


 
 

 

 

 

Fabrication and Validation of a Nano Engineered 

Glucose Powered Biofuel Cell 

 

Srejith Satheesh 

 

Submitted for the partial fulfillment of the award of the degree of  

Master of Science in Nanotechnology 

 

 

Supervisor: Dr. Fei Ye 

 

 

Functional Materials (FNM) Division 

School of Information and Communication Technology(ICT) 

KTH Royal Institute of Technology 

Kista, 2014 



 
 

Postal Address: KTH Royal Institute of Technology 

                            Functional Materials (FNM) Division 

                            Electrum 229, Isafjordsgatan 22 

                            SE 16 440, Kista, Sweden 

 

 

Examiner:          Assoc. Prof. Muhammet Toprak 

                            toprak@kth.se 

 

 

Supervisor:         Dr. Fei Ye 

                             feiy@kth.se 

  

mailto:toprak@kth.se


 
 

 

 

 

 

 

 

 

 

 

Dedicated to Amma & Achan (Mom and Dad); without whose Love and Support I 

am Literally Nothing…… 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

“It is extremely important that you remain dedicated to your duty with absolutely 

no inclination towards the fruit of its results. Do not consider yourself to be the 

cause of the fruit of action; nor let your attachment be to inaction.” 

                                                                        -The Bhagavadgita (Chapter II, Verse 47) 

 

 

 

 

 

 

 

“Whoever recommends and helps a good cause becomes a partner therein, and 

whoever recommends and helps an evil cause shares in its burdens.” 

                                                                           -The Holy Quran:4:85 

 

 

 

 

                                                                       



 
 

 

 

 

 

 



i 
 

ABSTRACT 

Fuel Cells are important forms of sustainable power generation and Biofuel Cells 

utilize the use of bio-compatible/biodegradable molecules as fuels. Glucose is an 

ideal candidate to serve this purpose. In this project, a Glucose Fuel Cell (GFC) has 

been fabricated using the nanomaterials developed in the lab. The skeletal system 

of this GFC is a three-layered structure; a Membrane Electrode Assembly (MEA) 

composed of carbon electrodes (anode and cathode) and a Poly Vinyl 

Alcohol/Poly Acrylic Acid (PVA/PAA) polymer electrolyte. Gold and Silver (Au and 

Ag) nanoparticles are utilized as catalyst on the anode and cathode respectively, 

which are prepared by the use of green chemistry practice. One of the GFC has 

been compacted under hot press and the other non-hot pressed. ,which led to 

different surface areas. For the validation of the GFC stacks, the glucose 

concentration was selected around biologically available levels, i.e at 400 mg/dL 

in both the cases. One trial on hot pressed membrane with 200 mg/dL of glucose 

is also studied. Short Circuit Current (SCC) and Open Circuit Voltage (OCV) were 

measured following which the voltages and currents were measured across load 

resistances. The Thermal Gravimetric Analysis (TGA) and Differential Scanning 

Calorimetry (DSC) studies were carried out on the membrane while the electrodes 

were characterized by Scanning Electron Microscopy (SEM). UV-Vis studies were 

carried out on the Au and Ag nanoparticle suspension before and after 

impregnation of carbon cloth electrodes. Inductively Coupled Plasma Optical 

Emission Spectrometer (ICP-OES) has been utilized to estimate the concentration 

and thus the number of nanoparticles adsorbed on the surface of the carbon 

cloth. The variations of output current with the thickness of the membranes were 

studied. The assembly containing the catalytic particles showed power levels 

ranging between 128.7 nW-332.2 nW in the glucose concentration of 400 mg/dL. 

Rigorous efforts are under process to scale down the power consumption of 

electronics to extremely low levels. GFCs could be used as power generators in 

such devices. The inexpensiveness of the fuel is a remarkable factor.  
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1. Introduction 
 

1.1 Energy Crisis and Risk of existing power sources 

Mother Earth is in trouble. The technological revolution was expected to nullify 

the problems of mankind. However, the scientists were not clever enough. They 

had failed to consider the greedy nature of humans. No device has been invented 

yet to rectify this defect. The greed has thus multiplied at infinite proportions and 

now it is extremely hard or in turn impossible to figure out a remedy. The solid 

and liquid waste mismanagement has converted this planet into a landfill or a sea 

of gutter [1]. These are undoubtedly hot topics under discussion. But it is 

unfortunate to note the fact that these issues are alive only in the battlefield of 

debates and discussions. Nothing effective has been put into action to curb this 

issue. Apart from looking at the environmental hazards of pollution, let also focus 

on the fact that the fossil fuels are also ticking the empty scale. It is even 

impossible to imagine a life without the existence of electricity. The raw materials 

that are utilized currently are of course the depleting non-renewable fossil fuels. 

Apart from the risk of their exhaustion, the conversion methods are not clean 

enough. It is quite interesting to investigate the possibilities of resolving this 

serious issue. Would there be an evolution of Captain Planet and his five magical 

rings to save us? It would have been great if the cartoon would turn up to be a 

reality.     

 

1.2 Go Green 

It has been a while since the world has begun to discuss on renewable or non-

conventional power sources. It has been longer since the hype for the exhaustion 

of non-renewable sources of power has begun. Though these debates seem 

interesting and funny at the same time, scientists are highly convinced with the 

fact that developing alternative sources of power generation is the need of the 

hour. This had motivated them to jump into the pool of this interesting research 

to develop cleaner power sources. “Necessity is however the mother of 



2 
 

invention.” Some broad minded scientists have extensively researched on these 

upcoming fields and have successfully identified some possible solutions to 

overcome this. But on the other hand, it is extremely important to note that these 

researches are propelling extensively for decades. Power obtained from sun, 

wind, tides, nuclear energy, hydrogen, water etc. are some of the well known 

non-conventional sources of power generation. It is saddening to note the fact 

that not more than 25% of the above mentioned power sources find their 

applications in the entire power supply. The technologies developed suffer heavy 

demerits with respect to efficiencies, expenses and improper management 

systems. Intense research to bridge the gap between the expenses and 

efficiencies are in progress. However the latest results available are not really 

impressive. The path looks even longer when we realize that the 

commercialization of a high efficiency low cost renewable energy power 

generating device is miles away.    

