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Abstract 

Biofuel cell technology offers sustainable and environmentally friendly solutions for 

energy production for the alleviation of the global energy crisis. Enzymatic biofuel cells 

(EBFCs), a subclass of biofuel cells, can produce electrical power from renewable fuels by 

employing biodegradable catalysts (i.e. enzymes), and have therefore attracted interest. 

Further, graphene arranged in three-dimensional (3D) structures with excellent electric 

conductivity and high surface area has been widely used in bioelectrode fabrication for 

EBFC applications. The aim of this Ph.D. project is to develop EBFCs by utilizing 3D 

graphene-based electrodes as supports for enzyme immobilization to convert chemical 

energy directly into electrical energy. 

In this Ph.D. project, we have constructed graphene-based 3D electrodes by depositing 

graphene oxide (GO) nanosheets on 3D porous carbon paper (CPG electrodes) via π-π 

interactions. The improved hydrophilicity of the carbon paper after functionalization with 

GO ensured the uniform immobilization of aqueous graphene-based nanomaterials and 

enzymes. The optimized CPG was chosen as the substrate for the following bioelectrode 

fabrications. 

The as-prepared CPG electrodes was first applied to design human sulfite oxidase (hSO) 

bioanodes for sulfite/O2 EBFCs by drop-casting graphene-polyethylenimine (G-P) 

composites onto the CPG (CPG/G-P), and further immobilization of the negatively 

charged enzyme hSO through electrostatic interaction with the positively charged G-P 

matrix leading to a good enzyme orientation for electron transfer. Notably, 

electroreduction of GO in the CPG/G-P electrodes before enzyme loading leaded to a 9-

fold increase of the saturation catalytic current density for sulfite oxidation compared to 

the bioelectrode without electroreduction treatments reaching 24.4 ± 0.3 μA cm-2. The 

increased electron transfer rate played a dominating role in the enhancement of direct 

enzymatic current because of the improved electric contact of hSO with the electrode. The 

assembly of the hSO bioanode and a commercial platinum biocathode allowed the 

construction of sulfite/O2 EBFCs with flowing fuels. The optimized EBFC displayed an 

open-circuit voltage (OCV) of 0.64 ± 0.01 V and a maximum power density of 61 ± 6 μW 

cm-2 at 30 °C, which exceeds the best reported value by more than six times. 

Myrothecium verrucaria bilirubin oxidase (MvBOx) biocathodes based on the CPG was 

fabricated for glucose/O2 EBFCs. The electroreduction of GO to reduced GO (RGO) and 

introduction of 4-aminobenzoic acid (4-ABA), achieved by applying successively 

electrochemical negative and positive potentials pulses, significantly improved the 

bioelectrocatalytic performance of the bioelectrodes toward dioxygen reduction reaching 

catalytic current densities as high as 193 ± 4 µA cm-2. The grafting of 4-ABA was 

important roles both in the orientation of BOx and in the alleviation of RGO aggregation. 
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The bioelectrode showed an outstanding operational stability in comparison to other 

reported DET-type BOx bioelectrodes with the half-lifetime of 55 h mainly due to the 

strong covalent bond between the enzyme and electrode surface. The fabricated 

bioelectrodes were finally exploited in a gas diffusion electrode (GDE) configuration 

producing catalytic current densities (60 µA cm-2) larger than traditional bioelectrodes. 

Finally, an EBFC was constructed with the BOx biocathode and a glucose oxidase 

bioanode. The glucose/O2 EBFCs delivered a maximum power density of 22 μW cm-2 with 

an OCV of 0.51 V. 
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Abstract in Danish 

Biobrændselsceller repræsenterer en bæredygtig og miljøvenlig mulighed for 

energiproduktion og afhjælpning af den globale energikrise. Enzymatiske 

biobrændselsceller (EBFCer), en underklasse af biobrændselsceller, kan producere strøm 

fra vedvarende brændsler ved at anvende bionedbrydelige katalysatorer (dvs. enzymer) 

og har derfor tiltrukket betydelig interesse. Ydermere er grafen arrangeret i 

tredimensionelle (3D) strukturer med fremragende elektrisk ledningsevne og stort 

overfladeareal blevet anvendt bredt til fremstilling af bioelektroder til EBFCer. Målet 

med dette Ph.D.-projekt er at udvikle EBFCer ved at benytte 3D grafen-baserede 

elektroder som supportmateriale for enzym-immobilisering til omdannelsen af kemisk 

energi direkte til elektrisk energi. 

I dette Ph.D.-projekt har vi konstrueret grafen-baserede 3D elektroder ved at deponere 

grafenoxid (GO) på 3D, porøst kulstofpapir (CPG elektroder) via π–π vekselvirkninger. 

Den forbedrede hydrofilicitet af kulstofpapiret efter funktionalisering med GO sikrede en 

ensartet immobilisering af grafen-baserede nanomaterialer og enzymer i vandig 

opløsning. Den optimerede CPG blev valgt som underlag for den efterfølgende 

bioelektrodefremstilling. 

De fremstillede CPG elektroder blev først anvendt til at designe human sulfitoxidase 

(hSO) bioanoder til sulfit/O2 EBFCer ved at dryp-støbe grafen-polyethenimin (G-P) 

kompositter på CPG (CPG/G-P) og videre immobilisere det negativt ladede enzym hSO 

gennem elektrostatiske vekselvirkninger med den positivt ladede G-P matrix, hvilket 

medførte en fordelagtig enzymorientering for elektronoverførsel. Bemærkelsesværdigt 

førte elektroreduktion af GO i CPG/G-P elektroderne før enzymimmobilisering til en 9 

gange højere specifik katalytisk strøm ved sulfitoxidering sammenlignet med elektroder 

uden elektroreduktionsbehandling, der nåede 24.4 ± 0.3 µA cm-2. Den øgede 

elektronoverførselshastighed spillede en dominerende rolle i forbedringen af direkte 

enzymatisk strøm pga. en bedre elektrisk kontakt mellem hSO og elektroden. 

Kombinationen af hSO bioanoden og en kommerciel platinkatode gjorde det muligt at 

samle en sulfit/O2 EBFC med gennemstrømmende brændsel. Den optimerede EBFC 

præsterede en åbent kredsløbsspænding (OCV) på 0.64 ± 0.01 V og en maksimal effekt på 

61 ± 6 µW cm-2 ved 30 °C, hvilket overgår de bedste rapporterede værdier mere end seks 

gange. 

Myrothecium verrucaria bilirubinoxidase (MvBOx) biokatoder baseret på CPG blev 

fabrikeret til glukose/O2 EBFCer. Elektroreduktion af GO til reduceret GO (RGO) og 

tilføjelsen af 4-aminobenzosyre (4-ABA), som blev opnået ved at påføre på hinanden 

følgende negative og positive elektrokemiske potentialepulser, medførte en væsentlig 

forbedring af bioelektrodernes bioelektrokatalytiske ydeevne over for iltreduktion, som 
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nåede specifikke katalytiske strømme op til 193 ± 4 µA cm-2. Overfladefunktionalisering 

med 4-ABA spiller en vigtig rolle både for orientering af BOx og for at modvirke RGO 

aggregering. Bioelektroden udviste exceptionel driftsstabilitet sammenlignet med andre 

DET-type BOx bioelektroder med en halveringstid på 55 timer, hvilket hovedsageligt 

skyldtes den stærke kovalente binding mellem enzym og elektrodeoverflade. De 

fremstillede bioelektroder blev til ydermere anvendt i et gas-diffusions-elektrode (GDE) 

system, som producerede større specifikke katalytiske strømme (60 µA cm-2) end 

traditionelle bioelektroder. Til slut blev en EBFC konstrueret med BOx biokatoden samt 

en glukoseoxidase bioanode. Glukose/O2 EBFCer producered en maksimum effekt på 22 

µW cm-2 med en OCV på 0.51 V. 
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Motivation 

Depletion of fossil fuels along with a rapid increase in energy demand drives the 

development of sustainable energy conversion technologies. Biologically renewable 

resources such as sugars, lignin, alcohol and glycerol have become alternative fuels for 

energy production. Electrochemical techniques are furthermore considered to directly 

convert chemical energy of renewable fuels into electrical energy in an environmentally 

friendly way. Based on the power and energy densities, commonly used electrochemical 

energy devices are presented in a Ragone plot which includes batteries, fuel cells, 

capacitors and supercapacitors. 

 

Figure 1. Ragone plot illustrating the performances of specific power vs specific 

energy for different energy conversion/storage devices. Times shown in the plot are 

the discharge time. Reprinted with permission from ref.[1]. Copyright 2014 American 

Chemical Society. 

Among these electrochemical energy conversion/storage devices, biofuel cells as a sub-

class of fuel cells have become attractive in recently years. Compared to conventional fuel 

cells that use costly and scarce noble metals and/or their alloys as catalysts, biofuel cells 

(BFCs) such as enzymatic biofuel cells (EBFCs) employ biological renewable enzymes for 

the oxidation of fuels at the anode and the reduction of the oxidant at the cathode. The 

mild operating conditions of EBFCs such as room temperature and neutral pH make them 

promising electrochemical devices. Furthermore, EBFCs do not require expensive ion-

exchange membranes for the separation of oxidation and reduction reactions into 

individual compartments such as conventional fuel cells do. Despite rapid developments 

of EBFCs, the open circuit voltage (OCV), power output and stability of EBFCs cannot 

yet afford practical applications but moving towards such goals aiming at improving the 

electrocatalytic activity and stability of the biocatalyst on the electrodes.  
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Synopsis 

The project aims at developing enzymatic bioelectrodes for enzymatic biofuel cells. 

Graphene especially arranged in three dimensions with excellent electric conductivity 

and high surface area are used to improve the enzyme loading, electrocatalytic activity 

and stability. The purpose of this Ph.D. project is specifically to develop three-dimensional 

(3D) graphene-based electrodes as supports for enzyme immobilization. The resulting 

bioelectrodes are then assembled in EBFCs for energy conversion from chemical into 

electrical energy. 

The Ph.D. thesis is composed of six chapters, including the introduction of research 

background, methodologies, experimental details, results, discussion, conclusions and 

perspectives. 

Chapter 1 is a general introduction to enzymatic biofuel cells (EBFCs) and graphene-

based bioelectrodes with concepts, theory and typical applications reviewed. The overview 

of the EBFCs is presented first, including major achievements of EBFCs over the last 20 

years. Fundamentals and developments of the electrocatalysis on enzymatic bioelectrodes 

and surface chemistry in enzymatic bioelectrode design are then introduced, followed by 

the application of graphene as an excellent electrode material in EBFCs and its 

perspectives. Parts of this chapter, specifically the sections 1.2 Electrocatalysis on 

enzymatic bioelectrodes, 1.4 Features of graphene for bioelectrochemistry and 1.5 

Graphene-based electrodes for enzymatic biofuel cells have been included in the review 

“Development of graphene-based enzymatic biofuel cells: A minireview”, submitted to 

Bioelectrochemistry (January 2020). 

Chapter 2 summarizes the methodology and techniques used for characterization of 

electrode materials and for the performance evaluation of enzymatic electrodes and 

enzymatic biofuel cells. It describes the principles of the methods employed. 

Chapter 3 focuses on fabrication and characterization of graphene-loaded three-

dimensional carbon paper electrodes including the graphene synthesis. The 

hydrophilicity and electrochemical performance of graphene-based carbon paper 

electrodes are investigated in detail. Parts of this chapter, including the preparation of 

graphene and graphene-based carbon electrodes, as well as the characterization of 

morphology and hydrophilicity, are included in the paper “Three-dimensional sulfite 

oxidase bioanodes based on graphene functionalized carbon paper for sulfite/O2 biofuel 

cells” published in ACS Catal., 2019, and the manuscript “Direct electron transfer of 

orientated bilirubin oxidase on three-dimensional carbon paper with reduced graphene 

aggregation” (in preparation). 
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Chapter 4 describes the fabrication of the 3D sulfite oxidase bioelectrode with the 

graphene-based carbon papers as supports, and its applications as a bioanode for EBFCs. 

The electrocatalytic processes on the bioanode are discussed in detail. The performance 

of the EBFCs was tested and compared to other published work. The results presented in 

this chapter are also included in the article “Three-dimensional sulfite oxidase bioanodes 

based on graphene functionalized carbon paper for sulfite/O2 biofuel cells” published in 

ACS Catal., 2019. 

Chapter 5 describes the fabrication of a 3D bilirubin oxidase bioelectrode based on the 

graphene-based carbon papers and its application as a biocathode for EBFCs. The 

stability, including long-term operation and storage stability, of the biocathode was 

investigated thoroughly, and compared with other published bilirubin oxidase 

bioelectrodes. The performance of the EBFCs with the biocathode and a glucose oxidase 

bioanode was characterized. The results presented in this chapter are also included in the 

manuscript “Direct electron transfer of orientated bilirubin oxidase on three-dimensional 

carbon paper with reduced graphene aggregation” (in preparation). 

Chapter 6 summarizes conclusions of the entire Ph.D. thesis and offers perspectives of 

the three-dimensional graphene-based biocatalysts for EBFC applications. 
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Chapter 1  

Enzymatic biofuel cells and graphene-based 

bioelectrodes 

This chapter gives an introduction to enzymatic biofuel cells and graphene-based 

enzymatic bioelectrodes. Part of the chapter has been submitted to the journal 

Bioelectrochemistry as a review entitled “Development of graphene-based enzymatic 

biofuel cells: A minireview”, coauthored by J. Tang, X. Xiao, X. Yan, C. Engelbrekt, 

J. Ulstrup, E. Magner and J. Zhang. 

1.1 Introduction to enzymatic biofuel cells 

Due to increasing demands for clean and sustainable energy sources, biologically 

renewable resources such as polysaccharide and lignin have become alternative fuels for 

energy production. Compared to traditional combustion power generation, fuel cells (FCs) 

are considered as environmentally friendly electrochemical devices that directly convert 

chemical energy to electrical energy. Typically, conventional FCs use noble metals (e.g., 

platinum (Pt), ruthenium, palladium, etc.) and/or their alloys as catalysts for the 

oxidation of pure fuels (e.g., hydrogen or methanol) at the anode and the reduction of the 

oxidant (e.g. dioxygen in air) at the cathode, in basic and/or acidic electrolytes, resulting 

in a very high efficiency.[2] However, noble metals are costly and scarce. The use of 

strongly acidic/alkaline electrolytes, together with the requirement for expensive ion-

exchange membranes to separate reactions into individual compartments, poses 

additional challenges. 

Biofuel cells, a subclass of FCs, include enzymatic biofuel cells (EBFCs) and microbial 

biofuel cells (MBFCs) categorized based on the type of biocatalyst used. EBFCs employ 

enzymes to catalyze the oxidation of fuel molecules and/or the reduction of oxygen or 

peroxide for energy conversion to electricity (Fig. 1.1A), while MBFCs use living cells or 

microorganisms as catalysts at the cathode and/or anode. Although current MBFCs have 

certain advantages over EBFCs, such as long lifetimes (up to five years)[3-4] and the ability 
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of complete oxidation of simple sugars to carbon dioxide,[5] they are fraught with low 

power densities owing to slow electron transfer (ET) across cellular membranes to 

electrodes.[3, 6] In contrast, EBFCs typically can produce a relatively high power because 

of faster ET between the active sites of enzyme and electrode surface. EBFCs can operate 

under mild conditions (i.e., ambient temperature and neutral pH), as opposed to strongly 

acidic/alkaline environment needed in conventional FCs.[2] Furthermore, an abundance 

of substrates can be used as fuels for EBFCs such as conventional fuels (e.g., dihydrogen,[7] 

methanol[8-9] and ethanol[10]), carbohydrates (e.g., starch,[11] glucose,[12-13] fructose,[14] and 

lactate[15-17]) and even inorganic salts (e.g. sulfite[18]). The oxidation of some molecules 

cannot be achieved by inorganic catalysts, while specific enzymes can accomplish this 

task. For example, the oxidation of starch is very sluggish if catalyzed by Pt, but efficiently 

facilitated using enzymatic catalysts.[19] Since enzymes generally show high specificity 

toward their substrates, membrane separators can be avoided if the enzymes are 

immobilized, simplifying fuel cell device design.[13, 20] EBFCs are thus well suited for 

applications such as self-powered biosensors using power outputs as analytical signals,[17, 

21] implantable[22-23] and wearable[24-25] power sources fueled by endogenous substances, 

as well as portable power sources,[26-27] Fig. 1.1 B-D. 

 

Figure 1.1 (A) Schematic illustration of an EBFC with a bioanode operating by 

mediated electron transfer (MET), and a biocathode operating by direct electron 

transfer (DET). EBFC applications as (B) wearable,[24] (C) implantable and[28] 

portable power sources.[27] Reprinted with permission from refs.[24, 27-28]. Copyright 

2014 Royal Society of Chemistry; Copyright 2013 Springer Nature; Copyright 2014 

American Chemical Society. 
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In 1964, Kimble and co-workers first introduced an EBFC using glucose oxidase (GOx) or 

D-amino acid oxidase to catalyze anodic reactions.[29] By the late 1990s, Palmore and 

Whitesides reported that an enzymatic cascade employing alcohol dehydrogenase (ADH), 

formaldehyde dehydrogenase (FalDH), and formate dehydrogenase (FoDH) could be used 

for complete oxidation of methanol to carbon dioxide.[8] In 2003, a miniaturized 

membrane-less glucose/O2 EBFC were reported, where both the bioanode and biocathode 

were implanted in a grape reaching a power density of 47 µW cm-2 at 0.52 V.[30] The 

significant developments in EBFCs over the past few decades are outlined in Scheme 1.1. 

More recently, EBFCs as biosupercapacitors have been shown to achieve both energy 

conversion and charge storage using the same device.[31-33] Despite these rapid 

developments of EBFCs, the open circuit voltage (OCV), power output and stability of the 

state-of-the-art EBFCs cannot yet afford commercial production mainly due to limited 

efficiency and poor stability of the biocatalyst. To solve these obstacles, it is important to 

understand the following fundamental issues: (1) how to ensure efficient electronic 

communication between active centers of enzymes and the electrode; (2) how to maintain 

the electrocatalytic activity of enzymes immobilized on an inorganic substrate over time. 

The ET between the active site of enzymes and the electrode surface is here crucial. 

Understanding the mechanisms of ET and enzyme immobilization on electrodes in EBFCs 

are thus essential. 
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          First enzymatic cascade for complete                                          
          oxidation of methanol to CO2

[8]                                                   Laccase wired by redox polymer to reduce O2
[34] 

 
 
                                                                                                                First self-powered sensor using an EBFC with 
                                                                                                                GOx as the anodic enzyme[35]  
          GOx wired on carbon cloth for glucose                 
          oxidation[36]                                                                                   BOx as catalyst for O2 reduction[36] 
                                                                                                                A miniature membrane-less glucose/O2  

                                                                                                                EBFC implanted in a grape[30] 
 
                                                                                                                DET of BOx at electrodes [37] 
                     First demonstration of DET of 

                     PQQ-GDH bioanodes[38]                                                    DET of Laccase at electrodes[39] 

 

 

                                                                                                                A glucose EBFC implanted in rats[28] 

         Engineering of GOx for DET via site- 

         specific AuNPs conjugation[40]                                                       

    First enzymatic cascade for oxidation of                                          Miniature DET based EBFCs investigated 

glucose to CO2 without mediators[41]                                                 in tears[42] 

                                                                                                            First harvesting energy in lactate from 

O2-insensitive FAD-GDH for bioanodes[43]                                       human by a wearable EBFC[44] 

                                                                                                             

                                                                                                                Glucose/O2 supercapacitor/EBFC hybrid 

                                                                                                                 devices[45] 

Multiple polysaccharides oxidized by GOx[11] 

 

Demonstrations of DET between heme of                                             EBFCs as solar biocapacitors[46] 

ADH and modified AuNPs[47] 

                                                                                                                              Single-EBFCs[48] 

                                                                                                                 An EBFC based on screen-printed electrode  

     Multi-enzyme anode utilizing maltose as                                        in human Saliva[12] 

     the fuel[49] 

 

Scheme 1.1 Timeline showing recent major achievements in the development of 

enzymatic anodes (indicated in blue) and cathodes (orange) as well as EBFCs (green). 

ADH: alcohol dehydrogenase. Ps: Au nanoparticles. BOx: bilirubin oxidase. FAD-

GDH: Flavin adenine dinucleotide-dependent glucose dehydrogenase. PQQ: 

pyrroloquinoline quinone. 

1.2 Electrocatalysis on enzymatic bioelectrodes 

1.2.1 Electron transfer between enzymes and electrodes 

ET is the key process that links solid-state electron donors or acceptors to the enzyme 

active sites. Depending on whether foreign redox molecules are involved, the process can 

be divided into mediated electron transfer (MET) and direct electron transfer (DET) (Fig. 
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1.2). MET describes systems in which a mediator molecule is oxidized or reduced by 

reacting with the enzyme active site, and subsequently diffuses to the electrode surface 

where a rapid ET takes places to regenerate the mediator for another cycle. Characteristic 

requirements for mediator species include stability and selectivity of both oxidized and 

reduced forms, as well as a need for reversible redox chemistry to ensure low over-

potentials.[50] A suitable mediator should provide driving force for ET between enzyme 

active site and electrode. The redox potential of the mediator should be more positive for 

oxidative biocatalysis or more negative for reductive biocatalysis than that of the enzyme 

active sites.[51] Mediators studied include organic dyes, and transition metal complexes 

such as tetrathiafulvalene (TTF), osmium (Os) complexes, ferrocene (Fc) and quinone 

derivatives, Table 1.1.[51-57] Mediators are often required for nicotinamide adenine 

dinucleotide (NAD+) and flavin adenine dinucleotide (FAD)-dependent enzymes as the 

distance between these enzyme active sites and electrode surface is too far for DET. 

 

Figure 1.2 Scheme of representative ET processes between the enzyme and the 

electrode surface at the enzymatic bioelectrodes: (A) MET from the bioanode surface 

through redox mediators to GOx (PDB: 1cf3), and (B) DET from a biocathode surface 

to BOx (PDB: 2xxl), catalytic copper centers are highlighted by orange color. 
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Table 1.1. A summary of commonly studied mediators and their redox reactions and 

corresponding redox potentials (vs. saturated calomel electrode, SCE). 

Mediator Redox reaction 
Redox potential 

(mV vs. SCE) 
Ref. 

TBO TBO+ + H+ + e-  TBOH -285 (pH 7.0) [56] 

MB MBH  MB+ + e- -160 [58] 

3-NTB 3-NTB+ + H+ + e-  3-NTBH -135 (pH 7.0) [56] 

BQ BQ+ + 2H+ + 2e-  BQH2 39 (pH 7.0) [55] 

DMFc DMFc  DMFc+ + e- 100 [51] 

Fc Fc  Fc+ + e- 165 [51] 

[Fe(CN)6]4- [Fe(CN)6]4−  [Fe(CN)6]3− + e- 180 [51] 

MFcOH MFcOH  MFc+OH + e- 185 [51] 

VFc VFc  VFc+ + e- 250 [51] 

Os(bpy)2PVI [Os(bpy)2PVI]+  [Os(bpy)2PVI]2+ + e- 265 [54] 

FcCOOH FcCOOH  Fc+COOH + e- 275 [51] 

TTF TFF  TFF+ + e- 300 [51] 

ABTS ABTS  ABTS+ + e- 517 [57] 

3-NTB: 3-P-naphthoyl-Toluidine Blue O. ABTS: 2,2’-azinobis-(3-ethylbenzthiazoline-6-sulfonate. 

BQ: 1,4-Benzoquinone. DMFc: 1,1-dimethyl ferrocene. FcCOOH: Ferrocene carboxylic acid. MB: 

Meldola blue. MFcOH: Hydroxy methyl ferrocene. Os(bpy)2PVI: Os(2,2’-

bipyridine)2(polyvinylimidazole)10. TBO: Toluidine Blue. VFc: Vinyl ferrocene. 

Compared to an unbound mediator, an immobilized mediator on the electrode surface is 

more desirable for practical applications. In recent years, mediator-derived redox 

polymers or DNA redox hydrogels are becoming more prevalent within bioelectrochemical 

applications due to the facile exchange of electrons between enzyme redox centers along 

the backbone of polymers or DNA[59-61]. For example, Merchant et al. synthesized two 

ferrocene-based linear polyethylenimine(LPEI) redox polymers with three-carbon (Fc-C3-

LPEI) and six-carbon (Fc-C6-LPEI) backbones. Both redox polymers were able to 

exchange electrons with the FAD centers in GOx.[62] For MET systems, lower potential 

losses and greater mediator stability are the current development directions. 

Unlike MET systems, DET systems entail direct transfer of electrons between the 

enzymes and the electrode without the help of external redox mediators, thus reducing 

potential losses resulting from the potential difference between the enzyme 

cofactor/active site and the mediator. DET is an electron-tunneling phenomenon between 

the active site or relay center of the enzyme and the electrode surface at short distances. 

Some enzymes containing redox active metal centers which are close to the surfaces are 

capable of DET. For example, pyrroloquinoline quinone (PQQ)-dependent enzymes 

containing a heme group in the oxidized state that can accept electrons from the oxidation 
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of substrates like alcohol, aldehyde, and glucose at the active site.[38, 63] Although DET is 

among the goals for EBFCs, most EBFCs in the literature utilize MET since such systems 

typically result in higher current densities.[64] Low current densities in DET systems 

mainly arise from sluggish ET flow. This is commonly caused by poor control of enzyme 

orientation on the electrode, and the fact that multiple layers (rather than a monolayer) 

of DET active enzymes are deposited on the electrode surface. Accurate control of the 

enzyme immobilization for proper DET and a three-dimensional (3D) structure of the 

enzyme-electrode assembly can thus lead to superior performance of DET systems. 

1.2.2 Enzymatic bioanodes 

Typically, electrocatalysis of oxidation at the anode is more versatile than the reduction 

at the cathode because of the diversity of fuels such as glucose, alcohols and sucrose, while 

the most popular oxidant for EBFCs at cathodes is O2. Widely studied fuels and relevant 

enzymes are outlined in Table 1.2. Among these fuels, oxidation of glucose on bioanodes 

has been extensively investigated and a representative mediated bioelectrocatalytic 

reaction with FAD-dependent-GOx (FAD-GOx) is shown in Eq. 1.1−1.3, where “Mred” and 

“Mox” represent the reduced and oxidized forms of mediators, respectively. It is worth 

noting that a commercial GOx with great substrate promiscuity can oxidize many mono-

, di-, tri-, and polysaccharides.[11] Such non-selective activity, though being an issue in 

biosensor applications, can be a great advantage in EBFCs. 

GOx(FAD) + C6H12O6 → GOx(FADH2) + C6H10O6                                 (1.1) 

GOx(FADH2) + Mox → GOx(FAD) + Mre                                            (1.2) 

Mred  Mox + 2e¯                                                      (1.3) 

During substrate catalysis, cofactors of enzymes at the active sites, change oxidation 

state. A variety of natural organic and inorganic oxidoreductase cofactors and ET relays 

are investigated including NAD+, nicotinamide adenine dinucleotide phosphate (NADP), 

FAD, PQQ, hemes, ironsulfur clusters, coenzyme Q, coenzyme F420, flavin 

mononucleotide (FMN) and molybdenum (Mo) clusters.[65-66] Some types of 

dehydrogenases such as NAD+-dependent,[67] heme-containing,[68] PQQ-dependent,[69] and 

FAD-dependent dehydrogenases[43] are good candidates for anode enzymes, because they 

are not sensitive to oxygen, and the side reaction of O2 reduction to H2O2 will not happen 

at the anodes. These enzymes may avoid the need for external diffusional mediators.[43, 

68-69] The chemical environments at the anode and cathode do not therefore need to be 

separated by selective membranes leading to simpler device structures. 
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Table 1.2 A summary of commonly studied biofuels and relevant single enzymes as well 

as cofactor redox reactions.  

Biofuel Enzyme Cofactor Redox reaction Ref. 

Glucose 

GOx FAD 
Glucose + GOx(FAD)→Gluconolactone 

+ GOx(FADH2) 
[70] 

GDH FAD 
Glucose + GDH(FAD)→

Gluconolactone + GDH(FADH2) 
[43] 

GDH PQQ 
Glucose + GDH(PQQox)→

Gluconolactone + GDH(PQQred) 
[71] 

GDH NAD 
Glucose + GDH(NAD+)→

Gluconolactone + GDH(NADH) 
[72]  

CDH Heme-FAD 
Glucose + CDH(FAD)→

Gluconolactone + CDH(FADH2) 
[68] 

Methanol 

ADH 

NAD+ 

Methanol + ADH(NAD+)→

Formaldehyde + ADH(NADH)  

[9] FalDH 
Formaldehyde + FalDH(NAD+)→ 

Formic acid + FalDH(NADH) 

FoDH 
Formic acid + FoDH(NAD+)→ CO2 + 

FoDH(NADH) 

Ethanol 

ADH NAD+ 
Ethanol + ADH(NAD+)→Acetaldehyde 

+ ADH(NADH) 
[73] 

ADH 

Heme-PQQ 

Ethanol + ADH(PQQox)→ 

Acetaldehyde + ADH(PQQred) 
[74] 

AldDH 
Acetaldehyde + AldDH(PQQox)→ 

Acetate + AldDH(PQQred) 

Lactate 

LOx FAD 
Lactate + LOx(FAD)→  

Pyruvate + LOx(FADH2) 
[44] 

LDH NAD+ 
Lactate + LDH(NAD+)→  

Pyruvate + LDH(NADH) 
[75] 

Fructose FDH Heme-FAD 
Fructose + FDH(FAD)→ 5-Keto-D-

Fructose + FDH(FADH2) 
[76] 

Glycerol ADH Heme-PQQ 
Glycerol + ADH(PQQox)→ 

Glyceraldehyde + ADH(PQQred) 
[77] 

CDH: cellobiose dehydrogenase. AldDH: aldehyde dehydrogenase. LOx: lactate oxidase. LDH: 

lactate dehydrogenase. 

1.2.3 Enzymatic biocathodes 

The oxygen reduction reaction (ORR) is the main priority in the field of biocathode 

research since most EBFC applications rely on dioxygen in air or biological fluids as 
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oxidant. To date, Multicopper oxidases (MCOs) such as laccase and BOx have been 

utilized at the biocathode to directly or indirectly catalyze the reduction of dioxygen to 

water.[39, 78] The active center of MCOs contains four Cu atoms located in three different 

regions classified as T1, T2 and T3 (Fig. 1.3B). The CuT1 site, a hydrophobic pocket near 

the surface of the protein, is able to accept electrons. Electrons then tunnel to the CuT2/T3 

site formed by a trinuclear cluster, where dioxygen can be efficiently reduced to water in 

a four-electron mechanism, Fig. 1.3. [78-79]  

 

Figure 1.3 Mechanism of O2 reduction to H2O by the MCOs. Reprinted with 

permission from ref.[79]. Copyright 2007 American Chemical Society 

The NI, different from the resting form, is a fully oxidized form of the enzyme. The 

transformation of NI to the resting state is very slow due to the reorganization of oxygen 

atoms, so it is typically not in the catalytic cycle, whereas the reduction of NI is fast (> 

1000 s-1) and this is the catalytically relevant fully oxidized form of the MCOs. 

Laccase is one of the most widely used enzymes for ORR.[78] The key characteristic of 

laccase is the standard redox potentials of the T1 site. The values in different laccases 

have been found to be between 430 and 790 mV vs. normal hydrogen electrode (NHE) due 

to various coordination conditions.[39] Aside from laccase, BOx has also been investigated 

for ORR catalysis with similar redox centers and catalytic mechanisms.[37, 80] BOx with 

the redox potential of BOx CuT1 (490 mV vs. NHE at pH 5.3) has the ability to catalyze 

ORR in near neutral solutions.[37] This is notable compared to laccase typically showing 

optimized catalytic current in slightly acidic solutions (less than pH 5.0). 

