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Abstract 

Modification of carbon ceramic electrodes with enzymes catalyzing dioxygen reduction – 

laccase or bilirubin oxidase – is reported. Laccase is immobilized within sol–gel processed 

hydrophilic silicate film on electrodes surfaces with immobilized mediators – 2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulfonate) or 3,5-dimethoxy-4-hydroxybenzaldehydrazine 

(syringaldazine). These electrodes exhibit mediated bioelectrocatalytic reduction of dioxygen. 

Electrodes with adsorbed bilirubin oxidase exhibit efficient mediatorless bioelectrocatalysis of 

dioxygen electroreduction. The efficiency of electrocatalysis and permeability for gaseous 

dioxygen are increased for electrodes enriched with hydrophilic carbon nanoparticles. 

Presented electrodes are examined as biocathodes in zinc-dioxygen cells. Current-voltage 

characteristics of these cells are determined using chronopotentiometry. 

Bioelectrocatalytic process is studied by scanning electrochemical microscopy. 

Special attention is paid to the possible leaching of mediator and the effect of the electrode 

potential on the formation of reaction products. New variant of the scanning electrochemical 

microscopy feedback mode measurements of enzymatic dioxygen reduction is proposed. This 

mode is applied to study the distribution of laccase within sol–gel processed silicate films and 

for the comparison of laccase and bilirubin oxidase activity. Special attention is paid to 

increased activity at the edge of the film. Scanning electrochemical microscopy is also used 

for imaging of lateral distribution of the electrical conductivity and dioxygen permeability of 

the carbon ceramic electrode enriched with carbon nanoparticles. 
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Streszczenie 

W pracy tej została przedstawiona modyfikacja ceramicznych elektrod węglowych 

enzymami katalizującymi redukcję ditlenu – lakazą lub oksydazą bilirubiny. Lakaza została 

unieruchomiona w cienkiej warstwie hydrofilowego polikrzemianu otrzymanego w procesie 

zol-żel. Warstwa ta została osadzona na powierzchni elektrod modyfikowanymi mediatorami: 

2,2'-azino-bis(3-etylobenzotiazolino-6-sulfonianem) lub 3,5-dimetoksy-4-

hydroksybenzaldehydrazyną (syryngaldazyną). Elektrody te wykazują mediatorową 

bioelektrokatalityczną redukcję ditlenu. Natomiast elektrody z zaadsorbowaną oksydazą 

bilirubiny wykazują bezmediatorową bioelektrokatalizę redukcji ditlenu. Efektywność 

procesu elektrokatalitycznego oraz przepuszczalność gazowego ditlenu są większe dla 

elektrod wzbogaconych hydrofilowymi nanocząstkami węgla. Zaprezentowane elektrody 

zostały wykorzystane jako biokatody w ogniwach cynkowo-ditlenowych, których 

charakterystyki prądowo-napięciowe zostały wyznaczone za pomocą chronopotencjometrii. 

Proces bioelektrokatalityczny został także zbadany za pomocą skaningowej 

mikroskopii elektrochemicznej. Szczególną uwagę poświęcono wymywaniu mediatora oraz 

wpływowi potencjału elektrody na rodzaj powstałych produktów reakcji elektrodowej. Został 

również zaproponowany nowy sposób pomiarów za pomocą skaningowej mikroskopii 

elektrochemicznej, co umożliwiło zbadanie równomierności rozporoszenia lakazy 

unieruchomionej w cienkiej warstwie hydrofilowego polikrzemianu oraz porównanie 

aktywności lakazy z akytwnością oksydazy bilirubiny. Szczególną uwagę zwrócono na 

wyjaśnienie zwiększonej aktywności krawędzi warstwy. Skaningowa mikroskopia 

elektrochemiczna została również zastosowana do zobrazowania powierzchniowego 

zróżnicowania przewodności elektronowej oraz przepuszczalności ditlenowej ceramicznych 

elektrod węglowych wzbogaconych nanocząstkami węgla. 

http:/rcin.org.pl



 

 

 

Abbreviations 
 

Abbreviation Meaning 

AA ascorbic acid 

ABTS 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonate) 

ABTS-CCE carbon ceramic electrode modified with ABTS 

ABTS-CCE/Lc carbon ceramic electrode modified with ABTS and laccase 

AD/DA analog-to-digital/digital-to-analog signal converter 

AFM atomic force microscopy 

BDD boron doped diamond 

BOx bilirubin oxidase 

CCE carbon ceramic electrode 

CCE/BOx carbon ceramic electrode modified with bilirubin oxidase 

CCE-CNP carbon nanoparticles doped carbon ceramic electrode 

CCE-CNP/BOx CCE-CNP modified with bilirubin oxidase 

CCE-CNP10 carbon ceramic electrode doped with 10 % of carbon nanoparticles 

CCE-CNP10/BOx CCE-CNP10 modified with bilirubin oxidase 

CCE-CNP20 carbon ceramic electrode doped with 20 % of carbon nanoparticles 

CCE-CNP20/BOx CCE-CNP20 modified with bilirubin oxidase 

CCG chemically converted graphene 

CCGE carbon ceramic gas electrode 

CDH cellobiose dehydrogenase 

CE counter electrode (auxiliary electrode) 

CNT carbon nanotube 

CPE carbon paste electrode 

CueO copper efflux oxidase 

CV cyclic voltammetry or cyclic voltammogram 

DA dopamine 

DET direct electron transfer 

DPV differential pulse voltammetry 

EPR electron paramagnetic resonance 

FAD flavin adenine dinucleotide 

FB feedback 

GC glassy carbon 

HQS 8-hydroxyquinoline-5-sulfonic acid 
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Abbreviation Meaning 

IR ohmic drop 

Lc laccase 

MET mediated electron transfer 

MTMOS methyltrimethoxysilane 

MWCNT multiwalled carbon nanotube  

NA numerical aperture 

NADH nicotinamide adenine dinucleotide 

NHE normal hydrogen electrode = SHE 

NP nanoparticle 

OCP open circuit potential 

OCV open circuit voltage 

ORR oxygen reduction reaction 

PEFC polymer electrolyte fuel cell 

PQQ pyrroloquinoline quinone 

PS polystyrene 

PTFE polytetrafluoroethylene 

RDE rotating disc electrode 

RRDE rotating ring-disc electrode 

SAM self assembled monolayer 

SEM scanning electron microscopy/microscope 

SFM scanning force microscopy/microscope 

SG/TC substrate generation/tip collection 

SHE standard hydrogen electrode = NHE 

SNOM scanning near field optical microscopy 

SPM scanning probe microscopy 

STM scanning tunneling microscopy/microscope 

Syr 3,5-dimethoxy-4-hydroxybenzaldehydazine (syringaldazine) 

Syr-CCE carbon ceramic electrode modified with syringaldazine 

Syr-CCE/Lc carbon ceramic electrode modified with syringaldazine and laccase 

TG/SC tip generation/substrate collection 

TMOS tetramethoxysilane 

TMOS-gel tetramethoxysilane based gel 

UA uric acid 

WE working electrode 

YSZ yttria-stabilized zirconia 
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1 Introduction 

Electricity is an intrinsic element of everyday live of people in developed countries. The 

variety of electrical devices and energy consumption are continuously growing since the 

“Industrial Revolution”. Most of the most usable form of energy – electricity – is produced by 

conversion of chemical energy stored in fuels. This can be carried out by a three step process: 

conversion into heat in combustion, conversion of heat into mechanical energy using turbines 

and eventually production of electricity in generators. The efficiency of the overall process is 

a product of the efficiency of each step. It is always lower than that of individual steps 

because these parameters are always below unity. This problem can be circumvented by direct 

conversion of chemical energy into electricity as is fulfilled in fuel cells [1, 2] or biofuel cells. 

The latter employ enzymes as catalysts (Chapter 5) and can operate at mild conditions 

(neutral pH) where noble metals are inefficient. Apart from fuel, these devices require 

continuous supply of oxidant (Fig. 1.1). Usually oxygen* is utilized for this purpose, because 

of its ubiquity. 

 

Fig. 1.1. Schematic presentation of conventional PEM fuel cell (A) and enzymatic biofuel cell (B) [3]. 

Biofuel cells can utilize glucose and oxygen dissolved in the body fluids of mammals 

as fuel and oxidant, respectively [4]. Thus, perspective biofuel cells could serve as power 

source for implanted devices such as: microvalves, drugs dispensers, pacemakers, sensors etc. 

For this reason development of electrodes for oxygen reduction modified with enzymes is an 

important task. 

For this thesis, a carbon ceramic electrode (CCE) consisting of dispersed carbon-based 

material embedded in a silicate matrix is employed as a support for enzymes immobilization. 

                                                           
*For convenience the term “oxygen” instead of “dioxygen” is used in this thesis. 

(A) (B) 
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This electrode was developed in the early 1990’s [5, 6] and is robust and easy to prepare. The 

hybrid material of the electrode is produced by a sol-gel process. The most typical example of 

CCE, prepared for the use in aqueous electrolyte is obtained by sol-gel processing of 

methyltrimethoxysilane mixed with carbon microparticles. Methyl groups attached to the 

silicate network render the pores of the material hydrophobic. Consequently the electrode 

body is not flooded when immersed into an aqueous solution. Moreover, the porous electrode 

material can be penetrated by oxygen. 

Two enzymes used for modification of CCEs – laccase (Lc) and bilirubin oxidase 

(BOx) – that belong to the family of copper oxidoreductases. They are produced by plants, 

fungi, some bacteria and insects. When these enzymes are immobilized on the electrode 

surface and an efficient electron transfer path between the protein and the electrode is 

provided, the electrocatalytic process of oxygen reduction occurs at significantly higher 

potentials than at noble metal electrodes. This makes such electrodes attractive as cathodes for 

biofuel cells. 
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Literature review 

2 Electrochemical oxygen reduction 

Electrochemical oxygen reduction reaction (ORR) is involved in metal-air batteries [7], fuel 

cells [1, 2], and electrochemical oxygen sensors [8]. In fuel cells this reaction occurs on the 

cathode parallel with fuel oxidation on the anode and electrons are flowing in external circuit. 

The power and efficiency of fuel cell is limited by the slowest process which in most cases is 

ORR [1, 2]. Not surprisingly, there is a current interest in improvement of oxygen cathodes. 

Such a work is mainly oriented towards the development of new catalysts, because of high 

cost of Pt considered for a long time as the best catalyst [9, 10]. Recently ORR composite 

catalysts more efficient than Pt were developed [9, 11]. However, their use is limited to 

extreme pH values. For neutral pH biocatalysts are more effective [12] than noble metals 

despite their lower stability.  

 

2.1 Thermodynamics of oxygen reduction 

Although ORR is chemically reversible it is strongly thermodynamically irreversible (non-

Nerstian). This means that efficient reaction occurs at high overpotential. Similarly, the 

reverse reaction – oxygen evolution is also thermodynamically irreversible. 

The products of ORR are dependent on the type of electrolyte. In molten carbonate 

fuel cell [13] CO3
2- is produced in the presence of CO2: 

½ O2 + CO2 + 2e- → CO3
2-         (2.1) 

In solid oxide fuel cells [14] O2 is reduced directly to O2-: 

½ O2 + 2e- → O2-          (2.2) 

In aqueous electrolytes ORR pathways and products are pH-dependent. In acidic solutions O2 

can be reduced to H2O (Eq. 2.3) whereas in alkaline media OH- is a final product (Eq. 2.4). 

O2 + 4H+ + 4e- → 2 H2O, (E0)298 = 1.229 V      (2.3) 

O2 + 2H2O + 4 e- → 4OH- (E0)298 = 0.401 V      (2.4) 

At neutral pH the ORR mechanism is described by equation (2.4). 
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Despite known standard potentials of reactions (2.3) and (2.4) arrows indicate 

thermodynamic irreversibility. One can calculate these potentials from thermodynamic data 

[10] or estimate by extrapolation of cathodic and anodic Tafel plots obtained from the 

polarization curves. Open-circuit potential (OCP) of noble metal electrode immersed into acid 

solution pH 0 with supplied oxygen under 1 atm partial pressure is always lower than 

reversible standard potential (E0) – usually ca. 1 V. Nevertheless some researchers reported 

OCP of such electrode close to 1.23 V [15-18], but these results are considered as difficult to 

reproduce. In order to obtain efficient ORR, potential applied to electrode must be much 

lower than E0. 

The mechanism of reaction (2.3) applies also to cathode in polymer electrolyte fuel 

cells (PEFC) [19] with water-containing Nafion membrane as electrolyte and reaction (2.4) in 

alkaline fuel cells [20]. The mechanism of ORR in PEFC is similar to that in acidic aqueous 

solution, because of high proton concentration in polymer. Because of this similarity and 

simpler experimental setup, the research concerning cathode catalysts for PEFC are usually 

done in aqueous solutions [9]. 

As it was shown above, ORR is not simple one-step electrode process, where 

electroactive species just exchange electrons with electrode surface: 

Ox � ne�  � Red��          (2.5) 

It is strongly improbable that five species (O2 molecule and four protons) will collide 

simultaneously with electrode surface at the same place to exchange electrons. Therefore the 

reaction (2.3) must involve intermediate steps [21]. Since diverse oxygen species may exist in 

aqueous solutions (Table 2.1), different intermediate electrode reactions are proposed. Their 

standard potentials E0 can be calculated from standard Gibbs free energies ∆G0 using Hess 

law [22] and following equation: 

∆G0
r = -nFE0           (2.6) 

where ∆G0
r is reaction Gibbs free energy change, n – number of electrons involved in 

reaction, F – Faraday constant (96485 C mol-1), and E0 – standard reaction potential versus 

standard hydrogen electrode (SHE). 
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Table 2.1. Selected thermodynamic data of oxygen species at 25 °C [10]. 

Formula Standard state ∆∆∆∆G0 / kJ mol-1 ∆∆∆∆H0 / kJ mol-1 S0 / kJ mol-1 K-1 

O2 Gas, 1 atm 0 0 205.3 

H2O Pure liquid -273.18 -285.83 69.91 

OH- 1 M, aq -157.29 -230 -10.75 

H2O2 1 M, aq -134.1 -191.2 143.9 

HO2
- 1 M, aq -67.36 -160.3 23.8 

O2
- 1 M, aq 27.4 - - 

HO2 1 M, aq 5.09 - - 

OH Gas, 1 atm 34.23 38.95 183.6 

 

Table 2.2. Standard potentials of selected oxygen reactions [10]. 

Formula E0 / V vs. SHE 

O2 + 4H+ +4 e- → 2H2O 

O2 + 2H2O + 4e- → 4OH- 

1.229 

0.401 

O2 + 2H+ + 2e- → H2O2 

O2 + 2H2O + 2e- → H2O2 + 2OH- 

O2 + H2O +2e- → HO2
- + OH- 

0.695 

-0.133 

-0.065 

H2O2 + 2H+ + 2e- → 2H2O 

H2O2 + 2e- → 2OH- 

HO2
- + H2O + 2e- → 3OH- 

1.763 

0.935 

0.867 

O2 + e- → O2
- 

O2 + H+ + e- → HO2 

-0.284 

-0.053 

HO2 + e- → HO2
- 

HO2 + H+ + e- → H2O2 

O2
- + H2O + e- → HO2

- + OH- 

0.751 

1.443 

0.155 

O2
- + 2H2O + 3e- → 4OH- 

HO2 +3H+ + 3e- → 2H2O 

0.629 

1.656 

 

The possible ORR paths in aqueous acidic and alkaline solutions with Gibbs free 

energies of intermediate species and standard reduction potentials are presented in Figure 2.2. 
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Fig. 2.2. Gibbs free energy relationships for the reduction of oxygen in acidic (A), and basic (B) solutions at 25 

°C. Standard potentials in volts are indicated on lines marking each step [10]. 

One can see that in acidic solutions Gibbs free energy change of the first step at -0.3 V 

and third step at -0.25 V are positive. This means that overall reaction requires activation, and 

temperature influences the overall reaction rate. Moreover, every next step must not occur at 

potential lower than the first one, so -0.3 V applied to electrode is sufficient to drive overall 

process. In basic solution the first step also determine overall ORR rate, but the activation 

energy is lower than in acidic solutions. 

 

2.2 Parallel and consecutive reactions of oxygen and hydrogen peroxide 

Recently ORR is more often studied in acidic solutions because of progressive development 

of PEFC. Typically, H2O or H2O2 or their mixture are the products of this reaction. The 

composition of products mixture depends on cathode material, its potential and electrolyte 

composition (mainly pH). Platinum exhibits good selectivity as electrocatalyst for direct ORR 

to water and H2O2 reduction [23]. H2O2 is produced only at higher potentials in less acidic 

electrolytes. Other metallic catalysts are not as selective as Pt and larger fraction H2O2 is 

produced [23]. 