The problem would be resolved if we could look at the problem in a different 

perspective. Cell phones and laptops are now necessities rather than a luxury. 

These contribute a large extent to the power draining phenomena. The power 

sucked up by each of these gadgets is comparatively lower than the huge 

machines in industries. But on being multiplied by the number of users and then 

comparing, these electronic gadgets would consume more power. I believe that 

the problem could be resolved if every individual would extend his helping hand 

to solve this crisis. Renewable batteries, though are expensive, are now available 

in the markets. When installed by the majority of users, this would further lead to 

reductions in carbon footprints. The green batteries when installed would 

decrease the power consumed from ones socket. Switching to regular use of this 

would result in shorter payback periods.  

Apart from the mentioned points, the availability of the renewable power at the 

instant is also an issue. It is hard to rely on a battery that runs on wind at a time 

when there is no wind flow is extremely low. Hence it is required that with 

respect to small scale power generation, the strive for each and every technology 

should be taken care of; with respect to the climatic conditions and locations. 

Similarly when it comes to medical implants, it would look great if the fuel to run 
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these devices is taken from the body. The medical implants that run on lithium 

ion batteries have the drawback that they need replacement when the power is 

drained. Non-conventional sources of power are of higher demand in medical 

applications. Finally, when it comes to the power crisis for industry related 

applications, utilizing a smart grid that could combine hybrid energy sources could 

be made possible.  

Another important factor that is to be considered is the way of manufacturing 

these devices. The considerations should not only be restricted to the technical 

aspects of processes but also the effective way of manufacturing. An efficient 

fulfillment of both these requirements should involve a blend of chemistry and 

engineering. Obviously this leads to the growth of “Green Manufacturing”. When 

it comes to the engineering perspective, it focuses on the processes that involve 

reduction of carbon foot print. This also includes technologies that utilize 

environmentally friendly fuels. Utilizing bio gas or involving the usage of energy 

from waste is another method of Evolving Green Technologies. In the perspective 

of a chemist, waste products could be utilized to synthesize/fabricate materials. 

The motive of  “Go Green” is doubly beneficial as it reduces pollution. Pollutants 

that are dumped as useless can be converted into useful stuff, which further 

cleans up the planet. (Sweden has been using this technology for a while and only 

about 1 % of it ends up as landfills [2])  

 

1.3 Fuel Cells     

One important non conventional device that rocks the scientific world is Fuel cell. 

But the peculiarity of this device is that it could be treated or not treated as a 

battery looking at its operating procedure. As a normal battery, it converts 

chemical energy to electrical energy and unlike a normal battery, it cannot be 

recharged. The beauty of this device is that the fuel gets dissociated into electrons 

and H+ ions at the anode. The electrons travel through the external circuit to the 

cathode which causes oxygen to reduce. The ions penetrate through the 

membrane and combine with the reduced oxygen forming a new product (eg. 

Water). The output of a fuel cell is a fluctuating direct current (DC). This can be 
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converted into a stable DC current by connecting it to a rectifier and then to an 

alternating current (AC) by connecting it to an inverter.  

A fuel cell consists of three compartments, which are anode, electrolyte and 

cathode. Let us now jump into the details of these components to understand its 

working. A simple diagram of a fuel cell  is presented in Fig.1: 

 

 

 

Fig.1. Basic operating principle of a Fuel Cell [3] 

 

Anode: 

The positive electrode or anode is the electrically negative terminal of the fuel 

cell. This is the place where the oxidation of fuel takes place. Catalysts are utilized 

in this portion to trigger the splitting of the fuel that leads to the evolution of 

electrons and ions. 

Electrolyte: 

The electrolyte is basically the most interesting part of the fuel cell. The 

membrane has a very unique property. It blocks the passage of electrons and 

allows the transport of ions through it. The ions split from the anode travels 

through the electrolyte to the cathode. 
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Cathode: 

The negative electrode or cathode is the electrically positive terminal of the fuel 

cell. This is where the reduction of oxygen takes place. Catalysts are utilized here 

to enable the activation of oxygen. The electrons from the anode are responsible 

for the reduction of oxygen. The ions travelled across the electrolyte forms a 

byproduct at the cathode. 

Loading the electrodes with catalysts is now a common process. It is seen that the 

catalytic loading is more at the cathode rather than at the anode. This is because 

the activation of oxygen requires the use of high amount of catalysts. The anode, 

membrane and cathode can be sandwiched together to form a Membrane 

Electrode Assembly (MEA). 

The fuel cells are given different names according to the electrolyte or fuels 

utilized. 

Let us now look at these in detail. 

 

1.3.1. Phosphoric Acid Fuel Cells (PAFCs)  

The Phosphoric acid fuel cell is a type of fuel cell that utilizes phosphoric acid as 

an electrolyte and it is placed in a matrix made of Silicon Carbide (SiC) particles 

held with Polytetrafluroethylene (PTFE). The pure phosphoric acid has a very high 

freezing point of about 42oC. It is hence very much important that the phosphoric 

acid fuel cell operates at temperatures above 200oC to enable smooth operation. 

Now looking at the electrodes, PTFE bonded Platinum (Pt) black was initially 

utilized. Pt black is now substituted by Pt supported on Carbon. The loading 

weights are 0.1 mg/cm2 of Pt on anode and 0.5 mg/cm2 on the cathode. PAFCs 

can  produce an output power of about 200kW [4]. It is suitable for Combined 

Heat and Power (CHP) Applications. The mechanical property of SiC is sufficient 

enough to stop the crossover of gases. Though PAFCs have high operating time of 

around 40,000 hours; it is seen that the electrode degrades with time. This is due 

to the agglomeration of Pt on the surfaces and the reduction of the active surface 
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area. Hydrogen is the main anode fuel utilized in a PAFC. However, it is also 

possible to utilize Carbon Monoxide sine the high temperature prevents the 

poisoning of catalysts. A simple diagram of a PAFC  is presented in Fig.2. 

