potential and deposition time, at three different 

magnifications denoted by suffixes 1, 2 and 3. Fig. 5.5 A1, A2 and A3 show the 

micrographs of the sample with the benchmark process condition: 

Ni(CH3COO)2 concentration 0.2 M, NH4Cl concentration 1.5 M, deposition 

potential -1.35 V, and deposition time 150 s. The other micrographs have only 

one parameter changed from the benchmark condition with the other 

parameters kept unchanged. The morphology of the deposits is characterized 

by cauliflower-like crystals with sparsely distributed dimples where the crystals 

are much smaller, indicating a lack of growth due to gas bubbles (as shown in 

Fig. 5.5 I2).  
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Fig. 5. 5: SEM micrographs of the deposits produced with benchmark process 

condition (0.2 M Ni(CH3COO)2, 1.5 M NH4Cl, -1.35 V, 150 s) or with one 

parameter different from the benchmark condition: A) benchmark, B) 0.1 M 

Ni(CH3COO)2, C) 0.4 M Ni(CH3COO)2, D) 0.5 M NH4Cl, E) 1.0 M NH4Cl, F) -

1.5 V, G) -1.7 V, H) 60 s, I) 300 s. Suffixes 1, 2, 3 denote different 

magnifications. 

 

In the Ni deposition process, the primary cathodic reactions are (Ito et al. 1980, 

Sengupta et al. 2018): 

Ni2+ + 2e- → Ni                          5.1 

H+ + e- → Hadsorbed                    5.2 a) 

2H+ + 2e- → H2↑                     5.2 b) 

2NH4
+ + 2e- → 2NH3↑ + H2↑                 5.3 

During the process, Ni is deposited on the substrate and the Ni crystals grow 

to form a deposit. Hydrogen gas is evolved at the surface of substrates to form 

gas bubbles.  

 

The effect of the concentration of Ni(CH3COO)2 on the morphology of the 

deposit can be seen by comparing Figs. 5.5 A, B and C, corresponding to 
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Ni(CH3COO)2 concentrations of 0.2, 0.1 and 0.4 M. When the concentration is 

increased from 0.1 M to 0.2 M and then to 0.4 M, the average crystal size is 

increased from 0.8 μm (Fig. 5.5 B) to 1.6 μm (Fig. 5.5 A) and then to 2.1 μm 

(Fig. 5.5 C). At the low concentration of 0.1 M, the dimple (as shown in Fig. 5.5 

G2) size is about 2 μm (Fig. 5.5 B), while at the intermediate concentration of 

0.2 M, the dimple size is about 12 μm (Fig. 5.5 A). At the high concentration of 

0.4 M, no dimples are observed (Fig. 5.5 C).  

 

Crystal size increases with increasing the concentration of Ni(CH3COO)2 

because of the increased nominal deposition current density. At a higher 

Ni(CH3COO)2 content, the reduction of Ni is promoted and there is sufficient 

formation and growth of Ni crystals due to adequate solution around the surface 

of the substrate. In terms of deposit morphology, the surface of the crystals is 

flat and smooth at a high Ni(CH3COO)2 concentration but rough at a low 

Ni(CH3COO)2 concentration. At a low Ni(CH3COO)2 concentration, i.e., low Ni2+ 

concentration in the solution, there is a high rate of hydrogen evolution, leading 

to the evident formation of dimples.  

 

The change of dimple size with changing Ni(CH3COO)2 concentration is due to 

its effect on hydrogen evolution and Ni crystal formation. At 0.1 M Ni(CH3COO)2, 

the nominal deposition current density is relatively low, and therefore the 

efficiency of the evolution of hydrogen and Ni is also low. The gas bubbles stuck 
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on the substrate are small and Ni crystals nucleate around these bubbles and 

form pores or dimples (Fig. 5.5 B). At 0.2 M Ni(CH3COO)2, the nominal 

deposition current density is increased (see Fig. 5.1 a). More hydrogen is 

evolved and coalesces form bubbles. Although more Ni is formed, it is not 

enough to close the pores. Therefore, larger dimples with an average diameter 

of 12 μm are left on the surface (Fig. 5.5 A). At 0.4 M Ni(CH3COO)2, the high 

concentration of Ni2+ results in a relatively high nucleation rate of Ni. The high 

rate of Ni deposition results in growth of larger and thicker Ni crystals. The 

hydrogen evolution only forms small bubbles on the surface, leading to no 

evident formation of dimples (Fig. 5.5 C). 

 

The effect of the concentration of NH4Cl on the deposits morphology can be 

seen by comparing Figs. 5.5 A, D and E, corresponding to NH4Cl 

concentrations of 1.5, 0.5 and 1.0 M. When the concentration is increased from 

0.5 M to 1 M and then to 1.5 M, the average crystal size is increased from 1.1 

μm (Fig. 5.5 D) to 1.6 μm (Fig. 5.5 A) and then to 1.9 μm (Fig. 5.5 E), while the 

average dimple size is decreased from 15 μm (Fig. 5.5 D) to 12 μm (Fig. 5.5 A) 

and then to 3 μm (Fig. 5.5 E). 

 

The crystal size increases with increasing the NH4Cl concentration, because 

the deposition current increases (Fig. 5.2). Increasing the NH4Cl concentration 

promotes hydrogen gas evolution, which promotes the mixing of the solution. 
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The formation and float up of a large number of hydrogen bubbles result in a 

violent blend of the solution, facilitating the mass transfer of Ni salt. The 

diffusion layer between the electrode surface and the bulk solution is decreased, 

resulting in fast transport of Ni ions to the substrate surface to form a deposit 

with enlarged crystals and a smoother surface.  

 

The decrease in the dimple size with increasing the NH4Cl concentration is 

mainly due to its effect on hydrogen evolution. At the low NH4Cl concentration 

of 0.5 M, the nominal deposition current density is low and therefore the 

evolution of hydrogen and the formation of Ni are slow. The growth of Ni crystals 

is slow before the gas bubbles break and leave the surface of the substrate. As 

a result, only a few shallow dimples are observed. At the intermediate NH4Cl 

concentration of 1 M, the Ni deposition rate is increased, limiting the size of the 

dimples. At the high NH4Cl concentration of 1.5 M, the evolution rate of 

hydrogen outweighs the deposition rate of Ni. The hydrogen bubbles leave the 

surface of the substrate more rapidly, leaving behind only some very small 

dimples. 

 

The effect of deposition potential on the deposit morphology can be seen by 

comparing Figs. 5.5 A, F and G, corresponding to potentials of -1.35, -1.5 and 

-1.7 V. When the deposition potential is increased from -1.35 V to -1.5 V and 

then to -1.7 V, the average crystal size is increased from 1.6 μm (Fig. 5.5 A) to 
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3.8 μm (Fig. 5.5 F) and then to 5.6 μm (Fig. 5.5 G), while the dimple size is 

increased from 12 μm (Fig. 5.5 A) to 20 μm (Fig. 5.5 F) and then remains 20 

μm (Fig. 5.5 G). 

 

The crystal size increases with increasing the negative deposition overpotential, 

because the deposition current increases (Fig. 5.3 a). Increasing the negative 

deposition overpotential increases the hydrogen evolution and Ni deposition 

rates, increasing the crystal size. It is worth mentioning that the nominal current 

density at protrudes is higher than at the flat regions. Growth of Ni particles is 

easier than forming new particles. The particles grow larger and even diffuse to 

each other to form an even larger cauliflower-like particle. In addition, the 

hydrogen evolution promotes mass transfer to the substrate surface, which 

supplies sufficient Ni ions during the deposition and further facilitates the 

formation of larger Ni particles.  

 

The increase in the dimple size with increasing the overpotential is mainly due 

to its effect on hydrogen evolution. Increasing the overpotential results in a high 

nominal current density. A large amount of gas is generated at the substrate to 

form large bubbles on the surface which serve as dimple/pore templates. Ni 

crystals form at a high rate around the bubbles to form dimples. At a low 

deposition potential, the nominal current density is relatively low and the Ni 

growth is sluggish. Walls of Ni crystals cannot establish around the bubbles 
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before they break. Therefore, only shallow dimples are formed in the deposit 

(Fig. 5.5 A). Increasing the deposition potential to -1.5 V facilitates both 

hydrogen evolution and Ni deposition. More bubbles form on the surface and 

fast Ni crystal growth causes a thicker wall around the bubbles, leading to larger 

dimples (Fig. 5.5 F). At the high deposition potential of -1.7 V, an equilibrium is 

established between hydrogen evolution and Ni deposition, and the dimple 

pores are formed because the gas bubbles have enough residence time on the 

surface.  

 

The effect of deposition time on the deposit morphology can be seen by 

comparing Figs. 5.5 A, H and I, corresponding to times of 60, 150 and 300 s. 

When the deposition time is increased from 60 s to 150 s and then to 300 s, the 

average crystal size is increased from 0.8 μm (Fig. 5.5 H) to 1.6 μm (Fig. 5.5 A) 

and then to 4.8 μm (Fig. 5.5 I), while the dimple size is increased from no 

sizeable dimples observed (Fig. 5.5 H) to 12 μm (Fig. 5.5 A) and then 20 μm 

(Fig. 5.5 I). 

 

The mean Ni crystal size is increased by 8 times with increasing deposition time 

from 60 to 300 s. The Ni particles change from round and smooth to rough and 

cauliflower-like. At the beginning of the deposition, a large number of gas 

bubbles form and cover the surface of the substrate, resulting in a decrease in 

current or the nominal deposition current density (Fig. 5.4 a). With increasing 
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time, the bubbles coalesce and leave off the surface, providing more active 

sites for the evolution of hydrogen and formation of Ni as a result of increasing 

current. The growth of the Ni particles effectively increases the surface of the 

deposit and hence the current or the nominal current density. 

 

The dimples in the deposit become large and deeper with increasing deposition 

time. No dimples are observed at the low deposition time (Fig. 5.5 H). This is 

because the current is low at the beginning of the deposition (Fig. 5.3). The 

evolution of gas bubbles too slow to form large dimples. With increasing 

deposition time further, however, some gas bubbles can grow and coalesce 

without leaving the substrate, thus forming dimples in the deposit. The dimples 

become larger and deeper over time, as the Ni crystals grow. 

 

5.3.2 Ni(SO3NH2)2 Solution 

Fig. 5.6 shows the SEM micrographs of the samples with different process 

conditions with varying concentrations of Ni(SO3NH2)2, deposition potential and 

deposition time, at three different magnifications denoted by suffixes 1, 2 and 

3. Fig. 5.6 A1, A2 and A3 show the micrographs of the sample with the 

benchmark process condition: Ni(SO3NH2)2 concentration 0.2 M, NH4Cl 

concentration 1.5 M, deposition potential -1.7 V, and deposition time 150 s. The 

other micrographs have only one parameter changed from the benchmark 
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condition with the other parameters kept unchanged. The morphology of the 

deposits is characterized by cauliflower-like crystals with sparsely distributed 

dimples where the crystals are more compact, indicating an increase of pH 

because of the reaction of ammonium sulfamate.  
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Fig. 5. 6: SEM micrographs of the deposits produced with benchmark process 

condition (0.2 M Ni(NH2SO3)2, 1.5 M NH4Cl, -1.7 V, 150 s) or with one 

parameter different from the benchmark condition: A) benchmark, B) 0.1 M 

Ni(NH2SO3)2, C) 0.4 M Ni(NH2SO3)2, D) -1.9 V, E) -2.1 V, F) 100 s, G) 200 s. 

Suffixes 1, 2, 3 denote different magnifications. 

 

The effect of the concentration of Ni(SO3NH2)2 on the deposit morphology can 

be seen by comparing Figs. 5.6 A, B and C, corresponding to Ni(SO3NH2)2 

concentrations of 0.2, 0.1 and 0.4 M. When the concentration is increased from 

0.1 M to 0.2 M and then to 0.4 M, the average crystal size is increased from 4.6 

μm (Fig. 5.6 B) to 5.8 μm (Fig. 5.6 A) and then to 6.1 μm (Fig. 5.6 C), while the 

dimple size is reduced from 18 μm (Fig. 5.6 B) to 16 μm (Fig. 5.6 A) and then 

to no sizeable dimples observed (Fig. 5.6 C). 

