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General Abstract 

The research is mainly focused on the preparation of metal catalysts having hierarchical 

structures for ascorbic acid (AA) oxidation. I have synthesized non-Pt-based electrocatalysts. 

The improvement in the AA electrooxidation leads to the construct of a direct alkaline AA-

based liquid fuel cell (DAAFC) system. The DAAFC can solve two problems at a time. I could 

reuse waste materials (citrus fruits and Vitamin C contains vegetables) to extract AA and 

generate clean electricity from it. The DAAFC does not release any toxic chemicals or gases. 

So DAAFC system could help us in achieving sustainable development goals. In this study, I 

have explored potential anode catalysts for the improvement of AA electrooxidation. I have 

also constructed a DAAFC system to generate electricity. 

 I have developed unique hierarchical metal catalysts to improve AA electrooxidation. 

The well-growth Ag dendrite structures are prepared by a simple electroless deposition 

technique and applied for AA electrooxidation for the first time. The Ag catalyst is applied for 

the kinetic study of the AA electrooxidation because the Ag could prevent the electrode fouling 

during AA electrooxidation. The kinetic study helped us to understand the two electrons 

transfer process during AA electrooxidation. To improve the performance of the AA 

electrooxidation I have applied Pd-based catalysts.  

A controlled electrodeposition technique is further developed for the preparation of 

unique Christmas-tree-shaped Pd nanostructures. The many sharp edges of these 

nanostructures provide more active sites for electrocatalysis. The unique Christmas-tree-

shaped Pd nanostructures are applied for the AA electrooxidation in the alkaline condition. The 

AA electrooxidation is enhanced by these unique structures of Pd metal. The greater 

improvement in the AA oxidation leads us to choose Pd-based anode catalysts for DAAFC. 

For the practical use of Pd-based catalyst for the DAAFC system, I have further 

developed Pd nanoparticles incorporating reduced graphene oxide (rGO) and multiwall carbon 

nanotube (MWCNT) composite by the chemical reduction process. The Pd/rGO/MWCNT 

catalyst showed excellent AA electrooxidation in the alkaline condition. Next, I have 

constructed the DAAFC system by using Pd/rGO/MWCNT catalyst. The maximum power 

output is 9.5 mW/cm2 at 60 °C. The DAAFC result enlightens us about the use of AA as a fuel 

to generate clean energy in near future. 

Keywords: Hierarchical structures, Ascorbic acid, Ag dendrite, Christmas-tree-shaped Pd 

nanostructure, rGO, MWCNT, Alkaline fuel cell. 
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Chapter 1 

General Introduction 

 

1.1  Introduction to Ascorbic Acid  

Ascorbic acid (AA), often known as Vitamin C, is a water-soluble vitamin and strong 

antioxidant found in a wide range of biological systems and foods [1–8]. The chemical 

formula and molar mass of AA are C6H8O6 and 176.14 grams per mol, respectively [9]. 

The L-enantiomer of ascorbate is vitamin C or AA; the opposite D-enantiomer has no 

physiological significance. Both forms of the same chemical structure are mirror images 

of each other. The chemical structure of AA is shown in Figure 1.1. AA has been one of 

the omnipresent vitamins ever discovered. It cannot be produced by the human body and 

need to be intake from outside fruits and vegetables [10]. In citrus fruits and vegetables 

such as lemon, orange, lime, pomelo, tomatoes, black currant, leafy vegetables, green 

and red peppers, AA is substantially contained [10–16]. In numerous biological 

processes such as iron adsorption, amino acid metabolism, wound healing, osteogenesis, 

maintenance of capillaries, bones, and teeth, AA has a direct influence [10,17]. 

Furthermore, because of its antioxidant characteristics, AA is widely utilized in the 
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chemical industry, as well as in medical and cosmetic applications [8]. The oxidation of 

AA releases two electrons and two protons to form dehydroascorbic acid (DHA).  

Figure 1.1 Chemical structure of ascorbic acid. 

 

1.1.1 Mechanism of Ascorbic Acid Electrooxidation 

The mechanism and kinetics of the electrochemical oxidation of AA on various metallic 

electrodes have been investigated extensively during the last few decades [18–23]. AA 

forms with DHA an irreversible redox couple [10] as shown in Figure 1.2.  
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Figure 1.2 Ascorbic acid oxidation to produce dehydroascorbic acid. 

Only the anodic oxidation peak is visible during AA electrocatalytic oxidation 

[10,20,24]. It has been demonstrated that the oxidation wave corresponds to the transfer 

of two electrons and two protons to produce DHA [21,25]. Figure 1.3 illustrates the 

reaction mechanism of electrooxidation of AA in acid or neutral solution at Pt, Au, and 

Hg electrodes [19,21]. This mechanism includes the predissociation of a proton to 

produce the monoanionic species, followed by the monoanionic species being oxidized 

by 1 e-, 1 H+ to form the radical anion. This radical anion undergoes a second 1 e- 

oxidation to DHA.  
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Figure 1.3 Reaction mechanism for the electrooxidation of ascorbic acid. 

 

1.2  Catalysts for Ascorbic Acid Electrooxidation 

The progress of nanomaterial technology over the last several decades has resulted in 

increasing research output in a wide range of application sectors. The use of 

nanomaterials in electrocatalyst technologies resulted in improved catalysis performance, 
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including increased sensitivity, selectivity, stability, and repeatability. When compared 

to other nanoscale systems, the noble metals have superior catalytic activity and 

biocompatibility, as well as being more stable at ambient temperatures. The development 

of new catalysis materials for energy-related applications allows for total catalyst 

miniaturization, increased specificity, storage, and operational stability. Noble metals 

have already been shown to be an attractive substrate for a variety of applications, 

including electrocatalysis, environmental monitoring, and biosensing. A variety of 

nanomaterials including noble metals/metal nanoparticles, transition metals/their oxides 

and hydroxides, conducting polymers, and carbon nanocomposites have been used for 

the electrocatalysis of AA [26]. Several noble metal-modified electrodes have been used 

with a reduced overpotential and excellent specificity for electrocatalysis of AA [23,27–

31]. This is because noble metal modified electrochemical interfaces provide a larger 

electrochemically active surface area, accelerate the electron transfer rate, result in the 

rapid current response, and reduce the overpotential required for electrochemical 

reactions. Pt, in particular, has sparked increased attention due to its ability to allow rapid 

electron transfer while also providing better mass transport properties [4,32,33]. For the 

electrocatalysis of AA, nanostructured Pt-modified electrodes have been successfully 

applied [34,35]. The Nanostructured Pt contains a lot of sites for hydrogen adsorption, 
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AA oxidation, and reversing adsorption or dissociative side-chain adsorption. Due to 

biocompatibility, high surface-to-volume ratio, electron-rich core, limited range of sizes, 

and many surface functions, Au has often been widely used in electrocatalysis [36,37]. 

Several research has reported about the use of Au modified electrode for AA 

electrooxidation [2,10,29,38–42]. In comparison to other noble metal catalysts, recently 

Pd-based catalysts have been investigated in electrocatalysis, owing to their high 

catalytic activity and higher abundance [26]. For AA electrooxidation, several Pd-based 

catalysts have been reported [2,10,15,18,42–46]. Recently, Ag-based catalysts have been 

used to investigate the electrooxidation of the AA, due to distinctive electrical, and 

chemical properties [3,8,18,47–51]. 

 

1.2.1 Hierarchical-structured Metal Catalysts 

Controlling the form of noble metal nanoparticles has been a significant focus of recent 

study since it provides another way to tune their physical and chemical characteristics 

[52]. From one-dimensional nanorods/nanowires to branching nanostructures, and from 

scattered triangular nanoplates to ordered assemblies with anisotropic orientation, the 

hierarchical assembly of nanoscale building blocks may be interpreted as ordered 

superstructures or complex architectures. The superstructure/hierarchical assembly can 
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show new and collective physical and chemical characteristics that cannot be found at 

individual nanoparticle levels [53,54]. The success of Bottom-up methods to integrated 

and functioning nano systems is essential to hierarchical assembly. One example of the 

hierarchical structure of Pd metal is shown in Figure 1.4. The Pd rod structures exhibited 

high catalytic performance for methanol electrooxidation [55]. The hierarchical 

structures provide more active surface sites, which are especially important for the high 

electrochemically active and stable catalyst development. Several reports have already 

been published based on different metal-based hierarchical structured like Ag [18], Pt 

[33], Pd [44,56] for AA electrooxidation. These studies showed a potential way of stable 

and excellent catalyst preparation for AA electrooxidation.  
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Figure 1.4 SEM picture of Pd triangular rod formations electrodeposited at -0.1 V with 

a total deposition charge of 0.02 C from 15 mM K2PdCl4 + 0.1 M H2SO4. A cross 

sectional SEM picture is shown in the inset [55]. 

Carbon materials are one of the most widely utilized active materials in 

electrochemical applications due to their excellent architectures, scalable manufacturing, 

and remarkable characteristics [57,58]. Single/multiwall carbon nanotubes 

(SWCNT/MWCNT), carbon nanodots, carbon nanohorns, carbon nanofibers, graphene 

derivatives, and nitrogen-doped carbon materials have been utilized as electrode 

materials for various electrocatalytic applications [59]. In addition, considerable effort 

has been made to promote the prospective uses of carbon nanomaterials and related 



  Chapter 1 

9 | P a g e  
 

composites/hybrids in a variety of applications [60,61]. Carbon nanotubes (CNT) are 

ideal electrode materials because of their large surface area, high electrical conductivity, 

high mechanical resistance, changeable surface chemistry, and chemical inertness in 

most electrolytes [62,63]. The electrocatalysis of AA is successfully carried out using a 

variety of carbon nanostructures. A carbon paste electrode (CPE) is modified for AA 

electrooxidation utilizing MWCNT, ionic liquid (IL), and Pd nanoparticles [64]. Due to 

the increased electroactive surface area and the high conductivity of MWCNT, the 

modified PdNP/IL-MWCNT electrode exhibited a superior catalytic activity than the 

CPE and PdNP/CPE. The MWCNT has been used widely for electrocatalysis of AA [30]. 

Reduced graphene oxide (rGO), another form of carbon, has been used for the 

electrocatalysis of AA [46]. The rGO is a suitable 2D carbon material having good 

conductivity and high stability for electrolytes. Figure 1.5 showed the chemical structure 

of MWCNT and rGO.  
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Figure 1.5 Chemical structure of (a) multiwall carbon nanotubes, (b) reduced graphene 

oxide. 

 

1.3  Preparation Techniques for Metal Nanostructured Catalysts 

Researchers have found several novel techniques for producing metal nanostructured 

catalysts having the optimum size, shape, and composition. Some of the ways for 

synthesizing the metal nanostructured are: 
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1.3.1 Thermal and photochemical degradation 

In this method, precursors are pyrolyzed in high-temperature boiling solutions. The 

primary drawback of the method is that the isolation from the reactive phase of the 

unstable nanocrystal phase becomes very challenging at such high temperatures [65]. In 

general, because of the high energy demand for bond breakages, the thermal technique 

is of an endothermic nature. The photochemical technique enables nanoparticles of 

exceptional size and composition to be isolated and studied. 

 

1.3.2 Sputtering 

Sputtering is a technique for ejecting nanoparticles from a target material's surface 

utilizing outer stimulation with a high level of energy. Nanoparticles are ejected while 

supplied energy is greater than that provided by normal thermal energies. This technique 

yields high-purity nanoparticles. Magnetic sputtering, for example, is used to create 

silicon nanowires. This technique has certain disadvantages, such as a lack of control 

over particle shape and significant energy consumption for the electron ejection [65]. 

Because a high temperature is necessary, it might be dangerous, resulting in a variety of 

skin disorders. 
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1.3.3 Sol-gel method 

Sol and gel are the two words that make up the sol-gel method. A stable colloidal solid 

particles’ dispersion in a liquid is known as a sol. The scattered phase is minimal that 

there are merely forces of Vander-Waal. The solid level in a gel is greater than the liquid 

level. The particles or ions produce a continual network during evaporation that leads to 

the quasi-rigid form. Covalent interactions exist in most gel systems. The sol-gel 

technique is a mixture of these two network functions. Hydrolysis and condensation are 

the two major processes in this technique. The sol-gel technique is used to make a variety 

of bimetallic nanoparticles, including Ag-Au, Pd-Au, and Pt-Au, etc [65].  

 

1.3.4 Chemical precipitation process 

Chemical precipitation is the way of transforming a liquid into a solid by making it 

infusible or over saturating a solution. It entails adding chemical reagents to the solution 

and then separating the precipitates from it. This technique can be used to make ZnO and 

ZnS nanoparticles. This is a highly beneficial technology as it is a one-step process that 

helps to produce nanoparticles on a big scale without impurities. This process also aids 

in water filtration and is a long-term solution that yields lasting benefits. 
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1.3.5 Micro-emulsion method 

A micro-emulsion is a solution that has no less than three elements: surfactant, polar, and 

non-polar element. Surfactant is utilized for generating a tier within polar and non-polar 

components. Even in nature, it is thermodynamically stable and homogenous. Depending 

on the kind of dispersed and continuous phase, the microemulsion can be categorized as 

water-in-oil or oil-in-water. Oil in water micro-emulsion can only produce a few organic 

nanoparticles. Cyclic voltammetric and Chrono amperometry measurements are used to 

investigate the electrocatalytic activity of these nanoparticles, revealing that they are 

stable. The microemulsion technique is utilized to create the La/Cd bimetallic 

nanoparticles, which are then employed to degrade organic contaminants. 

 

1.3.6 Hydrothermal method 

Using this method, nanoparticles are manufactured by applying high pressure with high 

temperatures (approximately 470°C). Components that are typically non-soluble under 

normal circumstances can be diluted using this technique. The characteristics of the 

resultant nanoparticles are then determined by the medium pH, temperature, and pressure. 

This approach might be improved further since it will aid in the monitoring of crystal 

development. Because of the high yield and purity of the products, this technique is 
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useful. Furthermore, it creates high-quality crystals and allows us to regulate the physical 

and chemical characteristics of the resultant nanoparticles [13]. The expensive cost of 

equipment and the inability to supervise the crystal development process are the 

disadvantages of this approach [65]. This technique has been used to synthesize zeolites 

and lead telluride nanoparticles. 

 

1.3.7 Electrochemical reduction 

In this approach, the driving force or control force is electricity. The current is transferred 

between the two electrodes separated by an electrolyte. The electrochemical process is 

commonly applied for metallic nanoparticles synthesis [44]. The metal salt is dissolved 

and reduced to form metallic particles. The advantage of electrochemical technology is 

that of low-cost preparation, good particle purity, particle size control by optimization of 

current density, and an easy operating manner. This technique is utilized mostly in 

commercial processes. 

 

1.3.8 Chemical reduction 

This technique is used to create metal nanoparticles in a zero-valent condition. Reduction 

and interaction between polymer with metallic species are the two mechanisms used in 
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this technique. Sodium borohydride, elemental hydrogen, Tollen's reagent, and ascorbate 

are the common reducing agents employed in this process. For the production of silver 

nanoparticles, a chemical reduction is a popular approach [65]. The highly promising 

way of manufacturing bimetallic core-shell nanoparticles is by successive reduction. It 

entails the deposition of a metal onto monometallic nanoparticles of other metals that 

have been produced.  