                                        

 

 

Fig 2. Phosphoric Acid Fuel Cell [5] 

 

1.3.2. Alkaline Fuel Cells (AFCs)  

As the name suggests, these type of fuel cells enable the use of an alkaline 

electrolyte (liquid form). Sodium Hydroxide (NaOH) and Potassium Hydroxide 

(KOH) are widely used to serve the purpose. It is quite interesting to note the fact 

that AFC of 1.5kW were used in Apollo Spacecraft [4]. It also hosts the advantage 

that the expense of an AFC is not really high. The cost of electrolyte utilized has 

an important role to play in the structure. The other advantage is that the 

cathode has a low activation overvoltage. The electrodes do not utilize a very 

expensive catalyst such as platinum. Nickel (Ni) can be used as electrodes. 
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Utilizing carbon supported catalysts mixed with PTFE gives the birth of rolled 

electrodes. The basic reactions in an AFC is written below 

 
2H2 + 4OH-  4H2O+4e- (Anode) 

 
O2 +4e- +2H2O  4OH- (Cathode) 

 
2H2+O2  2H2O (Overall)                                       

 

A simple diagram of a AFC  is presented in Fig.3. 

 

Fig 3. Alkaline Fuel Cells [6] 

 

1.3.3. Solid Oxide Fuel Cells (SOFCs)  

The SOFC is a type of fuel cell that uses a solid ceramic electrolyte and it utilizes 

the highest operating temperature. Unlike other fuel cells discussed above, the 

product water that is formed due to the exchange of ions is formed on the anodic 

portion of the electrode [4]. The high temperature wipes out the drawbacks 

caused due to other polluting gases. In fact poisonous gases such as CO act as a 

fuel in this application. The electrolyte used is Yttria-Stabilized Zirconia (YSZ), in 



8 
 

which zirconia (ZrO2) is stabilized with a small quantities of yttria (Y2O3). 

Samarium doped Ceria (SDC) [7] is also an ideal candidate for a SOFC electrolyte. 

The anode utilizes a cement made of metallic nickel (Ni) and a YSZ skeleton 

whereas the cathode is made up of Strontium-doped lanthanum maganate 

(LaSrMnO3). The operating temperature is above 1000oC. Extensive research have 

been carried out to reduce its operating temperature to less than 600oC [8]. 

Though this is considered as a drawback, the waste heat evolved due to this can 

be considered as an advantage in combined cycles applications. A simple diagram 

of a SOFC  is presented in Fig.4. 

 

 

The reactions in a SOFC are: 

2H2 + 2O2-  2H2O+4e- (Anode) 

O2 +4e-  2O2- (Cathode) 

2H2+O2  2H2O (Overall) 

If CO is used as a fuel instead of H2 , 

2CO + 2O2-  2CO2+4e- (Anode) 

O2 +4e-  2O2- (Cathode) 

2CO+O2  2CO2 (Overall)                                                                                          
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Fig 4. Solid Oxide Fuel Cells with YSZ electrolyte [9] 

1.3.4 Molten Carbonate Fuel Cells (MCFCs)  

This is another type of high temperature fuel cell and it operates between 600oC 

and 700oC [4]. These host molten mixtures of alkali metals (Li and K/Li and Na) 

carbonate ions as the electrolyte and they are kept in a ceramic matrix of LiAlO2. 

The ionic conduction of the carbonates occurs at higher temperatures. Carbon 

dioxide is pumped in along with oxygen to evolve carbonate and this facilitates 

the ionic transfer between cathode and anode. A simple diagram of a MCFC is 

presented in Fig.5. The high temperature also facilitates the use of CO as the input 

fuel. The reactions in MCFCs are given below: 

2CO + 2CO3 2-  4CO2+ 4e- (Anode) 

O2 + 2CO2 + 4e-  2CO3
2- (Cathode) 

And: 

2H2 + 2CO3 2-  2H2O+ 4CO2 + 4e- (Anode) 

O2 + 2CO2 +4e-  2CO3
2- (Cathode) 
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Fig 5. Molten Carbonate Fuel Cells [10] 

 

 

1.3.5 Polymer Electrolyte Membrane Fuel Cells (PEMFCs)  

PEMFC is a type of low temperature fuel cell and it operates at room 

temperatures. It is also abbreviated as Proton Exchange Membrane Fuel Cell. This 

however has a huge advantage of the requirement of lower operating 

temperatures [4]. The National Aeronautical Space Administration (NASA) had 

utilized this for limited pre historic Gemini Spacecrafts. As the name suggests, it is 

said to have a solid polymer electrolyte that enables the transfer of ions between 

the electrodes. Nafion is the best identified membrane up to date. Carbon-loaded 

with Pt catalysts are the best identified electrodes. Though the high efficiencies 

are high with the above mentioned combinations, the cost of Nafion and Pt are 

major concerns. Hydrogen is utilized as the anodic fuel and it combines with 

oxygen ions on the cathode to form water. There is some amount of waste heat 

generated but this is useless unlike SOFCs. The product water logs on the 

membrane and this reduces its efficiency. And it is important that the gases have 
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to be humidified before letting them in. A simple diagram of a PEMFC is 

presented in Fig.6. The final reactions are given below: 

2H2  2H++ 2e- (Anode) 

2H+ + 0.5O2 + 2e-  H2O (Cathode) 

2H2 + 0.5O2  H2O (Overall) 

 

 

Fig 6. Proton Exchange Membrane Fuel Cells [10] 

1.3.6 Direct Methanol Fuel Cells (DMFCs)  

This is another type of low temperature Fuel Cell, that derives its name from the 

fuel supplied to it and as the name implies, methanol is fuel [4]. The operating 

principle is similar to PEMFC and it can work with polymer electrolytes too.  

