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Abstract 
Due to the global energy crisis and climate change, overexploitation of fossil fuels, and 

emission of greenhouse gases, developing sustainable and environmentally friendly 

energy conversion technologies are becoming a feasible and efficient solution. Biological 

power sources (BPSs) that can produce electrical power from renewable fuels by catalysis 

or conversion from solar energy using biodegradable biocatalysts, have therefore captured 

researchers’ interest. The aim of this Ph.D. project is to fabricate BPSs by employing 

enzymes or proteins as catalysts to convert chemical energy directly to electrical energy 

or to store electrical charge. 

In this project, we have synthesized graphene paper (GP) electrodes by assembling 

graphene oxide (GO) nanosheets into paper-like architecture, followed by reduction to 

form layered and cross-linked networks of reduced GO with good mechanical strength, 

high conductivity and little dependence on the degree of mechanical bending. 

Subsequently, the GP electrodes served as both a current collector and an enzyme loading 

substrate that can be used directly as bioanode and biocathode in two kinds of 

electrochemical systems: EBFCs and hybrid bioelectrochemical systems. 

The first application of the as-prepared GP electrodes was to assemble glucose/dioxygen 

EBFCs. Pyrroloquinoline quinone dependent glucose dehydrogenase (PQQ-GDH) and 

bilirubin oxidase (BOx) adsorbed on the GP electrodes both retain their biocatalytic 

activities. Electron transfer (ET) at the bioanode required Meldola blue (MB) as an ET 

mediator to shuttle electrons between PQQ-GDH and electrode, but direct electron 

transfer (DET) at the biocathode was achieved. The resulting EBFC displayed notable 

mechanical flexibility, with a wide open circuit voltage range up to 0.665 V and maximum 

power density of approximately 4 µW cm-2. These are both fully competitive with reported 

values for related EBFCs, and with the mechanical flexibility and facile enzyme 

immobilization as novel merits. 

The second application of the as-prepared GP electrodes was in a membrane-free hybrid 

bioelectrochemical system that integrated an energy converting part, viz. a 

glucose/oxygen EBFC, with a charge-storing component, in which the redox properties of 

the immobilized redox protein cytochrome c (cyt c) were utilized. BOx and PQQ-GDH were 

employed as the biocatalysts for dioxygen reduction and glucose oxidation, respectively. 

A bi-protein PQQ-GDH/cyt c signal chain was created that facilitated electron transfer 

between the enzyme and the electrode surface. The assembled supercapacitor/biofuel cell 

hybrid biodevice displayed 15 times higher the power density tested in the pulse mode 
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compared to the performance achieved from the continuously operating regime (4.5 and 

0.3 µW cm-2, respectively) with an 80% residual activity after 50 charge/discharge pulses. 

This can be considered as a notable step forward in the field of glucose/oxygen membrane-

free, biocompatible hybrid power sources. 
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Abstract - Danish 
Den globale energikrise, klimaændringerne, overforbrug af fossile brændstoffer og 

udledning af drivhusgasser har nødvendiggjort udvikling af ny miljøvenlig og bæredygtig 

energikonverteringsteknologi. Her har biologiske energikilder (BEK), der kan producere 

strøm ved katalyse af grønne brændstoffer eller ved konvertering af solenergi med 

biologisknedbrydelige biokatalysatorer, senest været genstand for stor videnskabelig 

interesse. 

Målet for dette ph.d. projekt har været at fabrikere BEK’er ved hjælp af enzymer, der 

fungerer som katalysatorer til omdannelse af kemisk energi direkte til elektrisk energi. I 

projektet har vi synteseret grafenpapir (GP) elektroder ved at samle grafenoxid (GO) 

nanoflager i en papiragtig struktur, som er blevet reduceret for at danne lagdelte og 

krydslinkede netværksstrukturer af grafen (reduceret grafenoxid) med god mekanisk 

styrke, høj ledningsevne og fleksibel struktur. Efterfølgende er GP-elektroderne blevet 

brugt som strømopsamler og som enzymbærer, der kan fungere både som bioanode og –

katode i to forskellige elektrokemiske systemer: enzymatiske biobrændselsceller (EBBC) 

og hybride bioelektrokemiske systemer. 

Den første anvendelse af det fremstillede GP var til glukose/ilt EBBC’er. Når 

pyrroloquinoline quinonholdigt glucose dehydrogenase (PQQ-GDH) og bilirubin oxidase 

(BOx) adsorberes på GP-elektroderne, bibeholder de begge deres biokatalytiske aktivitet. 

Elektronoverførsel ved bioanoden fandtes at afhænge af tilstedeværelsen af Meldolablåt 

(MB) som mediator til at overføre elektroner fra PQQ-GDH til elektroden, men ved 

biokatoden blev der opnået direkte elektronoverførsel. Den resulterende EBBC udviste 

bemærkelsesværdig mekanisk fleksibilitet med en åben kredsløbsspænding på op til 

0,665 V og en maksimal strømtæthed på cirka 4 µW cm-2, begge resultater er 

sammenlignelige med publicerede værdier for lignende EBBC’er, men den mekaniske 

fleksibilitet og nemme immobilisering af enzymerne er nyskabende. 

Den anden anvendelsesmulighed for GP var i et membranfrit ”hybridbioelektrokemisk” 

system baseret på en glukose/ilt brændselscelle som energikonverteringsenhed, hvor 

redoxegenskaberne fra immobiliseret cytochrom c (cyt c) blev udnyttet. BOx og PQQ-GDH 

blev brugt som biokatalysatorer til reduktion af ilt og oxidation af glukose. Et biprotein 

til PQQ-GDH/cyt c blev fremstillet for at lette elektronoverførslen imellem enzymet og 

elektrodeoverfladen. Den færdige superkapacitor/biobrændselscelle hybrid gav næsten 15 

gange højere strømdensitet i ’pulse-mode’ end ved kontinuert operation (henholdsvis 4,5 



VI 

og 0,3 µW cm-2) med 80% aktivitet efter 50 opladnings/afladningscykler. Dette er et klart 

fremskridt inden for glukose/ilt biokompatible hybridstrømkilder uden membran. 
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Outline 
The thesis is structured in six chapters. The general descriptions of each of the chapters 

are presented here. 

 Chapter 1 gives a general introduction to biological power sources, including their

categories, working principles and perspectives.

 Chapter 2 summarizes methodology and techniques used in this thesis for the

characterization of electrode materials and for the performance evaluation of

biological power source devices.

 Chapter 3 describes the synthesis, characterization and electrochemical behavior of

graphene paper electrodes.

 Chapter 4 describes the fabrication of glucose/oxygen enzymatic biofuel cells. The

enzymes and mediator used in the biofuel cells are introduced. The catalytic processes 

at anode and cathode are discussed in detail. The performance of the enzymatic

biofuel cells was tested and compared to other published work.

 Chapter 5 describes a hybrid bioelectrochemical system that integrates an

enzymatic biofuel cell for energy conversion with a supercapacitor for charge-storing.

The energy conversion and energy storage processes are discussed.

 Chapter 6 gives the conclusions for the entire Ph.D. thesis.
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Motivation 

The depletion of fossil energy and the increase in energy demand drives us to develop new 
energy conversion technologies (ECTs) and energy storage systems (ESSs). 

Electrochemical techniques are considered as one of several efficient ways to produce and 
store energy. At present, commonly used electrochemical energy devices are presented in 

a so-called Ragone plot [1], which displays the performance comparison of various energy-
storing devices including batteries, fuel cells, supercapacitors (or ultracapacitors) and so 
on. The energy densities and power densities of these devices are presented in the graph. 

Ragone plot for various energy storage and conversion devices [1]. 

Among a wide range of energy conversion and storage devices, biological power sources 
(BPSs), including biofuel cells and biosupercapacitos, have emerged in recent years. BPSs 
can produce electrical power and store charge resting on renewable and biodegradable 

enzymes or proteins in physiological operation conditions, and have therefore attracted 
increasingly intense research attention [1,2]. 

This project is focused on developing two types of BPSs, a classic enzymatic biofuel cell 
(EBFC) and an enzymatic supercapacitive biofuel cell (ESBC or also called a 
biosupercapacitor), and investigating the electrochemical energy conversion and storage 

processes. Pyrroloquinoline quinone dependent glucose dehydrogenase (PQQ-GDH) and 
bilirubin oxidase (BOx) were employed as the biocatalysts for glucose oxidation at the 

anode and dioxygen reduction at the cathode, respectively. Two different electron transfer 



XI 

pathways were established with different mediators (Meldola blue and cytochrome c) at 
the anode. Particularly, the redox protein cytochrome c was combined with the enzymes 

and exploited as charge storage component in a new type of biosupercapacitors. 
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Synopsis 

The main purpose this three-year Ph.D. project is to develop suitable electrochemical 

methods, which can produce renewable energy by using enzyme biocatalysts together 

with the new “wonder material” graphene. 

This Ph.D. thesis is composed of six chapters, which include introduction of research 

background, methodologies, experimental sections, results, discussion, and conclusions. 

In order to complete the project, I have under taken comprehensive literature review at 

the start of the project to understand what is bioelectrochemistry, how enzymes work and 

what has been done previously by using graphene in enzymatic biofuel cells (EBFCs). 

Afterwards, together with other fellow students X. Cao and D. Pankratov and supervisors 

J. Zhang and Q. Chi, I wrote a book chapter “Nanoengineering of graphene supported

functional composites for performance enhanced enzymatic biofuel cells” in the book titled

“Graphene Bioelectronics” published by Elsevier Inc. My contributions to the book chapter 

were to do the literature summarizing and to write the manuscript. The other co-authors

contributed figure captions’ modification, language polishing, manuscript submission,

and proof reading. This book chapter introduced working principles of EBFCs, the

application of graphene-based materials in EBFCs, immobilization methods of enzymes

onto graphene electrodes and current status of graphene supported EBFCs. With the

consent of my co-authors, chapter 1 in the thesis is constituted by 2/3 of the book chapter

together with an introduction of the concept of biosupercapacitors (BSCs) -- a novel type

of biological power sources (BPSs). Overall, Chapter 1 gives the research background as

well as perspectives of two BPSs systems, EBFCs and BSCs.

Chapter 2 offers a brief introduction of techniques mainly used in completing the 

experimental work. The basic working principles and instruments of those methodologies 

are listed, including atomic force microscopy (AFM), scanning electron microscopy (SEM), 

X-ray photoelectron spectroscopy (XPS), the four-point probe (FPP) conductivity, and

various electrochemical methods. AFM and SEM provide morphological characterization

of materials. AFM generally can only measure nanoscale materials and their thickness

(graphene), while SEM can apply to microscale materials (graphene paper). XPS and FPP

were used to measure the elemental components and conductivity of graphene paper,

respectively before and after reduction. Electrochemical methods are the dominant
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techniques throughout the project, and were used to characterize the catalytic properties, 

charge/discharge processes, stability, and other electrochemical behavior of BPSs. 

After the literature review, we found that most graphene electrode materials developed 

so far are rigid, which hinders the practical application of BPSs. Developing flexible, 

wearable and miniaturized power sources would offer a potential opportunity for BPSs to 

apply in personal medical devices or other low-power consuming devices. Together with 

supervisors and fellow students, we therefore decided to fabricate flexible and wearable 

electrode by using graphene material as for BPSs. The idea of fabricating graphene paper 

came from previous work in our group and published articles by other groups. The 

graphene papers previously prepared for use in non-biological systems, such as 

electrocatalytic sensors and supercapacitors are, however not suitable for enzyme 

immobilization due to the relatively weak electrochemical signals of biocomponents 

compared to inorganic materials. Further modification and optimization of graphene 

paper were therefore carried out in my project and constituted Chapter 3 in the thesis. 

The graphene paper was fabricated by assembling graphene oxide nanoflakes into paper-

like films, followed then by two reduction steps to form highly conductive and 

biocompatible electrode materials. Part of this chapter was included in the manuscript 

“Two-dimensional Graphene Paper Supported Flexible Enzymatic Fuel Cell” and 

submitted to Nanoscale Advances co-authored by D. Pankratov, A. Halder, M. D. Toscano, 

J. Zhang, J. Ulstrup, L. Gorton and Q. Chi. All the experiments, data analysis, and major

text writing were done by myself. D. Pankratov wrote part of the introduction. Other co-

authors offered discussion of the data, gave suggestions about data presentation, and

provided language polishing.

After having the new electrode materials available, the next step was to choose enzymes 

in order to design an EBFC. For the anode, flavin adenine dinucleotide dependent glucose 

oxidase (FAD-GOx) from Aspergillus niger and pyrroloquinoline quinone dependent 

glucose dehydrogenase (PQQ-GDH) from Acinetobacter calcoaceticus were tested after 

immobilization on the graphene paper electrodes. Neither enzymes showed any direct 

electron transfer (DET) with the electrodes. A mediator was thus needed to promote the 

electron transfer. As the most commonly used mediators, ferrocene and its derivatives, 

worked well with both enzymes. However, a challenge was that it was difficult to fix the 

mediators on the electrodes. After searching the literature, Meldola blue (MB), was 

selected as the mediator for nicotinamide adenine dinucleotide (NAD) or nicotinamide 

adenine dinucleotide phosphate (NADP) based dehydrogenases due to its fairly low redox 

potential. As MB contains several aromatic rings, it can also adsorb onto graphene paper 

Synopsis



3 

by π-π staking, solving in this way the mediator immobilization issue. We then tested MB 

with FAD-GOx and PQQ-GDH. Fortunately, MB can also work as mediator for these two 

enzymes. Finally, PQQ-GDH was chosen as the anodic enzyme due to its oxygen 

insensitive property.  

Four types of laccase from Myceliophthora thermophila (MtL), Coprinus cinereus (CcL), 

Streptomyces coelicolor (ScL) and Rhizoctonia solani (RsL) and one bilirubin oxidase 

(BOx) from Myrothecium verrucaria at the cathode were investigated. Among these, RsL 

and BOx have high redox potentials towards dioxygen reduction reaction (ORR), while 

MtL, CcL and ScL are low-potential copper metalloenzymes. Taking into account the 

voltage and power output of EBFCs, we further investigated the two high-redox potential 

enzymes. After immobilization onto the graphene paper, BOx was brought to display 

direct electron transfer with the electrode surface, whereas RsL can only work with the 

help of mediators. BOx was therefore used as the cathodic enzyme. The whole 

glucose/oxygen EBFC was fabricated by employing PQQ-GDH and BOx at the anode and 

cathode, respectively. The detailed catalytic processes and electrochemical performance 

are presented in Chapter 4. This chapter is part of the manuscript “Two-dimensional 

Graphene Paper Supported Flexible Enzymatic Fuel Cell” and submitted to Nanoscale 

Advances co-author by D. Pankratov, A. Halder, M. D. Toscano, J. Zhang, J. Ulstrup, L. 

Gorton and Q. Chi. I carried out all the experiments, data analysis and major text writing. 

Other co-authors gave suggestions about data analysis, figure presentation, conclusion 

writing and language polishing. Besides, D. Pankratov wrote the introduction part. M. D. 

Toscano from Novozymes provided the enzyme BOx. 

In order to improve the biocompatibility, we wished to find a better mediator for the 

EBFC. Cytochrome c (cyt c), a small hemeprotein, exists in many animals and plants. The 

heme group of cyt c is able to accept and donate electrons as a redox mediator. Biomimetic 

signal chains between cyt c and a variety of other biomolecules such as sugar 

dehydrogenases, blue multicopper oxidases, sulfite oxidase, isolated photosystems, and 

bacterial cells have been reported, disclosing efficient inter-protein electron transfer. We 

therefore tested cyt c as the mediator for PQQ-GDH. Cyt c could in fact establish an 

electron transfer chain between the enzyme and the graphene paper, but the catalytic 

current was quite small, which means the power output as an EBFC would be small as 

well. 

A novel concept of BPSs, biosupercapacitors, has emerged over the past five years. 

Biosupercapacitors extract energy via short high-power pulses, overcoming in this way 

the low-power continuous operation mode of EBFCs. In addition, cyt c has been proved to 

Synopsis
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possess high capacitance due to its faradaic behavior, which was found to enhance the 

capacitance of the biocanode and biocathode modified by cyt c. A hybrid 

bioelectrochemical system that integrated an EBFC for energy conversion with a BSC for 

charge-storage could be established and is described in Chapter 5. This chapter is based 

on an article published in Bioelectrochemistry co-authored by D. Pankratov, G. 

Pankratova, M. D. Toscano, J. Zhang, J. Ulstrup, Q. Chi and L. Gorton. I carried out all 

the experiments, data analysis and major text writing. Other co-authors gave suggestions 

about experimental design, data analysis, results comparison, language polishing, 

submission, and proof reading. D. Pankratov also wrote the introduction part. M. D. 

Toscano provided the enzyme BOx. 

The final chapter of the thesis concludes the results described in previous chapters, 

summarizes the advantages and key points of the two BPSs established in the thesis, and 

finally offers some perspectives of potential application.  

Synopsis
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Chapter 1 

Overview of enzymatic biofuel cells and 

biosupercapacitors 

This chapter gives an introduction of two biological power sources, enzymatic biofuel cells and 

biosupercapacitors. 2/3 part of this chapter has been published as a book chapter in “Graphene 

Bioelectronics” by Elsevier Inc. co-authored by X. Cao, D. Pankratov, J. Zhang, and Q. Chi.  