There are various methods for the preparation of metal nanostructures. However, 

some of the methods need high temperature (Hydrothermal, Sputtering, etc), high 

pressure (Hydrothermal), more than one step (Sol-gel method), or special types of 

equipment [5]. One-pot simple synthesis methods at room temperature are highly 

desirable for the preparation of metal hierarchical nanostructures. So I choose three 

methods (Electroless deposition, Electrodeposition, Chemical reduction) for the 

synthesis of hierarchical catalyst by the one-pot process at room temperature without 

using high pressure. 
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1.4  Electrochemical Techniques to Evaluate Ascorbic Acid 

Electrooxidation 

Electrochemical methods are based on the application of an electric input through 

electron-conducting electrodes submerged in an electrochemical cell containing an ion-

conducting phase, the electrolyte, to assess the response of the electrochemical cell. A 

potentiostat linked to electrodes submerged in an electrolyte to control and measure the 

rate of oxidation and/or reduction reactions (Figure 1.6). The AA electrooxidation will 

be evaluated by the below techniques:  

Figure 1.6 Three electrode system potentiostat.  
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1.4.1 Cyclic Voltammetry 

Cyclic voltammetry is the most widely used method for investigating electrochemical 

reactions. It involves recording the current response of a working electrode as a function 

of the potential difference established between that electrode and a suitable reference 

electrode (usually Ag/AgCl). A third electrode (counter electrode) is frequently included 

in electrochemical devices to reduce the current passing through the working electrode 

(Figure 1.6). The reason for this is that at the working electrode, electrons are transferred 

between the species of interest and the electrode, causing changes in the electrolyte 

composition. These processes are known as faradic processes and should only happen to 

a small amount to keep the system composition unchanged. Figure 1.7 shows the cyclic 

voltammogram of AA electrooxidation by Pd modified glassy carbon electrode 

(Pd/GCE) in 1 M KOH solution. In the forward scan, the oxidation peak is due to 

oxidation of AA while in the reverse scan the reduction peak is for the PdO reduction 

peak.  
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Figure 1.7 Cyclic voltammograms of Pd/GCE in the presence of 5.6 mM ascorbic acid 

in 1 M KOH solution at 50 mV s-1 (reference electrode: Ag/AgCl (sat. KCl)). 

 

1.4.2 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a quick, non-destructive, and easily 

automated method for determining the electric characteristics of a wide range of 

materials. EIS is a vital electrochemical method that relies on the interfacial response at 

the electrode surface. The basic Ohm's law cannot explain the complex circuit 

components that are common in an electrochemical reaction. EIS is therefore utilized to 

analyze more general and complicated circuit characteristics. The EIS spectrum is 

usually shown as a complex plane plot, where Z’ represents the real and Z” represents 
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the imaginary component of impedance, respectively. The simplified Randle circuit, for 

an ideal non-polarizable system, consists of a series connection of solution resistance 

(Rs) with a parallel combination of charge transfer resistance (Rct) and a double layer 

capacitance (Cdl), Warburg element (w) [18,66].  

𝑇1 =
𝑅𝑠𝑅𝑐𝑡𝐶𝑑𝑙

𝑅𝑠+𝑅𝑐𝑡
…………………………….(1) 

𝑇2 = 𝑅𝑐𝑡𝐶𝑑𝑙……………………………..(2) 

Where 𝑇1 and 𝑇2 are the two corresponding breakpoints of time constants in the Bode 

module. The Cole-Cole plot or Nyquist plot is formed by plotting the real and imaginary 

portions of impedance on the X and Y axes, respectively. The typical Nyquist plot for 

bare GCE and silver modified GCE (Ag/GCE) for AA oxidation is seen in Figure 1.8. 

These resistances include the resistance of electrode materials and the resistance of the 

catalyst. The semi-circle also has an impact on calculating charge transfer resistance. 

While the diffusion coefficient controls the impedance at lower frequencies. The ionic 

and electrical conductivity of the material has a considerable influence on the actual 

impedance in the left-most region of the Nyquist plot. 
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Figure 1.8 EIS spectra in presence of ascorbic acid in neutral pH solution (pH∼7.0) at 

unmodified GCE and Ag/GCE. (a) Nyquist plots (inset: equivalent circuit), (b) bode 

modulus plots, and (c) bode phase plots.  

 

1.4.3 Chronoamperometry 

Chronoamperometry is a time-dependent method that employs a square-wave potential 

on the working electrode. Because of analyte diffusion from the bulk solution toward the 

electrode surface, the electrode current changes with time. Therefore, the time 

dependency of a diffusion-controlled process on an electrode may be quantified using 
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chronoamperometry. This depends on the concentration of the analyte. 

Chronoamperometry is a sensitive method and has been used in a variety of 

investigations, either alone or in conjunction with other electrochemical techniques such 

as cyclic voltammetry. The electrochemical activity and stability of the electrocatalysts 

are investigated using chronoamperometry tests. A typical chronoamperometry graph for 

the Ag/GCE in the presence of AA is shown in Figure 1.9. The flat line after the startup 

proved that the stability of the Ag/GCE electrode during the AA electrooxidation in the 

neutral pH solution. 

 

Figure 1.9 Chronoamperometry in presence of ascorbic acid at the Ag/GCE electrode. 
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1.5  Introduction of Fuel Cell  

Fuel cells (FC) are electrochemical devices that transform chemical energy into electrical 

energy [67–69]. An electrolyte medium is placed between two electrodes in these devices. 

The anode electrode permits electrochemical oxidation of the fuel while the cathode 

promotes the electrochemical reduction of the oxidant. The ionically conductive but 

electrically insulating electrolyte transports ions, produced during oxidation or reduction 

from one electrode to the other. Between the fuel and the oxidant, the electrolyte acts as 

a barrier. Electrons produced at the anode during oxidation moved via the external circuit 

(producing energy) on their way to the cathode, where they complete the reduction 

reaction. The fuel and oxidant do not combine at any time, and no real combustion occurs. 

As a result, the fuel cell is not restricted by the Carnot efficiency and, theoretically can 

achieve 100% efficiency. The electrolyte substance is used to classify fuel cells. The fuel 

cell operating temperature is also determined by the electrolyte material used. Figure 

1.10 exhibited different types of fuel cells and their operating temperature.  
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1.5.1 Polymer Electrolyte Membrane Fuel Cell 

This is commonly known as a proton exchange membrane fuel cell, which has superior 

energy compared to conventional fuel cells. The electrolyte of PEM (polymer electrolyte 

Membrane) fuel cells is a solid polymer, and the electrodes are porous carbon with 

platinum nanoparticles. Hydrogen and humidified oxygen are used to generate power in 

PEM fuel cells at low temperatures (80°C). Generally, hydrogen is provided from  

Figure 1.10 Various types of fuel cells and their operating conditions. 
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cylinders. PEM fuel cells can start faster because of their low-temperature functioning. 

They also have a long lifespan. However, the necessitated use of a noble metal catalyst 

like Pt raises the system cost. 

 

1.5.2 Alkaline Fuel Cell  

Alkaline fuel cells (AFCs) employ alkaline solution as electrolyte and metal catalysts 

(non-precious) for anode and cathode reactions. These fuel cells utilize an alkaline 

membrane (capable of anion exchange). The great efficiency of AFCs is attributed to the 

fast rate of electrochemical reactions in the cell. One of the most serious issues of AFCs 

is that they are very sensitive to carbon dioxide. In contrast, due to carbonate formation, 

even a tiny quantity of CO2 in the air can have a significant impact on cell performance 

and durability. Additional issues with liquid electrolyte systems include wettability, 

increased corrosion, etc. 

 

1.5.3 Phosphoric Acid Fuel Cell  

The electrolyte of PAFCs (phosphoric acid fuel cells) is phosphoric acid and the 

electrodes are Pt-loaded porous carbon catalysts. It is one of the most developed fuel 

cells to be commercialized. Although PAFCs are generally used for stationary power 
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production, they have also been utilized for big vehicles like buses. PAFCs have better 

tolerance of impurities in fossil fuels than PEM fuel cells. When utilized for co-

generation of heat and electricity, PAFCs are higher than 85% efficient; however, they 

become less efficient when used to generate electricity alone (37%–42%). 

 

1.5.4 Molten Carbonate Fuel Cell  

MCFCs (molten carbonate fuel cells) are established for power stations, as well as for 

industrial and utility uses. MCFCs are operated at high temperatures and the electrolyte 

is a molten carbonate salt combination floating in a chemically inert porous ceramic 

lithium aluminum oxide matrix. Non-precious metals catalyst can be employed at both 

sides of the fuel cell since they function at high temperatures of 650 °C. Methane, as well 

as hydrocarbons, could be transformed to hydrogen inside MCFCs (internal reforming) 

at high temperatures which cut costs. The main drawback of present MCFCs technology 

is its lack of longevity. High temperature along with corrosive electrolyte reducing cell 

life. 
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1.5.5 Solid Oxide Fuel Cell 

SOFCs (solid oxide fuel cells) need ceramic materials as electrolytes. SOFCs work at 

extremely high temperatures, up to 1,000°C. The high-temperature process eliminates 

the requirement for a precious metal catalyst, lowering costs. In SOFCs, fuels can reform 

internally, allowing them to utilize a wider range of fuels while lowering expenses. There 

are certain drawbacks to high-temperature operation. It causes a sluggish starting and 

necessitates a lot of thermal shielding to keep the heat in and protect the workers, which 

is only applicable for stationary utility applications.  

 

1.5.6 Direct Liquid Fuel Cell 

Direct liquid fuel cells (DLFCs) are becoming increasingly popular due to specific 

benefits over other equivalent fuel cells like PEM fuel cells [70,71]. DLFCs are regarded 

as ground-breaking prospects for producing electrical power for cars, household uses, 

high-tech portable gadgets, and so on. Although PEM fuel cells are frequently 

investigated, commercialization is inadequate owing to hydrogen storage, safety, and 

supply [72]. Under these conditions, the possibility for simple handling and storage, as 

well as high power densities, are regarded as acceptable alternative fluids like methanol, 

ethylene glycol, ethanol [73–75]. Alcohol-based fuel cells (DAFCs) have high efficiency 
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and power generating capabilities that could be alternatives to PEM fuel cells [70,76]. 

For example, methanol and ethanol-based fuel cells have been extensively researched, 

and several state-of-the-art electrocatalysts have been published recently [77–80]. While 

the alcohol-based DLFC system performance is taken into consideration, alkaline-based 

fuel cell systems are superior to acidic systems. High concentrations of OH- ion in 

alkaline environments have been demonstrated to improve the kinetics of fuel oxidation, 

thus allowing for improved performance [77,81]. However, on the benchmark Pt-based 

electrocatalysts, the multielectron alcohol oxidation kinetics is dominated by a parallel 

route mechanism, with CO severely inhibiting its catalytic regions [82–84]. Second, 

alcohol crossover becomes a significant problem at high current density and poisoned 

cathode catalyst [85–87]. As a result, the large amount of precious metal-loaded cathode 

catalysts is necessary as well as the designing of their catalytic regions for selective 

oxygen reduction reactions (ORR) [88,89]. All of these factors effectively impede the 

commercialization of DAFC technology. Despite great attempts to design the catalytic 

domains to promote selective ORR with intrinsic alcohol inertness, these techniques have 

yet not been accomplished. Another environmental concern about the use of alcohol-

based DLFCs is the CO2 produced during the oxidation of alcohol. Figure 1.11 showed 

the alcohol-based DLFCs in both acidic and alkaline conditions. As a result, the 
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development of alternative environmentally-friendly DLFCs has received a lot of 

attention recently. 

Figure 1.11 Alcohol-based direct liquid fuel cells (a) acidic and (b) alkaline conditions. 

 

1.6  Introduction of Direct Ascorbic Acid Fuel Cell 

DLFC is projected to be a potential choice for portable energy sources because of its 

relatively simple system design and cell operation. However, several barriers, such as 

poor electrocatalytic activity and low fuel efficiency owing to fuel crossover, continue 

to hinder their broad commercial implementation [90,91]. Furthermore, the toxicity of 

the fuel and by-products may create additional significant issues. AA has recently been 
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explored for fuel cell systems because of its safety and environmentally benign character 

[7,43,45,92–95]. 

 

1.6.1 Direct Acidic Ascorbic Acid Fuel Cell 

AA is an ecologically and physiologically friendly, cheap chemical. This is a stable 

powder that can be kept in the air and is nontoxic and water-soluble. AA is generated 

through the fermentation or chemical conversion of D-glucose, therefore, it may be 

classed as biomass-derived fuel and used as a regenerative fuel in a variety of 

applications [43]. Previous research has shown AA to be a promising candidate for 

DLFCs as an alternative fuel. The direct acidic AA fuel cell with cation exchange 

membrane and a range of anode catalyst surfaces including Pt, Ru, Pd, Ir, Rh, PtRu, and 

carbon black (Vulcan XC72), has been reported by Fujiwara et al. [7,95]. Pd black 

demonstrated the greatest performance among these precious metal catalysts. However, 

the highest power density is exhibited between 12-15 mW cm-2 using carbon black anode, 

twice as much as Pd black metal catalyst (7 mW cm-2). The electrochemically active 

surface area of the electrodes is the result of observed fuel cell performance variations 

on each anodic catalyst. In addition, AA functions as the Nafion ionomer-like proton 

conductor, an ionomer utilized in proton exchange for the electrolyte substitution in acid 
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cells. It has been demonstrated that increasing Nafion ionomer mass or thickness can 

impede the mass transfer of AA to the electrode surface, therefore decreasing the 

oxidation rate. Furthermore, Uhm et al. carried out a work that mentioned pouring the 

electrolyte into the carbon electrodes microstructure to enhance the polar functionality 

of the electrode surface. This modified carbon electrode generated 18 mW cm-2 power at 

60 °C [93]. Y. Zeng et al. carried out a study that focused on the mathematical modeling 

of the direct AA fuel cell and examined the kinetics and mass transfer between the 

solution and catalyst layers. It is discovered by the model, that the concentration of AA 

and the cathode reaction are the variables for total fuel cell performance [96]. Mondal et 

al. also investigated the fuel performance using various PANI loadings. As the voltage 

reduced from the open-circuit potential (0.5V), an increase in current density occurred. 

In addition, when the temperature of the fuel cell increased, the open-circuit voltage 

dropped. However, the performance of fuel cells increased from 27 °C to 70 °C, 

suggesting that the direct AA fuel cell operates across a large range of temperatures. At 

a current density of 15 mA cm-2, the highest power density of 4.3 mW cm-2 is observed 

at 70 °C. This also showed that a direct acidic AA fuel cell may be operated with a low-

cost anodic catalyst [40]. 
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1.6.2 Direct Alkaline Ascorbic Acid Fuel Cell  

For alkaline DLFCs, the alkaline anion exchange membrane (AEM) provides benefits 

over the cation exchange membrane (e.g., Nafion) [43]. Water is generated at the anode 

side of alkaline DLFCs; thus water management is negligible, and the cathode has little 

effect on total fuel cell efficiency. Alkaline fuel cells have a lower activation 

overpotential, have faster reaction kinetics, and are less toxic and corrosive to the fuel 

cell components, particularly the metal catalysts. Finally, liquid fuels in the alkaline 

DLFC can be handled, stored, and transported more easily than hydrogen [97]. Muneeb 

et al. used an anion exchange membrane to operate the first direct alkaline AA fuel cell 

(DAAFC). The fuel cell has a maximum power density of 27 mW cm-2 at room 

temperature using a Pd black anode catalyst, which is substantially greater than 

previously reported acidic AA fuel cell [43]. The highest power density and the current 

density of this DAAFC at 60°C are 73 mW cm−2 and 497 mA cm−2, respectively. Muneeb 

et al. further showed that PdCu/C (anode) may further increase the maximum fuel cell 

output to 89 mW cm−2 with Pt black at the cathode at 60°C [44]. This entitled us about 

the use of alkaline direct AA fuel cell design than the acidic one. Figure 1.12 showed a 

single cell of the DAAFC system. 
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Figure 1.12 A single cell of the direct alkaline ascorbic acid fuel cell. 