1.3 Surface chemistry in enzymatic bioelectrode design 

In order to achieve high performance of enzymatic bioelectrodes, recent research has 

implemented protein engineering, immobilization techniques and nanostructured 

materials to improve the biocatalysts-hosting capability of the electrode. Protein 
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engineering is a method for enzyme stabilization, requiring considerable knowledge of 

enzyme structures and delicate techniques, and is thus associated with significant cost.[81] 

In this part, we only focus on the surface chemistry in enzymatic bioelectrodes in terms 

of immobilization technique and electrode scaffold modification. 

1.3.1 Enzyme immobilization techniques 

Enzyme immobilization on electrodes is complicated, as a number of factors should be 

considered including enzyme properties such as size, isoelectric point and the hydrophobic 

or hydrophilic nature of the enzyme surface, as well as the composition, structure and 

charge of electrode surface. Each of these properties are related to different strategies for 

enzyme immobilization. The main types of enzyme immobilization are adsorption, 

covalent binding, and entrapment/encapsulation. Fig. 1.4 outlines these techniques with 

a general schematic representation. 

Adsorption refers to enzyme immobilization on electrode surfaces via different types of 

non-covalent interactions such as van der Waals interactions, hydrogen bonding and 

electrostatic interactions.[82] For example, enzymes with a large lipophilic surface area 

interact well with a hydrophobic electrode surface. Sugar residues of glycosylated 

enzymes can ensure adsorption via hydrogen bonding.[82-83] Properties like enzyme charge 

and polarity are therefore crucial to ensure high coverage of enzymes on the electrode. 

This is typically a mild immobilization method, but a disadvantage is that enzymes tend 

to leach readily from the electrode over time.[81] 

Covalent binding of enzymes to electrode surfaces has the advantage that the enzyme is 

tightly fixed. Enzyme leaching in aqueous media is thus minimized. The amino groups of 

the enzyme are nucleophilic, and can attack for instance an epoxide or aldehyde group. 

In the case of the aldehyde, an imine is formed which subsequently can be reduced, 

ensuring irreversible immobilization.[82] Carbodiimides can also be used to crosslink an 

amine of the enzyme with an acid group on the electrode or vice versa, forming an amide 

bond.[84] Additionally, other functional groups on the enzyme surface can be utilized, 

including sugar residues,[85] carboxylic acid[86] and exposed thiols (cysteine residues).[87-88] 

However, covalent binding of enzymes can sometimes be harsh, resulting in enzyme 

denaturation. It is therefore important to consider the chemical microenvironment and 

maintain the 3D structure and activity of the enzyme.[81] A more elegant covalent bonding 

is site-directed immobilization of engineered enzymes, which has appeared recently, 

potentially giving precise control of the orientation and environment of the enzyme 

attached to the electrode surface.[89-91] For example, an optimized CDH bioelectrode 

prepared by this method was able to retain its catalytic currents for at least two 

months.[91] 
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Entrapment is a process of using polymers to trap enzymes on a surface.[81] Both 

traditional and electropolymerization have been employed for entrapping enzymes. Sol-

gel methods are also commonly used for entrapment. Heller et al. wired many enzymes to 

sol-gel materials, some of which contained redox moieties (Os or Fc-based complexes) as 

mediators embedded within the polymer to facilitate ET.[92] It is important to ensure that 

the chemical environment of the polymerization solution does not denature the enzyme, 

and that the pore size and interconnectivity of the pores in the polymer allows substrates 

and products to diffuse in and out of the polymer while withholding the enzymes.[93] 

Polymers including polyaniline (PANI),[63] polypyrrole,[94] polyethylenimine (PEI),[94-95] or 

their composites with other nanomaterials[69, 96-97] have been extensively used for enzyme 

entrapment. PEI, a positively charged polymer, can also trap GOx within the polymer 

electrostatically since GOx is negatively charged in neutral solution. Additionally, PEI 

can covalently trap enzymes by taking advantage of its free amino groups.[98-99] Recently, 

newly emerged conducting polymers like poly(3,4-ethylenedioxythiophene) (PEDOT) 

have also been used to entrap enzymes.[13, 32] Electron mediator-functionalized polymers 

have also been demonstrated to enhance the ET efficiency between the electrode and 

entrapped enzymes [13, 95, 100]. Polymer entrapment has been common, because it seldomly 

results in significant decrease in enzyme activity after immobilization.[101] However, 

leaching is frequently a problem. 

Encapsulation is similar to entrapment in that the enzyme is confined within a polymeric 

matrix, but the matrix has “pockets” or “pores” for immobilizing enzymes.[81] Micellar 

polymers are an example of polymers that can encapsulate enzymes. The polymer micelles 

are swelled and the enzyme allowed to intercalate into the micellar pockets/aggregates 

followed by solvent evaporation. The polymer membrane provides a chemical 

microenvironment similar to a cellular microenvironment that can provide temperature, 

pH, and organic solvent to improve the stability of the enzyme. Minteer et al. have 

attempted to tailor the micellar pore size of a tetrabutylammonium bromide-modified 

Nafion polymer for the encapsulation of a six-enzyme cascade on carbon papers (CPs). 

Impressively, this bioanode could oxidize glucose all the way to carbon dioxide via DET.[41] 

In addition, chitosan[102-103] and nanoporous materials[104-105] have also been modified for 

enzyme encapsulation. 

 

Figure 1.4 Scheme of three main enzyme immobilization techniques, (A) adsorption, 

(b) covalent binding, and (C) entrapment (red wire)/encapsulation (green wire). 
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1.3.2. Electrode modification with nanomaterials 

Modification of the electrode substrate with nanomaterials or direct utilization of 

nanostructured material as electrodes provides sustainable and efficient solutions for 

extended lifetime and performance of EBFCs due to the unique properties of 

nanostructured materials. Conducting nanomaterials can supply a favourable connection 

with biocatalysts by non-covalent or covalent binding, which ensures efficient ET between 

the enzyme active sites and the electrodes. In addition, nanostructured materials possess 

large surface areas for enzyme loading, and may provide open porous structures for 

sufficient diffusion of mediators and fuel molecules. A suitable microenvironment can also 

be offered to potentially preserve the activity of the biocatalysts. Significant progress in 

EBFCs has thus been made using various nanostructured materials, such as carbon-

based materials, polymers and metal/metal oxides. Each of these will be addressed in 

detail in the following sections. 

1.3.2.1 Carbon-based materials 

Carbon materials have attracted a great deal of interest in the field of EBFCs due to their 

good electrical conductivity and biocompatibility. Furthermore, their excellent 

mechanical performance and chemical stability also play important roles in the long-term 

operation of EBFCs. With the rapid development of advanced nanotechnologies and 

methodologies, carbon materials that possess various nanostructures, such as 

nanoparticles, nanotubes, nanowires, nanofibers and nanosheets, have been widely 

fabricated and used as electrode materials in EBFCs. The different nanostructures of 

carbon materials can provide various charge diffusion lengths and immobilization 

structures for biocatalysts, thereby changing the efficiency of ET. As a two-dimensional 

(2D) sheet formed with sp2 hybridized carbon atoms, graphene is an attractive electrode 

material for electrochemical devices, especially providing new opportunities for EBFCs. 

Graphene has unique properties such as high electrical conductivity (2-65 S cm-1),[106-109] 

extremely high theoretic specific surface area (up to ~ 2600 m2 g-1)[110] and mechanical 

robustness (Young’s modulus around 0.98 TPa).[111] This will be described in detail in 

sections 1.4 and 1.5. Presently we discuss two other carbon materials, i.e., carbon 

nanotubes (CNTs) and carbon nanoparticles (CNPs) and their derivatives are discussed 

to explore the function of carbon materials in enzymatic bioelectrodes. 

CNTs are cylindrically shaped hollow nanomaterials with diameters less than 100 nm 

with large specific surface areas (usually a few hundreds to 1300 m2 g-1), high mechanical 

strength and excellent conductivity, becoming one of the most promising electrode 

materials. CNTs as catalyst supports in EBFCs have attracted attention, showing 

excellent properties such as significant enhancement ET rate at the electrode interfaces. 

CNTs have been widely used to modify different kinds of substrate electrodes in the field 

of EBFCs. For instance, Mao et al. presented the fabrication of one-compartment 
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glucose/O2 EBFCs with a CNT-based bioelectrode.[112] CNTs served as the support for 

laccase to facilitate DET in the reduction of O2 at the cathode. However, the power output 

was only 9.5 µW cm-2. In order to facilitate ET, many efforts have been made to tune the 

gap between the nanotube and active sites of the enzymes. A successful approach is to 

attach the enzyme molecules in a controlled orientation. Salimi and co-workers developed 

a new strategy to immobilize BOx in a glucose/O2 EBFC by coupling DNA and CNTs as 

the supporting materials on glassy carbon electrode (GCE), Fig. 1.5.[113] In the system, a 

CNT-based electrode with bound DNA and thus negative surface charge could control the 

orientation of BOx by specifically interacting with a positively charged patch on the BOx 

surface close to the CuT1 site. The resulting electrodes showed excellent electrocatalytic 

activity for oxygen reduction with an onset potential of 0.57 V vs. Ag/AgCl (3 M KCl) and 

a maximum current density of 277 µA cm-2. Another general approach to achieve close 

proximity between CNT-based electrodes and enzymes is to use mechanical compression. 

Cosnier and co-workers created a bioelectrode of a mediator-less glucose EBFC by 

compressing the mixture of enzymes and multi-walled CNTs (MWCNTs) with a hydraulic 

press.[114] The fabricated EBFC delivered a high power density up to 1.3 mW cm-2 and an 

OCV of 0.95 V. Additionally, carbon nanotube “forests”[115] and 3D porous CNT-based 

bioelectrodes[116] have also been used to improve the performance of EBFCs. For further 

study on CNTs-based EBFCs especially for implantable devices, the toxicity of CNTs 

however need be taken into account. 

 

Figure 1.5  (A) Scheme of DNA adsorption on GCE/MWCNT modified electrode, and 

(B) directing immobilization of BOx enzyme molecule onto the GCE/MWCNTs/DNA 

electrode. The DNA was adsorbed on CNTs via π-π stacking interaction between π-

electrons of stacked base pairs in DNA structure and aromatic-like structure of CNTs. 

Reprinted with permission from ref.[113]. Copyright 2015 Elsevier. 
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Besides CNTs, CNPs have the advantages of high short-range conductivity, good 

biocompatibility, ease of functionalization and high surface area. Ketjen Black (KB) 

EC300J, a commercial porous CNP ((diameter: ~78 nm) with specific surface area of 800 

m2 g-1 from Lion Specialty Chemicals Co., Ltd, has been widely used to modify electrodes 

for enzyme immobilization.[117-119] For example, FDH adsorbed on KB particles modified 

CPs exhibited a maximum direct catalytic current density of ca. 4.0 mA cm−2.[117] Together 

with laccase modified CP biocathodes, the efficient FDH bioelectrodes served as the 

anodes in one-compartment fructose/O2 EBFC, which delivered a maximum power 

density (Pmax) of 850 µW cm-2 with OCV of 0.79 V. In addition, Willner et al. designed an 

EBFC system based on enzyme-capped mesoporous CNP modified electrodes.[120] Redox 

mediators, MeFcOH or ABTS, were first loaded into the 6.3 nm pores of the < 500 nm 

CNPs before capping these pores with GOx and BOx, respectively. The resulting EBFC 

provide a power output of ~ 95 µW cm-2. Another kind of CNPs, carbon nanodots (50-60 

nm) were used as immobilization supports and electron carriers to promote DET of GOx 

and BOx, and a mediator-free glucose/air EBFC with OCV of 0.93 V and Pmax of 48 µW 

cm-2 was fabricated.[121] 

1.3.2.2 Metal/metal oxides 

In the last decades, metals and metal oxides have attracted significant attention because 

they can be prepared with high surface area, catalytic activity, and conductivity. AuNPs 

have been the most widely used candidate for enzymatic bioelectrode design since they 

can act as electron relays between enzyme and electrode surface.[122] Moreover, DET can 

be achieved via site-specific conjugation between genetically modified GOx and AuNPs 

(1.2 nm).[40] AuNPs decorated on carbon-based nanomaterials or conducting polymers can 

provide more electroactive sites and improve conductivity.[123] Other metal nanoparticles 

(NPs), for example, Pt, Pt0.75Sn0.25 and Ag NPs have also been used for enzymatic 

bioelectrode fabrication.[124-125] However, due to the drawbacks of these noble metals (e.g., 

high price and scarcity), abundant transition metal/ metal oxides such as Fe-[126] and Ni-

based materials[123] have been alternative matrices for bioelectrodes. Fe3O4
[127] and 

Fe2O3
[128] NPs with good biocompatibility and low toxicity can mediate ET between 

immobilized enzymes and electrode surfaces. Magnetic NPs are particularly widely 

investigated because of their strong magnetic property and easy separation.[126-127, 129-130] 

Fe3O4 NPs can electrostatically adsorb positively charged horseradish peroxidase and the 

resulting protein-Fe3O4 film showed a sensitivity of 3.5 µA mM-1  in a linear range from 

50 to 36 µM.[127] 

1.4 Features of graphene for bioelectrochemistry 

Graphene as an electrode material has excellent features for applications in many fields 

including energy storage and conversion,[31] sensors,[131] and bioremediation.[132] High 

electronic conductivity and mechanical strength of graphene are essential properties for 
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electrode materials. Under ambient conditions, the charge mobility of graphene can reach 

15000 cm2 V−1 s-1, ten-fold higher than the charge mobility of silicon.[133] In addition, the 

electronic conductivity of graphene is almost 2-60 times higher than that of single-walled 

carbon nanotubes (SWCNTs)[134] with a similar mechanical hardness (Young’s moduli 

around 0.98 TPa).[111] An early attempt employing silica sol-gel immobilized graphene 

sheet/enzyme composite electrodes for EBFC application was reported in 2010, 

demonstrating that the catalytic efficiency of graphene-based GOx anodes is twice that of 

SWCNT-based anodes, Fig. 1.6A.[20] As a result, the performance of graphene-based 

EBFC was also doubled, Fig. 1.6B. With a high optical transparency (~97%) and a wide 

electrochemical window, graphene films are potential alternatives of widely used indium 

tin oxide (ITO) transparent electrodes in spectro-electrochemistry.[135-136] 

In contrast to other carbon-based nanomaterials, graphene, consisting of 2D structures, 

has attracted considerable attention due to its unique layered structure. The thickness of 

monolayer graphene film can be very thin (ranging from 0.34 to 1.6 nm).[137] The 

remarkable flexibility and lightness are key for sensing or wearable bioelectronics.[138] 

Chemically synthesized reduced graphene oxide (RGO) assembled with crumpled sheets 

due to the interaction between the thin layers, Fig. 1.6C, showed good electrocatalytic 

activity for NADH oxidation a 330 mV decrease of the overpotential than bare GCE.[135] 

Furthermore, a graphene paper as a carrier for enzyme immobilization (i.e., GDH and 

BOx) has been used to fabricate EBFCs, Fig. 1.6D. The resulting glucose/O2 EBFC 

displayed a satisfactory power output (OCV: 0.665 V, Pmax: 4 µW cm-2), Fig. 1.6E, without 

obvious changes in power output upon bending up to 180 degree due to the notable 

mechanical flexibility of graphene paper, Fig. 1.6F.[139] This kind of flexible graphene-

based EBFC holds great promise to activate low-power biomedical and bioanalytical 

microelectronics in particular for wearable applications. 
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Figure 1.6 (A) Cyclic voltammograms of graphene- or SWCNT-based anode in 100 

mM glucose solution and graphene-based anode in phosphate buffer solution (PBS, 

pH 7.4) without glucose (scan rate: 500 mV s−1), where the redox wave originates from 

the mediator ferrocenemethanol in PBS.[20] (B) Power density profiles for (■ ) 

graphene-based EBFC and (▲) SWCNT-based EBFC in 100 mM glucose solution.[20] 

(C) Transmission electron microscopic (TEM) images of reduced graphene sheets.[135] 

(D) Cross-section scanning electron microscopic (SEM) images of the layered 

assembly of graphene papers.[139] (E) Polarization (red) and power curves (blue) 

obtained from the graphene paper supported GDH bioanode and BOx biocathode in 

air saturated buffer containing 6.4 mM glucose, solid and dashed curves for pure PBS 

and blood simulated buffer, respectively, and (F) power density ratio of the EBFCs 

after bending to various angles.[139] Reprinted with permission from ref.[20, 135, 139] with 

modification. Copyright 2010 Elsevier; Copyright 2009 John Wiley and Sons; 

Copyright 2019 Royal Society of Chemistry. 

Graphene-based aerogels (GAs) constructed by the assembly of individual graphene 

sheets display high porosity (i.e., light weight and high surface area) and high 

performance in both strength and electrical conductivity.[140-141] Surface areas for an 

aerogel fiber, measured by the Brunauer, Emmett and Teller (BET) technique, is as high 
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as 884 m2 g-1,[141] higher than those of CNTs (512 to 790 m2 g-1).[142-143] Furthermore, Qian 

et al. prepared aerogels with a weight density as low as 3.2 mg cm-3 and a surface area of 

1019 m2 g-1.[140] A 3D N-doped graphene (NG) aerogel (3D-NGA) incorporated with 

dopamine can serve as a highly efficient electrocatalyst for H2O2 reduction, Fig. 1.7, 

exhibiting a detection limit of 0.05 mM and a linear detection range up to 35 mM.[144] In 

addition, a GOx biosensor was developed-based on the GA/AuNPs hybrid materials 

through a simple hydrothermal route.[145] The porous structure of the hybrid enabled a 

platform for GOx immobilization for glucose biosensors, exhibiting a remarkable 

sensitivity of 258 µA mM-1 cm-2 in a linear range from 50 to 450 µM, and a detection limit 

of 0.6 µM.[145] 

 

Figure 1.7 Digital photo of 3D-NGA and the schematic illustration of its preparation. 

To construct an electrode, the 3D-NGA was cut into a (1.0 cm × 0.50 cm, 0.30 mm 

thick) piece. The piece was fixed onto a glass slide, and an electrical lead made by 

copper paste and copper wire insulated with silicone rubber. Reprinted with 

permission from ref.[144]. Copyright 2016 Elsevier. 

1.5 Graphene-based electrodes for enzymatic biofuel cells 

1.5.1 Graphene-based electrodes 

As a 2D sheet with sp2 hybridized carbon atoms, the unique properties of structurally 

perfect graphene such as high electronic conductivity, large specific surface area (up to ~ 

2600 m2 g-1) and strong mechanical robustness, make it an attractive electrode material 

for electrochemical devices.[146-147] The properties of graphene materials depend on 

preparation method. Mechanical exfoliation,[148] epitaxial growth,[149] chemical vapor 

deposition (CVD),[150-153] un-zipping of CNTs,[154] Ni2+-exchange/KOH activation,[155-156] 

and reduction of graphene oxide (GO)[157] are general routes for graphene production. 

Mechanical exfoliation is the first reported method to isolate graphene sheets from 

pyrolytic graphite, but is not suitable for large-scale production.[158] CVD is attractive 

since it can produce “pure” and high-quality graphene with large area and functionalized 

with heteroatoms or groups on solid surfaces but with a quite high cost.[151] Un-zipping of 

CNTs and Ni2+-exchange/KOH activation are delicate processes and not applied widely in 

bioelectrochemistry. A highly cost-effective and easy-handling fabrication method is 
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chemical graphene, i.e., reduction of GO obtained from the oxidation and subsequent 

exfoliation of graphite.[133] After a thermal,[159] chemical[160] or electrochemical[161] 

reduction process, the conductivity of GO can be enhanced by restoring the conjugated sp2 

bonds responsible for graphene’s conductivity. The resulting RGO nanosheets can also be 

produced on the surface of carbon fibers by in situ electrochemical procedures consisting 

of oxidative and reductive steps to yield surface supported RGO, Fig. 1.8.[162] RGO sheets 

possess considerable amounts of defects and disordered structures, which are different 

from the “ideal” graphene. The direct utilization of graphene in bioelectrochemistry 

applications suffers from irreversible π–π stacking aggregations and thus loss of active 

surface area. Surface modification of graphene with grafted functional groups is necessary 

to achieve specific properties. Physicochemical properties such as 

hydrophilicity/hydrophobicity and surface charge influence the performance of enzymatic 

bioelectrodes. Freestanding graphene electrodes have emerged recently as promising 

supportive materials for wearable and implantable biomedical devices due to their 

mechanical robustness and flexibility, Fig. 1.8. 

 

Figure 1.8 Strategies of designing graphene-based electrodes, including graphene 

derivatives and graphene modified electrodes as well as freestanding graphene 

electrodes. Representative scanning electron microscopy (SEM) images (top left: 

graphene nanosheets on carbon fibers of CPs,[162] top right: graphene/MWCNT,[163] 

bottom left: 3D graphene foam,[156] bottom right: graphene paper[139]). Preparation 

methods and advantages are summarized. Reprinted with permission from ref.[139, 156, 

162-163] with modifications. Copyright 2016 John Wiley and Sons; Copyright 2011, 2012 

American Chemical Society; Copyright 2019 Royal Society of Chemistry. 
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1.5.1.1 Graphene derivatives 

Pristine graphene has not been widely exploited for bioelectrode construction which may 

be explained by the lack of functional groups such as oxygenated groups to anchor the 

enzymes to the electrode.[164] RGO is a graphene derivative with residual oxygenated 

species making it suitable for construction of enzymatic bioelectrodes. For example, Zhou 

et al. modified a GCE by drop-casting chemically produced RGO and then GOx, showing 

a better electrochemical response for the detection of glucose compared to graphite/GCE-

based bioelectrodes.[165] It was suggested that the high density of edge-plane like defects 

on RGO may provide favorable sites for accelerating the redox reaction of H2O2 generated 

on the electrode surface. Unnikrishnan et al. prepared a similar GOx/RGO-based 

bioelectrode via a one-step process.[131] It was demonstrated that RGO ensured high 

stability of GOx and thus a stable response. However, the aggregation of RGO could result 

in a decrease of surface area for high enzyme loading and therefore a low electrocatalytic 

current. It has been reported that a larger amount of laccase can be wired on 

anthraquinone-modified RGO/MWCNT (75 µg cm-2) than on the similarly aggregated 

RGO-based matrix (41 µg cm-2).[166] This implies that modification of RGO sheets with 

functional groups can ensure specific adsorption of enzyme, prevent aggregation and 

preserve high surface area for enzyme immobilization with MWCNT.[10, 166] Modifications 

of GO derivatives will be detailed in section 1.5.1.2. 

Elemental doping is a versatile method of tuning the electronic structure of graphene. 

Actually GO and RGO can be regarded as a type of O-doped graphene. Recent attempts 

on doping graphene with other elements aim to tailor the electronic properties of 

graphene. Heteroatom-doped graphenes mainly include nitrogen, phosphorous, boron, 

sulfur, and fluorine doped graphene. Among them, nitrogen-doped graphene (NG) has 

been widely studied in electrochemistry. Compared to graphene and RGO, NG exhibits 

much better electrocatalytic activity[101] because of a relatively high positive partial 

charge density on carbon atoms adjacent to N-doping sites,[167-168] and beneficial physical 

and chemical properties such as enhanced electrical conductivity[169] and ET efficiency.[170] 

A NG modified gold electrode has been used to immobilize FoDH and a 500 mV decrease 

in oxidation overpotential of NADH on NG compared to the non-doped graphene was 

found.[171] The regeneration of the NAD+ cofactor was thus accelerated, leading to an 

improved formate oxidation process with an onset potential of ca. -0.25 V vs. SCE. 

Additionally, a membraneless glucose/O2 EBFC with a NG modified GOx-based bioanode 

showed an enhanced power output (85.91 µW cm-2) over a similar RGO-based EBFC 

(59.45 µW cm-2).[172] 

Phosphorous and boron doped graphenes have been reported as promising electrode 

materials for supercapacitors,[173] batteries[174] and electrocatalysis,[175-176] but not widely 

applied in bioelectrochemistry yet. Sulfur and fluorine-doped graphenes have been 

studied for biomolecular sensing, holding promise for bioelectrochemistry 
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applications.[177-179] Sulfur-doped graphene, with abundant micropores and mesopores, 

showed high electrocatalytic activity towards the oxidation of dopamine, with high 

selectivity, a high sensitivity of 3.94 µM μA-1, and a low detection limit of 1.5 × 10-8 M.[177] 

An electrochemical fluorine-doped RGO/GCE sensor for histamine showed a detection 

limit of 7 nM, because fluorine-atoms provided highly active catalytic sites and fast 

ET.[179] The electrocatalytic performance of controllably fluorine-doped graphene for 

NADH oxidation, decreasing the overpotential of NADH oxidation by 0.25 V in 

comparison to a bare GCE has also been investigated.[178] 

1.5.1.2 Graphene composites 

Most bioelectrochemical applications of graphene involve functionalized graphene 

composites. Graphene has been functionalized to form hydrophilic/hydrophobic or 

positively/negatively charged groups on its surface. The formation of new bonds on the 

graphene layers alters their physico-chemical properties. Precise control over the 

functionalization reaction is therefore required. These functional groups introduced on 

the graphene layers are particularly important for enzyme attachment, affecting the 

reproducibility and performance of the resulting bioelectrodes. 

Covalent bonding and noncovalent interactions are two ways to functionalize graphene. 

Organic covalent functionalization reactions of graphene include two general routes: (a) 

the transformation of sp2 carbon of pristine graphene to sp3 hybridization with free 

radicals or dienophiles and (b) the formation of covalent bonds between organic functional 

groups and the oxygenated groups of GO.[180] Organic groups can be grafted on graphene 

with the help of diazonium salts, nitrophenyls, peroxides and hydroxylated aryl groups 

etc.[133] Bari and co-workers prepared DET-type enzymatic electrodes by covalently 

anchoring BOx and laccase to a RGO-based GCE with the assistance of two different 

diazonium salts, showing high catalytic currents (up to 1.0 mA cm-2 under rotation).[86] 

Covalent functionalization changes the properties of graphene dramatically. For example, 

graphene sheets treated with diazonium salts showed a decrease in conductivity with 

increasing grafting density.[181] Similarly, the covalent attachment of nitrophenyls to 

pristine graphene sheets resulted in the introduction of a band gap.[182] Graphene 

derivatives such as GO and RGO with considerable amounts of oxygenated groups can be 

grafted with polymer chains with reactive species such as hydroxyls and amines. Most of 

these polymers, e.g., poly(ethylene glycol),[183] polylysine (PLL),[184] polyallylamine[185] and 

poly(vinyl alcohol),[186] are biocompatible and can also be used to immobilize proteins. For 

example, a PLL/RGO nanostructure with immobilized horseradish peroxidase was used 

as a H2O2 biosensor, exhibiting a 2.7-fold higher reduction currents over the blank control 

(at -0.3 V vs. Ag/AgCl).[184] These composites show synergetic properties: the polymeric 

part leads to high dispersion of graphene, while graphene offers the electrical conductivity 

and reinforcement of the mechanical properties. 
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Noncovalent functionalization includes polymer wrapping,[187-188] adsorption of 

surfactants such as sodium and lithium dodecyl sulfate,[189] direct interactions with 

nanomaterials[27, 80, 190] or small aromatic molecules.[139] Interactions between these 

modifiers and graphene usually are physical interactions such as π–π, van der Waals, 

hydrophobic interactions, and electrostatic forces. Various noncovalent modifiers such as 

PEI,[191] chitosan,[192] PANI,[185] methylene green (MG),[193-194] AuNPs[12, 123] and CNTs[27, 

80] have further been used to modify graphene.[133, 180] Depending on the nature of the 

modifier, noncovalent functionalization significantly changes the dispersibility, 

conductivity and other properties of graphene. For instance, the use of chitosan ensured 

the formation of homogeneous graphene suspensions[192] and biocompatibility for enzyme 

immobilization.[195] Liu and co-workers[194] functionalized graphene with a water-soluble 

aromatic electroactive dye, MG, and MWCNT through layer-by-layer chemistry,[163] Fig. 

1.9. The resulting MG functionalized graphene nanostructure on a GCE had lower charge-

transfer resistances and better electrocatalytic activities towards NADH oxidation than 

pristine graphene, making it suitable for immobilization of NAD-dependent GDH. Some 

composites are based on entrapping graphene sheets within the polymer PEDOT or 

dispersing AuNPs on graphene for improved electrical conductivity.[196] 

 

Figure 1.9 Schematic illustration of the formation of electrochemically functional (A) 

(graphene/SWCNT)5 and (B) (graphene/MG)n-based nanostructures through a layer-

by-layer method and corresponding SEM images. 5 represents the number of 

graphene layer and the scale bar is 1 µm. Reprinted with permission from ref.[163] 

with modification. Copyright 2011 American Chemical Society. 

1.5.1.3 Freestanding graphene 

Supportive electrodes (e.g., GCE, graphite and Au electrodes) are usually needed to 

support graphene and its composites for enzyme immobilization. Alternatively, 

freestanding graphene-based electrodes are under rapid development. Graphene has been 

used as freestanding electrode hosts for enzyme immobilization taking advantages of its 

outstanding mechanical robustness, and its chemical and thermal stability. Graphene 

paper is one of the most promising freestanding electrodes for practical application, since 

it exhibits very high flexibility and stability. Shen et al. have engineered a graphene paper 

via a low-cost solution-processing procedure and the enzymes adsorbed on the graphene 



 

22 

 

exhibited high performance and stability, Fig. 1.8.[31, 139] Additionally, 3D graphene 

platelets and graphene gel have appeared recently. For example, Campbell and co-

workers have constructed a freestanding 3D graphene/SWCNT cogel as a BOx 

bioelectrode.[80] The cogel electrode had a large surface area (~ 800 m2 g-1) ensuring high 

enzyme loading, as well as high porosity for substrate diffusion and a moderate 

conductivity (~ 0.2 S cm-1). Another type of freestanding graphene-based electrode is the 

CVD-derived 3D graphene foam comprising continuous conduction networks, with a large 

surface area (670 m2 g-1) for high laccase loading, Fig. 1.8.[27, 156]  

1.5.2 Graphene-based enzymatic biofuel cells 

Due to the aforementioned properties of graphene, graphene-based EBFCs are promising 

with improved power output and lifetime compared to the EBFCs without graphene 

modifications. The development of graphene-based EBFCs over the last five years 

evaluated in terms of Pmax, OCV, and stability is summarized in Table 1.3.[2] Pmax is 

typically normalized to geometric area of the electrode, while the mass or volume of the 

cell has not received wide attention.[2] Stability measured in a time course of OCV is not 

an effective method, because the stored charges in the capacitive matrix will maintain 

the OCV at a high level as revealed by the recent progress on supercapacitor/EBFC hybrid 

devices.[2] Most graphene-based EBFCs were constructed in a similar way as CNT-based 

EBFCs without exploiting their full potential. Probably due to the lack of precise control 

over the architecture of graphene, only a few reported EBFCs using graphene can exceed 

a Pmax of 1.0 mW cm-2. For example, a membrane-less NG based formic acid/O2 EBFC with 

a Pmax of 1.96 ± 0.13 mW cm-2 and an OCV of 0.95 ± 0.05 V was fabricated. Effective 

recycling of NAD+/NADH cofactor was achieved at a NG/AuNPs/FoDH bioanode and NG 

played a key role in decreasing the NADH oxidation overpotential.[171] A detailed 

evaluation of graphene-based bioanodes and biocathodes for EBFCs is provided in 

sections 1.5.2.1 and 1.5.2.2. 