Several methods were applied to examine ORR mechanism and voltammetry on the 

rotating ring-disk electrode (RRDE) is among them [24]. The products generated on disk are 

transported hydrodynamically to the ring. If sufficiently high potential is applied to ring H2O2 

can be there detected. The scheme of general consecutive-parallel reactions of O2 and H2O2 is 

presented in Fig. 2.3. 

(A) (B) 
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Fig. 2.3. A scheme of general consecutive-parallel reactions in ORR process. Species without subscript 

description – in the bulk solution, (sur) – in the vicinity of electrode surface, (ads) – adsorbed [10]. 

The experiments with 18O and 16O isotopes [25] shown that both oxygen atoms in a 

given H2O2 molecule come from the same O2 molecule. Therefore, the oxidation of adsorbed 

(H2O2)ads is irreversible (Fig. 2.3).  

The relationship between the ratio of disk and ring currents (iD/iR) and the RRDE 

rotation rate ω is as follows [10]: 


�����  � 1 � 2 ���� � �
1 � 2 ����� ���′ � �� � ��� � ��� � ��′ �� 1
�	′  

� ��1 � 2 
�
�
� ���′ � �� � ��� � ��� � ��′ �� 
�
�

′

���√      (2.7) 
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where iB = iR/N, where N is the collection efficiency. ��°  is the diffusion-limited current 

density if all O2 reaching the disk undergoes a four-electron reduction. The coefficients γA and 

γB relate the diffusion-limited currents for O2 and H2O2 to the concentrations and rotation 

rates in equation: 

��° � 4$��%�°√'          (2.9) 

and 

��° � 2$��%�° √'                               (2.10) 

where the subscripts A and B refer to O2 and H2O2 respectively. The experimental data can be 

represented as a plot of iD/iR vs. ω-1/2 and (��° � ��� � ���)/�� versus ω1/2. Typical plots of 

iD/iR vs. ω-1/2 for Pt electrode are shown in Fig. 2.4. One can see that iD/iR is higher when 
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lower potential is applied to the disk. Literally, at lower potentials a larger fraction of O2 is 

reduced directly to H2O. 

Another experimental method to examine products of ORR exploiting scanning 

electrochemical microscopy (SECM) was proposed by Shen et al.. Pt-microelectrode (SECM 

tip) positioned precisely in the vicinity of O2-cathode (sample) [23] is kept at potential 

sufficiently high to oxidize H2O2 at the rate controlled by diffusion (Fig. 2.5). 

 

Fig. 2.4. RRDE data for O2 reduction on Pt in 85% H3PO4 at 25°C. Pt-ring potentiostated at ERHE = 1.2 V. N = 

0.4 [26]. 

  

Fig. 2.5. Schematic illustration of the SECM operation in the examination of ORR products [23]. 

Since steady-state at microelectrode is achieved quickly this electrode works as 

amperometric H2O2 sensor. The current of H2O2 oxidation is proportional to its concentration; 

however, the concentration of the products of an electrochemical reaction at planar electrodes 

is transient because of extending diffusion length of substrate. When the sample is not 

polarized continuously but pulse potential is applied, determination of transient H2O2 
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concentrations profiles is possible. Fitting of parameters of theoretically developed equations 

to experimental H2O2 concentration profiles yields rate constants of reactions (2.3) and (2.4). 

Similar experiments were performed to obtain data presented in this thesis (see Section 13.5). 

 

2.3 Non-platinum catalysts for oxygen reduction 

Hardly available at high price platinum stimulate scientists for seeking for alternative efficient 

and stable catalysts. Apart from increasing of catalytic activity and lowering the amount of 

platinum in composite materials such as Pt-nanoparticles embedded on carbon support 

materials [27, 28], Pt/carbon nanotubes nanocomposite [29], Pt-nanoparticles functionalized 

graphene [30], and Pt monolayer deposited on non-noble metal monocrystals and 

nanoparticles [31]. During the last decade a lot of research and several review papers [9, 32-

34] concerning non-platinum catalysts were published. Among them metal alloys are most 

interesting because of their high activity and stability [35, 36]. Fernandez et al. proposed 

synergic mechanism to explain enhanced ORR catalysis on bimetallic surfaces [37]. They 

noticed linear relationship (Fig. 2.6) between standard Gibbs free energy change of metal 

oxide formation reaction (assuming bulk oxide) (Eq. 2.11) and standard potential of 

electroreduction of this metal oxide in acidic media (Eq. 2.12). 

2M + O2 ⇄ 2 MO                    (2.11) 

2MO + 4H+ + 4e- ⇄ 2M + 2H2O                  (2.12) 

 

Fig. 2.6. Graph of the Gibbs free energy for reaction (2.11) versus the standard potential for reaction (2.12) 

[37] . 
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The synergic mechanism of ORR catalysis on bimetallic surface can be explained as 

follows. Metals M in the lower right corner of Fig. 2.6 are favourable for the M-O bond 

creation. A reduction potential of MO is too low for power sources. On the other hand highly 

negative Gibbs free energy change of reaction (2.11) favours O=O bond breaking. Reaction 

(2.11) is thermodynamically unfavourable on metals in the upper left corner in Fig 2.6. These 

metals form less stable M’-O bonds that are easier to reduce as shown by higher reduction 

potentials for reaction (2.12). Based on the data shown in Fig. 2.6, authors proposed to couple 

a good oxygen bond breaking metal M with a second metal M’ that is more efficient for ORR. 

It means that M’O reduction occurs at higher potential. Oxygen atom (O) can migrate from M 

to M’ where reduction will occur (Fig. 2.7). One may ask why oxygen atom would migrate 

from the more stable oxide to the less stable one. However, migration from the top of M to a 

3-fold site involving M’ would be possible since oxygen could be more stable in such a 3-fold 

site. 

 

Fig. 2.7. (a) - Proposed synergetic mechanism for enhanced ORR electrocatalysis using bimetallic surfaces. (b) 

– schematic top view of the proposed mechanism. Pink circles represent atoms of metal M which oxidation is 

more favourable. White circles represent metal M’ atoms that reduce adsorbed oxygen efficiently. Blue circles 

represent oxygen atoms [37]. 

An interesting example of determination of optimal composition of alloy by SECM 

was presented in the same paper [37]. An array of different atomic ratio Pd-Co alloy spots 

was deposited on glassy carbon electrode. Figure 2.8 represents SEM image of that array (A) 

and its ORR relative activity SECM image (B). The optimal atomic ratio Pd:Co is equal 9:1. 
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Fig. 2.8. A - SEM image of Pd-Co catalyst arrays. B - SECM TG/SC images of oxygen reduction activity 

measured on binary arrays in 0.5 M H2SO4. Tip-substrate distance - 30 µm, tip current - 160 nA, scan rate - 50 

µm each 0.2 s, ES - 0.7 V vs. HRE. WM is the atomic ratio of metal M in the spot [37]. 

During the last decade some research was concentrated on nanoparticulate non-Pt 

ORR catalysts. These includes Pd nanoparticles deposited on Au electrode [38], carbon 

supported Ag nanoparticles [39], Au nanoclusters [40, 41], Pd-modified carbon nanotubes 

(CNT) [42], or Pd-Fe nanoparticles [43]. 

Carbon materials are another interesting example of cheap ORR catalyst [32, 44, 45]. 

Due to their low catalytic activity towards ORR (low potentials and low current densities) 

comparing to metallic catalysts, nowadays they are not studied. However, it is worth 

mentioning because carbon-based materials are used as a support for numerous inorganic, 

organic and biological catalyst of ORR. Also all electrodes presented in this thesis are carbon 

based. In the second half of XX century several works aimed for understanding the nature of 

the active sites of different carbon materials [10, 46-49] like examination of ORR on basal 

plane pyrolytic graphite (BPPG) and edge plane pyrolytic graphite (EPPG) in basic solution 

[47] were done (Fig. 2.9). 

One can see a huge difference between catalytic activities of those two materials. 

Namely, current densities of ORR and hysteresis on EPPG are much higher than on BPPG. 

Moreover, the hysteresis increases at sufficiently low potentials when cathodic current flow. 

From peak-shaped CV-curves one can conclude that the surface of the graphite layers edges 

changes with applied potential and this affects catalytic activity. Basal planes exhibit much 

lower catalysis and no hysteresis. This implies that the ORR on carbon and graphite involves 

a strong interaction of O2 with surface functional groups. 

http:/rcin.org.pl



Dioxygen electroreduction on enzyme modified carbon ceramic electrodes  
 

   

12 

 

 

Fig. 2.9. ORR on (RDE) made of BPPG (dashed line) and EPPG (solid lines) in O2-saturated 0.1 M KOH. 

Electrode area: 0.2 cm2. Rotation rates in rpm’s indicated near curves [47]. 

Garten and Weiss proposed mechanism of ORR at graphite edges illustrated in Fig. 

2.10 [49]. The role of quinone groups was confirmed by catalytic activity of quinone modified 

BPPG [50] and other carbon materials [51]. 

 

Fig. 2.10. Garten and Weiss mechanism for ORR on carbon surfaces [49]. 

Recently, in order to increase specific surface area and length of catalytically active 

graphite edges terminated with functional groups, graphene (individual layers of graphite) is 

used in a variety of electrochemical applications including ORR [30, 52, 53]. This material 

can be produced relatively easily by mechanical exfoliation of graphite [54], SiC heating [55], 

or by the reduction of graphite oxide [56]. The planes of graphite can be easily modified by 

non-covalent attachment of functionalized polycyclic hydrocarbons providing additional 
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catalytic active sites. Recently Li et al. proposed new sophisticated graphene-based catalyst 

for ORR [57]. Chemically converted graphene (CCG) was modified with perylene 

tetracarboxylic acid (PTCA) and Au-nanoparticles modified with ionic liquid (IL) (Fig. 2.11). 

 

Fig. 2.11. Illustration of the preparation of CCG/PTCA/Au-IL composite [57]. 

In order to achieve high efficiency of oxygen cathode and the lack of by-products, the 

catalysts should reduce oxygen to water directly. The production of H2O2 causes depletion of 

cathode potential. In this case only two electrons take part in reduction of one O2 molecule 

what results in lower current. Numerous transition metal complexes with macrocyclic ligands 

have been examined as oxygen reduction catalyst [58-63]. Most of them reduce oxygen via 

the two-electron pathway to hydrogen peroxide at relatively low potentials. Transition metal 

N4-macrocycles such as porphyrins and phtalocyanines are also known to catalyze ORR under 

physiological conditions. Some of them act as catalyst for 4-electron ORR near the reversible 

thermodynamic potential [58, 63]. The most famous cofacial porphyrin catalyst was proposed 

by Collman et al. in 1980 [58]. They synthesized a series of dimeric metalloporphyrins with 

two porphyrin rings constrained parallel to one another by two amide bridges of varying 

length (Fig. 2.12A). This complex with cage of the size of O2 molecule attached to the surface 

of graphite electrode exhibited ORR almost exclusively to water at exceptionally high 

potential (Fig. 2.12B). 
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Fig. 2.12. A) - β-linked face-to-face porphyrin. B) - disk and ring current vs. the potential of the graphite disk 

coated with the dimeric dicobalt porphyrins. The Pt-ring was maintained at +1.4 V. Rotation rate: 250 rpm. 

Supporting electrolyte: 0.5 M CF3COOH saturated with O2 at 1 atm [58]. 

A possible mechanism for this reaction was suggested by Fukuzumi et al. (Fig. 2.13) 

[64]. Protons availability influences the ORR products and 4-electron process is favoured at 

lower pH. 

 

Fig. 2.13. A possible mechanism for the ORR catalyzed by cofacial dicobalt porphyrins[64]. 

Another important work concerning organometallic complex as ORR catalyst 

concerns iron(III) tetramethoxyphenyl porphyrin chloride adsorbed on the carbon black and 

heat-treated at temperatures from 200 to 1000 °C [65]. It was found that ORR its activity 

increases when material is pre-treated with high temperature. Authors do not find which 
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products of the heat treatment are responsible for the high activity of the catalyst, but they 

excluded the role of metallic Fe particles. 

An interesting work is devoted to investigation of iron organometallic compounds 

which structure is similar to structure of enzymes prosthetic group. Collman et al. reported 

ORR using biomimetic analogues of cytochrome c oxidase as catalyst (Fig. 2.14) and 

Ru(NH3)6
2+ as mediator [59]. They observed reduction of O2 to H2O at pH 7. 

 

Fig. 2.14. (A) The catalytic site of cytochrome c oxidase. (B) Fe-based catalyst studied in ref. [59]. 

The ORR was also studied at semiconductor electrodes such as metal oxides. Mentus 

observed 2-electrons ORR on anodically formed TiO2 in acidic media and 4-electron ORR in 

alkaline media [66], but current onset potential is only ca. 0.5 V higher than hydrogen 

evolution potential. Only in SOFC metal oxides are extensively used as cathode materials. 

This is because there are no other known conductive materials stable in the presence of 

gaseous oxygen at temperature ca. 1000 °C. Perovskite-like La1-xSrxCoO3 [67], 

Ln0.4Sr0.6Co0.8Fe0.2O3 (Ln = La, Pr, Nd, Sm, Gd) [68] or La1-xSrxMnO3 [69] exhibit high 

electrical conductivity and good catalytic activity above 600 °C. In 2004 Shao and Haile 

presented SOFC with Ba0.5Sr0.5Co0.8Fe0.2O3-based cathode which exhibits power densities 

1.01 W cm-2 and 0.4 W cm-2 at 600 °C and 500 °C, respectively [70]. The main disadvantage 

of perovskites is a large thermal expansion mismatch between them and YSZ. 

Except organometallic complexes neither non-platinum catalyst is sufficient for ORR at 

neutral conditions (ca. pH 7). They catalyze ORR efficiently in extremely acidic or basic 

environments. Another aspect is the lack of selectivity toward H2O production. H2O2 as a 

product of ORR is harmful to physiological environment. Therefore a lot of scientific effort is 

put into research concerning biocatalysts for ORR, what is presented in next chapter. 
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3 Biocatalytic oxygen reduction 

Enzymes as ORR catalysts at cathodes in biofuel cells (Chapter 5) have the number of 

advantages over inorganic catalysts. The main of them are: almost unity specificity toward O2, 

biodegradability and lower ORR overpotential [71]. For example the overpotential of 

diffusion-controlled mediatorless oxygen reduction using laccase (pH 5) or bilirubin oxidase 

(pH 7) adsorbed on carbon aerogel electrode is reduced by 0.55 and 0.4 V, respectively, in 

comparison to Pt-electrode (Fig. 3.1) [72]. Moreover, enzymes availability is not as restricted 

as platinum. However, the use of biocatalysts has some disadvantages, such as low current 

density achieved on bioelectrodes, poor stability, restricted temperature range, difficulties in 

achieving good electronic coupling to the electrode. The adequate design of the biocathode 

may help to overcome these problems. However, there are also intrinsic enzymes 

disadvantages – susceptibility to various components of electrolyte, and long time of isolation 

and purification. The overcome of them is a challenge for biochemist and genetic engineers. 

 
Fig. 3.1. Linear sweep voltammograms of (A) Pt (1) and laccase-adsorbed carbon aerogel electrode (2) in pH 5 

McIlvaine buffer and (B) Pt (1) and bilirubin oxidase-adsorbed carbon aerogel electrode (2) in pH 7 phosphate 

buffer at 25 °C. The measurements were done under O2-saturated conditions, at 1,000 rpm, and at a scan rate of 

20 mV s–1 [72]. 

Efficient direct electron exchange between redox centre of the enzyme and electrode 

strongly depends on the electrode material properties such as hydrophobicity/hydrophilicity 

[73, 74] and nano-topography [75]. On the other hand, the electrode support and material 

encapsulating the enzyme are crucial for the enzyme stability. 

There are two types of electronic communication between electrode material and 

enzyme – direct (mediatorless) (Section 3.3) and mediated (Section 3.2). Unfortunately, due 

to the variety of experimental conditions (i.e. different oxygen concentrations, electrolyte 

compositions and rotation rates of RDE) a straightforward comparison is difficult. 
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3.1 Enzymes for oxygen reduction 
Common property of multicopper oxidases - laccase, bilirubin oxidase, or copper efflux 

oxidase (CueO) is their ability to catalyze four-electron oxygen reduction without generating 

any reactive intermediates ( e.g. H202). Moreover, ORR catalyzed with these enzymes occurs 

at higher potential than on noble metals. These properties make them important candidates as 

catalysts for oxygen reduction in biofuel cells (Chapter 5). Another, less popular enzymes for 

modification of biocathodes for ORR are cytochrome oxidase [76, 77], and microperoxidase 

11 [78]. The lastoneis two-electron ORR catalyst. 

The most popular multicopper oxidases employed as ORR biocatalyst are laccases. 

This is because their isolation and purification methods are well developed and described in 

the literature [79]. Moreover, commercially available laccases are cheaper than other 

multicopper oxidases. 