 

1.7  Outline of This Thesis 

In this thesis, all the chapters are designed with a single objective to establish an easy 

and cost-effective technique for the preparation of different metal catalysts for AA 

electrooxidation. The AA is naturally abundant and produces nontoxic by-products 

during oxidation. For the practical use of the DAAFC system, a suitable anode catalyst 

has needed for the electrocatalysis enhancement of AA oxidation. For this reason, we are 

developing metal catalysts for AA electrooxidation. We would like to explore new 
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approaches for the synthesis of metal catalysts and apply them for AA electrooxidation. 

In this thesis, unique structures of metal catalysts have been developed for the first time 

using different fabrications approaches. A simple electroless deposition technique has 

been developed for hierarchical silver dendrite structures in chapter 2. The detailed 

electrokinetic study of the AA oxidation process has been studied in the neutral condition 

using a hierarchical silver dendrite metal catalyst. The kinetic study helped us to 

understand the electron transfer process. In the third chapter, a controlled 

electrodeposition technique will be discussed the formation of hierarchical Christmas-

tree-shape Pd structures. The electrocatalysis will show that the Pd catalyst has a good 

catalytic performance and high selectivity for AA electrooxidation in the alkaline 

condition. A simple chemical reduction technique will be used to create Pd NPs 

integrated rGO and MWNT composites in the fourth chapter. Further, the DAAFC 

performance will investigate using this composite catalyst in alkaline conditions. The 

performance of the AA electrocatalytic system will be fully investigated in this thesis to 

create a viable DAAFC anode catalyst. 
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Chapter 2 

Synthesis of Silver Dendrite Nanostructures by Electroless 

Deposition Method for Ascorbic Acid Electrooxidation 

 

2.1 Abstract 

An easy and cost-effective synthesis process is highly desirable for the mass production 

of hierarchical metal nanostructures that have good electrocatalytic activity. A simple 

wet chemical electroless deposition technique was developed without the use of 

surfactant, temperature, and pressure to produce well-defined silver dendritic 

nanostructures on a glassy carbon electrode (GCE) surface. The silver dendrite 

nanostructures had primary and secondary branches. The silver nanoparticles played a 

role as a seed for the formation of unique silver dendrite nanostructures. Scanning 

electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray 

photoelectron spectroscopy (XPS), X-ray powder diffraction (XRD), cyclic voltammetry 

(CV), and electrochemical impedance spectroscopy (EIS) were used to investigate the 

characteristics of silver dendritic formations. The XPS and XRD results showed that the 

dendrite structure was made of metallic silver. The ascorbic acid (AA) electrocatalytic 

oxidation was quite high in presence of silver dendritic modified GCE (Ag/GCE). The 

kinetic study revealed that at slower scan rates (υ < 0.15 V s-1) the AA oxidation process 

followed a stepwise mechanism and concerted at higher scan rates (υ > 0.15 V s-1).  
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2.2 Introduction 

Metallic nanostructures have emerged as a favorite contender for a wide range of 

applications. They are used in a variety of electrochemical methods because of their 

strong catalytical ability with high surface area, which is ideal for improving 

performance [1]. Silver has a variety of electrical, and chemical characteristics making 

it a good choice for electrocatalysis [2–5]. Hierarchical dendrite structures of silver have 

been investigated for various electrochemical applications [6,7]. Non-equilibrium 

growth circumstances allow hierarchical fractal and dendritic structures to form. 

Diffusion-limited aggregation and an orientated adhesive mechanism can generate 

fractals and dendrites [8]. The process of growth and structural development has to be 

understood completely. For the development of dendritic structures, silver nitrate 

(AgNO3) is commonly employed as a precursor. The silver dendritic structure has been 

synthesized using a variety of techniques, including photochemistry [9], sonochemistry 

[10], and electrochemistry [11,12]. The major driving factors are reductants, high 

temperatures, and surfactants however, certain reductants are hazardous to humans and 

the environment [13]. Thus it is quite desirable to have a simple environmentally friendly 

approach for synthesizing silver dendritic structures. 

For a sustainable and ecologically friendly future, alternative energy sources are 

extremely desirable. As an alternate portable source of energy, a direct liquid fuel cell 

(DLFC) having a simple design and cell operation is adequate. Recently, researchers 

have focused on ascorbic acid (AA) for fuel of DLFC in particular due to natural 

abundance and the production of non-toxic by-products [14–16]. Various approaches, 

including HPLC [17,18], chromatography [19], spectroscopic [20], and electrochemical 

methods [21] have been used to investigate for the AA oxidation. Electrochemical 
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techniques are regarded to be among the best possible options because of their great 

sensitivity, simplicity, and low cost [22]. However, while developing a DLFC, the 

reaction kinetics should be investigated in detail. Several investigations of the reaction 

kinetics of AA electrooxidation have been described in this regard [23–25]. AA, a 

powerful antioxidant, is typically converted to dehydroascorbic acid (DHA) by the 

release of two electrons [19,23,26,27]. DHA opens its lactone ring during this 

electrochemical process, forming electro-inactive 2,3-diketogulonic acid which causes 

electrode fouling [24,25,28–32]. To address this issue, researchers are utilized silver 

metal as an electrochemical catalyst [33]. 

According to several reported research, the carbon-based electrode is well suited for 

AA electrooxidation due to superior mechanical stability and strong corrosion resistivity 

[34–40]. Glassy carbon (GC) is a kind of carbon that combines glassy and ceramic 

characteristics of graphite. Chemicals inertness, high-temperature resiliency, and gas-

liquid impermeability make GC more interesting to catalytic scientists [41]. In this 

chapter, we reported for the first time about the formation of silver dendrite on the glassy 

carbon electrode (GCE) by electroless deposition technique without using a capping 

agent, current, temperature, pressure, and applied it for AA electrooxidation. The 

mechanism of the electroless deposition technique is shown in Figure 2.1. The GCE 

surface is negatively charged in alkaline condition. The silver ions migrate to the surface 

of GCE and produce silver nanoparticles (AgNPs). These AgNPs have functioned as 

seeds where quick nucleation and growth of the AgNPs creates the dendrite 

nanostructure. Under acidic environments, this deposition is not favorable. The silver 

dendrite nanostructures have fully developed having primary and secondary branches 

with leaves. This structure showed good stability on the GCE surface and had high 
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catalytic activity. In this chapter, we have also discussed the reaction mechanism of AA 

electrooxidation. 

 

Figure 2.1 Mechanism of silver nanoparticles electroless deposition onto a glassy carbon 

electrode. 
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2.3 Experimental 
 

2.3.1 Chemicals and Instruments 

The following analytical grade chemicals were purchased from Fujifilm Wako Pure 

Chemical Corp and used without further purification: sodium chloride (NaCl), AA, 

disodium hydrogen phosphate (Na2HPO4), AgNO3, dipotassium hydrogen phosphate 

(K2HPO4), sodium hydroxide (NaOH), sulfuric acid (H2SO4), and hydrochloric acid 

(HCl). Potassium chloride (KCl) was bought from Kanto Chemical Ltd. All of the 

required solutions were prepared with Milli-Q water. Every experiment was done in 0.1 

M phosphate buffer solution (PBS) having pH 7, deaeration, and room temperature (25°C 

± 0.5°C). A combination of KCl (0.1 g), NaCl (4 g), Na2HPO4 (0.72 g), and K2HPO4 

(0.12 g) was dissolved in 500 mL water for PBS solution preparation. HClaq and NaOHaq 

have been used to optimize the pH of PBS solution. 

 

2.3.2 Electroless deposition of Silver Dendrite Nanostructures 

After mechanical rubbing the GCE surface by 0.05 µm size alumina, ethanol and water 

were used for sonication separately (10 min). The GCE surface was dried at room 

temperature after cycling from 0 V to +1.0 V in deaerated H2SO4 (0.1 M) solution at 100 

mV s-1 scan rate. Then, inside a glass cell, equal quantities of AgNO3 (0.1 M), and NaOH 

(0.1 M) were added. After that, the cleaned GCE (= 3mm) was kept in the solution with 

no voltage applied and maintained at room temperature in the dark for 24 hours. As a 

result, silver particles spontaneously deposited on the GCE surface. Then ethanol and 

water (1:1, v/v) solution were used to rinse the GCE multiple times. 
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2.3.3 Characterizations 

Scanning electron microscope (SEM) having energy-dispersive x-ray spectroscopy 

(EDX, TM3030Plus miniscope; Hitachi Ltd.) as well as field-emission scanning electron 

microscopy were used to examine the silver dendritic structure (FE-SEM, S4100; Hitachi 

Ltd.). X-ray photoelectron spectroscopy (XPS) measurement was also accomplished by 

an Al K radiation source (1486.6 eV) with a delay-line detector spectrometer from Kratos 

Axis-Ultra; Kratos Analytical Ltd. Powder x-ray diffractometer (XRD) was measured as 

a 2θ range from 20° to 90° on a completely automated horizontal multi-purpose x-ray 

diffractometer (Rigaku Smartlab; Rigku Corp.). The electrochemical impedance spectra 

(EIS) and electrochemical data were obtained in a typical three-electrode system by a 

potentiostat (CHI 701 potentiostat, Autolab PGSTST 128N, Netherlands). The 3 mm 

diameter GCE, Ag/AgCl (sat. KCl), and a Pt wire were used as working electrode, 

reference electrode, and counter electrode, respectively. 
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2.4 Results and Discussion 
 

2.4.1 Morphological and elemental study 

FE-SEM images of silver dendrite structure on the GCE surface are shown in Figure 2.2. 

A dendrite structure is a tree-like structure that has branches. The Ag structure is similar 

to that so I called it a dendrite structure. Several studies explaining the silver dendrite 

structure have a morphological pattern with central trunks and secondary branches 

[29,42]. We have also found a similar structure of silver dendrite [43]. Figure 2.2a 

displays an overall view of the silver dendritic structure deposited on the GCE. SEM 

pictures revealed that several branches of the silver dendritic structure are accumulated 

on the GCE in a well-dispersed manner. The secondary branches of the silver dendrite 

are visible in Figures 2.2b and 2.2c. Figure 2.2d depicts a section of the fully developed 

dendrites. With the primary trunk and secondary branches, higher-order branches have 

appeared as leaves. The primary branch length is around 30 µm (Figure 2.2c), the 

secondary branch is 4 µm and the leaf is 0.2 µm (Figure 2.2c). The body is nearly straight, 

having secondary branches growing 60° angle to the primary body. The dendritic 

structure results from the fast nucleation and subsequent development of AgNPs [3,5,44], 

as illustrated in Figures 2.2e and 2.2f.  
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Figure 2.2 FE-SEM images of the (a-d) silver dendrite structure (e,f) deposited silver 

nanoparticles onto the glassy carbon electrode surface (a-f). 

(a) (b)

(c) (d)

(f)(e)
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As illustrated in Figure 2.3, the EDX analysis presents the elemental distribution as a 2D 

map. The EDX result revealed that the dendritic structures have been made up entirely 

of silver particles. The GCE surface provides the carbon element. A trace quantity of 

oxygen has been discovered. XPS is an effective method for distinguishing between 

metallic silver and silver oxide. Silver metal has distinctive characteristics: in the 

presence of O2, silver adsorbs oxygen dissociatively rather than producing bulk oxide. 

Metal oxide has higher binding energy (BE) than the metallic state because of lower 

valence electron charge density [45]. However, the silver cation shows a negative peak 

shift in BE as the oxidation state grows [46].  

 

Figure 2.3 EDX elemental analysis of silver dendrite onto the glassy carbon electrode 

surface. 
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XPS data of the silver dendrite structure is shown in Figure 2.4a. Two significant peaks 

are detected at BE of 368.1 eV and 374.1 eV, indicating Ag0 3d5/2 and Ag0 3d3/2, 

respectively. The 6 eV BE variation between these two peaks is indicating the formation 

of metallic silver [45–47]. Satellite peak at 371.8 eV BE further confirmed the existence 

of metallic silver [42,45]. Figure 2.4b shows XRD data that also supports the existence 

of metallic silver [48]. All the carbon peaks in the XRD analysis are coming from the 

GCE. 

 

Figure 2.4 (a) The XPS spectra of Ag 3d, and (b) XRD data of silver dendrite on the 

glassy carbon electrode surface. 

 

2.4.2 Electrochemical characterization 

Figure 2.5 exhibits cyclic voltammograms of 0.1 M PBS utilizing GCE and silver 

dendrite deposited GCE (Ag/GCE) between -0.3 and 0.8 V at a scan rate of 0.1 V s-1. 

The cyclic voltammogram response displays redox peaks at Ag/GCE. Silver particles on 

GCE are oxidized at +0.11 V during the positive scan. During the reverse scan, oxidized 
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silver particles were reduced to the previous condition (Ag0) at -0.06 V. This 

characteristic is similar to others described in the literature [48,49]. In the case of bare 

GCE, such characteristics are absent. Thus it can be concluded that silver particles are 

successfully deposited on the GCE surface by the electroless process. The relative 

electronic characteristics of the bare GCE and Ag/GCE surface are investigated via 

electrochemical impedance spectroscopic (EIS). The EIS study is carried out in a 

frequency range of 0.1 Hz to 0.1 MHz in presence of AA in 0.1 M PBS by applying 0.25 

V. Figure 2.6 shows complex plane plots of 0.1 M PBS containing 2.9 mM AA recorded 

with bare GCE and Ag/GCE surface. In both electrodes, there is a semicircle in the high-

frequency region and a diagonal line with a 45° slope in the low-frequency area shown 

in Figure 2.6a. It can be said that at the lower frequency range, a diffusional mechanism 

is combined with a charge transfer process for both electrodes. The equivalent circuit for 

this process is made up of a series of solution resistances (Rs) with parallel to double-

layer capacitances (Cdl), charge transfer resistance (Rct), and Warburg impedances (W) 

[50,51]. In comparison to bare GCE, the reduced diameter of the semicircle in Ag/GCE 

indicates that the AA electrooxidation is enhanced. The charge transfer behavior of the 

two electrodes is more clearly revealed by the bode modulus graphs given in Figure 2.6b. 

There are two breakpoints for both electrodes however, Ag/GCE indicates a sharper 

breakpoint than that exhibited by bare GCE. The value of R𝑠, Rct, and Cdl can be calculated 

by corresponding time constants 𝜏1, and 𝜏2, at two breakpoints [52]. 

   𝜏1= 
1

ω1
 = 

𝑅𝑠𝑅𝑐𝑡𝐶𝑑𝑙

𝑅𝑠+𝑅𝑐𝑡
                                                  (2.1) 

   𝜏2 = 
1

ω𝑚𝑎𝑥
 = 𝑅𝑐𝑡𝐶𝑑𝑙                                                                                                 (2.2) 
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Figure 2.5 Cyclic voltammograms of bare GCE (dotted red line) and Ag/GCE (solid blue 

line) in 0.1 M PBS (pH 7.0) at scan rate 0.1 V s-1. 

The bode-phase plots (Figure 2.6c) also demonstrate similar meanings for the simplified 

Randle’s circuit as those of the bode modulus plots. Table 2.1. explains the EIS 

characteristics based on the model circuit. The Ag/GCE showed 4.1 kΩ charge transfer 

resistance (Rct) which is approximately one-third compared to the bare GCE (12.7 kΩ) 

for the electrooxidation of AA. In comparison with the bare GCE (221 nF), the double-

layer capacitance also increased for Ag/GCE electrode (468 nF). As the double layer 

capacitance increases with the active area, the local charge layer is developed at the 

modified electrode surface [53]. All of these findings indicate that the Ag/GCE surface 

can effectively improve the AA electrooxidation process.  
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Table 2.1 EIS study for bare GCE and Ag/GCE surfaces in 2.9 mM ascorbic acid at 0.1 

M PBS (pH 7) with excitation potential, 0.25 V 

Electrode Rs [Ω] Rct [kΩ] Cdl [nF] 

GCE 103 12.7 221 

Ag/GCE 113 4.1 468 

 

Figure 2.6 EIS spectra in presence of ascorbic acid in neutral pH solution at Ag/GCE and 

unmodified GCE. (a) Nyquist plots (inset: equivalent circuit), (b) bode modulus plots, 

and (c) bode phase plots. 