1.1 Introduction 

As early as in the 1780s, Galvani discovered that 

frog’s legs twitched when struck by an electrical 

spark (Figure 1.1 [3]). This observation triggered the 

interest of researchers to study the interaction 

between biology and electricity [4]. In 1911, Potter 

observed electrical effects on the decomposition of 

organic compounds and first used microorganisms to 

fabricate a galvanic type cell [5,6]. This special type 

of cells, which used microorganisms as catalysts to 

transform chemical energy into electrical energy, 

was termed biofuel cells (BFCs). In general, BFCs 

can be classified into two categories according to the 

type of catalysts, i.e. microbial biofuel cells (MBFCs) 

and enzymatic biofuel cells (EBFCs). The MBFCs 

drive an electric current by using living cells with 

catalytic enzymes located inside the cells as 

catalysts. The EBFCs directly use pure enzymes as 

biocatalysts [7]. Fast electron transfer and device 

miniaturization are two striking advantages of 

EBFCs’ over MBFCs. Over the recent five years, a novel type of biological power sources 

Figure 1.1 Galvani frog 

experiment: wires of brass 

(Cu/Zn alloy) and iron in 

contact with the leg of a 

recently killed frog made its 

muscles contract [3]. 
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(BPSs), biological supercapacitors, has emerged. Biosupercapacitors (BSCs) can be 

considered as a derivative of biofuel cells. In addition to converting energy, 

biosupercapacitors can also store energy through biocomponents or with the help of non-

biocomponents. Compared to conventional fuel cells and supercapacitors, biofuel cells and 

biosupercapacitors offer several merits such as renewable catalysts, physiological 

operating conditions, and high selectivity. BPSs therefore have become a highly promising 

candidate for implantable power supply, self-power sensors, and portable biomedical 

devices. Although tremendous efforts have been devoted, in most cases the research and 

development (R&D) of BPSs remains at the laboratory-level stage. To increase their 

practical applications, the two critical BPSs challenges, low power output and short 

lifetime have to be significantly improved. 

Apart from the natural properties of enzymes and proteins, electrode materials are crucial 

in determining the overall performance of BPSs. In this regard, graphene and its 

composites have offered new opportunities for the design and fabrication of new-

generation BPSs. Graphene has attracted increasingly intense interest since it was first 

isolated by the Geim and Novoselov in 2004. This group succeeded obtaining single layer 

graphene sheets by micromechanically cleaving graphite with a scotch tape, and studied 

its key electronic properties [8–10]. It is not over-stated that the experimental realization 

of graphene marked starting a whole new era of research in materials science and related 

fields. To date, thousands of papers related to graphene based materials and their 

applications have been reported. This is largely attributed to striking physicochemical 

properties of this single-atom thick material, such as large specific surface area, high 

electrical conductivity, free-electron mobility, high mechanical strength, high and flexible 

tenability, and even biological compatibility under certain conditions [11]. Three-

dimensional (3D) graphene can also be expected to stabilize immobilized enzymes, as 

known for enzyme stabilizing in mesoporous silica materials, but now in a conducting 

material [12]. With these highly favorable properties, graphene has great potential to 

offer solutions to the challenges in BPSs noted. For example, the large surface area could 

provide more place to immobilize proteins; the high conductivity and electron mobility 

facilitates the electron transfer between redox proteins and electrodes; and the biological 

compatibility is beneficial for retaining the activity of proteins. Moreover, graphene 

derivatives and composites such as polymer/graphene, metallic nanoparticles/graphene, 

metal hydroxides/graphene, carbon nanotubes/graphene and 3D graphene composites can 

integrate the favorable properties of both graphene itself and of other materials, 

demonstrating new functionalities as supporting materials for proteins. This chapter 
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aims at providing an overview of EBFCs and BSCs, with emphasis on the 

nanoengineering of graphene based materials for enhancing the BPSs performance. 

1.2 Enzymatic biofuel cells 

1.2.1 Working principle 

In general, EBFCs operate by similar working principles as established fuel cells, but 

using biocatalysts. An EBFC is composed of two electrodes with (or without) a separating 

membrane, an anode where the oxidation reaction occurs and a cathode in which a 

reduction reaction occurs (Figure 1.2) [13]. Fuel molecules are oxidized at the anode by 

donating electrons. The donated electrons travel through an external circuit reaching the 

cathode where they are accepted by oxidant molecules. Meanwhile, cations are driven 

through the electrolyte to complete an internal circuit. 

Figure 1.2 Schematic illustration of working principles of an EBFC consisting of a 

MET based bioanode and a DET based biocathode [13]. 

The main differences between EBFCs and established fuel cells are the types of catalysts 

and fuels. In an EBFC at least one electrode utilizes enzymes as catalysts, while most 

conventional fuel cells use inorganic metal catalysts such as Ni, Pt and Pd. The different 

catalytic properties of catalysts result in different operation conditions of fuel cells. Most 

non-biofuel cells tend to operate at high temperature with strong acidic or alkaline 

electrolytes to obtain high efficiency, while enzymes operate under mild conditions, 

ambient temperature and near-neutral pH. In addition, fuels used by the EBFC anodes 

are usually natural organic compounds such as sugars, formic acid and alcohols, which 
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are easy to access and abundant in nature. However, most of these natural fuels are not 

suitable for metal catalysts, which could be poisoned by carbon monoxide formed from the 

fuel oxidation [14]. Traditional fuel cells usually exploit dihydrogen as fuel, but the 

storage and transport of dihydrogen could be a challenge for practical application. 

Overall, EBFCs as novel fuel cells, avoid the drawbacks of conventional fuel cells, such as 

harsh reaction conditions and noble metal catalysts. 

The selection of effective enzymes is critical for the design and construction of an EBFC. 

In the anode, glucose oxidase (GOx) with the redox cofactor flavin adenine dinucleotide 

(FAD) is one of the most commonly used enzymes. There have been a significant number 

of reports dealing with immobilizing GOx on graphene materials based electrodes as 

bioanodes [15]. As a natural electron transfer mediator for GOx, however, dioxygen (O2) 

can compete with the electrode to obtain electrons from the enzyme, resulting in a loss of 

output currents [16]. GOx based bioanodes therefore need to operate under anaerobic 

conditions. Other common enzymes with glucose as the substrate include cellobiose 

dehydrogenase (CDH) and glucose dehydrogenase (GDH). Dehydrogenases do not react 

with O2, and can thus operate in air. GDH has three types of redox cofactors, one co-

substrate nicotinamide adenine dinucleotide (NAD+) and two prosthetic groups FAD and 

pyrroloquinoline quinone (PQQ). NAD+ dependent GDHs require the presence of free 

NAD+ in the electrolyte when glucose is oxidized [17]. The co-immobilization of NAD+ on 

electrode surfaces therefore complicates the fabrication process of the bioanodes. In 

contrast, FAD and PQQ dependent GDHs can overcome this problem as they are 

chemically bound to GDHs [18]. These two enzymes thus offer advantages as biocatalysts 

for biofuel cells. However, they are relatively less studied in EBFCs contexts, and their 

electrical communication with the graphene modified electrodes was not investigated 

until very recently [19,20]. Besides these glucose related enzymes, other redox enzymes 

such as formate dehydrogenases (FDH) and alcohol dehydrogenases (ADH) can also been 

employed as biocatalysts in the EBFC anode. The key reactions of these enzymes with 

fuels are [17,21]: 

	 → 	 	 	 1  

	 → 	 	 2  

	 	 → 	 	 								 3  

	 → 	 	 						 													 4  

In the cathode, the key consideration of enzyme selection is to efficiently catalyze the 

dioxygen reduction reaction (ORR) at high redox potential and generate high voltage in 
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the EBFCs. Enzymes with copper-containing cofactors are among the most studied 

biocatalysts, due to their low overpotential towards ORR. In particular, laccase (Lac) and 

bilirubin oxidase (BOx) are the two most favorable enzymes and have been used in 

graphene based biofuel cells [22,23]. Other copper metalloenzymes including polyphenol 

oxidase (POx) [24], ascorbate oxidase (AOx) [25] and tyrosinase [26] have been used in 

biocathodes to catalyze ORR, but have not combined with graphene materials for EBFCs. 

Other enzymes, for example, cytochrome c oxidase can also reduce O2 at the potential 

around 0 V (vs. SCE) [27], but is not the best choice of cathode. In contrast, the use of 

laccase can increase the ORR potential to 0.83 V (vs. NHE), thus lowering the 

overpotential and generating high cell voltage. It should, however, be noted that the cell 

voltage generated by the electrodes depends on not only the selected enzyme itself but 

also the molecule which mediates the electron transfer between the enzyme and the 

electrode, if the electron-transfer mediator is used in the cell. 

To obtain efficient electron transfer between the enzyme and the electrode surface is of 

central importance in engineering bioelectrodes. Electron transfer can proceed through 

one of the two major pathways, i.e. direct electron transfer (DET) between the active 

center of the enzyme and the electrode material (Figure 1.2, biocathode) or mediated 

electron transfer (MET) with the help of a mediator (Figure 1.2, bioanode). In order to 

achieve DET, the distance between the redox center of the enzyme and the electrode 

surface should be sufficiently short (less than 15–20 Å) [28] to allow electron tunneling. 

As the redox center of many enzymes is normally embedded deeply in the protein matrix, 

it is very challenging to achieve DET in most cases. Controlled immobilization of an 

enzyme with its redox center accessing the electrode surface is a useful way to obtain DET 

[29,30]. Moreover, DET can be effectively improved by a combination of enzymes with 

conductive nanomaterials such as carbon nanotubes (CNTs), graphene sheets or gold 

nanoparticles (AuNPs). Unique physicochemical properties of these nanomaterials and 

size matching with enzymes facilitate electronic coupling between the electrode and the 

enzyme [28,31]. In spite of the challenges, DET possesses notable merits such as high 

output voltage and no need of redox mediators, some of which are unstable and toxic. 

Thus, many researchers have focused on the design and synthesis of special electrode 

materials to achieve DET; graphene and its composites are among the most promising 

materials for such purposes. 

In the MET systems, a mediator is used to help shuttle electrons between the enzyme and 

the electrode, facilitating the fast electron transfer. In the anodic catalytic reaction, the 

mediator transport electrons from the enzyme to the electrode surface. Conversely, in the 
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cathode electrons travel from the electrode to the enzyme assisted by the mediator. An 

ideal mediator should satisfy several requirements. Firstly, it must be stable under 

working conditions and not participate in any side reactions during electron transfer. 

Secondly, a large electrochemical rate constant of the mediator is preferred, which can 

ensure that the reaction on the bioelectrode is not limited by electrode kinetics [32]. 

Finally, the redox potential of mediators used, which determines the voltage output of the 

EBFCs, should be as close as possible to the potential of the enzyme to avoid voltage loss. 

The common mediators for the anode include ferrocene and its derivatives [33–35], 

quinone and its derivatives [36,37], hexacyanoferrate(III)/(II) [38], redox polymers 

[39,40], and small redox proteins [41,42]. For the cathode, 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) is so far the most widely used mediator [43]. 

Other mediators such as syringaldazine [44] and various redox polymers [45] have also 

been studied. These used mediators usually have suitable redox potential, which matches 

with the natural redox potential of the enzymes. Compared to the DET based biofuel cells, 

MET based BFCs generate higher current. The most likely reason is that DET only works 

for a catalytic monolayer proximal to the electrode surface, while mediators can diffuse 

into the multiple layers of enzymes [46]. However, MET complicates the fabrication of the 

electrodes and may lead to a high overpotential. 

1.2.2 Basic features 

EBFCs performances are typically characterized by polarization curves and power curves 

(Figure 1.3), hence maximum current (I), cell voltage (Ecell) and power (P) can be obtained 

and compared. The electrical current intensity is the charge flux entering the anode or 

leaving the cathode [47]. When no current is passing, the measured potential of the 

electrode is the open circuit potential (OCP, also referred to as the equilibrium potential). 

The difference between the OCP and the standard redox potential ( ⊖) of a reaction 

generates the overpotential (η), which strongly depends on the catalysts and the 

mediators. The difference of OCP between the biocathode and the bioanode determines 

the open circuit voltage (OCV, also called cell voltage Ecell) of an EBFC. The power output 

of an EBFC depends the current achieved at different cell voltages, and can be defined as: 

	 	 	 			 5  

For normalization, current and power are usually divided by the surface area of electrodes 

to obtain the current density and power density, allowing the comparison between 

different devices.  
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The polarization curve describes the steady state fuel cell response to the current. As 

shown in Figure 1.3 B, the voltage losses can be divided into three parts. At the initial 

part (segment I), in order to polarize the electrode, the voltage drops very fast due to 

kinetic, activation and charge transfer losses. After that, the voltage decreases slowly and 

approximately linearly over a wide range of the current density (segment II). This is also 

called ohmic voltage drop and results from the intrinsic resistance of the system as well 

as the resistance from the flow of ions within the electrolyte. In the third segment, the 

voltage drops very fast to zero due to mass transport limitation. At that point, the current 

reaches its maximal value and the system behaves as if the electrodes were short-

circuited. The corresponding power curve can be obtained according to the polarization 

curve. The maximum power density output is an important parameter to evaluate the 

performance of EBFCs. 

Figure 1.3 (A) Current/voltage response for a bioanode (blue curve) and a biocathode 

(red curve) in a three-electrode system. The purple arrows indicate the current 

density and the cell voltage giving a maximum power density. (B) Polarization curve 

(red) and power curve (blue) of an EBFC tested in a two-electrode system [47,48]. 
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1.3 Biosupercapacitors 

Supercapacitors (SCs), also called electrochemical capacitors (ECs) or ultracapacitors 

offer a novel approach to meeting the increasing power demands in various energy storage 

systems. Traditional capacitors contain two electrical conductors often in the form of 

metallic plates separated by solid dielectric, and their capacitance is originated from pure 

electrostatic charges. SCs, on the other hand, use porous carbon electrodes with high 

electrostatic double-layer capacitance and/or metal oxide or conducting polymer 

electrodes with large electrochemical pseudocapacitance, both of which contribute to the 

total capacitance of the capacitor. The specific energy of SCs hence is several orders of 

magnitude higher than the one of conventional capacitors (hence the ‘super’ or ‘ultra’ 

prefix) [49], although the specific power of SCs could be lower than that of capacitors. As 

a kind of rechargeable electrochemical energy storage devices, SCs are capable to 

providing up to a thousand times higher power output compared to the batteries of similar 

size, while they store lower amount of energy than batteries due to their storage 

mechanism [50]. Hence, SCs fill the gap between conventional capacitors and batteries, 

and are of particular interest in developing novel energy storage systems. 

Biosupercapacitors, which incorporate biocomponents to store or help store charge, 

constitute a novel type of SCs. The concept of BSCs was demonstrated in 2012 by 

Malvankar and co-workers [51]. They reported on direct measurements of the in vivo 

capacitance of G. sulfurreducens biofilms and demonstrated that the faradic reactions of 

the cytochromes confer large pseudocapacitance to the biofilms with a specific capacitance 

that is comparable to synthetic supercapacitors. According to the working principles of 

the electrodes, the BSCs can be classified into three types, including energy conversion, 

charge storage and hybrid devices (Figure 1.4).  

Figure 1.4 Classification of biosupercapacitors. 

Energy conversion:

Enzymatic

Photosynthetic

Charge storage:

Electrostatic

Pseudocapacitive

Faradaic

Hybrid:

Combination of energy
converting and charge
storing electrodes

Biosupercapacitor
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The energy converting BSCs refer to those devices that are able to irreversibly convert 

chemical energy or light to electric power and simultaneously operate as capacitors. The 

energy conversion part usually includes BFCs and photobioelectrochemical cells. The 

energy storage part could be biocomponents such as cytochrome c and other proteins or 

non-biocomponents such as AuNPs, CNTs and polymers. A superior property of energy 

converting BSCs compared to conventional SCs is that they can be recharged by 

themselves through the energy converting process, while conventional SCs have to be 

recharged through external electricity. Pankratov et al. assembled an energy converting 

BSC combining a glucose/O2 EBFC for energy generation and an electrochemical 

capacitor (polyaniline/CNTs composite) for energy storage (Figure 1.5 A) [52]. After 

discharge, the BSC can self-charge through enzymatic catalysis to recover its OCV. 

Similarly, Pankratova et al. integrated photosynthetic cell components with AuNPs to 

establish a self-charging photo-biosupercapacitor (also called supercapacitive biosolar 

cell) (Figure 1.5 B), which can convert solar energy into electric power and output it 

through either continuous mode (as a normal biosolar cell) or pulse mode (as a BSC) [53]. 

Figure 1.5 (A) Schematic representation of a self-charging BSC, which is built from a 

graphite foil modified with a polyaniline/CNTs composite on one side (the capacitive 

side/face), and the enzymatic fuel cell is designed from three-dimensional AuNPs 

based nanobiostructures on the other (the charging side/face) AuNPs: pink-orange 

spheres; CNTs: four black cylinders; Polyaniline: black chains around CNTs; CDH and 

BOx: left and right green ribbons. [52]. (B) Schematic representation of a 

supercapacitive biosolar cell during the charging process. Yellow rectangles, gold 

support; orange spheres, AuNPs; brown rectangle, osmium redox polymer; green 

globules, BOx; TMs, thylakoid membranes; SCP, solar energy converting part; ORP, 

oxygen reducing part; CSC, charge storing components of bioelectrodes [53]. 
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Charge-storing BSCs employ electrostatic and pseudocapacitive properties (reversible 

faradaic redox, electrosorption or intercalation processes on the surface of suitable 

electrodes) of immobilized biomaterials for reversible charge-storing purposes. 

Sattarahmady et al. utilized albumin and fibroin to establish electric double-layer BSCs 

[54,55]. The amino acid blocks of the two proteins can be ionically charged through 

adsorption/desorption of electrolyte ions and protonation/deprotonation of the amino acid 

side chains and form accumulated charge surfaces, and therefore provide a high local 

charge density with a high ionic conductivity. González-Arribas et al. reported a BSC 

based on a copper containing redox protein, rusticyanin, which was used as the 

biocapacitive component of the BSC, since the charge can be primarily stored at the T1 

Cu site (faradaic term), with protonation/deprotonation of accessible residues (non-

faradaic term) contributing to a lesser extent to the overall capacitance (Figure 1.6) [56]. 

This type of BSCs can be externally charged by electrochemical workstation or self-

charged by electrostatic equilibration. 

Figure 1.6 Schematic representation of a symmetric charge-storing BSC based on 

rusticyanin modified gold electrodes [56]. 

The hybrid BSCs usually combine electrodes of different types in one device. Xiao et al. 

reported on an oxygen-independent and membrane-less glucose biobattery, which 

consisted of a dealloyed nanoporous gold (NPG) supported GDH bioanode and a solid-

state NPG/MnO2 cathode (Figure 1.7) [57]. GDH anode was able to catalyze glucose 

oxidation with the assistance of conductive polymer/Os redox polymer composites, while 

the MnO2 cathode was used as a pseudocapacitor, which can be partially 
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charged/discharged via the intercalation/deintercalation of electrolyte cations (e.g. Na+) 

and protons with a moderate onset potential. 