Though using hydrogen directly evolves good results, the storage of hydrogen is 

not an easy task. The net energy density of methanol is high and this enables its 

storage in a less complicated manner. Water and methanol is fed as fuel and 

hydrogen ions and carbon dioxide (CO2) evolve as products at the anode. Carbon 

(embedded with catalysts such as Pt and Ruthenium (Ru)) are utilized on the 

electrode surfaces. The CO2 evolved has a risk of poisoning the Pt catalyst at the 

anodic region. However it is hard to compromise with Pt due to the concern of 

efficiency. Hence a mix of Pt and Ru) is utilized as the anodic catalysts to minimize 

poisoning. A simple diagram of a DMFC is presented in Fig.7. 
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The equations for DMFC are given below: 

CH3OH+H2O  CO2 +6H++6e- (Anode) 

6H+ +1.5O2 +6e-  3H2O (Cathode) 

CH3OH+1.5O2  CO2+2H2O (Overall) 

 

 

Fig 7. Direct Methanol Fuel Cells [10] 

1.3.7 Biofuel Cells (BFCs) 

This is an interesting type of fuel Cell that works on less expensive fuels that are 

eco-friendly in nature. As the name suggests, these utilize bio compatible 

molecules for generating current. Biofuel cells are generally divided into two 

categories.  

They are  

 Microbial Fuel Cells 

 Glucose Fuel Cells 
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Microbial Biofuel Cells : 

This type of fuel cell involves the use of biocatalysts such as algae from 

wastewater for generating power [11]. The water is usually taken from a lake or 

other bodies rich in microbes. A proton exchange membrane is used as 

electrolyte. Graphite plates (with loaded catalysts) could be used as electrodes. 

The anode block is immersed completely in the microbial water and the cathode 

block is left facing to breathe oxygen. A simple diagram of a Microbial Biofuel Cell 

is presented in Fig.8. 

 

 

Fig 8. Microbial Fuel Cells[11] 

Glucose Biofuel Cells: 

The working of the glucose fuel cell is almost close to a microbial fuel cell, except 

for the fact that a solution of glucose is used as the anodic fuel instead of 

microbial water. Carbon/Nano dimensional structures of carbon act as electrodes 

and the catalysts are deposited on them to improve the performance. A solid 

polymer membrane could be used as the electrolyte. The glucose biofuel cells 

could be classified as enzymatic glucose fuel cells and non enzymatic fuel cells 

based on the catalysts embedded on them. In non enzymatic fuel cells, metallic 
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catalysts are used as catalysts. It is quite important that that the catalysts aid in 

the oxidation of glucose and reduction of oxygen at the cathode and anode 

respectively. Pt/Au and Pt/Pd are common examples [12]. On the other hand, the 

enzymatic fuel cells utilize enzymatic catalysts on the anodic and cathodic 

surfaces; with the same functions as mentioned above. Glucose Oxidase is an 

extremely common enzymatic catalyst [13]. Biofuel Cells could be an interesting 

source of power supply as the fuel cost is extremely minimal. The equations 

corresponding to a glucose fuel cell is given below: 

Anode:        C6H12O6 + H2O  C6H12O7 + 2H+ + 2e- 

Cathode:    0.5O2 + 2H+ + 2e-  H2O 

Overall:      C6H12O6 +0.5O2  C6H12O7 

 

1.4 Objectives 

This thesis aims at fabricating a novel and low cost glucose biofuel cell, right from 

the fabrication of the respective components and the required nanomaterials. 

Incorporating the idea of utilizing green chemistry is one important objective. 

The main motive is to incorporate the concept of nanotechnology to develop 

eco-friendly power generation sources fuelled by biocompatible molecules, that 

could power implantable biological sensors and devices. 
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2. Experimental  

2.1 Fabrication of Membrane 

The solid polymer membrane is the electrolyte in this glucose fuel cell (GFC). 

PVA/PAA (Polyvinyl Alcohol/Poly Acrylic Acid) is the solid electrolyte that serves 

as the proton exchanger in our experiment. The protocol has been designed 

based on the previous work on the membrane with slight changes in the 

experimental procedures [14]. The molar ratio of the PVA:PAA was maintained at 

10:9.5. The detailed procedure of the preparation is described below: 

2.1.1 PAA solution preparation 

Acrylic acid (AA) monomer is dissolved in sufficient quantity of deionized water 

and then mixed with 1wt. %(with respect to AA monomer) triallylamine  (TAA) 

cross linker. This mixture is heated at 60 oC in a reflux for 15 hours with 

continuous magnetic stirring. Later, 2.3 mol% (with respect to AA monomer) of 

Potassium Hydroxide (KOH) is added to the solution.  

2.1.2 PVA solution preparation 

100mL of deionized water is heated at 70 oC on a reflux. 4.7 g of PVA 

powder/crystals are slowly added to the heated water under continuous 

magnetic stirring. Care should be taken that the powder/crystals do not slip 

down quickly to avoid the formation of PVA chunks. This solution is left for 

around two hours to ensure that the PVA powder/crystals are well dispersed in 

the solution.  

2.1.3 PVA/PAA membrane preparation 

PVA solution is mixed with the prepared PAA solution in the molar ratio of 10:9.5 

and then heated in a reflux at 90oC under continuous magnetic stirring. 10wt% 

(with respect to AA monomer) of  Potassium Peroxy disulphate (K2S2O8) initiator 

is added to it and heating is continued for about two hours. The resulting mixture 

is placed in an oven for 15 hours to suck the excess water. The solidified hard 

structure is obtained as a result of this. This hard structure is immersed in 34 wt 

% KOH solution for 24 hours. It is seen that the hard solid structure has now 

detached from the glassy surface. The resulting flexible polymer membrane is 
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then taken out and washed with deionized water. The water droplets are then 

removed by wiping its surface with semiconductor quality wipers. Further, it is 

stored in a desiccator for 24 hours to remove excess moisture. The trials carried 

out using crystal and powdery forms of PVA lead to the formation of two 

structurally different types of membranes. These are classified as Type I and Type 

II (for the convenience of understanding) and their performances are studied. 