Determining the surface concentration of catalytic species is a crucial characteristic 

when discussing the relationship between electroactive material concentration and 

electrocatalytic activities. Scan rate dependent study of Ag/GCE in 0.1 M PBS has been 
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explored for this purpose (Figure 2.7a). The surface concentrations can be estimated 

using the slope of the Ip vs. scan rate with the equation below [54,55]. 

 

𝐼𝑝 =
𝑛2𝐹2𝜐𝐴𝛤

4𝑅𝑇
                                                                           (2.3) 

 

Here,  is the surface concentration of electroactive species in mol cm-2, Ip denotes as 

peak current (µA), F is Faraday constant (C mol-1), n is the total electron transfer, A 

denotes the electrode surface area in cm2, υ means scan rate (mV s-1), R stands for gas 

constant (J K-1 mol-1), and T is the temperature in K. The estimated surface concentration 

of silver particles is 1.5 × 10-6 mol cm-2 that is higher than previous work [54,55]. This 

simple electroless deposition technique provides a high concentration of electroactive 

species for electrocatalysis of AA oxidation. 

 The fractional dimension (D) is a helpful measure for quantifying fractal objects. 

Thus, the surface morphology of the Ag/GCE electrode was analyzed utilizing the fractal 

concept for rough surface structure analysis. D can be calculated by following equation 

[56]: 

 

 𝛼 =
𝐷−1

2
                                                                              (2.4) 

 

Here, D=fractal dimension, 𝛼=fractal parameter and can be calculated by the slope of 

log scan rate vs log peak current of Ag/GCE in 0.1 M PBS (Figure 2.7b). The D value 

for Ag dendrite structure is 2.4 using 𝛼= 0.7. The D value is higher than the previous 

study of Ag dendrite structures [57].  
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Figure 2.7 (a) Scan rate effect of Ag/GCE in 0.1 M PBS (pH 7.0), (b) log Ip vs log scan 

rate. 

2.4.3 Electrocatalytic Performance and Kinetic Study 

Cyclic voltammograms have been obtained in different experimental conditions for 

elucidating detail of AA electrooxidation utilizing the Ag/GCE. Figure 2.8a shows cyclic 

voltammograms obtained with Ag/GCE among -0.3 V and 0.7 V in the absence and 

presence of 2.9 mM AA into 0.1 M PBS at 50 mV s-1 scan rate. A well-defined oxidation 

peak has appeared at +0.20 V in the presence of AA molecules. Figure 2.8b shows cyclic 

voltammograms of AA molecules using the bare GCE and Ag/GCE to demonstrate the 

enhancement in the catalytic activity of the AA oxidation process by silver dendrite 

structure. The AA oxidation current density of the bare GCE is lower than the Ag/GCE. 

This finding is consistent with the findings of the EIS investigations discussed earlier. 

Therefore, the Ag/GCE has been conducted for voltammetric studies further. The 

concentration influence of AA (1.47–8.25 mM) utilizing the Ag/GCE into 0.1 M PBS at 

50 mV s-1 scan rate is shown in Figure 2.9a. The oxidation current increased as the 

concentration of AA increasing, and the peak potential also shift positively. With the AA 

concentration increasing, the Ag0 oxidation current (+0.11 V) decreased, suggesting 
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adsorption of AA molecules onto the electrode surface, limiting the Ag0 oxidation. 

Figure 2.9b depicts current potential responses during the oxidation of 2.9 mM AA 

molecules at various scan rates. The Ag and AA oxidation peaks rose in parallel to the 

increased scan rate. The log peak current (Ip) value changed linearly with log (scan rate) 

having a slope value of 0.48 (Figure 2.10), close to 0.5, suggesting that the solution to 

electrode surface mass transfer step controls AA oxidation at the Ag/GCE surface [58]. 

Figure 2.8 (a) Cyclic voltammograms of Ag/GCE in the presence of 2.9 mM ascorbic 

acid (red line) and absence of ascorbic acid (blue line), (b) catalytic activity comparison 

between Ag/GCE (green line) and bare GCE (orange line) of 2.9 mM ascorbic acid in 

0.1 M PBS having pH 7 at 50 mV s-1. 

Though, AA oxidation reaction reflects an absolute irreversible electron transfer if 

the reaction ratio (Q) stays constant with scan rate, as shown by equations [52]. 

 

𝐼𝑝 = (2.99 × 105)𝑛 𝐴 𝐶 𝛽1/2𝐷1/2𝜐1/2                                  (2.5) 

𝑄 =
𝐼𝑝

𝐶 × υ1/2
                                                                             (2.6) 
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Here, C is the AA concentration and D denotes the diffusion coefficient of AA. As seen 

in Figure 2.11, Q does not have a constant value at the slower scan rate. Due to the change 

of charge transfer coefficient with scan rate, the electron transfer (ET) kinetics is scan-

rate dependent. We studied the influence of ∆Ep/2 (distinction of peak potential and half 

peak potential) on scan rate to understand more about the details of ET kinetics. Figure 

2.12a shows that when the scan rate increases, ∆Ep/2 shifts positively. For a simple 

irreversible oxidation reaction, the charge transfer coefficient (β) should stay constant as 

a function of scan rate.  

Figure 2.9 (a) Ascorbic acid concentration effect (1.47 mM-8.25 mM) at 50 mV s-1 scan 

rate. (b) The scan rate effect in presence of 2.9 mM ascorbic acid in 0.1 M PBS (pH 7) 

at Ag/GCE. 

 

The following equation defines the relationship between β and ∆Ep/2 [52]. 

𝛽 =
1.86𝑅𝑇

𝐹|𝐸𝑝−𝐸𝑝/2|
                                                                         (2.7)  
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Results demonstrate that ∆Ep/2 grew along with scan rate (Figure 2.12a) and the β (charge 

transfer coefficient) value changes negatively (Figure 2.12b). The value of β varied from 

0.62 to 0.39 corresponding to increasing scan rate from 10 to 50 mV s-1 respectively. A 

step-wise process is indicated by the value of β greater than 0.5. Smaller values imply 

that an electron transfer is occurring simultaneously with a chemical process [58,59]. We 

concluded that the electrooxidation of AA follows a step-by-step process at the slower 

scan rate (υ < 0.15 V s-1), while concerted mechanisms at the fastest scan rate at the 

Ag/GCE during the AA oxidation into DHA. The intermediate step is the dissociation 

Figure 2.10 The plot of Log (Ip) vs. log (scan rate). Values are taken from the 

experimental conditions shown in Figure 2.9b. 
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of one electron, which results in the formation of a radical anion and then one-electron 

removal to form DHA [24]. Radical formation takes place in the slow scan rate, while 

no radical formation happened in the faster scan.  

Figure 2.11 Plot of Ip / (C × υ1/2) vs scan rate at Ag/GCE. Experimental conditions are 

the same as Figure 2.9b. 

Next, we check the stability of the silver dendrite structure. Chronoamperometry 

is a good technique for checking electrode stability [60]. The chronoamperometry test 

for 1000 s has been performed at the peak potential of 0.25 V to verify the stability of 

the Ag/GCE electrode (Figure 2.13a). After startup, the current curve remains flat even 

after 1000 s. Figure 2.13b shows the morphology of Ag/GCE following the 

chronoamperometry test. The silver dendrite nanostructure exhibited almost similar 

characteristics. The Ag 3d XPS data of the silver dendrite nanostructure is shown in 

Figure 2.13c following the chronoamperometry test.  
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Figure 2.12 Scan rate dependency of (a) ∆Ep/2 and (b) corresponding β value using 

Ag/GCE. Values are taken from experimental conditions described in Figure 2.9b. 

The two primary peaks Ag0 3d5/2 and Ag0 3d3/2 have not changed means that the silver 

dendritic nanostructure remained in a silver metallic condition. Table 2.2 shows the 

comparison study with previously reported AA electrocatalytic oxidation performance 

on a silver-modified electrode. The silver dendrite catalyst showed the highest 

electrocatalytic performance than the previously reported silver-based catalyst for AA 

electrooxidation. 

 

Table 2.2 Comparison of ascorbic acid electrocatalytic performance by silver modified 

electrodes 

Electrode 
Peak current density 

(µA cm-2) 
Reference 

Ag/GCE 740 This work 

Ag/CNT-CPE 75.3 [34] 

Ag/CPE 3.4 [61] 

Note: CPE=carbon paste electrode, CNT=carbon nanotube 
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Figure 2.13 (a) Chronoamperogram in presence of 4.8 mM of ascorbic acid at Ag/GCE. 

Characterization of silver dendrite nanostructures after the Chronoamperometry test (b) 

FE-SEM image, and (c) Ag 3d XPS spectra. 

 

 We also checked the stability of Ag/GCE in presence of 0.9 mM of AA for 50 

cycles at 50 mV s-1. The current, potential versus the number of cycles curve is shown in 

Figure 2.14. The current is a slight decrease in the first several cycles then stabilize. 

Meanwhile, in terms of oxidation peak positions, the electrode shows highly stable 

performance. 
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Figure 2.14 Stability check in terms of cycles numbers of Ag/GCE in presence of 0.9 

mM of ascorbic acid at 50 mV s-1. 

The performance of the AA electrooxidation under alkaline conditions (1 M 

KOH) was further examined by the Ag dendritic structure (Ag/GCE) to evaluate whether 

the Ag metal is suitable for the anode catalyst in the alkaline AA-based fuel cell system. 

Figure 2.15 showed the comparison of the AA electrooxidation in the alkaline solution 

and the PBS (pH~7) at Ag/GCE. The AA electrocatalytic performance does not enhance 

in the alkaline condition. The Ag can react with KOH and form Ag2O. So, the Ag catalyst 

is not suitable for AA electrooxidation in alkaline conditions. 

2Ag + 2KOH → Ag2O + H2O + 2K 

Thus, an alternative metal catalyst is needed to evaluate the AA electrooxidation 

performance in the alkaline condition, which will be discussed in the next chapter. 
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Figure 2.15 Electrochemical performance comparison of 5.6 mM ascorbic acid at 

Ag/GCE at 50 mV s−1 in different pH solutions. 

 

2.5 Conclusion 

Stable silver dendritic structures have been devised by a simple electroless deposition 

technology on a GCE surface. Test results revealed the high catalytic activity of the silver 

dendrite modified GCE for AA oxidation. The silver dendrite surface concentration is 

quite high (1.5 × 10-6 mol cm-2) with homogenous coverage on the GCE. The kinetic 

results showed that the process of oxidation is stepwise with slower scan rates and 

concerted with faster scan rates. The kinetic study helped us to understand more about 

the electron transfer process during AA electrooxidation. In the field of catalysis, this 

novel synthetic technique for silver dendrites formation can play a vital role in the near 

future.  
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Chapter 3 

Electrochemically deposited Christmas-tree-shaped 

Palladium Nanostructures for Ascorbic Acid 

Electrooxidation in Alkaline Medium 

 

3.1 Abstract 

Nobel metals are frequently employed in electrochemical processes because of their 

superior catalytic properties. Non-Pt-based noble metals have recently become an 

important alternative in research. Palladium (Pd) is a popular choice for electrocatalytic 

processes because of its excellent catalytic capability. The hierarchical structure of the 

Pd catalysts could greatly improve electrochemical performance. In this chapter, Pd 

nanostructures in the shape of a hierarchical Christmas tree were created on a glassy 

carbon electrode (GCE) surface using a simple one-step electrodeposition technique with 

no additives. The applied voltage, deposition duration, and precursor concentration were 

optimized to produce hierarchical nanostructures. In alkaline conditions, the Pd 

nanostructures in form of Christmas trees showed excellent catalytic activity for 

electrooxidation of ascorbic acid (AA). The modified electrode showed 4.5 mA cm-2 

current density: significantly higher than unmodified GCE (0.6 mA cm-2). The easy 

electrodeposition approach is intended to give new insights into several study fields 

employing Pd-based nanostructured surfaces.  
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3.2 Introduction 

The reaction kinetics study in the previous chapter helped us to understand the electron 

transfer during AA electrooxidation. For the further improvement of the catalytical 

performance in the alkaline condition, noble Pd-based catalysts will be explored in this 

chapter. Another simple deposition technique is developed for the unique hierarchical Pd 

catalyst preparation. From this chapter, the morphological effect of a catalyst towards 

AA electrooxidation will be evaluated. 

Nanostructured metal surfaces have unique physical and chemical characteristics, 

and their use in heterogeneous catalysis, biosensors, and electrocatalysis has sparked 

researchers' attention [1–3]. The manufacturing process controlled the size, and shape of 

metal nanostructures. Thus, the production of well-defined nanostructures has gained a 

lot of interest nowadays [4–8]. Several synthesis techniques for metal nanostructures 

have been successfully established and applied to various applications. But the 

manufacturing process needs numerous stages with linker molecules [9]. The linker 

molecule has a potential impact on morphology and electrocatalytic activities [10]. Thus 

the preparation of metal nanostructures without using linkers molecules gained much 

attention. 

The electrochemical deposition technique offered a synthesis of clean metal 

nanostructures[11]. Electrochemical deposition methods have been utilized to create 

various metal nanostructures on diverse substrates, especially on a glassy carbon 

electrode (GCE) surface [12,13]. Due to chemical inertness, impermeability of gasses, 

liquids, and high-temperature resistance, GCE is frequently used for electrochemical 

deposition for metal nanostructures fabrication [14]. In certain cases, pre-modification 
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of GCE electrodes or electrolyte additives is required for the preparation of metal 

nanostructures by electrochemical deposition technique [15]. Thus one-pot easy 

electrodeposition approach is obtaining awareness for the production of clean metal 

nanostructures to avoid the effects of additives or surfactants in analytical and 

electrochemical applications [16]. 

Palladium (Pd) has sparked a lot of interest in the field of heterogeneous catalysis, 

due to its strong catalytic activity. The formation of Pd nanostructures via 

electrodeposition on various substrates has been studied recently. Controlled 

electrodeposition on an indium tin oxide (ITO) electrode had created unique flower-

shaped Pd nanostructures [17]. Employing ethylenediamine as an additive, Pd 

nanodendrites were formed on the GCE surface by electrodeposition [18]. Recently, 

different Pd nanostructures were created via the electrodeposition technique without any 

additives. There have been reports of Pd dendrites [19] and Pd urchins [20] onto ITO 

electrode; Pd nanoflake [1], and Pd triangular rod structures [7] onto Au electrode; Pd 

nanothorns [21,22] on the carbon surface. The electrocatalytic performance of these Pd 

nanostructures was excellent. Therefore, the fabrication of different morphological Pd 

nanostructures is important to increase electrochemical efficiency. 

Researchers have concentrated on sustainable energy resources like electrochemical 

energy conversion and storage devices to solve environmental problems[23–28]. Fuel 

cells have a lot of potential as zero-emission energy conversion devices [29–32]. Despite 

the development of different types of fuel cells like alcohol, hydrogen, hydrazine, etc, 

commercial viability stays doubtful due to concerns of storage, safety, environment [33–

36]. Ascorbic acid (AA) might be used as a fuel in direct liquid fuel cells (DLFC) to 
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address these challenges. AA generates harmless byproducts, releases two electrons, and 

forms dehydroascorbic acid after oxidation (DHA) [37–41]. The catalytic performance 

of AA electrooxidation is important to the performance of the AA-based DLFC. The Pd 

is a promising catalyst for improving AA electrooxidation. Recent research has found 

that Pd catalyst has high a capability for AA electrocatalysis [42–44]. Pd has greater AA 

electrooxidation in the alkaline condition than the acidic one [45]. Therefore, it is 

necessary to examine the Pd nanostructure morphological influence on the catalytic 

activity of AA electrooxidation in alkaline condition. 