Figure 1.7 Schematic diagrams of the hybrid device working at the charging (left) and 

galvanostatic discharging mode (right). The scheme in the middle depicts the 

relevant potential differences, with potential shifts caused by galvanostatic 

discharging (blue arrows) and on the recovery of the potential during the quiescent 

step (red arrows). [57]. 

The characterization of BSCs are usually carried out by applying a constant resistor load 

or by applying a constant current, and the corresponding voltage drop recorded to 

evaluate the capacitance of the BSCs. Switching from continuous to intermittent mode in 

BSCs allows accumulation of charge during long-term low-power operation, which can be 

instantaneously extracted in short high-power pulses. This is a remarkable advantage, 

especially when the concentration of oxidant or/and fuel is not sufficient to provide 

satisfactory power output or the performance of the electrode is unable to establish the 

necessary level of chemical energy conversion.  

1.4 Graphene based bioelectrodes in electrochemical systems 

Graphene, a monoatomic sheet with a thickness of about 3.4 Å, is composed of sp2 

hybridized carbon atoms in a crystalline hexagonal arrangement [58]. This highly 

conjugated π- system has a high density of delocalized electrons which provide 

remarkable lateral electron mobility (230 000 cm2 V−1 s−1) [59]. In addition, graphene has 

very high thermal conductivity (5000 W m-1 k-1) [60] and large specific surface area (2630 

m2 g-1) [61]. Moreover, the biocompatibility of graphene in human cells has been 
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investigated, disclosing good graphene exhibited good biological compatibility indicative 

of potential applications in fabrication of implantable devices [62]. 

However, the pristine graphene is highly hydrophobic and chemically inert, which 

hinders its application in fabrication of bioelectrodes. Graphene oxide (GO) is the oxidized 

form of graphene, capped by oxygen-containing groups (OCGs) such as epoxy, hydroxyl 

and carboxylic groups. An obvious advantage of GO is that it is well dispersible in water 

through electrostatic repulsion, which favors the immobilization of enzymes via solution 

processing. The most widely used method to synthesize GO is the Hummer’s method, 

which is a wet-chemical exfoliation process [63]. The mostly concerned disadvantage of 

GO is its poor conductivity as the conjugated sp2 carbon network is partially transformed 

into a sp3 network in the presence of oxygen groups, which limits its direct applications 

in electrochemistry. However, GO can be readily reduced to reduced graphene oxide (rGO) 

using various reducing agents or thermal reduction. rGO differs from the pristine 

graphene but has some similar properties that can be exploited. In addition, the 

synergistic effects between graphene and other materials make graphene composites not 

only remain some excellent physicochemical properties of graphene, but also add 

additional properties needed, such as electron accepting ability, stability and flexibility. 

As newly emerging nanomaterials, graphene derivatives or composites have been widely 

used in related studies of electrochemical energy conversion and storages. 

1.4.1 Electrode materials based on graphene derivatives 

Graphene surfaces modified with functional groups such as amino, carboxyl or sulfonated 

groups may facilitate immobilizing enzymes and promoting electron transfer. Some 

phenothiazine derivatives can be directly modified on graphene and act as electron 

mediators for bioelectronics applications. This kind of chemical attachment of functional 

small molecules to the graphene surfaces offer an effective way to prepare stable electrode 

materials for BPSs. Some examples are described briefly below. 

Chapter 1



17 

Figure 1.8 (A) Scheme of the synthesis of rGO/PTZ-O/GDH. (B) CVs of rGO/PTZ-O/GDH 

modified GCE in the absence of glucose (blue line) and in the presence of increasing 

concentrations of glucose (red, green and purple lines). Inset: A calibration curve for 

the oxidation peak current vs. the concentration of glucose. (C) Chronoamperometric 

responses of the rGO/PTZ-O/GDH modified GCE to increasing concentrations of 

glucose. Inset: A calibration curve for the steady state current vs. the increased 

concentration of glucose from 0.5 to 40 mM [20]. (D) Schematic of the preparation of 

graphene-based electrodes and their post-immobilization of BOx and Lac. [31]. 

Labile protons for ionic conduction are dissociated from sulfonic acid groups with the aid 

of strong solvation. For example, Inamuddin [41] fabricated a bioanode using layer-by-

layer (LbL) assembly of sulfonated graphene (SG), ferritin, and GOx. The resulting 

SG/Ferritin/GOx anode, in which ferritin acted as electron transfer mediator and 

sulfonated graphene served as the support, facilitated the electron communication 

process between GOx and the electrode. Ravenna et al. [20] modified rGO nanosheets with 

phenothiazone (PTZ-O) as a highly efficient composite for electron transfer. As shown in 

Figure 1.8 A, phenothiazine (PTZ) was first mixed with a GO solution and adsorbed onto 

GO platelets. Adsorbed PTZ was then oxidized to PTZ-O by GO, by which GO was 

partially reduced to rGO. The rGO/PTZ-O composite mediated an efficient and robust 

electron transfer process between the FAD cofactor of GDH and the electrode. This 
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biocomposite system can be used in an EBFC or for glucose biosensing (Figure 1.8 B and 

C). 

As the third example, diazonium salts are a class of important intermediates in the 

organic synthesis of azo dye and show other great potential in enzyme immobilization 

[28,64]. By using aryl diazonium derivatives, Di Bari et al. [31] functionalized rGO with 

carboxyl and amino groups to covalently immobilize BOx and Lac, respectively (Figure 

1.8 D). Direct electron transfer between electrodes and enzymes was achieved, reaching 

catalytic currents could reach as high as 1 mA cm-2. 

1.4.2 Electrode materials based on polymer-graphene composites 

Due to the facile entrapment of enzymes, polymer/graphene composites have come to be 

regarded as effective supporting materials for BPSs. Nafion [36,65] and 

poly(ethyleneimine) (PEI) [66,67] are synthetic polymers with good stability and 

biocompatibility; and widely used to attach graphene sheets and enzymes onto electrodes. 

Especially, PEI can simultaneously reduce graphene oxide and form a polymeric matrix 

on the rGO nanosheet, which offers a highly favorable microenvironment to accommodate 

cholesterol oxidase and glucose oxidase [67]. Chitosan [68,69], a natural biopolymer, has 

attracted other strong attention due to its excellent biocompatibility, biodegradability, 

high mechanical strength, and low cost. Lee et al. [69] combined chitosan with graphene 

as an immobilization matrix for GOx and laccase. Polycation 

polydiallyldimethylammonium chloride (PDDA) is also a commonly used polymer in 

enzyme immobilization, especially in LbL assembly. Mosa et al. [70] developed an 

ultrathin graphene-based BSC with an ultrahigh volumetric capacitance by attaching 

cation-derivatized (cationized) bovine serum albumin (cBSA) to the GO surface as a 

nanospacer. This was followed first by depositing the heme protein myoglobin (Mb) in a 

LbL process, and then by electrochemical reduction (Figure 1.9). The developed graphene-

based BSCs with an ultrahigh volumetric capacitance in biofluids up to 655 F cm−3 at a 

scan rate of 100 mV s−1, and 534 F cm−3 at a current density of 2.5 A g−1. These polymers 

have poor conductivity and are therefore usually combined with conductive materials.  
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Figure 1.9 Schematic illustration of an electrode fabrication in an ultrathin graphene-

based BSC. a) Preparation of cationized bovine serum albumin (cBSA) by coupling 

the COOH groups of BSA with protonated tetraethylenepentamine. b) Adsorbing 

cBSA onto GO sheets. c) Gold current collector with monolayer of mercaptopropionic 

acid, and a layer of the polycation polydiallyldimethylammonium chloride (PDDA) 

adsorbed on top. d) Adsorption of bGO, e) adsorption of Mb, and f) film formation from 

LbL assembly of three bGO layers alternating with two Mb layers (abbreviated as 

bGO/Mb). g) Electrochemically reduced film (abbreviated as brGO/Mb) [70]. 

Conducting polymers possess not only excellent inherent environmental stability as 

normal polymers but also high electrical conductivity. Common conducting polymers, 

such as polyaniline (PANI) [71,72], polypyrrole (PPy) [73] and poly(3,4-

ethylenedioxythiophene) (PEDOT) [74] can be electrochemically polymerized from their 

monomers directly on the electrode surfaces. Xia et al. [72] prepared highly ordered PANI 

nanowires arrays via a one-step template-free electrochemical approach on a rGO 

modified graphite electrode (Figure 1.10 A, B and C). In contrast, only disordered and 
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larger nanowire networks were obtained when aniline was polymerized directly on bare 

graphite surfaces (Figure 1.10 D). rGO still has a notable number of oxygen-containing 

functional surface groups, which may be favorable for initializing PANI nucleation 

processes for growth of ordered nanowire arrays. The PANI nanowires served as the 

immobilization matrix and electron conductor wires at the same time. Moreover, short 

PANI nanowires lead to short signal transport pathway compared to the disordered PANI 

micro/nanowire network. DET between GOx and the electrode was achieved by using such 

PANI nanowire arrays.  

Another, metal-containing polymer, osmium redox polymers, can entrap large amounts 

of enzymes at the same time acting as a mediator to shuttle electrons between the protein 

and the electrode surface. Due to osmium’s multi-valence, osmium based polymers have 

tunable redox potential, therefore can be used for both anode and cathode [39]. Sun et al. 

[40] used osmium modified acrylate polymers to exfoliate and stabilize pristine graphene

nanosheets in aqueous media. These osmium modified graphene composites can act as

scaffolds for the immobilization of CDH and as redox mediators for glucose oxidation. The

electrochemical current density was significantly enhanced to be approximately six times

higher than that without graphene, thus showing promising applications in BPSs.

Graphene-conducting polymer based pseudocapacitors, the charge/discharge processes of 

which are associated with doping/de-doping processes of conducting polymers have 

attracted increasingly strong attention in current energy storage systems [75]. However, 

graphene-conducting polymer composites have so far not been used in BSCs. 
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Figure 1.10 SEM images of (A) rGO on graphite electrode (inset: cross-section of the 

thin rGO film); (B) top view and (C) tilted view of the highly ordered PANI nanowire 

array on the surface of rGO; (D) the disordered PANI nanowires on the graphite 

surface. (E) Schematic of the electron transfer process between GOx and PANI 

nanowires. (F) CVs of the PANI nanowire array on rGO (dotted line), the GOx/PANI 

film composed of disordered PANI micro/nanowires (solid line), and the GOx/PANI 

nanowire array (dash line) at a scan rate of 50 mV s-1. (G) CVs of the GOx/PANI 

nanowire array modified rGO/GE at various scan rates from 10 to 300 mV s-1. (H) Peak 

current value (ip) vs. scan rate. The electrolyte for (F-H): N2-saturated 0.1 M PBS (pH 

6.8) without glucose [72]. 
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1.4.3 Electrode materials based on metallic nanoparticle-graphene composites 

Metallic nanoparticles (MNPs), especially AuNPs and platinum nanoparticles (PtNPs), 

exhibit high conductivity, large surface area and unique electrochemical properties. The 

composites combining MNPs with graphene demonstrate improved electronic and 

electrocatalytic properties for their applications in EBFCs [76,77]. Two examples are 

particularly illuminating. One is that Tepeli & Anik [37] fabricated a biocathode with Lac 

and graphene-platinum hybrid nanoparticles and compared the performance of this 

composite with the electrode without PtNPs. They found that the power density of EBFCs 

with PtNPs was twice higher than that of without PtNPs. The other example is that Chen 

et al. [78] synthesized hydrophilic, carboxylic group functionalized graphene-AuNP 

composite, onto which GOx and laccase could be immobilized (Figure 1.11 A). A high open 

circuit voltage (1.16 V) and high power density (1.96 mW cm-2) were achieved with the as-

designed EBFC. When the two EBFC units were connected in series, the integrated 

EBFCs were powerful enough to lighten up a light-emitting diode (LED) (Figure 1.11 B) 

equally well as a reference system where a conventional dry battery was used (Figure 

1.11 C). 

Figure 1.11 (A) Scheme of operational mechanism of the graphene-AuNP hybrid 

anode/cathode based EBFC. (B) Two as-prepared EBFCs connected in series as power 

source that could support a red LED, equally well as the reference system using a dry 

battery (C). [78] 
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1.4.4 Electrode materials based on metal hydroxide-graphene composites 

Two-dimensional inorganic materials, such as metal hydroxide and layered double 

hydroxides (LDH), exhibit structures favorable for interacting with enzymes as well as 

redox mediators. These hydroxide/graphene composites could offer a protective matrix for 

preservation of structures bioactivity and stability of enzyme bioactivity. Moreover, they 

contribute to novel multi-functionalities through synergistic effects at the nanoscale level 

arising from their own specific properties, i.e. redox activity. 

The layered structure material, cobalt hydroxide (Co(OH)2), possesses large interlayer 

space and well-defined electrochemical redox properties, showing promise for applications 

in biofuel cells and supercapacitors [79,80]. Lee et al. [69] deposited Co(OH)2 onto GO 

nanosheets for efficiently wiring of the enzymes (Figure 1.12 A-C). The 

GO/Co(OH)2/chitosan composites were employed for fabricating EBFCs using 

electrodeposition. 

Figure 1.12 Scheme of (A) the synthesis of GO/Co(OH)2 composites, (B) the preparation 

of electrodeposited GO/Co(OH)2/chitosan composite modified electrode, (C) the 

glucose/O2 EBFC with GOx immobilized GO/Co(OH)2/chitosan modified Au electrode 

as the anode and laccase immobilized GPO/Co(OH)2/chitosan modified Au electrode 

as the cathode [69]. (D) Schematic of electron cascade of ORR on the surface of Co2Al-

ABTS/BOx electrode [81]. 

Vialat et al. [81] prepared Co2Al-ABTS-rGO composites via in situ co-precipitation by a 

one-pot method. The positively charged Co2Al LDH platelets electrostatically attracted 

negatively charged partially reduced GO, yielding stable nanocomposites. The as-
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synthesized Co2Al-ABTS-rGO composites exhibited excellent electron transfer due to the 

intralayer electron transfer of Co(III)/Co(II) redox species and interlayer electron transfer 

of ABTS. BOx was immobilized onto this composite as the cathode for the reduction of 

dioxygen (Figure 1.12 D). 

1.4.5 Electrode materials based on carbon nanotube-graphene composites 

Due to their unique structures and electronic properties, carbon nanotubes have been 

tested as electrode materials for the development of EBFCs [82]. More recently, it was 

reported that compared to either graphene or CNTs alone, graphene/CNTs composites 

could even further improve the EBFC performance due to increased surface area and 

enhanced electrical conductivity. CNTs act as the bridges to consolidate graphene 

networks [83] and prevent random aggregation of graphene sheets [84]. When used as 

supporting materials in EBFCs, graphene/CNTs composites can therefore accommodate 

high loading of enzymes and promote fast electron transfer. 

Campbell et al. [85] reported a hybrid gel composite consisting of graphene sheets and 

single-wall carbon nanotubes (SWCNTs) (Figure 1.13 A and B) with a large surface area 

(∼800 m2 g−1), large porosity and moderate electrical conductivity (∼0.2 S cm−1), which 

enabled high enzyme loading, facilitated substrate transport and efficient charge 

collection. GOx and BOx were immobilized onto this hybrid gel composite to prepare the 

anode and the cathode, respectively. A membrane/mediator-free EBFC with the power 

density up to 0.19 mW cm−2 was constructed (Figure1.7C and D). Inamuddin et al. [42] 

prepared SWCNT/graphene/ferritin composites used for fabrication of a GOx based anode, 

which exhibited high electrocatalytic activity towards the oxidation of glucose. 

Multi-wall carbon nanotubes (MWCNTs) combined with graphene are also widely used 

as supporting materials. Navaee & Salimi [23] accumulated amino-MWCNTs on 

graphene nanosheets via hydrogen bonding, forming a 3D architecture for sequential 

laccase immobilization and ORR electrocatalysis. Besides hydrogen bonding, non-

covalent π-π stacking [36,66,86] or layer-by-layer electrostatic attraction [87] have also 

been explored for preparation of graphene-MWCBT composites. 
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Figure 1.13 (A) Synthesis of Graphene/SWCNT hybrid gel by mixing individually 

dispersed SWCNTs with GO with a mass ratio of 5:1. (B) SEM image of 

Graphene/SWCNT aerogel. Scale bar: 5 μm. (C) Schematic of working mechanism of 

the Graphene/SWCNT gel electrode based EBFC with GOx and BOD serving as anodic 

and cathodic enzyme, respectively. (D) Performance of the Graphene/SWCNT hybrid 

gel electrode based EBFC. Error bars represent standard deviation of three trials [85]. 

1.4.6 3D-graphene based electrode materials 

Besides its 2D structures, graphene can also be assembled into 3D nanostructures, which 

normally possess high porosity and large surface area. 3D graphene structures allow to 

increase protein loading and to facilitate diffusion of substrate molecules into the 

networks, which can therefore enhance the overall performance of BPSs. 

Zhang et al. [65] synthesized 3D graphene networks (3D-GNs) with a sulfonic acid ion-

exchange resin as the carbon precursor via a combination of Ni2+-exchange and KOH 

activation processing. This 3D-GN exhibited an interconnected structure with open pores 

(Figure 1.14) and was used as the electrode materials for glucose/dioxygen EBFC. 

Dopamine (DA) was modified onto the 3D-GNs with 3,4,9,10-perylene tetracarboxylic acid 

(PTCA) as a bridge to immobilize laccase, and the functionalized 3D-GNs used as the 

cathode. Ferrocene and GOx were co-immobilized onto the 3D-GN as the anode. This 3D-

GNs supported EBFC can output the high power density, indicating that the 3D-GNs is 
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a good electrode material for immobilizing enzymes. Hoshi et al. [34] employed a chemical 

vapor deposition (CVD) method to grow graphene flowers on a carbon fiber cloth (GFCFC), 

which could adsorb more enzyme owing to large effective surface area, leading to an 

enhanced power generation density of EBFC compared to that without graphene 

deposition.  

Figure 1.14 (A and B) SEM images, (C and D) TEM images, (E) XRD pattern, (F) Raman 

spectrum, (G) nitrogen adsorption/desorption isotherms and (H) pore distribution of 

3D-GNs [65]. 