The pictures of the PVA/PAA membranes could be found in Fig.9.               

 

   

Fig 9. PVA/PAA membranes 

 

2.2 Fabrication of Electrodes 

Carbon is usually the preferred candidate for electrodes in low temperature fuel 

cells such as PEMFC and DMFC. It is also utilized as electrode materials (anode 

and cathode) in our GFC. Carbon can be utilized in different structures such as 

cloths, blocks or even nano forms of carbon such as graphene, Carbon Nanotubes 

(CNTs) and mesoporous structures. The mechanical properties corrosion 

resistivity and good electrical conductivity make carbon well suited for our 

applications. Our focus was on fabrication of GFCs utilizing low cost materials . 

Carbon cloth was hence preferred due to its quick availability in the lab. The 

efficiency is, however, expected to be low compared to that of the blocks. In 

addition to it, catalysts are used to activate the reduction and oxidation process 

at the anodic and cathodic sites. Platinum is extensively used as catalysts  in 

PEMFC [4]. The efficiency of Platinum is quite high but its price is a major 

drawback. It is very much necessary to use the catalyst at nano sizes to increase 
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the surface area. Smaller sizes leads to larger surface areas. In our GFC, we have 

used gold (Au) and silver (Ag) nanoparticles as catalyst. Though trials on Au [15] 

and Ag [16] as nanocatalysts has been experimented earlier as cathode and 

anode materials with different combinations, this is the first attempt of involving 

these combination in a GFC. Though Au does not support oxidation, there are 

studies showing that Au NPs are used as nanocatalysts for the purpose of 

reducing hydrogen [29]. Moreover, oxygen is more preferred by Ag and it does 

not entertain glucose activation [16]. The catalysts are prepared by the reduction 

method. The traditional methods of reducing gold and silver follows the use of 

reducing agents such as Sodium Citrate or Sodium Borohydride on HAuCl4 and 

AgNO3 precursors [17].  In this thesis, we utilized the concept of green chemistry 

to reduce precursors to metallic nanoparticles. The technique, however, is not 

explicitly described in this thesis due to confidentiality reasons. 

 

2.2.1 Preliminary steps of electrode preparation (common for both cathode and 

anode) 

The initial steps for the oxidation of carbon cloth is followed from the earlier 

procedures [18]. The activated carbon cloth (ACC) is commercially purchased. This 

is then cut into desired area of 4cm2 and then rinsed in deionized water. It is 

cleansed with deionized water and dried at 100oC in an oven and then immersed 

in 20% solution of nitric acid (HNO3) for 40 hours. It is then washed with deionized 

water and then dried at 60oC. This is done with a notion of creating functional 

group of oxygen on the cloth. Hence it is termed as Oxidized Activated Carbon 

Cloth (OACC). OACC(as shown in Fig.10) is now ready for catalyst impregnation. 
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Fig 10. Oxidized Activated Carbon Cloth used as cathode and anode 

 

2.2.2. Anode and Cathode preparation 

The gold and silver nanoparticles are prepared by the reduction of respective salts 

(method not explained here) and the OACCs are dipped into the colloidal solution. 

Weak sonication is involved to ensure that the cloth is well immersed into it.  

OACCs are left for 24 hours and then taken out and dried at 100oC in an oven. 

Catalyst impregnated OACCs are left to cool to room temperature and is now 

ready to be tested. The pictures of the Au NPs and Ag NPs colloidal solution is 

displayed in Fig.11 and the OACC dipped in it is shown in Fig.12.  

  

Fig 11. Colloidal solutions of Au Nanoparticles (left) and Ag nanoparticles (right) 
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Fig 12. Carbon cloth immersed in Au Nanoparticles (left) and Ag nanoparticles (right) 

 

 

 

2.3 Membrane Electrode Assembly (MEA) 

The anode, the Membrane and the Cathode are then attached together to form a 

sandwiched structure. This is considered to be the skeletal structure of our fuel 

cell. The sandwich structures are classified into two types. 

 

 

2.3.1.  Type 1:With Hot Press 

The Membrane is placed between the anode and the cathode in a sandwich 

assembly and wrapped with a Teflon paper. This is placed in a hot press machine. 

A pressure of 5 tons is applied at a temperature of 75oC. The membrane acts as a 

binder and binds the assembly together. The resulting sandwiched structure is the 

Membrane Electrode Assembly (MEA); as shown in Fig.13. 
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Fig 13. Hot pressed MEA 

2.3.2.  Type 2 :Without  Hot Press 

This is a simple method in which the membrane, cathode and anode are 

assembled together without the hot press. The cathode, membrane and anode 

are not permanently bound and could be separated. The pictures of the MEAs 

without hot press can be seen in Fig.14. 

 

  

 

Fig 14. MEA without hot press 
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2.4 Validation of Biofuel Cells 

The MEA is fabricated and now ready to be tested. Two stainless steel current 

collectors are placed on either sides of the electrodes. A plexiglass provides 

mechanical  support to the skeletal system. An opening of 4cm2 area is provided 

on the cathode side to expose it to oxygen. The final assembled version of our 

glucose biofuel cell can be found in Fig.15. This is then well immersed in a solution 

with glucose concentration of 400mg/dL water. Compressed air is then pumped 

into the solution through a tube as oxygen supply. The measuring setups can be 

seen in Fig. 16 and Fig.17. The Open Circuit Voltage (OCV) and Short Circuit 

Current (SCC) are then measured. This is followed by a load test involving various 

resistors of values 10kΩ, 100kΩ, 1MΩ and 100MΩ and the values are tabulated. 

Type I membrane was further tested with 200mg glucose dissolved in 1dL water. 

The thickness of Type I and Type II membranes are measured using a digital 

vernier calipers.  