.
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Table 1.3 Graphene based EBFCs. 

SPEs: screen-printed electrodes; PSS: poly(styrene-b-isoprene-b-styrene); CoPc: cobalt phthalocyanine; FePc: iron phthalocyanine. 

Graphene 

materials 
Anode Cathode Note 

OCV 

(V) 

Pmax (µW 

cm-2) 
Stability Ref. 

Graphene based full EBFCs 

Commercial 

graphene 

CDH/AuNPs/graphene SPEs 
Laccase/AuNPs/graphene 

SPEs Two-

compartment 
0.74 5.16 

90% decrease of 

Pmax after 8 h 
[12] 

DET DET 

5 mM glucose, 150 mM NaCl Air-saturated 

Commercial 

graphene 

GOx/graphene-carboxylated 

PSS/Au 

BOx/graphene-

carboxylated PSS/Au One-

compartment 
0.72 20 - [187] 

DET DET 

300 mM glucose Air-equilibrated 

Graphene 

GOx/graphene-3D 

micropillar 

Laccase/graphene-3D 

micropillar 
One-

compartment 
0.91 136 

49% decrease of 

Pmax for the 2nd 

measurement after 

7 day 

[197] 
DET DET 

100 mM glucose Air-saturated 

RGO; 

chemical method 

GOx/RGO-CoPc/GCE RGO-FePc/GCE 
One-

compartment 
0.35 23 

80% retain of Pmax 

after one month 
[198] DET - 

15 mM glucose Air-equilibrated 
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Table 1.3 Continued. 

PBSE: 1-pyrenebutanoic acid succinimidyl ester; MB: Meldola blue. 

Graphene 

materials 
Anode Cathode Note 

OCV 

(V) 

Pmax (µW 

cm-2) 
Stability Ref. 

Graphene based full EBFCs 

RGO; 

chemical method 

GOx/RGO-SWCNT aerogels 
BOx/RGO-SWCNT 

aerogels 
One-

compartment 
0.61 190 

~20% retain of 

Pmax after 15 h 
[80] 

DET DET 

100 mM glucose; stirring Air-saturated 

RGO; 

chemical method 

MWCNT-GOx-Nafion/RGO BOx/PBSE/RGO 
One-

compartment 
- 70 - [199] DET DET 

50 mM glucose Air-saturated 

Graphene 

nanosheets; 

electrochemically 

produced in situ 

GDH/SiO2 NPs/PEI/MB/ 

graphene CP 

GOx/SiO2 NPs/hemin/ 

graphene CP 
One-

compartment 

0.50; 

(0.53) 
18; (4) 

-; (decreased by 

less than 15% 

after 12 h) 

[200] MET, 0.02 mM NAD+ DET 

5 mM glucose; (human 

serum solution) 

O2-equilibrated; (air-

equilibrated) 

Graphene 

nanosheets; 

electrochemically 

produced in situ 

LDH/SiO2 NPs/PEI/MB/ 

graphene CP 

LOx/SiO2 NPs/hemin/ 

graphene CP One-

compartment 

0.87; 

(0.79) 

380; 

(225) 
- [16] 

MET, 2 mM NAD+ DET 

14 mM lactate; (real sweat) Air-equilibrated 
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Table 1.3 Continued. 

CaM: calmodulin chimer. 

Graphene 

materials 
Anode Cathode Note 

OCV 

(V) 

Pmax (µW 

cm-2) 
Stability Ref. 

Graphene based full EBFCs 

Graphene 

nanosheets; 

electrochemically 

produced in situ 

PQQ-GDH-

CaM/PBSE/graphene CP 
GOx/hemin/ graphene CP 

One-

compartment 
~0.50 ~70 - [201] DET DET 

20 mM glucose, 100 mM 

Ca2+, 100 mM NaCl 
Air-equilibrated 

Graphene 

nanosheets; 

electrochemically 

produced in situ 

PQQ-GDH/PBSE/graphene 

CP 

Laccase/PBSE/graphene 

CP One-

compartment 
0.41 5.5 - [202] 

DET DET 

20 mM glucose Air-equilibrated 

NG; 

chemically 

produced 

FoDH/AuNPs/NG/Au Laccase/AuNPs/NG/Au 
One-

compartment 
0.95 1960 - [171] MET, 5 mM NAD+ MET, 0.5 mM ABTS 

50 mM formic acid O2-equilibrated 

Graphene paper; 

assembly of GO 

sheet followed by 

chemical 

reduction 

PQQ-GDH/MB/graphene 

paper 
BOx/graphene paper 

One-

compartment 
0.67 4.0 

35% and 55% 

retain of Pmax after 

100 min under 

static or stirring, 

respectively 

[139] MET DET 

6.4 mM glucose Air-equilibrated 
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Table 1.3 Continued. 

CFC: carbon fiber cloth; Fc: ferrocene; PTCA: 3,4,9,10-perylene tetracarboxylic acid. 

  

Graphene 

materials 
Anode Cathode Note 

OCV 

(V) 

Pmax (µW 

cm-2) 
Stability Ref. 

Graphene based full EBFCs 

Graphene paper; 

assembly of GO 

followed by 

chemical 

reduction 

PQQ-GDH/cytochrome c/ 

graphene paper 

BOx/cytochrome c/ 

graphene paper 
One-

compartment 
0.38 0.29 - [31] MET DET 

3 mM glucose Air-equilibrated 

Graphene-CFC; 

CVD method 

GOx/Fc/graphene-CFC BOx/graphene-CFC 
One-

compartment 
~0.63 34.3 

Pmax higher than 5 

μW cm-2 after 24 h 

function 

[203] MET DET 

200 mM glucose Air-quilibrated 

3D graphene; 

Ni2+-

exchange/KOH 

activation method 

Nafion/GOx/Fc/3D-

graphene/GCE 

Nafion/Laccase/3D-

graphene-PTCA-

dopamine/GCE One-

compartment 
0.40 112 

∼84% retain of 

initial current after 

72-h continuous 

discharging 

[155] 

MET MET 

10 mM glucose O2-equilibrated 
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Table 1.3 Continued. 

BSA: bovine serum albumin; TFF: tetrathiafulvalene; Fc-C6-LPEI: hexylferrocenyl linear polyethylenimine; An-MWCNT: anthracene-modified 

MWCNT; TBAB: tetrabutylammonium bromide. 

 

Graphene 

materials 
Anode Cathode Note 

OCV 

(V) 

Pmax (µW 

cm-2) 
Stability Ref. 

Graphene based bioanode for EBFCs 

GO nanosheets; 

chemical method 

GDH-BSA/GDH/NAD+/GO 

nanosheets/GCE 

Polydopamine/Lacase 

nanoflowers/AuNPs/Au One-

compartment 
0.86 400 - [204] 

MET MET 

10 mM glucose Air-saturated 

RGO; 

CVD method 

GOx/TTF/RGO/AuNPs/N-

doped CNTs/Ni foam 
Pt 

One-

compartment 
0.32 235 

jmax on the anode 

at 0.25 V retained 

above 60% after 15 

days 

[123] 
MET - 

60 mM glucose Air-equilibrated 

NG; 

CVD method 

GOx/Fc-C6-LPEI/NG/CP 
BOx/An-MWCNT/TBAB-

Nafion/CP One-

compartment 
0.55 355 - [172] 

MET MET 

100 mM glucose O2-equilibrated 
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1.5.2.1 Graphene based bioanodes 

Various graphene materials have been applied in GOx bioanode fabrication for glucose/O2 

EBFCs, including chemically produced 2D graphene sheets,[80, 198] graphene papers,[31, 139] 

NG sheets,[172] 3D graphene.[197] Glucose/O2 EBFCs functionalized with 3D graphene 

showed high power outputs (Pmax ranging from 112 to 136 µW cm−2), Table 1.3. 

Furthermore, a commercial GOx  showing broader substrate response than most other 

common bioanode enzymes can oxidize a range of mono-, di-, tri-, and polysaccharides.[11] 

Other enzymes such as GDH[139] and CDH[12] have also been successfully used as the 

biocatalysts for glucose oxidation at the graphene-based bioanode. Due to the insensitivity 

to O2, dehydrogenases can perform in a one-compartment cell where the O2 reduction 

takes place at the biocathode surface. For instance, PQQ dependent GDH modified 2D 

graphene paper showed good electrocatalytic activity in air-saturated electrolytes.[139] The 

resulting bioanode was assembled with a BOx graphene-based cathode into a one-

compartment EBFC, displaying an acceptable power output in an air-saturated 

phosphate buffer containing 6.4 mM glucose, with an OCV of 0.665 V and a Pmax of ca. 4.0 

µW cm−2. 

Although most graphene based EBFCs have utilized glucose as the fuel, other fuels need 

to be investigated. Lactate, with a concentration of up to 60 mM in sweat,[205] has been 

catalytically oxidized on graphene-based bioanodes, allowing wearable lactate/O2 

EBFCs[16, 25, 206] externally located on skin instead of surgically implanted devices located 

inside a body. Koushanpour et al. constructed a graphene-based lactate/H2O2 EBFC using 

a lactate dehydrogenase (LDH) bioanode and a LOx/hemin biocathode, Fig. 1.10.[16] An 

electrode functionalized with graphene nano-sheets was achieved by in situ 

electrochemically produced graphene flakes on the carbon fiber, resulting in an EBFC 

registering a Pmax of 380 and 225 µW cm−2 operated in mimicked human sweat (14 mM 

lactate) and real human sweat, respectively. 

  

Figure 1.10 A scheme of the lactate/H2O2
 graphene-based biofuel cell. NADH and 

H2O2 formed by the enzymes are consumed through electrocatalytic reactions by 

Meldola’s blue (MB) and hemin, respectively. Reprinted with permission from ref.[16]. 

Copyright 2017 John Wiley and Sons. 
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1.5.2.2 Graphene-based biocathodes 

Laccase and BOx have been widely utilized at biocathodes to catalyze the four-electron 

reduction of dioxygen to water.[27, 39, 78] The performance of these biocathodes can be 

improved when immobilized on different graphene architectures. An electrochemically 

produced graphene-based laccase biocathode reached a DET catalytic current density 

plateau of 1.0 mA cm-2 under rotation at 1500 rpm.[86] Graphene sheet composites are the 

most studied substrates for enzyme immobilization compared to other graphene 

materials. For EBFC applications, laccase on NG-AuNPs, and graphene-3D micropillars 

have been reported for MET (Pmax: 1,960 µW cm-2),[171] and DET-type biocathodes (Pmax: 

136 µW cm-2),[197] respectively. Most BOx biocathodes used in EBFCs can directly receive 

electrons from the electrode surface, such as BOx is physically adsorbed on RGO-SWCNT 

aerogels and assembled in an EBFC (Pmax: 190 µW cm-2) together with a GOx bioanode.[80] 

Hierarchical 3D graphene-based structures are also promising supports for laccase and 

BOx immobilization due to their high surface area. Recently, laccase was immobilized on 

3D graphene networks produced with a Ni2+-exchange/KOH activation combination 

method. With the help of an immobilized mediator (dopamine), this biocathode was 

coupled to a GOx bioanode in a glucose/O2 EBFC leading to a Pmax of 112 µW cm-2.[155] BOx 

immobilized on flexible 3D graphene coated fiber cloth was applied in a glucose EBFC 

with a GOx bioanode, resulting in a Pmax of 34.4 µW cm-2 at 0.43 V.[203] 

Besides O2, in-situ generated H2O2 can be reduced at the biocathode through catalytic 

reactions. Koushanpour et al. fabricated FAD-dependent oxidases, i.e., GOx[200-201] and 

LOx,[16] on hemin modified graphene CP biocathodes. GOx and LOx produce H2O2 during 

the catalyzed oxidation of glucose and lactate, respectively, in the presence of oxygen. The 

immobilized hemin can then electrocatalytically reduce the generated H2O2 by accepting 

electrons from the CP electrode, Fig. 1.9. These GOx and LOx immobilized 

hemin/graphene CP biocathodes can been incorporated in an EBFC with a GDH and LDH 

bioanode, respectively. Although a small number of high-performance graphene-based 

EBFCs (Pmax > 1.0 mW cm-2) has been reported, the half-lifetime of the EBFCs ranges 

from several hours to days, Table 1.3. Stability is therefore the main issue for EBFC 

applications resulting from the fragile enzymes and so far not fully developed 

immobilization techniques for graphene-based electrodes. Improvement of the 

performance of graphene-based bioanodes and biocathodes especially the long-term 

stability is thus an essential step for development of EBFCs. Two perspectives of 

graphene-based EBFCs can here be proposed. (1) Graphene quantum dots (GQDs) may 

be a suitable platform for enzyme immobilization because the carboxylic acid moieties at 

the edge of GQD are easy to functionalize with various groups.[207] (2) The interconnected 

porous structures of 3D graphene-based electrodes must be precisely controlled because 

these meso- and micro- pores are beneficial for enzyme accommodation and substrate 

diffusion, respectively. 
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1.6 Perspectives of enzymatic biofuel cells 

1.6.1 Application of EBFCs 

Unlike MBFCs as large-scale biological reactors, EBFCs are mostly considered as micro-

power sources for miniature biodevices.[36, 92] The first miniature membrane-less EBFC, 

consisting of two carbon fibers (diameter 7.0 µm, length: 2.0 cm) respectively coated with 

GOx and an Os-redox polymer at the anode and laccase and a second Os-redox polymer 

at the cathode, was reported by Heller et al.[208] The Pmax reached 137 µW cm-2 at 0.4 V in 

a pH 5 aqueous solution containing 15 mM glucose at 37 ℃ . Soon after, a similar 

miniature EBFC operated successfully in a physiological buffer.[36] Ever since, the number 

of EBFCs operating in bodily fluids have been growing exponentially due to the promising 

application under these conditions. 

As a proof of concept of possible implantation in media containing glucose and O2, EBFCs 

have been first inserted in a grape.[30] In this study, the glucose/O2 EBFC consisting of a 

GOx anode and a BOx cathode within the grape could generate a Pmax of 2.4 µW cm-2 at 

0.52 V. Until now, EBFCs have been successfully implanted in other fruits (e.g., oranges 

and apples)[117] and animals (e.g., rats,[28] rabbits[209] and snails[210]). Although there have 

been numerous examples of EBFCs operating in bovine or human serum, experiments in 

human blood have been rare.[211] Cadet et al. reported the highest Pmax to date (129 µW 

cm-2 at 0.38 V) of an EBFC in undiluted blood containing 8.2 mM glucose.[212] The first ex 

vivo evaluation of an EBFC in human blood was reported in 2016 and demonstrated that 

a biocompatible and safe bio-device could be implanted in superficial human veins.[213] 

The first real in vivo experiment has yet to be done due to considerations such as 

biocompatibility and cytotoxicity. In addition, EBFCs have also been operated in other 

human fluids such as saliva,[214] urine,[214] or tears.[42] 

Considering the general properties such as low current/power density and miniature size, 

another application of EBFCs as portable power sources is to power electronic devices 

such as light-emitting diodes (LEDs) and music devices.[2] There are many 

demonstrations of EBFCs as portable power sources for LEDs or for digital clocks.[27, 215] 

Akerman Inc. has demonstrated that an EtOH/air EBFC stack could power an iPod.[26, 216] 

Moreover, Sony Corporation demonstrated that a stack of glucose/O2 EBFCs (1.45 ± 0.24 

mW cm-2 at 0.3 V for single EBFC) could power a music device in 2007,[2] and the operation 

of radio-controlled car in 2009, Fig. 1.11.[217] 
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Figure 1.11 (A) Digital images of a stack of glucose/O2 EBFCs as power sources to 

operate a music device together with a pair of passive-type speakers. (B) Schematic 

view of a multi-stacked biofuel cell unit composed of two biofuel cells  connected in 

parallel. Reprinted with permission from ref.[217]. Copyright 2009 Royal Society of 

Chemistry. 

Wearable electronics and especially wearable electrochemical sensors have attracted 

much attention recently. Wearable biodevices should be flexible and biocompatible with 

human skin or eyes.[211] The first EBFC with a bioanode and a Pt cathode attached to 

human skin could harvest biochemical energy from lactate generated by human 

perspiration.[44] Power densities during non-invasive on-body studies ranged from 5 to 70 

µW cm-2, holding considerable promise as a facile autonomous power source for wearable 

electronics. An EBFC with a FDH anode and a BOx cathode immobilized on skin was 

developed for transdermal iontophoresis, registering an OCV of 0.75 V and a maximum 

current density 300 µA cm-2.[218] 

These implantable, portable or wearable EBFCs can further be used as self-powered 

sensing bio-devices. This kind of sensing device does not need an external power source 

since the target of the sensor also acts as the fuel in the EBFC, and the power output is 

usually proportional to the concentration of the analyzed substrate. In 2001, Katz and 

Willner invented the first self-powered system as a biosensor for glucose determination 

using an EBFC with a GOx anode and a O2-reducing cathode.[219] Furthermore, EBFCs 

have also been used for self-powered immune sensors,[219] lactate[17] and antibiotic[220] 

sensors. 

1.6.2 Challenges and perspectives 

Significant progress has been made in the field of EBFCs, but several issues still need to 

be addressed for successful commercialization. Advances in terms of increased OCV, 

current density or power density should be developed in two major directions: (1) to 

improve the electrical connection between enzymes and the electrode surface by electrode 

modifications, irrespective of MET or DET, and (2) to increase the enzyme loadings on 
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sophisticated nanostructured porous electrodes with appropriate modification 

techniques. An inspiring advance is that multi-enzyme anodes in EBFCs can completely 

oxidize fuels.[41, 221-222] How to control the diffusion and transport of reactants and cascade 

intermediates to enhance overall biochemical energy conversion is a huge challenge.[223] 

Stability of EBFCs is another inevitable obstacle that needs be addressed. The 

combination of biotechnology strategies, such as enzyme engineering, and materials 

engineering could improve the stability of enzymes and the chemical microenvironment 

for enzymes at electrode surfaces. However, these strategies for enzyme stabilization 

frequently result in lower catalytic activity.[65] The mutual restriction between 

stabilization and catalytic activity in enzyme immobilization is thus still problematic. 

The studies discussed showing EBFCs successfully applied in ex vivo human blood set 

fundamental milestones. Meanwhile, new challenges such as biocompatibility and 

cytotoxicity issues, have arisen.[211] To minimize the foreign body reaction, biocompatible 

materials in EBFC assemblies, for instance protective coatings or membranes, will be 

required. Different configurations of EBFCs such as biosupercapacitors,[220, 224-225] solar 

biosupercapacitors[46] and single-enzyme biofuel cells,[48] also have attracted much 

attention. These new concepts will represent a paradigm shift in EBFC design for 

environmental applications including energy storage and carbon capture. 

1.7 Conclusions 

In this chapter, we have introduced the fundamentals of EBFCs and summarized current 

research progress in graphene-based EBFCs. In particular, we described graphene-based 

electrodes for enzyme immobilization, including electrodes modified with graphene 

derivatives and graphene composites, as well as freestanding graphene electrodes. The 

introduction of graphene can improve the performance of EBFCs due to its properties 

such as high conductivity, mechanical flexibility, large surface area, though the stability 

and power output remains significantly lower than that of conventional FCs. To make 

high-performance graphene-based EBFCs, the precise control of electrode materials 

synthesis (such as the functional surface groups and hierarchical structures) and enzymes 

immobilization on electrode surfaces, as well as enzyme engineering, need to be further 

explored.
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Chapter 2 

Methodology 

This chapter is an overview of techniques used for the Ph.D. project. Fundamental 

principles of techniques employed are described to support the discussions in the 

following chapters. Methodology is divided into three segments: microscopic, 

spectroscopic, and electrochemical techniques. 

2.1 Microscopic techniques 

2.1.1 Atomic force microscopy 

Atomic-force microscopy (AFM) is a high-resolution type (in principle down to the atomic 

level) of scanning probe microscopy. An Agilent Technologies 5500 AFM was used to 

characterize the surface morphology of the materials. The AFM principle is based on a 

cantilever/tip assembly (the probe) that interacts with the sample surface through a 

raster scanning motion, Fig. 2.1.[226-227] The up/down and side to side motion of the AFM 

cantilever as it scans along the sample surface is monitored through a laser beam 

reflected by the cantilever. A position sensitive photodiode detector tracks the reflected 

laser beam. The morphology of the sample surface can therefore be imaged by recording 

the signal from the photodetector. AFM can also record other sample features such as 

elastic properties and force-distance correlations. 

AFM can be conducted in either tapping or contact mode. Tapping is gentler to the sample 

surface than contact mode and was therefore used in this project. The specific type of 

tapping mode used on the 5500 AFM is called acoustic alternating contact (AAC) mode. 

In this mode, the cantilever is brought to vibrate close to its resonant frequency near the 

sample surface. Due to the tip-surface interaction, the frequency, amplitude and phase of 

the oscillating signal on the photodetector change with the cantilever sample distance d. 

The amplitude can be used as a feedback channel, in order to image with a constant 

tapping force. At a certain amplitude set-point, for example, the feedback loop will adjust 

the tip-sample distance to keep the amplitude constant. The cantilever sample distance 
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is recorded as a function of the lateral position of the tip with respect to the sample, and 

the scanned height essentially represents the surface topography. 

 

Figure 2.1 Scheme of the experiment setup of an AFM in the ACC mode.[227] 

2.1.2 Scanning electron microscopy 

In a scanning electron microscope (SEM), a sample is scanned with a focused electron 

beam to generate images. The SEM, used in this project for morphology and 

nanostructure characterization of samples, was a Quanta FEG 200 ESEM with the 

Everhart-Thornley Detector (ETD) from FEI. Fig. 2.2 shows the working principle of a 

SEM.[228] An electron gun located at the top of the column emits electrons. Under the 

action of an accelerating voltage, the generated electrons are converged while passing 

through the condenser lens and the objective lens, forming an electron beam with a 

diameter of just a few nanometers on the specimen. Three basic types of electron signals, 

including back scatter electrons, secondary electrons, and X-rays, are generated by the 

beam-specimen interaction processes when the electron beam hits the specimen surface. 

While the electron beam raster scans over the specimen surface, the electron signals are 

collected by the detector, and counts are converted into brightness of the corresponding 

points of the image. The corresponding electron image is recorded and displayed on a 

video screen. 
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Figure 2.2 Schematic representation of the SEM working principle.[228-229] 

2.2 Spectroscopic techniques 

2.2.1 Ultraviolet-visible spectroscopy  

Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry (UV-vis) is a 

technique in which light absorption by solution, transparent solids and gaseous samples 

is measured in the visible and adjacent (near-UV and near-infrared) electromagnetic 

spectrum. A scheme of the basic working principle of a UV-vis spectrophotometer is shown 

in Fig. 2.3. Depending on the monochromator, light with fixed wavelength (λ) or the entire 

spectrum of visible light can be generated to illuminate the sample. The UV-vis 

spectrophotometer compares the light intensity before (I0) and after (I) passing through 

the sample. Transmittance, the ratio between these two signals (I/I0), and absorbance 

have a relationship described by Lambert-Beer’s law:[230] 

   A = - log(
I

I0

)  = ε ∙ l∙ c                                               (2.1) 

where ε is the molar absorptivity in M-1 cm-1, l is the light path length (dimension of the 

cuvette containing the sample) in cm and c is the analyte concentration in mol L-1.[230] 

When the analyte is excited by a light source, specific wavelengths are absorbed while the 

rest are transmitted and recorded by the detector. Absorbance, converting from 

transmittance through Eq. 2.1, is often presented as a function of wavelength. The peaks 

in a UV-vis spectrum, representing the wavelength dependence of the absorbance, are 

specific to the analyzed species and can therefore be used to distinguish different 

chemicals. 
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Figure 2.3 Scheme of UV-vis absorption measurement principle. 

The analyte concentration can be determined based on the absorbance (A) according to 

Eq. 2.1, providing that the ε for the composition of the sample and the light path distance 

d are known. However, the Lambert-Beer’s law has its limitation especially for high 

analyte concentrations, since deviations of ε occur due to interactions between molecules 

in close proximity.[231] To avoid these limitations, proper sample dilution and calibration 

are required. 

In this Ph.D. project, the UV-vis spectra of graphene-based materials dispersed in water 

were obtained by an Agilent 8453 UV-vis spectrophotometer. GO, the graphene precursor, 

possesses two distinguishable absorption peaks, the main peak at 231 nm, originating 

from π-π* bonds in sp2 hybrid regions, and the other peak at ~ 303 nm due to σ-π* bonds 

from sp3 hybridized orbitals.[232] Upon full reduction of GO, graphene exhibits observable 

changes in the absorption spectrum with a red-shift of the sp2 hybrid orbitals to 270 

nm.[233] 

Enzyme activities were determined using a UV-vis spectrophotometric assay (UV-

2401PC, SHIMADZU). The basic principle of enzyme assay is to measure either the 

consumption of substrate or production of product over time, Eq. 2.2. The commonly used 

unit for enzyme activity is U (micromoles of substrate converted per min). In the assay 

process, the course of the enzyme-substrate reaction is followed by measuring the 

absorbance change, corresponding to a change in analyte concentration in solution based 

on Eq. 2.1 and 2.3. 

Enzyme activity (micromoles of substrate converted per minute) = 
∆𝑐

∆𝑡
× 𝑉𝑟        (2.2) 

∆𝑐

∆𝑡
=
∆𝐴

∆𝑡
×

1

𝜀 ∙ 𝑙
                                                          (2.3) 

where 
∆𝐴

∆𝑡
 and 

∆𝑐

∆𝑡
 are the value of the change of absorbance and concentration (mmol L-1) 

per minute, respectively, at the specific wavelength of consumed substrate or produced 

product. Vr is the reaction volume in mL. ε in mM-1 cm-1 and l in cm have the same 

meanings as in Eq. 2.1. 
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2.2.2 X-ray photoelectron spectroscopy 

The elemental composition of graphene modified electrodes was analyzed by a Thermo 

Scientific X-ray photoelectron spectroscopy (XPS) system with Avantage as the operating 

and analysis software. XPS as a quantitative, surface-sensitive spectroscopic technique 

can be used to measure elemental compositions, empirical formule, chemical state and 

electronic states of the elements within a material. The sample is submitted to X-ray 

irradiation by a high-energy source, where the photoelectrons produced from only 1-10 

nm under the surface can escape, permitting the surface analysis, Fig. 2.4.[234] When an 

irradiated atom absorbs the X-rays, it will produce electrons with binding energies lower 

than the photon (X-ray) energy including K-shell electrons with a kinetic energy. The 

kinetic energy is related to the energy of the incident beam (hν), the electron binding 

energy (BE) and the work function (𝜙) of the spectrometer. The XPS detector counts the 

number of electrons with the same BE that is proportional to the number of corresponding 

atoms in the sample. This enables determining the atomic percentage of different 

elements in the sample. The standard detection limit range is about 100 ppm for nearly 

all elements (except hydrogen). In this Ph.D. project, XPS is employed to characterize 

elemental composition and functionalization of graphene-based electrode materials based 

on the intensities obtained at specific binding energies. 

 

Figure 2.4 Scheme of the measurement principle XPS.[234] 

2.2.3 Raman spectroscopy 

Raman spectra of graphene-based electrode materials were recorded by a Renishaw InVia 

Raman spectrometer using a 633 nm laser source. Raman spectroscopy is commonly used 

to provide structural fingerprints based on inelastic light scattering (i.e. Raman 

scattering) that enable the identification of organic molecules and inorganic phases. The 

sample is excited by an intense and monochromatic light, usually from a laser in the 

visible, near infrared, or near ultraviolet range. The scattered light contains photons with 

different frequencies (i.e., the excitation frequency ν0, Stokes shifted frequency ν0 − νvib 
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and Anti-Stokes shifted frequency ν0 + νvib) are be collected by a detector, Fig. 2.5.[235] The 

difference (νvib) between the shifted and excitation frequency equals the frequency of the 

irradiated molecular or crystal-lattice vibration. 

 

Figure 2.5 Basic concept of elastic (Rayleigh) and inelastic (Raman) scattering of 

light when irradiated on molecules or crystals.[235] A monochromatic laser beam with 

a frequency ν0 excites a characteristic vibration of a chemical compound having the 

frequency νvib. The light can be either Rayleigh scattered resulting in light of the same 

frequency ν0, or Raman scattered yielding either Stokes (ν0 − νvib) or Anti-Stokes 

shifted (ν0 + νvib) photons. 

2.2.4 Energy-dispersive X-ray spectroscopy 

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique for the elemental 

analysis and chemical characterization of a sample. The main principle of EDS is that 

each element has a unique atomic structure therefore allowing a unique set of peaks in 

its electromagnetic emission spectrum. After bombarding a sample with high-energy 

electrons within an electron microscope, the generated X-rays from the sample can be 

detected with an energy-dispersive spectrometer that distinguishes element-specific X-

ray energies. Because the amount of X-rays emitted by each element in the sample is 

proportional to the density of the element as a mass or atomic fraction, EDS is particularly 

suitable for elemental percentage determination. In addition, combining computer-

assisted imaging and X-ray spectroscopy, the local elemental distribution can be obtained 

through a process of X-ray mapping, which is a full qualitative and quantitative analysis 

of a studied sample.[236] In this Ph.D. study, EDS-mapping technique was used together 

with SEM imaging in order to identify the elemental distribution of the graphene-based 

electrode materials. 

2.3 Electrochemical techniques 

In order to study the electrochemical process such as ET and heterogeneous catalyzed 

redox reactions on an electrode surface, different electroanalytical techniques presented 

below were utilized. Potentiostats including an Autolab (PGSTAT12 or PGSTAT30) or a 
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CHI 650B electrochemical workstation were used to characterize the electrochemical 

process. 

2.3.1 Cyclic voltammetry 

Cyclic voltammetry (CV) is a widely applied electrochemical technique used to investigate 

the kinetics and reversibility of an electrochemical redox reaction, as well as the 

electrochemical properties of molecules in solution. This involves sweeping the electrode 

potential from E1 to E2 and then reversing back to E1 at a certain scan rate. The sweep 

potential can then be terminated, again reversed or alternatively continued to a different 

value E3, Fig. 2.6A. The CV curve is the current response at the electrode versus the 

applied potential, Fig. 2.6B. A positive wave represents an oxidation reaction on the 

working electrode (WE), and its parameters include anodic peak current (Ipa), anodic peak 

potential (Epa). The negative wave corresponding to a reduction process in the system can 

be characterized by parameters such as cathodic peak current (Ipc) and cathodic peak 

potential (Epc). CV can, therefore, disclose useful information about redox potentials and 

electrochemical reaction rates, diffusion coefficients of redox molecules if in solution, etc. 

A three-electrode system is mostly employed, with a WE as the studied electrode, a 

reference electrode (RE) against which the WE potential is controlled, and a counter 

electrode (CE) closing the current circuit in the electrochemical cell. 

 

Figure 2.6 (A) Profiles of potential versus time for CV. (B) Typical reversible cyclic 

voltammogram where Ip
a and Ip

c represent the anodic and cathodic peak currents 

respectively at corresponding Ep
a and Ep

c peak potentials.[237] 

The electrodes are usually positioned in an unstirred solution during CV. Provided that 

ET at the working electrode is fast and the current limited by diffusion of analyte species 

from bulk solution to the WE surface, the peak current will be proportional to the square 

root of the scan rate. This is expressed in the Randles-Sevčik equation:[237] 

ip = 0.4463nFAC (
nFAνD 

RT
)
1/2

                                                (2.4) 
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where n is the number of transferred electrons, F is Faraday’s constant (96 485 C mol-1), 

and A the geometrical area of the electrode in cm2. C is the concentration of analyte in 

mol cm-3 and D the diffusion coefficient for the species in cm2 s-1. 𝜈 is the scan rate in V s-

1, R the gas constant (8.314 J K-1 mol-1), and T the temperature in K. 