 

The Ni crystal size increases with increasing the concentration of Ni(SO3NH2)2, 
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similar to that observed in the case of the Ni(CH3COO)2 solution in section 5.3.1. 

The Ni particles also become more compact with increasing concentration. At 

the low concentration of Ni(SO3NH2)2, two crystal shapes, arrow-like and 

cauliflower-like, are observed (Fig. 5.6 B). The particles are loose and small. At 

the intermediate concentration, the Ni crystals far away from dimples are loose 

and cauliflower-like, while those near the dimples are compact (Fig. 5.6 A). At 

a high concentration, the deposit is compact and only large cauliflower-like Ni 

particles are observed (Fig. 5.6 C). This is because Ni deposition is 

predominant and its deposition rate is faster than the evolution rate of hydrogen 

bubbles.  

 

The number and size of dimples decrease with increasing the concentration of 

Ni(SO3NH2)2. At the low concentration, the evolution of hydrogen and the 

formation of Ni are balanced, which leads to a loose deposit with dimples (Fig. 

5.6 B). At the intermediate concentration, just a few small dimples are observed 

(Fig. 5.6 A). This is because increasing the concentration of Ni(SO3NH2)2 

results in high resistance to bubble coalescence (Craig et al. 1993). In the 

solution with Ni(SO3NH2)2, the sulfamate ion, NH2SO3
- hydrolyses in aqueous 

solution to provide ammonium and sulfate ions (Hammond 1971): 

NH2SO3
- + H2O → SO4

2- + NH4
+                 5.4 

The SO4
2- and NH4Cl can prevent the coalescence of bubbles, and the ability 

of SO4
2- is higher than NH4Cl at the same concentration (Craig et al. 1993). 
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Increasing the concentration of Ni(SO3NH2)2 cuts down the residence time of 

the bubbles on the electrode surface, leading to smaller bubbles. At the high 

concentration of Ni(SO3NH2)2, no dimples are observed (Fig. 5.6 C). This is 

because increasing the concentration of Ni(SO3NH2)2 in the deposition process 

decreases the current used for hydrogen evolution. Once the deposition rate of 

Ni becomes far higher than the rate of hydrogen evolution, no bubbles form.  

 

The effect of the deposition potential on the deposit morphology can be seen 

by comparing Figs. 5.6 A, D and E, corresponding to deposition potential of -

1.7, -1.9 and -2.1 V. When the potential is increased from -1.7 V to -1.9 V and 

then to -2.1 V, the average crystal size is increased from 5.8 μm (Fig. 5.6 A) to 

6.2 μm (Fig. 5.6 D) and then to 7 μm (Fig. 5.6 E). The deposition becomes more 

compact and denser with increasing deposition potential. The dimple sizes at 

the concentrations of 0.1, 0.2 and 0.4 M are around 16 μm (Fig. 5.6 B), 3 - 12 

μm (Fig. 5.6 A) and 1-16 μm (Fig. 5.6 C), respectively. Some Ni crystals have 

grown and diffused to each other and becoming large crystals. 

 

The Ni crystals become larger and diffuse to each other to form cauliflower-like 

particles with increasing the deposition potential. At the low deposition potential, 

the hydrogen evolution and Ni growth are relatively slow because of the low 

deposition current (Fig. 5.1 b). Hence, the Ni crystal size is small. With 

increasing the applied potential, oxidation of SO4
2- occurs, decreasing the 
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resistance to bubble coalescence. Some bubbles grow on the surface, leading 

to the formation of dimples at the intermediate potential and deeper dimples at 

the high potential.  

 

The effect of the deposition time on the deposit morphology can be seen by 

comparing Figs. 5.6 F, A and G, corresponding to deposition time of 100, 150 

and 200 s. When the deposition time is increased from 100 s to 150 s and then 

to 200 s, the average crystal size is increased from 6 μm (Fig. 5.6 F) to 6.4 μm 

(Fig. 5.6 A) and then to 6.8 μm (Fig. 5.6 G). The crystal size does not change 

much, because it depends on the deposition current, which remain unchanged 

with time. The deposit, however, becomes more compact and denser with 

increasing deposition time. No dimples are observed on the surface at the low 

deposition time of 100 s (Fig. 5.6 F). At the intermediate and high deposition 

times of 150 and 200 s, the dimple sizes are around 16 μm (Fig. 5.6 A) and 18 

μm (Fig. 5.6 G), respectively.  

 

5.4 Effects of Deposition Condition on Real Surface Area 

Figs. 5.7 and 5.8 show the variations of the real surface area with changing 

process parameters in the Ni(CH3COO)2 and Ni(SO3NH2)2 solutions, 

respectively. In Ni(CH3COO)2 solutions, the real surface areas are in a range of 

4-27 cm2. However, the real surface areas in Ni(SO3NH2)2 solutions are in a 
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range of 31-58 cm2. The effects of these parameters, including type and 

concentration of the anion, the concentration of the cation, deposition potential 

and deposition time, on the real surface area are described and discussed in 

this section as follows. 

 

5.4.1 Type of Ni Salt 

Comparing Figs. 5.7 and 5.8 shows that the samples manufactured using 

different solutions have significantly different real surface areas. For fixed 

process parameters (1.5 M NH4Cl, deposition potential of -1.7 V and deposition 

time of 150 s), the real surface area of the sample manufactured using 

Ni(SO3NH2)2 (38.5 cm2) is 47% higher than that manufactured using 

Ni(CH3COO)2 (26.19 cm2). This is because the crystals in the sample 

manufactured using Ni(SO3NH2)2 (Fig. 5.5 G3) are smaller, and smaller Ni 

particles provide a larger real surface area (Zhu and Zhao, 2017). In contrast, 

the crystals in the sample manufactured using Ni(CH3COO)2 (Fig. 5.6 B3) are 

larger, resulting in a lower real surface area. In addition, the sample 

manufactured using Ni(CH3COO)2 has some dimples in the deposit, while the 

sample manufactured using Ni(SO3NH2)2 shows no dimples. More dimples 

mean less Ni and therefore a smaller real surface area. 
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Fig. 5. 7: Variation of real surface area of the DHBT porous Ni with changing 

process parameters in the Ni(CH3COO)2 solution. Levels 1, 2 and 3 

correspond to 0.1, 0.2 and 0.4 M Ni(CH3COO)2; 0.5, 1 and 1.5 M NH4Cl; -

1.35, -1.5 and -1.7 V deposition potential; 60, 150 and 300 s deposition time. 

 

Fig. 5. 8: Variation of real surface area of the DHBT porous Ni with changing 

process parameters in the Ni(SO3NH2)2 solution. Levels 1, 2 and 3 
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correspond to 0.1, 0.2 and 0.4 M Ni(SO3NH2)2; -1.7, -1.9 and -2.1 V 

deposition potential; 100, 150 and 200 s deposition time. 

 

5.4.2 Concentration of Ni Salt 

The real surface area decreases with increasing the concentration of the anion 

Ni2+ in both the solutions, as shown in Figs. 5.7 and 5.8. Increasing the 

concentration of anion from 0.1 to 0.4 M, for example, the real surface area is 

decreased by 42% and 47%, corresponding to the Ni(CH3COO)2 and 

Ni(SO3NH2)2 solutions respectively. A higher concentration of solution leads to 

a higher nominal deposition current density, which increases the production 

rate of Ni and hydrogen gas. With increasing the Ni2+ concentration, however, 

the production rate of Ni becomes higher than that with low Ni2+ concentration. 

The high production rate of Ni results in gas bubbles leaving the surface of the 

electrodes more quickly. This leads to larger Ni crystals and fewer dimples as 

observed in Figs. 5.5 C1 and 5.6 A1. The surface also becomes smoother and 

denser with the interstice porosity decreases. As a consequence, the real 

surface area decreases with increasing the concentration of the Ni salt.  

 

In the Ni(SO3NH2)2 solution, the concentration of SO3NH2
- is also increased 

with increasing the Ni salt concentration. The SO3NH2
- ion is oxidized at the 

anode during the deposition process, according to equation 5.6. Many NH4
+ 
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ions are generated, resulting in an increased pH of the solution. In high pH 

solutions, the crystals in the deposit tend to be globular rather than dendritic 

(Shin et al. 2003, Sengupta et al. 2018). While dendritic crystals have a large 

surface area due a large number of nano-dendrites, the globular crystals lead 

to a smoother surface and therefore a lower surface area. Therefore, the real 

surface area decreases with increasing the concentration of Ni(SO3NH2)2. 

 

5.4.3 Concentration of H+ Source 

The real surface area decreases with increasing the NH4Cl concentration, as 

shown in Fig. 5.7. The real surface area of the deposit is decreased by 20% by 

increasing the concentration of NH4Cl from 0.5 to 1.5 M. This is because the 

nominal deposition current density increases with increasing solution in the 

solution, as discussed above. Under a high nominal current density, the 

production rates of both metal crystals and hydrogen increase and the mean 

particle size of the crystals in the deposit increases, resulting in a lower surface 

area, as discussed in section 5.4.1. Furthermore, dimples are present in the 

deposit at the high NH4Cl concentration (Fig. 5.5 A1), but not in the deposit at 

the low NH4Cl concentration (Fig. 5.5 D1). These dimples are due to the 

formation of gas bubbles where metal ions cannot be reduced and the metal 

crystals cannot grow, resulting in less effective surface area. The real surface 

area, therefore, decreases with increasing the NH4Cl concentration. 
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5.4.4 Deposition Potential 

The real surface area of the samples produced using Ni(CH3COO)2 increases 

with increasing the deposition potential, as shown in Fig. 5.7. For example, the 

real surface area of depositions with -1.7 V is 3.6 times of that with -1.35 V. This 

is because a higher overpotential results in a higher deposition nominal current 

density, which increases the production rates of both Ni crystals and hydrogen. 

The hydrogen gas bubbles coalesce on the deposit surface and the Ni crystals 

grow fast around the bubbles to form a porous structure. The gas bubbles float 

up in the solution by buoyancy and mix the solution, which promotes mass 

transfer of the solution and therefore results in more Ni deposits. The deposit 

grows thicker with the crystals becoming rougher and larger with increasing the 

overpotential, as shown in Figs. 5.5 C, G and H. 

 

The real surface area of the samples produced using Ni(SO3NH2)2 has a 

different trend (Fig. 5.8) from that in the samples produced using Ni(CH3COO)2 

(Fig. 5.7), when the deposition potential is increased. With increasing the 

overpotential from -1.7 to -1.9 V, the real surface area decreases slightly by 8%. 

This is because a high overpotential not only produces a high nominal current 

density, which increases the deposition rate of Ni and evolution of hydrogen, 

but also results in different reactions at the electrodes. Under an overpotential 
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of -1.7 V, the reaction taking place on the anode is shown in equation 5.5 

(Karlsson and Cornell 2016), so the H+ ions in the solution are replenished and 

the pH value remains constant in a short deposition process. The reactions on 

the cathode are shown in equations 5.1 and 5.2, and therefore the deposit on 

the surface of electrode is loose with small crystals. With decreasing the 

potential to -1.9 V, partial reactions equations 5.4 and 5.6 occur on the anode, 

so the H+ ions decrease and the NH4
+ ions increase, resulting in an increased 

pH value. The change in the pH value causes the reaction on the cathode 

becoming equation 5.3. The deposition rate of Ni is low and the crystals can 

grow large, reducing the interstices between the crystals and decreasing the 

surface area.  

 

There is no significant change in the real surface area when the overpotential 

is further increased to -2.1 V. This is because there are two competing factors. 

On one hand, reaction 5.6 is intensified at this potential so both reactions 5.4 

and 5.6 become dominant on the anode. The surface becomes denser. On the 

other hand, the nominal current density also increases to a new level at this 

potential. The gas bubbles grow and coalesce on the surface to form dimples 

(Fig. 5.6 E1), which leads to the formation of fewer Ni crystals and thus a 

smaller real surface. 

 

5.4.5 Deposition Time 
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The real surface area of the samples produced using Ni(CH3COO)2 increases 

with increasing the deposition time, as shown in Fig. 5.7. It increases markedly 

by 227% from 60 to 150 s, then slowly increases by 14% from 150 to 300 s. 