 

 

  

 

Fig 15. Complete setup of Glucose Fuel Cell facing the cathode side (a), anode side (b) 
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Fig 16. (a)OCV measurement, and (b) SCC measurement 

 

    

 

Fig 17. (a)  Resistors on bread board for load test measurements, (b) Measuring Voltage, and (c) Current 
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3. Characterization  
 

3.1 Scanning Electron Microscopy (SEM)  

Scanning Electron Microscopy (SEM) [19] is a characterization tool used to study  

microstructure and morphology. Unlike the normal microscopes, SEM utilizes an 

electron beam instead of a light source. Instead of the commonly used lenses, 

electromagnetic combination of lenses are utilized for magnification. The 

electrons beams are shot out with an electron gun and the entire system is 

operated in vacuum. The samples must hence be conductive or to be made 

conductive to serve this purpose. As the name suggests, the image is obtained by 

scanning the surfaces of the sample .  

When the electrons strike the sample, electrons and X-rays are ejected out. These 

are detected by different types of detectors placed at different spots. The 

backscattered electrons are detected by in lens detectors, the secondary 

electrons by secondary electron detector and X-rays by EDX detector. The parts of 

the SEM can be seen in Fig. 18. 

 

Fig 18. Scanning Electron Microscope [19]               
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3.2 Ultra Violet Visible Spectroscopy (UV-Vis) [20] 

UV-Vis Spectrometer utilizes the combination of both visible light source and ultra 

violet light source. Absorbance is detected by measuring the intensities of light 

before and after passing through the sample [20]. There are two cuvettes: 

 Reference 

 Sample 

The light enters these cuvettes as reference and sample beams. This is caused by 

the splitting of light by different arrangements of mirrors as shown in the fig. 19. 

The variation of the light sources are done by utilizing a prism. The entrance of 

light is controlled by a slit. The beams are detected by electronic detectors and 

then recorded. The reference is usually the solvents with which the solutions are 

made. 

 

 

Fig 19. Arrangement in a UV-Vis Spectrometer [20]               

 

 

 



25 
 

3.3 Thermal Gravimetric Analysis (TGA)  

TGA is a method used to determine a materials thermal stability of a material by 

heating [21]. The heat degrades the material and the percentage of weight loss is 

studied in every step of temperature rise. The volatile substances evaporates due 

to the rise in temperature. This is carried out either in an atmosphere of air or 

nitrogen (with a small percentage of oxygen) or inert gases. The two types of 

balances are horizontal and vertical and the one involved in our study is vertical. It 

is important to tare or balance the sample pan before the start of the experiment. 

The range and rate of increase in temperatures and the type of operating 

atmosphere required can be chosen according to our convenience. The results are 

displayed in the form of a graph with temperature (oC) on the x axis and weight 

change (%) on the y axis. The block diagram of TGA can be seen in Fig. 20. 

 

Fig 20. Thermal Gravimetric Analysis [22] 

  

3.4 Differential Scanning Calorimetry (DSC)  

This instrument uses the concept of heating involved comparison with a sample 

as well as a reference pan and almost close to TGA is used to analyse the thermo 

physical property of a polymer [23]. This is called as Differential Scanning 
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Calorimetry or DSC. Glass transition Temperature (Tg) and the Melting 

temperature (Tm ) are two important characteristics that can be observed.  

In a DSC, the heat required to increase the temperature in the case of both the 

sample as well as the reference are measured as a function of temperature. It is 

important that both of these to be maintained at similar temperatures 

throughout the experiment. The DSC operates in the range of -180oC – 1200oC. 

The samples are weighed in pans, sealed before loading into the instrument. An 

empty reference pan is also sealed and weighed before loading. The heating rate 

per minute and range is also specified. The results that we require are plotted in 

the form of a graph with Temperature (oC) on the x axis and heat flow(W/g) on 

the y axis. The block diagram of DSC is shown in Fig. 21. 

 

Fig 21. Differential Scanning Calorimeter [24] 

 

3.5 Inductively Coupled Plasma (ICP) Optical Emission Spectroscopy (OES)   

The ICP OES(as shown in fig. 22) is a characterization utilized to determine the 

concentration of various metallic and non-metallic concentrations [25]. The 

concentrations in the order of 1015 can also be detected at precise levels. As the 

name suggests, an atmosphere of plasma is utilized to serve the purpose. The 

plasma is stored in a torch and is pumped on to the sample. When the atoms get 

excited, they move to higher energy positions. They then return to lower energy 
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positions with certain amount of emissions. The emission spectrum corresponds 

to a particular spectra of a photon wavelength. The element type and content are 

thus identified by the position and intensity of the photon rays. One or more 

reference standards are utilized for the purpose of calibration.  

 

 

 

Fig 22. Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) [25] 



28 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 
 

4. Results and Discussions 
 

4.1 Anode (Au NPs on a Carbon cloth) 

The Au nanoparticles were prepared and OACC was immersed in it. The UV-Vis 

analysis was performed for the solution before and after the immersion of  OACC. 

It is seen that both show absorption at around 537nm. From the literature [26], 

we get to understand that the size of a Au Nanoparticle is around 10nm at this 

wavelength. While analyzing the combined UV-Vis spectra in Fig. 23, we see that 

the absorption of the solution before the immersion of the carbon cloth is 0.59AU 

and it  reduces to 0.53AU after immersing the carbon cloth.  

 

 

Fig 23. UV Vis Spectra of Au NP before and after immersing the carbon cloth. Inset: Magnified view of 

the area displaying the difference in absorption. 

 

The SEM micrographs in Fig.24  show the deposition of Au NPs on the carbon 

cloth. The deposition is not very uniform as some agglomerated particles are 

visible in Fig. 24c. The size of the Au NPs measured from Fig. 24d is in the range of 

8nm to 13nm.  
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 Fig 24. SEM images of Au NP on Carbon cloth, a) and b) A view of the catalytic deposition on the carbon 

fibre. c) Agglomerated Au NPs d) Variable sizes of Au NPs on Carbon cloth. 