Figure 1.15 Schematic representation of a photobioanode with thylakoid membranes 

(the green plates) immobilized on 3D graphene matrix (the grey bottom from the SEM 

image of electrodeposited graphene). [88].  

Pankratova et al. prepared a high-surface-area 3D graphene electrode (Figure 1.15), 

fabricated by electroreduction of graphene oxide and simultaneous electrodeposition with 

further aminoaryl functionalization, and then studied the orientated immobilization of 
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TMs on it [88]. The photobioelectrochemical cell integrating the photobioanode in 

combination with a dioxygen reducing enzymatic biocathode delivered a maximum power 

output of 1.79±0.19 μW cm−2. 

1.5 Mechanisms of protein immobilization onto or into graphene 

composites 

The interaction between proteins and supporting electrode material has significant 

impacts on the efficiency and stability of BPSs, and protein immobilization mechanisms 

and methods play a vital role in the cell design. Optimal immobilization techniques enable 

to achieve the high stability and activity of proteins to tolerate operating conditions, 

accumulate high enzyme loads on the electrode surface, and facilitate the electron 

transfer between the protein and the electrode. Three methods are summarized below. 

These include physical/chemical adsorption, non-covalent entrapment or encapsulation, 

and covalent binding, all of which have been widely used for protein immobilization in 

BPSs. 

1.5.1 Physical adsorption 

Physical adsorption on pre-designed electrode surfaces provides the mildest way to 

immobilize proteins, leading to the possibility for maximum preservation of their native 

properties. Graphene composites with large surface area and tunable surface properties 

are in principle perfect platforms for enzyme absorption. However, such immobilization 

cannot provide proteins with a protective barrier against surroundings such as solution 

pH, temperature, ionic strength, and chemical agents. 

1.5.1.1 Random physical adsorption 

Direct physical adsorption of proteins on electrode surfaces, especially carbon electrode 

materials may, have a chance to get electron communication between the protein and the 

electrode. Martins et al. [89] compared the direct adsorption of dimeric GOx on flexible 

carbon fiber (FCF) alone and on GO modified FCF surfaces without guiding the enzyme 

molecules toward a specific orientation (Figure 1.16). Thus, the enzyme randomly 

adsorbed on the surfaces of electrodes with different distances between the redox center 

FAD and the electrode surface. Low redox voltammetric currents of FCF-GOx electrodes 

were observed (Figure 1.16 B, left), but the electronic communication between most of the 

GOx molecules and the electrode was blocked (Figure 1.16 B, right). In contrast, the in 
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situ-exfoliated GO sheets appeared to shorten the distance between the redox center FAD 

and the FCF surface, facilitating the direct electron transfer between GOx and FCF 

(Figure 1.16 C). In addition, heme-containing metalloproteins including cytochrome c (cyt 

c), Mb, and horseradish peroxidase (HRP) physically adsorbed on GO were also 

investigated. The results supported that GO sheets can act by efficient electrical wiring 

of the redox center of enzymes or proteins to the electrode [90]. Graphene-based materials 

might therefore serve as very promising scaffolds for accommodating proteins and 

facilitating electron transfer. 

Figure 1.16 (A) Representation of GOx dimer and highlighted cofactor FAD (colored 

balls). The distance from FAD to different areas of the periphery of the protein shell 

is noted. Two proposed configurations of dimeric GOx adsorbed on FCE (B) and GO-

FCE (C) surfaces [89]. 

1.5.1.2 Physical adsorption in controlled molecular orientation 

Proper orientation of the active center of enzymes towards the electrode surface is 

paramount to efficient DET and heterogeneous electron transfer rates. Intensive efforts 

have been devoted to design of suitable electrode surfaces for specifically orienting Lac 
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molecules, and a variety of linking molecules have been tested to modify the surface of 

GO sheets. Anthracene-2-diazonium [30], steroid biosurfactant sodium cholate [91] 

pyrene and neocuproine [92] are examples. Lalaoui et al. [86] covalently functionalized 

rGO by anthraquinone, which can immobilize laccase directionally through the 

hydrophobic interaction between anthraquinone and the hydrophobic pocket nearly the 

T1 copper center of Lac. The immobilized Lac can efficiently catalyze ORR with the 

current density as high as 0.9 mA cm-2. Our group investigated the voltammetry and 

electrocatalysis of a variety of copper proteins immobilized on Au(111) electrode surfaces 

functionalized with different hydrophobic and hydrophilic surface linkers [29,93,94]. 

1.5.2 Entrapment via a polymeric matrix 

Entrapping proteins within biocompatible matrices under mild conditions can retain the 

structure and bioactivity of the proteins. Moreover, supporting materials for entrapment 

can provide a beneficial environment and physiological stability for proteins against 

harsh conditions. Entrapment has thus become an increasingly used way for protein 

immobilization. 

Polymer-graphene composites introduced in Section 1.4.2 are commonly used materials 

for entrapping proteins. Furthermore, some specific polymer composites even have the 

ability to mediate the electronic communication between proteins and electrodes. In 

addition, sol-gels can be employed to encapsulate enzymes. For example, Liu et al. [43] 

used a silica sol-gel matrix to co-immobilize graphene sheets and protein. The porous 

structure of the sol-gel can act as cages to protect immobilized proteins from being 

denatured and leaching out, while still ensuring substrates sufficient access to the 

proteins as well. 

1.5.3 Covalent bonding 

Still another effective method to immobilize protein is covalent chemical bonding, where 

proteins are firmly attached to supporting materials via covalent bonds. However,  partial 

loss of catalytic activity appears to be inevitable because of the limited conformational 

flexibility available to the proteins after the chemical interaction with the supports [95]. 

In general, enzymes can be attached to functionalized graphene through crosslinking 

agents. One of the most commonly used cross-linkers is 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), which can activate carboxylic groups of 

graphene composites to produce the key intermediate, O-acylisourea. This intermediate 

subsequently reacts with the amine groups in enzymes to form amide bonds. This 
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crosslinking agent is often used in combination with N-hydroxysuccinimide (NHS) to 

reduce or eliminate side reactions [96]. The EDC/NHS method has been successfully 

applied for the immobilization of FDH [76], GOx and Lac [69,78,97]. Another 

representative amine-reactive homobifunctional cross-linker is glutaraldehyde, which is 

used to crosslink amino functionalized graphene composites with enzymes. Zhou et al. 

[98] functionalized rGO with 1-aminopyrene, which provides amine groups for

crosslinking with Lac. More recently, a heterobifunctional crosslinker, 1-pyrenebutanoic

acid succinimidyl ester (PBSE), has been considered as a promising reagent to combine

enzyme and carbon material because it provides covalent binding with the amino groups

of the enzyme by the formation of amide bonds and interacts with carbon material

through π−π stacking of the polyaromatic pyrenyl moieties [99]. Koushanpour et al. [19]

employed this linker to immobilize GDH and Lac on graphene nanosheet functionalized

carbon fiber electrodes and obtained DET, which can be used for biofuel cells.

1.6 Perspective of BPSs 

1.6.1 Application 

Developing sustainable and environmentally friendly power sources is a highly 

conspicuous contemporary trend in energy storage and conversion systems. BPSs produce 

or store energy by utilizing proteins, which are renewable and biodegradable, and 

therefore considered as novel green power source. So far, the development of BPSs is 

focusing on two main promising applications, implantable power sources and wearable 

devices, two examples of which are briefly addressed below. 
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Figure 1.17 (A) Scheme and photograph of a snail with an implanted EBFC connected 

with crocodile clips to the external circuitry. (B) (Left) Electrical connection of the 

implanted GBFC in a Wistar rat; the output wires are fixed to the rat's skull. (Right) 

Schematic description of the enzymatic reactions producing electricity, their 

electrical connection and the EBFC location inside the rat.  

Halámková et al.[99] reported on the first implanted membrane-less biofuel cell 

continuously operating in a well living and free-moving snail (Figure 1.17 A). The 

implanted biofuel cell is composed of two enzyme modified biocatalytic electrodes based 

on buckypaper and can produce electrical power over a long period of time (several 

months) using physiologically produced glucose as a fuel. The snail with the implanted 

biofuel cell will be able to operate in a natural environment, producing sustainable 

electrical micropower for activating various bioelectronic devices. Zebda et al. [100] 

developed a glucose/O2 EBFC successfully implanted in the abdominal cavity of a rat 

(Figure 1.7 B). The implanted EBFC delivered a power density of 193.5 μW cm−2 and a 
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volumetric power of 161 μW mL−1, which can power a LED, or a digital thermometer. In 

addition, no signs of rejection or inflammation were observed after 110 days implantation 

in the rat. The results obtained implanted experiments of EBFCs represent a promising 

solution to several issues for electronic medical devices.  

Another application of BPSs is to fabricate wearable devices. Jia et al. [101] reported the 

fabrication of a wearable biofuel cell printed directly onto textile substrates (Figure 1.18). 

The textile biofuel cell utilizes physiologically produced lactate in sweat as the fuel to 

produce electrical energy, generating up to 100 mW cm-2 at 0.34 V and enables to power 

LED lights integrated in a headband or a wristwatch during in vitro experimentation.  

Figure 1.18 Wearable textile EBFCs. (A) Textile EBFCs integrated in various garments 

such as headbands or wristbands. (B) A scheme of a textile BFC including a bioanode 

for lactate oxidation and a cathode for dioxygen reduction. (C) A customized printed 

circuit board prototype for the conversion, conditioning and temporary storage of 

extracted energy 

1.6.2 Major challenges and possible solutions 

Nowadays, the research and development of BPSs is still at the lab stage, and there is 

plenty of room for the improvement of performance in BPSs. The main challenges include 
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the low power output and the short lifetime of BPSs. Possible reasons for low power 

density are from low activity of enzymes, low OCV, low enzyme or protein loading, and 

slow catalytic processes. Higher catalytic activity bioelectrodes could be obtained from 

advanced biotechnology for the production of high-quality enzyme and optimized material 

engineering strategies to retain the maximum activity of the enzymes. The low OCV 

usually comes from the small potential difference between anodic and cathodic catalysts 

or the high overpotential because of the mediators used. The first step of designing a BPS 

is thus supposedly to choose appropriate enzymes. In addition, constructing DET based 

electrodes and utilizing mediators with redox potentials close to enzymes will improve the 

OCV. 

In order to improve the protein loading, supporting materials should have large surface 

area. Graphene and its composites offer extended surface area, and high current density 

and power density using graphene based materials in EBFCs and BSCs have been 

reported. Further improvement in materials, which provide optimal platform for protein 

accommodation is expected. High catalytic rates can be obtained again from rational 

engineering strategies and high-quality mediators. Secondly, the lifetime of BPSs is 

mainly limited by the enzymes themselves. Production of stable and long living proteins 

through molecular biology engineering could be one of the feasible methods. Other 

solutions depend on the electrode materials and engineering technology, which are 

expected to provide suitable biomimetic micro-environments for proteins to retain long-

term activity. 

1.7 Conclusions 

In this chapter, we have introduced the principles of EBFCs and BSCs and overviewed 

graphene, its derivatives and composites as new electrode materials together with their 

applications in BPSs. The employment of graphene based materials in BPSs has enabled 

the development of novel supporting architectures in bioelectrodes with large surface 

area, high conductivity, good biocompatibility and mechanical flexibility, but there are 

still challenging issues ahead. These critical issues need to be solved, before BSCs could 

come to practical markets. All three aspects, engineering enzymes, developing new 

supporting materials, and optimizing enzyme immobilization technology, are required to 

be further improved, in order to develop more powerful, more stable, and better functional 

BPSs for their future commercialization. 
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In order to achieve the application of BPSs powering implantable and wearable portable 

devices, we aim at developing flexible and scalable graphene materials based BPSs in the 

Ph.D. project. 
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Chapter 2 

Methodology 

This chapter gives an overview of major techniques used in the project. Atomic force microscopy 

(AFM), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and four-

point probe (FPP) conductivity are mainly used for the characterization of the graphene materials. 

Various electrochemical methods are used for the characterization of the energy conversion or 

charge storage processes of the proteins. Fundamental principles of these techniques are described 

as a prerequisite for the discussions in following chapters.  

2.1 Atomic force microscopy 

AFM is one type of scanning probe microscopy (SPM). We here use an Agilent 

Technologies 5500 AFM instrument (now amalgamated with Keysight Technologies) to 

characterize the surface morphology of the materials. AFM provides high-resolution (in 

principle down to the atomic level) and three-dimensional information of sample surfaces. 

The basic principle of AFM is shown, ultra-briefly, in Figure 2.1. A sharp tip at the free 

end of a flexible cantilever (the “probe”) is brought into contact with the sample surface. 

A laser beam is reflected from the top surface of the cantilever to a position-sensitive 

photodiode detector. Features on the sample surface leads to cantilever bending to 

different angles. As a result, the position of the laser beam changes while the sample is 

moving under the tip. Associated software presents the morphology of the sample 

according to the resulting signal from the detector. Elastic properties and force-distance 

correlations are other core features that can be recorded by AFM [102].  



36 

Figure 2.1 Schematic representation of basic AFM principles [102]. 

AFM can be conducted in either tapping mode or contact mode. We here used tapping 

mode, which is more gentle to the sample surface. Tapping mode is also known as acoustic 

alternating contact (AAC) mode. The principle of the AAC mode is shown in Figure 2.2. A 

piezoelectric transducer drives the cantilever to oscillate, typically 100 to 400 kHz. When 

the cantilever is close enough to the sample surface, the interaction between the probe 

and the sample causes changes in the amplitude, phase and resonance frequency of the 

oscillating cantilever. These changes are collected and used as feedback signals to the 

system, from which the topographic map and other physical properties of the sample are 

the final outputs. 
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Figure 2.2 Working principle of AFM in the AAC mode. (a) Overview of a piezoelectric 

transducer (1), cantilever holder (2) and a probe (3). (b) The free amplitude of the 

probe before contact. (c) The amplitude dampening (and phase shift) from the tip-

sample interaction [102]. 

2.2 Scanning electron microscopy 

A Quanta FEG 200 ESEM electron microscope from FEI was used to characterize the 

microstructure of the samples. The SEM used here is a special type electron microscope 

equipped with a field emission gun electron source to provide nano-meter scale imaging 

resolution. As shown in Figure 2.3, the SEM contains four main components, including 

electron source, lens system, scan unit and detection unit. A filament is located at the top 

of the column. After applying a voltage, the filament heats up and functions as the 

cathode. The anode below, being positively charged, attracts the electrons away from the 

filament [103]. The two condenser lenses and an objective lens converge the electron beam 

onto the specimen surface. The scan system modulates the deflection of the electron beam 

horizontally and vertically so that it scans in a raster pattern over a rectangular area of 

the specimen surface. Electrons hit the specimen surface producing three basic types of 

signal: back scatter electrons, secondary electrons, and X-rays. The detection system 

collects these signals, and converts them into an amplified electrical signal to produce 

images. In addition, the entire electron path must be under vacuum; otherwise, the 

electrons would collide with air molecules. 
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Figure 2.3 Overview of SEM layout [104].  

2.3 X-ray photoelectron spectroscopy 

The elemental composition of graphene paper before and after reducing was analyzed by 

the Thermo Scientific XPS System with Advantage as the operating and data analyzing 

software. XPS, also known as electron spectroscopy for chemical analysis (ESCA), is a 

surface-sensitive quantitative spectroscopic technique for analyzing the elemental 

composition, empirical formula, chemical state and electronic state of materials. XPS 

spectra can be obtained by irradiating a sample surface with a beam of X-rays under 

ultrahigh vacuum (UHV) conditions while simultaneously analyzing the kinetic energy 

and electrons emitted from the top 1-10 nm of the specimen. Figure 2.4 displays the 

detailed photoemission process during the analysis. Irradiating a sample with X-rays 

excites electrons in specific bound states. X-ray irradiation enables ionization of species 

in the sample. Some of the ejected electrons are scattered inelastically through the sample 

en route to the surface, while others undergo prompt emission and escape from the surface 

and into the vacuum. An electron analyzer collects the electrons in the vacuum and 

measures their kinetic energy. The electron binding energy of the ejected electrons can be 

determined from Ernest Rutherford’s equation (1914): 

∅  
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where Ebinding is the binding energy of the electron, Ephoton the energy of the X-ray photons 

used, Ekinetic the kinetic energy of the electron and ϕ the work function dependent on both 

the spectrometer and the material. A photoelectron spectrum is recorded by counting 

ejected electrons (intensity) versus binding energy. The energy and intensity of the 

photoelectron peaks enable identifying and quantifying all surface elements (except 

hydrogen). 

Figure 2.4 The photoemission process involved for XPS surface analysis [105]. 

2.4 The four point probe conductance 

A multipurpose four point probe system (FPP, Jandel) is used to measure the graphene 

paper’s surface resistance or sheet resistance, which is a critical electrical property used 

to characterize the lateral resistance of conducting and semiconducting thin films. The 

FPP system is a combination of a multi-height probe stand with a RM3000 test unit 

(Figure 2.5 A). The RM3000 covers a measurement range from 1 x 10-3 Ω sq-1 up to 5 x 108 

Ω sq-1 with 0.5% accuracy. The probe setup consists of four electrical probes in a line, with 

equal spacing between each of the probes, Figure 2.5 B. To measure the sheet resistance, 

a current (I) is applied on the outer two probes, while the resultant voltage drop (∆V) 

between the inner two probes is recorded. The sheet resistance (Rs) can therefore be 

calculated using the equation: 

ln 2
	 	

∆
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Figure 2.5 (A) The overview of the Jandel multipurpose FPP system [106]. (B) 

Schematic illustration of the working principle [107]. 

2.5 Electrochemical techniques 

Electrochemical processes can be very complex, including electron transfer, homogeneous 

chemical reactions and heterogeneous chemical reactions. In order to investigate the 

electrochemical processes, different electroanalytical techniques presented below were 

utilized to determine the kinetic and thermodynamic data related to electrode processes. 