This is because at the beginning, a large amount of nano-structure crystals 

grow on the surface of the substrate. A new layer of crystals forms with time, up 

to a point. With a further increase in deposition time, the crystals become larger 

instead of forming new layers. Therefore, no significant change in surface area 

after 150 s.  

 

The real surface area of the samples produced using Ni(SO3NH2)2 increases 

with increasing deposition time from 100 s to 150 s, but decreases from 150 s 

to 200 s, as shown in Fig. 5.8. This is because, during the initial stage of 

deposition, the nano Ni crystals deposit on the substructure and form new 

layers. With increasing the deposition time further, the surface morphology of 

Ni deposit becomes stable. The crystals grow larger and the deposit becomes 

denser, leading to decreasing real surface area. 

 

5.5 Summary 

The effects of several deposition process parameters on the surface 

morphology and real surface area of the DHBT porous Ni samples have been 

investigated. The nominal deposition current density depends on the deposition 
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potential and the concentrations of the H+ source and Ni salt. The surface 

morphology is mainly affected by, in order of significance, deposition potential, 

type of anion, concentration of NH4Cl, concentration of Ni precursor and 

deposition time. The real surface areas of the porous Ni samples manufactured 

by the DHBT porous method are in the range of 2.2 – 59 cm2.  

 

The type of anion in the electrolyte has significant effects on the surface area 

of the DHBT porous nickel. In the electrolyte with CH3COO- anion, the real 

surface area of the DHBT porous Ni increases with increasing the deposition 

potential and deposition time. However, the surface area decreases with 

increasing the deposition potential in the electrolyte with SO3NH2
- anion. This 

is because of the hydrolysis of SO3NH2
- anion under high overpotential, which 

results in a dense deposit of the DHBT porous Ni and therefore low surface 

area. The real surface area of the DHBT porous Ni decreases with increasing 

the concentration of the Ni salt. However, the effect in the electrolyte with 

CH3COO- anion is minor but significant in the electrolyte with SO3NH2
- anion. 

The effect of concentration of NH4Cl on the real surface area of the DHBT 

porous Ni is negligible.  
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Chapter 6 Mass Transfer Performance of LCS and LCS/DHBT 

Porous Ni 

6.1 Introduction 

Mass transfer performance is an important parameter in electrochemical fields. 

Porous metal electrodes can be employed as superior electrochemical 

electrodes due to their highly active surface area and mass transfer coefficient 

(Recio et al. 2013, Zhu and Zhao 2017). Although the mass transfer coefficient 

of LCS porous Ni has been studied (Zhu and Zhao 2017), the studies have 

been limited in the effects of porous structure and fluid hydrodynamics. The 

effects of the surface morphology of the porous electrode on the mass transfer 

performance are still not well understood. Surface morphology has a significant 

effect on the surface area, which is an important factor characterizing the mass 

transfer performance. Hence, surface morphology can have a considerable 

influence on the mass transfer performance.  

 

In this chapter, two methods to increase the surface area of the LCS porous Ni 

are studied. One is adding fine Ni powder during the manufacturing process in 

LCS and another one is forming a composite LCS/DHBT porous Ni structure by 

depositing a DHBT porous Ni film on the LCS porous Ni substrate. The 

increased surface area is expected to increase the limiting current, which is 

used to determine the overall mass transfer performance. The effect of fine Ni 
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powder ratio in LCS and the effects of deposition potential and time in DHBT 

on the mass transfer performance, kA, which refers to the product of mass 

transfer coefficient and active surface area, are studied. The effect of flow 

velocity is also investigated. 

 

6.2 Effect of Fine Ni Powder ratio in LCS 

Fig. 6.1 shows the mass transfer performance, kA, of the LCS porous Ni 

samples manufactured with different fine Ni powder ratio from 0 to 100%, at 

different electrolyte flow velocities. The mass transfer performance is in the 

range of 3 to 16 mm3/s. It increases with increasing the fine Ni powder ratio 

from 0 to 40% and decreases with increasing the fine Ni powder ratio from 60 

to 100%.  

 

Fig. 6. 1: Mass transfer performance, kA of the LCS porous Ni as a function of 
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fine Ni powder ratio at different electrolyte flow velocities. 

 

The effect of fine Ni powder ratio on the mass transfer performance can be 

explained by its effect on the morphology and surface area of the porous Ni 

electrode. As discussed in Chapter 4, with a low fine Ni powder ratio, the fine 

Ni particles are distributed on the surface of the coarse Ni particles and increase 

the surface area of the porous Ni sample. The limiting current is therefore 

increased. When the fine Ni powder ratio is higher than 40%, a large number 

of fine Ni particles are spread everywhere in the Ni matrix and the secondary 

pores in the matrix are decreased. The reduced amount and size of secondary 

pores decrease the pathways for the electrolyte to enter the porous Ni and 

decrease the effective surface area. In addition, the Ni walls become smoother 

and flatter due to the coalescence of the particles during sintering, which further 

decreases the surface area. The limiting current and the mass transfer 

performance are therefore decreased at a high fine Ni powder ratio in the metal 

matrix. The moderate content of fine powder have the highest effective surface 

area and therefore best grain in the limiting current. 

 

6.3 Effect of Deposition Potential and Time in LCS/DHBT 

Fig. 6.2 shows the variations of the mass transfer performance with the 

deposition time in a range of 60 to 300 s at different deposition potentials of -
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1.35, -1.5 and -1.7 V for the LCS/DHBT composited porous Ni samples. The 

mass transfer performance is in the range of 4 – 38 mm3/s. The mass transfer 

performance is increased by up to 41% and 207% compared to the LCS porous 

Ni sample by increasing the deposition potential from -1.35 to -1.7 V and 

deposition time from 0 to 300 s, respectively.  
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Fig. 6. 2: Mass transfer performance of the LCS/DHBT porous Ni as a function 

of deposition time under different deposition potentials of -1.35, -1.5 and -1.7 

V and at different electrolyte flow velocities of (a) 1.32 cm/s, (b) 2.22 cm/s, (c) 

4.38 cm/s and (d) 6.6 cm/s. 

 

The effects of deposition potential and deposition time on the mass transfer 

performance can be explained by their effects on the surface area of the 

LCS/DHBT porous Ni electrode. Increasing the deposition potential increases 

the surface area of the deposit as discussed in Chapter 5. High deposition 

potential results in high deposition current and increases the Ni deposition rate. 

In addition, the hydrogen evolution rate is also increased at a high deposition 

current. The numerous micropores formed by enclosing the hydrogen bubbles 

in the deposit significantly increase the surface area of the porous Ni samples. 
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For any given deposition potential, increasing deposition time increases the 

number of Ni particles and the thickness of the deposit, which results in an 

increase in the surface area, as discussed in Chapter 5.  

 

6.4 Effect of Flow Velocity 

6.4.1 Fine Ni Powder ratio in LCS  

In the mass transfer controlled region, the mass transfer performance, kA, can 

be calculated by equation 3.6. From the figures in the previous section, it is 

obvious that the mass transfer performance, kA is increased by increasing the 

electrolyte flow velocity. The relationship between the kA and electrolyte 

velocity can be expressed by (Langlois and Coeuret, 1989, Cognet et al., 1995)： 

kA = avb                            6.1 

where k is the mass transfer coefficient, A is the electrode active surface area, 

a is a constant associated with the structural properties of the electrode and b 

is a constant dependent on the hydrodynamic regime. 

 

Fig. 6.3 shows the variations of the mass transfer performance with electrolyte 

velocity for the LCS porous Ni samples with different fine Ni powder ratios, 

plotted in logarithmic scale. It shows that there is a linear relationship between 

the mass transfer performance and the flow velocity in the logarithmic scale. 

The effect of flow rate can indeed be described by equation 6.1. 
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Fig. 6. 2: Logarithmic plots of the mass transfer performance, kA, versus 

electrolyte flow velocity for the LCS porous Ni samples manufactured with 

different fine Ni contents. 

 

Table 6.1 lists the values of constants a and b for different fine Ni powder ratios, 

obtained by fitting the mass transfer performance data in Fig. 6.3 to equation 

6.1. The values of the pre-exponential a are in the range of 0.0025 – 0.0049, 

while the values of the exponent b are in the range of 0.56 – 0.83. The constant 

a first increases with increasing fine Ni powder ratio, peaks at the fine Ni powder 

ratio of 40% and then decreases. The exponent b decreases with increasing 

the fine Ni powder ratio from 0 to 40% and then increases slightly from 40% to 

100%. 
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Table 6. 1 Values of constants ‘a’ and ‘b’ for different fine Ni powder ratios, 

obtained by fitting the data to equation 6.1. 

Constant \ 

Nominal mean Ni 

particle size, μm 

Fine Ni Powder ratio of 

0% 20% 40% 60% 80% 100% 

100 82 64 46 28 10 

a 0.0033 0.0043 0.0049 0.003 0.0027 0.0025 

b 0.83 0.57 0.56 0.74 0.76 0.78 

The pre-exponent ‘a’ is considered to be mainly affected by the electrode 

surface area. In the beginning of the reaction, the reactant close to the surface 

of the electrode is exhausted quicky. The larger surface area provides more 

reactive sites for reaction, and therefore results in a higher value of constant ‘a’. 

The effect of the fine Ni powder ratio on ‘a’ may arise from the magnitude of the 

electrolyte reservoir. A low content of fine Ni powder in the metal matrix does 

not affect the electrolyte distribution and provides a large number of active sites 

for reaction, therefore increasing the pre-exponential constant ‘a’. Increasing 

fine Ni powder ratio to above 40% can lead to particle agglomeration and 

blocked pores. The electrolyte cannot access some of the secondary pores, 

causing a decreased constant ‘a’.  

 

The exponent ‘b’ is an indicator of hydrodynamics of the electrolyte (Recio et 

al. 2013, Zhu and Zhao 2017). Increasing fine Ni powder ratio can reduce the 

secondary pores and therefore the pathways of the electrolyte. For any porous 
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structure, less pathways mean decreased tortuosity (Diao et al. 2015) and 

therefore low turbulence, which can result in a decreased exponent value ‘b’. 

With the fine Ni powder ratio increased over 60%, however, the surface 

morphology does not change much as explained in Chapter 4. The value of 

exponent ‘b’ becomes stable. 

 

6.4.2 Deposition Potential and Time in LCS/DHBT 

Fig. 6.4 shows the variations of the mass transfer performance with electrolyte 

velocity for the LCS/DHBT porous Ni samples with different deposition 

potentials and times, plotted in logarithmic scale. It shows that the mass transfer 

performance values of the LCS/DHBT samples are in the range of 8.36 – 37.76 

mm3/s. They are much higher than those of the LCS samples, which are in the 

range of 4.24 – 15.92 mm3/s.  
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Fig. 6. 4: Logarithmic plots of the mass transfer performance, kA, versus the 

electrolyte flow velocity for the LCS/DHBT porous Ni samples manufactured 

under different deposition potentials of (a) -1.35 V, (b) -1.5 V and (c) -1.7 V, at 

different deposition times. 
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Table 6.2 lists the values of constants ‘a’ and ‘b’ for different deposition 

potentials and times, obtained by fitting the mass transfer performance data in 

Fig. 6.4 to equation 6.1. The values of constant ‘a’ are in the range of 0.003 – 

0.01, while the values of constant b are in the range of 0.41 – 0.83. The constant 

a generally increases with increasing the deposition potential, and increases 

with increasing the deposition time from 0 to 150 s and then decreases from 

150 to 300 s. The constant ‘b’ does not change much with deposition potential, 

and decreases with increasing the deposition time. The values of constant ‘b’ 

are comparable to those of the LCS samples. The values of constant ‘a’, 

however, are considerably higher than those of the LCS samples. 

 

Table 6. 2 Values of constants ‘a’ and ‘b’ for different deposition potentials and 

deposition times, obtained by fitting the data to equation 6.1. 

Deposition 

Potential 

(V) 

Constants 

Deposition Time (s) 

0 60 150 300 

-1.35 

a 0.0033 0.0068 0.0092 0.0062 

b 0.8255 0.6820 0.6612 0.4422 

-1.5 

a 0.0033 0.0075 0.0102 0.0063 

b 0.8255 0.6772 0.6603 0.5014 

-1.7 

a 0.0033 0.0080 0.0066 0.0072 

b 0.8255 0.6622 0.4432 0.4115 
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The effects of deposition potential and deposition time on the constant ‘a’ can 

be explained by the magnitude of the electrolyte reservoir. A higher deposition 

potential produces a thicker deposit and larger dimples, which can 

accommodate more electrolyte and therefore lead to an increased constant ‘a’. 