Tarasevich et al. [80] have first reported that some laccases adsorbed on carbon 

electrodes catalyze the four-electron reduction of 0 2 without mediator. The current density of 

about l mA cm-2 was reported. However, the description was not enough for readers to 

reproduce the experiments [72]. Later, laccases became promising enzymes as cathode 

catalysts of biofuel cells, but a mediator - 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonate) 

(ABTS), was used to shuttle electrons between the enzyme and electrode [81]. 

The catalysis carried out by all members o f this famiły is guaranteed by the presence 

of different copper centres in the enzyme molecule. In particular, laccases are characterized 

by the presence one type-1 (Tl) copper ion, together with one type-2 (T2) and two type-3 

(T3) copper ions, arranged in a trinuclear cluster. The different copper centres can be 

identified on the basis of their spectroscopic properties. The Tl site is characterized by a 

strong absorption around 600 nm, whereas the T2 site exhibits only weak absorption in the 

visible region. The T2 site is electron paramagnetic resonance (EPR)-active, whereas the two 

copper ions of the T3 site are EPR-silent. The substrates are oxidized bytheT l copper and 

the extracted electrons are transferred, probably through His-Cys-His tripeptide, to the T2/ T3 

site, where molecular oxygen is reduced to water (Fig. 3.2) [82]. 

17 
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Fig. 3.2. The structure of T. versicolor laccase showing the protein superstructure in blue and the copper atoms 

as yellow spheres [83]. 

The redox potential of the enzyme is crucial for its application as cathode catalyst in 

biofuel cells. The redox potential of the electron-accepting T1 site of laccases is in the range 

0.43–0.78 V vs. NHE [84, 85]. Because of this diversity, laccases can be divided into three 

groups: low-, medium-, and high-potential. The low-potential ones (isolated mainly from 

trees) are characterized by T1 redox potential ca. 0.43 V vs. NHE [86]. The intermediate ones 

with T1 redox potential in the range 0.47–0.71 V vs. NHE are isolated from fungi [87, 88]. 

The high-potential laccases, for example those from T. hirsuta, T. versicolor and T. villosa, all 

have a potential of the T1 site of about 0.78 V vs. NHE [85]. Obviously, the last group is most 

interesting for application in biocathodes. The redox potential of the T1 centre of laccase from 

C. unicolor used in this thesis is equal 0.75 V vs. NHE [89-91]. 

The T1 centre is responsible for accepting electrons from the substrate and its transfer 

to the T2/T3 cluster binding the oxygen molecule and reducing it to water [92]. The 

dependence of catalytic activity on the difference between redox potential of mediator and 

redox potential of the T1 centre suggests that the electron transfer to this copper ion is the 

rate-limiting step [93]. 

Another group of popular multicopper oxidases used as cathodic biocatalyst are 

bilirubin oxidases. Despite their more difficult isolation and purification method and higher 

price these enzymes are the best candidates for bioelectrocatalytic O2 reduction at neutral pH 

[94]. Contrary to laccases BOx’s are resistive to Cl- ions, what make them interesting for 

devices operating under physiological conditions [95-97]. The crystallographic structure of 
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BOx is still unsolved probably because of difficulty in obtaining of proper monocrystal, but 

biochemical, spectral, and kinetic studies reveal that the T2/T3 cluster is surrounded by four 

histidine molecules while the T1 centre binds cysteine, histidine and methionine [98]. Earlier 

studies reported T1 redox potential of BOx isolated from Myrothecium verrucaria to be equal 

0.49 V vs. NHE [98], whereas later studies provides higher value – 0.69 V vs. NHE [99]. The 

natural mediator of BOx is bilirubin which is oxidized to biliverdin, accompanied by 

reduction of oxygen to water [98, 100]. 

The last example of multicopper oxidoreductases – copper efflux oxidase (CueO) 

isolated from Escherichia coli bacteria has been recently employed as ORR biocatalyst by 

Kontani et al. [101]. Air diffusion biocathode composed of carbon black dispersed in O2-

permeable polytetrafluoroethylene (PTFE) with adsorbed CueO is able to reduce O2 with the 

current density of 20 mA cm−2 at 0.2 V versus NHE in a citrate buffer pH 5 (Fig. 3.3). 

 

Fig. 3.3. A scheme of the air diffusion CueO-adsorbed on carbon black-based electrode (A), CVs of ORR at 

different concentrations of citrate (a) 0.05, (b) 0.1, (c) 0.5 and (d) 1.0 M (B) [101]. 

Unfortunately, the onset potential of ORR for this electrode being ca. 0.6 V versus 

NHE is lower comparing to laccases and bilirubin oxidases modified biocathodes. This is 

caused by lower T1 centre redox potential of CueO. Earlier, the same group has made an 

attempt to increase this potential by mutation of the T1 centre ligands, however, the decrease 

of the ORR overpotential on electrode modified with CueO mutant is only few milivolts (Fig. 

3.4) [102]. However, because of much higher current densities biocathodes modified with this 

enzyme are interesting for application in devices with low-potential anodes e.g. zinc-air 

batteries [103]. 

(A) 

(B) 
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Fig. 3.4. Background-subtracted rotating disk voltammograms of mutant and wild-type CueOs modified 

electrode under O2-saturated conditions at pH 5.0. The scan rate was 20 mV s–1 and a rotation rate 500 rpm 

[103]. 

3.2 Mediated electron transfer for bioelectrocatalytic oxygen reduction 

In single-compartment (membraneless) BFC the application of mediator dissolved in 

electrolyte is impossible, because the potentials of anode and cathode would be almost equal 

resulting in negligible power density. The situation in double-compartment or double-stream 

microfluidic BFC, where electrodes are in contact with different electrolytes is different. Then 

the mediator can be dissolved in catholyte (without immobilization) providing its easy access 

to the immobilized enzyme. Then the electrons are exchanged with the electrode by diffusive 

mediator. 

For shuttle electrons to ORR catalyzing oxidoreductases two types of mediators are 

most popular – 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS2-) (Fig. 3.5) [81] 

and Os3+/2+ redox centre stabilized by ligands attached to polymer backbone [104]. 

S

N
N
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N

N
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O3S

-
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Fig. 3.5. 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS2-) (A), Reduction of oxygen with laccase 

/ABTS system (B) [105]. 

(A) 

(B) 
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The advantage of osmium polymer or copolymer film is that it works as both electron 

relay and host for laccase or BOx (see Section 4.3). The redox centres are stabilized by a set 

of ligands containing heterocyclic nitrogen atoms (Fig. 3.6). 

 

Fig. 3.6. General structure of the redox polymers with the backbone polymer polyvinyl pyridine (not shown) 

[93]. 

The redox potential of Os3+/2+ redox couple is adjustable and can be optimized to be 

close to that of the active redox centre of the enzyme by proper selection of ligands [93]. 

These redox centres are connected to polymer backbone with chains as long as 10 carbon 

atoms and heteroatoms (e.g. N). Because of their flexibility, the distance between 

neighbouring oxidized and reduced redox centres can be shortened, allowing for efficient 

electron exchange on their collision [106]. The most important property of such polymers is 

the ability of Os3+/2+ redox centres to exchange electrons with enzymes. Enzyme leakage is 

avoided not only by encapsulation of the large enzyme by crosslinked polymer backbones but 

also by electrostatic attraction between charged cationic redox groups of polymer and 

negatively charged protein moieties. Moreover, hydrophilic polymer matrix provides water-

containing environment suitable for stable enzyme immobilization. It also allows for transport 

of dissolved oxygen to the redox centre of the enzyme. 

The ORR rate depends on the standard potential of Os3+/2+ redox polymer, which act 

as mediator (Fig. 3.7). Namely, higher difference between mediator and enzyme potentials 

results in higher catalytic currents. On the other hand lower cathode potential determined by 

mediator potential is unfavourable for BFC applications. 
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Fig. 3.7. CV curves of ORR on electrodes modified with laccase and two different redox polymers (a). ORR 

plateau current values for polymers characterized by their redox potential (b). Experiments conducted in 1 atm 

O2-saturated citrate buffer at 900 rpm, scan rate 1 mV s-1 [93]. 

The electrodes modified with redox polymer serve as cathode for the membraneless 

biofuel cell, what is not always the case for the biocathodes based on ABTS mediator (Fig. 

3.5) because of its water solubility. ABTS exhibits fast electron transfer kinetics between 

electrode and laccase and its standard potential is close to the T1 site potential. Palmore et al. 

[81] reported bioelectrocatalytic reduction of O2 to water, where laccase from Pyricularia 

oryzae and ABTS were used in solution of acetate buffer at pH 4 without immobilization. 

ABTS has been also reported as an effective electron transfer mediator for bilirubin oxidase 

[94]. 

Although accelerated deactivation of both laccase or BOx in the presence of ABTS 

has been reported [107-109] (what can be attributed to the degradation of enzyme by ABTS•- 

radical), this mediator is frequently used as a “model” system mainly because of its 

superiority to other water-soluble mediators in terms of higher potential and current density. 

ABTS is also used in experiments described in this thesis. 

Several attempts of encapsulation of both ABTS and the enzyme were reported [110-115]. 

Burnel et al. reported BFC where laccase was co-immobilized with ABTS on cathode 

within electropolymerized polypyrrole [110] on which ORR current density ca. 130 µA cm-2 

was achieved. 

The electrostatic attraction between functional groups of ionomer film and ABTS2- 

[111] was used for mediator immobilization. The composite film consisting of ionomer–

polyallylamine for ABTS2- immobilization and sol–gel processed silicate for laccase 
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encapsulation was proposed as biocathode material [112]. The lyotropic liquid-crystalline 

cubic phase (Fig. 3.8) film was employed to host laccase and ABTS [113]. The glassy carbon 

electrode modified with laccase and the mediator embedded in such film exhibits ORR 

current density ca. 18 µA cm-2 at 0.4 V versus NHE in 1 atm O2-saturated phosphate buffer 

pH 7. 

 

Fig. 3.8. Structure of the cubic phase [113]. 

Another method of ABTS immobilization is based on irreversible adsorption on 

MWCNTs. Adsorption occurs due to the interaction between delocalized π-electrons of ABTS 

and graphene structure of CNTs, which after this modification become water-soluble. The 

electrodes with immobilized such ABTS-modified CNTs after immobilization of laccase 

exhibit efficient oxygen catalysis [114-116]. 

Other than ABTS mediators for laccase and bilirubin oxidase were tested in 

biocatalyzed oxygen electroreduction. All redox species small enough, which can diffuse into 

prosthetic group of enzymes and exhibiting fast kinetic of electron transfer (e.g. 

cyanometallates, quinones and ferrocene derivatives) are suitable for this purpose, but the 

onset potential of catalytic current is too low for the glucose–air biofuel cell. Nevertheless, 

these mediators may be useful in hybrid devices (Section 5.5). The most efficient known 

nowadays diffusive mediator for laccase and BOx modified biocathodes for oxygen reduction 

remains ABTS, which was also used in experiments in this thesis. 

 

3.3 Direct electron transfer for bioelectrocatalytic oxygen reduction 

For direct bioelectrocatalysis good electronic communication between the T1 site of copper 

oxidases and electrode conductor has to be assured. This approach has some advantages over 
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mediated electrocatalysis. Namely, the problems with mediator stability, thermodynamic 

losses causing biocathode potential depletion, mediator cost, and safety for the environment 

are avoided [71]. On the other side current densities of ORR achieved on DET-utilizing 

biocathodes are usually lower in comparison to mediated electrocatalytic systems, because 

only the enzyme molecules in direct contact with conductive electrode material and properly 

oriented can act as catalyst (Fig. 3.2 and 3.9) [73, 74, 117]. 

Numerous studies show mediatorless catalysis with copper oxidoreductases on gold 

[118, 119] different types of carbon and graphite electrodes [78, 91, 102, 120-123] and boron 

doped diamond [124]. The mechanism of this process involves donation of electrons to the 

T2/T3 cluster through the T1 centre on the cathode. The oxygen reduction wave appears at 

0.735 V versus NHE what is close to the standard potential of T1 site of the Trametes 

versicolor laccase (0.78 V versus NHE [125]). This reaction is controlled by catalysis rather 

than diffusion since the power output of BFC with such cathode was almost independent of 

stirring [126]. 

Anthracene-modified pyrolytic edge plane graphite substrate allowing fungal laccases 

to adsorb in a proper orientation represents another example of efficient mediatorless 

bioelectrocatalysis (>0.5 mA cm-2) and remarkable biocathode stability (Fig. 3.9) [127, 128]. 

It seems that the anthracene groups interact with the hydrophobic part of the enzyme close to 

the T1 site of Pycnoporus cinnabarinus laccase. 

The mediatorless bioelectrocatalysis with CueO was also observed on carbon materials 

[101, 102, 129]. The current density of 12 mA cm-2 was obtained at mesoporous carbon RDE 

[129]. On such biocathode consuming oxygen dissolved in the electrolyte the ORR current is 

limited by O2 mass-transport because of weak solubility and low diffusion coefficient of 

oxygen. Recently, the ORR current density as high as 20 mA cm-2 was recently reported on 

CueO modified air diffusion biocathode with onset of the catalytic current around 0.35 V 

versus NHE [101]. 

Other materials frequently used for preparation of biocathode exhibiting mediatorless 

catalysis are CNTs. Their electronic properties are unique as they can be either metallic or 

semiconducting, depending on their structure [130]. CNTs immobilized on the electrode 

surface form an extended network and the electroactive surface is significantly increased (Fig. 

3.10). 
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Fig. 3.9. (A) – A scheme of electron transfer via the 2-aminoanthracene linker to the T1 centre of laccase. The 

hydrophobic part is highlighted as a textured surface. (B) – Electrocatalysis of ORR by laccase on a 2-

aminoanthracene modified pyrolytic graphite edge electrode and an unmodified electrode at 25 °C in pH 4. Red 

curves were recorded immediately after spotting laccase solution onto the electrode, while black curves were 

recorded after exchanging the electrochemical cell solution for enzyme-free buffer solution. Inset: The long-term 

change in catalytic current for a modified (■) and unmodified (●) electrode. The y-axis shows the change in 

current density at 0.44 V vs. SHE [83]. 

 

Fig. 3.10. SEM image of a CNTs agglomerate [116]. 

Both laccase and bilirubin oxidase were immobilized on CNT films by physical 

adsorption or covalent attachment [91, 115, 131-133]. This approach leads to a higher content 

of electrically contacted enzyme molecules per unit of geometric surface area of the electrode, 

thus higher catalytic current density is observed. The ORR current density on the electrode 

modified by laccase and SWCNTs can be significantly increased by functionalization of 
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nanotubes with pyrenesulfonate derivatives (Fig. 3.11) [131]. This functionalization increases 

SWCNT solubility in water and decreases aggregation during the film preparation. 

 

Fig. 3.11. SWCNTs unmodified (dotted lines) or modified by pyrenesulfonate (solid lines) and pyrene 

tetrasulfonate (dashed lines) [131]. 

The significant example of biocathode for ORR with high current density (Fig. 3.12B) 

is reported by Deng et al. [134]. A multilayer structured film consisting of MWCNTs and 

laccase with poly-L-lysine as a linker contain large amount of biocatalyst being in contact 

with electrode and accessible by O2 dissolved in electrolyte (Fig. 3.12A). 

 

Fig. 3.12. (A) Assembly process of the (MWNT/PLL/laccase) multilayer film. (B) CVs of the 

MWNTs/PLL/laccase modified ITO electrodes in 0.1 M phosphate buffer (pH 6.0), under (a) N2-saturated 

condition, and (b) air-saturated condition, respectively. Scan rate: 50 mV s-1. 

Recently, mediatorless ORR biocatalysis was reported on gold electrode modified 

with platinum nanoparticles (Pt-NPs) crosslinked with BOx [135]. ORR electrocatalytic 

current is observed at an onset potential of 0.72 V vs. NHE, which is ca. 180 mV higher 

comparing to the electrode without BOx. These results clearly indicate that the Pt-NP/BOx 
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composite electrode exhibits improved bioelectrocatalysis, and imply that BOx is electrically 

contacted with the electrode. 

From a variety of electrode materials used for direct ORR biocatalysis carbon materials 

(especially carbon nanostructures) seems to be the best for achieving the highest current 

densities [72, 134]. Moreover, direct ORR catalysis with CueO was reported only on 

nanostructured carbon materials [101, 102, 129]. 

 

4 Enzymes immobilisation 

Bioelectrocatalytic reaction can be observed when enzyme is not connected to electrode, but 

dissolved in electrolyte [136]. Then an addition of mediator (mobile redox probe, which 

shuttle electrons between the prosthetic group of enzyme and electrode surface) is necessary 

since there is no electrical contact between enzyme and electrode. Despite the fact that 

substantial current densities can be achieved with such system it cannot be applied in 

membraneless biofuel cell, because potentials of both electrodes (bioanode and biocathode) 

are determined by standard potential of mediator. With common mediator potential of anode 

would be close to cathode’s resulting in negligible cell voltage. This problem can be 

circumvented by splitting the cell into anode and cathode compartments using a membrane 

and two different mediators, but such solution does not allow for miniaturization of the cell. 