In this Ph.D. study, CV was used to characterize electrochemical properties of graphene 

modified carbon paper electrode as well as the catalytic mechanisms of the prepared 

bioanode and biocathode.  

2.3.2 Linear sweep voltammetry 

Linear sweep voltammetry (LSV) a simple potential sweep technique because the 

electrode potential is only swept from E1 to E2 at a defined scan rate, Fig. 2.7A. The 

resulting current response on the electrode is plotted as a function of the applied 

potential, Fig. 2.7B. If the system is applied with a very slow linear potential sweep such 

as 1.0 mV s-1, the recorded voltammogram will appear like a steady state I vs E curve.[237] 

In the Ph.D. study, LSV was used to characterize the biocathode for the catalysis of O2 

reduction and polarization discharge curves for EBFCs. 

 

Figure 2.7 (A) A profile of potential versus time for LSV. (B) A series of linear sweep 

voltammograms for the reduction reaction O + e- → R, at several potential scan rates. 

E0’ is the standard potential of the redox couple.[237] 

2.4.3 Polarization and power curves for enzymatic biofuel cells 

In this Ph.D. study, the EBFC performance is assessed by polarization and power curves 

which describe the generation of power density at given current density values, Fig. 2.8. 

These curves are typically obtained using a two-electrode system with a biocathode and a 

bioanode as the combined reference/counter and working electrodes, respectively. 

Typically, OCV can be determined as the experimentally measured difference of the open 

circuit potentials (OCPs) between the biocathode and the bioanode when no current is 

passing and a stabilized OCP is reached. This value strongly depends on the properties 
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of catalysts and mediators. During polarization, the real voltage of an EBFC under 

operation Ecell can be described as Eq. 2.5.[238-239] 

Ecell = OCV − ηact − ηohm − ηconc                                       (2.5)  

where ηact the activation overpotential, related to the kinetics of the electrochemical redox 

reactions at the interfaces between the bioanode/biocathode and electrolyte, ηohm the 

ohmic overpotential corresponding to resistance of all cell components, and ηconc the 

concentration overpotential due to mass transport limitations during cell operation.[238-

239] 

The power output of an EBFC can be defined as:[2, 239] 

P = Ecell × I                                                     (2.6) 

where I is the electric current in A. For comparison between different EBFC devices, 

current and power are given as current density and power density, respectively, based on 

the electrode geometric surface area of the electrode.[239] EBFC power density increases 

with increasing current density, reaches a maximum value (Pmax), and then starts 

decreasing with further increase of current density due to the mass transport limitation, 

Fig. 2.8. 

 

Figure 2.8 Polarization (E vs. i, blue) and power (P vs. i, red) curves scheme with 

highlighted activation (light blue), ohmic (grey) and mass transport (light orange) 

regions. 

2.3.4 Chronoamperometry 

Chronoamperometry (CA) is another useful electrochemical technique. In the process, the 

WE potential is stepped from E1, where no electrochemical reaction occurs, to E2 to 

initiate the electrode reaction of interest, and the current response is recorded as a 

function of time, Fig. 2.9. 
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Figure 2.9 (A) A profile of potential versus time for CA. (B) Current-time profiles for 

single potential step experiments. The potential E2 is chosen to achieve the (a) 

diffusion-controlled, (b) kinetically-controlled, and (c) mixed-controlled reaction.[237] 

CA was used to functionalize graphene-based electrode with redox molecules and 

investigate the stability of bioelectrodes in the Ph.D. project. By applying a potential to 

the graphene-based electrode, the polymerization of redox molecules on the electrode 

surface was achieved. CA can be utilized to monitor electrodes current at the defined 

potential over a period of time, reflecting the stability of the bioelectrodes. 

2.3.5 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is usually measured by applying an AC 

potential to the WE while recording the cell current. Normally a small AC potential 

amplitude is applied, so that the cell’s response is pseudo-linear. In a linear (or pseudo-

linear) system, the current response to a sinusoidal potential will be a sinusoid at the 

same frequency but shifted in phase (Fig. 2.10), and the electric impedance (Z) in Ω of the 

system based on Ohm’s Law can be expressed as the following equation:[240] 

𝑍 = |𝑍| e−𝑗𝜑                                                        (2.7) 

where j is the imaginary number equal to (-1)1/2 and |Z| the modulus of the applied 

potential divided by current related to the measured phase shift (φ). If the system exhibits 

pure resistor behavior (impedance independent of frequency), φ equals to 0 (i.e. 0°). In 

contrast, a pure capacitor has the φ with π/2 (i.e. 90°[240] 



 

43 

 

 

Figure 2.10 AC circuit time dimension shows phase shift between applied voltage 

and resulting current. 

Electrochemical systems can be expressed by series and parallel configurations of 

resistors and capacitors. Polarization of the electrode can cause current to flow via 

electrochemical reactions at the electrode surface. The amount of current is controlled by 

the kinetics of the reactions and the diffusion of reactants/products towards/away from 

the electrode. A typical overall admittance Y (an inverse of Z in S) can be expressed as 

follows.[240] 

𝑌(𝜔) =
1

𝑅𝑠
+

1

𝑅𝑝
(1 + 𝑗𝜔𝐶𝑑𝑙)                                                        (2.8) 

where Rs and Rp are the solution and polarization resistance in Ω, respectively. ω is the 

angular frequency in rad s-1 and Cdl is the double layer capacitor in F. However, most real 

systems cannot simply be expressed as a classic model as Eq. 2.8, since the overall 

impedance due to both frequency and energy (different oxidation/reduction levels) 

dispersions needs to be described by a non-classic model of imperfect capacitors, namely 

constant phase element (CPE). CPE can model semi-infinite linear diffusion processes 

such as Warburg impedance (a special case), pure resistor and capacitor. This versatile 

element is nowadays widely used in EIS fitting mainly due to its robust approximation of 

porosity for electrodes.[241-242] In this Ph.D. study, EIS was used to characterize the 

interfacial charge transfer resistance of graphene-based electrodes. 
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Chapter 3 

Preparation and characterization of graphene-

based 3D carbon papers  

This chapter describes the synthesis of graphene oxide, fabrication of three-

dimensional graphene-based carbon paper electrodes and characterization of 

prepared electrodes. Part of this chapter was included in the published article 

“Three-Dimensional sulfite Oxidase Bioanodes Based on Graphene Functionalized 

Carbon Paper for Sulfite/O2 Biofuel Cells” in ACS Catalysis co-authored by J. Tang, 

R. M. L. Werchmeister, L. Preda, W. Huang, Z. Zheng, S. Leimkühler, U. 

Wollenberger, X. Xiao, C. Engelbrekt, J. Ulstrup, and J. Zhang, as well as in the 

manuscript “Direct electron transfer of orientated bilirubin oxidase on three-

dimensional carbon paper with reduced graphene aggregation” (in preparation). 

3.1 Introduction 

Electrode materials are essential in the development of high-performance of EBFCs, since 

their chemical and physical properties as well as their structure are key factors affecting 

enzyme immobilization and electrocatalytic activity of fabricated enzymatic electrodes. 

Recent research on electrode construction for practical applications focus on designing 3D 

porous electrodes, as they ensure the high enzyme loading and efficient mass-transfer 

diffusion due to the large surface area and micro-/macro- porous structures, 

respectively.[243-245] In addition, the confinement effects of the porous electrodes are 

suitable for the enzyme orientation and redox polymer modification compared to planar 

electrodes.[2] CP assembled with carbon fibers, one of the most attractive 3D electrodes, 

has been widely used as electrode substrates for enzyme immobilization.[162] This robust 

and porous supporting electrode can sustain after strong chemical modification without 

changing the original 3D structure. 

Graphene, a carbon nanomaterial with high conductivity and large surface area, holds 

great promise as electrode materials. 3D graphene electrodes have been used for EBFC 
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applications, but the strategies for immobilizing enzyme on the 3D graphene electrode 

are limited to non-specific physical adsorption.[27, 155] To anchor enzyme on perfect 

graphene is thus difficult due to the lack of functional groups such as oxygenated groups 

on the surface.[244] In particular, a proper orientation of enzyme on the electrode surface 

is important to achieve efficient ET for DET-type bioelectrodes undergoing direct electric 

communication between the enzyme and electrode surface. Graphene-functionalized 3D 

electrodes are therefore required. CP, the aforementioned 3D-conducting electrode 

substrate suitable for practical applications, was used to support functionalized 

graphene-based materials in this Ph.D. project. 

Since CP is hydrophobic, it is hard to uniformly immobilize nanomaterials and enzymes 

suspended in aqueous solution on the electrode surface. In this chapter, several protocols 

including boiling in strong acid or alkaline and sonicated in GO solution were proposed 

to make CP hydrophilic. The pre-treatment of CP and characterization of the resulting 

CP electrode are described in detail. The application of optimized pre-treated CP 

electrodes for enzyme orientations will be described in Chapter 4 and 5. 

3.2 Experimental 

3.2.1 Chemicals and materials 

Potassium permanganate (KMnO4, ≥ 99.9%) and potassium hexacyanoferrate(II) 

(K4[Fe(CN)6]•3H2O, 99.0-102.0%) was from Merck (Germany). Graphite powder (< 20 

µm), hydrogen peroxide (H2O2, 34.5-36.5%), sulfuric acid (H2SO4, 95-97%), hydrochloric 

acid (HCl, 37%), nitric acid (HNO3, ≥ 65%) potassium persulfate (K2S2O8, ≥ 99%), 

potassium chloride (KCl, ≥ 99.0%), sodium hydroxide (NaOH. 97%), phosphorous 

pentoxide (P2O5, ≥ 98%) were from Sigma-Aldrich (USA). Ethanol (96% vol.) was obtained 

from VWR Chemicals (USA). CP (product No. EC-TP1-060, thickness of 190 μm) 

composed of carbon fibers with diameters of 6-8 μm was purchased from Quintech 

(Germany). Glue gun (PKP 18 E) and hot melt adhesive (polyvinyl chloride, PVC) used to 

block CP were from BOSCH (Germany). All the solutions were prepared with 18.2 MΩ 

cm Millipore water. 

3.2.2 Synthesis of graphene oxide 

GO was in-house prepared according to a modified Hummer’s method.[246-247] As shown in 

Fig. 3.1, briefly, 5.0 g graphite powder was first pre-oxidized by heating 15.0 mL 

concentrated H2SO4 containing 2.5 g P2O5 and 2.5 g K2S2O8 at 80 °C in an oil bath under 

stirring for 3 h under refluxing. 120 mL Millipore water was then slowly added into the 

hot solution along the flask wall to dilute and cool down the solution. The cooled solution 

was filtered and washed by Millipore water until neutral pH of the filtrate. The product, 

pre-oxidized graphite, was dried at 50 °C overnight and then grounded for use, Fig. 3.2. 
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Figure 3.1 Schematic drawing of the synthesis of pre-oxidized graphite: (A) addition 

of 5.0 mL H2SO4, 2.5 g K2S2O8, 2.5 g P2O5 and 5.0 g graphite with 10 mL H2SO4 into 

the flask, (B) the pre-oxidation process, (C) addition of Millipore water, (D) vacuum 

filtration of pre-oxidized graphite solution, and (E) washing pre-oxidized graphite 

using Millipore water. 

 

Figure 3.2 Digital pictures of (A) dried and (B) ground pre-oxidized graphite. 

As schemed in Fig. 3.3, 1.0 g of the resulting pre-oxidized graphite powder was dispersed 

in 23.0 mL concentrated H2SO4, and 3.0 g KMnO4 was slowly added. The reaction was 
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maintained with magnetic stirring at 35 °C for 2 h. 200 mL Millipore water and ~2 mL 

H2O2 were then slowly added sequentially into the solution until no further bubble 

generation. 

 

Figure 3.3 Scheme drawing of the synthesis of raw graphene oxide: (A) addition of 

23 mL H2SO4, 1.0 g pre-oxidized graphite and 3.0 g KMnO4 into the flask and (B) ice-

bath reaction for 5.0 min. (C) After two-hour reaction in oil-bath at 35 °C, 46 mL 

Millipore water was added and the solution left for ~15 min. 140 mL Millipore water 

was then added and kept for 5.0 min. (D) ~2.5 mL H2O2 was added into the flask until 

no bubbles appeared. 

The resulting GO was purified as shown in Fig. 3.4. First, the raw GO was filtrated with 

250 mL 1.0 M HCl. The GO residues obtained were dispersed in 200 mL Millipore water 

and sonicated for ~2 h. Medium size GO sheets were concentrated by a two-step 

centrifugation: a 500-rpm centrifugation was first used to separate the graphite from 

appropriate GO supernatant with the resulting GO solution centrifuged at 12000 rpm to 

collect the residues. GO sheets with medium sizes were dialyzed in a dialysis bag (cut-off: 

12000-14000 Da) with fresh Millipore water every day for one week. 
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Figure 3.4 Schemes of purification of raw graphene oxide: (A) vacuum filtration, (B) 

centrifugation and (C) GO dialysis. 

3.2.3 Pre-treatment of carbon paper 

Coating hydrophilic nanomaterials on CP can increase its wettability. GO with abundant 

hydrophilic oxygen-containing groups could be an ideal modifier, since it can be attached 

on CP via π-πinteractions.[248] Before GO was coated on CP (CPG), the T-shape electrode 

was first cut from CP with a working surface area of 0.50 × 0.50 cm2 defined with hot melt 

adhesive using a glue gun, Fig. 3.5, blocking the one side with the melted glue. 

  

Figure 3.5 Digital photos of (A) the fixed T-shape CP blocked on one side with hot 

melt adhesive by a glue gun, and glued T-shape CP (B) from a front view and (C) view 

from the back. The active area was 0.25 cm2, marked with a red dashed-square in (B). 

The working surface of the prepared T-shape CP was immersed in 1.0 mg mL-1 GO 

solution for sonication in an ice bath, Fig. 3.6A and B. The sonication time varied from 

10, 30, 60, 90 to 120 min and the resulting electrodes were labelled as CPG10, CPG30, 

CPG60, CPG90 and CPG120, respectively. This step ensured to improve the 

hydrophilicity of CP, allowing aqueous solution to be uniformly spread on CPG electrodes, 

Fig. 3.6C. The control electrode (CP-H2O) was immersed in Millipore water for 10-min 

sonication. 
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Figure 3.6 Digital photos of (A) the fixed T-shape CP immersed in 1.0 mg mL-1 GO 

solution, (B) the sonication process from a top view and (C) comparison of the 

hydrophilicity of CP and CPG by dropping water on them. 

CP can also be activated with strong acid or alkali, achieved by boiling 6.0 × 1.20 cm2 CP 

in 15 % HNO3 or 1.0 M NaOH solution for 10 min. After that, the activated CPs (CP-

HNO3 and CP-NaOH) were dried at room temperature overnight, and cut into T-shape 

with dimension 0.50 × 1.20 cm2. The working surface area is 0.50 × 0.50 cm2, defined with 

hot melt adhesive using a glue gun, Fig. 3.5. 

3.3 Results and discussion 

3.3.1 Morphology and structure characterization of GO 

The morphology of GO was probed by tapping mode AFM with a Tap300Ai-G silicon tip 

from Budget Sensors. 20 µL GO solution (61 µg mL-1) was dropped onto a mica sheet (10.0 

×10.0 mm2, thickness 0.1 to 0.2 mm) which was freshly cleaved with a tape and allowed 

to dry at room temperature. GO sheets are clearly visible in Fig. 3.7A. The thickness of 

single-layered sheets is ca. 1.0 nm and the lateral dimensions range from several hundred 

nanometers to three micrometers, Fig. 3.7A and B. The UV-vis spectra of GO solutions 

with different concentration are presented in Fig. 3.7C. The two GO-characteristic 

adsorption peaks are observed, i.e., the broad absorption band at 233 nm corresponding 

to → * transition of aromatic C–C and C=C bonds, and the 304 nm peak attributed to 

the n → * transitions of C=O.[232] All these observations suggest the successful synthesis 

of GO. 
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Figure 3.7 (A) AFM image of GO with (B) a cross section topography profile of the 

line in (A). (C) UV-vis spectra of GO solutions with different concentrations. 

3.3.2 Hydrophilicity of functionalized carbon papers 

The hydrophilicity was characterized using a Contact Angle system (OCA Data Physics, 

Germany) to measure the water contact angle (WCA) of dried electrodes. It has been 

reported that material surfaces can be considered hydrophobic if the WCA is larger than 

50, otherwise hydrophilic.[249] The bare CP has a WCA of 138.3 (Fig. 3.8A), indicating a 

hydrophobic surface. Treatments of CP in boiling alkane and acidic solutions for 10 min 

do not change surface hydrophobicity significantly since their WCAs (133 for CP-HNO3 

and 134 for CP-NaOH, Fig. 3.8B and C) are just slightly smaller than that of the bare 

CP. 

However, Sonicating CP in GO solution for 10 min changes the surface remarkably to 

hydrophilic with a WCA of 43.3 for CPG10, Fig. 3.8D. As a control, the sonication of CP 

in H2O has a negligible effect on CP, because the WCA of the result in CP-H2O (140) is 

comparable to the value of bare CPs, Fig. 3.8E. The improved hydrophilicity, therefore, is 

mainly due to the presence of GO on carbon fibers of CP. To support the explanation, SEM 

images of bare CP and CPG120 electrodes were obtained, Fig. 3.9. Small flakes, regarded 

as GO sheets characterized by AFM (Fig. 3.7A), appear on the carbon fibers of CPG120 

(Fig.3.9C and D), in contrast to bare CPs (Fig. 3.9A and B). This indicates the hydrophilic 

GO is deposited on the carbon fibers via π-πinteractions and the original 3D structure is 

preserved.[248] In addition, prolonging the sonication time in GO solution to 120 min 

further decreases the WCA to 27 for CPG120, Fig. 3.8F. The above observations imply 

that the immobilization of GO on CP greatly enhances the wettability of electrode 
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substrate, which is good for the following functionalization using drop-casting aqueous 

nanomaterials and enzymes onto the electrodes. 

 

Figure 3.8 WCAs of (A) bare CP, (B) CP-HNO3, (C) CP-NaOH, (D) CPG10, (E) CP-

H2O and (F) CPG120. 

 

Figure 3.9 SEM images of (A and B) bare CP and (C and D) CPG120. (B) and (D) is 

the magnified area (red dash-square in (A) and (C)) of CP and CPG120, respectively. 

Small white flakes, indicated with blue circles in (D), are recognized as GO sheets. 
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3.3.3 Electrochemical characterizations of functionalized carbon papers 

Electrochemical performance of functionalized CPs, i.e., the electrochemical responses in 

1.0 mM K4[Fe(CN)6] in 100 mM KCl electrolyte, was characterized by CV, Fig. 3.10. Since 

CP is quite hydrophobic, the redox probe [Fe(CN)6]3-/4- is hard to get access to the 

electrode, and no [Fe(CN)6]3-/4- redox peaks appear in the scan window (-0.2 to 0.7 V vs. 

Ag/AgCl), Fig. 3.10A. After CP treatment with boiling 15% HNO3 or 1.0 M NaOH for 

10min, [Fe(CN)6]3-/ 4- peaks on CP-HNO3 and CP-NaOH start to appear, Fig. 3.10B and C. 

Notably, a series of well-defined redox peaks are observed at scan rates lower than 200 

mV s-1 on the CPG10, Fig. 3.10D. This is because CPG10 is more hydrophilic than CP-

HNO3 and CP-NaOH, confirmed by WCA measurements (section 3.3.2). Although a 

similar electrochemical response on CP-H2O is achieved (Fig. 3.10E), the property is 

temporary, and the dried CP-H2O turns to be hydrophobic again. Compared with CVs on 

GCE, the control electrode, Fig. 3.10F, CPG10 exhibits larger peak-peak separation (ΔEp) 

at higher scan rates. For example, ΔEp on CPG10 reduces from 0.35 ± 0.05 V at 100 mV 

s-1 to 0.13 ± 0.02 V at 10 mV s-1, while ΔEp on GCE reduces from 0.079 ± 0.004 V at 100 

mV s-1, 0.072 ± 0.003 V at 10 mV s-1, Fig. 3.11 and Table 3.1. These phenomena can be 

explained by the fact that the diffusion of the redox probe plays a dominating role in the 

electrochemical redox process on CPG10 at a high scan rate, which is not the case for 

GCE.  

 

Figure 3.10 CVs of (A) bare CP, (B) CP-HNO3, (C) CP-NaOH, (D) CPG10, (E) CP-

H2O and (F) GCE in 100 mM KCl solution containing 1.0 mM K4[Fe(CN)6] with 

different scan rates (1000, 800, 500, 200, 100, 80, 50, 20, 10, 5 and 2 mV s-1). 
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Figure 3.11 Comparisons of CVs of bare CP, CP-HNO3, CP-NaOH, CP-H2O, CPG10 

and GCE in 100 mM KCl solution containing 1.0 mM K4[Fe(CN)6] with scan rates of 

(A) 100, (B) 50 or (C) 10 mV s-1. 

3.3.4 Effects of sonication time on carbon papers with GO 

CVs of CP120, CPG10 and GCE with a series of scan rates are shown in Fig. 3.12, Fig. 

3.10D and Fig. 3.10F, respectively. Electrochemical parameters of CVs of GCE and CPG 

with different sonication times are summarized in Table 3.1. For both CPG and GCE 

electrodes, ΔEp at higher scan rates is much larger than at lower scan rates, suggesting 

partial kinetic control. ΔEp of CPG electrodes with the same scan rate decreases with 

increasing sonication time, i.e., from 0.13 ± 0.02 V for CPG10 to 0.081 ± 0.007 V for 

CPG120 at 10 mV s-1. In addition, the ΔEp value for CPG120 electrodes is quite close to 

that for GCE at scan rate lower than 10 mV s-1. In general, the anodic and cathodic current 

densities for CPG electrodes increase with longer sonication time due to the enhanced 

hydrophilicity of CP, Table 3.1. 

  

Figure 3.12 CVs of a CPG120 electrode in 100 mM KCl solutions containing 1.0 mM 

K4[Fe(CN)6] with different scan rates. 
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Table 3.1 Electrochemical parameters of CVs of CPG with different sonication times and GCE in 100 mM KCl solution containing 1.0 

mM K4[Fe(CN)6]. 

Electrode 𝜈 (mV s-1) Ep
a (V)* ip

a (µA cm-2) Ep
c (V)* ip

c (µA cm-2) |ΔEp| (V) |ip
a / ip

c| 

CPG10 

1000 0.55 ± 0.02 478 ± 226 -0.08 ± 0.02 -384 ± 182 0.63 ± 0.04 1.25 ± 0.04 

800 0.56 ± 0.03 482 ± 17 -0.09 ± 0.03 -372 ± 34 0.65 ± 0.06 1.30 ± 0.07 

500 0.52 ± 0.02 440 ± 8 -0.06 ± 0.02 -336 ± 18 0.59 ± 0.04 1.32 ± 0.07 

200 0.48 ± 0.03 294 ± 69 -0.01 ± 0.04 -216 ± 54 0.48 ± 0.07 1.37 ± 0.03 

100 0.42 ± 0.02 222 ± 45 0.07 ± 0.02 -167 ± 37 0.35 ± 0.05 1.33 ± 0.03 

80 0.40 ± 0.02 199 ± 37 0.08 ± 0.02 -151 ± 32 0.31 ± 0.04 1.32 ± 0.04 

50 0.37 ± 0.02 155 ± 27 0.11 ± 0.02 -123 ± 25 0.25 ± 0.03 1.27 ± 0.06 

20 0.32 ± 0.02 98 ± 14 0.15 ± 0.01 -83 ± 14 0.17 ± 0.03 1.18 ± 0.04 

10 0.30 ± 0.01 69 ± 8 0.170 ± 0.009 -60 ± 8 0.13 ± 0.02 1.14 ± 0.02 

5 0.28 ± 0.01 48 ± 5 0.181 ± 0.008 -43 ± 5 0.10 ± 0.02 1.11 ± 0.02 

2 0.28 ± 0.01 30  ± 2 0.185 ± 0.006 -29 ± 2 0.09 ± 0.02 1.04 ± 0.02 

CPG30 

1000 0.537 ± 0.007 673 ± 80 -0.069 ± 0.006 -535 ± 60 0.61 ± 0.01 1.26 ± 0.02 

800 0.521 ±0.004 639 ± 65 -0.03 ± 0.02 -511 ± 58 0.55 ± 0.02 1.25 ± 0.03 

500 0.482 ±0.003 608 ± 49 0.01 ± 0.03 -490 ± 59 0.48 ± 0.03 1.25 ± 0.06 

200 0.44 ± 0.05 410 ± 107 0.04 ± 0.06 -331 ± 79 0.4 ± 0.1 1.23 ± 0.05 

100 0.39± 0.04 310 ± 59 0.10 ± 0.04 -264 ± 49 0.29 ± 0.08 1.18 ± 0.03 

80 0.37 ± 0.04 283 ± 49 0.11 ± 0.03 -242 ± 43 0.26 ± 0.07 1.17 ± 0.02 

50 0.34 ± 0.03 221 ± 35 0.14 ± 0.02 -198 ± 32 0.20 ± 0.05 1.12 ± 0.02 

20 0.30 ± 0.02 137 ± 16 0.17 ± 0.02 -126 ± 16 0.13 ± 0.03 1.09 ± 0.02 

10 0.28 ± 0.01 93 ± 8 0.18 ± 0.01 -87 ± 8 0.10 ± 0.02 1.07 ± 0.01 

5 0.27 ± 0.01 63 ± 4 0.19 ± 0.008 -59 ± 4 0.08 ± 0.02 1.06 ± 0.02 

2 0.267 ± 0.005 37 ± 2 0.19 ± 0.004 -37 ± 2 0.074 ± 0.009 1.02 ± 0.01 
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Table 3.1 Continued. 

Electrode 𝜈 (mV s-1) Ep
a (V)* ip

a (µA cm-2) Ep
c (V)* ip

c (µA cm-2) |ΔEp| (V) |ip
a / ip

c| 

CPG60 

1000 0.54 ± 0.02 597 ± 67 -0.07 ± 0.02 -501 ± 41 0.61 ± 0.05 1.19 ± 0.08 

800 0.53 ± 0.02 580 ± 90 -0.06 ± 0.02 -484 ± 42 0.58 ± 0.04 1 ± 0.1 

500 0.50 ± 0.02 563 ± 80 -0.04 ± 0.02 -457 ± 40 0.54 ± 0.04 1.23 ± 0.08 

200 0.43 ± 0.02 443 ± 50 0.06 ± 0.02 -350 ± 32 0.37 ± 0.03 1.26 ± 0.04 

100 0.38 ± 0.01 320 ± 33 0.10 ± 0.01 -265 ± 24 0.27 ± 0.004 1.21 ± 0.03 

80 0.36 ± 0.01 282 ± 28 0.117 ± 0.009 -239 ± 22 0.24 ± 0.02 1.18 ± 0.02 

50 0.335 ± 0.009 214 ± 23 0.139 ± 0.008 -191± 17 0.20 ± 0.02 1.12 ± 0.03 

20 0.299 ± 0.005 130 ± 13 0.167 ± 0.005 -118 ± 10 0.13 ± 0.01 1.10 ± 0.02 

10 0.282 ± 0.004 87 ± 7 0.180 ± 0.003 -81 ± 6 0.102 ± 0.007 1.08 ± 0.02 

5 0.272 ± 0.003 58 ± 4 0.188 ± 0.004 -55 ± 4 0.083 ± 0.006 1.07 ± 0.02 

2 0.267 ± 0.002 35 ± 2 0.192 ± 0.003 -34 ± 2 0.076 ± 0.005 1.03 ± 0.01 

CPG90 

1000 0.52 ± 0.02 658 ± 61 -0.07 ± 0.02 -599 ± 28 0.50 ± 0.03 1.12 ± 0.06 

800 0.51 ± 0.02 656 ± 53 -0.05 ± 0.02 -542 ± 27 0.57 ± 0.04 1.21 ± 0.06 

500 0.48 ± 0.02 617 ± 47 -0.02 ± 0.03 -498 ± 34 0.51 ± 0.05 1.24 ± 0.02 

200 0.42 ± 0.02 459 ± 31 0.08 ± 0.02 -373 ± 31 0.34 ± 0.04 1.23 ± 0.03 

100 0.37 ± 0.02 330 ± 23 0.12 ± 0.01 -282 ± 25 0.25 ± 0.03 1.17 ± 0.03 

80 0.35 ± 0.02 294 ± 23 0.13 ± 0.01 -255 ± 24 0.23± 0.03 1.16 ± 0.03 

50 0.33 ± 0.02 227 ± 20 0.15 ± 0.01 -202 ± 20 0.19 ± 0.02 1.12 ± 0.02 

20 0.30 ± 0.01 134 ± 12 0.172 ± 0.009 -123 ± 12 0.13 ± 0.02 1.09± 0.02 

10 0.28 ± 0.01 87 ± 8 0.183 ± 0.009 -82 ± 9 0.10 ± 0.02 1.09 ± 0.02 

5 0.28 ± 0.02 58 ± 5 0.189 ± 0.008 -54 ± 6 0.09 ± 0.02 1.08 ± 0.03 

2 0.27 ± 0.02 34 ± 2 0.191 ± 0.007 -33 ± 2 0.08 ± 0.02 1.03 ± 0.01 
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Table 3.1 Continued. 

* The potential refers to Ag/AgCl. 