Increasing deposition time increases the number of dimples and therefore 

increases the constant ‘a’. However, long deposition time causes an increase 

in the deposit thickness, which decreases the size of the primary pores. The 

pockets for the electrolyte become smaller, resulting in a reduced constant ‘a’ 

at an elongated deposition time. In addition, the interconnecting windows 

between the pores become smaller with increasing deposition time, which 

causes high resistance to electrolyte transfer. Furthermore, small pores have 

greater surface curvatures, which lead to thicker diffusion layers (Zhu and Zhao, 

2017). A thick diffusion layer approaching the radius of the pore results in a 

quick depletion of the electrolyte and therefore decreases constant ‘a’.  

 

6.5 Summary 

The mass transfer performance, kA of the LCS porous Ni samples with different 

fine Ni powder ratios of 0 – 100% and the DHBT porous Ni films with different 

deposition potentials of -1.35 – -1.7 V and deposition times of 60 – 300 s at 

different electrolyte flow velocities in the range of 1.32 – 6.6 cm/s were 
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investigated. The mass transfer performance values of the LCS porous Ni 

samples are in the range of 3 to 16 mm3/s. It increases with increasing the fine 

Ni powder ratio from 0 to 40% and decreases from 60 to 100%. The mass 

transfer performance values of the DHBT porous Ni films are in the range of 4 

– 38 mm3/s. It increases by 41% when the deposition potential is increased 

from 0 to -1.7 V, and increases by 207% when the deposition time is increased 

from 0 to 300 s. 

 

The mass transfer performance data were fitted to equation 6.1 and the values 

of constants ‘a’ and ‘b’ for different conditions were obtained. The LCS porous 

Ni with 40% of fine Ni powder ratio has the highest value of constant ‘a’, while 

the LCS porous Ni with no fine Ni powder has the highest value of constant ‘b’. 

In the DHBT porous Ni samples, the constant ‘a’ generally increases with 

increasing the deposition potential and increases with increasing the deposition 

time first but decreases afterwards. The constant ‘b’ does not change much with 

deposition potential but decreases with increasing deposition time. 
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Chapter 7 Relationship between Current and Glucose 

Concentration for LCS/DHBT Ni Electrodes 

7.1 Introduction 

LCS porous metals have uniform porous structures and high specific surface 

areas, which potentially allow them to be used as electrochemical sensors. 

DHBT porous films can be easily formed on the surface of a substrate to 

increase the surface area markedly. In this chapter, composite porous Ni 

samples produced by the lost carbonate sintering/dynamic hydrogen bubble 

template (LCS/DHBT) method are used as electrodes and the relationship 

between electrode current and glucose concentration is investigated.  

 

The electroactive surface areas of the Ni electrodes are measured. The effects 

of scan rate in cyclic voltammetry and the key DHBT process parameters 

(concentration of NH4Cl and deposition potential) on the electrode current - 

glucose concentration profile for the composite LCS/DHBT porous Ni 

electrodes are investigated. The limit of detection (LOD) and the sensitivity of 

electrochemical detection of the LCS, LCS/DHBT, Ni plate and several other 

Ni-based electrodes in literature are compared.  

 

The LCS porous Ni samples used as electrodes by itself or as the substrates 

for the composite LCS/DHBT electrodes in this word have a porosity of 80%, a 
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pore size of 710-1000 μm and a constant volume of 0.12 cm3. The 

concentration of Ni(CH3COO)2 used in the DHBT fabrication is 0.2 M. The 

concentration of NH4Cl is varied in three levels: 0.5, 1 and 1.5 M. The deposition 

potential is also varied in three levels: -1.35, -1.5 and -1.7 V. The deposition 

time is 300 s. The glucose concentration is varied from 10 μM and increased 

until the peak current cannot be observed and measured. The scan rate in the 

cyclic voltammetry is in the range of 0.005 to 0.3 V/s. The density current in the 

chapter is the nominal current density. 

 

7.2 Electroactive Surface Area 

Table 1 shows the electroactive surface areas of the composite LCS/DHBT 

porous Ni samples manufactured with different process parameters. The 

electroactive surface areas of these samples are in the range of 7.89 - 9.11 cm2. 

The composite LCS/DHBT porous Ni samples have higher electroactive 

surface areas than that of the pure LCS porous Ni. The electroactive surface 

area increases slightly with increasing the concentration of NH4Cl or the 

deposition potential.  
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Table 7. 1 Electroactive surface areas of the LCS and composite LCS/DHBT 

porous Ni electrodes. 

Sample No. 

 

Concentration 

of NH4Cl (M) 

Deposition 

Potential (V) 

Peak Current 

(mA) 

Electroactive 

Surface Area 

(cm2) 

1 0 0 2.401 7.89 

2 0.5 -1.35 2.598 8.53 

3 1 -1.35 2.577 8.47 

4 1.5 -1.35 2.523 8.29 

5 0.5 -1.5 2.675 8.79 

6 1 -1.5 2.654 8.72 

7 1.5 -1.5 2.614 8.59 

8 0.5 -1.7 2.774 9.11 

9 1 -1.7 2.734 8.98 

10 1.5 -1.7 2.694 8.85 

 

Table 7.1 shows that the DHBT porous film has a moderate effect on the 

electroactive surface area. This is because the pores in the film are smaller or 

comparable to the thickness of the diffusion layer and the area provided by the 

nanostructures and nanopores on the electrode surface cannot be detected 

using the peak current method under the scan rate range used in this study. As 

a result, the effective surface area is much lower than the real surface area, 
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although the latter is significantly increased by the DHBT porous film. The 

current generated in the glucose measurement is due to the effective surface 

area rather than the real surface area. Hence, the electroactive surface area is 

more appropriate to reflect the effective surface area during the reaction. 

 

7.3 Effect of Scan Rate on Current-Potential Profile 

Fig. 7.1 represent the cyclic voltammograms of the Ni plate, the LCS porous Ni 

sample (porosity: 80%, pore size: 710 - 1000 μm) and the composite 

LCS/DHBT porous Ni sample (1.5 M NH4Cl and -1.7 V deposition potential), 

respectively, in 0.1 M KOH with 0.5 mM glucose at scan rates in the range of 

25 – 300 mV/s. The nominal peak current densities for the Ni plate, the LCS 

porous Ni and the composite LCS/DHBT porous Ni electrodes are in ranges of 

0.314 – 1.85, 1.92 – 5.57 and 3.43 – 13.94 mA/cm2, respectively.  
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Fig. 7. 1: Cyclic voltammograms of a) the Ni plate electrode, b) the LCS 

porous Ni electrode (porosity: 80%, pore size: 710 - 1000 μm) and c) the 

LCS/DHBT porous Ni electrode (1.5 M NH4Cl and -1.7 V deposition potential) 

in 0.1 M KOH and 0.5 mM glucose solution at scan rates of 25 – 300 mV/s. 

 

The anodic peak occurs at a potential in the range of 0.4 to 0.8 V vs. SCE. The 

occurrence of the peak is due to the redox reaction of the Ni2+/Ni3+ couple on 

the surface of the electrode (Reactions 2.15 – 2.17 in Chapter 2). The peak 

currents obtained by the LCS/DHBT porous Ni electrode are higher than those 

of the LCS porous Ni and Ni plate electrodes. It shows that, compared to the 

other two electrodes, the LCS/DHBT porous Ni electrode has more electron 

transfer reaction taking place on the surface. 
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It is noted that the anodic potential shifts positively with increasing scan rate. 

As the scan rate increases from 25 to 300 mV/s, the potential shifts for the Ni 

plate, the LCS porous Ni and the composite LCS/DHBT porous Ni electrodes 

are 0.058, 0.097 and 0.295 V, respectively. The anodic potential shift is due to 

the polarization of the increasing scan rate. Many factors including ohmic 

resistance in the three-electrodes configuration, electromotive force, as well as 

diffusional and electrochemical processes can induce polarization (Pu et. al 

2021). The ohmic polarization caused by the ohmic resistance (inner resistance 

in the solution or the electrodes) is expressed by: 

iR’ = φcathode – φanode – ΔV                   7.1 

where i is the current through the circuit, R’ is the ohmic resistance between the 

electrodes, φanode and φcathode are the potentials at anodic and cathodic peaks, 

and ΔV is the potential shift.  

 

Fig. 7.2 shows the anodic peak current density as a function of potential shift. 

The current density and potential shift have a good linear relationship, 

confirming that the potential shift is caused by the ohmic resistance. 
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Fig. 7.2: Relationship between anodic peak current density and potential shift 

for the plate, LCS and LCS/DHBT Ni electrodes. 

 

Table 7.2 shows the anodic peak current density and potential of the three 

electrodes at different scan rates. The anodic peak current of the Ni plate 

electrode is in the range of 0.314 to 1.848 mA/cm2. The low current densities 

show that the amount of glucose taking part in the reaction is small. The 

potential shift of the Ni plate electrode, however, is small and within 0.06 V, 

showing that the hindrance to the glucose diffusion to the electrode surface is 

small. This is because the concentration of products near the electrode surface 

is low for the Ni plate electrode, and therefore a thin diffusion layer is 

established between the Ni plate electrode and the bulk electrolyte. The 

glucose can pass the diffusion layer to reach the surface of the electrode with 

no difficulty.  
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Table 7. 2 Anodic current density and potential for plate, LCS and LCS/DHBT 

Ni electrodes at different scan rates. 

Scan 

Rate 

(V/s) 

Plate LCS LCS/DHBT 

Current 

Density 

(mA/cm2) 

Potential 

(V) 

Current 

Density 

(mA/cm2) 

Potential 

(V) 

Current 

Density 

(mA/cm2) 

Potential 

(V) 

0.025 0.314 0.42 1.922 0.50 3.428 0.48 

0.05 0.546 0.43 2.474 0.52 5.09 0.52 

0.1 0.885 0.44 3.363 0.54 7.597 0.58 

0.15 1.176 0.45 4.013 0.55 9.448 0.64 

0.2 1.436 0.46 4.762 0.57 11.22 0.70 

0.25 1.644 0.47 5.094 0.58 12.84 0.73 

0.3 1.848 0.48 5.569 0.59 13.94 0.78 

 

The anodic peak current density of the LCS porous Ni is in the range of 1.922 

to 5.569 mA/cm2. It is higher than that for the Ni plate. However, the LCS porous 

Ni electrode has an anodic peak potential of 0.5 V at a slow scan rate of 25 

mV/s. It has the highest first-anodic-peak potential among the three electrodes. 

A high potential indicates a high inner resistance. This is because of the typical 

porous structure of the LCS porous electrode, which is made by sintering a 

compacted powder mixture. The Ni particles are connected to each other by 
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sintering necks. The small connecting area and interstices in the matrix can 

decrease the conductivity of the LCS porous Ni electrode. Additionally, there 

are oxides formed on the surface of the LCS porous Ni during the sintering 

process. Although the chemical treatment can remove most of the oxides, the 

residues can still affect the conductivity. The potential shift of the LCS porous 

Ni electrode is only 0.09 V, which is similar to that of the Ni plate electrode. It 

shows that the mode and rate of mass transport of glucose to the electrode 

surface are the same.  

 

The composite LCS/DHBT porous Ni electrode has the highest anodic peak 

current density, which is in the range of 3.428 to 13.94 mA/cm2. The high peak 

current densities indicate a large amount of gluconolactone (oxidized product 

of glucose) is formed. The LCS/DHBT electrode has a much higher first-anodic-

peak potential of 0.48 V than that of the Ni plate. As the ohmic resistance of the 

electrolyte is the same for all three electrodes, a high anodic peak potential 

indicates a high inner resistance (Pu et al. 2021). As all the electrodes are Ni 

based and have a similar conductivity, the main difference in the inner 

resistance can be attributed to the kinetics of the glucose redox reaction. 

Gluconolactone is formed by oxidation of the glucose and distributes near the 

surface of the electrode, which impedes the diffusion of the glucose from bulk 

electrolyte to surface of electrode and causes increased inner resistance.  
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The composite LCS/DHBT porous Ni electrode has the largest range of shifts 

of 0.3 V when the scan rate is increased from 25 to 300 mV/s. The increase in 

the potential shift is also the fastest among the three electrodes, indicating fast 

increase in the ohmic resistance of the electrolyte with increasing scan rate.  