Therefore, there is current interest for immobilization (the attachment of molecules to a 

surface resulting in loss of mobility) of enzyme and mediator (in the case of MET) on 

electrodes. Additionally, immobilization allows to employ lower amount of enzyme, what is 

especially important at biofuel cells working in flowing electrolyte and to achieve DET 

(Section 3.3) what allows to eliminate mediator. 

In some cases, immobilization may lead to partial or complete loss of protein activity, 

due to random orientation and structural deformation. Apart from retaining the functionality 

of the biomolecule, the immobilization method must assure the accessibility of its active site. 

A close proximity between the active site of enzyme and the electrode is also desired in order 

to obtain an efficient electron transfer. The sensitivity, response time, long-term stability and 

reproducibility of the biosensor highly depend on the immobilization technique.  

There are numerous problems connected with enzymes immobilization: loss of 

activity, leaking, random orientation and large diffusion barriers, what affects efficiency of 

electrodes as well as response time and sensitivity of biosensors. Currently the efforts are put 
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towards the development of procedures to control enzyme orientation through specific 

functional groups located at their surface. In this way, active sites are brought close to the 

electrode facilitating DET or in case of non-electrochemical applications towards the solution 

of substrates. 

Many immobilization techniques have been developed in the past years, which are 

mainly based on the following three processes: physical adsorption, covalent bonding (and 

cross-linking) and encapsulation (entrapment). 

 

4.1 Physical adsorption 

The adsorption of enzymes on electrodes can proceed via different types of interactions. 

Enzymes with a large lipophilic surface area will be attracted by hydrophobic electrodes and 

large hydrophilic surface areas of the enzyme will interact with hydrophilic surfaces. The 

immobilization of the enzymes can be also ensured via ionic interactions, Van der Waals 

forces or hydrogen bonds. Electrostatic interactions play important role to immobilization by 

adsorption. The surface of the enzyme can be positively or negatively charged. It depends on 

the electrolyte pH and enzyme isoelectric point. To achieve efficient electrostatic attraction 

between enzyme and electrode surface, the latter should be charged oppositely to enzyme. It 

can be facilitated by modification of surface with negatively (e.g. carboxylate) or positively 

(e.g. protonated amino groups) functionalities. 

A significant disadvantage of immobilization by adsorption is the enzyme leaching 

from the electrode surface. 

 

4.2 Covalent bonding 

Covalent binding of an enzyme to the electrode has the advantage that the enzyme is fixed. 

Thus leaching is minimized and no protein contamination of the electrolyte occurs. Moreover 

this method of immobilization may improve enzyme stability [137]. This is due to the fact 

that the formation of multiple covalent bonds between the enzyme and the electrode reduces 

conformational flexibility and thermal vibrations preventing protein unfolding and 

denaturation. A distinct disadvantage of covalent binding is the fact that the enzyme is 

chemically modified and this modification may affect its properties such as selectivity, 

specificity or efficiency. Mostly, the amino groups of the enzyme are employed for covalent 

immobilization (Fig. 4.1), however, other functional groups can also be utilised [138]. The 
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amino group as nucleophile can attack for instance an epoxide or an aldehyde. In the latter 

case the imine formed can subsequently be reduced, ensuring irreversible immobilisation 

[138]. Carbodiimides are also used, forming an amide bond with acid group on the electrode 

surface and vice versa [139]. 
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Fig. 4.1. Various surface functionalities for the covalent linkage of enzymes [140]. 

Self-assembled monolayers (SAMs) also provide a robust method of enzyme 

immobilization with some control over its orientation and distribution. The affinity of thiols 

for some metal surfaces, particularly gold, makes alkanethiols ideal for the preparation of 

modified electrodes. Alkanethiols adsorb spontaneously onto the surface of gold, silver, 

platinum and copper [141]. Their monolayers can be used to immobilize proteins close to the 

electrode surface [142, 143]. Gold is the most frequently used metal because it does not form 
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a stable oxide under ambient conditions. The thiol groups form with Au of a thiolate bond 

(Fig. 4.2) [144]. SAMs have been shown to be stable inside potential window between 

approximately -0.8 and +0.6 V versus Ag|AgCl [145]. Outside this range the thiols are 

reduced or oxidized and finally desorbed. There are two basic approaches to enzymes 

immobilization onto electrodes using alkanethiols. Either the enzyme can be bonded to an 

existing SAM [146] or the enzyme can be modified with thiol moieties which bond to the 

electrode [147]. Enzyme can be also attached to prepared SAM by electrostatic interactions 

[148]. 

 
Fig. 4.2. Schematic view of hydrogenase covalently attached to Au surface modified with SAM [143]. 

An extreme case of covalent binding is crosslinking of enzymes by using a bi-

functional agent (e.g. glutaraldehyde [149]). Instead of fixing the enzymes to the electrode, 

the biomolecules are connected together creating aggregates (Fig.4.3). After immobilization 

of aggregates on the electrode surface, enzyme surface concentration is superior to that 

obtained by other methods, but only those molecules which are in direct contact with the 

electrode can exchange electrons and for improving the efficiency the use of mediator is 

recommended. 
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Fig. 4.3. Aggregate of cross-linked enzyme [150]. 

4.3 Encapsulation 

The best method of enzyme immobilization which allows avoiding negative influence on the 

structure of an enzyme is encapsulation. Many encapsulation methods have been developed 

[151-155]. 

 
Fig. 4.4. Selected electronically conductive polymers. 

 

Fig. 4.5. Molecular structure of polypyrrole and ABTS composite and a scheme of bio-ORR at an electrode 

coated with this composite and laccase [151]. 

Electronically conductive polymers (Fig. 4.4) provide appropriate environment for 

enzyme immobilization and its interaction with conductive materials. These polymers can be 
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deposited electrochemically in the presence of enzyme in solution. For example polypyrrole 

was used to simultaneous immobilization of laccase and its mediator – ABTS (Fig. 4.5) [151]. 

Special approach to MET accomplishment is to immobilize an enzyme within a redox 

polymer, which consist of redox-active pendant moieties attached to a polymer backbone. The 

most used for enzyme incorporation are the polymers with osmium redox complexes moieties 

(Fig. 3.6) [93, 152]. Moreover, the presence of charged moieties facilitates enzyme 

immobilization providing electrostatic interactions. The concentration of these moieties, and 

their redox potential may be varied to control electron transport and reaction kinetics. 

Another interesting matrix for enzyme encapsulation involving liquid-crystalline cubic 

phase (Fig. 3.8), which resembles the natural environment of membrane proteins, was 

recently proposed [113]. The cubic phase was prepared by mixing monoolein (1-oleoyl-rac-

glycerol) with enzymes and different mediators, including tetrathiafulvalene (TTF) and 

ABTS. 

Apart from polymers [93, 150, 152, 153] and carbohydrates [154, 155], the prominent 

one and widely used is the sol–gel method (Section 6.1). 

Sol-gel processed thin film on the electrode surface act as a semi-permeable 

membrane, which allows to free passage of the substrate and product but confines the enzyme 

in a fixed cavity (Fig. 4.6). In order to obtain such membrane one can mix enzymes with sol-

gel precursor and deposit this mixture by dip-coating [156], spin-coating [157] or sol drop 

evaporation [158]. As solvent evaporates, the sol-gel process takes place and the biomolecules 

are entrapped in the silica networks. However, such process suffers some disadvantages – it is 

time-consuming and despite porosity of obtained matrix, diffusion of substrate to the enzyme 

can be restricted. To increase porosity Yang et al. used recently electrochemically induced 

sol-gel process with simultaneous hydrogen evolution [159]. When a negative potential is 

applied to the working electrode, reduction of water of the precursor solution alters the local 

pH, which in turn induces the sol-gel process to form silica matrix with encapsulated enzyme. 

The evolved hydrogen bubbles help to form a porous structure. 
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Fig. 4.6. Schematic view of the entrapped enzyme inside a pore in silicate matrix [160].

5 Enzymatic fuel cells 

Enzymatic fuel cells unlike traditional fuel cell, which are mainly based on noble metal 

catalysts, employ enzymes as catalysts. Usually, the systems where both anode and cathode 

utilize biocomponents are referred as “biofuel cells” (BFCs). The device, where only one 

electrode compartment contain biocatalyst, is called as a “hybrid cell” [161]. If the enzyme is 

located inside living cell, such device is referred as “microbial fuel cell” [162]. The use of 

isolated enzymes allows to overcome the limits of microbial fuel cells, caused by mass 

transfer resistances across the cell membranes [163]. On the other side, enzymes still cannot 

compete with microbes in terms of long-term stability. 

BFCs are predicted be used as an implantable power source for a variety of medical 

devices used in modern medicine such as drugs dispensers, and sensors monitoring body 

functions. The main advantage of BFCs over conventional fuel cells is lower cost of their 

components. 

The working principle is the same as in conventional fuel cells, namely fuel is 

oxidized at the anode, and the electrons that are released from fuel by the oxidation reaction 

flow through an external electrical circuit generating electrical current. Finally, the electrons 

reach the cathode, where they are delivered to oxidant (mostly oxygen) (Fig. 1.1B). 
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Enzymes exhibit high turnover numbers, selectivity, specificity and activity under 

mild conditions (neutral pH and near-body temperature). The specificity results in decreased 

reactants crossover, what enables to construct a membraneless device. Moreover, biocatalysts 

allow oxidizing more complex fuels than hydrogen or methanol as in case of conventional 

fuel cells. 

The main disadvantage of enzymes is the fact that they suffer from deactivation. 

Another drawback is the lower volumetric catalyst density. Single enzyme macromolecule, 

which provides only one catalytic site, is larger than active site of inorganic catalyst, so the 

number of active sites per volume is usually lower compared to conventional catalysts. 

In last years the progress in biofuel cell research has often been reviewed in the 

literature [3, 83, 96, 163-177]. These papers provide a useful overview by discussing general 

aspects, fundamentals and classification in biofuel cell research. 

 

5.1 Fuels 

There are a number of fuels for enzymatic fuel cells including variety of sugars and low 

aliphatic alcohols. The main fuels and the enzymes which catalyze their oxidation are listed in 

Table 5.1. 

The most often employed fuel for enzymatic biofuel cells is glucose [123, 136, 178]. 

Due to its versatility in nature and essential role in a variety of living organisms as a source of 

energy glucose is predicted to be an oxidant in implanted BFCs. Other sugars that have been 

employed as fuels in BFC are fructose [179], as well as lactose and cellobiose [180]. Other 

important fuels that have been used in enzymatic fuel cells are aliphatic alcohols such as 

methanol [181], ethanol [135] and glycerol [182]. Comparing to methanol and ethanol, the 

last one alcohol is characterized by higher energy density, lower vapour pressure and lower 

toxicity. 

As one can notice, most enzymes do not catalyze total oxidation (to CO2 and H2O) of 

organic compounds. Bioanodes modified with only one enzyme limit the number of electrons 

gained from electrooxidation of one fuel molecule. The employment of enzyme cascades 

[165] allows to better utilization of the chemical energy of the fuel and can be used for its 

complete oxidation to CO2. As a result increased the total current density can be attained. 
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5.2 Anodic enzymes 

The most widely employed enzyme for anodes in BFCs is glucose oxidase (GOx). It catalyzes 

conversion of glucose to gluconolactone, which spontaneously hydrolyzes to gluconic acid 

(Fig. 1.1B). The redox co-factor responsible for the catalytic function of GOx is flavin 

adenine dinucleotide (FAD). The natural oxidant of GOx is oxygen, which is reduced to 

hydrogen peroxide [183]. In a membraneless BFC cathodic reagent – oxygen compete with 

anode for electrons released by GOx causing depletion of anodic current density. 

Another enzyme for bioanode, recently introduced by Gorton and co-workers for 

BFCs applications is cellobiose dehydrogenase (CDH) [126, 184]. Its natural substrate is 

cellobiose but CDH can also oxidize lactose as well as glucose. Oxygen is not natural electron 

acceptor for CDH what makes this enzyme superior to GOx in membraneless BFCs 

applications. Prosthetic group of CDH contain flavin and heme domain. 

Table 5.1. Fuels and enzymes used in enzymatic biofuel cells [3]. 
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Other enzymes from the family of dehydrogenases that have been used in enzymatic 

biofuel cells are glucose dehydrogenase (GDH) [185] and fructose dehydrogenase (FDH) 

[179, 186] for oxidation of glucose and fructose, respectively. 

Alcohols can be totally oxidized on bioanodes with enzyme cascades. A sequence of 

alcohol dehydrogenase (ADH), aldehyde dehydrogenase and formate dehydrogenase has been 

used for oxidation of methanol to CO2 [165, 181, 187, 188]. 

 

5.3 Mediators 

Similarly to biocathodes and ORR catalyzing enzymes, electronic communication between 

electrode and anodic enzyme can be assured by direct electron transfer or employment of 

mediator, which acts as acceptor of electrons from enzyme. Contrary to mediators for 

cathodic enzymes, redox potential of mediator for anodic catalyst cannot be lower than redox 

potential of enzyme prosthetic group. The most often used diffusive mediators for GOx are: 

ferrocene monocarboxylic acid [189], p-benzoquinone [190], pyrroloquinoline quinone 

(PQQ) [191], 8-hydroxyquinoline-5-sulfonic acid (HQS) [110] and tetrathiafulvalene [113]. 

HQS and was also co-entrapped with GOx in polypyrrole nanowires, grown on anodized 

aluminium oxide template [192]. Similar like in case of laccase and BOx based biocathodes, 

Os-based redox polymers was used as mediators and matrices for GOx immobilization [193-

195]. 

Mediatorless electrocatalytic oxidation of glucose with GOx was also reported. Dong 

and co-workers employed CNT’s-ionic liquid viscous gel as an matrix for GOx 

immobilization [196]. Wang et al. immobilized GOx on SWCNT’s deposited on silicon 

substrate and the resulting electrode was employed in a membraneless and mediatorless 

biofuel cell [197]. Recently Mano et al. reported that the deglycosylated GOx is able to 

oxidize glucose on glassy carbon electrode without mediator (Fig. 5.1) [198]. Onset potential 

of -0.29 V versus SHE corresponds to the reversible potential of the FAD/FADH2 couple. 

http:/rcin.org.pl



Dioxygen electroreduction on enzyme modified carbon ceramic electrodes  
 

   

38 

 

 

Fig. 5.1. Direct electrooxidation of 45 mM glucose on a monolayer of deglycosylated GOx adsorbed on a GC 

electrode (20 mM phosphate buffer, pH 7.4, scan rate: 5 mV s-1, 500 rpm, argon atmosphere) [198]. 

 

5.4 Biofuel cells - examples 

More than hundred examples of BFCs were reported in literature. Here, in my humble opinion 

only three of the most interesting are presented. 

One of them, which utilize living plant energy was reported by Heller and co-workers 

in year 2003 [194]. Two electrodes prepared from (2 cm in length and 7 µm in diameter) 

modified with GOx (anode) and BOx (cathode) were implanted in a grape. The cell exhibited 

the highest power density (2.4 µW cm-2 at 0.52 V) when the cathode fibre was located near 

the skin of the grape, where the oxygen concentration is higher, than near the centre of the 

grape (Fig. 5.2). 

  
Fig. 5.2. Photograph of a grape with the implanted fibres and their electrical contacts. Because in the 

photographs the 7 µm diameter fibres were barely visible, lines are drawn to show their positions (A). 

Dependence of the power output on the cell voltage with the cathode fibre implanted near the skin of the grape 

(bold line) and near the centre of the grape (fine line) (B) [194]. 
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Biofuel cell, which exhibits the highest reported power density to date (1.45 mW cm-2 

at 0.3 V) was developed by Sakai et al. [178]. This device utilizes glucose as fuel on GDH-

based bioanode, and O2 as reductant on BOx-based gas-phase biocathode at pH 7 in presence 

of 0.4 M glucose under quiescent conditions. Enzymes and mediators are densely entrapped 

on carbon-fibre electrodes and the cathode structure is designed to supply O2 efficiently. The 

cell units with a multi-stacked structure successfully operate a radio-controlled toy-car, what 

demonstrates the potential of biofuel cells in practical applications. 

The only example of a membraneless BFC with a dissolved mediator is the microfluidic 

BFC [199] with two parallel streams: anolyte and catholyte consisting of dissolved ABTS and 

laccase. This system seems to be promising because the continuous supply of the enzyme 

solves the problem of its instability while laminar flow of two parallel streams allows for 

membraneless contact between the catholyte and the anolyte. 