An Autolab PGSTAT30 potentiostat or a PalmSens3 electrochemical potentiostat was 

used to perform the electrochemical measurements. 
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2.5.1 Linear sweep voltammetry 

Linear sweep voltammetry (LSV) is one of the basic potential sweep techniques. The 

electrode potential is swept between E1 and E2 at a known scan rate, and the resulting 

electrode current is recorded as a function of the applied potential (Figure 2.6). The scan 

rates used in conventional experiments range from a few mV s-1 up to a few hundred V s-

1. When the sweep rate is increased, a peak of increasing height develops due to the

concentration gradient of reactant. If a very slow linear potential sweep (e.g. 1 mV s-1) is

applied to such a system, the voltammogram recorded will appear like a steady state I vs

E curve. In this thesis, we use LSV to measure polarization discharge curves of EBFCs.

Figure 2.6 (A) Potential - time profile for LSV. (B) A series of linear sweep 

voltammograms for the reaction O + e → R, at several potential scan rates [108]. 

2.5.2 Cyclic voltammetry 

A generally more widely used sweep technique is cyclic voltammetry (CV). In this case, 

the applied potential waveform is initially the same as in LSV, but on reaching the 

potential E2, the sweep is reversed rather than terminated. When again reaching the 

initial potential E1, there are three possibilities. The sweep potential may be terminated, 

again reversed, or alternatively continued further to a different value E3 (Figure 2.7 A). 

A three-electrode system is usually employed, including a working electrode (WE), where 

electrochemical reactions occur, a counter electrode (CE) which is used to close the current 
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circuit in the electrochemical cell and a reference electrode (RE) which controls the WE 

potential.  

Figure 2.7 (A) Potential-time profiles for cyclic voltammetric experiments. (B) 

Concentration-distance profiles for the electroactive species, O, of the reversible 

reaction O + e → R in a linear sweep experiment. The curves correspond to the 

potentials (a) ⊖ + 90mV, (b) ⊖ +50 mV, (c) ⊖, (d) ⊖ -28 mV, (e) ⊖ - 128 mV, (f) ⊖ -

280 mV. (C) Cyclic voltammogram for the reaction. Initially, only O present in 

solution. (D) Cyclic voltammograms for the reaction at different sweep rate (a), v, (b), 

10v, (c) 50v and (d) 100v [108]. 

For a reversible reaction in Figure 2.7, the ratio / 	 is given by the Nernst equation 

shown as below: 
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	 ⊖ 	 ln        (1) 

where is the equilibrium potential and ⊖ the standard potential of the couple O/R.  

and  are the chemical activities of O and R species, respectively (when the activity 

coefficients of O and R tend to unity, the concentrations of O and R are usually used 

instead of their activities). R, T, F and n are the universal gas constant, the temperature, 

the Faraday constant and the number of electrons transferred in the reaction, 

respectively. 

When a negative potential is applied on the WE, the surface concentration of the reactant 

O will be progressively decreased. A Nernst diffusion layer where the concentration 

gradients are essentially linear therefore forms. When the potential applied on the WE 

goes more negative, the concentration gradient is further increased (Figure 2.7 B b and 

c), and hence the current increases as well. When the surface concentration of O reaches 

zero, the concentration gradient starts to decrease as the diffusion layer extends further 

into the solution (Figure 2.7 B e and f), and thus the current drops. Overall this 

phenomenon results in a peak-shaped current-potential response as shown in Figure 2.7 

C. When the potential sweep is reversed, R continues to be formed until the electrode

potential approaches ⊖. When the potential is close to ⊖, R starts to be re-oxidized back 

to O. A similar reverse current flows, and an opposite peak current compared to the

cathodic current appears. In addition, the anodic and cathodic currents will increase with

increasing sweep rates due to the shorter timescale of the experiment (Figure 2.7 D). The

peak current is proportional to the square root of sweep rate, expressed by the Randles-

Sevčik equation:

0.4463 ⁄ ⁄ ⁄       (2) 

where  is the peak current in Ampères, D the diffusion coefficient and A the electrode 

area, respectively. n, F, R and T have the same meaning as in the Nernst equation. 

In this thesis, we use CV to investigate electrochemical properties of the graphene 

electrodes before and after modification as well as the catalytic mechanism of the novel 

designed and prepared bioanode and biocathode. 

2.5.3 Chronoamperometry 

Chronoamperometry is an electrochemical technique in which the potential of the WE is 

changed, and current-time response recorded instantaneously (Figure 2.8). E1 is chosen 
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where no electrochemical reaction occurs on the electrode. At time t=0 the potential is 

“instantaneously” changed to E2, where the electrode reaction occurs. 

Figure 2.8 (A) Potential-time profile for chronoamperometry. (B) Current-time 

profiles for a single potential step experiment. The potential E2 is chosen so that (a) 

the reaction is diffusion controlled, (b) the reaction is kinetically controlled, and (c) 

there is mixed control [108]. 

Chronoamperometry was carried out to test the stability of the EBFCs in this thesis. A 

potential is applied on the assembled EBFCs and the current monitored. By investigating 

the current decrease over time, the stability of the biocatalysts could be determined and 

compared. 

2.5.4 Chronopotentiometry 

Chronopotentiometry is an electroanalytical technique in which the current flow in the 

cell is instantaneously stepped from zero to some finite value, and the potential change of 

the WE is then monitored as a function of time (Figure 2.9 A). Chronopotentiometry can 

be also used as galvanostatic technique for measuring the charge/discharge curves of a 

battery or capacitor as shown in Figure 2.9 B. The capacitance can be calculated from the 

variation in cell voltage or electrode potential while a constant current passes through 

the cell or electrode [109].  
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Figure 2.9 (A) Current-time profile for chronoamperometry [108]. (B) Three cycles of 

charge and discharge test curves on a capacitor.  

We used this method to investigate the discharge properties of a single bioanode or 

biocathode or of whole biosupercapacitors. By applying a current pulse on the WE, its 

potential change is simultaneously recorded, and hence the capacitance of the electrode 

or capacitor can be determined. 
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Chapter 3 

Preparation and characterization of graphene 

paper electrodes 

This chapter describes the synthesis of graphene oxide, fabrication of the graphene paper and the 

characterization of prepared materials. Part of this chapter was included in the manuscript “Two-

dimensional Graphene Paper Supported Flexible Enzymatic Fuel Cell” and submitted to 

Nanoscale Advances co-authored by D. Pankratov, A. Halder, M. D. Toscano, J. Zhang, J. Ulstrup, 

L. Gorton and Q. Chi.

3.1 Introduction 

Electrode materials are central in the development of high-performance BPSs. Indeed, 

recent advances in the field of BPSs have been driven mainly by the design and assembly 

of 3D porous and high surface-area electrode materials [88,110,111]. However, these 

bioelectrodes can hardly be integrated into blood or other biological environment. 

Additionally, for biological tests they require a membrane to prevent clogging by blood 

cells and possible formation of cholesterol plaques or other structures that could affect 

the blood circulation and induce thrombosis or embolism [112,113]. In many cases the 

BPS power density might not be a key factor, since as demonstrated by nanocomposite 

based BPSs the power density achieved is far higher than that for practical needs [114]. 

However, the (re)production of these nano-architectures in the centimeter scale is 

complicated and costly. In addition, intensive consumption of fuels like glucose and 

oxygen by a BPS needed for generating high current density is very likely to cause local 

hypoxia and even cell death. The power output from an implanted BPS should therefore 

be only as low as needed to power the targeted device. To date, for example, the highest 

power output achieved for EBFCs in blood mimicking glucose-containing buffer solutions 

is close to 1000 µW/cm2, i.e. reaching ca. 130 µW/cm2 in whole human blood samples [39]. 

This value is significantly higher than required to power most modern cardiac 

pacemakers (only 1-10 µW needed) [113,115]. In contrast, research efforts toward scalable 
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2D materials for potentially implantable bioelectronics are clearly underplayed, although 

the advantages of 2D materials as a freestanding support for non-enzymatic sensors 

[116,117], enzyme biosensors [67,118] microbial biofuel cells [119,120] and others 

[121,122] have been clearly demonstrated. 

Graphene based nanocomposites, arguably now the most broadly used 2D materials, have 

offered new opportunities for the immobilization of various enzymes and proteins, mainly 

because of their high lateral electrical conductivity, large surface area, good mechanical 

strength, tunable flexibility, and good biological compatibility [11,123]. An increasing 

number of researchers have explored graphene or/and its composites for protein 

accommodation. For example, Di Bari and associates electrodeposited GO on glassy 

carbon  electrodes(GCE) to construct high surface-area 3D graphene electrodes, which 

were further functionalized for covalent attachment of multi-copper oxidases [31]. 

Inamuddin et al. have developed a bioanode using layer-by-layer assembly of sulfonated 

graphene /ferritin /glucose oxidase biocomposite films for MET driving oxidation of 

glucose [41]. However, graphene and its hybrids could not self-support (or be 

freestanding) in these researches, but needed to be supported by GC or gold electrodes 

[31,41,43,124]. In other words, these graphene-modified electrodes are largely limited to 

the lab-level tests and can hardly be used for fabricating practical devices due to their 

non-scalability and high cost. In order to overcome this limitation, flexible, 

manoeuverable or even implantable supporting electrodes are needed to replace the rigid 

(GC and graphite) or expensive (gold and platinum) working electrodes for design and 

fabrication of new-generation BPSs which can favor biomedical applications. 

In this chapter, we introduce a method to prepare flexible and freestanding graphene 

paper with a two-dimensional active surface (2D-GP) based on previously reported 

producers [116,120,125] but with modification regarding particularly conductivity 

improvement, which is crucial for freestanding bioelectrodes acting simultaneously as a 

current collector. The design, preparation and characterization of the graphene paper are 

discussed in detail. 

3.2 Experimental 

3.2.1 Chemicals 

Graphite was from Aldrich, potassium permanganate from Merck. Phosphorus pentoxide 

(99%), sulfuric acid (>95%), hydrogen peroxide (30 % (w/w)) and hydrazine hydrate were 

from Sigma-Aldrich, potassium peroxodisulfate (≥99.0%) from Sigma. Potassium 
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hexacyanoferrate(III) (99%) was from Riedel-de Haën. All chemicals were used as 

received without further purification. Milli-Q water (18.2 MΩ cm) was used throughout. 

3.2.2 Synthesis of graphene oxide 

GO suspension was synthesized by a modified Hummer’s method following two steps [67]. 

The first step is to prepare pre-oxidized graphite (Figure 3.1). 5 g of graphite and 2.5 g of 

K2S2O8 were added into round bottom flask by a funnel along with 10 mL of H2SO4. 

Subsequently, 2.5 g of P2O5 dissolved in 10 mL of H2SO4 was added into the flask. The 

mixture were heated at 80 °C in an oil bath for 3 hours under strong stirring. The green 

black mixture obtained was then cooled for 20 min at room temperature and diluted with 

50 mL of water. The mixture was filtrated in a Büchner funnel (two pieces of filter paper) 

and washed with Milli-Q water until the filtrate had a pH in the interval of 5-7. Finally, 

the filter paper with pre-oxidized graphite on it was dried in an oven at 50 °C overnight. 

Figure 3.1 Schematic illustration of pre-oxidized graphite preparation. 

The second step is to synthesize raw GO (Figure 3.2). 1 g of dried pre-oxidized graphite 

and 3 g of KMnO4 were grinded, and then mixed with 23 mL of H2SO4 in a round-bottom 

flask at an ice-bath with stirring. After reacting for 10 min, the dark green mixture 

obtained was moved to an oil-bath at 35 °C and continued reacting for 2 h with condenser 

and stirring. 46 mL of Millipore water was then slowly added into the mixture and kept 

reacting for 15 min. After another 138 mL of Millipore water was added, the reaction was 

terminated by adding 2 mL of 30% H2O2 drop by drop. The resulting brown-yellowish 

product was filtrated and then washed by 250 mL of 1 M HCl. In order to obtain dispersed 

GO suspension, the raw GO on the filter paper was sonicated for 2 hours below 30 °C. To 

remove residual ions, the GO suspension was further dialyzed for one week with regularly 

changing water bath (2 to 3 times per day). 
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Figure 3.2 Schematic illustration of raw GO preparation. 

3.2.3 Preparation of graphene paper electrodes 

The 2D-GP electrode was prepared by assembling GO nanosheets into a paper-like 

layered film. 20 mL of 1 mg/mL GO dispersion was vacuum filtered through a membrane 

with the average pore size of 0.2 µm and a diameter of 47 mm. After peeled off from the 

filter membrane, freestanding GO paper was obtained. However, the GO paper is almost 

not conductive, thus we need to reduce it to recover its conductivity. The transformation 

of the GO paper to rGO paper was achieved by placing GO paper in a Teflon container 

together with a tiny beaker containing 100 µL of hydrazine but no direct contact with the 

hydrazine solution [125]. The container was sealed in a stainless steel autoclave and 

heated to 99 °C for 2 h. Upon elevating the temperature, hydrazine evaporated to form 
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steam filling the whole container, and the hydrazine steam reduced the GO paper to rGO 

paper. Finally, to remove residual hydrazine and further enhance the conductivity, the 

rGO paper was annealed at 600 °C for 1 h in a high-temperature oven under Ar flow. An 

average thickness of GP obtained was 64 µm measured by using Mitutoyo Thickness 

Gauge 547-321 (Mitutoyo, Aurora, IL, USA). For facilitating electrochemical 

measurements, GP was cut to rectangular pieces (typically 0.5 cm × 1 cm). The GP was 

fixed on an insulating plastic film and meanwhile connected to a conductive copper tap 

(Figure 3.3). A polyimide tape (3M, USA) was then applied to control the geometric 

surface area of the electrode (0.25 cm2) and to avoid electrolyte corrosion. 

Figure 3.3 Digital photograph of prepared GP electrode. 

3.3 Results and discussion 

3.3.1 Morphology, microscopic structures and conductivity characterization of 

graphene paper electrodes 

A self-supporting and flexible GO film was prepared through flow-directed assembly of 

GO nanosheets. The morphology of dispersed GO was probed by tapping mode AFM with 

a Tap300Al-G tip from Budget Sensors. Mica sheets with size of about 2.0 cm × 2.0 cm2 

freshly prepared by cleaving their top layers with a tape were used as AFM substrates. 

For AFM sample preparation, 10 μL of GO suspension was dropped cast in the middle of 

the cleaned mica sheets and evaporated overnight at room temperature. AFM image 

showed the 2D morphology of dispersed GO flakes. An average height of GO was about 1 

nm (Figure 3.4).  
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Figure 3.4 AFM image and corresponding cross-sectional height profile of GO 

nanosheets. The image size: 10 µm x 10 µm. 

Assembling GO flakes formed a paper-like film, which showed a relatively flat surface 

and a compact layered cross section from the SEM images in Figure 3.5 A, C and E. 

However, the internal resistance of the GO film is high, owing to the disruption of its sp2 

bonding networks. In order to work as a supporting electrode, the GO film must be 

reduced to recover its conductivity. The GO paper prepared by vacuum filtration was 

reduced by hydrazine vapor. Hydrazine was chosen as the reducing agent because its 

reduction products can be easily removed. Water molecular layers remained in the GO 

layers providing channels for reductant molecules to spread into the interior films [125]. 

Release of the gaseous products (such as H2O and CO2) formed during the chemical 

reduction process expanded the compact layers. The resulting rGO paper therefore 

possessed a rough surface and a continuously crosslinked architecture (Figure 3.5 D and 

F). The contacts between graphene sheets lowered the resistance of whole rGO paper 

(48.33 Ω sq-1). This hydrazine reduced GO paper subsequently underwent thermal 

annealing to remove the remaining reagents and to further enhance the conductivity. As 

a result, the resistance of rGO paper formed was lowered to 25.86 Ω sq-1. Furthermore, 

this thermally reduced rGO paper is still flexible (Figure 3.5 B) and its surface and cross 

sectional structures remain unchanged, similar as the hydrazine reduced rGO paper 

(Figure 3.5 D and F). 
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Figure 3.5 Morphology and microscopic structures of graphene papers: digital 

photographs of GO (A) and rGO (B) papers at the centimeter scale, SEM images of the 

surface structures of GO (C) and rGO (D) paper, and cross-section SEM images of the 

layered assembly of GO (E) and rGO (F) papers. 
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3.3.2 Chemical composition characterization of graphene paper electrodes 

The elemental composition of the rGO paper during the reductive process was 

investigated by XPS. Figure 3.6 A compares the general survey spectra of GO film, 

hydrazine reduced GO paper and thermally annealed rGO paper. The O1s peak intensity 

(around 530 eV) significantly decreased following the hydrazine treatment, and continued 

to decrease after the 600 °C annealing, indicating loss of oxygen. The atomic ratios of 

carbon to oxygen were calculated as 2.57, 7.62 and 11.70 for the GO film, hydrazine 

reduced GO paper and further thermally annealed rGO paper, respectively. A new peak 

around 400 eV (magnified in dash circle) appeared after hydrazine exposure, which 

indicated that nitrogen was introduced. The weak intensity of this peak suggested that 

only a trace amount of nitrogen was incorporated, according with reported observations 

[126]. A slight reduction of this peak occurred after thermal treatment. 

Figure 3.6 XPS of GO and rGO papers: (A) comparison of the survey spectra of GO 

film, hydrazine reduced GO paper and thermal annealed GO paper. Corresponding 

C1s spectra (B), (C) and (D), respectively analyzed in detail; in which the solid red 

curves are the measured data and the dashed blue curves are the overall fitting. The 

curves in other color are deconvoluted spectra. 
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The detailed C1s spectra of the GPs before and after treatments are shown in Figure 3.5 

B-D, respectively, along with the curve fitting using the Thermo Advantage software with

a fixed Gaussian/Lorentzian (G/L) ratio. The untreated GO paper had a main peak at

284.5 eV (53.48%) assigned to the aromatic sp2 structures, and another broad peak with

a tail towards higher binding energy attributed to the overlap of various carbon bonding

configurations. The second peak can be deconvoluted and assigned to C-O single bonds at

286.6 eV (35.83%) and carbon doubly bonded to oxygen at 287.8 eV (10.69%) [31]. After

chemical treatment, the fraction of carbon contributing to C-O and C=O bonds

significantly decreased to 10.57% and 2.11%, respectively. Conversely, the main peak at

284.5 eV increased to 70.42% and a new component at 258.4 eV (16.90%) appeared

corresponding to C-C single bond [31]. The ratio of oxygen containing groups kept

decreasing but slowed down after thermal treatment, indicative of further reduction of

GO. A small percentage of C-O groups was still present (4.41%), but the C=O peak had

completely disappeared, whereas, the C=C and C-C group signals had increased slightly,

to 73.53% and 22.06%, respectively. These results support the observed recovery of

conductivity of the GP electrodes.