 

Fig. 7.3 shows the variations of the andic peak current density with the square 

root of scan rate for the plate, LCS and LCS/DHBT porous Ni electrodes. The 

linear relationship shows that the oxidation of glucose on the electrode surfaces 

is a diffusion-controlled process, i.e., the diffusion rate is the rate-determining 

step. The active molecules are transported to the surface of the electrode by 

the spontaneous concentration difference because of the depletion of reactants 

at the electrode surface and a diffusion layer between the bulk solution and the 

electrode surface is established (Bard 2002). 

 

Fig. 7. 3: Variations of current density with square root of scan rate for the 
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three different Ni electrodes. 

 

Fig. 7.3 shows that there is a linear relationship between the nominal current 

density and square root of scan rate for all three electrodes, which indicates 

that the reaction is controlled by the semi-diffusion process. The LCS/DHBT 

porous electrode has the steepest slope and the highest intercept, indicating 

that the LCS/DHBT porous Ni electrode has the highest effective surface area. 

The electrodes with high surface areas can provide a high detection sensitivity 

because such electrodes provide high current density. The LCS porous Ni 

electrode has a similar slope to the Ni plate electrode, not as high as the 

LCS/DHBT electrode. However, its intercept is higher than the plate electrode, 

which shows that the LCS porous Ni electrode has a higher reaction current 

than the Ni plate electrode at any given condition. The Ni plate electrode has 

the lowest slope and intercept among the three electrodes, which indicates a 

very limited accuracy of measurement. This means that Ni plate electrodes are 

not a good choice for electrochemical measurement of glucose, especially 

when there are other species that interfere with the measurement, including 

ascorbic acid and uric acid (Niu et al. 2013, Ko et al. 2013).  

 

7.4 Effects of Manufacturing Parameters on Current-

Concentration Relationship 

7.4.1 Effect of Concentration of NH4Cl 
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Fig. 7.4 shows the current density profiles as a function of glucose 

concentration for the LCS/DHBT electrodes manufactured with different NH4Cl 

concentrations of 0.5, 1 and 1.5 M in the electrolyte at a deposition potential of 

-1.35, -1.5 and -1.7 V, respectively. The current density decreases by increasing 

the concentration of NH4Cl in the manufacturing process. For example, under 

a deposition potential of -1.35 V, the current density (0.5 M NH4Cl) is decreased 

by 23% and 41% when the concentration of NH4Cl is increased from 0.5 M to 

1 M and 1.5 M, respectively. The trend is similar for the electrodes 

manufactured under the deposition potentials of -1.5 and -1.7 V. This is because 

a higher concentration of NH4Cl results in large Ni particles in the film and 

therefore a smaller effective surface area (Table 7.1). A low surface area 

provides less active sites for the electrochemical reaction and therefore a lower 

current density. Among the electrodes manufactured with electrolytes 

containing different concentrations of NH4Cl, the composite LCS/DHBT porous 

Ni electrode manufactured with 0.5 M NH4Cl electrolyte has the highest current 

density in this study. 
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Fig. 7. 4: Current density as a function of glucose concentration for 

LCS/DHBT electrodes manufactured with different NH4Cl concentrations of 

0.5, 1 and 1.5 M in the electrolyte at a deposition potential of a)-1.35 V, b) -1.5 

V and c) -1.7 V. 

 

7.4.2 Effect of Deposition Potential  

Fig. 7.5 shows the current density profiles as a function of glucose 

concentration for the LCS/DHBT electrodes manufactured at different 

deposition potentials of -1.35, -1.5 and -1.7 V with a NH4Cl concentration of 0.5, 

1 and 1.5 M in the electrolyte, respectively. The current density increases with 

increasing the deposition potential in the manufacturing process. For the 

electrolyte with a NH4Cl concentration of 0.5 M, for example, the current density 

is increased by 24% and 58% when the deposition potential is increased from 
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-1.35 V to -1.5 and then to -1.7 V. This is because a more negative deposition 

potential results in a larger specific surface area of the as-manufactured DHBT 

porous film, as discussed in Chapter 5, which in turn leads to a current density. 

For the electrolytes with a NH4Cl concentration of 1 and 1.5 M, the trend is 

similar. It is noticed that the LCS/DHBT porous Ni sample with the highest 

surface area has the smallest linear range. This is because the high surface 

area is produced by the DHBT porous Ni coating. Under a high overpotential 

condition, the surface area of deposit is large and the structure of the surface 

is complex. After oxidation, the product is difficult to transport away from the 

electrode surface. As mentioned above, a high concentration of product at the 

electrode surface causes a distorted diffusion process, and therefore results in 

a potential shift. When the peak potential shifts positively and reaches to the 

potential of the oxygen evolution reaction, it is difficult to observe the peak 

current of the glucose reaction, and therefore leading to a narrow detection 

range. 
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Fig. 7.5: Current density as a function of glucose concentration for LCS/DHBT 

electrodes manufactured with a) 0.5 M, b) 1 M and c) 1.5 M NH4Cl in the 

electrolyte at different deposition potentials of -1.35, -1.5 and -1.7 V. 

 

It is noticed that the slope and the intercept of the current density against 

glucose concentration curves vary with glucose concentration. For the 

electrode manufactured with 0.5 M NH4Cl in the electrolyte, the slope 

decreases while the intercept increases with increasing glucose concentration. 

At a deposition potential of -1.35 V, the slope is decreased by 83% and 92% 

when the glucose concentration is increased from the range of 0.01 to 0.1 mM 

to the range of 0.2 to 6 mM, and further to the range of 6.5 to 8 mM. The 

corresponding intercept is increased by 64% and then 476% with increasing 

the glucose concentration from the range of 0.01 to 0.1 mM to the range of 0.2 
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to 6 mM, and further to the range of 6.5 to 8 mM. The electrodes manufactured 

at the deposition potentials of -1.5 and -1.7 V have a similar trend, although the 

amounts of increase are different. 

 

The electrode manufactured with 1 M NH4Cl in the electrolyte shows a similar 

trend as that with 0.5 M NH4Cl. At a deposition potential of -1.35 V, the slope is 

decreased by 79% and 89% when the glucose concentration is increased from 

the range of 0.01 to 0.1 mM to the range of 0.2 to 6.5 mM, and further to the 

range of 7 to 8 mM. The corresponding intercept is increased by 53% and then 

431%. The electrodes manufactured at the deposition potentials of -1.5 have a 

similar trend, although the amounts of increase are different. However, the 

sample manufactured at the deposition potential of -1.7 V has four linear ranges. 

The slope of the current density vs glucose concentration curves is decreased 

by 67%, 82% and 95% when the glucose concentration is increased from the 

range of 0.01 to 0.1 mM to the range of 0.2 to 1 mM, 1.5 to 3 mM and then 3.5 

to 5 mM. The corresponding intercept is increased by 60%, 175% and 457%, 

respectively. 

 

The electrode manufactured with 1.5 M NH4Cl in the electrolyte also shows a 

similar trend. At a deposition potential of -1.5 V, the slope is decreased by 70% 

and 81% when the glucose concentration is increased from the range of 0.01 

to 0.1 mM to the range of 0.2 to 5 mM, and further to the range of 5.5 to 6.5 
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mM. The corresponding intercept is increased by 41% and then 261%. At a 

deposition potential of -1.7 V, the slope is decreased by 65% and 86% when 

the glucose concentration is increased from the range of 0.01 to 0.4 mM to the 

range of 0.6 to 3 mM, and further to the range of 3.5 to 5 mM. The corresponding 

intercept is increased by 105% and then 356%. However, the sample 

manufactured at the deposition potential of -1.35 V has only two linear ranges. 

The slope of the current density vs glucose concentration curves is decreased 

by 81% when the glucose concentration is decreased from the range of 0.01 to 

0.1 mM to the range of 0.2 to 8 mM. The corresponding intercept is increased 

by 55%.  

 

The decreasing slope with increasing glucose concentration is due to 

increasing gluconolactone produced near the electrode surface in the 

electrolyte and therefore a sluggish kinetic of glucose electrooxidation reaction, 

especially in the pores with poor interconnection with other pores inside the 

electrode. It is difficult for the products to escape from the inter pores, especially 

in the complex pore structure, which exacerbates the sluggish kinetic reaction. 

The electrode surface is partially covered by the adsorbed products and 

therefore, fewer active sites are available for the glucose atoms. In addition, the 

diffusion of glucose from the bulk solution to the electrode surface is inhibited 

at a high concentration of reactant and products around the electrode surface. 
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7.5 Comparison with Other Ni Electrodes 

Fig. 7.6 shows the variations of anodic peak current density as a function of 

glucose concentration for the Ni plate, LCS porous Ni and LCS/DHBT porous 

Ni electrodes. Each current vs concentration curve can be divided into several 

linear segments. At any given glucose concentration, the LCS/DHBT electrode 

has the highest current density, up to 2.5 times of that of the plate electrode and 

1.62 times of that of the LCS electrode. This is because the LCS/DHBT 

electrode has a extremely high effective surface area and therefore a large 

number of active sites for the glucose oxidation reaction. High effective surface 

area provides a large detection range and a high sensitivity during the 

electrochemical glucose detection.  
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Fig. 7. 6: Anodic peak current density as a function of glucose concentration 

for the plate, LCS and LCS/DHBT Ni electrodes. 

 

It is shown in Fig. 7.6 that the LCS/DHBT porous Ni electrode the slope of the 

current density vs glucose concentration curve becomes gentle after increasing 

glucose concentration to above 12 mM. This decrease in current is due to local 

exhaustion of glucose. In a porous electrode with large pores, the pores serve 

as reservoirs, constantly supplying the reactants. The LCS/DHBT electrode 

contains many very small pores (as shown in Fig. 5.5 G2). The reactants in 

these pores can be easily exhausted before new reactants are transported to 

these pores.  

 

The resistance includes the reaction at a high concentration of the electrolyte 

and the electrodes themselves. In section 7.2, the inner resistance of electrode 
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is shown as RLCS/DHBT > RLCS > RNi plate, by comparing to the width of the anodic 

peak. Therefore, the LCS/DHBT porous Ni electrode has the largest potential 

shift at the potential of anodic peak, and then is the LCS porous Ni electrode. 

The Ni plate electrode has the smallest potential shift among these electrodes 

in glucose measurement. The anodic peaks move positively with increasing the 

concentration of glucose. The anodic peak current cannot be distinguished 

when glucose oxidation's potential overlaps with oxygen evolution at the anode. 

Hence, the glucose measurement range of the LCS/DHBT porous Ni electrode 

is not a patch on the LCS porous Ni electrode and Ni plate electrode. 

 

Fig. 7.7 shows the variations of the anodic peak potential as a function of the 

glucose concentration for the plate, LCS and LCS/DHBT Ni electrodes. The 

potential shifts of the LCS/DHBT electrodes at a glucose concentration of 15 

mM are 0.23, 0.32 and 0.5 V, respectively. The LCS/DHBT electrode has not 

only the highest potential shift but also the greatest rate of increase with 

increasing glucose concentration. The anodic peak potential shift is due to the 

increased concentration of the reaction products in the electrolyte, which 

increase the resistance of the solution. 
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Fig. 7.7: Anodic peak current potential as a function of glucose concentration 

for the plate, LCS and LCS/DHBT Ni electrodes. 

 

The key parameters to assess the performance of an electrochemical sensor 

are the Limit of Detection (LOD) and sensitivity. LOD is calculated by (Desimoni 

and Brunetti 2015): 

LOD =
k′σ

b′
                               7.2 

where k’ is the expansion factor (usually = 3), σ is the population standard 

deviation of the blank signals and b’ is the slope of the signal/concentration 

functional relationship (the linear part of the current vs concentration curve).  

 

Sensitivity is expressed by: 

Sensitivity =
change in the anodic peak current 

change in the concentration
            7.3 
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Table 7.3 shows the linear ranges of the current vs concentration curve, anodic 

peak current, LOD and sensitivity values of the plate, LCS and LCS/DHBT Ni 

electrodes for electrochemical non-enzymatic glucose measurements. The 

values of typical Ni electrodes in the literature are listed in Table 7.4 for 

comparison. It shows that the composite LCS/DHBT and LCS porous Ni 

electrodes have good linear ranges and high sensitivity as Ni-based non-

enzyme electrodes for electrochemical glucose detection.  