 

5.5 Enzymatic Zn-O2 batteries 

The main disadvantage of BFCs is weak enzymes stability. Potentially implantable caseless 

cell was suggested by Heller as an alternative to enzymes-containing BFCs [103]. Suggested 

cell consist of a miniature, Nafion-coated Zn anode [200] and a biocompatible hydrogel-

shielded Ag/AgCl cathode or O2-reducing biocathode. A model of that one  with bioanode has 

been already constructed [201, 202]. During discharging of Zn anode in saline buffer a 

hopeite-phase (Zn3(PO4)2·4H2O) is created on its surface providing Zn2+ conducting solid 

electrolyte film. The film blocks the transport of O2 to the Zn, preventing its corrosion, while 

allowing the necessary transport of Zn2+. 

For example modern pacemakers consume ca. 1.3 µJ of energy per pulse [203]. Under 

assumption of average patients pulse 60 min-1 and 1 V of cell voltage, the pacemaker 

consume 41 C (11.4 mAh) of charge per year. This corresponds to 14 mg of Zn oxidized to 

Zn2+. Due to low redox potential of Zn (E0 = -0.76 V vs. NHE [204]) Zn-O2 cell voltage is 

higher than that of glucose-O2 biofuel cell and exceeds 1 V. 
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Table. 5.2. Parameters of small commercially available batteries and conceptually implantable cells [103].

 

The smallest commercially available implantable batteries and concept caseless cells are listed 

in Table 5.2. Despite operational lifetime all parameters for concept Zn-O2 battery are 

advantageous. One can notice that improvement of operational lifetime of enzymatic cells is a 

challenge. 

The electrodes studied in this thesis are tested as biocathodes in Zn-O2 hybrid cells. 

 

6 Carbon ceramic electrode 

Carbon ceramic electrode was developed by Lev in 1994 [6] as an alternative to carbon paste 

electrode [205]. Apart from broad possibilities of modification, the main advantages of CCEs 

as working electrodes are: large potential window in aqueous electrolytes with low 

background current, fast kinetics for a number of mediators, high signal to background 

current, and high stability after prolonged immersion in electrolyte [206]. The carbon-ceramic 

composite material consists of interconnected carbon particles entrapped in continuous, 

porous silica matrix obtained in sol-gel process. 

6.1 Sol-gel process 

The name “sol-gel” is applied to process and materials concerning the strategy of preparation 

which include transformation from sol to gel. Sol is a suspension of colloidal solid particles 

within a liquid. A gel obtained from sol in so called sol-gel transition is a porous 3-

dimensionally interconnected solid network that expands throughout a liquid medium [207, 

208]. Apart from metal (e.g. Al, Ti, V, Zr) alkoxides, silicon alkoxides are the most popular 

precursors of sol-gel process. Their use results in creation of silicates which are components 

of electrodes and other samples described in this thesis. Therefore this section is focused on 

preparation of silica sol-gel materials. 
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Gel formation from alkoxides is known for more than 150 years. The first report concerning 

sol-gel processing – synthesis of silicate monoliths from a tetraethoxysilane precursor (made 

from tetrachlorosilane and ethanol) was done by a French scientist J. Ebelmen in 1846 [207]. 

In recent decades an increasing interest in the area of sol-gel derived materials and its 

application to (electro)analytical chemistry is observed. The main advantage of silica and 

organosilica materials is the possibility to control its structure, composition, morphology and 

porosity during low temperature processing. Nowadays, a concise literature concerning sol-

gel science and its fundamentals is available [207, 208]. 

The starting mixture for sol-gel process usually include precursor (one or more), a 

solvent, a catalyst (acid or base), and water (can be from humid surroundings). Sol-gel 

processing of silica involves hydrolysis of silicon alkoxide precursors (in this thesis 

tetramethyoxysilane (TMOS) or methyltrimethoxysilane (MTMOS)): 

Si(OCH3)4 + 4 H2O → Si(OH)4 + 4 CH3OH       (6.1) 

H3C-Si(OCH3)3 + 3 H2O → H3C-Si(OH)3 + 3 CH3OH     (6.2) 

and H+ or OH- catalysed condensation: 

2 Si(OH)4 → (OH)3Si-O-Si(OH)3 + H2O       (6.3) 

2 H3C-Si(OH)3 → CH3-Si(OH)2-O-Si(OH)2CH3 + H2O     (6.4) 

Finally in polyconcensation process a sol containing solid particles made of macromolecular 

network of siloxane bonds is created (Fig. 6.1). 

Fig. 6.1. A simplified view of sol-gel processing of silica and organosilica [209]. 

Next, in gelation step sol particles are connected creating 3-dimensional solid network with 

entrapped solvent. It is worth a mention that these steps are not only consecutive but also 

parallel. 

The structure of obtained silicates depends not only on formation path, but also on 

further aging, drying, and sometimes heating steps (Fig. 6.2). Tuning of their experimental 
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parameters allows controlling the microstructure of the final material. Wide-open aerogels, 

highly porous monoliths or particles, less porous xerogels and silica thin films can be 

obtained [210]. One of the most efficient route to control porosity of ordered mesoporous 

silicates (pore size 1.5–10 nm, surface area > 1000 m2 g−1) is application of surfactant 

template [211]. Macropores can be introduced into the silicate matrix using colloidal ordered 

template of latex spheres ranging in diameter from 50 nm to 1 µm. After material formation 

the template is removed via calcination or chemical treatments [212] (Fig. 6.2). 

       

Fig. 6.2. Schematic representation of sol-gel materials processing [209]. 

Sol-gel chemistry is also a tool for the synthesis of inorganic-organic hybrid materials 

with special properties. They can be obtained by impregnation, doping, physical entrapment 

of organic compounds within sol-gel matrices, or via co-condensation of organosilane 

reagents [213]. 

 

6.2 Preparation of carbon ceramic electrodes 

The first step of CCEs preparation is the dispersion of carbon powder within a silica sol. The 

sol is then allowed to form a gel and to dry forming a porous rigid matrix [6]. Usually after 24 

hours of electrode aging electrode is ready to use. The silicate backbone provides better 

mechanical properties than these exhibited by carbon paste electrodes (CPE) [206]. Another 

aspect of wetted (hydrophilic) CCEs superiority over CPEs is the porosity of the binder, and 
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therefore their electrochemically active area is not confined to the outermost surface as in the 

CPE. Additionally, the surface of the CCEs can be renewed by mechanical polishing. 

CCEs can be obtained in various configurations, including bulky cylinders, monolithic 

rods, at plates, miniature electrodes or even thin films [5, 214] and screen-printed electrodes 

[215]. 

Cordero-Rando et al. proposed another sol-gel-based procedure to obtain solid carbon 

composite electrodes called sonogel electrodes [216]. This procedure is based on the use of 

sonocatalysis to apply high-energy ultrasound directly to the precursors. This way, ultrasonic 

cavitation is achieved, so that hydrolysis with acidic water is promoted in the absence of any 

additional solvent and the time needed to get a unique phase is reduced. 

The preparation of traditional CCEs requires long time for sol-gel process and drying 

(at least 24 h). Recently Abbaspour and Ghaffarinejad accelerated its preparation of CCE 

employing microwave irradiation, which requires only a few minutes [217]. 

 

6.3 Control of carbon ceramic electrodes properties 

The physicochemical properties of silicates can be easily controlled by application of suitable 

sol-gel precursor, mixture of precursors or/and dopants (Section 6.2). For example it is 

possible to control electrode wettability by water. Application of hydrophobic 

organofunctional groups increases the hydrophobicity of the electrode, what is manifested by 

wide contact angle of water droplet (Table 6.1). A complete control of surface hydrophobicity 

(from completely wetted surface to hydrophobic electrode with very limited wettability) can 

be achieved by applications of sol-gel precursor with different functional groups. In the case 

of hydrophobic precursors (e.g. MTMOS) the resulting electrode repulses water leaving only 

carbon islands at the CCE surface in contact with the electrolyte. 

Table 6.1. Contact angles of water droplets on CCEs prepared using different types of sol-gel precursors [206]. 
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From hydrophilic precursors (e.g. TMOS) a flooded CCEs is obtained and electrolyte 

penetrates into the bulk of the electrode. For catalytic and biocatalytic applications, flooded 

electrodes are superior compared to flat surface electrodes because larger catalyst surface can 

be exposed to the electrolyte than on the outer surface of an electrode. 

The second component – interconnected carbon grains provide electron conductivity 

along percolation paths. The properties of the CCEs depend significantly on the type of 

carbon powder mixed with sol-gel precursors. Depending on the grain size, the conductivity 

percolation threshold varies from a few weight percent for carbon black to ca. 30% for large 

grains (Fig. 6.3). Moreover, the presence of carbon provides diverse possibilities of its 

covalent modification [218]. 

 
Fig. 6.3. Dependence of the specific conductivity of CCEs on carbon loading for different carbon powders[206]. 

 

6.4 Redox modification of carbon ceramic electrodes 

A number of publications is devoted to redox modifications of CCEs mainly for fundamental 

research of interfacial ion transfer [219, 220], sensing applications and providing electrons 

shuttle to enzymes [221]. Redox active groups can be introduced to CCEs in different ways, 

such as doping the redox species to the sol used for electrode preparation [222], binding the 

redox-active groups to the precursors [206], impregnation with the redox liquid [219, 220], 

covalent modification of carbon particles [218], or adsorption of the redox modifier on their 

surface [223]. 
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6.5 Electroanalytical applications of carbon ceramic electrodes 

Many applications of CCEs were devoted to amperometric electroanalysis. These CCE-

sensors can be modified by redox mediators [219, 220], ligands [224], catalysts [225, 226] 

and biocatalysts [221, 227, 228]. Since CCE had been proposed a numerous papers involving 

its application as sensors and biosensors (sensitive to biological analyte or containing 

biological component) were published. Some of them was devoted to sensing: 

acetaminophenol [229], adrenaline [229, 230], ascorbic acid [229-231], bromate [232, 233], 

chlorate [234], cysteine [229, 235, 236], cystine [237], dopamine [229, 230], glucose [238-

241], glutathione [242], hydrazine [243], hydrogen peroxide [228, 244, 245], insulin [246], 

iodate [247], methionine [237], NADH [248-250], oxygen [225], pH [6, 251], phenolic 

compounds [252-257], pyridoxine (vitamin B6) [258], silver [259, 260], sulfide and sulfur 

oxoanions [261], uric acid [229, 230]. 

Two of these sensors are pH-sensitive [6, 251]. The idea of voltammetric pH 

measurement is to measure the redox potential (usually mid-peak potential in CV or peak 

potential in differential pulse voltammetry (DPV)) of a pH-sensitive redox probe attached to 

the electrode. If protons are involved in electrochemical reaction: 

Ox + ne- + mH+ ⇆ R          (6.5) 

then according to Nernst equation, redox potential depends linearly on pH: 

+ � +�′ � ���� ln ������� � �� 0.059pH        (6.6) 

Voltammetric pH measurement with CCE was demonstrated by Tsionsky et al. with 

9,10-phenanthrenequinone doped CCEs [6]. An almost Nernestian dependence of the anodic 

peak current on pH is found over a wide pH range (0-7): dE/dpH = 60.2 mV. Quinhydrone 

modified electrodes exhibited a larger linear pH range (0-9). Small leaching of the quinones 

from the electrode during prolonged continuous cycling does not affect its accuracy because a 

potential shift (pH-determining) does not depend on the peak current. 

An interesting CCE-based sensor, proposed by Salimi et al. [230], is capable to 

simultaneous voltammetric determination of ascorbic acid (AA), dopamine (DA) and uric 

acid (UA) (Fig. 6.4). 
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Fig. 6.4. Square wave voltammograms of 10 µM of AA, 1 µM DA, and 2 µM UA at CCE in 0.1M phosphate 

buffer pH 5. Concentrations of AA, DA, and UA are simultaneously changed: 10, 20, 30, 40, 50 µM of AA and 1, 

2, 3, 4, 5 and 6 µM DA and UA [230]. 

CCE has been also modified to obtain antibody-antigen interactions-based 

immunosensor [224]. Several potentiometric applications were also demonstrated. Ion 

sensitive CCEs were constructed by incorporation of AgNO3 into the starting sol-gel solution 

and silver reduction after gelation [6]. The resulting electrode exhibited a linear (49 

mV/decade) potential dependence on chloride ion for 1-100 mM range. Such Ag|AgCl-CCE 

can also serve as reference electrode. Because its active surface is rather high, it can be used 

in a two-electrode cell even under significant current densities. 

 

6.6 Application of carbon ceramic electrodes for energy conversion and 

storage 

As it was said earlier, graphite (intrinsic component of CCE) exhibits poor electrocatalytic 

activity towards ORR (Section 2.3). However, the addition of metallic or organometallic 

catalysts to the electrode body improves its performance. CCE because of its porous structure 

can work as gas electrodes – permeable for gaseous compounds so that the gas (e.g. O2 for 

fuel cell cathode) feed can be introduced to the back side of the electrode, diffuse through it, 

and react at the solid-liquid interface (Fig. 15.10). CCEs modified with cobalt porphyrin [262, 

263], Pd [264, 265], Pt [225, 226] and naphtoquinone [222] were reported as oxygen 

cathodes. CCE was also modified with laccase [214, 254] or horseradish peroxidase [227]. 

These electrodes were used as phenolic compounds sensor [254] and biocathode for oxygen 

[214] or hydrogen peroxide [227] reduction from aqueous phase. 
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Another application of CCE for energy conversion is anode for fuel cell. Razmi et al. reported 

CCE modified with Pt nanoparticles for electrocatalytic oxidation of methanol and ethanol 

[266, 267]. 

Recently Ranganathan and Easton found CCE as high performance anode for use in 

the Cu-Cl thermochemical cycle for hydrogen production [268]. A thermochemical cycle is a 

process consisting of the closed loop of thermally driven chemical reactions where water is 

decomposed into hydrogen and oxygen. All the chemicals used in these cycles are regenerated 

and remain in the system (Fig. 6.5). The copper chloride (Cu–Cl) thermochemical cycle is 

promising due the close match of its temperature requirements (ca. 550 °C) to the super 

critical water-cooled nuclear reactor. 

 
Fig. 6.5. The Cu-Cl thermochemical cycle [268]. 
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7 Scanning electrochemical microscopy 

Scanning electrochemical microscopy (SECM) is one of the most important electroanalytical 

methods used in this work. This technique belongs to a larger family of scanning probe 

microscopies (SPM) which includes such techniques as atomic force microscopy (AFM) 

(section 8.8) also known as scanning force microscopy (SFM), scanning electron microscopy 

(SEM) (Section 8.7), scanning tunneling microscopy (STM) [269], and scanning near-field 

optical microscopy (SNOM) [270]. 

SECM allows mapping the topography as well as the lateral variations of the (electro) 

chemical activity, measure local solute concentration, investigating heterogeneous kinetics, 

and inducing local electrochemical modification. In SECM microelectrode mounted on xyz-

positioner act as amperometric or potentiometric sensor. It can be applied to investigate a 

variety of interfaces including solid-liquid , liquid-liquid, and liquid-gas [271-274]. The 

analyzed sample can be insulator, conductor or semiconductor. The lateral resolution of 

SECM is limited by the size of the probe and is usually worse than resolution of other SPM 

techniques, but large area can be analyzed. SECM can be used to probe activity of 

immobilized enzymes [275]. 

The first SECM experiment was reported by Engstrom et al. [276]. They used 

amperometric microelectrode to measure concentration profiles close to a macroscopic 

sample electrode. At the same time Bard et al. [277] recorded large faradaic current using 

electrochemical scanning tunneling microscopy (ECSTM) when the sample-tip distance was 

too large to achieve tunneling current. Although these two experiments are considered to be 

the first use of SECM, this technique was popularized after development of the feedback 

concept by Kwak and Bard [278, 279]. They developed theory describing the diffusion-

limited faradaic current at a microelectrode as a function of the distance d between a 

macroscopic planar sample and this microelectrode. Further development of SECM 

concerning different operation modes is described in several reviews [271-274, 278, 280]. 

 

7.1 Instrumentation 

The microelectrode which is moved by a positioning system relative to the sample is the 

central element of an SECM. The microelectrode is connected to a potentiostat or 

bipotentiostat together with the reference (RE) electrode and the counter electrode (CE). Then 

a three-electrode cell is established (Fig. 7.1). 
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Fig. 7.1. Schematic setup of SECM. (1) microelectrode, (2) sample, (3) (bi)potentiostat, (4) reference and 

counter electrodes, (5) positioning system, (6) control PC [274]. 

Conductive or semiconductive sample can be connected as the second working 

electrode to a bipotentiostat. There is an essential difference between SECM and ECSTM. 

Both techniques share similarities in the basic setup, but the mode of action and the obtained 

information are quite different. In SECM, the current between probe and sample is mediated 

by dissolved substances which undergoes electrochemical reactions at the microelectrode and 

the sample surface and are transported between them by diffusion. This allows (and requires) 

the microelectrode to move in further from the sample than in ECSTM. The obtained 

information is also quite different. SECM provides information about the local heterogeneous 

reaction rate. In ECSTM, the current originates from the quantum-mechanical tunneling 

effect. It means that there is no need for an electrochemical conversion at the probe or sample. 