  

The ICP analysis were performed to determine the concentration of Au NPs 

before and after immersion of the carbon cloth, which was then used to estimate 

the concentration of Au NPs adsorbed on the carbon cloth. The ICP shows about 

10% adsorption of Au nanoparticles on the surface of the carbon cloth. 

Considering the fact that the nanoparticles are adsorbed on the surface of the 

carbon cloth with area 4cm2, and considering the average diameter of  Au 

nanoparticle is 10nm (from UV Vis data), the number of nanoparticles adsorbed 

on the carbon cloth is approximated around 2.76x1011particles/cm2.   

a

 

b

 

c

 

d

=
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Au is an inert element which is the most important property of a catalyst [28]. Au 

NPs are well suited catalyst for glucose oxidation. Carbon is a good electrical 

conductor and is available in different physical structure. Au NP catalysts would 

enhance the oxidation of glucose and hence these were loaded on the carbon 

cloth with the aim of fabricating a required electrode. Moreover, the 

comparatively lower costs of these materials are other notable factors. The graph 

of UV Vis spectroscopy in Fig.23 displays a low adsorption on carbon cloth. The 

low absorption is clearly seen in the ICP measurements and it is visible in the SEM 

images in Fig. 24. 

4.2 Cathode (Ag on Carbon Cloth) 

The Ag NP colloidal solution were prepared and OACC was immersed in it. The 

UV-Vis spectrum of the solution before and after immersion of OACC was then 

analysed. It is seen from Fig. 25 that an absorption at around 311nm and a small 

deviation at around 340nm in Ag NP colloidal solution before immersing the 

carbon cloth, which is quite typical for a Ag NP of 5nm [27]. The absorption at two 

different wavelengths could be due to the agglomeration of Ag NPs.                                                                                              

 

Fig 25. UV Vis Spectra of Ag NP before and after immersing the carbon cloth 
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The Fig. 26 displays the SEM images of impregnation of Silver Nanoparticles on 

OACC. Like the Au NPs, the Ag NPs are randomly distributed and agglomerated 

too. But the dispersion looks comparatively better than Au NPs. The size range of 

the nanoparticles from Fig. 26d is in the range of 4nm to 8nm 

 

                                                                                                  

   

Fig 26. SEM images of Ag NP on Carbon cloth, a) and b) An overview of deposition of catalytic NPs on the 

carbon fibre. c) and d) Closer view of Ag NP deposition on carbon cloth.  

 

The ICP analysis was performed to determine the concentration of the Ag 

nanoparticles before and after immersion of the carbon cloth, which was then 

used to estimate the concentration of adsorbed Ag NPs on the carbon cloth. The 

a

dc

b
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ICP shows about 70% adsorption of Ag nanoparticles on the surface of the carbon 

cloth. Considering the fact that the nanoparticles are adsorbed on the surface of 

the carbon cloth with area 4cm2, and considering the diameter of a Ag 

nanoparticle is 4nm(from UV Vis), the number of nanoparticles absorbed on the 

carbon cloth is estimated as 7.7x1014particles/cm2.  

It is known that Ag NPs are ideal catalysts at reducing the oxygen at the cathode. 

It can be adsorbed that the catalyst loading at the cathode is more than that of 

the anode. This is because the catalytic role in reduction of oxygen is a critical 

factor. The electrical conductivity of the carbon cloth and the inexpensiveness of 

the catalysts makes it a perfect candidate for a cathode. 

  

4.3 Analysis of the electrolyte membrane 

The TGA thermograms of Type I and Type II membranes are displayed in Fig. 27 

and Fig. 28, respectively. 

 

Fig 27. TGA thermogram of Type I membrane 

 

From Fig. 27 a 10% loss of water is observed in the initial phase up to 219 oC. PAA 

and PVA degradation is visible in two steps. PAA decomposition occurs between 
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219 oC and 292 o C resulting in 38% and the PVA decomposition occurs between 

292 oC and 484 oC resulting in 25% decomposition. The final decomposition of 

27% is the backbone of the polymer. It is strong enough and requires higher 

temperatures to break down. There is about 22% residual char at 680 oC. 

   

 

 

Fig 28. TGA thermogram of Type II membrane 

 

The nature of the TGA graph of Type II membrane in Fig. 28 is almost similar to 

that of Type I membrane. There are however minute changes in the percentage of 

weight loss and temperature. A water loss of 13% occurs up to 186 oC. PAA 

decomposes at 30% between 186 oC and 290 oC range of temperature and PVA 

upto 510 oC leading to 27% of the weight loss. The decomposition of the polymer 

backbone results in the final 30% of the weight loss. There is about 23% residual 

char at 680 oC. 
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The DSC analyses were performed on both the types of membranes fabricated 

and their thermograms are represented in Fig.29 and Fig.30 respectively. Graphs 

are plotted with temperature on X axis and heat flow on the y axis.   

From the heat flow vs. temperature graph in Fig.29, we notice that the glass 

transition temperature Tg of  Type I membrane is around 176oC and its melting 

temperature Tm is around 227oC.  

 

 

 

Fig 29. DSC thermogram of Type I membrane 

 

The heat flow vs. temperature graph in Fig. 30 displays the DSC graph of Type II 

membrane. It is seen that the glass transition temperature Tg is 165oC and the 

melting temperature Tm is 215oC. 
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Fig 30. DSC thermogram of Type II membrane 

The thickness of Type I and Type II membranes measured using a digital vernier 

calipers is 280 µm and 240 µm respectively. 

While comparing the TGA graphs of the two membranes, it is seen that it is that 

the decomposition weight percentage is almost similar in both the types. The DSC 

analysis shows that the glass transition temperature of Type I membrane is 11 oC 

higher than Type II membrane and the melting temperature of Type I membrane 

is 12 oC higher than Type II. Type II membrane is 40 µm thinner than Type I 

membrane. The difference could have aroused from the process involved in 

fabrication. 