 

Table 7. 3 Comparison of electrochemical properties of plate, LCS and 

LCS/DHBT Ni electrodes for glucose measurement. 

Electrode 

Linear 

Range 

(mM) 

Anodic 

Peak 

Current 

(μA) 

 

LOD 

(μM) 

 

Sensitivity 

(μA/cm2mM) 

Standard 

Deviation, 

σ 

Ni Plate 

0 - 1 1724 0.49 1724 0.284 

2- 15 4764 7.13 568 1.35 

LCS Porous 

Ni 

0 - 1 2651 0.53 2651 0.4695 

1 - 6 4435 2.15 1374 0.989 

4 - 15 7950 4.29 839 1.2 

LCS/DHBT 

Porous Ni 

0 - 1 5775 0.43 5775 0.833 

1 - 6 8552 1.83 2781 1.7 

4 - 12 14395 2.91 1686 1.64 

12 - 15 17563 0.66 1297 0.288 
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Table 7. 4 Comparison of electrochemical properties of Ni-based electrodes 

for electrochemical non-enzymatic glucose measurement 

Material 

Linear 

Range 

(mM) 

LOD 

(μM) 

Sensitivity 

(μA/cm2mM) 

Reference 

Ni nanospheres/RGO 0.001-0.11 N/A 813 

Wang et 

al. 2012 

Ordered Ni nanowire 

arrays 

0.0005-7 0.1 1043 

Lu et al. 

2009 

3D porous Ni networks 0.0005-4 0.007 2900 

Niu et al. 

2013 

Ni-MWCNT 3.2-17.5 0.98 67.19 

Sun et al. 

2012 

Ni nanoflake/Ti plate 0.05-0.6 1.2 7320 

Yi et al. 

2016 

NiO microfiber/FTO 0.001-0.27 0.033 1785.41 

Cao et al. 

2011 

Ni nanoparticle/C fiber 

mixture 

Up to 2.55 1 420.4 

Liu et al. 

2009 

Ni nanoparticle  0.001-1 0.05 1438 

Nie et al. 

2011 

Ni foam 0.05-7.35 2.2 N/A Lu et al. 
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2013 

Ni nanoparticle on 

porous GF 

0.015-6.45 4.8 207.3 

Wang et 

al. 2017 

Ni nanoparticle on 

porous Si 

0.002-5 0.2 N/A 

Ensafi et 

al. 2017 

Ni plate  

0 - 1 0.49 1724 

This work 

2- 15 7.13 568 

LCS porous Ni 

0 - 1 0.53 2651 

This work 1 - 6 2.15 1374 

4 - 15 4.29 839 

LCS/DHBT porous Ni 

0 - 1 0.43 5775 

This work 

1 - 6 1.83 2781 

4 - 12 2.91 1686 

12 - 15 0.66 1297 

Note: RGO - reduced graphene oxide, MWCNT - multiwalled carbon nanotubes, 

FTO - fluorine tin oxide, GF - graphene foam 

 

The LOD values of the plate, LCS and LCS/DHBT Ni electrodes are in the 

ranges of 0.49 – 7.13, 0.53 – 4.29 and 0.66 – 2.91 μΜ, respectively. The 

sensitivity values are 1724, 2651 and 5775 μA/cm2mM, respectively. The LCS 

and LCS/DHBT Ni electrodes have excellent electrocatalytic performance for 

glucose measurement in terms of the LOD and sensitivity, compared to the Ni 
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plate electrode. This is because the LCS and LCS/DHBT porous Ni electrodes 

have high effective surface areas and great porous structures in 

electrochemical measurement (Zhu and Zhao 2017). The composite 

LCS/DHBT porous Ni electrode, in particular, has nanoscale Ni particles on the 

surface, which provides superior electrochemical properties compared to those 

electrodes with smooth surfaces. The macro pores in the structure provide 

pathways to facilitate the mass transfer of the reactants and products to the 

surface from the electrolyte.  

 

Compared to the Ni-based sensors reported in the literature, the LCS/DHBT 

porous Ni has an excellent linear detection range of glucose. As discussed 

above, the current peak of glucose oxidation is hard to be distinguished if it 

overlaps with other reactions, e.g., oxygen evolution reaction. The LCS/DHBT 

porous Ni samples have a large potential difference between the glucose 

oxidation and oxygen evolution reactions with a slow positive potential shift and 

the overlapping does not occur until a high glucose concentration. The 

LCS/DHBT porous Ni samples not only have a large range of LOD comparable 

to the other Ni-based Ni sensors, but also have a higher sensitivity in glucose 

detection. The sensitivity of the LCS/DHBT porous electrodes is still high even 

though the glucose concentration is higher than 10 mM.  
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7.6 Summary 

The LCS/DHBT porous Ni electrode shows an excellent performance in 

electrochemical glucose detection. Compared to the other Ni based sensors in 

the literature, the LCS/DHBT porous Ni electrode has a large linear detection 

range and high sensitivity. The effects of scan rate and manufacturing process 

parameters on current - glucose concentration relationship for the composite 

LCS/DHBT porous Ni electrode are investigated. The LCS/DHBT electrode has 

a high sensitivity of 5775 μA/cm2mM, compared to 2651 μA/cm2mM for the LCS 

porous Ni electrode and 1724 μA/cm2mM for the Ni plate electrode. The peak 

current densities for the plate, LCS and LCS/DHBT Ni electrodes in the 

electrolyte with 0.1 M KOH and 0.5 mM glucose at scan rates in the range of 

25 – 300 mV/s are in the ranges of 0.314 – 1.85, 1.92 – 5.57 and 3.43 – 13.94 

mA/cm2, respectively. The current density decreases with increasing the NH4Cl 

concentration during manufacturing, by around 23% and 41% when the NH4Cl 

concentration is increased from 0.5 M to 1 M and to 1.5 M, respectively. The 

current density is increased by around 24% and 58% when the deposition 

potential is increased from -1.35 to -1.5 and to – 1.7 V. The slope of the current 

density-glucose concentration curves decreases, and the intercept increases, 

with increasing glucose concentration. 
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Chapter 8 Conclusions and Future Work 

8.1 Conclusions 

8.1.1 Surface Area of LCS Porous Ni 

Both porous structure and surface morphology affect the electroactive and real 

surface areas of the LCS porous Ni. The surface morphology of the LCS porous 

Ni samples manufactured with varying process parameters, including pore size, 

porosity, metal particle size, compaction pressure, sintering temperature and 

chemical treatment, were characterized and the real and electroactive surface 

area were measured.  

 

The volumetric and gravimetric real surface areas of the LCS porous Ni 

samples are in the ranges of 500-1650 cm-1 and 200-650 cm2/g, respectively. 

The volumetric real surface area increases with increasing fine Ni powder ratio 

and decreasing pore size and porosity. The gravimetric real surface area 

increases with increasing fine Ni powder ratio and porosity and decreasing 

compaction pressure. 

 

The volumetric and gravimetric electroactive surface areas of the LCS porous 

Ni samples are in the ranges of 60-220 cm-1 and 30-130 cm2/g, respectively. 

The electroactive surface area increases with increasing porosity and fine Ni 
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powder contain but decreases with increasing pore size, compaction pressure 

and sintering temperature. The electroactive surface area also depends on the 

diffusion layer thickness associated with the electrochemical reaction. In the 

semi-infinite diffusion controlled regime, the thickness of the diffusion layer 

mainly depends on the sweep speed. A high sweep speed leads to a relatively 

thin diffusion layer, which effectively decreases the probe size of measurement. 

More details on the electrode surface are detected, and therefore a high 

electroactive surface area is obtained. 

 

8.1.2 Surface Area of LCS/DHBT Porous Ni 

The effects of several deposition process parameters on the surface 

morphology and real surface area of the DHBT porous Ni samples have been 

investigated. The nominal deposition current density depends on the deposition 

potential and the concentrations of the H+ source and Ni salt. The surface 

morphology is mainly affected by, in order of significance, deposition potential, 

type of Ni salt, concentration of NH4Cl, concentration of Ni precursor and 

deposition time. The real surface areas of the porous Ni samples manufactured 

by the DHBT method are in the range of 2.2 – 59 cm2. In solutions with 

Ni(CH3COO)2, the real surface area is influenced mainly by deposition potential 

and deposition time and moderately by the concentrations of NH4Cl and 

Ni(CH3COO)2. In solutions with Ni(SO3NH2)2, however, decreasing the 
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concentration of Ni(SO3NH2)2 significantly increases the real surface area. The 

effect of deposition time is moderate, and the effect of the deposition potential 

is minor. 

 

8.1.3 Mass Transfer Performance of LCS and LCS/DHBT 

Porous Ni Electrodes 

Porous Ni samples with different surface morphologies were manufactured by 

using fine Ni powder and applying the DHBT deposition process. The mass 

transfer performance (product of the mass transfer coefficient and active 

electrode area) of the LCS porous Ni with different fine Ni powder ratios of 0 – 

100% and the LCS/DHBT porous Ni with different potentials of -1.35 – -1.7 V 

and deposition times of 60 – 300 s at different electrolyte flow rates in the range 

of 1.32 – 6.6 cm/s were investigated. The mass transfer performance of the 

LCS porous Ni samples with the fine Ni powder ratio from 0 – 100% is in the 

range of 0.003 to 0.016 cm3/s, with the peak occurs at 40%. The mass transfer 

performance of the LCS/DHBT porous Ni is in the range of 0.004 – 0.038 cm3/s. 

It is increased by 41% and 207% by increasing the deposition potential from 0 

to -1.7 V and deposition time from 0 to 300 s, respectively. Increasing the flow 

velocity causes the mass transfer performance to increase.  

 

8.1.4 Relationship between Current and Glucose Concentration 
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To obtain high detection accuracy and LOD, the electrodes should possess both 

high mass transfer performance and high surface area. An LCS/DHBT porous 

Ni with both large-scale pores (710 -1000 μm) and small-scale pores (1-25 μm) 

has been produced by combining the LCS and DHBT processes. The large-

scale pores provide a fast transport of the electrolyte and the small-scale pores 

provide a large surface area. The as-fabricated porous Ni has an electroactive 

surface area 1.18 times of that of the LCS porous Ni. The anodic peak current 

densities for the Ni plate, the LCS porous Ni and the LCS/DHBT porous Ni 

electrodes, in an electrolyte of 0.1 M KOH containing 0.5 mM glucose at scan 

rates in the range of 25 – 300 mV/s, are in the ranges of 0.314 – 1.85, 1.92 – 

5.57 and 3.43 – 13.94 mA/cm2, respectively. Increasing scan rate results in a 

higher current density and a larger anodic peak potential shift. Current density 

increases with glucose concentration in several linear segments. The 

sensitivities of the plate, the LCS and the LCS/DHBT Ni electrodes in the 

glucose measurement are 1724, 2651 and 5775 μA/cm2mM, respectively. Their 

respective LOD values are in the ranges of 0.49 – 7.13, 0.53 – 4.29 and 0.66 – 

2.91 μΜ. The LCS/DHBT Ni electrode shows an excellent performance for 

glucose measurement because of its highly effective surface area. 

 

The current - glucose concentration relationship is also affected by the 

manufacturing process parameters and scan rate. The peak current density of 

the LCS/DHBT porous Ni decreases with increasing the NH4Cl concentration 
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during manufacturing, by 23% and 41% when the NH4Cl concentration is 

increased from 0.5 M to 1 M and to 1.5 M, respectively. The current density is 

increased by 24% and 58% when the deposition potential is increased from -

1.35 V to -1.5 and to – 1.7 V. The peak current density increases from 3.43 to 

13.94 mA/cm2 when the scan rate is increased from 25 to 300 mV/s. In 

comparison, the peak current density for Ni plate and the LCS porous Ni 

electrodes is in the range of 0.314 – 1.85 and 1.92 – 5.57 mA/cm2, respectively. 