 

7.2 Microelectrodes 

The SECM probe as in other SPM techniques is commonly called “tip”. Usually, it is an 

amperometric disk-shaped microelectrode which is embedded in an insulating sheath, 

typically made of glass. The most often used microelectrodes are made of Pt, Au, other noble 

metals and carbon fibres. Potentiometric ion-selective [281-285] and pH-sensitive [286, 287] 

electrodes have also been used as SECM probes. 

The term “microelectrode” is used for amperometric electrodes whose characteristic 

dimension (e.g. radius) is, under the given experimental conditions, comparable to or smaller 

than the diffusion layer thickness [288]. Under these conditions, a steady state is attained. For 

typical redox species in aqueous electrolyte and disk electrode such conditions are met when 

its diameter is equal or less than 25 µm. Commonly, and also in this thesis the microelectrode 

radius rT, potential ET, and current iT are indexed with “T” (refers to tip) and accordingly the 
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quantities indexed with “S” are related to the sample. The geometry of a disk-shaped 

microelectrode can be characterized by: the radius rT of the active electrode area and the 

radius rg of the insulating glass sheath (Fig. 7.2). The ratio RG = rg / rT is an important 

parameter which influences iT and the shape of feedback mode approach curves - the curves 

representing iT versus d. (Section 7.3). 

 
Fig. 7.2. Dimensions of microelectrode [274]. 

The microelectrode can be characterised by optical microscopy, cyclic voltammetry 

(CV), and by recording approach curves to an inert, insulating sample [289] (Fig. 7.3). 

 
Fig. 7.3. (A) Optical micrograph of the Au microelectrode shows rT = 12,5 µm and RG = 9.97, (B) CV of the 

same microelectrode resulted in a rT ≈ 13.4 µm according to Eq. (7.2) (redox probe: 0.1 mM [Fe(CN)6]
3- in 0.1 

phosphate buffer pH 4.8, v = 10 mV s-1), (C) SECM approach curve to a glass surface using the same 

microelectrode. The theoretical parameters fit with RG = 9.97 yields rT = 12.48 µm. 

In comparison to macroelectrodes where planar diffusion occurs, with  use of 

microelectrodes the mass transport due to hemispherical diffusion is enhanced and IR drop is 

reduced. The hemispherical diffusion assures large current densities in quiescent solution and 

the steady state current is achieved in short time (~rT
2/D). This allows the treatment of iT 

recording at the scanning probe with velocity v ≤ 15 µm s-1 by the theory derived for a 

stationary electrode [274]. 

When the microelectrode is polarised at a potential ET sufficiently low to cause the 

diffusion-controlled reduction of oxidized species Ox, its conversion occurs: 

(A) 

(B) (C) 
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Ox � 3e�  4 R          (7.1) 

The steady-state, diffusion-controlled current plateau on microelectrode (iT,∞) is obtained (Fig. 

7.3B) if the microelectrode is at a quasi-infinite distance from the sample (d > 20 rT) [274]: 

��,∞ � 53$6% 7�          (7.2) 

where n is the number of transferred electrons per molecule, F – the Faraday constant, D – the 

diffusion coefficient, c* - the bulk concentration of the redox probe, rT – the radius of the 

disk-shaped active electrode area, and g – the geometry-dependent factor that assumes 

different values of RG (Table 7.1) [290]. 

Table 7.1. Selected geometry-dependent factors g values with respect to RG [290]. 

RG ∞ 10 2 1.2 

g 4 4.07 4.44 4.95 

 

One can see that higher diffusion-controlled currents are achieved on lower RG 

microelectrodes. This is because of rather spherical than hemispherical diffusion. 

 

7.3 Feedback mode 

The term “feedback” in SECM is used to indicate that the iT is influenced by the redox 

substrate regeneration rate at the sample and must not be confused with the feedback-loop 

system used to control probe vertical position in SPM techniques. In such SECM experiment 

electrolyte contain one form of a redox couple (reduced (R) or oxidized (Ox)), which can be 

consumed on microelectrode with diffusion-controlled rate. To clarify, let’s consider that only 

Ox is present in electrolyte. The mathematical models developed for SECM do not take into 

account migration and convection. Therefore, Ox is usually added in milimolar concentration 

to an excess of inert supporting electrolyte to ensure that the Ox mass transport occurs 

predominantly by diffusion. 

In SECM electrochemical cell the microelectrode acts as working electrode (WE). CE 

is placed far from the microelectrode to prevent access of CE reaction products to WE. The 

microelectrode potential (ET) is controlled versus a stable RE. The conductive sample can be 

connected as a second working electrode (WE2). In this case bipotentiostat is necessary. 
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Vertical translation of the microelectrode towards the sample allows to detailed kinetic 

investigation of the reaction R → Ox + ne- at a specific location of the sample. The SECM 

approach curve represents recorded iT as a function of the microelectrode-sample separation 

d. For unification, iT is normalized to iT,∞ (IT = iT/ iT,∞), and d is normalized to rT (L = d/rT). 

The normalized currents are independent of c*, D and rT. There are two limiting cases for 

approaching a quasi-infinitely large sample: 

• when the sample is an inert, insulating surface (Fig 7.4A), 

• when the sample is a conducting surface where species R generated at the 

microelectrode are regenerated to Ox at a diffusion-controlled rate (Fig. 7.4B) 

 

Fig. 7.4. Principle of feedback mode. (A) – normalized approach curve for hindered diffusion when the 

microelectrode approaches an inert, insulating sample (negative feedback), (B) – normalized approach curve for 

mediator regeneration by a fast heterogeneous reaction at the sample surface (positive feedback). 

If the microelectrode approaches an inert, insulating sample, e.g. glass, the diffusion of 

Ox toward the microelectrode is hindered by the insulating microelectrode sheath and the 

sample surface. Thus, the faradaic current iT falls below iT,∞ as d decreases (Fig. 7.4A). The 

diffusional flux of Ox toward the microelectrode is also hindered as the RG increases. This 

type of response is called “negative feedback” [278]. However, if the microelectrode 

approaches a sample where the R species generated at the microelectrode are reoxidized 

chemically or electrochemically, the sample acts as an additional source of Ox. In this case iT 

increases during approaching and exceeds iT,∞ (Fig. 7.4B). Such response is called “positive 

feedback” [278]. 

Quantitative description of approach curves can be obtained by solving the diffusion 

equations for disk-shaped microelectrode. The simulation results for various values of d can 
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be described by analytical approximation for both limiting cases [279, 291]. An analytical 

approximation for an inert, insulating surface is described by following equation: 

8�!�"�9� � #	#	,∞
� �
����

�
�
� %�&'��

�
(        (7.3) 

The contribution (RG-dependent values of k1, k2, k3 and k4) for the normalized current at the 

microelectrode approaching insulating sample (IT
ins) can be find in ref. [291]. 

This approximation provides a way to determine d from experimental approach 

curves. For this purpose one can use even an irreversible reaction at the microelectrode (e.g. 

ORR). Then the approach curve is independent of the nature of the sample. By fitting 

parameters in Eq. (7.3) to experimental approach curve, d can be obtained as adjustable 

parameter. The knowledge of the distance between the microelectrode and the sample is 

essential for quantitative SECM measurements. 

The upper limit of iT, when the microelectrode approaches conducting sample and the 

reactions both at the microelectrode and the sample are diffusion-controlled is described by 

following equation [291]: 

8�)*�+�9� � #	#	,∞
� �� � 
�, � ��exp �
�, �       (7.4) 

The RG-dependent parameters k1 – k4 can be found in ref. [291]. 

Typically the conducting sample at which R produced at the microelectrode is 

reoxidized to Ox is connected to a bipotentiostat. However, in some cases it is not necessary. 

If the sample is much larger than the microelectrode or is connected to a larger conducting 

region in contact with the electrolyte, then concentration of R is enhanced in the close 

proximity of the microelectrode. Thus, local sample potential in the microelectrode proximity 

is lower according to the Nernst equation: 

+- � +° � ���� ln � ��������         (7.5) 

where E° is the standard potential of the redox couple, R the gas constant, T the absolute, [R] 

and [Ox] are the molar concentrations of the reduced and oxidized form of the redox mediator 

respectively. If the bulk electrolyte contains only Ox as illustrated in Fig. 7.5B, a local 

concentration cell is created leading to oxidation of R to Ox underneath the microelectrode. 

An equal amount of Ox is reduced to R at the sample far away from the microelectrode (Fig. 

7.5B). If standard heterogeneous rate constant k0 of used mediator is high enough, oxidation 
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of R underneath the microelectrode occurs under nearly diffusion-controlled conditions. 

Instead of diffusion of R into the bulk electrolyte electrons are transported from the vicinity of 

the microelectrode through the conducting sample. 

 

Fig. 7.5. (A) – conventional electrochemical concentration cell, (B) – formation of a concentration cell in 

feedback mode SECM experiment. 

If the electrochemical mediator regeneration at the sample is not diffusion-controlled, 

but limited by the heterogeneous electron transfer rate at the sample, a unique approach curve 

can be found for a given rate constant [292]. Such curves are described by analytical 

approximation for finite kinetics at the sample and diffusion-limited current at the 

microelectrode (Eq. (7.6)). This analytical approximation can be used for RG ≤ 20 and L ≥ 

0.1. 

8��9, ;, <=� � 8�)*�+ �9 � �. , <=� � /	
��0,,�12��0���.�4�1�.��,.20��,�.��2    (7.6) 

with 

8�)*�+ �9 � �. , <=� � >�<=� � ��50�126',��

�
( � �1 � >�<=� � ��50�12� ? �9 � �.�  (7.7) 
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� �

���
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��
(     (7.8) 

>�<=� � ln 2 � ln 2 �1 � �
π

cos�� � ��1�� � ln 2 
1 � ��
π

cos�� � ��1����   (7.9) 

C�<=� � 1 � 0.639 �1 � �9 cos�� � ��1�� � 0.186 
1 � ��
π

cos�� � ��1����             (7.10) 

? �9 � �.� � �9 tan�� �9 � �.�                   (7.11) 

γ = 0.006RG + 0.113                    (7.12) 
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σ = 0.0236RG + 0.91                    (7.13) 

The magnitude of the feedback depends on the rate of mediator regeneration at the 

sample, hence the approach curve provides information about kinetics at the sample by the 

value κ in Eq. (7.6). This parameter can be related to normalized heterogeneous first order 

rate constant keff: 

�%:: � ; �;	
                     (7.14) 

Knowing rT and diffusion coefficient of mediator D (assuming that for Ox and R is equal) an 

effective heterogeneous first order rate constant keff can be derived. 

In this thesis the FB mode was used to extract kinetic information from experimental 

approach curves (Section 14.3.4) as well as to imaging lateral distribution of sample activity 

(Section 14.3) and conductivity (Section 15.5). 

 

7.4 Generation-Collection mode 

In contrast to feedback mode, the generation-collection mode (GC) the electrolyte initially 

does not contain any a substance which can be electrochemically oxidized or reduced at the 

microelectrode at applied ET. This mode can be used to monitor heterogeneous processes such 

as catalytic reactions [280, 293, 294], corrosion [280, 295, 296], mass transport across 

permeable samples [284, 285, 297] and phase interfaces [298-300]. There are two types of GC 

mode (Fig. 7.6): sample-generation/tip-collection (SG/TC) and tip-generation/sample-

collection (TG/SC). 

 

Fig. 7.6. Principle of the generation-collection mode. (A) – SG/TC mode with an amperometric microelectrode, 

(B) – SG/TC with a potentiometric microelectrode (e.g. ion-selective electrode), (C) – TG/SC mode [274]. 

The SG/TC mode can be performed with either amperometric (Fig. 7.6A) or 

potentiometric (Fig. 7.6B) microelectrodes. The sample surface generates a redox-active 
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species, probed by the microelectrode, when it is placed close to the active sample region. 

When the microelectrode translates above the region where the redox-active species are 

generated, the iT depends on the local concentration of this species generated at the sample 

surface. The SG/TC seems to be a simple experiment, however, it has some disadvantages: 

• a steady-state concentration profile of electroactive species generated at the sample is 

achieved only if the active regions are well separated microstructures. If the size of 

active area is large the concentration is transient. 

• The concentration profile of the electroactive species generated at the sample is 

disturbed by the presence of the microelectrode. 

• If the product of electrochemical reaction at the microelectrode is a substrate for the 

sample, there might be feedback caused current enhancement for d ≤ 5rT. 

In order to minimize the feedback effect and the disturbance of the diffusion layer, one 

has to use microelectrode with smaller rT and RG. 

In TG/SC mode the microelectrode is held at a potential ET where an electrochemical 

reaction occurs or the current flow is forced in galvanostatic mode. The potential set on the 

sample is capable to probe the microelectrode reaction product (Fig. 7.6C). An image is 

constructed by plotting the sample current iS versus the microelectrode position. Usually, in 

TG/SC mode the sample is larger than the microelectrode and the collection efficiency is 

close to 100 %. Using this mode the sample surface area has to be small enough not to mask 

the current relevant with “collection” of electroactive species generated at the microelectrode. 

This mode has been used to image ORR on metallic [37] and enzymatic catalysts arrays 

[301]. The lateral resolution of GC mode imaging is inferior to FB mode, but the sensitivity of 

GC mode is higher. This mode is used when FB mode is not sensitive enough or impossible to 

apply. 

Quantitative measurements using GC mode is possible only if the active sample regions 

are well separated microstructures which can deliver steady-state concentration profiles. The 

signal over the active sample region can be described by a model developed for mediator 

diffusing from an isolated disk-shaped pore in membrane [297, 302]. This model is based on 

Fick’s laws of diffusion and relates the microelectrode current to the local flux of molecules 

generated by the active region of the sample. It assumes that the microelectrode does not 

interact with the system being measured (i.e. acts as a passive probe and its presence does not 

disturb concentration profile). The current iT depends on the radius of the active region of the 

sample rS, microelectrode radius rT, the concentration of the analysed species at the surface of 
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the sample [A]S, and the dilution factor describing the diffusion from the active sample region 

into electrolyte: 

iT = gnFDrT[A] Sζ                    (7.15) 

The dimensionless factor ζ describes the concentration decrease of the released redox-

active species as a function of the lateral distance ∆x from the centre of the active sample 

region (∆x = x – x0, where x0 is the x-coordinate of the spot centre), the vertical distance d 

from the active centre of the sample and rS: 

I � �9 tan�� √�;�

<=>∆?��@��;�
�A�B>∆?��@��;�

�A���@�;�
�C

                (7.16) 

A fit of the parameters in Eq. (7.15) and (7.16) (iT = f(x, d = const)) to the 

experimental horizontal line scan yields rS and [A]S. Then the total flux Ω from the active 

region can be calculated from [297]: 

Ω = 4DrS[A] S                     (7.17) 

By assuming a uniform flux over the whole active sample region and a circular area A 

= πrS
2, a generation rate J can be determined according to the following equation: 

J � D
π·;�

�                     (7.18) 

This treatment is used in this thesis (Section 14.2) in order to evaluate the flux of the 

product of the enzymatic reaction coming from the immobilized enzyme, and to evaluate O2 

permeability through the silicate (Section 15.5). The SG/TC mode imaging was used for 

enzyme aggregates (Section 14.2) and for detection of oxygen permeability through the 

sample electrode (Section 15.5). 

 

7.5 Redox competition mode 

The redox competition (RC) mode (Figure 7.7) was proposed recently by Eckhard et al. [303]. 

In this mode, the microelectrode and the sample are polarized at the same potential. Then the 

sample and the microelectrode compete for the same reagent. The main advantage of this 

mode is its ability to investigate irreversible reactions, e.g. ORR. It provides an interesting 

alternative to the TG/SC mode. At each grid point of the image, the microelectrode is pulsed 
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to a potential high enough to locally generate O2, which is re-reduced as soon as the pulse 

ends. The ET switches to a potential where oxygen reduction occurs (Fig. 7.7). 

 

Fig. 7.7. General principle of the RC mode. (A) – Pulse program at the microelectrode, (B) – O2 is generated 

and re-reduced at the microelectrode above an electrocatalytically inactive substrate, (C) – O2 is generated at 

the microelectrode and partly consumed at an electrocatalytically active substrate [280]. 

If the sample beneath the microelectrode is electrocatalytically active, some oxygen is 

consumed by the sample instead of being reduced at the microelectrode. Then iT is lower 

when the microelectrode is positioned above the areas of higher electrocatalytic activity of the 

sample. In contrast to TG/SC mode, the RC mode does not impose limitations on the sample 

size and the activity of the support. The ability of this mode has been proven on highly 

dispersed spots of gold and platinum [303] and on spot of BOx [304]. A quantitative 

description of the signals seems extremely difficult and is not available yet. In this thesis RC 

mode was used to investigate ORR on electrodes modified with enzymes (Section 13.5 and 

15.4). 