Electrode 𝜈 (mV s-1) Ep
a (V)* ip

a (µA cm-2) Ep
c (V)* ip

c (µA cm-2) |ΔEp| (V) |ip
a / ip

c| 

CPG120 

1000 0.50 ± 0.02 726 ± 143 -0.07 ± 0.02 -636 ± 154 0.57 ± 0.03 1.16 ± 0.07 

800 0.49 ± 0.02 724 ± 141 -0.03 ± 0.02 -616 ± 149 0.52 ± 0.04 1.19 ± 0.06 

500 0.46 ± 0.02 692 ± 132 0.01 ± 0.04 -571 ± 132 0.46 ± 0.05 1.22 ± 0.05 

200 0.40 ± 0.01 511 ± 88 0.09 ± 0.01 -424 ± 90 0.31 ± 0.03 1.22 ± 0.05 

100 0.35 ± 0.01 366 ± 59 0.128 ± 0.008 -320 ± 60 0.22 ± 0.02 1.15 ± 0.03 

80 0.339± 0.009 327 ± 50 0.138 ± 0.006 -290 ± 51 0.20 ± 0.02 1.13 ± 0.03 

50 0.315 ± 0.008 252 ± 36 0.154 ± 0.005 -231 ± 37 0.16 ± 0.01 1.10 ± 0.02 

20 0.285 ± 0.005 150 ± 17 0.178 ± 0.003 -140 ± 18 0.106 ± 0.009 1.07 ± 0.02 

10 0.270 ± 0.004 98 ± 9 0.189 ± 0.003 -93 ± 9 0.081 ± 0.007 1.062 ± 0.007 

5 0.263 ± 0.003 64 ± 4 0.195 ± 0.002 -61 ± 4 0.067 ± 0.005 1.042 ± 0.004 

2 0.261 ± 0.003 38 ± 2 0.194 ± 0.002 -37 ± 2 0.066 ± 0.004 1.013 ± 0.008 

GCE 

1000 0.272 ± 0.005 1116 ± 38 0.166 ± 0.004 -1153 ± 26 0.105 ± 0.009 0.98 ± 0.01 

800 0.269 ± 0.002 1014 ± 29 0.169 ± 0.007 -1042 ± 22 0.101 ± 0.009 0.973 ± 0.009 

500 0.266 ± 0.003 830 ± 20 0.173 ± 0.005 -854 ± 13 0.093 ± 0.008 0.972 ± 0.009 

200 0.261 ± 0.003 538 ± 8 0.178 ± 0.001 -550 ± 3 0.083 ± 0.004 0.978 ± 0.008 

100 0.261 ± 0.002 398 ± 5 0.182 ± 0.002 -404 ± 2 0.079 ± 0.004 0.984 ± 0.008 

80 0.258 ± 0.002 356 ± 4 0.182 ± 0.002 -362 ± 2 0.077 ± 0.004 0.984 ± 0.008 

50 0.258 ± 0.002 283 ± 3 0.183 ± 0.001 -287 ± 2 0.075 ± 0.003 0.987 ± 0.005 

20 0.257 ± 0.001 181 ± 2 0.183 ± 0.001 -182.6 ± 0.8 0.073 ± 0.002 0.990 ± 0.005 

10 0.257 ± 0.001 129 ± 1 0.184 ± 0.001 -129.6 ± 0.4 0.072 ± 0.001 0.992 ± 0.006 

5 0.257 ± 0.001 93.2 ± 0.3 0.183 ± 0.001 -92.8 ± 0.6 0.073 ± 0.002 1.004 ± 0.003 

2 0.257 ± 0.001 62.4 ± 0.2 0.182 ± 0.002 -60.8 ± 0.3 0.075 ± 0.003 1.027 ± 0.002 
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3.3.5 Electroactive surface area calculation of carbon papers with GO 

The electroactive surface areas (ECSAs) of the GO modified CP (CPG) electrodes can be 

determined based on Eq. 3.1 using a specific capacitance (Csp, 25 µF cm-2)[250-251] typically 

for carbonaceous materials. According to Eq. 3.2, the capacitive current, obtained from 

CVs at different scan rates (0.002 to 0.010 V s-1) in a potential window from 0 to 0.2 V vs 

Ag/AgCl in which no Faradic reactions are involved (Fig. 3.13), is linear with dE/dt. The 

value of Cdl used for ECSA calculation is the half of the slope. 

𝐸𝐶𝑆𝐴 =
𝐶𝑑𝑙

𝐶𝑠𝑝
                                                               (3.1) 

∆𝑖 =
𝐶𝑑𝑙

2
×
𝑑𝐸

𝑑𝑡
                                                              (3.2) 

where the Cdl is the electrochemical double-layer capacitance in µF. ∆i (µA) is the 

difference between the anodic and cathodic capacitive current at the chosen potential of 

0.15 V vs Ag/AgCl. dE/dt is the scan rate in V s-1. The calculated ECSAs in cm2 are 

summarized in Table 3.2. The calculated ECSA increases significantly when the 

sonication time increases from 10 to 90 min, with the highest value of 0.0860 ± 0.0006 

cm2 at 120 min for CPG120 electrodes probably due to the enhanced hydrophilicity of 

electrodes. Thus, CPG120 was used as the electrode substrate for further enzymatic 

bioelectrode fabrication. 

 

Figure 3.13 CVs in 100 mM KCl for (A) CPG10, (B) CPG30, (C) CPG60, (D) CPG90 

or (E) CPG120 at different scan rates;(F) corresponding capacitive currents plotted 

as a function of scan rate. 
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Table 3.2 Summary of ECSAs of various CPG electrodes based on Fig. 3.13. 

3.4 Conclusions 

Several methods including strong acid/alkaline activation and GO coating via sonication 

were carried out to make CP hydrophilic. It was found that synthesized GO sheets with 

coated CP exhibited the remarkably improved hydrophilicity with a WCA less than 50, 

suitable for uniform immobilization of aqueous nanomaterials and enzymes. Based on 

morphology characterization with SEM, small flakes, regarded as GO sheets, were found 

on the carbon fibers of CPG120, in contrast to bare CP. This demonstrated that the 

enhanced hydrophilicity of modified CP was attributed to the deposition of GO via π-π 

interactions. 

Electrochemical performance of modified CP electrodes was characterized by recording 

CV responses towards the redox probe [Fe(CN)6]3-/4-. CPG electrodes showed better 

performance with a smaller ΔEp value than other treated CP electrodes including CP-

HNO3, CP-NaOH and CP-H2O. Furthermore, the sonication time of coating GO onto CP 

was optimized and the ΔEp of CPG electrodes with the same scan rate decreased (i.e. 

increasing reversibility) with increasing sonication time. In particular, CPG120 with a 

120-min sonication had the lowest ΔEp among CPG electrodes, i.e., 0.081 ± 0.007 V for at 

10 mV s-1, quite close to that of the standard carbon electrode (GCE) at the same scan 

rate. In addition, the calculated ECSA for CPG electrodes increased significantly when 

the sonication time increased from 10 to 90 min, achieving the maximum value at 120 

min (0.0860 ± 0.0006 cm2 for CPG120). The 3D porous CPG120 electrode with the best 

performance and highest ECSA was therefore chosen to be the substrate for the following 

enzymatic bioelectrode fabrications and it is simplified as CPG in chapter 4 and 5. 

 

Electrode Slope in Fig. 3.13F Cdl (µF) ECSA (cm2) 

CPG10 2.44 ± 0.02 1.22 ± 0.01 0.0488 ± 0.0004 

CPG30 3.37 ± 0.02 1.69 ± 0.01 0.0674 ± 0.0004 

CPG60 3.58 ± 0.02 1.79 ± 0.01 0.0716 ± 0.0004 

CPG90 4.07 ± 0.04 2.04 ± 0.02 0.0814 ± 0.0008 

CPG120 4.30 ± 0.03 2.15 ± 0.02 0.0860 ± 0.0006 



 

 

59 

 

Chapter 4 

3D sulfite oxidase graphene-based bioanode for 

sulfite/O2 biofuel cells 

This chapter describes the fabrication and characterization of a three-dimensional 

sulfite oxidase bioelectrode based on graphene functionalized carbon paper and its 

application as a bioanode for sulfite/O2 biofuel cells. The chapter is part of the 

published article “Three-Dimensional sulfite Oxidase Bioanodes Based on Graphene 

Functionalized Carbon Paper for Sulfite/O2 Biofuel Cells” in ACS Catalysis co-

authored by J. Tang, R. M. L. Werchmeister, L. Preda, W. Huang, Z. Zheng, S. 

Leimkühler, U. Wollenberger, X. Xiao, C. Engelbrekt, J. Ulstrup, and J. Zhang. 

4.1 Introduction 

Most EBFCs exploit small organic and biological molecules as fuels, with less 

consideration on using small inorganic molecules. Human sulfite oxidase (hSO) catalyzes 

the oxidation of sulfite to sulfate,[252-253] which can be immobilized onto electrodes for 

bioanodes in sulfite/O2 EBFCs.[18] Oxidation of sulfite occurs at the Mo containing co-

factor, while a heme domain relays generated electrons from the Mo active site to the 

other natural redox partners, or to artificial electron acceptors.[18, 254-257] The electrons are 

transferred to an electrode either via heterogeneous DET where the electrode directly 

receives electrons or via MET with a redox mediator as the electron acceptor.[258-259] DET 

of hSO on electrode surfaces has been extensively studied.[257, 260] hSO is proposed to exist 

in two conformations switching between an “open” and “closed” state.[254, 256-257] In the 

“open” state, the heme group can react with an external electrode partner, but is unable 

to interact with the Mo co-factor. In the “close” state, internal, intramolecular ET is 

triggered, while external ET is blocked. This suggests that the conformational change and 

enzyme orientation strongly affect ET efficiency between the Mo co-factor and the 

electrode surface in a “gated” overall enzymatic ET process.[257] 
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Positively charged electrode surface modifiers such as PEI have been adapted to promote 

adsorption of hSO (isoelectric point of ~ 5.5) in a favorable orientation.[99, 260-262] The 

immobilized hSO on the electrodes can achieve DET with a low onset potential of the 

sulfite oxidation (ca. -0.2 V vs. Ag/AgCl),[18] holding promise for sulfite/O2 EBFCs with a 

high OCV. A sulfite/oxygen EBFC with an OCV of 0.66 V constructed with a hSO 

/PEI/thiol/AuNP/Au bioanode and a BOx/AuNP/Au based biocathode showing a Pmax of 8 

µW cm-2 was in fact reported recently.[18] 

Design and preparation of electrode surfaces that can ensure that the stability and 

catalytic efficiency of the complex enzymes are retained or even improved on surface 

binding have been paramount in bioelectrochemical efforts.[245] The introduction of 

nanomaterials offers a strategy to promote the performance of hSO bioelectrodes. PEI-

entrapped AuNPs covalently bound to a thiol-modified Au electrode have been 

successfully used for adsorption of hSO with improved electrocatalytic performance[99]. 

PEI-capped CdS QDs modified ITO is also proved to be a suitable matrix for hSO 

immobilization undergoing efficient DET with negligible competition from dioxygen 

reduction.[261] As noted, graphene has been widely applied in bioelectrode fabrication for 

EBFCs and biosensors due to its outstanding properties.[94, 263-264] RGOs obtained from 

the reduction of GOs have some structural defects, but offer good biocompatibility due to 

the presence of residual hydroxyl and carbonyl groups.[264] Both chemical and 

electrochemical reduction are efficient to obtain RGO from GO.[265] Compared to chemical 

reduction, electrochemical reduction is much more environmentally friendly due to the 

elimination of utilization of hazardous reducing agents (e.g., hydrazine). The 

electrochemical reduction of GO is in fact an accumulative process.[266] The inner GO 

layers in direct contact with a conducting electrode can be electrochemically reduced 

wherever accessible to the electrolyte, while the outer GOs can be gradually reduced, once 

insulating GOs inside are converted to conductive RGO.[266] 3D graphene based electrodes 

such as graphene papers[267] and graphene foams[156] have emerged with considerable 

surface area for high-power-density FCs. This has prompted us to develop a 3D graphene 

substrate specifically for hSO immobilization,[27, 197] which is expected to gain enhanced 

bioelectrochemical signals compared to other reported hSO electrode materials due to a 

considerable surface area for the enzyme loading as well as local 3D environment to 

maintain the enzyme structure.[261, 268] Graphite electrodes have been used for the 

immobilization of hSO,[18, 268-269] but there are no reports on employing graphene to 

achieve DET between hSO and the electrodes. 

In this work, we fabricated 3D hSO bioanodes based on graphene functionalized CP for 

sulfite/O2 biofuel cells. As shown in Scheme 4.1, 3D graphene-based electrodes using CPs 

as supports coated with GO were designed. The pre-treated CP covered with GO (CPG) 

with improved surface hydrophilicity allow easier penetration and modification of the 

graphene-PEI (G-P) mixture. The CPG electrode covered with G-P (CPG/G-P) is further 
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electrochemically reduced (G-P/R) to increase the electroactive surface area and decrease 

the charge transfer resistance. hSO is drop-casted onto the electrode (G-P/R), on the basis 

that the polycation PEI induces favorable orientation of hSO via electrostatic binding to 

facilitate DET. The importance of electrochemical reduction of the modified electrodes 

was confirmed by control experiments. G-P composition, as well as pH and ionic strength 

of the electrolytes, were well optimized. Coupled with a Pt-based dioxygen reducing 

cathode, a two-compartment sulfite/O2 EBFC was further built and tested. The hSO 

EBFC was fed with a flow of Na2SO3 solution and dioxygen gas as fuels in the anodic and 

cathodic chambers, respectively. 

 

Scheme 4.1. Schematic illustration of three-step construction process of a G-P/R/hSO 

on a CPG electrode. Stronger yellowish color is used to show the graphene with high 

conductivity. hSO, PDB:1SOX. 
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4.2 Experimental 

4.2.1 Chemicals and materials 

Potassium permanganate (KMnO4, ≥ 99.9%) and potassium hexacyanoferrate(II) 

(K4[Fe(CN)6]·3H2O, 99.0-102.0%) were from Merck (Germany), acetic acid (CH3COOH, ≥ 

99.8%) from Riedel-deHaën (Germany). Sodium sulfite (Na2SO3, ≥ 98.0%), cytochrome c 

from bovine heart (≥ 95%), hexaammineruthenium(III) chloride ([Ru(NH3)6]Cl3, 98%), 

graphite powder (< 20 µm), tris(hydroxymethyl)aminomethane (Tris, (HOCH2)3CNH2, ≥ 

99.9%), hydrogen peroxide (H2O2, 34.5-36.5%), sulfuric acid (H2SO4, 95-97%), hydrochloric 

acid (HCl, 37%), potassium persulfate (K2S2O8, ≥ 99%), phosphorous pentoxide (P2O5, ≥ 

98%), branched polyethylenimine (PEI, molecule weight (MW) = 800 or 25000 g mol-1), 

PEI solution (branched, 50% wt% in H2O, MW =1300 or 750000 g mol-1), and the mediator 

N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD, 99%) were from Sigma-Aldrich 

(USA). Branched PEI with a MW of 5000 g mol-1 (Lupasol G 100) was from BASF 

(Germany). hSO (from the Department of Molecular Enzymology, University of Potsdam, 

Germany) was expressed in Escherichia coli TP1000 cells containing plasmid pTG718 and 

purified following a previous protocol.[252] Ethanol (96% vol.) was obtained from VWR 

Chemicals (USA). CP (product number EC-TP1-060, thickness of 190 μm) composed of 

carbon fibers with diameters of 6-8 μm, Nafion membrane (perfluorinated ion exchange 

membrane, thickness 115 μm) and commercial platinum (Pt) cathodes (BC-H225-10F, the 

diameter of Pt nanoparticles: 5 nm, loaded onto activated carbon: 1.0 mg cm-2) were 

purchased from Quintech (Germany). Glue gun (PKP 18 E) and hot melt adhesive 

(polyvinyl chloride, PVC) used to block CP were from BOSCH (Germany). All the solutions 

were prepared with 18.2 MΩ cm Millipore water. 

4.2.2 Synthesis of polyethylenimine-modified graphene nanomaterials 

The detailed procedure of preparing GO by the modified Hummer’s method[246-247] is 

described in section 3.2.2, Chapter 3. The G-P solution was produced by heating a solution 

containing 17.0 mL Millipore water, 2.0 mL GO solution (1.0 mg mL-1), and 1.0 mL PEI 

(40 mg mL-1) for 60 min at 95 °C. The color of GO solution changes from brownish yellow 

to black after reaction with PEI, Fig. 4.1, indicating that reduction of GO had taken place. 

The G-P mixtures were concentrated to 4.0 mL with a calculated concentration of 0.50 mg 

mL-1 RGO and 10 mg mL-1 PEI by centrifugation and kept at 4 °C for use. Unless 

otherwise specified, PEI with a MW of 25000 g mol-1 was used as the optimum for all 

electrode modification. 
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Figure 4.1 Digital photos of (A) GO solution, (B) GO+PEI mixtures, and (C) G-P 

solutions. 

4.2.3 Fabrication of hSO modified bioelectrodes 

Before modifications, the T-shape CP electrode with a working surface area (0.50 × 0.50 

cm2) was prepared as described in section 3.2.3, Chapter 3. hSO bioelectrodes (G-P/R/hSO) 

were fabricated by a three-step procedure, Scheme 4.1, by the following recipe: 16 µL G-

P mixture was first drop-casted onto a 0.25 cm2 CPG electrode (labelled as G-P). After 

drying at room temperature, CPG/G-P was dipped ten times into deionized water to wash 

away any loosely bound nanomaterials. The CPG/G-P (or G-P electrode) was then reduced 

electrochemically by CV with 10 cycles at 50 mV s-1 in a potential window between -1.1 

and 0.2 V vs. Ag/AgCl (saturated KCl) in N2 saturated 15 mL Tris-acetate buffer solution 

(100 mM, pH = 7.0), resulting in CPG/G-P/-1.1R, simplified as G-P/R. Finally, 10 µL of 10 

µM hSO in 0.5 mM pH 7.0 Tris-acetate buffer was drop-casted onto the moist G-P/R 

electrode. The resulting G-P/R/hSO electrode was dried in a petri dish for 2 to 3 h and 

then stored in a high-humid atmosphere at 4 °C. The humid atmosphere was achieved 

with a wet tissue covered in a petri dish (diameter: 5.5 cm). Prior to electrochemical 

measurements, G-P/R/hSO electrodes were immersed ten times in 0.5 mM pH 7.0 Tris-

acetate buffer to remove loosely bound hSO and to obtain the adsorption behavior of hSO 

on G-P/R electrodes. The amount of immobilized active hSO on the electrode is believed 

to be proportional to the catalytic response to the saturation concentration of substrate 

sulfite and the catalytic response of bioelectrodes obtained with different enzyme-

incubation durations (from 5 to 180 min) was recorded. Specifically, the G-P/R electrode 

was incubated in 10 µL of 10 µM hSO in 0.5 mM pH 7.0 Tris-acetate buffer for 5, 10, 20, 

40, 60, 120 or 180 min at 4 °C and then washed with 0.5 mM pH 7.0 Tris-acetate buffer.  

Control electrodes, including G-P/R/hSO using PEI with different MWs, PEI/R/hSO 

without RGO, and R/hSO without RGO and PEI, were prepared following the same 

procedure. G-P/R and G-P modified on CPG (CPG/G-P or G-P electrodes) without enzyme 

modification were also prepared. To optimize the electroreduction of G-P on CPG 

electrodes, the reduced electrodes with a potential window between -0.9, -1.1, -1.3 or -1.5 

and 0.2 V vs. Ag/AgCl (saturated KCl) were obtained, labelled as G-P/-0.9R, G-P/-1.1R, G-

P/-1.3R or G-P/-1.5R, respectively. Regarding to the fabrication of G-P/R/hSO, the 

electrochemical reduction step of the modified CP was carried out either before the drop-

cast of G-P (labelled R/G-P/hSO), or both before and after the drop-cast (labelled as R/G-
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P/R/hSO), Fig. 4.2. G-P/hSO, hSO and G-P on CPG electrodes without electrochemical 

reduction. 

 

Figure 4.2 Schematic illustration of the preparation of different hSO modified 

bioelectrodes. A graphene-PEI (G-P) mixture (16 µL) with a concentration of 0.5 mg 

mL-1 graphene (reduced graphene oxide, i.e. RGO) and 10 mg mL-1 polyethylenimine 

(PEI) were used to modify a CP coated with GO (CPG) or reduced CPG (CPG/R or R 

electrode). Electroreduction of the modified electrodes was carried out under N2 by 

cycling the potential 10 times at 50 mV s-1 between -1.1 and 0.2 V (vs. Ag/AgCl) in 

Tris-acetate buffer (100 mM, pH = 7.0). To immobilize the enzyme, 10 µL hSO (10 

µM) in Tris-acetate buffer solution (0.5 mM, pH = 7.0) was drop-cast onto the 

resulting electrode. Graphene with stronger yellowish color in the cartoon indicates 

higher conductivity. ☺ indicates the best result. 

4.2.4 Electrochemical measurements of the bioelectrodes 

CV characterization of modified electrodes were carried out with a scan rate of 100 mV s-

1 in dioxygen-free KCl solution (100 mM) containing 5.0 mM K4[Fe(CN)6] or 

[Ru(NH3)6]Cl3. EIS using an Autolab PGSTAT12 (Eco Chemie, Netherlands) with the 

NOVA 2.1 software at 0.24 V vs. Ag/AgCl in 100 mM KCl containing 5.0 mM K4[Fe(CN)6] 

was performed. The applied amplitude was 10 mV and the frequency range 0.1 to 105 Hz. 

The electrochemical surface areas (ECSAs) of modified carbon electrodes were determined 
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from the capacitive current values based on CV in dioxygen-free Tris-acetate buffer 

solution (750 mM, pH 8.4) in the absence of Na2SO3, similar to section 3.3.5, Chapter 3. 

CV and chronoamperometry were carried out using a CHI 650B electrochemical 

workstation (CH Instruments, Inc., USA) or an Autolab PGSTAT12 (Eco Chemie, 

Netherlands), employing a three-electrode setup with a bioelectrode, a Pt wire, and 

Ag/AgCl (saturated KCl) as the working, counter, and reference electrode, respectively. 

All reported potentials are referred to the Ag/AgCl (saturated KCl) electrode. Unless 

otherwise stated, CV and chronoamperometry were recorded under stirring with a small 

magnet (10 mm diameter) at 20 ± 2 °C. The electrolyte, 15 mL Tris-acetate buffer solution 

(750 mM, pH = 8.4), was purged with nitrogen gas for 30 min to remove dissolved dioxygen 

in prior to electrochemical tests. 

4.2.5 Activity assay of bioelectrodes 

The dried G-P/R/hSO and G-P/hSO bioelectrodes were first immersed in 500 µL of Tris-

acetate buffer solution (pH 7.0, 0.5 mM) for 1 min to remove loosely bound hSO. The 

washed bioelectrode was then immersed into fresh 500 µL of Tris-acetate buffer solution 

for another 1 min. This step was repeated 10 times, and thus a series of hSO bioelectrode 

washing buffer solutions (1st, 2nd 3rd, 4th … and 10th) were obtained. The hSO activities 

of these washing solutions were determined from the rate of cytochrome c reduction using 

a spectrophotometer according to Eq. 4.1 and 4.2, Scheme 4.2. The cuvette contained 840 

µL of Tris-acetate buffer (pH 8.4, 50 mM), 50 µL of cytochrome c (1.0 mM in Millipore 

water, stored in ice bath) and 10 µL of Na2SO3 (40 mM in 50 mM Tris-acetate buffer, pH 

8.4). 100 µL of the respective washing buffer solutions (1st, 2nd 3rd, 4th … and 10th) was 

then added to the cuvette, with the absorbance change at 550 nm recorded for one minute. 

 

Scheme 4.2. Schematic process of testing the activity assay by UV-vis spectroscopy 

of the bioelectrode washing solutions the 1st, 2nd 3rd, 4th … and 10th time and the 

washed bioelectrode in the presence of indicator cytochrome c and substrate Na2SO3. 

 Sulfite + 2 × cytochrome c (ox) → sulfate + 2 × cytochrome c (red)                (4.1) 

Activity (U) = ∆𝐴 ∆𝑡 × 𝑉𝑡𝑜𝑡𝑎𝑙 × 𝑉𝑤𝑎𝑠ℎ𝑖𝑛𝑔 𝑏𝑢𝑓𝑓𝑒𝑟 (𝜀 × 𝐿 × 𝑉𝑒𝑛𝑧𝑦𝑚𝑒)⁄⁄               (4.2) 
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ΔA/Δt is the value of the absorbance change per minute at the wavelength 550 nm of 

reduced cytochrome c. ε is the molar absorption coefficient (here, 16.9 mM-1 cm-1) and L 

the light path of the cuvettes (1.0 cm). Vtotal, Venzyme and Vwashing buffer are the volume of 

reaction solution (1.0 mL), added enzyme solution (0.10 mL) and the washing buffer 

solution (0.50 mL), respectively.  

The washed bioelectrode was immersed in 5.0 mL solution which contained 4.7 mL Tris-

acetate buffer (50 mM, pH 8.4), 250 µL cytochrome c (1.0 mM in Millipore water) and 50 

µL 40 mM Na2SO3 (in 50 mM Tris-acetate buffer, pH 8.4) under stirring. At several time 

points, 500 µL of the reaction solution was withdrawn and the absorbance of reduced 

cytochrome c determined at 550 nm. From the increase of reduced cytochrome c 

concentration, the catalytic activity of the immobilized hSO on electrodes was calculated, 

Eq. 4.3. 

Activity (U) = ∆𝐴 ∆𝑡 × 𝑉𝑡𝑜𝑡𝑎𝑙 (𝜀 × 𝐿)⁄⁄                                    (4.3) 

where all parameters apart from Vtotal (here, 5.0 mL) have the same meanings and values 

as above. 

4.2.6 Construction and characterization of sulfite/O2 enzymatic biofuel cells 

4.2.6.1 Hot-pressing of Nafion membrane and the cathode 

The membrane cathode assembly was composed of two components: a Nafion™ 

perfluorinated ion-exchange membrane (4.0 × 4.0 cm2, 115 µm thickness) and a 

commercial cathode. The membrane cathode assembly was assembled under hot-pressing 

at 135.0 °C and 120 kg cm-2 pressure for 3 min.[247] 

4.2.6.2 Construction of enzymatic biofuel cells 

The square-shaped G-P/R/hSO bioelectrode with a working surface area of 1.0 × 1.0 cm2 

was used as the bioanode of an EBFC (8.3 × 8.3 × 6.1 cm3) together with a commercial Pt 

cathode separated by a Nafion membrane.[247] The EBFC was assembled with Teflon 

gaskets (60.0 × 60.0 mm2, 185 to 220 µm thickness) as mechanical protectors.[247, 270] 

Graphite blocks (60.0 × 60.0 mm2, 12.0 mm thickness) were used for fuel or dioxygen 

supply, with Au-plates (60.0 × 60.0 mm2, 990 µm thickness) as current collectors. Teflon 

sheets (60.0 × 60.0 mm2, 325 µm thickness) were used as current-leaking protectors and 

aluminum (Al) blocks (84.0 × 84.0 mm2, 10.0 mm thickness) as outer protectors, Fig. 4.3. 

Teflon gaskets were used to fix tightly the EBFC assembly of MCA/Nafion membrane and 

the hSO modified bioanode. 

file:///C:/Users/jita/AppData/Local/youdao/dict/Application/7.2.0.0703/resultui/dict/
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Figure 4.3 (A) A digital photo and (B) schematic illustration of an EBFC. 

4.2.6.3 Electrochemical measurements of enzymatic biofuel cells 

Prior to the tests, the Nafion membrane was wetted with Millipore water for 3-4 h using 

a peristaltic pump at 2.0 mL min-1. Polarization and power density curves were recorded 

using an Autolab PGSTAT30 system (Eco Chemie, Netherlands) with the NOVA 1.1 

software. These data were obtained using a two-electrode system with a bioanode (Eq. 

4.5) and a cathode (Eq. 4.6) as the combined reference/counter and working electrodes, 

respectively. Fuel flow was controlled by a peristaltic pump (Minipuls 3, Gilson, French), 

while O2 flow (100 mL min-1) and heating were fixed by a user interface panel designed 

by the LabVIEW 2015 software.[247] The electrocatalysis of the bioanode towards 25 mM 

Na2SO3 oxidation operates in PBS (750 mM, pH 8.4) with a constant flow rate of 2.0 mL 

min-1. 

Anode: SO3
2− + 2OH−

HSO
→  SO4

2− + H2O + 2e
−                        (4.5) 

Cathode: 
1

2
O2 + H2O + 2e

−
Pt
→ 2OH−                                       (4.6) 
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4.3 Results and discussion 

4.3.1 Characterization of electrode materials 

CP electrodes, consisting of carbon fibers (6-8 µm diameter), possess large surface areas 

in three dimensions suitable for high enzyme loading. However, as noted in Chapter 3, 

hydrophobic CP cannot disperse aqueous solution uniformly on the surface. Sonicating 

CP in a GO solution was verified to improve its hydrophilicity by coating with GO and the 

CPG was obtained, as described in Chapter 3. Larger thin flakes (added as G-P sheets) 

can therefore be uniformly immobilized on CPG, Fig. 4.4A. After electrochemical 

reduction, the coated nanomaterials aggregate, Fig. 4.4B, because the reduced GOs tend 

to restack by π–π interactions.[266] The immobilization of hSO appears to result in further 

aggregation, due to the electrostatic interactions between negatively charged protein and 

positively charged G-P nanomaterials, Fig. 4.4C. As observed by EDS mapping, the 

distribution of nitrogen becomes non-uniform after hSO immobilization, implying that 

the observed aggregates contain PEI, Fig. 4.5. 

 

Figure 4.4 SEM images of (A) CPG/G-P, (B) CPG/G-P/R and (C) G-P/R/hSO on CPG 

electrodes. 

 

Figure 4.5 SEM-EDX mapping of (A) G-P/R and (B) G-P/R/hSO on CPG electrodes. 
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XPS was used to examine the surface chemical composition, especially the carbon bonding 

states of the CP, CPG, CPG/G-P and CPG/G-P/R electrodes. The narrow spectra for C1s 

are well fitted into peaks at 284.5 ± 0.1, 285.0 ± 0.1, 285.9 ± 0.1, 286.6 ± 0.1, 287.4 ± 0.1 

and 288.6 ± 0.1 eV, assigned to carbon atoms in C sp2, C sp3, C–N, C–O, C=O and COO–

,[94, 267, 271] respectively, Fig. 4.6. The percent contribution of each carbon species, namely 

the relative peak area of each fitted component to the total carbon species, and values of 

the binding energy are summarized in Table 4.1. After coating of the CP by GO, the 

relative amount of oxygenated carbon species, i.e., C-O, C=O and COO–, drastically 

increases from 4.0, 2.7 and 4.0% (of all carbon species) for CP to 20.7, 16.7 and 6.4% for 

CPG, respectively, Table 4.1. Such large amounts of oxygenated species originate from 

the GO film formed on the CP electrode.[271] The unexpected small amount of C–N species 

(Table 4.1) is likely from the inevitable impurities in CP. As expected, the presence of G-

P nanomaterials increases the peak intensity of C–N by 14-fold (from 1.6 for CPG to 22.9% 

for CPG/G-P), indicating successful functionalization of CPG with G-P. After 

electrochemical reduction of the CPG/G-P electrode, only a 5.1% decrease for total 

oxygenated species, i.e., C–O, C=O and COO–, was observed, Table 4.1. This might be 

because the electrochemical reduction step mainly affects GO coated on the CP by 

sonication. This GO is covered by the G-P nanocomposite, which dominates the XPS 

spectra, and is not affected by electroreduction, confirmed by the observation that 

electroreduction of CPG (CPG/R) leads to a 28.2% loss of total oxygenated species 

compared with the CPG electrode, Fig. 4.6, and Table 4.1. 

 

Figure 4.6 C1s XPS spectra of (A) CP and CPG, (B) CPG/R, (C) CPG/G-P and (D) 

CPG/G-P/R. Black dot-curves are experimental data. 



 

70 

 

Table 4.1 Relative peak area percentage of the carbon binding of all carbon species in 

CP, CPG, CPG/G-P, CPG/G-P/R and CPG/R electrodes determined by XPS (Fig. 4.5). 

Raman spectra (Fig. 4.7) show the fingerprint signals of graphene. The D band is assigned 

to the disorders or defects in graphene or graphite materials, while the G band is 

associated with the vibration of sp2 hybridized C–C bonds.[272] Fig. 4.7 shows that the ID/IG 

ratio of CPG/G-P (1.02) is higher than that of CPG (0.58), suggesting that the G-P 

nanomaterial coating on CPG has a more highly disordered structure. The highest ID/IG 

ratio (1.14) for CPG/G-P/R suggests the presence of a higher content of carbonaceous 

defects and disordered graphitized structure, resulting from the reduction of GOs to 

graphene sheets and their interactions with PEI.[273-274] XPS and Raman spectroscopy 

thus confirm that electrochemical treatment further increases the degree of GO reduction 

to graphene. 

 

Figure 4.7 Raman spectra of CPG, CPG/G-P and CPG/G-P/R electrodes. 

The GO nanomaterials show a negative zeta potential (-7.8 ± 0.2 mV) in 750 mM Tris-

acetate buffer solution (pH 8.4) because of the presence of oxygenated species, Table 4.2. 