 

8.2 Future Work 

8.2.1 Surface Area of Porous Metals 

In this study, the surface areas of the LCS and the LCS/DHBT porous Ni 

samples have been investigated. The manufacturing parameters are shown to 

have significant effects on the surface area, especially in the LCS/DHBT porous 

Ni, where different trends were observed when different types of Ni salts were 

used in the solution. It indicated that changing metal salt and H+ source could 

change the surface morphology of the coating and therefore potentially 

increase the surface area. The pH value is another important factor in the DHBT 

process, which could change the kinetics of the metal deposition process and 

change the surface morphology and surface area. Hence, the effects of various 

manufacturing parameters on the morphology and surface area of the DHBT 

porous metals need to be studied further.  
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The results of this study showed that coating LCS porous Ni with a DHBT film 

increases the surface area of the composite porous Ni samples dramatically. 

Hence, composite or hybrid porous structures could be a new pathway to 

produce porous metals with high surface areas and superior performance. In 

recent years, a dealloying process was developed for manufacturing porous 

metals. Alloys with an active metal and a noble metal are etched to eliminate 

the active component to form porous metals with micropores. Such as-

fabricated porous metals have extremely high surface areas. In the future work, 

the LCS process can be combined with the dealloying process to increase the 

internal surface area of the LCS porous metals.  

 

8.2.2 Mass Transfer Performance 

The mass transfer performance is expressed as the product of mass transfer 

coefficient and active electrode area. It increases with increasing surface area 

for the LCS porous Ni samples in the process conditions investigated in this 

study. Further studies are needed to find out how and to what extent the surface 

area can influence the mass transfer performance, especially outside the 

ranges of manufacturing parameters studied in this thesis.  

In addition to Ni, other advanced materials with excellent electrocatalytic activity 

can be combined with the LCS porous structure. The relationship between 
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electrocatalytic activity and mass transfer performance needs to be 

investigated. 

 

8.2.3 Electrochemical Sensors 

The LCS/DHBT porous Ni has shown to have an excellent sensitivity in non-

enzyme electrochemical glucose detection. In the next step, high-activity 

nanomaterials like Ni(OH)2, Cu(OH)2 and noble metals can be grown on the 

surface of the LCS/DHBT porous Ni to further enhance the sensitivity for 

glucose detection.  
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Appendixes 

A. Raw data of electroactive and real surface areas for the LCS porous Ni 

samples presented in Chapter 4. 

 

Table A1: Electroactive surface areas of the Ni plate for calibration. 

Geometric 

surface area of 

sample 

(cm2) 

Scan rate 

(V/s) 

Peak current 

(mA) 

Calculated Area 

(cm2) 

0.342 

0.005 0.0165 0.343 

0.01 0.023 0.338 

0.05 0.051 0.335 

0.1 0.072 0.334 

0.2 0.103 0.338 

0.3 0.127 0.341 

0.479 

0.005 0.024 0.499 

0.01 0.033 0.485 

0.05 0.073 0.480 

0.1 0.103 0.478 

0.2 0.147 0.483 

0.3 0.183 0.491 

0.636 

0.005 0.031 0.644 

0.01 0.044 0.647 

0.05 0.096 0.631 

0.1 0.134 0.623 

0.2 0.192 0.631 

0.3 0.236 0.633 
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0.823 

0.005 0.04 0.831 

0.01 0.056 0.823 

0.05 0.122 0.802 

0.1 0.175 0.813 

0.2 0.249 0.818 

0.3 0.309 0.829 

0.981 

0.005 0.048 0.998 

0.01 0.067 0.985 

0.05 0.148 0.973 

0.1 0.213 0.990 

0.2 0.3 0.986 

0.3 0.364 0.977 
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Table A2: Variation of volumetric real surface area with level of parameter. 

Parameter / Level of 

parameter 

Volumetric real surface area (cm-1) 

Level 1 Level 2 Level 3 Level 4 

Pore size 
 

1124.87 1088.52 1068.83 998.51 

Porosity 
 

1260.01 1147.33 989.58 875.34 

Fine Ni powder ratio 540.96 829.42 1349.25 1553.62 

Compaction pressure 1112.17 1071.85 1052.10 1044.28 

Sintering temperature 1101.46 1109.79 1063.89 994.50 

Note: Values of level 1-4. Pore size: 250-425, 425-710, 710-1000 and 1000-

1500 µm; Porosity: 65%, 70%, 75% and 80%; Fine Ni powder ratio: 0%, 20%, 

40% and 60%; Compaction pressure: 0, 50, 100 and 200 MPa; Sintering 

temperature: 700, 750, 800 and 850 °C. 

 

Table A3: Variation of gravimetric real surface area with level of parameter. 

Parameter / Level of 

parameter 

Gravimetric real surface area (cm2/g) 

Level 1 Level 2 Level 3 Level 4 

Pore size 
 

460.14 435.66 429.72 429.37 

Porosity 
 

400.10 434.27 438.11 479.72 

Fine Ni powder ratio 212.24 348.25 561.89 640.56 

Compaction pressure 493.36 460.14 401.75 394.41 

Sintering temperature 459.79 438.11 430.42 424.83 
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Table A4: Variation of volumetric electroactive surface area with level of 

parameter. 

Parameter / Level of 

parameter 

Volumetric real surface area (cm-1) 

Level 1 Level 2 Level 3 Level 4 

Pore size 
 

112.26 90.58 89.05 86.95 

Porosity 
 

95.03 95.06 102.59 105.98 

Fine Ni powder ratio 80.15 90.02 99.05 110.30 

Compaction pressure 102.99 98.81 90.46 86.07 

Sintering temperature 107.44 101.13 90.15 81.77 

 

Table A5: Variation of gravimetric electroactive surface area with level of 

parameter. 

Parameter / Level of 

parameter 

Gravimetric real surface area (cm2/g) 

Level 1 Level 2 Level 3 Level 4 

Pore size 
 

49.32 40.27 39.13 39.44 

Porosity 
 

31.69 36.56 47.92 52.08 

Fine Ni powder ratio 34.23 40.01 44.98 48.94 

Compaction pressure 46.71 42.81 40.82 37.69 

Sintering temperature 47.21 43.65 41.03 36.26 
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Table A6: Variation of volumetric real surface area with fine Ni powder ratio at 

different porosities (first column). Other parameters: pore size 425 – 710 μm, 

compaction pressure 200 MP and sintering temperature 850℃. 

Porosity / Fine 

Ni content 

Volumetric real surface area (cm-1) 

0% 20% 40% 60% 80% 100% 

60% 922.08 1168.02 1361.20 1574.68 1228.90 1133.93 

70% 701.22 905.03 1026.79 1215.91 967.53 866.88 

80% 501.62 539.77 635.55 728.08 646.10 573.05 

 

Table A7: Variation of gravimetric real surface area with fine Ni powder ratio at 

different porosities (first column). Other parameters: pore size 425 – 710 μm, 

compaction pressure 200 MP and sintering temperature 850℃. 

Porosity / Fine 

Ni content  

Gravimetric real surface area (cm2/g) 

0% 20% 40% 60% 80% 100% 

60% 269.69 339.90 394.37 458.57 357.16 326.73 

70% 283.50 341.30 384.91 453.84 367.90 328.77 

80% 280.43 304.73 352.43 406.78 357.03 317.26 
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Table A8: Variation of volumetric electroactive surface area with fine Ni 

powder ratio at selected scan rates (first row). Other parameters: pore size 

425 – 710 μm, porosity 60%, compaction pressure 200 MP and sintering 

temperature 850℃. 

Fine Ni 

content / 

Scan rate 

Volumetric electroactive surface area (cm-1) 

0.005 

(V/s) 

0.01 

(V/s) 

0.02 

(V/s) 

0.05 

(V/s) 

0.1 

(V/s) 

0.4 

(V/s) 

0% 65.04 82.07 101.39 123.82 124.91 131.19 

20% 75.45 92.06 107.26 131.47 148.87 169.22 

40% 80.40 92.10 121.41 140.86 160.38 180.69 

60% 82.38 98.67 121.05 148.33 173.31 195.67 

80% 84.33 99.38 128.71 159.07 179.64 208.42 

100% 78.41 98.34 127.97 170.77 199.16 218.18 

 

Table A9: Variation of gravimetric electroactive surface area with fine Ni 

powder ratio at selected scan rates (first row). Other parameters: pore size 

425 – 710 μm, porosity 60%, compaction pressure 200 MP and sintering 

temperature 850℃. 

Fine Ni 

content /  

Scan rate 

Gravimetric electroactive surface area (cm2/g) 

0.005 

(V/s) 

0.01 

(V/s) 

0.005 

(V/s) 

0.05 

(V/s) 

0.005 

(V/s) 

0.4 

(V/s) 

0% 36.54 46.10 56.96 69.56 70.17 73.70 

20% 42.39 51.72 60.26 73.85 83.63 95.06 

40% 45.17 51.74 68.21 79.13 90.10 101.51 

60% 46.28 55.43 68.01 83.33 97.36 109.93 

80% 47.37 55.83 72.31 89.36 100.92 117.09 

100% 44.05 55.24 71.89 95.93 111.88 122.57 
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Table A10: Variation of peak current density with scan rate for different fine Ni 

powder ratios (first row). Other parameters: pore size 425 – 710 μm, porosity 

60%, compaction pressure 200 MP and sintering temperature 850℃. 

Scan rate 

(V/s) / Fine 

Ni content  

Current density (mA/g) 

0% 20% 40% 60% 80% 100% 

0.005 1.75 2.04 2.17 2.22 2.28 2.12 

0.01 3.13 3.52 3.52 3.77 3.8 3.76 

0.02 5.48 5.8 6.56 6.54 6.96 6.92 

0.03 7.79 7.8 8.73 8.81 9 9.68 

0.04 9.24 9.72 10.65 10.68 10.96 12.52 

0.05 10.58 11.24 12.04 12.68 13.6 14.6 

0.06 11.51 12.84 13.95 14.59 15.28 16.68 

0.07 12.55 14.6 15.08 16.13 16.84 19.12 

0.08 13.41 15.4 17.60 17.68 19.16 20.36 

0.09 14.55 16.24 17.91 19.5 20.56 22.12 

0.1 15.10 18 19.39 20.95 21.72 24.08 

0.11 16.20 18.68 21.56 22.5 22.96 25.72 

0.125 17.13 20.24 22.95 24.13 25.16 27.64 

0.15 19.06 22.84 25.56 26.86 27.76 30.6 

0.175 20.86 25.32 28.21 29.36 31.52 33.44 

0.2 22.41 27.08 31.21 31.86 34.44 36.28 

0.225 23.82 28.88 32.13 34.09 36.84 38.92 

0.25 24.82 31.28 34.60 36.45 39.48 41.12 

0.275 26.17 33.04 36.391 38.95 41.24 43.36 

0.3 27.62 34.44 38 40.63 43.6 45.48 

0.35 29.79 37.92 41.95 43.86 46.8 49.2 

0.4 31.72 40.92 43.69 47.31 50.4 52.76 
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B. Raw data of real surface areas for the DHBT porous Ni samples presented 

in Chapter 5. 

 

Table B1: Real surface area of the DHBT porous Ni samples at different 

parameter levels 

Parameter / Level of parameter 
Real surface area (cm2) 

Level 1 Level 2 Level 3 

Concentration of Ni(CH3COO)2 7.48 7.23 4.36 

Concentration of NH4Cl 8.99 7.33 7.23 

Deposition potential 7.23 16.17 26.19 

Deposition time 2.21 7.23 8.03 

Note: Values of level 1-3. Concentration of Ni(CH3COO)2: 0.1, 0.2 and 0.4 M; 

Concentration of NH4Cl: 0.5, 1 and 1.5 M; Deposition potential: -1.35, -1.5 and 

-1.7 V; Deposition time: 60, 150 and 300 s. The reference parameter: 0.2 M 

Ni(CH3COO)2, 1.5 M NH4Cl, -1.5 V deposition potential and 150 s deposition 

time. 

 

Table B2: Real surface area of the DHBT porous Ni samples at different 

parameter levels. 

Parameter / Level of parameter 
Real surface area (cm2) 

Level 1 Level 2 Level 3 

Concentration of Ni(SO3NH2)2 58.99 38.49 49.19 

Deposition potential 38.49 49.26 40.44 

Deposition time 28.92 38.49 35.85 

Note: Values of level 1-3. Concentration of Ni(SO3NH2)2: 0.1, 0.2 and 0.4 M; 

Deposition potential: -1.7, -1.9 and -2.1 V; Deposition time: 100, 150 and 200 s. 