In this chapter, Pd nanostructures have developed onto GCE via the constant potential 

mode electrodeposition technique without utilizing any additives or substrate pre-

modification. The Pd nanostructures are described as Christmas-tree-shaped [46]. I have 

optimized the fabrication process of these unique nanostructures. In the alkaline 

condition, the catalytic activity of AA electrooxidation has been tested by Christmas-

tree-shaped Pd nanostructures deposited GCE. The Pd morphological impacts, as well as 

Pd mass activities on the catalytic activity of AA electrooxidation under alkaline 

conditions, have been also investigated. 

 

3.3 Experimental 
 

3.3.1 Chemicals and Instruments 

Analytical grade sodium tetrachloropalladate (II) (Na2PdCl4), ascorbic acid (AA), 

sulfuric acid (H2SO4), and potassium hydroxide (KOH) were purchased from Fujifilm 

Wako Pure Chemical Corp and used without further modifications. Milli-Q water was 

used to make all of the essential aqueous solutions. For electrode modification and all 
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electrochemical experiments, a potentiostat CHI 701 with a three-electrode setup was 

employed. The 3 mm diameter GCE, Ag/AgCl (KCl sat.), and Pt wire were used as 

working electrode, reference, and counter electrodes respectively. 

 

3.3.2 Electrochemical Deposition of Christmas-tree-shaped Palladium 

Nanostructures 

The Pd nanostructures in the shape of a Christmas tree were electrochemically deposited 

on the GCE. To eliminate contaminants, the GCE surface was mechanically cleaned 

using alumina powder (0.05 m diameter) and sonicate with water and ethanol for 10 

minutes. Then GCE surface was electrochemically cleaned with 0.1 M H2SO4 (Ar 

saturated) solution by potential cycling from 0 V to +1.0 V at a scan rate of 100 mV s-1 

and washed with water followed by dry under room conditions. The GCE was modified 

by 15 mM Na2PdCl4 solution (dissolved in 0.1 M H2SO4) by constant potential mode. 

Five electrodes have been constructed by constant potential mode and identified: 

Pd/GCE-0.1V_175S, Pd/GCE-0.1V_400S, Pd/GCE-0.1V_600S, Pd/GCE-0.4V_175S, 

and Pd/GCE-0.4V_400S for the deposition of -0.1 V for 175 s, 400 s, 600 s, and -0.4 V 

for 175 s, 400 s, respectively.  

 

3.3.3 Characterizations 

A scanning electron microscope (SEM) combined with energy-dispersive x-ray 

spectroscopy (EDX, TM3030Plus miniscope; Hitachi Ltd.) and field-emission scanning 

electron microscopy were used to examine the silver dendritic structure (FE-SEM, 

S4100; Hitachi Ltd.). X-ray photoelectron spectroscopy (XPS) measurements were also 



Chapter 3 
 
 

90 | P a g e  

 

performed using an Al K radiation source (1486.6 eV) and a delay-line detector (DLD) 

spectrometer (Kratos Axis-Ultra; Kratos Analytical Ltd.). Powder x-ray diffractometer 

(XRD) patterns were recorded as a 2θ range from 20° to 90° on a completely automated 

horizontal multi-purpose x-ray diffractometer (Rigaku Smartlab; Rigku Corp.).  

 

3.4 Results and Discussion 
 

3.4.1 Morphological and elemental analysis 

Figure 3.1(a-d) shows FE-SEM images of Pd/GCE-0.1V_400S. The development of 

Christmas-tree-shaped nanostructures is revealed by FE-SEM. Nanostructures are 

uniformly dispersed onto GCE seen in Figure 3.1a. High-level enlargement pictures 

(Figure 3.1(b-d)) demonstrated exceptional shape of 200–300 nm Christmas-tree-shaped 

nanostructures. Each of the Christmas-tree-shaped structures has around 10-12 sharp 

edges (Figure 3.1d). The Pd nanostructure, as validated through EDX, is exclusive and 

distinct from earlier published findings like nanoparticles, dendritic, or rod shape 

structures [7,19]. Pd nanostructures in the shape of Christmas trees were electrodeposited 

on the GCE surface using 15 mM Na2PdCl4 solution at -0.1 V for 400 seconds. The 

atomic ratio of the Pd/GCE-0.1V_400S is shown in Figure 3.1e. The Pd/GCE-

0.1V_400S contains C, O, and Pd elements. When compared to other elements, the 

quantity of Pd is relatively large. As a result of the constant potential manner of 

electrodeposition, the Pd is effectively deposited on the GCE. The C element in the EDX 

study originates from GCE, while the O element might be due to PdO, as verified by 

XPS analysis. For Pd oxidation state validation, the XPS study had performed for 

Pd/GCE-0.1V_400S. Two prominent peaks were visible in the Pd 3d XPS spectra 
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(Figure 3.1f). These two peaks were separated by 5.2 eV with 340.7 eV and 335.5 eV 

binding energies which reflect both Pd (3d3/2) and Pd (3d5/2) respectively [47–50]. In the 

Pd/GCE-0.1V_400S, the XPS measurements indicated both metallic and oxide forms of 

Pd. When compared to metallic Pd, the quantity of PdO detected at higher binding 

energies was roughly 15 %. At 343.6 eV and 338.3 eV, two satellite peaks could be seen. 

The significant quantity of metallic Pd found in Pd/GCE-0.1V_400S is responsible for 

these two satellite peaks [51]. The XRD pattern for Pd/GCE-0.1V_400S is shown in 

Figure 3.1g. The C (002) plane of graphite corresponds to the wide diffraction peak at 

25.1°. The C (100), C (004), and C (110) planes are found at 43.3°, 54.5°, and 78.8° in 

XRD, respectively [14,52,53]. The presence of GCE caused these peaks to emerge. The 

Pd (111) plane is represented by the diffraction peak at 40.2° [54]. The Pd (200) Pd (220) 

and Pd (311) planes were also identified at 46.7°, 68.1°, and 82.3°, respectively [55]. 
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Figure 3.1 Pd/GCE-0.1V_400S characterization. (a-d) low and high magnification FE-

SEM images, (e) the EDX analysis atomic element ratio, (f) the XPS spectra of Pd 3d, 

and (g) XRD pattern. 
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Figure 3.2 FE-SEM image of (a) Pd/GCE-0.1V_175S, (b) Pd/GCE-0.1V_600S, (c) 

Pd/GCE-0.4V_175S, and (d) Pd/GCE-0.4V_400S 

As shown in Figure 3.2, I employed various potential and deposition times for 

the morphological study of electrodes. Although the potential of -0.1 V has been applied 

for 175 s (Figure 3.2a), the Pd nanostructures in form of the Christmas tree have not 

formed. The Pd/GCE-0.1V 600S exhibits (Figure 3.2b) comparable nanostructures but 

not identical to those of Christmas trees shapes. The nanostructures had fewer sharp 

edges than those deposited for 400 seconds at -0.1 V on the GCE (Figure 3.1d). With 

increasing deposition time, the amount of metal deposited increased. As a result of this 

growth, nanostructures with less sharp edges are formed. The optimum electrodeposition 

time of 400 s ensures that Christmas-tree-nanostructures having numerous sharp edges 
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onto GCE have an appropriate formation at -0.1 V. Deposition time is hence a crucial 

component for the creation of a unique nanostructure. I used a separate potential -0.4 V 

for 175 and 400 s to assess the effect of the applied potentials on the nanostructure 

morphology. Pd was deposited randomly on the GCE surface, according to FE-SEM 

images (Figure 3.2(c-d)), and no Christmas-tree-shaped nanostructures were seen. The 

shape of the Pd formations was influenced by the precursor (Na2PdCl4) concentration 

(Figure 3.3). When deposition potential -0.1V was used for 400 s, a lower concentration 

of Na2PdCl4 (5 mM) led to deposits of Pd with less defined structures. The random Pd 

structures resulted in a higher Na2PdCl4 concentration (30 mM). Thus the concentration 

of 15 mM Na2PdCl4 is needed to construct the Pd nanostructures in the Christmas-tree-

form with many sharp edges. In the formation of vertically growing Pd nanostructures, 

the supporting electrolyte is equally important. Specific sulfuric acid anion (SO4
2-) 

adsorption on Pd surfaces, is well recognized for vertical development of Pd during 

electrodeposition [19]. The development of the Christmas-tree-shaped Pd nanostructures 

onto GCE is aided through diffusion-limited current by -0.1 V [7], 400 s deposition time 

with Pd precursor concentration (15 mM Na2PdCl4) and SO4
2- (supporting electrolyte 

anion).  
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Figure 3.3 FE-SEM pictures: Pd has been electrodeposited at 0.1 V for 400 seconds from 

a solution comprising various Na2PdCl4 concentrations in 0.1 M H2SO4. (a) 5 mM 

Na2PdCl4 solution; (b) 30 mM Na2PdCl4 solution 

The Pd 3d XPS spectra for the other modified electrodes revealed comparable 

characteristics (Figure 3.4) to those observed for Pd/GCE-0.1V_400S. Both metallic and 

oxide forms of Pd are found from the fitting curve of XPS spectra. As a result, the 

oxidation status of the Pd deposit is unaffected by varied deposition circumstances. 

 

Figure 3.4 XPS spectra of Pd 3d. (a) Pd/GCE-0.1V_175S, (b) Pd/GCE-0.1V_600S, (c) 

Pd/GCE-0.4V_175S, and (d) Pd/GCE-0.4V_400S. 
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 Figure 3.5 depicts the XRD patterns of the remaining modified electrodes. Among 

those electrodes, the Pd (111) plane has discovered with a 2θ value that is identical to the 

Pd/GCE-0.1V_400S.  

Figure 3.5 XRD patterns of other modified electrodes. 

 

3.4.2 Electrocatalytic Performance 

Under various experimental conditions, the electrocatalytic activity of Pd/GCE-

0.1V_400S for AA electrooxidation in 1 M KOH was studied. In the absence and 

presence of AA (5.6 mM) in a 1 M KOH solution, cyclic voltammograms were obtained 

among -0.8 V and +0.7 V at 50 mV s-1 scan rate (Figure 3.6a). An oxidation wave of AA 

at -0.1 V could be seen at the Pd/GCE-0.1V_400S (red line). There is no oxidation peak 

when no AA is present in the 1 M KOH solution (cyan line). The reduction of PdO to Pd 
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results in a significant reduction peak at -0.4 V [56]. In 1 M KOH, a minor oxidation 

peak was observed at -0.2 V for the Pd/GCE-0.1V_400S (Figure 3.6a, cyan line). The 

formation of Pd2+ from Pd0 in alkaline conditions causes this oxidation peak [57,58]. In 

an alkaline environment, Pd is first oxidized to create Pd2+, which improves AA 

oxidation. Cyclic voltammetry measurements were carried out to clarify the catalytic 

effect of the AA electrooxidation at the GCE and the Christmas trees-shaped Pd 

nanostructures. When compared to the Pd/GCE-0.1V_400S (red line), the 

voltammogram of the bare GCE (black line) reveals a lower AA oxidation peak. For AA 

electrooxidation, the Pd/GCE-0.1V_400S offers a significantly greater current density 

(4.5 mA cm-2) than bare GCE (0.6 mA cm-2) in the 1 M KOH. In alkaline conditions, the 

Pd plays a critical role in the outstanding catalytic activity of AA electrooxidation. 
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Figure 3.6 (a) Electrocatalytic performance evaluation of Pd/GCE-0.1V_400S in the 

absence and presence of 5.6 mM ascorbic acid, (b) comparison between bare GCE and 

Pd/GCE-0.1V_400S in 5.6 mM ascorbic acid. (c) Electrocatalytic response of ascorbic 

acid electrooxidation at different modified electrodes. (d) Mass activities of different 

modified electrodes. All the cyclic voltammograms were obtained in 1 M KOH at 50 mV 

s-1 scan rate. 

All the electrodes were compared for the impact of distinct Pd nanostructures on AA 

electrooxidation. In the presence of 5.6 mM AA in 1 M KOH with the 50 mV s-1 scan 

rate, Figure 3.6c shows the response of all modified electrodes. The Christmas-tree-

shaped Pd nanostructures electrode had the maximum catalytic activity of AA 

electrooxidation in 1 M KOH solution between all electrodes. Increased electrode surface 

area can improve catalytic activity. The electrochemical surface area (ESA) of all 

electrodes was estimated using the Randles–Sevcik equation by applying CV at varied 

scan rates in 3.0 mM K3Fe(CN)6 solution [59] 

 

𝐼𝑝 = (2.69 × 105)𝑛3/2 𝐴 𝐶 𝐷1/2𝜐1/2   (3.2) 

 

 Here Ip is peak current (A), A denotes the electrode area (cm2), n means the total amount 

of transferred electrons during the redox K3Fe(CN)6 process, D stands for the diffusion 

coefficient of the K3Fe(CN)6 (cm2 s−1), C is the K3Fe(CN)6 solution concentration (mol 

cm-3), and 𝜐 denotes the scan rate (V s-1). The Pd/GCE-0.1V_400S had an ESA of 0.07 

cm-2, greater compared to Pd/GCE-0.1V_175S (0.05 cm-2) and Pd/GCE-0.4V_175S (0.4  
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Figure 3.7 ECSA normalized 5.6 mM ascorbic acid electrooxidation at different 

modified electrodes. All of the cyclic voltammograms were obtained in 1 M KOH at a 

50 mV s-1 scan rate. 

cm-2). Although Pd/GCE-0.4V_400S has a comparable ESA (0.07 cm-2) to Pd/GCE-

0.1V_400S the structural variations between them may have a significant impact on  

catalytic activity. The Christmas-tree-shaped nanostructures shown in Figure 3.1d 

contain numerous sharp edges which improve AA electrooxidation. Even though 

Pd/GCE-0.1V_600S has a higher ESA (0.09 cm-2), the electrocatalytic performance is 

lower than Pd/GCE-0.1V_400S. The Pd/GCE-0.1V_600S had less sharp edges of 

Christmas-tree-shaped nanostructures found in the FE-SEM image (Figure 3.2b) than the 

Pd/GCE-0.1V_400S (Figure 3.1d). The Pd/GCE-0.1V_400S is superior in catalytic 

performance due to the presence of many sharp edges in Christmas-tree-shaped 

nanostructures as compared to other modified elements. The bare GCE has an ESA of 

0.06 cm2, which is even smaller than Pd/GCE-0.1V_400S. The Pd/GCE-0.1V_400S has 
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a higher current density than GCE, as seen in Figure 3.6b. At Pd/GCE-0.1 V 400S, the 

onset potential of AA electrooxidation is lower than all the modified electrodes (Figure 

3.6c). Except for the Pd/GCE-0.1V_400S, the onset potential of Pd/GCE-0.1V_600S is 

nearly identical compared to all modified electrodes (Table 3.1). The morphological 

effect can explain this pattern. Though the shape of Pd/GCE-0.1V _600S is similar to 

that of Pd/GCE-0.1V 400S, less sharp edges make it less catalytically reactive for AA 

electrooxidation. The mass activity of the modified electrodes was used to study the 

morphological impact of Pd nanostructures on AA electrooxidation in 1 M KOH solution. 