3.3.3 Electrochemical characterization of graphene paper electrodes 

The hydrazine reduced and thermally annealed graphene paper with a 2D active surface 

was cut to rectangular pieces (0.5 cm × 1 cm) with an effective geometric surface area of 

0.25 cm2 for electrochemical experiments. Before any modification, the bare 2D-GP 

electrode was characterized electrochemically in the presence of the electroactive species 

K3[Fe(CN)6] at different scan rates (5 - 200 mV/s). As shown in Figure 3.7, well-defined 

redox peaks at E1/2=0.23 V vs Ag/AgCl, KClsat were observed. The peak potential kept 

constant at low scan rates (5, 10 and 20 mV/s), indicating reversible behavior. At higher 

scan rates, a slight peak potential shift with increasing scan rate was observed, indicating 

“quasi-reversible” behavior. In addition, the peak current followed a square root 

dependence of scan rate, according with diffusion control. 
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Figure 3.7 Electrochemical characterization of GP electrodes using the redox probe 

[Fe(CN)6]3-/4-. (A) CVs of GP electrode in 10 mM K3[Fe(CN)6] with 0.1 M KCl electrolyte. 

(B) Peak current versus the square root of scan rate. Scan rate: 5, 10, 20, 50, 100, 150,

200 mV/s.
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3.4 Conclusions 

We have prepared new electrode material, freestanding graphene paper, as opposed to 

carbon or gold supported graphene electrode materials by optimized chemical synthesis. 

The graphene electrode material was characterized comprehensively by SEM, XPS, AFM 

and FPP ascertaining that optimal conductivity and other physical properties are 

achieved. Being of paper design, the mechanically flexible, freestanding, and low cost 

graphene electrodes hold favorable properties regarding implantable or wearable 

applications in biological environment. 
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Chapter 4 

Graphene paper electrodes based enzymatic 

biofuel cells 

This chapter describes the fabrication of a glucose/dioxygen enzymatic biofuel cell and 

characterizes its electrochemical performance. This chapter is part of the manuscript “Two-

dimensional Graphene Paper Supported Flexible Enzymatic Fuel Cell” and submitted to 

Nanoscale Advances co-authored by D. Pankratov, A. Halder, M. D. Toscano, J. Zhang, J. Ulstrup, 

L. Gorton and Q. Chi.

4.1 Introduction 

Rapid development of portable microelectronics for biomedical purposes has increasingly 

demanded miniature power sources that facilitate long-term operations under biological 

environments such as physiological and pseudo-physiological conditions. Such power-

source systems are of particular need for low-power biomedical devices such as cardiac 

pacemakers, urinary sphincters and integrated biosensing devices for periodic monitoring 

of diseases [2,112,127]. 

EBFCs constitute a kind of sustainable bioelectrochemical devices that convert chemical 

energy into electric power using enzymes as highly efficient biological catalysts and 

notably, they can operate at neutral pH with high selectivity towards conversion of 

targeted chemical fuels. These unique features make EBFCs promising power systems 

for implantable biomedical devices [13,113], in which low power is sufficient but 

mechanical flexibility, biocompatibility and implantability are crucial. Furthermore, a 

rich variety of dissolved fuels and oxidants (e.g., glucose, lactate, urate and oxygen) and 

intensive flow rate makes human blood a most attractive internal fluid for EBFC 

operation [128]. The possibility to operating EBFCs in various physiological media of 

human and other mammals has recently been demonstrated at versatile in vitro [129–

132], ex vivo [128] and in vivo levels [100,112,133]. 
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Figure 4.1 Schematic illustration of (A) the structures of the main building block 

materials and (B) as-assembled enzymatic biofuel cell. Bioanode: GDH dimer with 

PQQ centers highlighted (PDB code 1c9u) and MB molecules were immobilized onto 

the graphene-paper electrode by π-π stacking. Biocathode: BOx with type I and type 

II/III (copper centers) marked (PDB code 2xll) directly adsorbed onto the graphene-

paper electrode. Not drawn to scale. 
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In this work, we engineered 2D-GP electrodes as support materials for both biocathode 

and bioanode to create a flexible, membrane-free and potentially implantable glucose/O2 

EBFC. As illustrated in Figure 4.1, the main building blocks include PQQ-GDH, BOx, 

rGO nanosheets and the ET mediator Meldola blue (MB). Engineered 2D-GP enabled 

facile immobilization of both enzymes via direct adsorption with their biocatalytic 

activities retained. PQQ-GDH required MB as an electron transfer mediator to act as an 

anode biocatalyst for electrocatalytic oxidation of glucose, but adsorbed BOx can exchange 

electrons with the 2D-GP electrode via DET toward electrocatalytic reduction of dioxygen. 

The assembled EBFCs exhibited high performance and high stability. To the best of our 

knowledge, this work represents the first exploration of graphene paper as a self-

supporting electrode material for flexible and membrane-free glucose/O2 EBFCs. 

4.2 Experimental 

4.2.1 Chemicals 

MB, i.e. 8-Dimethylamino-2,3-benzophenoxazine hemi(zinc chloride) salt (> 90%), 1,4-

Piperazinediethanesulfonic acid (PIPES) (99.5%), D-(+)-glucose (99.5%), uric acid sodium 

salt and sodium L-ascorbate (> 98%)  were from Sigma, potassium dihydrogen phosphate 

(99.995%) and dipotassium phosphate (99.995%) from Fluka. Sodium hydroxide (99.99%), 

calcium chloride dihydrate (99%) and sodium L-lactate (> 99.0%) were from Sigma-

Aldrich. PQQ-GDH (1020 U/mg) from Acinetobacter calcoaceticus was purchased from 

Sorachim SA. BOx from Myrothecium verrucaria (167 U/mg) was produced and purified 

by Novozymes A/S based on a previously reported protocol [134]. All chemicals were used 

as received without further purification. Milli-Q water (18.2 MΩ cm) was used 

throughout. 

4.2.2 Bioanode preparation 

Bioanodes were fabricated by physical adsorption of PQQ-GDH onto as-prepared 2D-GP 

electrodes. For the immobilization of MB mediator, 2D-GP electrode was immersed in 10 

mM MB aqueous solution and left overnight. The MB modified 2D-GP electrode was then 

rinsed with Milli-Q water at least three times to remove the unbound MB. PQQ-GDH 

solution in a 20 mM PIPES buffer (pH 7.0 adjusted by NaOH solution) containing 3 mM 

CaCl2 as stabilizer was prepared. 10 µL of 4 mg/mL PQQ-GDH was drop-casted onto the 

MB modified 2D-GP electrode and then kept in a moisture chamber at 4°C for 30 min. 

Before use, the bioanode was rinsed copiously with phosphate buffer. 
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4.2.3 Biocathode preparation 

The enzyme immobilization for biocathodes was similar to that for the bioanodes but 

without mediators. 10 µL of 3.61 mg/mL BOx solution (in 20 mM Tris buffer, containing 

100 mM Na2SO4, pH 8.0) was spread on the 2D-GP electrode surface and kept in a 

moisture chamber at 4°C for 30-40 min. After the enzyme adsorption, the electrodes were 

rinsed with buffer solution to remove loosely bound enzyme. 

4.2.4 Electrochemical measurements 

All electrochemical measurements were performed at room temperature (23 ± 2°C) using 

a PalmSens3 electrochemical interface controlled by a PSTrace software. For half-cell 

tests, a three-electrode system consisting of functionalized graphene electrodes as 

working electrode, a platinum wire as a counter electrode and Ag/AgCl (KClsat) as a 

reference electrode was used. All potentials in this work are referred to the Ag/AgCl, 

KClsat electrode (+197 mV relative to the standard hydrogen electrode). The EBFC 

performance was evaluated by using a two-electrode system with bioanode and biocathode 

immersed in the same electrolyte solution without a separate membrane. The distance 

between the bioanode and biocathode was controlled at 1 cm. A 10 mM phosphate buffer 

(PB) solution with pH 7.0 was used as the electrolyte for electrochemical experiments 

unless stated otherwise. 

4.3 Results and discussion 

4.3.1 Electrochemical behavior of MB modified 2D-GP electrodes 

The 2D-GP electrodes with MB molecules adsorbed via noncovalent bonding was 

investigated. As a phenoxazinium salt, MB contains several aromatic rings, and can 

adsorb onto carbon materials by π-π staking (Figure 4.2 A). Cyclic voltammograms (CVs) 

of MB modified graphene electrode are shown in Figure 4.2 B. Well-defined two-electron 

redox peaks at E1/2 = -0.15 V, equation (4.1) were observed caused by reversible 

oxidation/reduction of the two nitrogenic moieties (Figure 4.2 C). The peak current 

retained the same intensity after 20 scans, verifying the stable MB adsorption on 

electrodes.  

MB 	 	H 	 	2e ↔ MBH	   (4.1) 
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Figure 4.2 (A) Schematic illustration of the π-π stacking interaction between a MB 

molecule and graphene paper surface to adsorb MB. (B) CVs of MB modified graphene 

electrode in phosphate buffer (10 mM, pH 7.0) with 20 successive scans recorded at a 

scan rate of 0.1 V/s. (C) The structures of oxidized and reduced MB. 

Ideally, the anodic and cathodic peaks should be symmetric. However, a peak separation 

of 53 mV at 0.1 V/s remained (Figure 4.2 B) probably due to the rough surface of the 

graphene electrodes, and diffusing protons. Although there should be no mass transport 

constraints of oxidized and reduced reactants since both are present on the electrode 

surface, protons involved in the redox reaction (equation 4.1) still have to be exchanged 

with the electrolyte. This could give rise to peak separation, e.g. due to a concentration 

gradient [135,136]. The surface coverage of MB ΓMB could be determined from the CVs 

according to the equation proposed by Laviron [137]: 

   (4.2) 

where n is the number of electrons transferred during the process. F and R are Faraday’s 

constant and the gas constant, respectively, T the temperature, and A the electrode 

surface area. The coverage ΓMB was estimated as 1.76 × 10-10 mol cm-2. A dense monolayer 
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of Meldola Blue in planar adsorption holds a surface coverage of 2.40 × 10-10 mol cm-2

[135]. The observed ΓMB thus corresponds to about 75 % coverage.  

Figure 4.3 (A) CVs of MB modified graphene paper electrodes with different scan rates 

in phosphate buffer (10 mM, pH 7.0). (B) Linear relation between the peak current 

and scan rate up to 0.4 V/s. Scan rates: 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 

0.09, 0.1, 0.2, 0.3, 0.4, 0.5 V/s. 
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CVs of MB modified electrodes with different scan rates (e.g., 0.005-0.5 V/s) showed a 

linear relationship between ip and v (up to 0.4 V/s), Figure 4.3, according with diffusion-

less voltammetry, but the ip/v correlation begins to deviate from linearity at higher scan 

rate. This could result from similar “non-ideality” as for the observed peak separation, 

such as rough surface, fast scan rate and proton transport. The standard apparent 

interfacial electrochemical electron transfer rate constant (kapp) of MB was calculated by 

Laviron’s method [138] using the following equations: 

∆ ln    (4.3) 

1/   (4.4) 

where m was determined from the peak separation (∆Ep). The rate constant was 

calculated as 8.6 s-1 from the slope of the plot of 1/m vs v (Figure 4.4). This value reflects 

efficient interfacial electron transfer between MB and the graphene electrodes. 

Figure 4.4 Plot of 1/m vs scan rate using the data obtained in the scan rate range of 

0.03 to 0.5 V/s. The solid line is the best linear fit. 
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4.3.2 Electrocatalytic oxidation of glucose at the 2D-GP bioanode 

PQQ-GDH was physically adsorbed onto the MB modified electrode and then employed 

as the biocatalyst for glucose oxidation at the anode. MB has been widely used as a 

mediator for NADH or NADPH based dehydrogenases due to its fairly low redox potential 

and photo-insensitivity [135,139]. Here, we show that physically adsorbed MB can 

establish an electron transfer pathway between the redox center of PQQ-GDH and the 

graphene paper. Figure 4.5 displays the sigmoidal bioelectrocatalytic curves in the 

presence of glucose. The biocatalytic current starts from a potential of about -0.15±0.02 V 

and rises to a limiting value around 0.05 V. The onset potential towards glucose oxidation 

achieved herein is close to most PQQ-GDH bioelectrodes [39,140–143], and 0.33 V lower 

compared to that of PQQ-GDH linked to carbon fiber electrodes functionalized with 

graphene nanosheets [144], testifying to robust and competitive operation of the new 

graphene paper bioanode. The catalytic current of the as-prepared bioanode increases 

with increasing concentrations of glucose. When the concentration of glucose reaches 5 

mM, the enzyme response towards glucose is close to the saturation value. It is worth 

noting that this glucose concentration is well matched with the average value of glucose 

in human blood [145], indicating the potential for implantable application. Control 

experiments without enzyme showed no catalytic signals in this potential range (Figure 

4.6), verifying that the glucose oxidation resulted from PQQ-GDH. The catalytic processes 

can described by the following equations: 

PQQ GDH	 	D glucose → 	PQQH GDH 	D glucono 1,5 lactone   (4.5) 

PQQH GDH	 	MB → PQQ GDH	 	MBH	 	H    (4.6) 
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Figure 4.5 Electrocatalytic reactions at biocathode: CVs for electrocatalytic oxidation 

of glucose at GDH bioanode in phosphate buffer (10 mM, pH 7.0) with various 

concentrations of glucose. Scan rate: 5 mV/s 

Figure 4.6 CVs of MB modified graphene paper electrode in the absence (black curve) 

and presence of 5 mM glucose (red curve) in phosphate buffer (10 mM, pH 7.0). Scan 

rate: 5 mV/s. 
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PQQ-GDH oxidizes dextroglucose to gluconolactone and itself is reduced to PQQH2-GDH, 

which then transfers electrons to MB+ (the oxidized form of MB) to recover catalytic 

ability. The MBH formation (the reduced form of MB) was followed by electroxidation on 

the electrode, equation (4.1). The low catalytic potential of this bioanode towards glucose 

oxidation is very attractive for EBFCs. 

4.3.3 Electrocatalytic reduction of dioxygen at the 2D-GP biocathode 

The multicopper oxidase, BOx, was chosen as the biocatalyst for the dioxygen reduction 

reaction at the cathode without using mediators. The biocathode was again fabricated by 

facile direct adsorption of the enzyme onto the bare 2D-GP electrode. The reduction 

current of BOx biocathode in air-saturated PB was recorded by cyclic voltammetry (Figure 

4.7). The reduction reaction started around 0.50±0.02 V and reached a limiting current 

density of 11.05 µA cm2 at 0.20 V, which is similar to the reported results of BOx 

immobilized on other carbon electrodes [82]. No reduction on bare graphene electrode 

between 0.1-0.6 V was observed, confirming that dioxygen reduction was in fact catalyzed 

by BOx. Since no mediator was introduced in this system, dioxygen reduction was effected 

by direct ET between the enzyme and graphene paper, as described by equations (4.7) 

and (4.8). 

BOx 	 	4e → BOx 	  (4.7) 

BOx 	 	O 	 	4H → BOx 	 	2H O  (4.8) 
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Figure 4.7 Electrocatalytic reactions at biocathode: CVs at bare GP and BOx cathode 

in air saturated PB. Scan rate: 5 mV/s. 

In the detailed catalytic mechanism, four electrons sequentially tunnel from the electrode 

to the fully oxidized enzyme. The four electrons are transferred via the type I copper 

center of BOx. One electron is left at the type I center and three electrons transferred 

further to the type II/III center by intramolecular ET, forming the fully reduced enzyme 

[29]. Subsequently, O2 reacts with the reduced trinuclear copper center forming a peroxy 

intermediate (PI), in which two copper ions are oxidized. A second intramolecular two-

electron transfer step then occurs along with the cleavage of the O-O bond in the PI, 

resulting in a fully oxidized native intermediate enzyme form (NI) [146]. With electrons 

from the electrode and protons from the electrolyte, the fully oxidized NI is rapidly 

reduced to the fully reduced form of BOx along with liberation of water. Efficient electron 

tunneling between the electrode and the T1 site of BOx requires a short surface-type I 

distance and a proper orientation of enzyme [28]. The rough surface of the graphene 

electrode seemingly provides such binding sites and short BOx ET distances, leading to 

an effective biocathode with DET towards the ORR. 
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4.3.4 Electrochemical performance of as-constructed EBFCs 

The prepared new graphene paper based PQQ-GDH bioanode and BOx biocathode were 

assembled to a complete EBFC. The performance of this biofuel cell was investigated by 

LSV in air-saturated PB containing 6.4 mM glucose (Figure 4.8). Glucose was oxidized at 

the anode and donated electrons, which traveled through the external circuit to the 

cathode and were subsequently accepted by O2. The OCV of the assembled EBFC was ca. 

0.665 V, which is similar to other reported PQQ-GDH/MCOs EBFCs [39,141] operating 

in PB, and 0.255 V higher than that of graphene functionalized EBFC [144]. A maximum 

power density of 4.03 µW cm2 was obtained at a voltage of 0.42 V, which is significantly 

higher compared to the recently reported EBFC based on spectrographic graphite as the 

electrode support [128]. Table 4.1 compares the performance of graphene materials based 

bioelectrochemical systems with different kinds of biocatalysts. The peak power output in 

this work is comparable with the results reported by Bollella et al., Koushanpour et al. 

and Pankratova et al. Other reports show 5-7 times higher power density than that 

achieved in this work, but consume much larger amounts of glucose. This glucose 

concentration is far higher than in normal human blood, implanting high glucose 

consuming EBFCs in human blood vessel therefore cannot export high power density as 

they did in external buffer solutions.  