Introduction of PEI with higher MWs increases the positive electrostatic charge of G-P 

nanomaterials except for G-P with the lowest MW (800 g mol-1), which might be due to 

the weaker dispersion of the short polymer chains for the reduced GO produced. 

Carbon status Binding 

energy (eV) 

CP 

(eV) 

CPG 

(eV) 

CPG/R 

(eV) 

CPG/G-P 

(eV) 

CPG/G-P/R 

(eV) 

C sp2 284.5 ± 0.1 67.1 14.7 9.7 3.2 55.6 

C sp3 285.0 ± 0.1 16.8 39.8 27.0 36.0 20.0 

C–N 285.9 ± 0.1 5.4 1.6 22.9 25.5 8.9 

C–O 286.6 ± 0.1 4.0 20.7 22.9 22.7 5.0 

C=O 287.4 ± 0.1 2.7 16.7 11.0 6.5 5.0 

COO– 288.6 ± 0.1 4.0 6.4 6.5 6.1 5.6 

Total oxygen-species - 10.7 43.8 40.4 35.3 15.6 
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Table 4.2 ζ potentials of aqueous GO and G-P nanomaterials with different molecular 

weights (MWs) of PEI (i.e., 800, 1,300, 5,000, 25,000, 750,000 g mol-1) in 750 mM Tris-

acetate buffer (pH 8.4) determined by a Zetasizer Nano. 

Nanomaterial ζ potential (mV) 

GO -7.8 ± 0.2 

G-P_MW800 -8.5 ± 0.1  

G-P_MW1300 2.3 ± 0.2 

G-P_MW5000 8.2 ± 0.6 

G-P_MW25000 14 ± 1 

G-P_MW750000 15 ± 1 

4.3.2 Electrochemical characterization of modified electrodes 

The electrochemical properties of the modified electrodes were first characterized by CV 

in a solution containing either negatively charged (K4[Fe(CN)6]) or positively charged 

redox probes ([Ru(NH3)6]Cl3). After coating of G-P on the CPG electrodes, an increased 

peak current (3.41 mA cm-2) and a narrowed peak separation ∆Ep (173 mV) were observed 

for [Fe(CN)6]4- (Fig. 4.8A), but a larger ∆Ep (from 185 to 205 mV) for [Ru(NH3)6]3+ (Fig. 

4.8B), Table 4.3. This is due to the addition of the polycationic PEI layer that alters the 

surface charge from negative to positive, consistent with the ζ potential measurements. 

Upon electroreduction, both [Fe(CN)6]4- and [Ru(NH3)6]3+ give a reduced ∆Ep due to the 

electrostatically more favourable ET. ∆Ep increases after enzyme adsorption in both 

cases. 

 

Figure 4.8 CVs at 100 mV s-1 of bare CPG, G-P, G-P/R and G-P/R/hSO electrodes 

recorded for oxygen-free KCl solution (100 mM) with 5.0 mM (A) K4[Fe(CN)6] or (B) 

[Ru(NH3)6]Cl3. 
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Table 4.3 Key voltammetry parameters of modified electrodes in 100 mM KCl in the 

presence of 5.0 mM K4[Fe(CN)6] or [Ru(NH3)6]Cl3 based on Fig. 4.8. 

Electrode K4[Fe(CN)6] [Ru(NH3)6]Cl3 

ΔEp (mV) ja (mA cm-2) jc (mA cm-2) ΔEp (mV) ja (mA cm-2) jc (mA cm-2) 

Bare CPG 325 1.53 -0.62 185 3.52 -3.43 

G-P 173 3.41 -3.68 205 1.51 -1.53 

G-P/R 122 3.88 -4.17 171 2.94 -3.42 

G-P/R/hSO 220 0.83 -0.66 137 1.92 -2.07 

 

Furthermore, EIS studies of modified electrodes in 100 mM KCl containing 5.0 mM 

K4[Fe(CN)6] were carried out. The Nyquist plots are shown in Fig. 4.9. The equivalent 

circuit in Fig. 4.9B (inset) was fitted to the impedance spectra. As a certain degree of 

electrode roughness and inhomogeneity is evidenced according to SEM images, the use of 

a CPE instead of a capacitance is appropriate.[241-242, 275] Table 4.4 shows that CPG gives 

the highest charge transfer resistance (Rct) of 181 Ω among all the non-enzymatic 

electrodes, consistent with the CV curves which display the largest peak-peak separation 

∆Ep of 325 mV, and the smallest anodic peak current of 1.53 mA cm-2 for the CPG electrode 

(black curve Fig. 4.8A and Table 4.3). This is due to the electrostatic repulsion between 

the negatively charged CPG surface and [Fe(CN)6]3-/4-, as well as the relatively low 

conductivity of GO. After coating of G-P on the CPG electrode, it is not surprising to 

observe a significant decrease of Rct to 30.5 Ω. Additionally, an increased peak current 

(3.41 mA cm-2), and a narrowed peak-peak separation ∆Ep (173 mV) were observed for 

[Fe(CN)6]4-, but a larger ∆Ep (from 185 to 205 mV) for [Ru(NH3)6]3+, Fig. 4.8 and Table 4.3. 

This is due to the addition of the polycationic PEI layer that alters the surface charge 

from negative to positive, consistent with the zeta potential measurements. The G-P on 

the CPG electrode was electrochemically reduced with increasing potential windows, i.e., 

-0.9 to 0.2 V, -1.1 to 0.2 V, -1.3 to 0.2 V and -1.5 to 0.2 V. Rct further drops from 19.4, 16.7, 

15.8 to 12.6 Ω with the more negative potentials for reduction of GO, Fig. 4.9B and Table 

4.4.  
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Figure 4.9 EIS of (A) bare CPG, G-P, G-P/R and G-P/R/hSO, (B) G-P/-0.9R, -1.1R, -

1.3R and -1.5R, (C) G-P/R/hSO and G-P/hSO electrodes recorded for 100 mM oxygen-

free KCl with 5.0 mM K4[Fe(CN)6]. Inset of (A): the magnified EIS of the G-P and G-

P/R electrodes. Inset of (B): the equivalent circuit used to fit the impedance data. Rs: 

electrolyte solution resistance; Rct: interfacial electron transfer resistance; CPEdl and 

CPEp: constant phase element of the electrode double layer and polarization, 

respectively. 

Table 4.4 Parameters obtained by fitting the impedance spectra based on the equivalent 

circuit (inset of Fig. 4.9B). 

Electrode Rs (Ω) Y0,dl (S s−αdl) αdl Y0,p (S s−αp) αp Rct (Ω) χ•103 

Bare CPG 93.6 4.72 × 10-5 0.868 6.96 × 10-3 0.525 181 4.42 

G-P 38.5 1.59 × 10-3 0.632 1.59 × 10-3 0.750 30.5 2.47 

G-P/-0.9R 53.1 8.85 × 10-3 0.707 9.65 × 10-3 0.892 19.4 3.10 

G-P/-1.1R 15.0 6.00 × 10-3 0.461 9.20 × 10-3 0.582 16.7 7.30 

G-P/-1.3R 44.7 9.00 × 10-3 0.684 1.22 × 10-2 0.898 15.8 3.93 

G-P/-1.5R 46.8 5.26 × 10-3 0.706 1.12 × 10-2 0.850 12.6 4.06 

G-P/R/hSO 43.0 7.96 × 10-4 0.679 3.81 × 10-3 0.595 258 9.50 

G-P/hSO 35.5 9.14 × 10-4 0.348 3.70 × 10-3 0.734 300 7.47 

 

On the other hand, larger electroreduction potential windows with more negative 

potentials result in smaller capacitive currents, Fig. 4.10, as indicated by the ECSA. The 

ECSAs of these reduced electrodes decrease from 20 ± 1, 18.6 ± 0.7, 15.6 ± 0.6 to 15 ± 1 

cm2 for the potential window -0.9 to 0.2 V, -1.1 to 0.2 V, -1.3 to 0.2 V and -1.5 to 0.2 V, 

respectively, Table 4.5. Since electrodes with lower Rct and higher ECSA are usually more 

promising for bioelectrode fabrication, the potential window between -1.1 to 0.2 V was 

chosen for reduction of G-P and GO nanomaterials on the electrodes, Table 4.6. To 

simplify the abbreviation, the electrode CPG/G-P/-1.1R elsewhere denoted as G-P/R. Upon 

electroreduction, both [Fe(CN)6]4- and [Ru(NH3)6]3+ give a reduced ∆Ep due to the 

decreased electron transfer resistance, Table 4.3. After introduction of hSO on the G-

P/R/hSO, Rct increases dramatically to 258 Ω, reflecting that hSO is well immobilized on 

the electrode surface in accordance with the capacity measurements and reports on other 

enzyme electrodes.[276] In addition, the lower Rct for G-P/R/hSO compared to G-P/hSO 
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indicates enhanced interfacial ET rate after the electroreduction treatment, Fig. 4.9C and 

Table 4.4. 

 

Figure 4.10 Representative CVs of (A) G-P/R electrodes with different reduction 

windows (-0.9, -1.1, -1.3, or -1.5 to 0.2 V) and (B) various hSO bioelectrodes in oxygen-

free Tris-acetate buffer solution (750 mM, pH 8.4) in the absence of Na2SO3; scan rate: 

5 mV s-1. 

Table 4.5 Summary of ECSAs of G-P/R with different reduction windows (-0.9, -1.1, -1.3, 

or -1.5 to 0.2 V) and various hSO bioelectrodes based on Fig. 4.10. 

Electrode Δ𝑖 (µA) Cdl (µF) ECSA (cm2) 

G-P/-0.9R 4.9 ± 0.3 492 ± 34 20 ± 1 

G-P/-1.1R 4.6 ± 0.2 464 ± 18 18.6 ± 0.7 

G-P/-1.3R 3.9 ± 0.1 391 ± 15 15.6 ± 0.6 

G-P/-1.5R 3.9 ± 0.3 386 ± 28 15 ± 1 

R/hSO 3.6 ± 0.2 355 ± 18 14 ± 1 

PEI/R/hSO 5.7 ± 0.6 573 ± 66 23 ± 2 

G-P/R/hSO 9.1 ± 0.3 910 ± 30 36 ± 1 

R/G-P/hSO 2.5 ± 0.5 247 ± 54 10 ± 2 

R/G-P/R/hSO 3.4 ± 0.1 338 ± 10 13.5 ± 0.4 

G-P/hSO 0.89 ± 0.06 89 ± 6 3.6 ± 0.2 

Table 4.6 Comparisons of ECSAs and interfacial electron transfer resistance (Rct) of G-

P/R with different reduction potential windows (-0.9, -1.1, -1.3, or -1.5 to 0.2 V) based on 

Fig. 4.9B and 4.10A. 

Electrode ECSA (cm2) Rct (Ω) 

G-P/-0.9R 20 ± 1 19.4 

G-P/-1.1R 18.6 ± 0.7 16.7 

G-P/-1.3R 15.6 ± 0.6 15.8 

G-P/-1.5R 15 ± 1 12.6 
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4.3.3 Electrocatalysis of bioelectrodes 

The oxidation of sulfite on G-P/R/hSO electrodes was found to start at about -0.20 V vs. 

Ag/AgCl, in good agreement with previous reports.[18, 261] This potential is notably lower 

than that for the G-P/R electrode without hSO (~0.02 V vs. Ag/AgCl), Fig. 4.11A. This 

indicates that the immobilized hSO shows catalytic activity towards oxidation of Na2SO3, 

rather than the support electrode itself. The G-P/R/hSO bioelectrode shows 5.6-fold higher 

catalytic and 1.5-fold higher capacitive current compared to that of R/hSO (Fig. 4.11A and 

Table 4.5). The G-P modification therefore clearly increases the surface area for the 

amount of hSO capable of DET, which is supported by the higher estimated ECSA, 

increased from 14 ± 1 cm2 for R/hSO to 36 ± 1 cm2 for G-P/R/hSO, Table 4.5 and Fig. 4.10B. 

Similar phenomena were observed for G-P/hSO without electroreduction, Fig. 4.11B. 

Notably, the G-P/R/hSO bioelectrode exhibits both 9-fold higher catalytic oxidation of G-

P/hSO bioelectrodes without electrochemical reduction, Fig. 4.11C, consistent to the 9-

fold increased capacitive current and ECSA for G-P/R/hSO (36 ± 1 cm2) compared to G-

P/hSO (3.6 ± 0.2 cm2) without the irreversible electrochemical reduction of GO on the 

electrodes, Fig. 4.12 and Table 4.5. The promoted electrochemical properties and catalytic 

activity are ascribed to the improved conductivity of the modified electrodes via 

electroreduction of GO on electrodes and thus the increased ECSA. 

 

Figure 4.11 CVs of the (A) G-P/R/hSO, G-P/R, and R/hSO electrodes, (B) G-P/R/hSO 

and G-P/hSO bioelectrodes, and (C) G-P/hSO, G-P and hSO on CPG electrodes in 

oxygen-free Tris-acetate buffer solutions (750 mM, pH 8.4) without (dashed) and with 

(solid) 1.0 mM Na2SO3; scan rate: 5 mV s-1. 



 

76 

 

 

Figure 4.12 Representative CVs for the reduction of G-P on CPG electrodes in 

oxygen-free Tris-acetate buffer solution (100 mM, pH 7.0) under stirring; scan rate: 

50 mV s-1. 

4.3.4 Effect of electroreduction on biocatalysis 

To further understand how the electroreduction treatment promotes the heterogeneous 

bioelectrocatalysis, the enzymatic activity of hSO in all washing buffer solution and the 

washed bioelectrodes was assayed, cf. section 4.2.5. It seems that the immobilization of 

hSO on aggregated substrate does not significantly change the activity, since the total 

relative enzyme activities (immobilized and detached) of G-P/R/hSO and G-P/hSO are 86 

± 5 and 97 ± 3% of the drop-casted enzyme, respectively, Table 4.7. The slightly lower 

activity for G-P/R/hSO is probably due to the inaccessibility inside the nanomaterials or 

the reduced accessibility of bound enzyme. 

The enzyme activity in the solutions of ten successive washing steps is shown in Fig. 

4.13A. The data show that the washing process can remove loosely bound enzyme from 

the bioelectrodes. Compared with the activity of all washing solutions for the bioelectrode 

without electroreduction (G-P/hSO, 0.048 ± 0.002 U), the washing solutions for the G-

P/R/hSO electrode exhibit a 42% lower value (0.028 ± 0.001 U), Table 4.7. This implies 

that the G-P/R electrode substrate is more suitable for hSO immobilization. The washed 

G-P/R/hSO electrode (55 ± 4% of the total enzyme) shows 11% higher total enzymatic 

activity compared to the washed G-P/hSO (44 ± 1%), Fig. 4.13B and Table 4.7. This 

indicates that G-P/R/hSO carries only 11% more active hSO than G-P/hSO, even though 

the G-P/R modified electrode exhibits 9-fold higher estimated ECSA than the G-P 

modified electrode. Fig. 4.11B shows that the G-P/R/hSO bioelectrode shows 9-fold higher 

electrocatalytic oxidation current compared to G-P/hSO. This significantly enhanced DET 

response of G-P/R/hSO therefore proves that the increased interfacial electron transfer 

plays a decisive role. Furthermore, the estimated Rct (258 Ω) of G-P/R/hSO is smaller than 

the value (300 Ω) of the bioelectrode without additional electrochemical reduction, an 

additional indication of enhanced contact between the electrode and electroactive 
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compounds, Fig. 4.9C. The reduction in Rct might be caused by slight reduction of the 

amount of oxygenated species and thus less negative charge on the electrode surface. 

 

Figure 4.13 (A) The enzyme activity of washing bioelectrode solutions based on the 

production of reduced cytochrome c (absorption wavelength = 550 nm) and (B) the 

absorbance value for reduced cytochrome c treated with the resulting washed 

bioelectrodes (G-P/R/hSO and G-P/hSO) in Tris-acetate buffer (pH 8.4, 50 mM) in the 

presence of substrate (0.40 mM Na2SO3). G-P and G-P/R electrodes are controls. 

Table 4.7 The hSO activity in all washing solutions and immobilized on bioelectrodes 

(geometric area: 0.25 cm2). 

Electrode  ΔA550/Δt (min-1) Catalytic 

activity (U) 

Percentage 

of total 

hSO (%) 

G-P/R/hSO 

Washed 0.110 ± 0.003 0.028 ± 0.001 31 ± 1 

immobilized 0.19 ± 0.01 0.050 ± 0.004 55 ± 4 

In total  0.078 ± 0.005 86 ± 5 

G-P/hSO 

Washed 0.187 ± 0.007 0.048 ± 0.002 53 ± 2 

immobilized 0.157 ± 0.001 0.040 ± 0.001 44 ± 1 

In total  0.088 ± 0.003 97 ± 3 

10 µL of 1 µM hSO  0.179 ± 0.007 0.0091 ± 0.0003 10 

10 µL of 10 µM hSO Applied 

amount 

 0.091 ± 0.003 100 

The oxidation current for the G-P/R/hSO electrode on increasing Na2SO3 concentrations 

follows Michaelis-Menten kinetics and reaches saturation at 1.0 mM, Fig. 4.14. To 

evaluate the apparent oxidase activities of the bioelectrodes, the Michaelis-Menten 

parameters were calculated from variable Na2SO3 concentrations based on Eq. 4.6. 

𝒗 =
𝑽𝒎[𝑺]

𝑲𝒎+[𝑺]
                                                         (4.6) 

𝑗 =
nF𝒗

𝐴𝐺
× 106                                                     (4.7) 

where 𝒗 can be expressed by the reaction rate in mol s-1, corresponding to the 

bioelectrocatalytic current density j in µA cm-2, [S] is the concentration of the substrate 
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Na2SO3 in µM. 𝒗m is the maximum reaction rate, and the related jm is the saturation 

catalytic current density. The relationship between 𝒗 and j is given by Eq. 4.7, where n is 

the number of electrons transferred in the electrochemical reactions (2 for sulfite 

oxidation), and F the Faraday constant (96485 C mol-1). AG is the geometric area of the 

electrodes, here 0.25 cm2. 

 

Figure 4.14 Electrocatalytic responses of G-P/R/hSO bioelectrodes for increasing 

concentrations of Na2SO3 on addition of different amounts of Na2SO3 stock solutions 

(150 mM). All measurements were conducted in oxygen-free Tris-acetate buffer 

solution under stirring. 

The Michaelis constant Km in µM is the substrate concentration, at which the reaction 

rate is half of 𝒗m. A smaller Km for the free enzyme indicates a stronger binding affinity 

of enzyme to substrate and that the reaction rate approaches faster its maximum value. 

For hSO immobilized on the electrode surface, the apparent Km is usually larger than in 

free solution due to the mass diffusion limitation.[268] The saturation values of the 

catalytic current density jm, reaction rate 𝒗, and c apparent Km of G-P/R/hSO are 

summarized in Table 4.8 

4.3.5 Optimization of bioelectrodes 

Optimizations of (1) the electroreduction procedure, (2) graphene concentration in the G-

P mixture, (3) effects of PEI with different MWs, (4) enzyme incubation durations, and (5) 

media (pH and ionic strength) were further conducted. Kinetic values for these 

bioelectrodes are summarized in Table 4.8 and 4.9. 



 

79 

 

Table 4.8 Summary of enzyme kinetic parameters of various electrodes with different 

electroreduction procedures. 

Electrode Km (µM) jm (µA cm-2) 𝒗m (mol s-1) 

R/G-P/hSO 22 ± 2 3.42 ± 0.04 4.43 ± 0.05 × 10-12 

R/G-P/R/hSO 63 ± 5 12.7 ± 0.2 1.64 ± 0.02 × 10-11 

G-P/R/hSO 111 ± 5 24.4 ± 0.3 3.16 ± 0.04 × 10-11 

G-P/hSO 34 ± 5 2.46 ± 0.06 3.19 ± 0.08 × 10-12 

The catalytic performance of hSO electrodes with three different reduction procedures, 

i.e., R/G-P/hSO, G-P/R/hSO, or R/G-P/R/hSO electrodes (the electrochemical reduction 

conducted before, after, or both before and after the drop-casting of G-P nanomaterials) 

is compared in Fig. 15A. jm on G-P/R/hSO (24.4 ± 0.3 µA cm-2) is seven times higher than 

that of R/G-P/hSO (3.42 ± 0.04 µA cm-2), and twice higher than that of R/G-P/R/hSO (12.7 

± 0.2 µA cm-2), Table 4.8. As can be seen from Table 4.9 , to the best of our knowledge, G-

P/R/hSO displays the highest jm reported (24.4 ± 0.3 µA cm-2) among all the reported hSO 

bioelectrodes.[18, 257, 261, 268] This is attributed to the high specific surface area of the RGO-

based 3D electrode, enabling high enzyme loading. The electrochemical reduction of 

modified CPs before the drop-cast of G-P, however, might decrease the hydrophilic level 

of the CPG electrodes, leading to weaker interactions between the G-P and the electrode 

surface, and thus reduced electroactive surface area. This is supported by the calculated 

ECSAs for R/G-P/hSO and R/G-P/R/hSO, which are only 28% and 38% of the value of G-

P/R/hSO, respectively, Table 4.5. 

Table 4.9 Comparison of catalytic performance (jm) of hSO immobilized on different 

modified electrodes with DET reported in literature. 

hSO on modified surface Buffer pH jm (µA cm-2) Ref. 

CPG/G-P/R 750 mM Tris-acetate 8.4 24.4 ± 0.3 
This 

work 

Au/AuNP/PEI 750 mM Tris 8.4 0.37 ± 0.02 [99] 

ITO/CdS 750 mM Tris-acetate 8.4 1.0 ± 0.1 [261] 

Au/AuNP/thiol/PEI 750 mM Tris-acetate 8.4 15 [18] 

Au/DTSP/AuNP 750 mM Tris-acetate 8.4 1.0 ± 0.2 [276] 

ITO/APTES 750 mM Tris-acetate 8.4 0.45 ±0.01 [98] 

DTSP: dithio-bis(N-hydroxysuccinimidyl propionate); APTES: aminopropyltriethoxysilane. 
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Figure 4.15 The catalytic behavior of various bioelectrodes (A) fabricated by different 

electroreduction procedures, (B) with different amounts of graphene (RGO), and (C) 

with different MWs of PEI. The solid lines are Michaelis-Menten fitting curves. All 

measurements were conducted in oxygen-free Tris-acetate buffer solution under 

stirring. 

Table 4.10 Summary of enzyme kinetic parameters of G-P/R/hSO bioelectrodes with 

different graphene (reduced GO) concentrations (CG) and PEI MWs. 

CG 

(mg mL-1) 

PEI MWs 

(g mol-1) 

Km 

(µM) 

jm 

(µA cm-2) 

𝒗m 

(mol s-1) 

0 25000 65 ± 2 15.8 ± 0.1 2.05 ± 0.01 × 10-11 

0.25 25000 88 ± 6 18.2 ± 0.3 2.36 ± 0.4 × 10-11 

0.50 25000 111 ± 5 24.4 ± 0.3 3.16 ± 0.04 × 10-11 

0.75 25000 122 ± 4 25.4 ± 0.2 3.29 ± 0.03 × 10-11 

1.0 25000 118 ± 6 23.2 ± 0.3 3.00 ± 0.04 × 10-11 

0.50 800 32 ± 1 4.21 ± 0.02 5.45 ± 0.03 × 10-12 

0.50 1300 59 ± 1 13.2 ± 0.1 1.72 ± 0.09 × 10-11 

0.50 5000 100 ± 3 17.1 ± 0.2 2.22 ± 0.03 × 10-11 

0.50 750000 140 ± 9 21.5 ± 0.4 2.78 ± 0.05 × 10-11 

Here, graphene is crucial for enhancing the conductivity and surface area of CP. In the 

absence of graphene (RGO), PEI/R/hSO electrodes show smaller catalytic current 

compared to G-P/R/hSO, Fig. 4.15B. G-P nanomaterials with the concentrations 0.25, 0.5 

and 1.0 mg mL-1 graphene and 10 mg mL-1 PEI, were used to optimize the amount of 

graphene for the hSO bioelectrodes. The saturation catalytic current increases with 

increasing graphene concentration up to 0.5 mg mL-1, Table 4.10. jm of bioelectrodes with 

0.75 mg mL-1 (25.4 ± 0.2 µA cm-2) and 1.0 mg mL-1 graphene (23.2 ± 0.3 µA cm-2) is 

comparable to that with 0.5 mg mL-1 graphene (24.4 ± 0.3 µA cm-2). 0.5 mg mL-1 graphene 

is thus sufficient and used for the following experiments. 

G-P nanomaterials were synthesized by partially reducing GO using PEI with MW of 800, 

1300, 5000, 25000 or 750000 g mol-1. This is confirmed by the observation that the 

absorption peak of G-P corresponding to the π→π* transition of aromatic C–C bonds is 

red-shifted from 234 to 254 nm, indicative of the reduction of GO and the restoration of 

C=C bonds in the sheets (Fig. 4.16). However, the peak wavelength is lower than the 
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reported value of ~270 nm for pure graphene,[233] likely due to incomplete reduction of 

GO. This is reasonable since G-P on electrodes can undergo further electrochemical 

reduction. The highest activity was found for the bioelectrodes with the PEI MWof 25000 

g mol-1, Table 4.10 and Fig. 4.15C. PEI with lower MW has been reported to weaken the 

immobilization strength for nanomaterials and enzyme compared to PEI with a larger 

MW,[277] resulting in aggregation of G-P nanomaterials and a lower current response. 

Further increasing the MW to 750000 g mol-1 gives a decreased signal (Fig. 4.15C), which 

can be explained by the significant drop of the conductivity. 

 

Figure 4.16 UV-vis spectra of G-P (green), GO (red) and PEI (blue) nanomaterials in 

aqueous solution. 

To investigate the adsorption behavior of hSO onto G-P/R modified electrode, the catalytic 

responses after varaiable durations of enzyme incubation were evaluated. A soaring 

catalytic current is obtained in the first 5 min, indicating quick adsorption of hSO, Fig. 

4.17. After 120-min incubation, the catalytic current almost reaches a steady state. pH 

and ionic strength of supporting electrolyte were further optimized. The hSO bioelectrode 

shows the highest activity at pH 8.4 (Fig. 4.18A), close to the optimal pH (8.5) for hSO in 

solution.[268] The bioelectrocatalysis of hSO on modified CP depends strongly on the ionic 

strength of the electrolyte, which alters the flexible interaction between the build-in 

mediator heme b5 domain and the catalytic Mo-containing unit.[257] The current density 

increases further with increasing buffer concentration up to 750 mM than that in the 

concentration range from 750 to 1000 mM, Fig. 4.18B. Because high ionic strength 

facilitates the flexible interaction between the built-in mediator heme b5 domain, the 

catalytic Mo-containing unit and the electrode is facilitated, enabling higher 

electrocatalytic response of hSO bioelectrodes.[257, 260, 278] The rest of the electrochemical 

measurements were therefore carried out using a 750 mM pH 8.4 Tris-acetate buffer. 
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Figure 4.17 Adsorption behavior of hSO: dependence of catalytic current towards 1.0 

mM sulfite on the duration of incubation of the G-P/R electrode with 10 µL of 10 µM 

hSO. The enzyme was drop-casted and incubated for 0, 5, 10, 20, 40, 60,120 or 180 

min in high-humidity atmosphere at 4 °C. The catalytic response is recorded in 

oxygen-free Tris-acetate buffer solution (750 mM, pH 8.4) under stirring. 

 

Figure 4.18 Effects of (A) pH and (B) ionic strength of buffer on the performance of 

G-P/R/hSO bioelectrodes towards 1.0 mM Na2SO3 operated at 0 V vs. Ag/AgCl. All 

measurements were conducted in oxygen-free Tris-acetate buffer solution under 

stirring. 

4.3.6 Evaluation of bioelectrodes 

The hSO bioelectrodes show a fair stability in freshly changed electrolytes, Fig. 4.19A. 

After the initial five changes of electrolyte, the catalytic signal shows a rapid decrease, 

mainly due to enzyme detachment. The loss rate remains at 4 to 5% of the initial signal 

at each subsequent electrolyte exchange, implying that the immobilized hSO is gradually 

inactivated or further detached. In order to discriminate the denaturation from 

detachment of immobilized hSO from the electrodes, the catalytic responses on hSO 

bioelectrode (G-P/R/hSO) stored in high-humid atmosphere or immersed in Tris-acetate 

buffer solution (750 mM, pH 8.4) at room temperature for 3 h were measured. The control 

is a freshly prepared hSO bioelectrode. Bioelectrodes stored in high-humid atmosphere 

and buffer solution decreased by 6% and 17% of the original catalytic current, 
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respectively, Fig. 4.19B. This suggests that enzyme denaturation (6%) and enzyme 

detachment (11%) constitute a total 17% of the observed catalytic signal loss. 

 

Figure 4.19 (A) Stability of the G-P/R/hSO bioelectrodes in 1.0 mM Na2SO3 operated 

at 0 V vs. Ag/AgCl. (B) Catalytic current percentage of G-P/R/hSO bioelectrodes stored 

in high-humidity atmosphere or immersed in Tris-acetate buffer solution (750 mM, 

pH 8.4) for 3 h at room temperature; the fresh bioelectrode as the control. The 

catalytic responses were recorded for oxygen-free Tris-acetate buffer solution (750 

mM, pH 8.4) under stirring. 

The stabilized hSO bioelectrode after five electrolyte exchanges was then used to evaluate 

the DET efficiency. The catalytic current of the hSO bioelectrodes undergoing MET was 

recorded using a mediator TMPD, Fig. 4.20. Notably, the catalytic current allows the first 

estimation of the fraction of immobilized hSO capable of DET. Based on the catalytic 

current ratio of DET to MET (Fig. 4.20B), 21% of the active hSO on the bioelectrode is 

thus capable of DET, while the rest cannot communicate with the electrode surface 

directly. 

 

Figure 4.20 (A) Evaluation of DET efficiency on the stabilized G-P/R/hSO 

bioelectrodes towards 1.0 mM Na2SO3 in Tris-acetate buffer (750 mM, pH 8.4) under 

stirring. CVs at 5 mV s-1. 1st, 2nd, 3rd and 4th scan represent the measurement 

orders in fresh electrolytes. The concentration of the mediator TMPD for MET is 0.10 

mM. (B) The corresponding current density with DET and MET. All measurements 

refer to oxygen-free Tris-acetate buffer (750 mM, pH 8.4). 
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In addition to the electrodes, O2 can also be an external acceptor for the electrons 

generated from sulfite oxidation at the hSO co-factor. With the dioxygen reduction by the 

reduced enzyme, the catalytic current observed by CV thus decreases in air compared to 

N2 atmosphere.[261] Two successive measurements each in freshly changed degassed 

electrolyte (1st+D and 2nd+D in Fig. 4.21) were first conducted to ensure that the 

expected stability of the bioelectrode was achieved. It turned out that the rate of catalytic 

current decrease (~ 5% of the original value) is consistent to the stability test (Fig. 4.21B). 

The catalytic activity of the same bioelectrode was then recorded in a non-degassed 

electrolyte (3rd+N in Fig. 4.21). Taking into account a 5% catalytic activity decrease 

expected from freshly changed degassed electrolyte, an additional ~10% reduced catalytic 

current in the non-degassed electrolyte was found, attributed to oxygen reduction by the 

reduced heme group co-factor. This is comparable to the value (~ 4%) of hSO on a CdS 

quantum dot modified ITO surface and much lower than the protein on a AuNP modified 

Au surface (40%).[261] 

 

Figure 4.21 (A) Effects of dioxygen competition of the G-P/R/hSO bioelectrodes in 1.0 

mM Na2SO3 operated at 0 V vs. Ag/AgCl. (B) The corresponding current density in 

the absence or presence of dioxygen. Except for the investigation on effects of dioxygen 

competition, all measurements refer to oxygen-free Tris-acetate buffer (750 mM, pH 

8.4). D: degassed, N: non-degassed solution. 