By normalizing the Pd mass loading at each electrode, the mass activity of each electrode 

was determined. The Pd mass (in mg) is determined by subtract the GCE mass before 

and after the electrodeposition:Pd/GCE-0.1V_175S (0.12 mg), Pd/GCE-0.1V_400S 

(0.14 mg), Pd/GCE-0.4V_175S (0.17 mg), Pd/GCE-0.4V_400S (0.20 mg), and Pd/GCE-

0.1V_600S (0.25mg). The mass activity of all the modified electrodes is shown in Figure 

3.6d. The mass activity value and onset potential for all electrodes are summarized in 

Table 3.1. The Pd/GCE-0.1V_400S has an estimated mass activity of 32.1 mA mgPd
-1,  

Figure 3.8 (a) Ascorbic acid concentration effect at scan rate 50 mV s-1 and (b) scan rate 

effect of 7.4 mM ascorbic acid in 1M KOH solution at Pd/GCE-0.1V_400S.  
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which is 1.34, 1.91, 2.41, and 2.76 times more than Pd/GCE-0.1V_175S, Pd/GCE-

0.4V_175S, Pd/GCE-0.1V_600S, and Pd/GCE-0.4V_400S. This finding also proved the 

superior catalytic activity of Christmas-tree-shaped Pd nanostructures in 1 M KOH 

solution for AA electrooxidation. 

 

Table 3.1 Mass activity and onset potential for all electrodes 

 

The electrochemically active regions of modified electrodes have been studied 

further. A key parameter describing the number of electrochemically active sites relating 

to the mass of the metal catalyst is the electrochemical active surface (ECSA) [57]. 

 

ECSA = Q/sl      (3.3) 

Name of the electrode Mass activity (mA mgPd
-1) Onset potential (V) 

Pd/GCE-0.1V_175S 23.9 -0.29 

Pd/GCE-0.1V_400S 32.1 -0.35 

Pd/GCE-0.1V_600S 13.3 -0.27 

Pd/GCE-0.4V_175S 16.8 -0.28 

Pd/GCE-0.4V_400S 11.6 -0.27 
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Here Q represents coulombic charge for reduction peak of metal oxide, s is the 

proportionality constant =0.405 mC cm-2, and l denotes metal loading in g m-2. Table 3.2 

summarizes the ECSA for all electrodes. Table 3.2 shows that a maximum ECSA value 

is found for Pd/GCE-0.1V_400S compared to other catalysts. Therefore Pd/GCE-

0.1V_400S has the most electrocatalysis center. Pd/GCE-0.1V_600S has a lower ECSA 

value due to fewer active catalyst sites. This further shows that the Pd nanostructures of 

Christmas-tree with numerous sharp edges are superior to AA electrooxidation, making 

the Pd/GCE-0.1V_400S electrode better. 

Figure 3.9 The plot of Log (Ip) vs log (scan rate) at Pd/GCE-0.1V_400S. Experimental 

data are taken from Figure 3.8b. 
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Table 3.2 Calculated ECSA value for all electrodes 

 

The ECSA normalized cyclic voltammograms are shown in Figure 3.7. After the ECSA 

normalization, the Pd/GCE-0.1V_400S electrode still showed high performance. The 

hierarchical Pd Christmas-tree-shaped structures provide high performance. 

Figure 3.8a shows the effect of AA concentration (2.0–10.7 mM) on the surface 

Pd/GCE-0.1V_400S at a scan rate of 50 mV s-1. With the increasing AA content, the 

current density of oxidation increased. With increased concentration, the maximum 

potential AA oxidation changed positively and can be referred to as diffusion-controlled 

[12] reactions. This change is due to the disruption of the analyte mass transportation 

mechanism. The rise in AA concentrations disrupts the process of diffusion, and the 

electrochemical system is more likely to restore mass transportation. The peak potential 

therefore changed favorably. Figure 3.8b shows the scan rate effect in presence of 7.4 

mM AA electrooxidation in the 1 M KOH solution. With the increased scanning rate, the 

oxidation peak of the AA molecules increases. The peak current increased with the scan 

Name of the electrode Metal loading (g m-2) ECSA (m2 gm-1) 

Pd/GCE-0.1V_175S 24.0 0.75 

Pd/GCE-0.1V_400S 20.0 0.81 

Pd/GCE-0.1V_600S 18.9 0.74 

Pd/GCE-0.4V_175S 40.0 0.20 

Pd/GCE-0.4V_400S 35.7 0.13 



Chapter 3 
 
 

104 | P a g e  

 

rate due to heterogeneous kinetics. In Figure 3.9, with a slope value of 0.47, the plots of 

log peak current (Ip) are linear with the log (scan rate). This finding indicates that the 

AA electrooxidation follows a process of diffusion control with a slope value close to 

the theoretical slope value of 0.5 [14]. This result also verifies a diffusion-controlling 

response. The peaks at -0.8 V to -0.7 V are rising (Figure 3.8b) during scan rate 

increasing. The peak rise is for adsorption and desorption of hydrogen in the Pd catalyst 

[56,57].  

Figure 3.10 depicts a chronoamperometric stability assessment of all modified 

electrodes for AA electrooxidation in 1 M KOH. For 1000 seconds, the peak potential of 

the AA electrooxidation was applied. All curves that began with the dropping current 

density, as shown in Figure 3.10, were attributable to the initial electrooxidation of AA 

at the beginning. Then, the curves turn flat and steady. The current density for all 

electrodes 

Figure 3.10 Chronoamperogramms in presence of 10.7 mM ascorbic acid in 1 M KOH 

solution at different modified electrodes (inset: magnification of chronoamperometric 

data from 990 to 1000 s for all electrodes). 
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from 990 to 1000 s is shown in the inset enlarged figure in Figure 3.10. When compared 

to all other modified electrodes, the Pd/GCE-0.1V_400S (red line) still demonstrated 

better electrocatalytic activity after 1000 s.  

After the chronoamperometry (AA oxidation), I have checked the morphology of 

the Pd/GCE-0.1V_400S (Pd Christmas-tree-shape structures). Figure 3.11 showed the 

FE-SEM image where the structures of the Christmas-tree-shape remained almost similar 

as before the AA oxidation (Figure 3.1c). This proved that the Pd Christmas-tree-shaped 

structures have good stability. 

 

Figure 3.11 FE-SEM image of Pd/GCE-0.1V_400S after the chronoamperometry. 

 

3.4.3 Selectivity and Real Samples Analysis 

The Amperometry technique is used to determine the lower detection limit (LOD) as 

well as linear range value for AA electrooxidation in 1 M KOH solution at Pd/GCE-

0.1V_400S (Figure 3.12). The current response has risen linearly as the AA 

concentration increased. The linear range value (1-950 µM) and LOD (1 µM) of AA 
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electrooxidation at Pd/GCE-0.1V_400S are equivalent to previously reported catalysts 

(Table 3.3). A comparison study between recently published AA electrooxidation 

catalysts and our catalyst is summarized in Table 3.3. In all cases, the peak current 

density is calculated using the peak current of cyclic voltammetry data. The Pd/GCE-

0.1V_400S has the maximum peak current density. This verifies the outstanding catalytic 

activity of the Pd/GCE-0.1V_400S catalyst for AA electrooxidation.  

 

Figure 3.12 (a) Amperometric signals of Pd/GCE-0.1V_400S in 1 M KOH in the 

presence of ascorbic acid at various concentrations, and (b) related linear association 

between peak current and ascorbic acid concentration. 
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Table 3.3 Comparison study of ascorbic acid electrooxidation. 

Electrode 

Peak current 

density  

(µA cm-2) 

Onset 

potential 

(V) 

Solution 

pH 

LOD 

(µM) 

Linear 

range 

(µM) 

Ref. 

Pd/GCE-

0.1V_400S 
4500 -0.35 Alkaline 1.0 1-950 

This 

work 

Pd/N-3D 

mesoporous 

C/GCE 

2475 -0.20 Alkaline - 
400-

4000 
[42] 

Pd 

NPs/carbon/GCE 
750 -0.10 Alkaline - - [43] 

rMWCNTs/ 

Pd nanotubes 

/graphite 

42 -0.04 Neutral 0.17 
500-

7500 
[44] 

Ag 

Nps/PVP/GCE 
1650 +0.25 Neutral 0.47 2-150 [60] 

Carbon 

nanoonions 

/NiMoO4/ 

MnWO4/GCE 

- -0.05 Acidic 0.33 1-100 [61] 

PAP/ZrO2 Nps / 

carbon 

nanotubes /GCE 

35 +0.12 Acidic 0.35 1-295 [62] 

Here, NPs= nanoparticles, rMWCNTs=reduced multi-walled carbon nanotubes; PVP= 

Polyvinylpyrrolidone; ; PAP= Poly(aminopyrazine).  
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Amperometry experiments in 1 M KOH solution were conducted for the selectivity 

evaluation of Pd/GCE-0.1V_400S for AA electrooxidation (Figure 3.13). Various 

interfering chemicals, including KNO3, ZnSO4, FeCl2, and MgCl2, were introduced. 

Each interfering chemical has a negligible response compared to the AA (Figure 3.13). 

This result validated that the Pd/GCE-0.1V_400S electrode has excellent selectivity for 

AA electrooxidation. The analytical performance of the Pd/GCE-0.1V_400S was further 

examined using an actual sample analysis in a 1 M KOH solution. I utilized a vitamin C 

tablet as well as a vitamin C drink. The recovery range of the spiked samples was 98.2 

% to 101.5 % (Table 3.4), showing the excellent efficiency of the Pd/GCE-0.1V_400S 

for AA electrooxidation.  

Figure 3.13 Different substances interference effects on ascorbic acid electrooxidation at 

Pd/GCE-0.1V_400S in 1 M KOH solution. Ascorbic acid has a concentration ratio of 1:1 

with the interfering chemical 
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Table 3.4 Amperometric study of real samples at Pd/GCE-0.1V_400S (n=3). 

Sample Added (µM) Obtained (µM) RSD (%) Recovery (%) 

Vitamin C 

tablet 
150 152.3 3.2 101.5 

Vitamin C juice 150 147.3 2.1 98.2 

 

 

The Pd catalyst showed good catalytic activity for AA electrooxidation in 

alkaline condition. The comparison between Ag catalyst (Chapter 2) and Pd catalyst 

(Chapter 3) is shown in Figure  3.14. The Pd catalyst showed higher catalytic activity 

than the Ag catalyst and the unmodified electrode (GCE). For this observation, it can be 

concluded that the Pd catalyst is suitable as anode catalyst for the alkaline ascorbic acid 

fuel cell system. In the next chapter Pd based catalysts (in powder form) will be 

synthesized and applied for the alkaline ascorbic acid fuel cell system.  
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Figure 3.14 Catalytic activity comparison of 5.6 mM ascorbic acid between bare GCE, 

Ag dendrite (Ag/GCE), Pd/GCE-0.1 V_400S in at 50 mV S-1 scan rate in 1 M KOH 

solution. 

 

3.5 Conclusion 

Onto GCE, a one-pot constant potential mode electrodeposition technique was used to 

create unique Christmas-tree-shaped Pd nanostructures without any additives or 

premodification of the electrode surfaces. During electrodeposition, the nanostructure 

morphology was substantially influenced by the applied potential, duration, precursor 

concentration, and supporting electrolyte. Several customized Pd/GCE electrodes were 

created using various deposition conditions, and Christmas-tree-shaped Pd 

nanostructures having numerous sharp edges demonstrated the highest AA 

electrooxidation performance in 1 M KOH solution. The Pd/GCE-0.1V_400S also 

showed high in 1 M KOH during AA electrooxidation. The straightforward 

electrodeposition approach for the construction of unique Pd nanostructures onto GCE 

could open new avenues for the development of Pd-based catalysts in electrocatalysis. 
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Chapter 4 

Palladium Nanoparticles with Reduced Graphene Oxide and 

Multiwall Carbon Nanotubes Hybrid nanocomposite for 

Direct Alkaline Ascorbic Acid Fuel Cell 

 

4.1 Abstract 

The use of ascorbic acid (Vitamin C) as a sustainable alternative fuel for alkaline direct 

liquid fuel cells (DLFCs) has been explored. The potential anode catalyst is synthesized 

by incorporating palladium nanoparticles (Pd NPs) into reduced graphene oxide (rGO) 

and multiwall carbon nanotubes (MWCNT) hybrid nanocomposite (Pd/rGO/MWCNT) 

via a chemical reduction process and applied in ascorbic acid (AA) electrooxidation. The 

properties of Pd/rGO/MWCNT are characterized using scanning electron microscopy 

(SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy 

(XPS), transmission electron microscopy (TEM), X-ray powder diffraction (XRD), and 

Brunauer−Emmett−Teller (BET). The electrocatalytic performance is investigated by the 

cyclic voltammetry (CV) method. The Pd/rGO/MWCNT modified glassy carbon 

electrode (Pd/rGO/MWCNT/GCE) exhibited a high current density of 17.6 mA cm-2 than 

the unmodified GCE (0.6 mA cm-2) for AA electrooxidation. The prepared 

Pd/rGO/MWCNT/GCE also showed excellent stability. At 60 °C, the fuel cell generates 

a maximum power density of 9.54 mW cm-2 with an open-circuit voltage of 0.88 V while 

supplying 1 M AA + 2 M KOH as the anode fuel and humidified oxygen as the cathode 

fuel. 
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4.2 Introduction 

The noble Pd catalyst, which was studied in the previous chapter, demonstrated 

outstanding electrocatalytic activity. We devised a novel Pd-based anode catalyst to 

develop the fuel cell system. In this chapter, we will discuss the performance of the new 

catalyst in detail. We will also propose an environmentally friendly AA-based fuel cell 

system in this chapter, which might alleviate the energy problem along with reducing the 

greenhouse impact. 

Recently electrochemical energy storage and conversion devices have achieved 

much attention from scientists to address climate change [1–6]. Fuel cells are a promising 

candidate due to having potential zero-emission energy conversion devices [7–10]. 

Different fuel cells like alcohol-based fuel cells, borohydride fuel cells, hydrazine fuel 

cells, hydrogen fuel cells, etc are anticipated by the safety, environmental, and storage 

issues [11–14]. Ascorbic acid (AA), known as Vitamin C, is another possible fuel to be 

used in direct liquid fuel cells (DLFCs) because of its natural abundance, producing 

nontoxic by-products [15–19]. In the electrochemical oxidation process, AA releases two 

electrons and two protons [20,21]. The DLFCs performance could be improved by 

developing a better electrocatalyst for AA electrooxidation. 

Carbon-based materials have glittered much attention in the field of electrocatalysis, 

owing to their outstanding physical and chemical properties [22,23]. Carbon-based 

electrodes are easily renewable. Using carbon or carbon-based materials has many 

advantages other than renewability, including easy preparation, high stability, 

reproducibility, can be easily distributed into the paste, and good conductivity [24]. 

Researchers have been reported that conductive materials could be used as transductive 

materials at an electrocatalyst-electrode interface for fast electron transfer [25]. 
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Graphene is sp2 bonded two-dimensional carbon material with a honeycomb structure. It 

is broadly used in catalyst applications for its excellent properties like large surface area, 

highly conductive, and biocompatibility [26]. Graphite oxide (GO) can easily be 

prepared by the oxidation of graphite powder and the reduction of GO is called reduced 

graphene oxide (rGO) [27,28]. GO has oxygen-containing functional groups resulting in 

less conductive materials than rGO and can increase the resistance [22,29]. Several 

methods have already been reported for the preparation of rGO from GO such as 

chemical, thermal, and hydrothermal technique [30–32]. The chemical reduction method 

has several benefits such as high stability, cost-effectiveness, and shorter production time 

[33]. However, the π-π interaction between graphene layers causes agglomeration of rGO 

that hindrance its electrical performance that exhibits low surface area [34]. The stacking 

effect of graphene sheets has been a critical issue for catalytic performance. Multiwall 

carbon nanotubes (MWCNTs) are generally used to improve electrocatalytic 

performance. MWCNTs have high mechanical strength, a large surface area, and are 

chemically stable [35]. It is well known that MWCNTs can combine with rGO through 

Vander Waals forces and hydrogen bonds. Thus, MWCNTs could be used as a spacer 

between the interfacial graphene layers during the reduction process of rGO to resist 

agglomeration and increase the specific surface area [34,36]. 