 

7.6 Direct mode 

The direct mode has mainly been used for local surface modification, e.g. deposition [305] or 

etching [306]. The sample acts as the working electrode (WE) and the microelectrode as 

counter electrode (CE). The microelectrode is positioned close to the sample surface forming 

a thin layer cell and a current flow between them to cause faradaic reactions at the sample 

surface and at the microelectrode. Due to electrolyte non-zero resistance, current lines are 

formed between the electrodes. The current value determines the amount of formed deposit. 
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Fig. 7.8. represents a scheme of a typical metal deposition by direct mode. As the current flow 

is limited to the gap between the microelectrode and the sample, the modification or 

deposition is restricted to the region underneath the microelectrode. 

 
Fig. 7.8. Schematic representation of cooper needle generated using SECM direct mode [274]. 

 

7.7 Constant distance mode 

Conventional SECM imaging experiments measures the microelectrode current when it 

translates across the sample surface at a constant height. In order to increase imaging 

resolution, smaller microelectrodes (even nanoelectrodes) must be used and positioned at a 

suitable working distance. The working distance d has to be of the order of the active probe 

area diameter to ensure high resolution imaging and good collection efficiency. Constant-

height mode SECM imaging has some disadvantages. For samples with variations in 

conductivity and topography, variations in iT response can not be exactly assigned to 

differences in topography or local activity. Another problem is that the sample tilt and 

protruding sample features can cause undesirable physical contact of the microelectrode and 

the sample. In order to overcome these problems a shear force distance control system may be 

used. Using this technique the microelectrode-sample distance is measured and this value is 

used as a setpoint to keep the distance constant. Thus, sample topography and reactivity can 

be measured simultaneously. Shear force rely on measurement of the changes in resonance 

frequency, amplitude or phase shift of a nanometer-sized microelectrode. There are two 

variations of shear force systems. In the first, a quartz tuning fork is attached to the 

microelectrode by one leg and the resonance frequency is determined by a quartz resonator 

[307]. The changes of resonance frequency, amplitude or phase shift can be recorded either by 

projection of a diffraction pattern onto a split photodiode using laser beam [308] or by 

attaching a second piezoelectric plate to the microelectrode (Fig. 7.9) [309]. 
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Fig. 7.9. The scheme of piezoelectric detection system for shear force system [274]. 

The upper plate is used to excite the SECM probe causing it to vibrate, and the lower 

detects the shear forces between the microelectrode and the sample, hence variations in 

amplitude of the microelectrode oscillation. The detection piezoelectric plate is connected to a 

lock-in amplifier which amplifies the distance-dependent signal. A closed-loop feedback 

controller reacts to changes in amplitude by moving a piezo actuator (to which the 

microelectrode is attached) in vertical direction keeping the resonance frequency constant. 

 

7.8 Summary 

A number of schemes can be used to monitor the activity of oxygen-reducing electrodes. If 

H2O2 is formed, this compound can be detected in SG/TC mode [310]. In order to obtain 

quantitative data in SG/TC mode the analysed sample must be a microstructure by itself, in 

order to form a steady-state diffusion layer. The four electron ORR favourable for biofuel 

cells is not possible to detect using SG/TC mode, since the reaction product (H2O) is the 

solvent. Such catalysis can be monitored in TG/SC mode [37, 301] in an O2-free solution 

when O2 is generated at the microelectrode by water electrolysis. The locally available O2 is 

then consumed by the enzyme-modified electrode. In such experiment the sample should be 

as small as possible to minimize background current. Another mode sufficient for ORR 

monitoring is double potential step RC mode (Section 7.5). In this mode, active areas on the 

sample and the microelectrode compete for dissolved O2. In all above mentioned imaging 

modes a signal is recorded only if the enzyme is active under the experimental conditions and 

that the enzyme can transfer the electrons to the substrate electrode. 
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SECM is also able to detect the activity of O2-reducting enzymes immobilized on 

insulating supports. Such imaging can be accomplished in the SG/TC, simple RC and FB 

mode by detection of mediator concentration changes. In this case the response of the surface 

does not require any electron transfer to a substrate electrode and would even interfere with 

the imaging of the enzyme activity. The possibility for quantitative kinetic analysis of 4 

electron enzymatic ORR gives only FB mode. 
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Goal 

The ultimate aim of this work is to construct electrodes for efficient bioelectrocatalytic 

oxygen reduction and to understand the mechanisms of processes occurring during their 

operation and preparation. Another goal is to find the factors which influence efficiency of the 

oxygen reduction process on constructed electrodes by affecting their stability and finally to 

indicate a way of improving electrode design. Moreover, a design of scanning electrochemical 

microscopy procedures for imaging, kinetics measurement and enzymatic activity comparison 

is also intended. 

Two enzymes known as oxygen reduction catalysts – laccase and bilirubin oxidase – 

were chosen for modification of carbon ceramic electrodes. This type of electrode provides 

favourable conditions for enzymes adsorption (graphite particles) and act as a container for 

mediator (silicate matrix). Moreover, silicate thin films – that are a suitable environment for 

enzyme encapsulation – can be easily embedded on carbon ceramic electrode surface.

http:/rcin.org.pl



http:/rcin.org.pl



 

   

65 

 

Experimental 

8 Methods 

 

8.1 Cyclic voltammetry 

Cyclic voltammetry (CV) and other voltammetric experiments are usually carried out in three-

electrode cell. The apparatus known as a “potentiostat” adjust the voltage between the 

working electrode (WE) and counter electrode (CE) to maintain the potential difference 

between the WE and non-polarized reference electrode (RE) in accord with the program 

defined by a function generator (Fig. 8.1). Modern potentiostats are integrated to 

electrochemical workstations together with galvanostats, function generators and data 

acquisition modules controlled by microcomputer. 

 
Fig. 8.1. A scheme of potential-controlled experiment setup [204]. 

Most of electrochemical experiments are carried out in electrolytes containing analyte 

in milimolar concentration and supporting electrolyte. The concentration of the latter one has 

to be at least one order of magnitude higher than that of analyte in order to provide sufficient 

electrolyte conductivity and to eliminate the migration of charged analyte molecules. 

In CV a linear potential sweep is applied to WE. After reaching a switching potential 

Eλ, the sweep is reversed. Figure 8.2 represents an example of CV potential program and 

corresponding cyclic voltammogram obtained on planar WE when only oxidizable species (R) 

are present in electrolyte. In this example both redox forms (R and Ox) undergo reversible 

electrochemical processes and electrode size is larger than analyte diffusion length in this time 

scale causing transient current. Different situation is observed when electrode size is 

comparable diffusion length or smaller. Then the steady-state current is attained (Chapter 7.2). 
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Fig. 8.2. (A) – Potential program in CV. (B) – Resulting cyclic voltammogram. From ref. [204] modified to be in 

accordance with IUPAC recommendations. 

The shape of cyclic voltammograms depends on many factors such as chemical 

reversibility, adsorption, coupled homogeneous reactions, kinetics, adsorption or R and Ox 

diffusion coefficients differences. If kinetics of both electrooxidation and electroreduction is 

fast enough to maintain R and Ox concentrations ratio at the electrode surface to be in 

accordance with Nernst equation (usually when standard heterogeneous rate constant k0 > 10-1 

cm s-1), then the peaks separation is equal 57/n mV at 25 °C where n is a stochiometric 

number of electrons involved in an electrode reaction [204]. For slower reactions peaks 

separation is larger. 

The scan rate v = dE/dt is one of the most important parameters in CV controlling the 

time scale of experiment and capacitive current. The last one is proportional to the 

electrochemical double layer capacitance and scan rate (iC = vCdl). The peak current ip when a 

substrate is diffusing from bulk electrolyte is proportional to square root of scan rate 

according to Randles-Sevcik equation, which at 25 °C, for A in cm2, D in cm2 s-1, C* in mol 

cm-3, v in V s-1 and ip in amperes is following [204]: 

�& � �2.69 " 10��3�/�K6��/�L� M�/�        (8.1) 

In the case of adsorbed substrate or restricted diffusion length ip is proportional to v. 

In this thesis CV was used for measurements of all examined electrodes and SECM tips 

testing. 

 

8.2 Differential pulse voltammetry 

Differential pulse voltammetry (DPV) belongs to the group of potential-step voltammetric 

techniques, whose distinctive feature is the fact that the current is measured when potential of 

http:/rcin.org.pl



  Chapter 8. Methods 
 

   

67 

 

WE is held constant. This reduces or eliminates capacitive current. The diagram of the applied 

DPV potential waveform as a function of time and the current sampling scheme are presented 

in figure 8.3. WE potential is changed from initial potential (Init E) toward final potential 

(Final E). The current before the potential pulse and at the end of the potential pulse is 

sampled. The difference between these two currents is recorded as a function of potential 

giving a peaked output (Fig. 13.3A). Under assumption that diffusion coefficients of reduced 

and oxidized forms of the analyte are equal, the peak position corresponds to analyte standard 

potential [204]. The peak width provides also information about kinetics of redox processes. 

Slower kinetic results wider DPV peak. 

 
Fig. 8.3. Potential program in DPV experiment. 

 

8.3 Chronoamperometry 

Chronoamperometry (CA) is another potential-step voltammetric technique which consist in 

application to WE a constant potential and current measurement versus time. The diagram of 

CA potential program and schematic example of current response on planar electrode 

immersed onto electrolyte containing only oxidizable species are presented in figure 8.4. 

 

Fig. 8.4. A typical CA potential program (A) and current response (B). From ref. [204] modified to be in 

accordance with IUPAC recommendations. 
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At potential E1 no reaction occurs what results in zero current. At t = 0 potential step to E2 is 

applied. E2 is sufficiently high to cause diffusion-controlled oxidation of R. Faradaic current 

versus time is described by Cottrell equation (eq. 8.2), which was developed from diffusion 

laws for planar electrode in unstirred electrolyte [204]. After potential switching back to E1 at 

t = τ oxidized species Ox generated during previous step are re-reduced. Non-zero current i(t) 

in this step shows chemical reversibility of redox process: 

��N� � �����
�/�G�

 

9�/�H�/�
          (8.2) 

CA is usually employed for determination of diffusion coefficients or electrode area. In this 

thesis CA was used for electrodes stability tests. 

 

8.4 Chronopotentiometry 

In chronopotentiometry (CP) potential is measured as a function of time. Such experiment is 

usually carried out in traditional three-electrodes cell connected to apparatus called 

galvanostat, which is implemented into modern electrochemical stations. A voltage applied 

between WE and CE is controlled by operational amplifier to maintain current at constant 

setpoint value or to be in accordance with program defined by function generator. The 

potential of WE is measured versus RE. In this thesis constant-current CP was employed to 

register current-voltage characteristics of zinc-oxygen batteries. Here potential of WE was 

measured in two-electrodes cell versus CE when steady-state was attained (Section 11.12). 

 

8.5 Confocal laser scanning microscopy 

Contrary to traditional microscopy where whole sample is illuminated and reflected or 

transmitted light is gathered by objective from the whole cross-section of the sample (even 

out of focal plane), in confocal laser scanning microscopy (CLSM) a laser beam is focused on 

particular part of the sample and reflected, scattered or fluorescent light gathered by objective 

goes to detector (Fig. 8.5). A pinhole aperture that is situated between objective and detector 

cut out-of-focus rays allowing passing only light emitted by part of sample situated in focal 

plane. Incident laser beam is focused using the same objective which is used for detection 

what causes that illumination and detection is in a conjugate (confocal) plane. This is possible 

due to translucent mirror (see Fig. 8.5), which is connected to piezoelectric actuator allowing 

to scan the laser beam across confocal plane. A signal recorded by a detector plotted as a 

function of lateral laser beam position represents sample cross section image. The thickness of 
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such cross-section depends on the objective numerical aperture and is close to the laser 

wavelength. 

 

Fig. 8.5. A scheme of CLSM [311]. 

The distance between the sample and objective can be changed. Usually, a sample 

holder is embedded in piezoelectric actuator which allows changing the sample-lens distance 

with resolution better than laser wavelength. Then confocal plane cross a sample in different 

positions and an stack of cross-section images is processed resulting in three-dimensional 

(3D) sample image. 3D CLSM imaging is often used by biologist to biological cells 

investigation, what is facilitated by their transparency. 

In this thesis CLSM was used to investigate both transparent (Section 14.2) and opaque 

samples (Section 15.2). 

 

8.6 Raman Spectroscopy 

Molecular vibrational energy levels can be explored by examining the frequencies present in 

the radiation scattered by molecules in Raman spectroscopy. Molecules are irradiated by 

visible monochromatic radiation with frequency ν0. Then interatomic bonds act as oscillating 

induced dipoles and emit radiation consisting of three electromagnetic waves [312]. One of 

these waves (the most intense) with a frequency ν0 corresponds to Raileigh scattering. The 

second one with a frequency ν0 – ν, and the last one ν0 + ν are Stokes and anti-Stokes bands, 

respectively. This phenomenon can be compared to frequency-modulated radio wave, where 

antenna transmits high-frequency carrier wave modulated with low-frequency waves. 

Similarly, visible electromagnetic radiation scattered in Raman spectroscopy is “modulated” 
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with waves of frequencies corresponding to those emitted by vibrating moieties. A scheme of 

molecular energy levels with Raman transitions are presented in figure 8.6. The incident 

photons with frequency ν0 not fitted to electronic levels energy difference and are only 

scattered. If a molecule after interaction with a quantum hν0 go back to the same energy level, 

such phenomenon is called Rayleigh scattering and the wave frequency is not changed. Some 

molecules after such interaction go to higher vibronic level and then the frequency of 

scattered radiation is ν0 – ν, where ν corresponds to vibronic levels difference. The Raman 

spectrum contain then Stokes radiation band. If the molecule before interaction with incident 

photon occupy higher vibronic level, it is highly possible that this interaction will transfer the 

molecule to ground state. Then scattered radiation exhibit the frequency ν0 + ν and is called 

anti-Stokes shift. 

 

Fig. 8.6. Raman transitions between energy levels of diatomic molecule and corresponding Raman spectrum. E0 

– ground electronic state, E1 – excited electronic state, ν and ν’ – vibronic energy levels [312]. 

The intensity of Stokes radiation bands is usually ca. three orders of magnitude lower 

than intensity of Rayleigh bands but is higher than intensity of anti-Stokes bands [312]. The 

analysis of Stokes radiation bands shifts delivers the information about vibronic energy levels 

what allows determining molecular structure of compounds present on the examined surface. 
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between optical axis of microscope objective and straight line between the sample and lens 

(8.3) right side is called “numerical aperture” which is a parameter 

characterizing objective. The lowest ∆d for visible light optical microscopy is ca. 300 nm.

This distance is much lower in scanning electron microscopy (SEM)

o de Broglie relation (λ = h/p, where p is particles momentum) higher 

energy photons corresponds to shorter λ. In SEM the electron beam emitted by electrons gun 

(accelerated in electric field) is focused on sample using electromagnetic lenses (Fig. 

spot whose size is smaller than 5 nm. The beam of electrons is deflected by electromagnetic 

coils or a pair of deflector plates in such a way that it scans the sample surface line

like the screen of cathode ray tube monitor. 

Fig. 8.7. Schematic diagram of an SEM [313]. 

The sample bombarded with electrons emits different types of radiation such as X

rays, visible light (cathodoluminescence), back-scattered electrons and secondary electrons, 

whose intensity is measured by dedicated detectors. The analysis of emitted X
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In this thesis Raman spectroscopy was employed to determine surface composition of 

in electrochemical cell under controlled potential (Section 13.3). 

shining points that can be distinguished 

ecause of diffraction of electromagnetic waves. This 

distance is described by equation developed by Ernst Abbe and Lord Rayleigh independently: 

  (8.3) 

refractive index of sample surrounding medium, θ – angle 

between optical axis of microscope objective and straight line between the sample and lens 

right side is called “numerical aperture” which is a parameter 

for visible light optical microscopy is ca. 300 nm. 

scanning electron microscopy (SEM), because of 

is particles momentum) higher 

beam emitted by electrons gun 

(accelerated in electric field) is focused on sample using electromagnetic lenses (Fig. 8.7) to a 

spot whose size is smaller than 5 nm. The beam of electrons is deflected by electromagnetic 

coils or a pair of deflector plates in such a way that it scans the sample surface line-by-line 

 

of radiation such as X-

scattered electrons and secondary electrons, 

ectors. The analysis of emitted X-rays and back-

http:/rcin.org.pl



Dioxygen electroreduction on enzyme modified carbon ceramic electrodes  
 

   

72 

 

scattered electrons provides information about local surface composition. The plot of 

secondary electrons intensity versus incident beam position provides high-resolution image of 

the sample topography with relatively large depth of field. 

In this thesis SEM Was used to examine CCEs modified with carbon nanoparticles. 