The storage lifetime of the hSO bioelectrode was investigated by storing the electrodes at 

4 °C in a highly humid atmosphere. The bioelectrode activity has reduced by around 10% 

and 30% after one day and three days, respectively, Fig. 4.22A. After one week of storage, 

the current has dropped by 50%. A decrease of 34% of the initial response over 180 min 

operation was observed, Fig. 4.22B. The loss of activity (50%) during one-week storage is 

a consequence of enzyme inactivation and the detachment of immobilized hSO from the 

electrode surfaces. 
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Figure 4.22 (A) Storage and (B) operational stability of the G-P/R/hSO bioelectrodes 

in 1.0 mM Na2SO3 operated at 0 V vs. Ag/AgCl. All measurements were carried out 

for oxygen-free Tris-acetate buffer solution (750 mM, pH 8.4) under stirring. 

4.3.7 Application of bioanodes in enzymatic biofuel cells 

The hSO bioelectrodes were finally exploited as bioanodes in stacked FCs, coupled with a 

cathode based on commercial Pt catalysts. The sulfite concentration used was 25 mM, 

where the saturation current density was obtained for a three-electrode system under 

static conditions, Fig. 4.23. The control FC using a G-P/R electrode as the anode and the 

sulfite/O2 EBFC were investigated by recording six consecutive polarization and power 

curves. The average polarization and power density curves are shown in Fig. 4.24A and 

B. The EBFCs with an OCV of 0.64 ± 0.01 V reach a Pmax of 61 ± 6 µW cm-2 (122 ± 14 mW 

m-3, normalized to the volume of the full FC), while the enzyme-free FCs show an OCV of 

0.40 ± 0.06 V and a Pmax of 4 ± 2 µW cm-2 (8 ± 4 mW m-3). Since hSO catalyzes the sulfite 

oxidation by reducing the onset potential and increasing the oxidation current, it is 

reasonable that the presence of hSO on the anode increases the OCV and thus the FC 

output power with the efficient commercial cathode. The Pmax decreases by 5% of the 

original value each time from the 3rd and 6th measurements, caused by the leakage of 

loosely bound hSO, as also observed for hSO bioelectrodes during electrolyte exchange, 

Fig. 4.19A. On the other hand, the OCV for the EBFCs is almost constant during 

consecutive measurements, fluctuating only from 0.63 to 0.65 V, Fig. 4.24C. Compared to 

EBFCs, the performance of the enzyme free control FCs consisting of a G-P/R anode (Fig. 

4.24C) clearly degrades faster. The decrease in OCV by 41% and Pmax by 94% might be 

caused by a decrease in the amount of active sites and surface contamination.[279] Since 

the onset potential for sulfite oxidation by active hSO is stable in EBFCs, the OCV of 

EBFCs is between 0.63 and 0.65 V. The output Pmax only reduces by 30% during the six 

consecutive measurements. 

Power outputs from the 3rd and 6th measurements were used to compare the 

performance of EBFCs at different temperatures, Fig. 4.24D. The OCV of EBFCs 

fluctuates from 0.57 to 0.68 V as the temperature rises, but without significant change. 

This is not surprising, as the stored charges in the capacitive matrix will maintain the 



 

86 

 

OCV at a high level.[32] However, Pmax increases from 27 ± 1 to 61 ± 6 µW cm-2 (64 ± 2 to 

122 ± 14 mW m-3) when the temperature is increased from 15 to 30 °C, but drops to 42 ± 

4 µW cm-2 (84 ± 8 mW m-3) at the further elevated temperature of 40 °C. The EBFCs with 

an OCV of 0.64 ± 0.01 V reaches a Pmax of 61 ± 6 µW cm-2 at 30 °C, giving a 6.6-fold better 

output performance than previously reported sulfite/O2 EBFCs.[18] This phenomenon is 

different from our previously reported non-enzyme FCs which enhance the output 

performance with elevated temperatures up to 80 °C.[247] The temperature-dependent 

activity of the EBFCs is likely to come from the intrinsic properties of hSO,[280] as free 

hSO in solution showed an optimal temperature of 30 °C, consistent with the observation 

here. The significantly enhanced performance compared to reported results of sulfite/O2 

EBFCs[18] can be attributed to the high surface area for hSO loading and faster interfacial 

and intramolecular ET with concurrent strong electrocatalysis in the designed graphene 

based matrix. 

 

Figure 4.23 Electrocatalytic response recorded by CA with G-P/R/hSO on 1.0 cm2 

CPG electrodes under static conditions. After a quiescent period of 100 s, aliquots of 

Na2SO3 (150 mM in 750 mM Tris-acetate buffer solution, pH 8.4) were added into the 

electrochemical cell to reach concentrations of 1.0, 2.0, 3.9, 9.4, 18, 25 and 32 mM in 

Tris-acetate buffer solution (750 mM, pH 8.4) in the present of dioxygen. E = 0 V 

versus Ag/AgCl (saturated KCl). 
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Figure 4.24 Average polarization and power density curves of (A) control FCs and 

(B) EBFCs at 30 °C based on the 3rd to 6th measurements. (C) OCV and maximum 

power density of EBFCs and control FCs for six consecutive measurements at 30 °C. 

(D) Performance of EBFCs at different temperatures. All FCs were fed with Tris-

acetate buffer (750 mM, pH 8.4) containing 25 mM Na2SO3 (2.0 mL min-1) in the 

presence of dioxygen at the bioanode and dioxygen (100 mL min-1) at the cathode. 

4.4 Conclusions 

hSO bioanodes have been fabricated by electrostatic adsorption of hSO on the 3D 

graphene electrode surface modified by the polycation PEI. Electroreduction of the 3D 

graphene support improves significantly the catalytic performance of the bioelectrodes 

towards Na2SO3 oxidation. The optimized saturation oxidation current (24.4 ± 0.3 µA cm-

2) is thus around 9 times higher than without electroreduction (2.48 ± 0.08 µA cm-2). 

Electroreduction of GO on the 3D support can increase electronic conductivity of the 

electrode and decrease the interfacial electron transfer resistance between the electrode 

surface and electrolyte, showing enhanced contact of hSO with the electrode and therefore 

increased DET. Further, positively charged PEI can be an efficient DET promoter for hSO 

with proper orientation. The graphene-based hSO bioanodes developed combined with 

commercial Pt catalysts as cathodes were finally used to construct a sulfite/O2 based 

EBFC with a Pmax of 61 ± 6 µW cm-2 (122 ± 14 mW m-3) and an OCV of 0.64 ± 0.01 V at 30 

°C. As a compact power generator or monitor, the stackable EBFC offers great potential 

for harvesting electrical energy from wastewater, foods and beverages containing sulfite. 
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Chapter 5 

3D bilirubin oxidase graphene-based biocathode 

for glucose/O2 biofuel cells 

This chapter describes the fabrication and characterization of a three-dimensional 

bilirubin oxidase bioelectrode based on graphene functionalized carbon paper and its 

application as a gas diffusion biocathode for glucose/O2 biofuel cells. The chapter is 

included in the manuscript “Direct electron transfer of orientated bilirubin oxidase 

on three-dimensional carbon paper with reduced graphene aggregation” co-authored 

by J. Tang, X. Yan, W. Huang, C. Engelbrekt, J. Ulstrup, X. Xiao and J. Zhang (in 

preparation). 

5.1 Introduction 

Bilirubin oxidase (BOx) and laccase, in a family of MCOs, are interesting 

bioelectrocatalysts for four-electron ORR in mild pH solution.[119, 281] The active site of 

MCOs consists of four copper atoms, divided into three types as described in section 1.2: 

CuT1, CuT2 and CuT3.[282] During ORR, CuT1 receives electrons either from the oxidation of 

natural electron donors for MCO or from solid electrode surfaces (i.e. DET). The electrons 

are transferred to the trinuclear center including one CuT2 and two CuT3 atoms, in which 

O2 is reduced to H2O.[89, 281] When the oxygen supply is sufficient, the electrocatalytic 

activity of MCO for DET on a solid electrode surface is determined by the rate of 

interfacial ET between the electrode and the CuT1 site of MCO. Theoretically, the distance 

for efficient electron tunneling should not exceed 1.5 nm,[283] highlighting the importance 

of proper orientation of MCO on the electrode. The modification of electrode surfaces with 

substrate-mimicking molecules is well accepted for achieving favorable orientation of 

MCO at the electrode surface.[284-286] The electrostatic and hydrophobic/hydrophilic micro-

environment surrounding the CuT1 site should be taken into account when optimizing the 

orientation of MCO. For laccase, positively charged surface groups such as aminophenol 

groups can diminish the distance between the laccase CuT1 site and the electrode surface 

since aromatic amines belong to the natural substrates for laccase.[286] Laccase from 
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Trametes versicolor exhibits a hydrophobic domain in proximity to the CuT1 site, making 

π-extended hydrophobic groups such as anthraquinone, anthracene, naphthalene and 

pyrene promising candidates for immobilizing laccase for DET.[287] Widely-studied 

Myrothecium verrucaria BOx (MvBOx) can efficiently undergo DET on negatively charged 

surfaces,[288] while Bacillus pumilus BOx prefers a positively charged electrode.[283] This 

highlights the importance of understanding the enzyme at a molecular level and electrode 

surface engineering. Moreover, enzyme engineering by site-directed mutation of 

Magnaporthae oryzae BOx provided surface-exposed cysteine residues which can be 

specifically linked to the electrode surface with maleimide groups via covalent binding.[89] 

Recently, it was reported that high DET bioelectrocatalytic current densities of BOx (up 

to ~0.2 mA cm-2 in static oxygen-saturated PBS solution) on electrochemically reduced 

GO based electrodes modified with negatively charged groups is achieved.[86] However, 

the system still suffered from the inevitable aggregation of the GO flakes (in a size of ca. 

200 µm). 

In section 4.3.1, we described electrochemical GO reduction on 3D CPs. This, however, 

still leaves residual aggregation. Introducing hydrophilic surface groups such as sulfonic 

acid groups can also increase the dispersibility and separation of graphene layers in 

water.[289] To obtain well-dispersed graphene while maintaining high conductivity is thus 

paramount for bioelectrochemical applications. In order to overcome the problematic RGO 

aggregation, the work presented here employed 3D CPs as supports for RGO modified 

with a negatively charged molecule, 4-aminobenzoic acid (4-ABA), to enable the DET of 

MvBOx.[119] The reduction of GO and grafting of 4-ABA were achieved simultaneously 

using an electrochemical pulse treatment applying negative and positive potentials 

alternatingly. Operational stability of the bioelectrode was investigated thoroughly. 

Finally, the fabricated bioelectrodes were applied in a gas diffusion electrode (GDE) 

configuration, and as a biocathode for glucose/O2 EBFCs with a reported GOx 

bioanode.[290] 

5.2 Experimental 

5.2.1 Chemicals and materials 

2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, ≥ 98%), 

potassium monohydrogen phosphate (K2HPO4, ≥ 99.999%) and potassium dihydrogen 

phosphate (KH2PO4, ≥ 99.999%) were from Fluka (Germany). Potassium 

hexacyanoferrate(II) (K4[Fe(CN)6]·3H2O, 99.0-102.0%) and potassium permanganate 

(KMnO4, ≥ 99.9%) were obtained from Merck (Germany). Graphite powder (diameter of 

less than 20 µm), phosphorous pentoxide (P2O5, ≥ 98%), potassium peroxodisulfate 

(K2S2O8, ≥ 99%), sulfuric acid (H2SO4, 95-97%), hydrogen peroxide (H2O2, 34.5-36.5%), 

hydrochloric acid (HCl, 37%), nitric acid (HNO3, ≥ 65%), hexaammineruthenium(III) 
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chloride ([Ru(NH3)6]Cl3, 98%), N-cyclohexyl-N’-(2-morpholinoethyl) carbodiimide metho-

p-toluenesulfonate (CMC, 95%), 4-ABA (≥ 99%) and poly(ethylene glycol)diglycidyl ether 

(PEGDGE) were from Sigma-Aldrich (USA). MvBOx (lyophilized powder, 15-65 unit mg-

1 protein, molecule weight 60 kDa) was purchased from Sigma-Aldrich (USA) and used as 

received. Os(bpy)2PVI is kindly provided by Prof. Dónal Leech group in National 

University of Ireland Galway, synthesized according to an established procedure.[291-292] 

CP (product no. EC-TP1-060) with the thickness of 190 μm was from Quintech (Germany). 

Hydrophobic CP (HCP, product no. HCP120, thickness 210 μm), the substrate of gas 

diffusion electrodes, was from Shanghai Hesen Electric Co. Ltd (China). Glue guns 

(Product no. PKP 18 E) with hot melt adhesive (i.e. polyvinyl chloride) used to fix the 

electrode geometric area were from BOSCH (Germany). All aqueous solutions were 

prepared with 18.2 MΩ cm Millipore water. 

5.2.2 Fabrication of BOx modified bioelectrodes 

The preparation of T-shaped CPG electrodes is described in section 3.2.3. BOx 

bioelectrodes (RGO-A/BOx), Scheme 5.1, on the CPG substrates were fabricated as 

follows: a 20 μL GO suspension (3.0 mg mL-1) was first drop-cast onto a 0.25 cm2 CPG 

electrode (labeled as CPG/GO electrode). After drying at room temperature, the CPG/GO 

electrode was then reduced and functionalized electrochemically by 15 cycles of 

alternating potential pulses -1.4 V vs. Ag/AgCl (saturated KCl) for 10 s and 1.4 V for 5 s 

in a 15 mL Ar-saturated PBS (100 mM, pH 7.0) containing 5 mM 4-ABA. The 

functionalized electrodes, referred to as RGO-A, were then washed with Millipore water 

to remove loosely absorbed 4-ABA. The activation of –COOH groups was achieved by 

incubating the RGO-A electrode in 5 mM CMC aqueous solution for 2 h at 4 °C. Finally, 

10 μL of 1.25 mg mL-1 BOx in 100 mM PBS (pH 7.0) was drop-cast onto the moist and 

activated RGO-A electrode. The prepared RGO-A/BOx electrodes were dried for ca. 12 h, 

and then stored at 4 °C in a high-humidity atmosphere, i.e., a plastic Petri dish (diameter: 

5.5 cm) containing a wet tissue. 

Controls, including electrodes without drop-cast GO suspension (R-A/BOx), electrodes 

where the CMC activation step was omitted and the BOx was physically adsorbed (RGO-

A_ads/BOx), as well as electrodes where electrochemical potential pulse treatment was 

done in the absence of 4-ABA in PBS (RGO/BOx), were prepared following the same 

procedure. To investigate the effect of the electrochemical potential pulse, bioelectrodes 

with different potential pulses of -1.4/0 V (RGO-A(N)/BOx), and 0/1.4 V (GO-A/BOx) 

instead of the standard -1.4/1.4 V (RGO-A/BOx) were prepared. 
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Scheme 5.1 Schematic illustration of the prepared RGO-A/BOD on a CPG electrode 

and its bioelectrocatalysis process. A possible orientation of MvBOD (PDB:2XXL), 

with surface charge distribution demonstrated with blue and red colour symbolizing 

positive and negative charges, respectively, is proposed. The left 4-ABA linker is 

occupied to form an amide bond with BOD, while the right 4-ABA with free -COO is 

still unreacted. Not drawn to real scale.  

5.2.3 Electrochemical characterization of the modified electrodes 

The basic electrochemical behavior of graphene modified electrodes without BOx 

modification was characterized by CV and electrochemical impedance spectroscopy (EIS) 

in 100 mM dioxygen-free PBS (pH 7.0) containing 5.0 mM K4[Fe(CN)6] or [Ru(NH)6]Cl3. 

EIS was conducted at 0.24 V vs. Ag/AgCl, with an applied alternating amplitude of 10 mV 

in the frequency range 0.1 to 105 Hz. CV was performed by scanning the potential from 

0.00 to 0.65 V at a scan rate of 50 mV s-1. CV in blank PBS at 5 mV s-1 was used to calculate 

the ECSA. 

CV, in a potential window of 0.00 to 0.65 V at 5 mV s-1, was used to characterize ORR 

performance of BOx bioelectrodes. Before electrochemical measurements, RGO-A/BOx 

bioelectrodes were immersed in 100 mM PBS (pH 7.0) for at least 30 min to remove loosely 

bound BOx molecules. A three-electrode setup was employed with BOx bioelectrodes, a 

Pt wire, and Ag/AgCl (saturated) as the working, counter, and reference electrodes, 

respectively. 15 mL 100 mM pH 7.0 PBS bubbled with either Ar or O2 for 30 min was used 

as the electrolyte for blank or ORR, respectively. The background-corrected ORR catalytic 

current density (∆jcat), normalized to a geometric area of 0.25 cm2, is obtained based on 

the difference of cathodic currents at 0.2 V in Ar or O2 saturated solution. The operation 

stability of BOx bioelectrodes was evaluated by CA with an applied potential of 0.2 V in 

continuously air-bubbled PBS (100 mM, pH 7.0). 
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5.2.4 Determination of the amount of active enzymes on electrodes 

The amount of active BOx immobilized on electrodes was estimated from a standard 

calibration curve showing a linear relationship between the absorbance change rate of 

ABTS and the amount of BOx in solution. Briefly, the BOx bioelectrode was carefully 

washed with PBS (100 mM, pH 7.0) five times and then immersed in an air-equilibrated 

100 mM PBS (pH 7.0) containing 0.50 mg mL-1 ABTS with sufficient magnetic stirring. 

After certain soaking durations (i.e., 1, 3, 5, 7, 10 min), 500 µL of the reaction solution 

was withdrawn, and its spectra in the range of 200 to 500 nm measured with an UV-vis 

spectrophotometer (UV-2401PC, SHIMADZU, Japan). The peak absorbance values were 

obtained at 420 nm 

5.2.5 Construction and characterization of gas diffusion bioelectrodes 

The BOx bioelectrode was finally exploited as a gas diffusion bioelectrode (GDBE) with 

accelerated gaseous substrate supply. A commercial HCP, with one side treated with 

polytetrafluoroethylene (PTFE) which can prevent electrolyte leakage, was used as the 

gas diffusion support for RGO-A/BOx. The detailed fabrication of the GDBE is described 

as follows. One side of the HCP (1.0 × 1.2 cm2) was left without treatment, exposed to air 

and floating on 1.0 mg mL-1 GO solution during 10 min of sonication. The hydrophilic side 

of the resulting HCP coated with GO sheets underwent further modification, onto which 

80 µL of 3.0 mg mL-1 GO solution was immediately drop-cast. The GO coating electrode 

was subsequently reduced and functionalized with 4-ABA by the electrochemical 

treatment. Finally, 40 μL of 1.25 mg mL-1 BOx in 100 mM pH 7.0 PBS was drop-cast onto 

the activated side of the electrode. The prepared gas diffusion electrode was dried and 

then stored at 4 °C in a high-humidity atmosphere. For electrochemical characterization 

with a three-electrode system in an in-house built electrolyte cell (Fig. 5.1-5.3), the GDE 

was cut into a circle shape with a surface area of 0.33 cm2. 

 

Figure 5.1 (A) 3D view and (B) the digital photo of the in-house electrolyte cell. 
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Figure 5.2 Layout of the main part of the in-house electrolyte cell (right part in Fig. 

5.1A). 

 

Figure 5.2 Layout of the fit part of the in-house electrolyte cell (right part in Fig. 

5.1A). 
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5.2.6 Characterization of glucose/O2 enzymatic biofuel cells 

Prior to the GDE being applied as the biocathode in glucose/O2 EBFCs, a GOx bioanode 

was prepared according to an established procedure.[290] Briefly, a 39.2 µL of aqueous 

solution, containing 3.3 mg mL-1 BOx, 2.0 mg mL-1 PEGDGE, and 3.2 mg mL-1 redox 

polymer, Os(bpy)2PVI, was drop-cast onto a nanoporous gold (NPG) electrode. After 

leaving the electrode in a vacuum desiccator for 20 min, the electrode was transferred to 

a refrigerator for drying overnight at 4 C. For the electrochemical characterization of 

glucose/O2 EBFCs, the GOx bioanode and the as prepared BOx GDE biocathode were 

immersed in 12 mL of PBS (100 mM, pH 7.0) in the in-house electrolyte cell and then 

connected to the electrochemical workstation as the working and reference/counter 

electrode, respectively. The GDE as the working electrode was fixed exactly at the middle 

hole on the side of the cell wall by tightening the screws firmly. After filling the air-

equilibrated PBS electrolyte (100 mM, pH 7.0) above the middle hole, the catalytic 

performance was recorded with a three-electrode system. LSVs with a scan rate of 1 mV 

s-1 were recorded to obtain polarization and power density curves. 

5.3 Results and discussion 

5.3.1 Characterization of electrode materials 

CP consisting of carbon fibers arranged in three dimensions is suitable as an electrode 

substrate with high surface area.[293] GO is found to be uniformly coated on carbon fibers 

as seen by SEM images (Fig. 5.3A-B). After electrochemical pulse potential treatment in 

the absence of 4-ABA, the GO nanomaterials coated on CP aggregate because the 

resulting RGO sheets tend to stack due to π–π interactions (Fig. 5.3E-F). Notably, the 

RGO-A shows the mildest aggregations compared to the RGO and RGO-A(N) (Fig. 5.3C-

H). This is likely due to the presence of –COO- (in neutral solutions) on RGO sheets 

introduced by the grafting of 4-ABA.[294-295] RGO-ABA with negative charges and thus 

relieves π–π stacking due to electrostatic repulsion among the sheets. 
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Figure 5.3 SEM images of (A-B) CPG/GO, (C-D) RGO-A, (E-F) RGO, (G-H) RGO-

A(N). Blue circles in (b) indicate the presence of GO sheets. 

For further investigation, GO, RGO and RGO-A was immobilized on highly oriented 

pyrolytic graphite (HOPG) and characterized with AFM. To produce RGO or RGO-A from 

GO on HOPG, a narrower potential window (-1.0 and 0.8 V vs. Ag/AgCl), rather than -1.4 

and 1.4 V vs. Ag/AgCl, was used to avoid any unwanted changes of the substrate HOPG, 

triggering the electrochemical oxidation of 4-ABA.[119] Excellent vertical resolution was 

obtained. It thus makes good sense that the thickness of GO (1.24 ± 0.07) measured is 

larger than that of RGO (0.78 ± 0.03) due to the removal of oxygenated groups via 

electroreduction, Fig. 5.4C-D and G-H, Fig. 5.5A-B and Table 5.1. RGO-A is ~2 Å thicker 

than RGO (Fig.5.4 E-F, Fig. 5.5B-C and Table 5.1), indicative of successful grafting of 4-

ABA. 2 Å is, however, smaller than the distance (5.63 Å) between the N atom of the NH2 

group and the C atom of the COOH group of 4-ABA (Fig. 5.6), suggesting that the grafted 

4-ABA is in a tilted orientation on the RGO surface. 
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Figure 5.4 Representative AFM images of (A-B) HOPG substrate and (C-D) GO, (E-

F) RGO-A or (G-H) RGO on HOPG. 
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Figure 5.5 AFM cross-section profiles for (A) GO in Fig. 5.4C, (B) RGO-A in Fig. 5.4E, 

and (C) RGO in Fig. 5.4G on HOPG, respectively. 

 

Figure 5.6 3D structure of 4-ABA molecule. The distances between the atoms are 

measured using Jmol software.[296] 

Table 5.1 Thickness of graphene-based materials on HOPG electrode, characterized by 

AFM. 

XPS was chosen to investigate the surface chemical composition and the carbon bonding 

states of various modified electrodes. The percentages of each carbon species to the total 

species, based on the relative surface area of each fitted peak, Fig. 5.7B-F, with the 

corresponding binding energy are summarized in Table 5.2.[247] The trend of relative 

surface area of oxygenated carbon species for various electrodes is consistent with the O/C 

ratio in survey spectra, indicating a reasonable fitting, Table 5.2 and Fig. 5.7A. The 

relative amount of oxygenated carbon species including C–O, C=O and COO– drastically 

increases from 16.0%, 39.8% to 56.7% for bare CP, CPG and CPG/GO, respectively. This 

is due to the increased amount of immobilized GO with substantial oxygenated carbon 

Graphene-based material GO RGO RGO-A 

Thickness (nm) 1.24 ± 0.07 0.78 ± 0.03 0.97 ± 0.09 
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species on carbon fibers by coating GO under sonication (CPG) and further drop-casting 

GO on CP electrodes (CPG/GO). After treatment by electrochemical potential pulses, the 

total oxygenated species of CPG/GO electrodes notably decrease to 28.0%, 18.8% and 

12.8% for RGO, RGO-A and RGO-A(N) electrodes, respectively. This is reasonable 

because the precursor electrode (i.e. CPG/GO) could be electrochemically reduced when 

applied with a negative potential pulse of -1.4 V, meaning that the GO on the electrode 

turns into RGO with fewer oxygenated groups. Compared to the RGO electrode, newly 

observed C–N species on RGO-A (16.3%) electrodes indicate the successful modification 

of 4-ABA undergoing electrochemical oxidation at 1.4 V. A small amount of C–N species 

(7.4%) can also be determined on RGO-A(N) due to the presence of physically adsorbed 4-

ABA on the electrode. All these observations demonstrate that the electrochemical 

potential pulse of -1.4/1.4 V can achieve both the electroreduction of GO and the electro-

oxidation of 4-ABA on CPG/GO electrode and thus the RGO-A electrode is obtained. 

 

Figure 5.7 (A) Survey spectra of different modified electrodes. XPS spectra of (B) CP, 

(C) CPG/GO, (D) RGO, (E) RGO-A(N) and (F) RGO electrodes. 
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Table 5.2 Relative peak area percentage of the carbon bindings of all carbon species in 

CP, CPG, CPG/GO, RGO, RGO-A and RGO-A(N) electrodes determined by XPS. 

Carbon status Binding 

energy (eV) 

CP 

(%) 

CPG 

(%) 

CPG/GO 

(%) 

RGO 

(%) 

RGO-A 

(%) 

RGO-A(N) 

(%) 

C sp2 284.5 ± 0.1 59.2 47.4 14.2 37.3 40.8 67.6 

C sp3 285.0 ± 0.1 24.8 12.8 29.1 34.7 24.1 12.2 

C–N 285.9 ± 0.1 - - - - 16.3 7.4 

C–O 286.6 ± 0.1 8.3 32.2 21.2 13.4 5.3 4.0 

C=O 287.4 ± 0.1 2.4 3.3 28.2 7.5 5.3 4.0 

COO– 288.6 ± 0.1 5.3 4.3 7.3 7.1 8.2 4.7 

Total oxygen-

species 

- 16.0 39.8 56.7 28.0 18.8 12.8 

5.3.2 Electrochemical characterization of modified electrodes 

Prior to enzyme immobilization, the various CP based electrodes were characterized 

electrochemically. EIS in 100 mM PBS (pH 7.0) containing 5.0 mM K4[Fe(CN)6] was first 

carried out. The impedance spectra were fitted using the equivalent circuit in Fig. 5.8A. 

The primary electrode (CPG/GO) gives a moderate charge transfer resistance (Rct) of 50.6 

Ω, Table 5.3. GO-A shows the highest Rct of 341 Ω, in good agreement with the largest 

peak separation (ΔEp) of 286 mV and the smallest anodic peak current (0.50 mA cm-2) for 

the CV curves of [Fe(CN)6]3-/4-, Fig. 5.8B and Table 5.4. The significantly increased Rct and 

ΔEp are mainly caused by the stronger electrostatic repulsion between the redox probe 

[Fe(CN)6]3-/4- and the increased amount of –COOH groups (mostly in –COO- form at pH 

7.0), on electrode surface after electrochemical oxidation of 4-ABA. This is supported by a 

smaller ΔEp for positively charged [Ru(NH3)6]2+/3+, Fig. 5.8C and Table 5.4. On the other 

hand, negative potential pulses can reduce GO on the electrode surface and improves the 

electrode conductivity, supported by the Rct decreasing from 50.6 Ω for CPG/GO to 29.0 Ω 

for the resulting RGO, together with lower ΔEp (from 146 to 105 mV, and from 166 to 107 

mV) for both [Fe(CN)6]3-/4- and [Ru(NH3)6]2+/3+. When the CPG/GO was treated 

electrochemically with both negative and positive potential pulses, the resulting RGO-A 

electrode similarly shows a smaller Rct of 32.6 Ω compared to the CPG/GO electrode, 

consistent with CV curves which display smaller ΔEp of 112 and 142 mV for [Fe(CN)6]3-/4- 

and [Ru(NH3)6]2+/3+, respectively. In addition, the Rct and ΔEp for [Fe(CN)6]3-/4- at RGO-A 

are comparable to those at RGO and RGO-A(N). This is reasonable, as electroreduction of 

GO greatly enhances the electrochemical activity. Notably, RGO-A(N) shows the smallest 

ΔEp (105 mV) for [Ru(NH3)6]2+/3+ probably due to the physically adsorbed 4-ABA efficiently 

attracting the positively charged redox probe molecules. 
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Figure 5.8 (A) EIS of CPG/GO, RGO-A and GO-A electrodes recorded for 100 mM O2-

free PBS (pH 7.0) with 5.0 mM K4[Fe(CN)6]. Inset right of (A): Magnified EIS of the 

RGO-A compared with RGO-A(N) and RGO electrodes. Inset left of (A): Equivalent 

circuit used to fit to the impedance data; Rs: electrolyte solution resistance; Rct: 

interfacial electron transfer resistance; CPEdl and CPEp: constant phase element of 

the electrode double layer and polarization, respectively. CVs at 50 mV s-1 of the 

CPG/GO, GO-A, RGO, RGO-A and RGO-A(N) electrodes in 100 mM O2-free PBS (pH 

7.0) with 5.0 mM (B) K4[Fe(CN)6] or (C) [Ru(NH)6]Cl3. 

Table 5.3 Parameters obtained by fitting the impedance spectra based on the equivalent 

circuit (inset of Fig. 5.8A). 

Table 5.4 Key voltammetry parameters of modified electrodes in 100 mM PBS (pH 7.0) 

containing 5.0 mM K4[Fe(CN)6] or [Ru(NH3)6]Cl3 based on Fig. 5.8B and C. 

Electrode K4[Fe(CN)6] [Ru(NH3)6]Cl3 

ΔEp (mV) ja (mA cm-2) jc (mA cm-2) ΔEp (mV) ja (mA cm-2) jc (mA cm-2) 

CPG/GO 146 0.83 -0.83 166 3.10 -2.99 

GO-A 286 0.66 -0.72 151 2.76 -2.74 

RGO-A 112 0.50 -0.95 142 1.18 -1.18 

RGO 105 1.30 -1.36 107 1.00 -1.14 

RGO-A(N) 110 0.99 -1.05 105 1.54 -1.53 

 

ECSAs of the modified carbon electrodes were determined from the capacitive currents 

based on CVs in PBS electrolyte, Fig. 5.9 and Table 5.5.[250] Bare CP shows the smallest 

ESCA of 0.010 ± 0.001 cm2, CPG shows 50-fold increased ECSA, and CPG/GO nearly 

further doubles the ECSA of CPG to 1.0 ± 0.2 cm2 because of the improved hydrophilicity, 

Fig. 3.8. Electroreduction of GO to RGO results in a RGO electrode with an ECSA notably 

increasing to 45 ± 8 cm2 due to the improved conductivity. The RGO-A electrode exhibits 

Electrode Rs (Ω) Y0,dl (S s−αdl) αdl Y0,p (S s−αp) αp Rct (Ω) χ•103 

CPG/GO 39.3 2.10 × 10-5 0.887 3.61 × 10-3 0.327 50.6 4.06 

GO-A 46.0 3.91 × 10-3 0.902 4.01 × 10-3 0.322 341 1.58 

RGO-A 38.1 3.42 × 10-3 0.657 4.45 × 10-3 0.664 32.6 0.88 

RGO 28.9 4.85 × 10-3 0.549 3.12 × 10-3 0.755 29.0 0.24 

RGO-A(N) 28.4 2.43 × 10-3 0.558 4.00 × 10-3 0.658 31.2 0.98 
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the highest ECSA compared to other reduced electrodes (i.e, RGO and RGO-A(N) 

electrodes), which can be explained by the SEM observation that the RGO-A electrode 

shows the mildest RGO sheet aggregation. Overall, the RGO-A electrode with improved 

Rct and the highest ESCA could be an excellent matrix for BOx immobilizations. Both 

morphology and electrochemical studies thus show that grafting of 4-ABA is likely to 

alleviate RGO aggregation by electrostatic repulsion and thus attenuate π–π stacking. 