To further improvement of the catalytic performance, researchers have introduced 

metal nanoparticles (NPs) into the rGO and MWCNTs hybrid nanocomposite [30,34,37–

39]. Superior electrocatalytic effectiveness makes novel metals of Pt and Pd, the most 

promising candidates of anode catalysts in energy conversion and storage devices [40–

42]. Pd-based anode catalyst shows higher performance than Pt in the electrocatalytic 

oxidation of AA [43–45]. Pd NPs decorated rGO and MWCNTs hybrid nanocomposite 
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could lead to improve electrocatalytic oxidation of AA. Several research works have 

been reported the incorporation of Pd NPs in the rGO and MWCNTs hybrid 

nanocomposite for catalytic performance [30,37,38,43,46,47]. Besides, one-pot 

synthesis of the chemical reduction method is preferable due to easy and shorter time 

preparation. In this chapter, a simple one-pot synthesis process is developed for Pd NPs 

decorated rGO and MWCNTs hybrid nanocomposite (Pd/rGO/MWCNT) for AA 

electrooxidation.  

The alkaline DLFCs offer benefits over the acidic DLFCs. Water is generated at the 

anode in alkaline DLFCs, thus water management is negligible, and the cathode has little 

effect on total fuel cell efficiency. Alkaline fuel cells provide a lower activation 

overpotential, quicker reaction kinetics, and a less toxic and corrosive environment for 

fuel cell components, particularly metal catalysts [15]. Finally, the liquid fuels utilized 

in the alkaline DLFC are easier to handle, store, and transport than hydrogen. The direct 

alkaline AA-based DLFC (DAAFC) also showed better performance than acidic 

conditions [48]. Hence the synthesized hybrid nanocomposite is used as an anode catalyst 

to check the DAAFC. 

  

4.3 Experimental 
 

4.3.1 Chemicals and Instruments 

Analytical grade MWCNT, AA, sodium tetrachloropalladate (II) (Na2PdCl4), 5% Nafion 

solution, sodium borohydride (NaBH4), sulfuric acid (H2SO4), potassium hydroxide 

(KOH), were purchased from Fujifilm Wako Pure Chemical Corp and used as received. 

GO was purchased from NiSiNa materials Co. Ltd. All the necessary solutions were 
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prepared by Milli-Q water. All the experiments were conducted in alkaline condition 

under deaeration and at room temperature (25 °C ± 0.5 °C).  

The purity of the MWCNTs has been checked by thermogravimetric analysis 

(TGA) and Raman spectra (Figure 4.1a). The TGA was performed in air heated to 800 

°C at a rate of 10 °C/min. The MWCNTs are extremely pure, with a carbon content of 

roughly 95 wt% (same as company specification) and can withstand a sintering 

temperature of up to 550 °C in the air without losing weight. This data is well-matched 

with previous data [49]. The Raman spectra of the MWCNTs is shown in Figure 4.1b. 

Two distinct peaks, corresponding to disordered carbon (D-bond) and ordered graphitic 

carbon (G-bond), can be seen at about 1340 and 1570 cm-1, respectively. These two peaks 

further proved the high purity of the MWCNTs [49]. 

 

Figure 4.1 Characterization of MWCNT (a) TGA, (b) Raman spectra. 

 

4.3.2 Synthesis of the nanocomposite 

Different catalysts named Pd/rGO/MWCNT, Pd/rGO, and rGO/MWCNT were 

synthesized by a chemical reduction method employing NaBH4 as the reductant. For the 

preparation of Pd/rGO/MWCNT, 20 mg of GO and 20 mg MWCNT were 
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homogeneously dispersed in 20 mL deionized water by ultrasonication. 5.0 mL of 15 

mM of Na2PdCl4 (dissolved in 0.1 M H2SO4) solution was added and the solution was 

treated by ultrasonication for another 30 min. Then dropwise added 7.6 mL of 0.5 M 

NaBH4 (freshly-prepared) into the reactant slowly until the solution pH ~10. The reactant 

was then stirred for 4 h at room temperature. After that catalyst was filtered with filter 

paper and washed with deionized water and ethanol three times, respectively. Finally, 

the catalyst was dried at 30 0C in a vacuum oven (12 h). The methods for preparing the 

other two catalysts were as described above but only metal precursor and GO was added 

in the case of Pd/rGO. For rGO/MWCNT no additional metal precursor was added.  

 

4.3.3 Characterizations 

The morphology of the as-prepared catalysts was characterized by field-emission 

scanning electron microscopy (FE-SEM, S4100; Hitachi Ltd.) and scanning electron 

microscope (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX, 

TM3030Plus miniscope; Hitachi Ltd.). For elemental analysis of catalysts, X-ray 

photoelectron spectroscopy (XPS) measurements were taken on a delay-line detector 

(DLD) spectrometer (Kratos Axis-Ultra; Kratos Analytical Ltd.) with an Al Kα radiation 

source (1486.6 eV). Transmission electron microscopy (TEM) (H-7100; Hitachi Ltd.) 

was used to check the size of Pd NPs. Powder X-ray diffractometer (XRD) patterns were 

recorded on a fully automatic horizontal multi-purpose X-ray diffractometer (Rigaku 

Smartlab; Rigku Corp.) as a 2θ range from 20° to 90°. The surface area of the catalysts 

was obtained by the Brunauer−Emmett−Teller (BET) method using BELSORP-miniⅡ-

BP. All the electrochemical measurements were taken using a potentiostat CHI 701 
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having a three-electrode system. The GCE (3 mm diameter), Ag/AgCl (sat. KCl), Pt wire 

was used as a working electrode, reference, and counter electrodes, respectively. 

 

4.3.4 Modification of GCE 

The GCE surface was cleaned by rubbing with alumina powder (0.05 µm diameter), and 

then removing the impurities by sonication with ethanol and water for 10 min, 

respectively. Then the GCE surface was cleaned electrochemically by potential cycling 

in 0.1 M H2SO4 (Ar saturated) from 0 V to +1.0 V at a scan rate of 100 mV s-1 and dry 

at room temperature. To investigate AA electrooxidation, the GCE was modified with a 

catalyst suspension solution. The catalyst ink solution was prepared by the addition of 2 

mg Pd/rGO/MWCNT into 200 µL of 0.25% Nafion-ethanol solution and sonicate for a 

homogeneous mixture. Then catalyst ink solution was dropped onto the clean GCE 

surface containing 0.04 mg Pd and dried at room temperature. The modified electrode 

was named Pd/rGO/MWCNT/GCE whereas Pd/rGO/GCE and rGO/MWCNT/GCE for 

Pd/rGO and rGO/MWCNT, respectively. The detailed preparation of 

Pd/rGO/MWCNT/GCE is shown in scheme 4.1. 
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Scheme 4.1 Preparation of Pd/rGO/MWCNT/GCE. 

 

4.3.5 Fuel cell testing 

The Pd/rGO/MWCNT catalyst was further used to construct a DAAFC. The anode and 

cathode catalysts were Pd/rGO/MWCNT and Pt/C respectively. The amount of catalyst 

loading is 2 mg/cm2 of Pd for the anode and 2 mg/cm2 of Pt for the cathode. The 

Tokuyama A201 membrane and AS-4 ionomer were used for the preparation of 

membrane electrode assembly (MEA). The catalyst to ionomer ratio was 1:4 wt% for 

both anode and cathode. The carbon paper TGP-H-060 was used for the gas diffusion 

layer (GDL). The MEA was prepared by a customized hot press instrument, where 

catalyst coated GDLs and A-201 membrane was pressed under 1 MPa for 3 minutes at 

130 °C. The anode fuel was the combination of 1 M AA + 2 M KOH (1 mL/min) 

whereas, humidified O2 was supplied as cathode fuel (100 mL/min). 
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4.4 Results and Discussion 
 

4.4.1 Morphological and elemental analysis 

Figure 4.2a displays FE-SEM images of the as-prepared Pd/rGO/MWCNT. Figure 4.2b 

shows a high magnification image of one part of Pd/rGO/MWCNT. The wrinkles in the 

image indicate that rGO in Pd/rGO/MWCNT was well reduced by the chemical 

reduction process [25]. The FE-SEM image of GO, Pd/rGO, and rGO/MWCNT are also 

shown in Figure 4.3. In comparison to the GO, the surface morphology of all synthesized 

materials was completely changed. This suggested that the GO was properly reduced. 

EDX image of the Pd/rGO/MWCNT is shown in Figure 4.2c. The bright spots are due 

to the presence of Pd metal. A similar observation was also found in the case of Pd/rGO 

(Figure 4.3c). Elemental mapping of C, O, and Pd is shown in Figure 4.2d, 4.2e, and 

4.2f, respectively. Elemental mapping revealed the presence of Pd metal into the rGO 

and MWCNT system homogenously. Figure 4.2g shows the atomic ratio of the 

Pd/rGO/MWCNT. This also revealed the presence of Pd. A small amount of oxygen is 

found in the EDX mapping. This is due to the oxidation of Pd metal, which is also found 

in XPS analysis.  
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Figure 4.2 FE-SEM image of the (a) Pd/rGO/MWCNT (b) high magnification of 

Pd/rGO/MWCNT; EDX image of (c) Pd/rGO/MWCNT, elemental mapping of (d) C, (e) 

O, (f) Pd, (g) atomic ratio of Pd/rGO/MWCNT (inset table: atomic weight ratio). 
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Figure 4.3. SEM images (a) GO, (b) rGO/MWCNT and (c) Pd/rGO  

 

XPS analysis was conducted to check the oxidation state of carbon and Pd metal 

(Figure 4.4a and 4.4b). XPS is a powerful technique to check the successful reduction of 

GO, as the oxo groups in C 1s XPS spectra will be lower in the case of rGO. C 1s XPS 

data of the GO is shown in Figure 4.5a. In the case of GO, the deconvoluted C 1s 

suggested the presence of C–C, C-O, and C=O corresponding to the binding energies of 

284.5 eV, 286.6 eV, and 288.2 eV, respectively [50,51]. The deconvoluted C 1s peak of 

Pd/rGO/MWCNT is shown in Figure 4.4a, where the C-O signal is much less pronounced 

and the peak for C=O is very weak, indicating a successful reduction of GO [50]. The 

deconvoluted C 1s spectra of rGO/MWCNT and Pd/rGO also shows similar features are 

displayed in Figure 4.5b and 4.5c, respectively. This suggested that in all cases the GO 

is chemically reduced successfully. The π-π* interaction peak was found at binding 

energy 291.1 eV in the case of both Pd/rGO/MWCNT (Figure 4.4a) and Pd/rGO (Figure 

4.5c) [50]. Figure 4.4b shows the Pd 3d XPS spectra of Pd/rGO/MWCNT. Two major 

peaks were observed at binding energies of 340.8 eV and 335.6 eV representing Pd 

(3d3/2) and Pd (3d5/2), respectively with 5.2 eV separation [31,37,39,50,52]. XPS data 

revealed that most of the Pd NPs are in the metallic state in Pd/rGO/MWCNT. That 

means Pd precursor is successfully converted to metal Pd by the chemical reduction  
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Figure 4.4 XPS spectra of Pd/rGO/MWCNT (a) C 1s and (b) Pd 3d; (c) TEM image of 

Pd/rGO/MWCNT (scale bar = 20 nm, inset: histogram of the Pd NPs); (d) XRD patterns 

of as-synthesized rGO/MWCNT, Pd/rGO, and Pd/rGO/MWCNT; (e) Nitrogen 

adsorption curves of Pd/rGO/MWCNT, Pd/rGO and rGO/MWCNT. 
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process. A small amount of PdO was found in XPS data at higher binding energy 

compared to metal Pd. In the case of Pd/rGO, the Pd 3d XPS spectrum was found with 

similar features compared to the Pd/rGO/MWCNT (Figure 4.5d). Pd 3d XPS data of 

Pd/rGO also revealed that most of the Pd metals are metallic states. The TEM image of 

Pd/rGO/MWCNT is displayed in Figure 4.4c. The synthesized Pd NPs are dispersed on 

the rGO/MWCNT support. Inset histogram displayed that the average size of the Pd NPs 

are approximately 9 nm. The TEM image revealed that most Pd NPs are round-shaped. 

XRD patterns shown in Figure 4.4d confirm the Pd diffraction peaks along with carbon. 

All the Pd contain catalyst has a similar diffraction pattern. The diffraction peak at 40.1° 

corresponds to the Pd (111) plane [52,53]. The peak at 25.8° for Pd/rGO/MWCNT and 

rGO/MWCNT corresponds to the C (002) to an interlayer spacing of 3.45 Å [54–56]. 

The disappearance of the C (002) diffraction peak in Pd/rGO composites due to less 

agglomeration of the rGO sheets [57]. The particle size of Pd NPs calculated by the 

Scherrer equation is 6 nm, which is close to the TEM statistics result [53]. N2 adsorption 

and desorption test (BET analysis) was performed to investigate the surface area of all 

electrocatalysts as shown in Figure 4.4e. The BET-specific surface area and the total pore 

size of all catalysts are summarized in Table 4.1. The specific surface area of the 

Pd/rGO/MWCNT catalyst was higher than Pd/rGO and rGO/MWCNT. The adsorption 

analysis revealed that pore volume for Pd/rGO/MWCNT catalyst was also higher than 

others. The pore volume of the catalyst increased by the insertion of Pd and MWCNT 

between graphene layers. A combination of Pd and MWCNT with rGO in 

Pd/rGO/MWCNT will enhance the surface area as well as pore volume compare with 

Pd/rGO and rGO/MWCNT separately. The combination of two complementary 

materials, results in a synergistic effect, could improve the catalytic performance. 
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Figure 4.5 C 1s XPS spectra of (a) GO, (b) rGO/MWCNT, (c) Pd/rGO, and (d) Pd 3d 

XPS spectra of Pd/rGO. 

 

Table 4.1 BET surface area and pore volume of Pd/rGO/MWCNT, Pd/rGO, and 

rGO/MWCNT. 

Catalyst BET surface area (m2 g-1) Pore volume (cm3 g-1) 

Pd/rGO/MWCNT 153.7 0.61 

Pd/rGO 130.1 0.26 

rGO/MWCNT 130.7 0.29 



Chapter 4 
 

135 | P a g e  
 

4.4.2 Electrocatalytic activity 

To investigate the electrocatalytic performance of Pd/rGO/MWCNT/GCE towards the 

oxidation of AA molecules, cyclic voltammograms were recorded under different 

experimental conditions. First, the modified electrode response was checked in the 

presence of AA, shown in Figure 4.6a. Cyclic voltammograms were recorded between -

0.3 V and +0.7 V in 1 M KOH solution in the absence and presence of AA molecules 

(5.6 mM) using Pd/rGO/MWCNT/GCE at a scan rate of 50 mV s-1. A well-defined 

oxidation wave attributable to the oxidation of AA appears at +0.2 V whereas no 

oxidation peak in absence of AA. We further evaluate the catalytic improvement by 

comparing all the catalyst electrodes with the bare GCE. Figure 4.6b represents cyclic 

voltammograms of AA molecules using the bare GCE and all modified electrodes. 

Compared to bare GCE and other modified electrodes, the Pd/rGO/MWCNT/GCE 

shows the higher catalytic activity for AA electrooxidation. The Pd/rGO/MWCNT/GCE 

(17.6 mA cm-2) exhibits a higher current density than the bare GCE (0.6 mA cm-2). This 

is due to the synergetic effect of Pd NPs with the rGO and MWCNT hybrid 

nanocomposite. In the case of rGO/MWCNT/GCE, the current increased significantly 

due to a larger surface area of rGO and MWCNT hybrid nanocomposite. When Pd Nps 

incorporated into this hybrid nanocomposite, the electrocatalytic performance is 

enhanced considerably. Small size Pd NPs also play an important role in catalytic 

performance. The concentration effect of AA at the Pd/rGO/MWCNT/GCE surface was 

investigated and shown in Figure 4.6c at a scan rate of 50 mV s-1. The oxidation current 

increased with the increasing concentration of AA. This observation suggests that the 

active site of the Pd/rGO/MWCNT catalyst does not affect by the concentration of AA. 