4.4 Load Test on the Glucose Fuel Cell (GFC) 

Glucose fuel cell with 400 mg/dL Glucose Concentration (Type I membrane): 

The fabricated glucose fuel cell with Type I membrane (hot pressed MEA) was 

immersed in water that contained 400 mg/dL glucose. The Open circuit Voltage 

(OCV) was determined as 117 mV and the Short Circuit Current (SCC) measured 
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around 1.1µA. The load test was carried out with resistors measuring 10kΩ, 

100kΩ 1MΩ and 10MΩ respectively and the results are noted in Table I. The IV 

characteristics and Current Vs. power curve are displayed in Fig.31. and Fig.32 

respectively.  

Table I: Load test on a GFC with glucose concentration of 400 mg/dL (Type I 

membrane) 

Voltage (mV) Current (µA) Resistance (kΩ) Power (nW) 

8.8 1 10 8.8 

45 0.4 100 18 
73 0.073 1000 5.329 

110 0.01 10000 1.1 
 

 

Fig 31. VI characteristics of a GFC with glucose concentration of 400 mg/dL (Type I membrane) 
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Fig 32. Power vs. Current curve of a GFC with glucose concentration of 400 mg/dL (Type I membrane) 

 

Glucose fuel cell with 200 mg/dL Glucose Concentration (Type I membrane): 

The fabricated glucose fuel cell with Type I membrane (hot pressed MEA) was 

immersed in water that contained 200 mg/dL glucose. The Open circuit Voltage 

(OCV) was determined as 69.6 mV and the Short Circuit Current (SCC) measured 

around 0.5µA. The load test was carried out with resistors measuring 10 kΩ, 100 

kΩ, 1 MΩ and 10 MΩ respectively and the results are noted in Table II. The VI 

characteristics and Current Vs. power curve are plotted using origin and can be 

found in Fig.33. and Fig.34.  
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Table II: Load test on a GFC with glucose concentration of 200 mg/dL (Type I 

membrane) 

Voltage (mV) Current (µA) Resistance (kΩ) Power (nW) 

3.5 0.4 10 1.4 
19 0.3 100 5.7 

51.1 0.0511 1000 2.6 
66 0.0066 10000 0.44 

 

 

Fig 33. IV characteristics of a GFC with glucose concentration of 200mg/dL (Type I membrane) 
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Fig 34. Power vs. Current curve of a GFC with glucose concentration of 200 mg/dL (Type I membrane) 

 

Glucose fuel cell with 400 mg/dL Glucose Concentration (Type II membrane): 

The fabricated glucose fuel cell with the Type II membrane was immersed in 

water that contained 400mg/dL glucose. The Open Circuit Voltage (OCV) was 

determined as 151 mV and the Short Circuit Current (SCC) measured around 2.2 

µA. The load test was carried out with resistors measuring 10 kΩ, 100 kΩ, 1 MΩ 

and 10 MΩ respectively and the results are noted in Table III. The VI 

characteristics and Current Vs. power curve are plotted using origin and can be 

found in Fig.35. and Fig.36.  
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Table III: Load test on a GFC with glucose water concentration of 400 mg/dL 

(Type II membrane) 

Voltage (mV) Current (µA) Resistance (kΩ) Power(nW) 

4.3 0.8 10 3.44 
44.1 0.4 100 17.64 

132.5 0.1 1000 13.25 
147.5 0.015 10000 2.2125 

 

 

 

Fig 35. VI characteristics of a GFC with glucose water concentration of 400mg/dL (Type II membrane) 
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Fig 36. Power Vs. Current curve of a GFC with glucose water concentration of 400 mg/dL (Type II 

membrane) 

 

It is seen that the Glucose Fuel Cell (GFC) with Type II membrane generates more 

power than the Type I membrane. The difference in thickness is assumed to be 

the prime factor behind the improved performance.  

 

 

 

 

 



43 
 

5. Conclusions 
 

The three layered Glucose Fuel Cell (cathode, electrolyte and anode) has been 

fabricated with and without the hot press process. Au and Ag NPs are utilized as 

anodic and cathodic catalysts. Two types of membranes have also been fabricated 

and are named as Type I and Type II for the ease of understanding. The 

performances of the GFCs with a glucose concentration of 400 mg/dL. The hot 

pressed version was also studied with 200 mg/dL glucose. The open circuit 

voltages (OCV) of Type I membranes measured about 117 mV under glucose 

concentrations of 400mg/dL glucose and it dropped down to 69.5 mV in 200 

mg/dL glucose. The corresponding short circuit current (SCC) were 1.1 µA and  0.5 

µA respectively. The OCV in Type II membrane measured 151 mV and SCC around 

2.2 µA. The IV curves  and the power curves are plotted after conducting load 

tests on all versions of GFCs. The SCC is seen to have doubled in the Type II 

membrane and the OCV has also increased; causing an increase in the power 

generated . Although the DSC and TGA analysis of both types of membranes do 

not reveal much information, the Type II membranes that are 40 µm thinner than 

the Type I membrane showed an overall improved performance for power 

generation.  

To sum it all, a fuel cell that runs on biocompatible glucose molecules was power 

source was fabricated and its performances were studied. Principles of 

nanotechnology were successfully incorporated in colloidal reduction of Au and 

Ag nanoparticles and in the surface modification of carbon cloth for electrode 

fabrication. Involving the concept of green chemistry for bio catalysis and the 

novel combination of utilizing Au NPs and Ag NPs as anodic and cathodic 

catalysts in the GFC adds value to this work. The PVA/PAA membrane acts as an 

ionic conductor separates the two electrodes. Though the power generation is in 

levels of nW, it is considered as a promising source since the current system was 

not optimized for high power outputs. This is however proposed for the future 

works.   
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6. Future Works 
 

Though the power delivered by this fuel cell is quite low, there are ways by which 

the conductivity could be improved further. Using additional catalysts such as 

graphene along with the Au and Ag nanoparticles are planned. Apart from that, 

we have planned to carry out trials on enzyme based catalysts for our future 

works. The membranes could be made thinner than 240 µm. A combination of 

these could increase the performance of the fabricated GFC. 
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