After enzyme immobilization, similar trends were observed, whereas all ESCAs decrease 

by ca. 50% probably due to the presence of insulating protein (Table 5.5). 

 

Figure 5.9 Representative cyclic voltammograms (CVs) of (A) CP, CPG and CPG/GO 

electrodes and (B) various electrodes derived from CPG/GO with different 

electrochemical potential pulse treatments in O2-free PBS (100 mM, pH 7.0); scan 

rate: 5 mV s-1 

Table 5.5 ECSA of various electrodes based on Fig. 5.9, 5.11A, 5.11C and 5.13B. 

Electrode Δi (µA) Cdl (µF) ECSA (cm2) 

CP 0.0025 ± 0.0003 0.25 ± 0.03 0.010 ± 0.001 

CPG 0.131 ± 0.008 13.1 ± 0.9 0.52 ± 0.04 

CPG/GO 0.24 ± 0.04 24 ± 4 1.0 ± 0.2 

RGO 11 ± 2 1131 ± 209 45 ± 8 

RGO-A 20 ± 2 2058 ± 238 82 ± 10 

RGO-A(N) 10 ± 1 1064 ± 96 42 ± 4 

GO-A 0.71 ± 0.05 71 ± 5 2.8 ± 0.2 

RGO/BOx 6.4 ± 0.2 643 ± 18 25.7 ± 0.7 

RGO-A/BOx 11.9 ± 0.8 1188 ± 77 48 ± 3 

RGO-A(N)/BOx 4.5 ± 0.6 446 ± 59 18 ± 2 

GO-A/BOx 0.53 ± 0.07 53 ± 7 2.1 ± 0.3 

R-A/BOx 2.6 ± 0.3 262 ± 28 10 ± 1 

5.3.3 Electrocatalysis of BOx Bioelectrodes 

The ORR on the RGO-A bioelectrodes with BOx immobilized was found to start at 

approximately 0.57 V vs. Ag/AgCl (Fig. 5.10 and 5.11A), consistent with reported 

observations.[119, 297] The limited catalytic current at 0 V is mainly due to the substrate 
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dioxygen supply constraint, confirmed by the observation that the addition of 5 mM ABTS 

hardly improves catalytic response, Fig. 5.10. ABTS is an efficient mediator allowing to 

address electrochemically the BOx molecules that are not optimally orientated.[298] 

 

Figure 5.10 Comparison of the catalytic performance on RGO-A/BOx bioelectrodes 

toward O2 reduction in 100 mM PBS (pH 7.0) in the absence or presence of the 

mediator ABTS (5 mM). 

RGO-A/BOx bioelectrode (193 ± 4 µA cm-2) shows 3.4-fold higher ∆jcat compared to R-

A/BOx (44 ± 5 µA cm-2), Fig. 5.11A. This can be explained by the more facile ET through 

the electrode due to the higher RGO content on RGO-A/BOx over R-A/BOx, revealed by 

the increased estimated ECSA from 10 ± 1 cm2 for R-A/BOx to 48 ± 3 cm2 for RGO-A/BOx 

(Fig. 5.11A and Table 5.6). This could be further verified by tuning the amount of drop-

cast GO (i.e. the amount of resulting RGO) from 1.0 to 3.0 mg mL-1 correspondingly 

reflected in ∆jcat of the BOx bioelectrodes, Fig. 5.11B. It is seen that ∆jcat increases with 

increasing concentration of drop-cast GO, reaching the maximum at 3 mg mL-1. However, 

further increasing the concentration of GO solution for electrode modification leads to a 

decreased ∆jcat, probably due to the limited diffusion of substrate O2 from bulk solution to 

the electrode surface. 

 

Figure 5.11 CVs of the BOx bioelectrodes based on (A) R-A and RGO-A matrices, as 

well as (C) RGO-A and RGO matrices in 100 mM PBS (pH 7.0), scan rate: 5 mV s-1. 
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(B) Effect of the amount of drop-cast GO (20 µL) on the catalytic performance of RGO-

A/BOx electrodes toward O2 reduction. All catalytic currents are obtained from the 

difference value of cathodic currents in the absence and presence of O2 at 0.2 V. 

Compared to the RGO bioelectrode, the RGO-A bioelectrode shows a 1.4-fold catalytic 

response, Fig. 5.11C, highlighting the role of 4-ABA as a DET promotor grafted on the 

electrode surface by applying the positive potential pulse (Fig. 5.12 and 5.13A). This step 

is essential for favorable orientation of BOx, since the CuT1 site of BOx, surrounded 

mainly by positively charges at neutral pH (illustrated in Scheme 5.1), is then close to the 

RGO-A electrode surface.[2] A large oxidation peak of the amino group of 4-ABA appears 

at around 0.85 V in the first cycle of CVs on the CPG/GO electrode, with the current 

gradually stabilizing in the following cycles, Fig. 5.12B, verifying the electrochemical 

modification of 4-ABA on the electrode surface. Comparable catalytic activities are 

observed on RGO-A/BOx bioelectrodes with different durations for electro-oxidation of 4-

ABA, suggesting sufficient grafting of 4-ABA, Fig. 5.13A. The BOx bioelectrode based on 

the RGO-A(N) matrix obtained without positive potential pulse, i.e., no grafting of 4-ABA, 

only exhibits ~34% catalytic response on the RGO-A, Fig. 5.13B. Due to the smaller 

amount of physically adsorbed 4-ABA, concluded from a smaller amount of C–N on RGO-

A(N) than a RGO-A based on XPS (Table 5.2), the RGO-A(N) matrix cannot strongly 

enough orientate BOx. In addition, RGO-A(N) suffers more serious RGO sheet 

aggregation in comparison to RGO-A. Only 2.6% catalytic activity was observed on the 

GO-A/BOx bioelectrode compared to the RGO-A/BOx, Fig. 5.13B, highlighting the 

importance of the electroreduction process for improved electrode conductivity. This is 

supported by the observation that the GO-A/BOx electrode shows only 4.4% ECSA 

compared to the RGO-A/BOx electrode, Table 5.5. 

 

Figure 5.12 (A) Electrochemical potential pulse treatment (alternatively, -1.4 V vs. 

Ag/AgCl for 10 s and 1.4 V for 5 s) of the CPG/GO electrode in Ar-saturated PBS (100 

mM, pH = 7.0) containing 5 mM 4-ABA. (B) CVs of the CPG/GO electrode in the same 

electrolyte containing 5 mM 4-ABA. Scan rate 50 mV s-1. The control is obtained in 

absence of 4-ABA. 



 

104 

 

 

Figure 5.13 (A) Effect of the duration of applied positive potential for electro-

oxidizing 4-ABA on the catalytic performance of RGO-A/BOx electrodes toward O2 

reduction. (B) CVs of the BOx bioelectrodes based on RGO-A, RGO-A(N) and GO-A 

matrices in 100 mM pH 7.0 PBS. 

5.3.4 Kinetic analysis of performance of bioelectrodes 

To achieve a better understanding on how 4-ABA functionalization promotes the DET of 

BOx, we undertook a more detailed kinetic analysis. The amount of active BOx 

immobilized on the electrode can be estimated by enzyme assay using a spectroscopic 

method, Fig. 5.14. The estimated surface coverage, Γact of active BOx on the RGO-A matrix 

(64 ± 3 pmol cm-2) is comparable to those on RGO (58.0 ± 0.7 pmol cm-2) and RGO-A(N) 

matrices (49.3 ± 0.7 pmol cm-2), although ∆jcat on these three electrode matrices varies 

somewhat, Table 5.6. The highest catalytic activity on RGO-A is therefore mainly due to 

higher ratio of BOx able of DET as a result of better enzyme orientation, rather than 

higher enzyme loading. 

 

Figure 5.14 Calibration curve showing the linear relationship between the rate of 

absorbance change with time at 420 nm and the BOx amount. The reaction solution 

is air-equilibrated PBS (100 mM, pH 7.0) containing 0.20 mg mL-1 ABTS as the 

electron donator and a certain amount of active BOx. 
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Table 5.6 Kinetic parameters of DET-type bioelectrocatalytic reduction of dioxygen for 

different BOx bioelectrodes. 

# Γact is the sum of surface coverage of active DET- and MET-type BOx, obtained from the activity 

assay. 

Further, DET-type catalytic activity kcat and/or the orientation factor λ,[118-119] involved in 

the electrochemical communication between BOx and the electrode surface, are estimated 

based on the experimental data of the catalytic current (i) vs. the electrode potential (E) 

obtained from LSV. A steady-state model describing the 𝑖/𝑖𝑙𝑖𝑚
𝑐𝑎𝑡 vs. E relationship ignoring 

the concentration depletion of the substrate and mainly considering the random 

orientation is expressed as follows:[118-119, 299] 

𝑖

𝑖𝑐𝑎𝑡
𝑙𝑖𝑚 =

1

𝛽𝛥𝑑{1+𝑒𝑥𝑝(𝜑)}
ln |

𝑘0
𝑚𝑎𝑥 {1+exp(𝜑)}+

𝑘𝑐𝑎𝑡
𝑘0
𝑚𝑎𝑥 𝑒𝑥𝑝(𝛼𝜑)

 𝑒𝑥𝑝(−𝛽𝛥𝑑) {1+𝑒𝑥𝑝(𝜑)}+
𝑘𝑐𝑎𝑡
𝑘0
𝑚𝑎𝑥 𝑒𝑥𝑝(𝛼𝜑)

|                   (5.1) 

𝜑 =
𝑛𝐸
′ 𝐹

𝑅𝑇
(𝐸 − 𝐸𝐸

°′)                                                           (5.2) 

where 𝑘0
𝑚𝑎𝑥 is the standard rate constant of BOx with the best orientation (the closest 

approach, dmin) and Δd the distance between the closest and farthest approach of DET-

capable enzymes in various orientations, Fig. 5.15B. α is the transfer coefficient and β is 

the long-range tunneling decay factor. The abbreviation φ is determined by n'E, the 

number of electrons in the rate-determining step of the electrocatalytic process (1 for the 

CuT1 site in BOx in this case). F is the Faraday constant, R the gas constant, T the 

absolute temperature and 𝐸𝐸
°′  the formal potential of the CuT1 site of BOx that 

communicates with the electrode by DET (0.608 V vs. Ag/AgCl).[239, 300] 

Following in previous reports,[118-119] 𝑘𝑐𝑎𝑡/𝑘0
𝑚𝑎𝑥, βΔd, and kcatλΓact were used  as adjustable 

parameters to fit the recorded LSV data with a non-linear regression by Excel©, Fig. 

5.15A. kcatλΓact is positively relevant to the 𝑖𝑐𝑎𝑡
𝑙𝑖𝑚 where a specific enzyme immobilized on 

the electrode with the same surface area. λ is the surface concentration proportion of the 

DET-capable enzymes that can communicate with the electrode directly to the total 

amount of immobilized active enzymes. The catalytic rate constant for DET, kcat, is 

BOx matrix kcat/𝑘0
𝑚𝑎𝑥

 βΔd 
kcatλΓact (mol 

cm-2 s-1) 

Γact (mol cm-2) 

# 
kcatλ (s-1) 

∆jcat (µA 

cm-2) 

RGO-A 1.6 ± 0.2 2.2 ± 0.2 
(4.53 ± 0.01) 

× 10-10 

(6.4 ± 0.3) ×  

10-11 
7.1 ± 0.1 193 ± 4 

RGO 4.5 ± 0.8 5.5 ± 0.6 
(2.9 ± 0.1) × 

10-10 

(5.80 ± 0.07) × 

10-11 
5.0 ± 0.2 134 ± 9 

RGO-A(N) 5.3 ± 0.1 3.4 ± 0.1 
(1.62 ± 0.01) 

× 10-10 

(4.93 ± 0.07) × 

10-11 
3.3 ± 0.1 66 ± 8 

RGO-A_ads 2.0 ± 0.5 2.6 ± 0.4 
(5.19 ± 0.01) 

× 10-10 

(7.1 ± 0.4) ×  

10-11 
7.3 ± 0.1 195 ± 2 
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different from the solution activity (kc) because the value depends on the electron 

acceptor. The estimated the kcatλΓact for the RGO-A matrix (453 ± 1 pmol cm-2 s-1) is much 

higher than for RGO (290 ± 10 pmol cm-2 s-1) and RGO-A(N) matrices (162 ± 1 pmol cm-2 

s-1), in accordance with the trend of ∆jcat on these three electrode matrices, Table 5.6. 

Furthermore, assuming that the values for Γact obtained by the fitting and by the activity 

assay are comparable, the RGO-A bioelectrode gives a 1.4 fold and 2.2-fold higher kcatλ 

(7.1 s-1) than RGO and RGO-A(N) bioelectrodes, respectively. Assuming that the active 

BOx with comparable amounts on different graphene-based matrix shows a similar DET 

catalytic activity (kcat), the larger orientation parameters λ of RGO-A is then the main 

contributor to the improved catalytic performance. 

βΔd is evaluated as 2.2 ± 0.2 for the RGO-A/BOx electrode, but 5.5 ± 0.6 and 3.4 ± 0.1 for 

the RGO/BOx and RGO-A(N)/BOx electrodes, respectively, Table 5.6. If the value of β is 

taken to be 1.0-1.4 Å-1 for all the electrodes,[301] then Δd is 1.6-2.2 Å for RGO-A/BOx, i.e., 

lower than 3.9-5.5 Å and 2.4-3.4 Å for RGO/BOx and RGO-A(N)/BOx, respectively. Δd is 

also lower than the reported value (2.6 ± 0.2 Å) for BOx orientated on a planar 

electrode,[119] indicative of more favourable BOx orientation on RGO-A electrode. Taking 

into account that the BOx size is 4-6 nm,[119] most of the DET-capable BOx would then be 

orientated with the CuT1 site quite close to the electrode surface. The best orientated 

immobilization of BOx is achieved for the RGO-A matrix due to the abundance of 

negatively charged aromatic groups. Without 4-ABA modification, BOx on the RGO 

matrix seems to be in a less-ordered orientation. Finally, 𝑘𝑐𝑎𝑡/𝑘0
𝑚𝑎𝑥  for RGO-A is 

estimated as 1.6 ± 0.2, around one third of the value for RGO and RGO-A(N) bioelectrodes, 

reflecting that the highest 𝑘0
𝑚𝑎𝑥 is found at the RGO-A/BOx bioelectrode. Based on the 

kinetic analysis, the promoted DET-type biocatalysis on the RGO-A matrix is concluded 

to be due to the better orientation of BOx (the highest orientation parameter λ, smallest 

Δd and largest 𝑘0
𝑚𝑎𝑥) promoted by the negatively-charged aromatic 4-ABA groups on the 

electrode surface. 
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Figure 5.15 (A) LSV of catalytic reduction of dioxygen at RGO-A/BOx with scan rate 

of 1 mV s-1 in dioxygen-saturated PBS (pH 7.0). The black and red dot-lines represent 

the raw voltammogram and non-linear least square fitted curve, respectively. (B) 

Schematic illustration of two boundary orientations of BOx on a negatively charged 

electrode surface, resulting in different tunneling distances d for interfacial ET from 

the electrode to the BOx CuT1 site. 

5.3.5 Stability evaluation of bioelectrodes 

The storage and operational stability of the graphene-based bioelectrodes were 

investigated thoroughly. ∆jcat drops to half its initial value when RGO-A/BOx electrodes 

are stored for two weeks, while RGO and RGO-A(N) bioelectrodes retain 25% of the initial 

value, Fig. 5.16A and Fig. 5.17A, highlighting the role of 4-ABA in maintaining the 

stability. Similar to reported polycyclic aromatic electrode surface modifiers such as 

phenylalanine, tyrosine and tryptophan,[302] grafted 4-ABA binding to the CuT1 site pocket 

of the enzyme might simultaneously alleviate the desorption and conformational changes 

of BOx.[303] Although freshly prepared RGO-A_ads/BOx bioelectrodes, where the BOx was 

physically adsorbed, shows a comparable initial catalytic activity and similar kinetic 

parameters as covalently bound BOx on RGO-A, Table 5.6, only 35% of the original ∆jcat 

is retained after two-weeks’ storage. This can be explained by BOx leaching from the 

electrode due to the weak physical interaction, also previously observed when BOx was 

electrostatically absorbed on GCE modified by MWCNTs.[89] 

Operational stability is another criterion for stability evaluation, although the 

operational stability of all the electrodes in the study is lower than the storage stability. 

RGO-A/BOx shows superior operational stability with a half-lifetime of 55 h compared to 

RGO/BOx (13 h) and RGO-A_ads/BOx (40 h), Fig. 5.16B and 5.17B. The high RGO-A/BOx 

stability is mainly assigned to the amide bonds between BOD lysine residues and the 

aromatic 4-ABA carboxylic groups on the graphene-based electrode surface, resulting in 

minimal leakage and activity loss of BOx.[304] This could also be attributed to the 

covalently bonded BOx molecule, less affected by the applied potential (0.2 V) than the 
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adsorbed one.[297] It is noteworthy that RGO-A/BOx with comparable storage stability 

shows the longest half-lifetime among other reported DET-type BOx bioelectrodes (Table 

5.7), indicating its excellent operation stability. 

 

Figure 5.16 (A) Storage and (B) operational lifetime of the BOx bioelectrodes based 

on RGO, RGO-A and RGO-A_ads matrices in dioxygen-saturated and air-bubbling 

PBS (100 mM, pH 7.0), respectively. For storage lifetime evaluation, the catalytic 

activity was recorded by CV at a given day during the storage period. The operational 

stability of BOx bioelectrodes was evaluated by CA with an applied potential of 0.2 

V. 

 

Figure 5.17 (A) Storage lifetime of the BOx bioelectrodes based on RGO-A(N) and 

RGO-A matrices in dioxygen-saturated PBS (100 mM, pH 7.0). (B) The catalytic 

current percentage after the bioelectrodes are continually operated for 50 h at the 

applied potential of 0.2 V compared to the original catalytic current in air-bubbled 

PBS (100 mM, pH 7.0). 
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Table 5.7 Comparison of the stability of DET-type BOx bioelectrode for ORR. 

* The retention percentage of initial electrocatalytic activity. KB: Ketjen Black, a kind of carbon black; MPA: mercaptopropionic acid. All potentials 

are vs. Ag/AgCl (Sat.).  

Matrix 
Immobilization 

technique 
Electrolyte 

Storage 

half-

lifetime  

No. of 

measurements 

(methods) during 

storage 

Operation 

half-

lifetime  

Operation 

conditions 
Ref. 

CPG/RGO-A Covalent PBS, pH 7.0 14 d 2 (CV at 0.20 V) 55 h 0.20 V, air purging  
This 

work 

CPG/RGO-A Adsorption PBS, pH 7.0 ~10 d 2 (CV at 0.20 V) 40 h 0.20 V, air purging  
This 

work 

GCE/KB-Amine Adsorption PBS, pH 7.0 6 d 4 (CA at 0 V) -. - [119] 

GCE/KB-PTFE/bilirubin Adsorption  7 d (60%)* 6 (CA at 0 V) - - [305] 

NPG-MPA Covalent PBS, pH 7.4 20 d 5 (LSV at 0 V) - - [306] 

Au/MWCNT-PQQ Covalent citrate-PBS 20 d 5 (LSV at 0.25 V) - - [307] 

GCE/MWCNT-maleimide Covalent PBS, pH 7.0 ~6 d 5 (- at 0.045 V) - - [89] 

Mesoporous silica 

nanotubes-carbon layer 
Encapsulation 

McIlvaine 

buffer, pH 5.0 
~15 d (80%) fresh (CA at 0 V) - - [308] 

Porous CF/MWCNT@COOH/ 

chitosan-GA 
Cross-linking PBS, pH 7.0 120 d (55%) 5 (LSV at 0.15 V) - - [309] 

Carbon 

fiber/AuNPs/Chitosan-

glutaraldehyde 

Cross-linking PBS, pH 7.0 ~4 d 0 (CV at 0 V) - - [310] 

Graphite/AuNPs-MPA Covalent 
Serum-mimic 

PBS, pH 7.4 
- - ~4 h 

0.20 V, 500 rpm 

rotation 
[304] 

GCE/MWCNT-cellulose Adsorption 
Citrate buffer, 

pH 5.0 
~40 d 0 

45 h 

(60%)* 
0.20 V, air purging [14] 

Au/CNTs/PANI Adsorption PBS, pH 7.4 - - 12 h (78%) 
0.045 V, Air-

saturated, stirring 
[311] 

Buckypaper(MWCNT) Adsorption PBS, pH 6.0 - - 10 h 
0.50 V, O2-

saturated, stirring 
[312] 
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5.3.6 Applications as gas diffusion bioelectrodes and biocathodes 

RGO-A/BOx bioelectrodes were finally exploited as a GDBE to to demonstrate the 

versatile nature of our bioelectrode construction methodology.[313-314] GDBEs are gaining 

increasing attention as they accelerate the gaseous substrate supply[2, 315], and offer great 

potential in portable and wearable EBFCs. GDBEs typically consist of a porous 

supporting electrode, a gas-diffusion layer, and a biocatalytic layer.[313] The consumed 

gaseous substrate (O2) in the buffer solution for the ORR can be steadily supplied from 

the gas phase. CPs are suitable as supporting electrodes. A GDBE cell specialized for 

membrane-less EBFCs was designed and fabricated. RGO-A/BOD in an “air-breathing” 

configuration with gas phase filling of ambient air shows a ∆jcat of 60 µA cm-2 working at 

0.2 V vs. Ag/AgCl, which is higher than the same electrode immersed in the electrolyte 

only delivering 40 µA cm-2 (Fig. 5.18). This shows that the GDBE with enhanced dioxygen 

supply can enhance the catalytic performance, offering considerable potential for practical 

applications.[305] 

 

Figure 5.18 The catalytic performance of the RGO-A/BOx bioelectrode as a GDBE 

electrode compared to the immersed bioelectrodes, evaluated by CA techniques with 

an applied potential of 0.2 V after 1000 s. 

Finally, the RGO-A in the GDE configurations was assembled with a prepared GOx 

bioanode for EBCF applications. The constructed glucose/O2 EBFCs delivered a maximum 

power density (Pmax) of 22 μW cm-2 with an OCV of 0.51 V (Fig. 5.19A),  which is 

comparable to other graphene-based glucose/O2 EBFCs.[139] The stability of the 

constructed EBFC was further tested by continually measuring the current at the 

potential where the Pmax was obtained. Only ~30% current output was retained after the 

EBFC operating 1 h in a static solution and the lifetime of the EBFC was ~16 h, Fig. 

5.19B. Based on the above stability evaluation of BOx stability (half-lifetime: 55 h), it can 
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be concluded that the decrease in current outputs was mainly due to the instability of the 

GOx bioanode, suffering redox polymer detachment. 

 

Figure 5.19 (A) Representative polarization and power density curves obtained from 

the GOx bioanode and BOx biocathode in air-equilibrated PBS (100 mM, pH 7.0) 

containing 20 mM glucose. Scan rate: 1 mV s-1. (B) Stability of the EBFC in a static 

solution. The current density in the same electrolyte was recorded at the potential of 

0.2 V. 

5.4 Conclusions 

BOx was efficiently covalently bonded on 3D graphene-based electrode with a favorable 

orientation by inducing negatively charged aromatic linkers on the electrode surface. 

Both the negative and positive potential pulse improve significantly the 

bioelectrocatalytic performance of the bioelectrodes toward dioxygen reduction. The 

bioelectrode with both negative and positive potential pulses shows the highest ∆jcat (193 

± 4 µA cm-2) among other control bioelectrodes. Especially, the importance of the positive 

potential pulse for electrochemical oxidation of 4-ABA on the produced RGO sheets is 

concluded. The superior DET-type biocatalytic performance on the RGO-A matrix 

compared to the RGO matrix is mainly due to better orientation of BOx with the help of 

negatively charged aromatic groups on the electrode surface. This is also partly attributed 

to the improved interfacial ET between BOx and the 3D matrix because the RGO 

aggregation is avoided due to the electrostatic repulsion and thus the high surface area 

is maintained. The bioelectrode shows outstanding operational stability with the half-

lifetime of 55 h significantly higher than the other reported DET-type BOx bioelectrodes, 

cf. Table 5.7, mainly due to the strong covalent bond between the enzyme and electrode 

surface. The developed graphene-based BOx bioelectrodes, exploited as a GDBE, showed 

an elevated catalytic response via accelerating the gaseous substrate diffusion rate. The 

BOx bioelectrode was finally utilized as the biocathode in biofuel cells with a well-

established GOx bioanode. The fabricated glucose/O2 EBFC with an OCV of 0.51 V 

delivered a Pmax of 22 µA cm-2, comparable to reported values.
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Chapter 6 

Conclusions 

With the rapidly increasing demands for energy, EBFCs as electrochemical devices hold 

promise to generate electricity in an environmentally friendly way. However, EBFC 

applications in wearable, implantable and portable devices remain challenges in terms of 

stability and power output. With excellent properties such as high surface area, light 

weight, and high conductivity, graphene as electrode materials shows great potential to 

promote the performance of bioelectrodes as well as EBFCs. 

In this Ph.D. project, first constructed 3D graphene-based CP electrodes (CPG) with large 

surface area were used as the substrate for further functionalization and enzyme 

immobilization. CPG was prepared by coating GO onto carbon fibers of porous CP via 

sonication of the CP in GO solutions for optimized period of time. Characterization of the 

as prepared CPG by SEM confirmed that CPG retained the original 3D structure of CP 

and thus high surface area. WCA measurements suggested the improved hydrophilicity 

on CPG compared to the hydrophobic CP. This property ensured uniform loading of 

nanomaterials and enzymes. 

Secondly, a compact sulfite/O2 EBFC was assembled with a 3D hSO graphene-based 

bioanode and a commercial Pt cathode supported by CP. The 3D hSO graphene-based CP 

bioelectrode was fabricated by first drop-casting graphene-PEI composite, then 

electrochemically reducing the resulting electrode, and finally casting hSO solutions. The 

introduction of graphene-PEI nanocomposites not only increases the electrode surface 

area but also provides anchors for hSO adsorption via electrostatic interactions. Notably, 

the bioelectrode with electroreduction after the nanomaterial immobilization showed a 9-

fold increase of the saturation catalytic current density for sulfite oxidation, reaching 24.4 

μA cm-2, compared to the one without electroreduction. Further studies suggested that 

the electroreduction treatment of GO to RGO on the electrode, leading to accelerated 

interfacial ET, played a dominating role in the elevated direct catalytic current. The 

optimized graphene-based hSO bioelectrode was successfully exploited as the bioanode in 

an EBFC with a commercial Pt cathode. The assembled sulfite/O2 EBFC with an OCV of 

0.64 V fed with flowing fuels exhibited a Pmax of 61 µW, exceeding the value for the best 

reported EBFCs by more than six times. As a compact and portable power generator, the 
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EBFCs hold great potential for extracting electrical energy from body liquids, beverages 

and food containing sulfite. In addition, the EBFCs can potentially serve as a self-powered 

biosensor for detecting sulfite. 

On the other hand, GO reduced electrochemically onto 3D CPs still leaves residual 

aggregation. This challenge inspired us to find a better way to avoid the graphene 

aggregation and retain the high working surface area for enzyme immobilization. Another 

glucose/O2 EBFCs was constructed in a GDE configuration by employing an established 

GOx bioanode and a newly fabricated 3D graphene-based BOx biocathode. The 3D 

graphene-based BOx biocathode was prepared by first utilizing CPG as support for RGO 

functionalized with negatively charged aromatic molecules (4-ABA) and then covalently 

binding BOx with the –COOH groups of 4-ABA on the electrode surface. The production 

of RGO from GO and grafting of 4-ABA were achieved by applying electrochemical pulses 

at negative and positive potential, respectively. SEM characterization disclosed that the 

introduction of 4-ABA during the GO reduction can overcome the aggregation of produced 

RGO due to the electrostatic repulsion among the graphene sheets and thus preserve the 

high ESCA. In addition, 4-ABA optimized the orientation of BOx on the electrode surface 

reaching a highest catalytic current density (∆jcat:193 ± 4 µA cm-2), confirmed by the model 

fitting to the electrocatalytic ORR current vs. potential. The dual roles of 4-ABA grafting 

are thus highlighted. The methodology herein holds promise for further development of 

graphene-based bioelectrochemical devices. Moreover, the BOx bioelectrode showed very 

high operation stability (half-lifetime: 55 h) compared to other reported DET-capable BOx 

bioelectrodes, mainly due to the rigid bonding of enzyme on the electrode surface. The 

BOx bioelectrode assembled in a GDE cell showed enhanced catalytic activity compared 

to the one immersed in electrolytes. The BOx/GDE biocathode together with a reported 

GOx bioanode was combined in a glucose/O2 EBFC with satisfactory performance (Pmax: 

22 µW cm-2, OCV: 0.51 V). The successful exploitation of the bioelectrodes in both GDE 

and EBFC configurations offers new prospects for electrochemical devices such as biofuel 

cells or biosensors. 

Overall, constructing 3D graphene-based substrates for enzyme immobilization provides 

great potential to increase the electrocatalytic performance. Furthermore, the 3D 

graphene-based enzymatic biocatalysts serving as bioelectrodes in EBFCs resulted in 

high-level power outputs sufficient to power miniaturized and portable devices such as 

electrochemical sensors. However, the implementation of graphene-based EBFCs in 

practical applications requires further exploration. The main directions of research in 

graphene-based EBFCs are (i) miniaturization aiming at implementation in/on human 

body, (ii) energy generation for portable electrochemical devices and (iii) power sources 

for the synthesis of valuable chemicals. The following perspectives can be of particular 

interest for future investigation and possible Ph.D. projects. (1) Dedicated graphene-

based materials such as GQDs may be suitable enzyme platforms considering the easy 



 

114 

 

grafting chemistry due to the presence of large amount of carboxylic acid groups at the 

edges of the GQDs, the likely facilitated electrocatalysis, and the large specific surface 

areas. (2) Lightweight graphene-based electrodes such as graphene hydrogels for 

bioanode and biocathode fabrications are promising for portable and wearable EBFCs 

benefiting from their small weight and high flexibility. (3) CVD derived graphene can 

serve as integrated electrodes of on-chip enzymatic devices for miniaturized biosensing or 

bio-powering; (4) and a wide range of fuel molecules such as inorganic molecules or cheap 

biomass-derived biofuels using new or engineered enzymes provides scope for the 

construction of stable and efficient graphene-based bioanodes and biocathodes as well as 

other enzymatic bioelectrodes. 
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