The peak potential of AA oxidation shifted positively with increasing concentration 
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which can be denoted as a diffusion-controlled reaction [58]. This change is due to a 

disruption of the analyte mass transportation mechanism. The current can be explained 

by the analyzer mass transfer from the bulk of the solution to the surface of the electrode. 

 

Figure 4.6 (a) Cyclic voltammograms of Pd/rGO/MWCNT/GCE in the absence and 

presence of 5.6 mM ascorbic acid. (b) Catalytic activity comparison of bare GCE, 

rGO/MWCNT/GCE, Pd/rGO/GCE, and Pd/rGO/MWCNT/GCE for 5.6 mM ascorbic 

acid at 50 mV s-1. (c) Concentration effect of ascorbic acid at 50 mV s-1. (d) Scan rate 

effect of 12.7 mM ascorbic acid using Pd/rGO/MWCNT/GCE catalyst. All the above 

experiments are in a 1 M KOH solution. 
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The rise in AA concentrations disrupts the process of diffusion, and the electrochemical 

system is more likely to restore mass transportation. The peak potential, therefore, 

changed positively. The influence of scan rates on AA oxidation is shown in Figure 4.6d. 

The Pd/rGO/MWCNT/GCE anodic peak current increased concomitantly with the 

increasing scan rate ranging from 25 to 500 mV s−1. We further investigate the peak 

current behaviors with the scan rate effect. Figure 4.7 shows the log peak current (Ip) vs 

log (scan rate) curve. The plots revealed a linear relationship having a slope of 0.49, close 

to 0.5. From the slope value, it can be concluded that the AA oxidation at the 

Pd/rGO/MWCNT/GCE surface is controlled by the solution to the electrode surface 

mass transfer step [20,52]. 

Figure 4.7 Log (Ip) vs. log (scan rate) plots. Experimental conditions are the same as 

those shown in Figure 4.6d. 
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Figure 4.8 showed the high concentration effect of ascorbic acid at 

Pd/rGO/MWCNT/GCE catalyst. With increasing the concentration the peak current 

density also increased. The Pd/rGO/MWCNT/GCE catalyst has similar electrochemical 

behaviors for AA oxidation in the low and high concentrations of AA solution. 

Figure 4.8 High concentration effect of ascorbic acid at Pd/rGO/MWCNT/GCE at 50 

mV s-1 scan rate. 

We further checked chronoamperometry for the electrochemical stability of all 

the modified electrodes [59]. The stability check by chronoamperometry of 

Pd/rGO/MWCNT/GCE, Pd/rGO/GCE, and rGO/MWCNT/GCE electrodes is shown in 

Figure 4.9, applying a working potential of peak potential of AA oxidation. After 1000 

s the current density of Pd/rGO/MWCNT/GCE is still higher compared with the other 

two modified catalysts electrode. From Figure 4.9, the stability of 
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Pd/rGO/MWCNT/GCE for AA oxidation is quite high. From this data, we can say that 

the Pd/rGO/MWCNT catalyst could be a potential anode catalyst for AA fuel cell 

application.  

Figure 4.9 Chronoamperometry of 5 mM of ascorbic acid at rGO/MWCNT/GCE, 

Pd/rGO/GCE, and Pd/rGO/MWCNT/GCE. 

We also compare our data with the reported data of Pd, rGO, and MWCNT based 

catalyst for AA electrooxidation summarized in Table 4.2. Pd/rGO/MWCNT/GCE 

shows the highest performance compared to previously reported results. 
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Table 4.2 Electrocatalytic performance comparison of Pd, rGO, and MWCNT based 

catalyst for ascorbic acid electrooxidation  

Electrode 
Peak current density 

(µA cm-2) 
Reference 

Pd/rGO/MWCNT/GCE 17630 This work 

Pd/MWCNT/IL/CPE 9004 [60] 

Pd/GCE-0.1V_400S 4500 [52] 

CoO/rGO/MWCNT/GCE 2321 [25] 

SMT/MWCNTs/PGE 945 [35] 

AuNR/MWCNT/GO/GCE 262 [22] 

Note: IL= ionic liquid, CPE= carbon paste electrode, SMT= nano-smectite, PGE= 

graphite electrode, AuNR= gold nanorods. 

The Pd/rGO/MWCNT exhibits very high catalytic performance with quite high 

stability. The noble metal Pd NPs insertion into the rGO and MWCNT hybrid 

nanocomposite increase the electrochemical active site for AA oxidation. The modified 

electrode Pd/rGO/MWCNT/GCE also has good stability with the highest performance 

for AA oxidation lead to the one step ahead for the construction of AA fuel cell.  
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4.4.3 Fuel Cell Performance 

We establish an alkaline DLFC that uses ascorbic acid as anode fuel, humidified oxygen 

as an oxidant, a polymer anion exchange membrane, Pd/rGO/MWCNT anode catalysts, 

and platinum cathode catalysts. Figure 4.10 shows the voltage-current (VI) curves for a 

single cell DAAFC. At first, the voltage is decreased due to the energy barrier needed 

for the redox reactions of the electrodes in the fuel cells. Due to resistive losses in the 

fuel cell, especially inside the membrane, the slope reduces after the activation 

overpotential and continues downward. Finally, at low voltages, the slope begins to rise 

again, owing to mass transport losses caused by materials oxidization in high currents at 

the anode side. The maximum power output of DAAFC is 9.54 mW/cm2 and the 

maximum current density is 126 mA cm-2 at an operating temperature of 60 °C with the 

OCV value +0.88 V. 
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Figure 4.10 The VI plots for DAAFC at 60 °C using Pd/rGO/MWCNT as anode catalyst 

and Pt/C as cathode catalyst. Anode fuel flow rate is 1 mL/min (1 M AA + 2 M KOH) 

and cathode fuel 100 mL/min humidified O2. 

At various temperatures, the fuel cell performance was also assessed using the VI graphs 

mode. As demonstrated in Figure 4.11, the fuel cell performance improved from 40 to 

60 °C. The highest performance was achieved at 60 °C. The difficulty of generating large 

current densities at lower temperatures is mostly due to the membrane conductivity. The 

optimum temperature for the DAAFC is 60 °C. 

 

Figure 4.11 The VI plots for DAAFC at different operating temperatures using 

Pd/rGO/MWCNT as anode catalyst and Pt/C as cathode catalyst. Anode fuel flow rate is 

1 mL/min (1 M AA + 2 M KOH) and cathode fuel 100 mL/min humidified O2. 
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The oxidant also has an impact on the DAAFC performance. The supply of the 

humidified O2 in the cathode side enhanced the performance compared to the dry O2 

(Figure 4.12). Humidified condition is needed to transport the OH- through the 

membrane from the cathode side to the anode side. 

 

Figure 4.12 The VI plots for DAAFC using dry and humidified O2 at 60 °C temperature 

using Pd/rGO/MWCNT as anode catalyst and Pt/C as cathode catalyst. Anode fuel flow 

rate is 1 mL/min (1 M AA + 2 M KOH) and cathode fuel 100 mL/min O2. 

 We have compared the DAAFC performance using our synthesized catalysts. It 

can be noted from Figure 4.13a that Pd/rGO/MWCNT anode catalyst showed higher 

performance (9.54 mW/cm2 maximum power density and 126 mA/cm2 maximum current 

density) than the Pd/rGO catalyst (9.19 mW/cm2 maximum power density and 120.2 
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mA/cm2 maximum current density). The OCV value of Pd/rGO/MWCNT is +0.88 V and 

for Pd/rGO OCV is +0.79 V. However, rGO/MWCNT catalyst does not have the 

DAAFC performance (Figure 4.13b). 

 

Figure 4.13 The VI plots for DAAFC using dry and humidified O2 at 60 °C temperature 

using Pd/rGO/MWCNT as anode catalyst and Pt/C as cathode catalyst. Anode fuel flow 

rate is 1 mL/min (1 M AA + 2 M KOH) and cathode fuel 100 mL/min O2. 

 Table 4.3 showed the comparison data of DAAFC using different anode catalysts. 

However, the performance of the Pd/rGO/MWCNT catalyst showed lower performance. 

The lower BET surface area of the Pd/rGO/MWCNT system (153.7 m2 g-1) compared to 

the commercial Vulcan XC-72 carbon (227.7 ±3.570 m2 g-1) [61], used in the previous 

study, could be one of the reasons for the lower performance. 
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Table 4.3 Direct alkaline ascorbic acid fuel cell performance using different anode 

catalyst 

Note: AEM= anion exchange membrane. In all cases, fuel cell testing was conducted at 

60 °C. 

 

 

 

 

 

 

Anode 
Anode 

fuel 
Cathode 

Cathode 

fuel 
Membrane 

Power 

density 

(mW/ 

cm2) 

Current 

density 

(mA/ 

cm2) 

Ref. 

PdCu/C 

1M AA 

+ 1M 

KOH 

Pt/C O2 

Tokuyama 

A201 

AEM  

89 ~560 [62] 

Pd/C 

1M AA 

+ 1M 

KOH 

Pt/C O2 

Tokuyama 

A201 

AEM  

73 497 [15] 

Pd/rGO/

MWCNT 

1M AA 

+ 2M 

KOH 

Pt/C O2 

Tokuyama 

A201 

AEM 

9.54 ~126 
This 

work 
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4.5 Conclusion 

We successfully incorporated Pd NPs into the rGO and MWCNT hybrid nanocomposite 

for the application of AA electrooxidation. We prepared three modified electrodes using 

three synthesized catalysts. Compared to the other two modified electrodes 

(Pd/rGO/GCE and rGO/MWCNT/GCE), Pd/rGO/MWCNT/GCE exhibits quite high 

catalytic performance for AA oxidation. The Pd/rGO/MWCNT/GCE also shows good 

stability to AA electrooxidation than other prepared electrodes. The simplest synthetic 

method for the preparation of Pd NPs, rGO, and MWCNT hybrid nanocomposite with 

good stability is used as anode material in the fuel cell application. We have optimized 

the DAAFC performance and found that Pd/rGO/MWCNT anode catalyst could generate 

9.54 mW/cm2 power using Pt/C on the cathode side. The fuel cell testing result entitled 

us to the potential use of DAAFC in near future for the alternative environment-friendly 

energy harvesting system. 
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Chapter 5 

General Conclusion 

 

5.1 Conclusion 

We have developed metal catalysts for AA electrooxidation. The improvement of AA 

electrooxidation leads to the construction of the environment-friendly AA-based fuel cell 

system (DAAFC). Therefore, there is a significant deal of relevance in this sector in 

designing and developing sustainable electrocatalytic materials. Because of this, novel 

techniques have been developed to design and manufacture highly active AA 

electrooxidation catalysts to establish the DAAFC system. 

In summary, all these chapters were focused on the same goal: to develop a 

simple and cost-effective process for creating various metal catalysts to find suitable 

anode catalysts for the DAAFC. Firstly, Chapter 1 gives an overview of the AA and 

different hierarchical metal-based electrocatalysts. It also provides an outline of the 

mechanism for AA electrooxidation, catalysts synthesis process, and potential 

applications for DAAFC systems. A comprehensive summary of the literature is 

provided, with a focus on the evolution of techniques for designing and constructing 

metal-based electrocatalysts and various fuel cell systems. This chapter provides a 

discussion of possible electrocatalyst design methods for achieving a) large surface area, 

b) strong electrocatalytic activity, c) high stability during AA electrooxidation, and d) 

metal nanoparticles (NPs) integrated carbon-based catalyst for DAAFC. 

 Before DAAFC development, we have explored the detailed reaction 

mechanisms for the electron transfer process during AA electrooxidation by hierarchical 
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silver dendrite nanostructures in chapter 2. The dendrite nanostructures were deposited 

as a full growth state having primary and secondary branches with leaves on the glassy 

carbon electrode (GCE) by a simple one-step electroless deposition technique (Figure 

5.1). The silver dendrite nanostructures showed high electrocatalytic activity as well as 

good stability for AA electrooxidation. The kinetic study revealed the dependency of 

electrons transfer on the scan rate. The kinetic study helps us to understand more about 

the electrons transfer process. 

 

Figure 5.1 Silver dendrite nanostructures for ascorbic acid electrooxidation. 

 

 Chapter 3 described the excellent catalytical activity of unique Christmas-Tree-

Shaped Pd nanostructures for AA electrooxidation in the alkaline medium. The 

hierarchical Pd nanostructures were deposited on the GCE by a one-step 

electrodeposition technique without using any additives. This chapter showed the 

potential use of Pd anode catalyst for DAAFC. The Pd metal showed high sensitivity and 

excellent electrocatalytic activity for AA electrooxidation in the alkaline solution. This 

strategy entails developing and implementing a simple technique that provides Pd-based 
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materials with very high catalytic activity for AA electrooxidation (Figure 5.2). The 

selectivity of Pd metals for the AA electrooxidation makes it a potential candidate for 

the anode catalyst for the DAAFC system, which has been discussed in chapter 4. 

 Figure 5.2 Christmas-Tree-Shaped Pd nanostructures showed excellent ascorbic acid 

electrocatalytic activity in alkaline solution. 

 

 We have further developed a DAAFC system using Pd nanoparticles 

incorporated rGO/MWCNT carbon materials for the first time. Chapter 4 describes the 

power generation of a single cell DAAFC system using Pd NPs incorporated rGO and 

MWCNT (Pd/rGO/MWCNT) system. The Pd/rGO/MWCNT catalyst was synthesized 

by a simple chemical reduction process where small Pd NPs (9 nm) were homogeneously 

distributed into the rGO and MWCNT system. The catalyst showed very high 

electrocatalytic activity for AA electrooxidation in alkaline solution (Figure 5.3). The 

maximum power generation was 9.54 mW/cm2 at 60 °C by a single cell DAAFC system. 

This indicates the possible use of an environment-friendly DAAFC system for energy 

harvesting. This leads to one step forward in achieving sustainable development goals. 
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Figure 5.3 Pd/rGO/MWCNT showed very high ascorbic acid electrocatalytic activity in 

alkaline solution, and the voltage-current plots for DAAFC using Pd/rGO/MWCNT 

anode catalyst. 

 

5.2 Future Scope 

The current study has demonstrated different metal electrocatalysts preparation for AA 

electrooxidation. Based on the current investigations, the following are probable areas 

for improvement. 

1. Synthesis of alloy materials for the further improvement of AA electrooxidation. 

For the development of the high catalytic active catalyst, appropriate non-precious 

low-cost metals such as Cu, Ag, etc. might be combined with Pd metal. 

2. The different forms of hierarchical Pd metal catalysts like Pd hollow, Pd 

nanothorns, etc. could be synthesized and applied for AA electrooxidation. 
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Abstract of Minor Research 

 

Abstract: 

A novel organic/inorganic hybrid catalyst is successfully developed for oxygen 

evolution reaction (OER) using TiO2 nanotube (TNT) as a template. The as-synthesized 

IrO2 nanoparticles into the Poly(BIAN-Thiophene)/IrO2 electrode exhibits quite 

stability in the strongly acidic solution during OER experiments. The post 

characterizations of the modified electrode are also investigated and found no change in 

the morphology as well as the oxidation state of the IrO2. The simple cost-effective 

synthetic scheme could help to design alternative carbon-based catalyst for OER. 

 

Keywords: BIAN-Thiophene, OER, TiO2 nanotube, IrO2. 

 

 