The reference parameter: 0.2 M Ni(SO3NH2)2, -1.7 V deposition potential and 

150 s deposition time. 
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C. Raw data of mass transfer performance for the LCS and LCS/DHBT porous 

Ni samples presented in Chapter 6. 

 

Table C1: Mass transfer performance of the LCS porous Ni samples 

manufactured with different fine Ni powder ratios (first column) measured at 

different electrolyte flow rates (first row). 

Fine Ni 

content / 

Flow rate 

Mass transfer performance (cm3/s) 

1.32  

(cm/s) 

2.22 

(cm/s) 

4.38  

(cm/s) 

6.6  

(cm/s) 

0% 0.00424 0.00648 0.0112 0.0159 

20% 0.00498 0.00681 0.01 0.0125 

40% 0.00577 0.00756 0.01104 0.0141 

60% 0.00372 0.00528 0.0088 0.012 

80% 0.00342 0.005 0.00852 0.0116 

100% 0.00311 0.00472 0.00773 0.0109 

 

Table C2: Mass transfer performance of the composite LCS/DHBT porous Ni 

samples manufactured with different deposition time (first column) under a 

deposition potential of -1.35 V measured at different electrolyte flow rates (first 

row). 

Deposition 

time (s) / 

Flow rate  

Mass transfer performance (cm3/s) 

1.32  

(cm/s) 

2.22  

(cm/s) 

4.38  

(cm/s) 

6.6  

(cm/s) 

0  0.00424 0.00648 0.0112 0.0159 

60  0.00836 0.0116 0.0185 0.0247 

150  0.00911 0.0129 0.0203 0.0267 

300  0.0095 0.0136 0.022 0.0296 
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Table C3: Mass transfer performance of the composite LCS/DHBT porous Ni 

samples manufactured with different deposition time (first column) under a 

deposition potential of -1.5 V measured at different electrolyte flow rates (first 

row). 

Deposition 

time (s) / 

Flow rate 

Mass transfer performance (cm3/s) 

1.32  

(cm/s) 

2.22  

(cm/s) 

4.38  

(cm/s) 

6.6  

(cm/s) 

0  0.00424 0.00648 0.0112 0.0159 

60  0.00948 0.0131 0.0205 0.0272 

150  0.0104 0.0149 0.0239 0.0316 

300  0.01073 0.0154 0.0251 0.0336 

 

Table C4: Mass transfer performance of the composite LCS/DHBT porous Ni 

samples manufactured with different deposition time (first column) under a 

deposition potential of -1.7 V measured at different electrolyte flow rates (first 

row). 

Deposition 

time (s) / 

Flow rate 

Mass transfer performance (cm3/s) 

1.32  

(cm/s) 

2.22  

(cm/s) 

4.38  

(cm/s) 

6.6  

(cm/s) 

0 0.00424 0.0064 0.0112 0.0159 

60 0.0118 0.0156 0.0221 0.0282 

150 0.0125 0.0175 0.0267 0.0347 

300 0.0130 0.0183 0.0281 0.0377 
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D. Raw data of potential shift and peak current at different glucose 

concentrations for the Ni plate, LCS porous Ni and the LCS/DHBT porous Ni 

samples presented in Chapter 7. 

 

Table D1: Peak current corresponding to potential shift for Ni plate, LCS 

porous Ni and LCS/DHBT porous Ni electrodes. 

Ni Plate LCS porous Ni LCS/DHBT porous Ni 

Potential 

Shift (mV) 

Peak 

current 

(mA) 

Potential 

Shift (mV) 

Peak 

current 

(mA) 

Potential 

Shift (mV) 

Peak 

current 

(mA) 

0 0.314 0 1.92 0 3.43 

9 0.546 18 2.47 40 5.09 

21 0.885 38 3.36 110 7.6 

32 1.18 56 4.01 165 9.45 

42 1.44 75 4.76 215 11.2 

49 1.64 85 5.09 260 12.8 

58 1.85 97 5.57 295 13.9 
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Table D2: Peak current at different scan rates for the Ni plate, LCS porous Ni 

and LCS/DHBT porous Ni electrodes 

Scan rate  

(V/s) 

Peak current (mA) 

Ni Plate LCS Porous Ni 
LCS/DHBT 

Porous Ni 

0.025 0.31  1.92  3.43  

0.05 0.55  2.47  5.09  

0.1 0.89  3.36  7.60  

0.15 1.18  4.01  9.45  

0.2 1.44  4.76  11.22  

0.25 1.64  5.09  12.84  

0.3 1.85  5.57  13.94  
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Table D3: Peak current at different glucose concentrations offer the 

LCS/DHBT porous Ni samples manufactured with a deposition potential of -

1.35 V in solutions with Ni(CH3COO)2 concentrations of 0.5, 1 and 1.5 M. 

Glucose 

concentration (mM) 

/ Ni(CH3COO)2 

concentration 

Peak current (mA) 

0.5  

(M) 

1  

(M) 

1.5 

(M) 

0 9.2 8.6 7.9 

0.01 10 9.3 8.8 

0.05 13.5 11 10.2 

0.1 15.9 13.4 12.4 

0.2 18.4 15.7 14.6 

0.4 20.4 17.46 16.03 

0.6 22.4 19.78 18.9 

0.8 25.2 21.05 19.8 

1 27.5 23.8 21 

1.5 33.5 28.2 24.5 

2 38.3 32.7 28.3 

2.5 43.9 38.1 32.3 

3 50.1 43.5 36.5 

3.5 56.1 47.2 39.9 

4 62.2 53.4 44 

4.5 68 59 48.6 

5 74.7 65.2 53.6 

5.5 80.5 69 57.9 

6 86.2 74.8 62.4 

6.5 89.9 77.5 66.8 

7 93.4 82.7 71.2 

7.5 96.16 85.1 73.5 

8 98.2 87.9 77.4 
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Table D4: Peak current at different glucose concentrations offer the 

LCS/DHBT porous Ni samples manufactured with a deposition potential of -

1.5 V in solutions with Ni(CH3COO)2 concentrations of 0.5, 1 and 1.5 M. 

Glucose 

concentration (mM) 

/ Ni(CH3COO)2 

concentration 

Peak current (mA) 

0.5  

(M) 

1  

(M) 

1.5 

(M) 

0 11.5 10.7 9.37 

0.01 13.1 12.1 10.6 

0.05 15.7 13.4 11.5 

0.1 17.86 16.1 13.4 

0.2 20.62 18.7 16 

0.4 23.97 20.9 18.3 

0.6 27.56 23.3 20.5 

0.8 31.83 26.7 22.2 

1 34.89 29.5 24.6 

1.5 41.18 35.7 29.2 

2 47.68 42.3 35.7 

2.5 54.89 49.8 40.2 

3 60.54 56.4 46.8 

3.5 66.58 61.2 51.4 

4 73.41 65.1 56.9 

4.5 78.28 72.9 62.1 

5 85.45 79.5 67.8 

5.5 89.06 83.9 73.2 

6 92.37 87.6 76.5 

6.5 94.45 89.3 80.1 
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Table D5: Peak current at different glucose concentrations offer the 

LCS/DHBT porous Ni samples manufactured with a deposition potential of -

1.7 V in solutions with Ni(CH3COO)2 concentrations of 0.5, 1 and 1.5 M. 

Glucose 

concentration (mM) 

/ Ni(CH3COO)2 

concentration 

Peak current (mA) 

0.5  

(M) 

1  

(M) 

1.5 

(M) 

0 17.1 15.2 13.3 

0.01 20.5 17.3 14.8 

0.05 24.39 20.8 17.9 

0.1 29.83 25.7 24.1 

0.2 35.23 31.5 30.5 

0.4 43.83 38.6 36.7 

0.6 48.31 45.3 42.3 

0.8 58.4 51.7 48.1 

1 65.65 58.2 52.2 

1.5 78.9 70.3 63 

2 90.6 79.4 75.3 

2.5 99.1 88.7 82.7 

3 107.03 97.34 91.6 

3.5 110.62 104 98.21 

4 114.3 108 102.4 

4.5 117.1 110 107 

5 117.8 111.5 110 

  



229 

 

Table D6: Peak current at different glucose concentrations for the Ni plate, 

LCS porous Ni and composite LCS/DHBT porous Ni electrodes. 

Glucose 

concentration (mM) 

/ Ni samples  

Peak current (mA) 

Ni plate LCS porous Ni 
LCS/DHBT 

porous Ni 

0 0.86 1.32 3.55 

0.01 1.07 1.43 3.75 

0.05 1.13 1.52 3.97 

0.1 1.19 1.64 4.25 

0.2 1.33 1.79 4.55 

0.4 1.43 2.05 4.94 

0.6 1.57 2.21 5.32 

0.8 1.61 2.45 5.7 

1 1.72 2.65 5.78 

1.5 2.04 3 6.52 

2 2.37 3.48 7.15 

2.5 2.53 3.81 7.64 

3 2.84 4.13 8.3 

3.5 3.11 4.43 8.92 

4 3.32 4.87 9.44 

4.5 3.27 5.1 10.08 

5 3.48 5.43 10.68 

5.5 3.72 5.69 11.02 

6 3.96 5.98 11.45 

6.5 4.13 6.27 11.85 

7 4.29 6.33 12.6 

7.5 4.51 6.59 13.04 

8 4.77 6.85 13.51 

8.5 4.97 7.11 13.93 
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9 5.12 7.35 14.53 

9.5 5.24 7.75 14.87 

10 5.37 7.98 15.42 

10.5 5.52 8.26 15.81 

11 5.7 8.46 16.24 

11.5 5.93 8.7 16.55 

12 5.86 8.83 16.89 

12.5 6.01 8.92 17.2 

13 6.21 9.04 17.36 

13.5 6.36 9.28 17.54 

14 6.54 9.5 17.51 

14.5 6.7 9.81 17.76 

15 6.84 10 18.01 

 

Table D7: Peak potential at different glucose concentrations for the Ni plate, 

LCS porous Ni and composite LCS/DHBT porous Ni electrodes. 

Glucose 

concentration 

(mM) / Ni sample 

Potential (mV) 

Ni plate LCS porous Ni 
LCS/DHBT  

porous Ni 

0 414 446 480 

0.01 416 447 482 

0.05 420 449 487 

0.1 421 452 492 

0.2 423 457 497 

0.4 426 464 507 

0.6 430 477 514 

0.8 431 479 522 

1 433 487 532 

1.5 439 504 549 
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2 448 522 564 

2.5 454 534 579 

3 460 547 597 

3.5 468 559 612 

4 473 577 629 

4.5 480 587 652 

5 488 599 672 

5.5 498 607 684 

6 509 617 697 

6.5 518 627 709 

7 528 637 737 

7.5 536 642 749 

8 543 652 779 

8.5 556 662 794 

9 563 672 829 

9.5 571 682 832 

10 578 689 839 

10.5 584 699 864 

11 593 707 902 

11.5 598 717 924 

12 605 724 939 

12.5 615 729 937 

13 620 732 947 

13.5 625 739 964 

14 634 749 972 

14.5 641 759 979 

15 648 769 984 

  



232 

 

Table D8: Slope and intercept of the current density - glucose concentration 

curves for the composite LCS/DHBT porous Ni samples manufactured at 

different NH4Cl concentrations (first column) and different deposition 

potentials (first row). 

Concentration 

of NH4Cl / 

Deposition 

potential 

-1.35 V -1.5 V -1.7 V 

Slope Intercept Slope Intercept Slope Intercept 

0.5 M 

67.90 9.43 60.58 12.12 118.50 18.22 

11.73 15.50 13.33 20.12 28.02 33.48 

5.53 54.31 6.06 55.48 5.60 90.95 

1 M 

46.94 8.70 49.84 11.08 100.48 15.73 

10.09 13.27 12.66 16.55 33.25 25.11 

5.20 46.23 6.62 47.01 18.08 43.25 

    4.90 87.55 

1.5 M 

42.90 8.11 36.48 9.76 58.81 15.43 

8.17 12.59 10.78 13.78 20.55 31.57 

  6.90 35.20 7.99 70.43 

 