Figure 4.8 Representative polarization curve (red) and power curve (blue) obtained 

from the GDH bioanode and BOx biocathode in air-saturated buffer containing 6.4 

mM glucose. Solid and dashed curves are recorded in pure PB and BMB buffers, 

respectively. Scan rate 1 mV/s.  
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In order to evaluate the power output of the EBFC operating in human blood, the EBFC 

performance was tested in blood mimicking buffer (BMB, pH 7.4), which was found to 

fully simulate the EBFC behavior in whole blood [128]. BMB contained the main plasma 

electrolytes (including 4.05 mM K+, 141.4 mM Na+, and 105.4 mM Cl-) and redox active 

components (0.045 mM ascorbate, 0.425 mM urate, 1.92 mM lactate) at their physiological 

concentrations. Although the OCV value in BMB expectedly dropped to 0.418 V due to 

parasitic reactions on exposed patches of the biomodified 2D-GP, the observed decrease 

in OCV was only 50 mV lower compared to the EBFC based on the tubular spectrographic 

graphite [128]. The maximum power density achieved in BMB was 30 % lower than that 

in the pure PB buffer (2.83 and 4.03 µW cm2, respectively), which is still sufficient to drive 

a cardiac pacemaker or as a self-powered biosensor [115,147]. 

Table 4.1 Performance of bioelectrochemical systems employing graphene-based 

materials. 

Anodic enzyme 
Fuel 

concentration 

Cathodic 

enzyme 

Electrode 

architecture 

OCV 

(V) 

Power 

density 

(µW/cm2) 

Ref. 

PQQ-GDH 
20 mM. 

glucose 
Lac 

3D graphene 

nanoflakes 
0.410 5.50 [144] 

CDH 5 mM glucose Lac AuNPs/graphene 0.740 5.16 [148]

Thylakoid 

membranes 
Light BOx

3D graphene 

martix 
0.500 1.79 [88] 

NADH-GDH 
30 mM 

glucose 
Lac 

Graphene/carbon 

nanotubes 
0.690 22.5 [87] 

GOx 
200 mM 

glucose 
BOx 

3D graphene 

coated carbon fiber 

cloth 

0.620 34.3 [34] 

PQQ-GDH 
6.4 mM 

glucose 
BOx 2D graphene paper 0.665 4.03 this work 

To investigate the influence of mechanical deformation of the electrodes on the 

performance of the assembled EBFC, the power density of the EBFCs employing 

electrodes bent to various angles was tested. To eliminate the deviation between different 

electrodes, the power density of each EBFC was first recorded at the planar level (Pinitial), 

and then at selected angles (Px°). The ratio of Px°/Pinitial was calculated and normalized for 
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comparison. Table 4.2 and Figure 4.9 show that the EBFC has good tolerance for bending 

to different angles without obvious changes in power output and internal resistance, 

similar to graphene-protein layer-by-layer assembled electrodes [70]. The OCV and power 

output of the assembled EBFC are comparable with that of carbon nanotube based flexible 

EBFCs [149]. 

Table 4.2 The power density output of EBFCs before and after bending to various 

angles. 

Bending 

angles 
0° 30° 60° 90° 120° 150° 180° 

Internal 

resistance (Ω) 
1.03×105 0.99×105 1.06×105 1.08×105 1.10×105 0.95×105 1.02×105 

Pinitial  

(µW cm-2) 
3.94 4.08 3.75 3.76 3.97 3.81 4.02

Px° (µW cm-2) 3.62 3.81 3.42 3.49 3.64 3.57 3.73

Px° / Pinitial 91.88% 93.38% 91.2% 92.82% 91.69% 93.7% 92.79% 

Normalization 100% 101.63% 99.26% 101.02% 99.79% 101.98% 100.99% 
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Figure 4.9 Remaining power density ratio of EBFCs after bending to various angles. 

The stability of the new EBFC was further tested by continually recording the current at 

the potential with the maximum power density. 40% current output remained after the 

EBFC continually operating 1 h in static state, while more than half of the current output 

remained in stirring mode (Figure 4.10). The results are comparable with that of a 

recently reported mediated EBFC with the best overall performance ever achieved for 

whole human blood [39]. 
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Figure 4.10 Stability tests of the EBFC in (A) a static solution and (B) a stirred 

solution. The current was recorded at the maximum power output potential (i.e. 0.38 

V) in oxygen-saturated phosphate buffer (10 mM, pH 7.0) containing 5 mM glucose.

4.4 Conclusions 

EBFCs based on graphene, nanotube, and other nanoscale carbon materials have been 

reported and are in increasing focus. In the present study we have introduced a novel 

graphene-based EBFC, of which the bioanode and biocathode are based on PQQ-GDH and 

BOx, respectively and can be prepared by facile direct physical adsorption on the new 

flexible graphene paper electrodes. 
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The electrochemical and electrocatalytical properties of the new PQQ-GDH bioanode and 

BOx biocathode were tested comprehensively by cyclic voltammetry and found to display 

robust monolayer voltammetry and efficient electrocatalysis towards glucose oxidation 

and dioxygen reduction. PQQ-GDH needs the MB mediator for facile electrocatalysis, 

whereas direct electron transfer between enzyme and graphene paper electrode could be 

effected for the BOx biocathode. The EBFCs were tested particularly for solutions that 

mimic real blood samples.  

The new electrodes were used to design and build a working EBFC, merits of which are 

membrane-less construction, mechanical flexibility, biocompatibility, low cost, and facile 

engineering. The peak power output and stability are broadly comparable with reported 

results for other carbon based EBFCs, but must be held up against the facile electrode 

and bioelectrode preparation, and the meritorious mechanically flexible structure of the 

free-standing graphene paper electrodes. Bending was found not to compromise core 

electronic properties of the electrodes such as the conductivity in particular. The latter 

property offers perspectives for implantable or wearable application, where the power 

output of the developed EBFCs holds the potential to drive low-power biomedical and 

bioanalytical microelectronics. Reducing the power requirement of portable medical 

devices will be an issue of their future development. Further performance enhancement 

of the biocathode, which seems to be the limiting factor in overall efficient performance, 

and long-term stability of the EBFC could therefore be the focus for ongoing efforts. 
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Chapter 5 

Graphene paper electrodes based supercapacitive 

biofuel cell 

This chapter describes the fabrication and characterization of the self-charging biosupercapacitor. 

This chapter is based on an article titled “Supercapacitor/biofuel cell hybrid device employing 

biomolecules for energy conversion and charge storage” published in Bioelectrochemistry co-

authored by D. Pankratov, G. Pankratova, M. D. Toscano, J. Zhang, J. Ulstrup, Q. Chi and L. 

Gorton.  

5.1 Introduction 

Supercapacitive biofuel cells (SBCs) constitute a rapidly progressing segment of hybrid 

bioelectrochemical systems employing dual-function electrodes [150]. In these systems 

the internal electrode capacitance is actively utilized to accumulate electric charge 

generated by the bioelement (enzyme or microbial cells) directly immobilized on the 

capacitive segment of the SBC or physically separated, but electrically interconnected 

with this segment. Starting from the pioneering work, such as Deeke et al., Malvankar et 

al., Schrott et al., Pankratova et al., and Pankratov et al. that has disclosed the influence 

of electrode capacitance on power output of microbial fuel cells [151] and by employing 

cytochromes produced by living bacteria for charge storage [51,152], the SBC concept was 

further expanded to photobioelectrochemical cells [53,153] and enzymatic fuel cells (vide 

infra). Development of enzymatic SBCs (ESBCs) has become a field of special interest 

with regards to potentially implantable or wearable power sources operating under 

certain conditions, when established enzymatic fuel cells are unable to provide a robust 

power output to supply miniature electronics. Operation in pulse mode, when the charge 

accumulated during low-power continuous operation is extracted via short high-power 

bursts, allows overcoming these restrictions and an expanding application niche of 

enzymatic power sources [1]. 
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The charge-storing components of ESBCs reported so far are mainly based on the 

supercapacitive features of carbon nanotube-based materials [52,154–156], metal [157] 

and metal oxide [158] nanoparticles or on the faradaic behavior of osmium-complex-

modified redox polymers [159–161]. However, in spite of recent achievements in the 

development of ESBCs and the proof-of-principle demonstration of a variety of approaches 

of fabrication and utilization of ESBCs, the biocompatibility and biodegradability of these 

materials remain a challenge, and most reported ESBC types require additional 

modification to become useable under implantable conditions or in contact with 

physiological fluids [162]. Moreover, the combination of a high-capacitive charge-storing 

element with a low-performance enzymatic part could result in an unacceptably long 

equilibration time after each discharging pulse [52]. 

In view of these shortcomings, further development of SBCs and ESBCs requires 

introduction of redox active or pseudocapacitive proteins to build renewable and entirely 

biodegradable charge storing bioelements with a broadly variable capacitance. Some 

proteins possess high capacitance through Faradaic electron charge-transfer with redox 

reactions like redox polymers, intercalation like conductive polymers or electrosorption 

like carbon nanotubes. The recent reported example of an ultrathin supercapacitor that 

incorporates the advantages of the pseudocapacitive features of immobilized myoglobin 

[70], substantiates the practical attainability of this concept. 

In earlier work, GP based materials have shown robust mechanical strength, high 

electrical conductivity, tunable flexibility, low weight and low cost, together with potential 

applications in biomimetic composites, electrocatalytic sensors and energy storage devices 

[116,117,120,121,125,163]. Moreover, the fabrication method of GP is scalable and 

reproducible. Employing freestanding GP as a current collector and enzyme loading 

material offers a wider application of ESBCs in implanted or flexible medical devices. 

In this work, we demonstrate, to the best of our knowledge, the very first functional ESBC 

in which biological materials are exploited for both energy conversion and charge storage 

(Figure 5.1). To convert this concept into action, BOx and PQQ-GDH were utilized as 

dioxygen reducing and glucose oxidizing bioelements, respectively. Notably cyt c, a small 

redox protein (MW ca. 12 kDa), was employed simultaneously as an anodic electron 

transfer mediator and a charge storing component. 

Chapter 5



Figure 5.1 Schematic representation of the assembled ESBC. The structures of cyt c 

(rust red), PQQ-GDH (purple) and BOx (green) correspond to PDB 1hrc, 1c9u and 2xll, 

respectively. Not drawn to scale. 

5.2 Experimental 

5.2.1 Chemicals 

PIPES, D-(+)-glucose, and sodium dihydrogen phosphate dihydrate, sodium hydroxide, 

calcium chloride dihydrate, sodium monohydrogen phosphate dihydrate, hydrazine 

hydrate, and cyt c from horse heart (≥95% based on Mol. Wt. 12,384 basis) were 

purchased from Sigma-Aldrich, Germany. Graphene oxide (GO) powder was either in-

house prepared [67] or obtained from the Sixth Element Inc (China). PQQ-GDH (1020 

U mg-1) from Acinetobacter calcoaceticus was purchased from Sorachim SA 

(Switzerland). Myrothecium verrucaria BOx (167 U mg-1) was produced and purified by 

Novozymes A/S (Denmark) based on a reported protocol [134]. All chemicals were at 

least of analytical grade and used as received. All aqueous solutions were prepared 

using Milli-Q water (18.2 MΩ cm). Air-saturated 10 mM phosphate buffer 

(NaH2PO4, Na2HPO4 at pH 7.4) was used in all experiments, unless stated otherwise. 
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5.2.2 Preparation of bioanode and biocathode 

Bioanodes were fabricated by physical adsorption of cyt c and PQQ-GDH onto the 

electrodes. An aliquot of a 10 µL cyt c solution (2.5 mg mL-1 in 10 mM phosphate buffer, 

pH 7.4) was first drop cast onto the GP electrodes and kept in a moisture chamber at 4°C 

for 2 h. The cyt c modified GP electrodes (GP-cyt c) were next rinsed three times with 

buffer to remove any unbound protein and further modified in order to prepare both the 

anode and the cathode. For preparation of the bioanode 10 µL of a PQQ-GDH solution (4 

mg mL-1 in 20 mM PIPES buffer containing 3 mM CaCl2 as stabilizer, pH 7.0) was drop-

cast onto the GP-cyt c electrode, then kept in a moisture chamber at 4°C for 30-40 min, 

and rinsed with phosphate buffer before use. For preparation of the biocathode 10 µL of 

a BOx solution (3.61 mg mL-1 in 20 mM Tris buffer, containing 100 mM Na2SO4, pH 8.0) 

was spread on the other side of the GP-cyt c electrode and kept in a moisture chamber at 

4°C for 30-40 min. After enzyme adsorption, the cathodes were rinsed with buffer to 

remove loosely bound enzyme. 

5.2.3 Electrochemical data 

All electrochemical measurements were performed at room temperature (23±2°C) using 

an Autolab PGSTAT30 potentiostat (Metrohm AG, Utrecht, The Netherlands), controlled 

by the GPES software. For half-cell tests, a three-electrode system was used, where the 

bioanode or the biocathode was used as the working electrode, a platinum plate and a 

Ag/AgCl (KClsat) as counter and reference electrode, respectively. The electrochemical 

performance of the assembled membrane-less ESBC was evaluated using a two-electrode 

system with the bioanode and the biocathode immersed in the same electrolyte solution. 

The voltage changes during the charge/discharge cycling were monitored simultaneously 

with galvanostatic potentiometry using a digital multimeter (UNI-T, UT61 Series, China) 

5.3 Results and discussion 

5.3.1 Electrochemical behavior of the bioanode 

Cyt c, a water-soluble redox protein, is crucial in the respiratory electron transport chain 

in microorganisms and animals. The heme group of cyt c is able to accept and donate 

electrons as a redox mediator, which makes cyt c a suitable intermediate molecule to 

facilitate electron transfer between electrode surfaces and certain enzymes. Biomimetic 

signal chains between cyt c and a variety of other biomolecules such as sugar 

dehydrogenases, blue multicopper oxidases, sulfite oxidase, isolated photosystem and 
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bacterial cells have been reported, allowing efficient inter-protein electron transfer [164–

172]. 

In the current work, we intended to use cyt c for shuttling electrons between PQQ-GDH 

and the GP electrode. Cyt c was first adsorbed onto the GP electrode through drop casting. 

Cyclic voltammetry was employed to investigate the electrochemical behavior of cyt c 

physi-sorbed GP electrode. A pair of redox peaks at E1/2 = 0.075 V (Figure 5.2 A) reflects 

efficient DET between cyt c and the GP electrode. 

PQQ-GDH was next immobilized on the cyt c layer to fabricate the glucose oxidizing 

bioanode (PQQ-GDH-cyt c-GP) and investigate the electrochemical communication 

between PQQ-GDH and cyt c in a glucose-containing electrolyte. Figure 5.2 B shows that 

the bioelectrocatalytic currents increase with an increase in glucose concentration. 

Control experiments when only cyt c was immobilized on the GP electrodes show no 

oxidation response towards glucose (Figure 5.2 A). Moreover, PQQ-GDH did not undergo 

DET in the absence of the redox protein. As a result, cyt c was concluded to establish an 

efficient electron transfer pathway connecting the redox center of PQQ-GDH and the GP 

surface. The PQQ-GDH-cyt c-GP bioanode displays an onset potential of 0.02±0.01 V and 

a catalytic current of about 0.3 µA cm-2 at 0.3 V in the presence of 1 mM glucose. This 

current value is about 2 orders of magnitude larger than obtained from PQQ-GDH 

coupled to cyt c/DNA-multilayer systems in the presence of glucose in the same 

concentration [165]. The possible reason is that the GP electrodes provide larger surface 

area for protein and enzyme immobilization than the gold wire electrodes. When the 

concentration reaches 3 mM, the response of immobilized enzyme towards glucose is close 

to the saturation value (Figure 5.3). The calculated apparent Michaelis constant (Km) is 

around 0.92 mM obtained from the Michaelis-Menten kinetics equation: 

	       (5.1) 

where j is the current density (μA cm-2) obtained when the substrate concentration is c 

(mM), and jmax is the maximum current density obtained (μA cm-2). This value is smaller 

than for the solubilized enzyme (4.8 mM). The Km is a parameter that may depend on all 

rates in the catalytic cycle, including intermolecular electron exchange [173]. As a result, 

the slow protein-protein electron transfer process between cyt c and PQQ-GDH could be 

a main reason for the small Km in this system [165].  
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Figure 5.2 (A) Cyclic voltammograms of bare and cyt c modified GP electrodes in the 

absence or presence of glucose. (B) Cyclic voltammograms of PQQ-GDH-cyt c 

bioanode operating at various concentrations of glucose. Scan rate 5 mV s-1. 
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Figure 5.3 Current density of the PQQ-GDH-cyt c-GP electrodes towards different 

glucose concentrations.  

Apart from functioning as an electron transfer mediator, the cyt c layer can also be used 

to accumulate charge due to its faradaic behavior, similarly to that previously reported 

for redox hydrogels [155,159–161], carbon nanotube/conducting polymer composites [9] or 

the redox protein rusticyanin [56]. As we can see from the CVs (Figure 5.2 A), 

biomodification of bare GP electrode with cyt c resulted in an obvious enhancement of the 

capacitance due to the redox reactions of the electroactive cyt c. Cyt c in the biofilms of 

live bacteria gave similar results [51]. Galvanostatic discharging of the PQQ-GDH-cyt c-

GP bioanode using a 1 s pulse current of 12 μA cm−2 leads to a voltage change of 

0.095±0.005 V (Figure 5.4). The corresponding capacitance is calculated as 126±0.7 µF 

cm-2 according to equation 5.3. This value is close to the capacitance value calculated from

CV (131±0.6 µF cm-2) using equation 5.4. The self-charging process occurred

spontaneously after completion of the discharging. The catalytic oxidation of glucose by

PQQ-GDH thus provides electrons, which are in turn transferred to cyt c through

interprotein electron transfer. As a result, the heme groups in cyt c were reduced, which

corresponds to stabilization of the electrode potential at its OCP in the fully charged state

(Figure 5.4). In the absence of PQQ-GDH, the cyt c-GP electrode displayed a higher OCP
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of 0.063 V and gradually increasing OCP during the charge/discharge cycling (Figure 5.4). 

The self-charging behavior of cyt c-GP electrode can be explained by the recovery of 

electrical double layer structure after the discharging pulse [1]. The OCP however was 

not able to recover to the low initial value because the heme groups in cyt c cannot be 

fully reduced without the help of PQQ-GDH. A similar phenomenon was observed in 

recent work regarding self-charging biosupercapacitor employing myoglobin-modified 

electrode [174]. 

Figure 5.4 Representative charge/discharge curves of the cyt c modified GP electrode 

with and without PQQ-GDH. Discharge was carried out by applying a pulse current 

of 12 μA cm−2 for 1 s. 
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In a capacitor, the stored charge (Q) is proportional to the applied potential (E) as shown 

in equation 5.2. 

	 	 	    (5.2) 

The proportional constant corresponds to the capacitance (C). This equation is a 

foundation for the evaluation of the capacitance of electrochemical capacitors [109]. 

The specific, integral capacitance C (μF cm-2) obtained from galvanostatic discharge 

curves is [57]: 

	 	
       (5.3) 

where jpulse is the applied current density (μA cm-2), and ΔE is the voltage variation of the 

discharge curve (V), Δt the discharge time (s). 

The specific, integral capacitance C (μF cm-2) calculated from CVs is [57] : 

	 	
∆

     (5.4) 

where j is the current density (μA cm-2). E and v are the potential (V) and the scan rate 

(V s-1), respectively. The stored charge of capacitors can be calculated from j, E and v. As 

we integrated both the forward and backward curves of CVs, the capacitance was thus 

divided by 2. 

The evaluation from different electrochemical analytical modes seems intrinsically 

different, however, the essence should be the same according to equation 5.2, and so 

identical capacitance should be obtained from different methods [109].  
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5.3.2 Electrochemical behavior of the biocathode 

Figure 5.5 (A) Representative OCP curves and (B) charge/discharge curves of the BOx 

modified GP electrodes in the presence or absence of cyt c in10 mM air saturated 

phosphate buffer solution. Discharge was carried out by applying a pulse current of 

12 μA cm−2 for 1 s. 
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To create a dual-function biocathode (BOx-GP-cyt c), BOx was immobilized on one side of 

the GP electrode as energy converting component catalyzing dioxygen reduction, while 

cyt c was adsorbed on the other side to create a charge storing part. A similar approach 

of employment of charging/capacitive compartments, e.g. enzyme-charging/polyaniline 

composite-storing and thylakoid membranes-charging/gold nanoparticle-storing 

patterns, was successfully applied in the construction of hybrid bioelectrochemical 

systems [52,53]. The BOx modified GP electrode exhibits a stable OCP of 0.50±0.02 V 

after equilibrating for 50 s in an air-saturated electrolyte (Figure 5.5 A). The high OCP 

value indicates a favorable orientation of the type I Cu center facing the electrode surface, 

and BOx is therefore able to accept electrons directly from the electrode. If BOx is not 

properly oriented on the electrode surface, no DET takes place and therefore the OCP of 

the electrode will be much lower than 0.5 V. When cyt c was deposited on the other side 

of the BOx-GP electrode, its initial OCP dropped to 0.26 V, followed by a subsequent 

increase (Figure 5.5 A). The OCP change is related to charge shifting forward and back 

between the electrode and the two proteins of the biocathode. The OCP of the biocathode 

finally stabilized at 0.40±0.02 V. As shown in the CVs of BOx modified electrodes, the 

presence of capacitive cyt c layer also results in a slight decrease of the cathodic limiting 

current (Figure 5.6). Comparing the discharge results of the BOx-GP and the BOx-GP-cyt 

c electrodes (Figure 5.5 B), we found that a twice-smaller voltage drop was achieved for 

the latter, which corresponds to a significant enhancement in the electrode capacitance. 

The observed increase in the electrode capacitance in the presence of cyt c confirms the 

practical implementation of the proposed concept that the capacitance of the cyt c layer 

may ensure a sufficient charge-storing ability of the hybrid biodevice. 
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Figure 5.6 Cyclic voltammograms of BOx modified GP electrodes with and without 

cyt c in 10 mM air saturated phosphate buffer, pH 7.4. Scan rate 5 mV s-1. Modification 

of cyt c on the BOx bioelectrode has slightly decreased the limiting current. 

5.3.3 Electrochemical behavior of the hybrid ESBC 

We have, finally constructed a hybrid ESBC by combining the PQQ-GDH-cyt c-GP 

bioanode with the BOx-GP-cyt c biocathode. The fabricated device has an OCV of 

0.38±0.03 V and a peak power density of 0.29 µW cm-2 at a voltage of 0.16 V in the 

continuous mode (Figure 5.7). As shown in the polarization curve, in order to polarize the 

electrode, the voltage drops fast at the beginning due to kinetic, activation and charge 

transfer losses. After that, the voltage decreases slowly and linearly over a wide range of 

the current density, resulting from the intrinsic resistance of the system as well as the 

resistance from the flow of ions in the electrolyte. The mass transport limitation, which 

usually happens at a potential close to zero [108] is not a critical factor for determining 

the current density in our ESBC due to the relative slow kinetics of enzymes especially at 

the anode. 
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Figure 5.7 Representative electrochemical performance of the assembled ESBC 

obtained in continuous mode in the presence of 3 mM glucose. Voltage-current (black) 

and power-current curves (blue). Scan rate 1 mV s-1. 

The OCV value achieved is typical for all Nernstian hybrid bioelectrochemical systems 

with the same charge-storing component at both electrodes [52,160,161]. This is 

indicative of a limited ability to increase the relative amount of oxidized and reduced 

redox active molecules during the self-charging process. The hybrid ESBC was evaluated 

by applying different current pulses over a period of 1 s, and the corresponding voltage 

drops are recorded in Figure 5.8 A. Higher currents applied resulted in larger voltage 

drops as well as longer recovery time back to initial OCP. The corresponding power curve 

profile calculated according to the end-point voltage of the discharging pulse [154] is 

presented in Figure 5.8 B. The hybrid ESBC output current density and power density is 

thus higher in the pulse mode than in the continuous mode (Figure 5.7). The power 

density tested from pulse mode is the amount stored in the ESBC, while the value got 

from continuous mode is generated from the catalytic process. The highest power density 

of the hybrid ESBC in the pulse mode could be obtained at current densities between 12-

15 μA cm-2.  
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Figure 5.8 (A) Charge/discharge curves. Voltage drops were measured by applying 

different current pulses: (a) 6 μA cm−2, (b) 12 μA cm−2, (c) 15 μA cm−2, (d) 18 μA cm−2 

and (e) 21 μA cm−2 over a period of 1 s. (B) Power-current profile in a pulse mode from 

the end-point voltage values obtained by applying various current pulses. 
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Applying a discharging current pulse of 12 μA cm-2 for 1 s on the two-electrode system 

ESBC leads to a voltage drop of 0.14±0.01 V (Figure 5.9). The voltage drop remained 

constant for at least 52 cycles of continuous self-charge/discharge operation, indicating no 

desorption of the biomolecules. The overall capacitance of the ESBS calculated from fast 

galvanostatic discharge is 85±1 µF cm−2, which is slightly higher than reported for a 

biosupercapacitor based on the copper protein rusticyanin as a charge-storing redox 

protein [56]. The corresponding maximum power density of the ESBC calculated from the 

start potential of the discharge process (OCV) and applied current pulse (12 μA cm-2) is 

4.5 μW cm-2. This value is 15 times higher than the maximum output achieved in the 

continuous mode.  

Figure 5.9 Long-term charge/discharge behavior. Discharge was carried out using a 

pulse current of 12 μA cm−2 for 1 s. 

The self-charging process was followed until a stable OCV was achieved and took around 

4 min and 1 min for the bioanode and the biocathode, respectively (Figure 5.3, 5.4 B). The 

bioanode therefore determines the rate of the self-charging process in the assembled 

ESBC. This was also reported for a glucose/O2 biosupercapacitor based on an Os redox 

polymer due to the slower diffusion of glucose than O2 to the electrode surfaces [159]. 

There is a slight fluctuation in the recharged voltage of the ESBC, which accords with the 

OCP and charging/discharging curve of the BOx-GP-cyt c electrode due to the dynamic 

equilibrium between BOx and cyt c. After 50 cycles of discharging pulses, an OCV of the 

ESBC with a constant self-charging time applied up to 0.31 V was recovered, which can 

be compared with the initial value of 0.38 V. The OCV achieved even after more than 4 h 
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operation, however, outperforms a recent example of a glucose/O2 ESBC employing non-

biological capacitive elements [158]. The operational stability is significantly better than 

that of other reported hybrid bioelectrochemical systems, in which the energy-converting 

bioelement is interconnected with a charge-storing component with a disproportionately 

high capacitance [52]. 

Table 5.1 Comparison of analogous membrane-less enzymatic bioelectrochemical cells 

operating in solutions mimicking physiological fluids. 

Abbreviations: Asc–ascorbate; AT–artificial tears; BP–buckypaper; FcRP–dimethylferrocene 
modified linear polyethyleneimine; Glu–glucose; Lat–lactate; LOx–lactate oxidase; n/d–not 
determined; NIL–nanoimprint lithography; OsRP1–[Os(2,2′-
bipyridine)2(polyvinylimidazole)10Cl]+/2+; OsRP2–poly(vinyl imidazole‐co‐
allylamine)[Os(bpy)2Cl]; PAH–poly(allylamine hydrochloride); PMG - polymerized methylene 
green; PSS - poly(sodium 4-styrenesulfonate); TBAB - tetrabutylammonium bromide.  

Anodic 

enzyme 

Cathodic 

enzyme 

Anode 

electrode 

material 

Cathode 

electrode 

material 

Fuel 

concentration, 

mM 

OCV 

(V) 

Maximum 

power density, 

µW cm-2 

Residual 

activity 

after 4 h 

Ref. 

CDH Lac AuNPs/Graphene 

5 (Glu) 0.66 2.2 

n/d [148] 

0.1 (Glu) 0.58 1.6 

CDH BOx AuNPs 5 (Glu) 0.68 3.3 92% [175] 

CDH BOx NIL-modified gold 5 (Glu) 0.63 0.6 86% [176] 

CDH BOx tubular spectrographic graphite 6.4 (Glu) 0.60 1.8  n/d [128] 

CDH BOx spectrographic graphite 5 (Glu) 0.62 3.0 68% [177] 

CDH BOx 

indium tin oxide electrodes 

50 (Glu) 0.67 1.4 n/d [178] 

PQQ-

GDH 
BOx 0.05 (Glu) 0.26 70 46% [158]

– BOx 
Mb/PSS/ 

PAH/AuNPs 
AuNPs – 0.42 3.0 62% [174]

PQQ-

GDH 
BOx OsRP2/graphite 20 (Glu) 0.45 11 96% [160]

LOx BOx NPG/OsRP1 NPG 
3 (Lat), buffer 0.45 2.4 n/d 

[179] 
3 (Lat), AT 0.36 1.7 23% 

CDH BOx AuNPs 
0.05 (Glu) 

0.05 (Asc) 
0.57 1.0 n/d [180]

LOx BOx PMG/BP 
BP/TBAB-

Nafion 
3 (Lat) 0.41 8.0 20% [181] 

LOx BOx 
FcRP/carbon 

paste 

CNTs/ TBAB-

Nafion /carbon 

paste 

3 (Lat) 0.44 2.4 
n/d, 77% 

for anode 
[182] 

PQQ-

GDH 
BOx graphene paper/cyt c 3 (Glu) 0.38 4.5 80%

This 

work 
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The main operational characteristics of the ESBC achieved in this work, viz. maximum 

power output, OCV and operational stability, are comparable to those for the analogous 

hybrid and conventional systems employing potentially implantable electrodes of similar 

morphology and operating in solutions containing glucose, lactate and ascorbate as fuels 

(Table 5.1). Taking into account that overall stability of the developed ESBC is mainly 

determined by the stability of anodic enzyme, utilization of cyt c as a mediator results in 

better stability compared to the direct immobilization on the carbon surface but is inferior 

to the bioanodes based on osmium-complex-containing polymer matrix. 

5.4 Conclusions 

In conclusion, we have demonstrated the very first example of a self-charging ESBC 

hybrid system, in which solely biomolecules (enzymes and a redox protein) are employed 

to convert and store energy within a single device. Non-biomaterials charge-storing 

components such as carbon nanotubes, metal and metal oxide nanoparticles or redox 

polymers used in biosupercapacitors has been reported [52,53,158,159]. The concept of 

using cyt c in biocompatible charge storing electrodes also overcomes the safety issue of 

non-biomaterials for operation under both in vitro and in vivo conditions. 

Cyt c facilitates electron transfer between PQQ-GDH and the GP electrode and 

simultaneously stores charge at both the anode and the cathode. The electrochemical 

performance of the hybrid ESBC was tested in both continuous and pulse modes. 

Compared to the low power output in classic biofuel cells, the new ESBC offers a notably 

higher power output via the pulse mode. After discharging, the hybrid ESBC can self-

recharge through the biocatalytic energy conversion where cyt c was reduced at the anode 

by PQQ-GDH and oxidized at the cathode by BOx. The capacitance of the ESBC is 

comparable with reported biosupercapacitors with protein as a charge-storing component 

[56]. The introduction of flexible graphene electrode materials finally makes this new 

construction principle promising as a real implantable or wearable power source.  
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Chapter 6 

Conclusions 

Developing BPSs used in wearable or implantable biomedical devices has very fine 

application prospects but challenges remain regarding protein stability, immobilization 

techniques and mechanical properties of electrode materials. 

In this Ph.D. project, GP was first synthesized to work as the electrode material for 

protein immobilization and current collection. The GP was prepared by assembling GO 

nanosheets into freestanding paper-like architecture, followed by reduction to form 

layered and cross-linked networks of reduced GO paper. Comprehensive characterization 

of the as prepared GP by SEM, XPS and FPP ascertains it good mechanical strength, high 

conductivity and flexible structure. Moreover, the GP possesses a 2D electroactive 

surface, which has good biocompatibility and is facile for protein immobilization. 

Secondly, a flexible and membrane-free glucose/O2 EBFC was assembled employing the 

GP as the electrode material. PQQ-GDH and BOx directly adsorbed on the GP electrodes 

both retained their biocatalytic activities and therefore worked as anode and cathode 

catalysts, respectively. MB as an electron transfer mediator shuttled electrons between 

PQQ-GDH and the electrode at the bioanode. The catalysis of glucose oxidation by PQQ-

GDH started at a potential of about -0.15 V and reached a maximum current density 

around 25 µA cm-2. Oxygen reduction reaction was catalyzed by BOx at the biocathode 

through direct electron tunneling between the enzyme and the electrode surface. The 

reductive current started around 0.50 V and a maximum current density around 11 µA 

cm-2 was achieved. The resulting EBFC displayed a notable mechanical flexibility, with

wide open circuit voltage up to 0.665 V and maximum power density of approximately 4

µW cm-2 both fully competitive with reported values for related EBFCs.

Thirdly, a hybrid bioelectrochemical system, which functions as a biofuel cell and a 

biosupercapacitor at the same time was successfully established also using the GP as the 

electrode material. The fuel cell part, also known as the energy converting part, is similar 

to the obtained glucose/O2 EBFC above, but uses a different mediator at the bioanode. 

Cyt c, a small redox protein, was employed as the anodic mediator to establish an inter-
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protein electron transfer pathway connecting the redox center of PQQ-GDH and the GP 

surface. A small anodic current of was obtained when glucose was oxidized by the enzyme 

due to the slow inter-protein electron transfer. The biocathode reduced O2 by the 

biocatalyst BOx, same as before. Notably, cyt c has a second function, i.e. charge storage, 

and therefore constitutes the biosupercapacitor part. The assembled 

supercapacitor/biofuel cell hybrid biodevice exhibited an overall capacitance around 85 

µF cm−2, which is comparable with reported biosupercapacitors with protein as a charge-

storing component. After discharging, the ESBC can self-recharge through the 

biocatalytic energy conversion. The hybrid biosupercapacitor displayed 15 times higher 

power density in the pulse mode compared to the continuously operating regime (4.5 and 

0.3 µW cm-2, respectively) with an 80% residual activity after 50 charge/discharge pulses. 

EBFCs are able to produce electricity by consuming fuels, which exist in human blood or 

the body fluids, and therefore hold the potential to power biomedical devices. Hybrid BPSs 

combine the merits of traditional EBFCs with SCs. By integrating the charging ability 

(electron accumulating at anode and electron consuming at cathode through energy 

conversion) from EBFCs and charge storing ability (Faradaic reactions, 

adsorption/desorption of electrolyte ions and protonation/deprotonation of the amino acid 

side chains.) from SCs, hybrid BPSs can export high power density in pulse mode and 

self-charge again after each discharge even at low fuel concentration. Employing proteins, 

especially those existing in human body, as charge storage components can avoid the 

problems that artificial capacitors may cause under implantable conditions such as 

poisoning and inflammatory response.  

Enzyme selection for anode and cathode is crucial in designing membrane-free BPSs. 

Choosing oxygen-insensitive PQQ-GDH at the anode can omit the use of a membrane 

between anode and cathode, therefore simplifies the fabrication of the EBFCs. Electron 

transfer between enzymes and electrodes strongly affects the performance of BPSs, i.e. 

OCP, current and power output. DET usually provides efficient OCP of BPSs but is not 

easy to achieve. Only when the active center of enzymes is close enough to the electrode 

surface, DET then occurs. Many enzymes’ active center is deeply buried in the protein 

center, thus not able to have electron tunneling with electrodes, such as PQQ-GDH. It 

needs a mediator to facilitate the ET with the electrode, while DET takes place at the 

cathode with BOx. MET complicates the fabrication of electrodes because of the extra 

immobilization of mediators. However, MET based electrodes usually export higher 

current density than DET based electrodes if the mediator is properly chose. 
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The introduction of mechanically flexible GP electrodes in BPSs – which is a final core 

result of the study – widens significantly their power supply application in wearable or 

implantable devices such as contact lenses, headbands and pacemakers. Overall, 

developing flexible and biocompatible BPSs provides great potential to power 

miniaturized devices for personal medical devices. Moreover, hybrid power sources 

provide a possible solution when classic EBFCs are unable to provide steady power output 

to supply miniature electronics. All findings reported here can be considered as notable 

steps forward in the field of establishing more efficient and biocompatible glucose/O2 

BPSs. Furthermore, they open new perspectives in developing self-sustainable power 

sources for good health and well-being. 
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