 

8.8 Atomic force microscopy 

Atomic force microscopy (AFM) is another method for high-resolution surface topography 

investigation. It uses a fine tip at the end of a cantilever to probe the surface similarly to 

phonograph needle. The cantilever is connected into piezoelectric actuator which is used to 

scan the tip across the sample surface and to control z-position (Fig. 8.8). The curvature of the 

tip is in the order of nanometres what defines lateral resolution of AFM. The vertical 

resolution is usually below 0.1 nm. A laser beam is focused on the backside of the cantilever 

and reflected to a photodiode. When the cantilever is deflected, this beam is aimed at different 

part of photodiode. The photodiode output is an input signal to feedback-loop maintaining this 

value constant, changing vertical position of the cantilever holder. 

 
Fig. 8.8. A schematic diagrams of contact mode (A) and tapping mode (B) AFM setups [314]. 

There are two different AFM modes – contact and tapping mode. In contact mode during 

scanning across the sample the force exerted on the sample surface is maintained constant by 

keeping constant cantilever deflection. This mode is commonly used for hard surfaces. In the 

tapping mode additional piezoelectric actuator connected to the cantilever (Fig. 8.8B) 

oscillates it in vertical direction with its resonance frequency. The amplitude of the oscillation 

decreases as the tip approaches the probe. The tip slightly tap the surface during scanning and 

the magnitude of interaction with the sample surface is maintained constant by feedback loop 

keeping constant amplitude of cantilever oscillation by varying the z-position. Topography of 

soft surfaces can be visualized this way without their damage. 
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9 Chemicals and materials 

 

All chemicals were analytical grade and were used as received without further purification. 

• 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS, Sigma-

Aldrich) 

• 3,5-dimethoxy-4-hydroxybenzaldehydazine (syringaldazine, Sigma-Aldrich) 

• Argon (N5.0, Multax) 

• Bilirubin oxidase from Myrothecium sp. fungus (EC 1.3.3.5, Amano Enzyme Inc.) 

• Borosilicate glass capillaries (Hilgenberg GmbH) 

• Carbon nanoparticles with phenylsulfonic acid surface functionalities (ca. 7.8 nm 

mean diameter, Emperor 2000, Cabot Corporation) 

• Disodium hydrogen phosphate (Na2HPO4, POCH) 

• Ethanol (C2H5OH, 96 %, Chempur) 

• Glassy carbon (GC) disc (3 mm diameter, nLab) 

• Gold wire (25 µm diameter, Goodfellow) 

• Graphite powder (MO-300, average particle size 20 µm, Carbon GmbH) 

• Hexaammineruthenium(III) chloride ([Ru(NH3)6]Cl3, Sigma-Aldrich) 

• Hydrochloric acid (HCl, 35 %, POCH) 

• Laccase from Cerrena unicolor fungus (EC 1.10.3.2, isolated and purified by Prof. 

Jerzy Rogalski group according to procedure described in literature [315, 316]) 

• Methyltrimethoxysilane (MTMOS, Sigma-Aldrich) 

• Microscope glass slides (Menzel-Glaeser) 

• Monosodium phosphate hydrate (NaH2PO4·H2O, POCH) 

• Nafion (5 % solution in 2-propanol, Sigma-Aldrich) 

• Oxygen (N5.0, Multax) 

• Petri dishes made of polystyrene (Carl Roth GmbH) 

• Phosphoric acid (H3PO3, 85 %, Chempur) 

• Platinum wire (10 µm diameter, Goodfellow) 

• Potassium chloride (KCl, Sigma-Aldrich) 

• Potassium hexacyanoferrate(II) trihydrate (K4[Fe(CN)6]·3H2O, POCH) 

• Potassium hexacyanoferrate(III) (K3[Fe(CN)6], Sigma-Aldrich) 

• Silver nitrate (AgNO3, Sigma-Aldrich) 
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• Sodium chloride (NaCl, Sigma-Aldrich) 

• Sodium hydroxide (NaOH, POCH) 

• Tetramethoxysilane (TMOS, Sigma-Aldrich) 

• Water (H2O, >15 Ω·cm, demineralized with ELIX system, Milipore) 

• Zinc wire (250 µm diameter, Goodfellow) 

 

10 Instrumentation 

 

Potentiostats, bipotentiostats and galvanostats 

• Autolab PGSTAT30 (Eco Chemie) 

• µAutolab III (Eco Chemie) 

• CHI900B (CH Instruments) 

• CHI7001B (CH Instruments) 

• Ivium CompactStat (Ivium Technologies) 

• µBIP (Schramm, Heinrich Heine University, Düsseldorf, Germany) 

• Jaissle PG10 (Jaissle Elektronik GmbH) 

Optical microscopes 

• Nikon Eclipse LV150 metallographic microscope with LU Plan 10× (NA = 0.8) 

objective (Nikon) 

• Olympus MIC-D 

Confocal laser scanning microscope 

• CSLM TCS SP2 AOBS with 488 nm Ar laser, HC PL FLUOTAR 10× (NA = 0.3), 

HC PLAN APO 20× objective (NA = 0.7) and HC PL FLUOTAR 50× (NA = 0.80) 

objectives (Leica Microsystems GmbH) 

Atomic force microscope 

• Veeco Dimension 3100 microscope and Nanoscope IIIA controller (Veeco 

Instruments Inc.) 

•  
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Scanning electrochemical microscopes 

• CHI900B (CH Instruments, for study of CCE-CNP conductivity, O2-permeability and 

MTMOS-based silicate) 

• Home-built (for study of laccase aggregates using SG/TC mode) 

o PI – HERA positioning system (PhysikInstrumente) 

o Analog µP3 analogue potentiostat (M. Schramm, Heinrich Heine University of 

Düsseldorf) 

o PCI-DDA8 and PCI-DAS1602/16 analog-digital converter boards (Plug-in 

Electronic GmbH) 

• Home-built (for study of laccase aggregates using SG/TC and RC modes) 

o Closed-loop piezoelectric positioning system (mechOnics AG) 

o Ivium CompactStat potentiostat (Ivium Technologies) 

• Home-built (for study of ABTS-CCE/Lc, Syr-CCE/Lc and CCE-CNP/BOx) 

o Stepper motor positioning system (Märzhäuser Wetzlar GmbH & Co KG) 

o PCI-DAS 1602/16 analog-digital converter board (Plug-in Electronic GmbH) 

o Analog µBiP3  bipotentiostat (M. Schramm, Heinrich Heine University of 

Düsseldorf) 

• Home-built (for FB mode imaging of laccase aggregates) 

o Closed-loop piezoelectric positioning system (mechOnics AG) placed in a 2 L 

volume cell with controlled atmosphere [317] 

o Analog potentiostat Jaissle PG10 (Jaissle Elektronik GmbH) 

o PCI-DAS1602/16 analog-digital converter board (Plug-in Electronic GmbH) 

Motors positioning and data acquisition in all home-built SECMs are controlled by the 

homemade SECMx software [318]. Data analysis was performed with the in house developed 

package MIRA [319]. 

Raman spectrometer 

• Nicolet Almega with CLSM and CCD detector (Thermo Fisher Scientific) 

Scanning electron microscope 

• SEM SUPRA (Carl Zeiss SMT Inc.) 

  

http:/rcin.org.pl



Dioxygen electroreduction on enzyme modified carbon ceramic electrodes  
 

   

76 

 

Evaporation chamber 

• Mini-Coater (Tectra GmbH) 

pH-meter 

• CG 837 pH-meter (SCHOTT) 

• pH-meter 605 (Metrohom GmbH) 

Balance 

• AB204-S analytical balance (Mettler Toledo) 

• CP124S analytical balance (Satorius AG) 

Ultraconic bath 

• Sonorex RK 31 (Bandelin electronic GmbH & Co.) 

Thermostat 

• U4 Type (VEB MLV Labortechnik) 

 

11 Procedures and cells assembly 

11.1 ABTS-CCE and Syr-CCE preparation 

The hydrophobic sol-gel matrix for CCE was prepared as described elsewhere [6, 206]. The 

hydrolysed sol was obtained by mixing 1 mL of MTMOS with 1.5 mL of methanol. For 

ABTS-CCE and for Syr-CCE preparation 12 mg of ABTS or 78 mg of syringaldazine was 

added to the sol, respectively. After addition of 50 µL of 11 M aqueous HCl it was sonicated 

for 2 min. Next, 1.25 g of graphite powder was added and the obtained mash was sonicated 

for another minute. Next, it was immediately placed into a 2 mm deep cavity of the 1.55 mm 

inner diameter glass tubing filled tightly with a copper wire. The electrode was left for drying 

at room temperature for at least 48 hours and then polished with printing paper. The 

geometric surface area of the exposed disc electrode is 0.019 cm2. 
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11.2 CCE-CNP preparation 

The hydrophobic sol-gel matrix was prepared in the same way as for ABTS-CCE and Syr-

CCE (Section 11.1) The hydrolyzed sol was obtained by mixing 500 µL of MTMOS with 750 

µL of methanol. After addition of 25 µL of 11 M HCl, it was sonicated for 2 min. Afterward, 

625 mg of graphite microparticles or its mixture with CNPs in mass ratios 9:1 or 8:2 was 

added and the obtained mash was sonicated for another minute. It was then immediately 

placed into a 2 mm deep cavity of the 1.55 mm inner diameter glass tubing filled tightly with 

a copper wire. After drying at room temperature for at least 48 h, it was polished with printing 

paper, rinsed with water and dried. The geometric surface area of the exposed disc is 0.019 

cm2. The obtained electrodes will be referred to later as CCE and CCE-CNP10 and CCE-

CNP20. 

 

11.3 CCGE preparation 

The hydrophobic sol-gel matrix was prepared in the same way as for ABTS-CCE, Syr-CCE 

and CCE-CNP (Sections 11.1 and 11.4). The hydrolyzed sol was obtained by mixing 500 µL 

of MTMOS with 750 µL of methanol. After addition of 25 µL of 11 M HCl, it was sonicated 

for 2 min. Afterward, 500 mg of graphite microparticles and 125 mg of CNPs were added and 

the obtained mash was sonicated for another minute. It was then immediately placed into the 

5.7 mm inner diameter glass tube to fill it to 3 mm in depth. After drying at room temperature 

for at least 48 h, it was polished with printing paper, rinsed with water and dried. The 

geometric surface area of the exposed disc was 0.255 cm2. The electrodes were immersed in 1 

g L-1 solution of BOx in 0.1 M phosphate buffer pH 5.0 at +4 ºC for 2 h and rinsed with 

water. 

 

11.4 Encapsulation of enzymes in the hydrophilic gel film 

The hydrophilic gel film (TMOSgel) for encapsulation of active enzyme was prepared 

according to slightly modified literature procedure [158, 320]. TMOS, H2O and 0.04 M 

aqueous HCl were mixed in volume ratio 18 : 4.5 : 1. This mixture was sonicated for 20 

minutes and next mixed with water, in volume ratio 1 : 1. This stock sol was sonicated for 3 

minutes, diluted with water in 1 : 100 volume ratio and sonicated for another 3 minutes. 

Finally, 145 µg of laccase (lac) from Cerrena unicolor or bilirubin oxidase from Myrothecium 

sp. was added to 250 µL of diluted stock sol. 10 µL of 1:100 diluted sol was placed on the 

CCE electrodes or the glass and gold surfaces. For sol-gel processing and drying these 
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electrodes were left for 20 hours at room temperature, at air humidity equal 40 – 50 %. For 

comparison of enzymes activity, a silicate-entrapped laccase spot and a silicate-entrapped 

BOx spot were placed on one Plexiglas slide by a glass micropipette attached to 

micromanipulators and filled with the corresponding enzyme-sol. The movement was 

controlled by an inverted optical microscope. The diameter of the micropipette tip was ca. 50 

µm, and the diameters of the resulting spots were also ca. 50 µm. 

 

11.5 Gold evaporation on glass 

Glass microscope slides were cleaned subsequently with water and ethanol in an ultrasonic 

bath for 3 minutes and dried with argon. Next, the slides were coated subsequently with 30 

nm of Cr and 200 nm of Au using evaporation chamber. The thicknesses of Cr and Au layers 

were controlled by quartz crystal microbalance mounted inside the camber. 

 

11.6 Synthesis of hexaaminoruthenium(III) nitrate 

[Ru(NH3)6](NO3)3 was obtained by metathesis as a filtrate after AgCl precipitation using 

stoichiometric amounts of [Ru(NH3)6]Cl3 and AgNO3. This synthesis was done to eliminate 

chloride anions, which are known as laccase inhibitor (section 3.1). 

 

11.7 Bilirubin oxidase adsorption 

The CCE-CNP electrodes were immersed in 1 g L-1 solution of BOx in 0.1 M phosphate 

buffer pH 5.0 at +4 ºC and rinsed with water. The enzyme adsorption time was optimised in 

the range 0.5-48 h on the basis of voltammetric signal of the BOx-modified electrodes in 

aerated solution. The same test showed maximal catalytic current for electrodes obtained from 

1 g L-1 BOx solution in comparison to 0.1 g L-1  and 10 g L-1. 

 

11.8 Preparation of microhole in PS plate filled with silicate 

For determination of oxygen permeability of MTMOS-based silicate a hole (c.a. 100 µm 

diameter) in 0.8 mm thick polystyrene (PS) plate (Petri dish) was burned using a homemade 

800 nm wavelength laser (100 fs, 300 µJ pulses, repetition rate 1 kHz) during 0.5 s. The hole 

was filled only with MTMOS-based sol by touching its droplet and left for drying at room 

temperature for at least 48 h. 
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11.9 Preparation of zinc anode 

The anodes for Zn-O2 batteries were zinc wires (0.25 mm diameter) coated with a Nafion film 

by dipping in 0.5% Nafion solution in 2-propanol and dried for 5 minutes in ambient 

conditions. The length of these electrodes was adjusted to the same surface area as cathodes. 

 

11.10 Experimental setup for CV and DPV 

Cyclic voltammetric (CV) experiments were done with potentiostats listed in Chapter 10 in  

conventional three-electrode cells. Studied electrodes were connected as working electrodes. 

Saturated Ag|AgCl|sat.-KCl electrode and Pt wire served as reference and counter electrode 

respectively. Experiments were performed in 0.1 M phosphate buffers whose pH was checked 

using pH-meter. In some cases mediators were used with 0.1 mM concentration in the same 

buffers. The experiments were carried out in O2-, air-, or Ar-saturated solutions with proper 

gas passing above the electrolyte. The temperature of the cell was equal room temperature 20-

22 °C. All potentials are referred to used reference electrode. 

 

11.11 Experimental setup for SECM measurement 

SECM measurements of enzymes immobilized on insulating surfaces were performed in a 

three electrode cells consisting of a Pt or Au microelectrodes as working electrode, a Pt wire 

as counter electrode and a silver wire (SG/TC and RC modes) or Ag|AgCl|3M KCl as quasi-

reference and reference electrode respectively. The microelectrodes were prepared by sealing 

a Pt or Au wire (10 or 25 µm diameter) into borosilicate glass capillaries and shaping the apex 

according to literature procedure [321]. The ratios RG between the radius of the insulating 

glass and the radius rT of the active electrode area was approximately 10. 0.1 M phosphate 

buffers were used as working solution. In some cases mediators were present in working 

solutions. If not stated otherwise, their concentration was 0.1 mM. Ar, O2 or air were passed 

over the cell. Oxidation or reduction of mediators were carried out at potentials sufficient for 

diffusion-controlled reaction. The working distance d was adjusted by withdrawing the 

microelectrode by a defined distance after touching to insulating sample support near the 

measured area. Some SECM measurements were carried out with simultaneous observation of 

transparent samples by CLSM. 
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SECM measurements of electrodes were performed in a four electrode cells consisting 

of a disk-shaped Pt microelectrode and sample as first and second working electrodes, 

respectively. A Pt wire and Ag|AgCl|3M KCl served as auxiliary and reference electrodes, 

respectively. The microelectrode was obtained by sealing a Pt wire (25 µm diameter) into 

borosilicate glass capillaries. Its apex was shaped according to literature procedure [321]. The 

ratio RG between the radius of the insulting glass and the radius rT of the active area for Pt 

microelectrode was ca. 4.6. The distance between probe and sample was d ≈ 20 µm and was 

adjusted by withdrawing the microelectrode by a defined distance after touching to the sample 

support near the measured area. 

 

11.12 Experimental setup for Zn-O2 cell measurement 

Current density-voltage characteristics of the Zn-O2 cell were determined by 

chronopotentiometry. The studied cell acts as an active element of the electric circuit and the 

galvanostat is a passive element which allows the current to flow with a certain setpoint value. 

The cell voltage for each current setpoint was recorded 100 seconds after current setting. It 

was observed that after this period the voltage was stabilized. Then the galvanostat acts as 

resistor with voltmeter and ammeter and results are comparable to those obtained by variable 

resistor method. The advantage of chronopotentiometry is that it is fully automated. 

 

11.13 Experimental setup for Raman spectroscopy 

Raman spectra were recorded using Nicolet Almega Dispersive Spectrometer with confocal 

microscope and CCD detector. Spectra were recorded using two 780 nm diode laser and 1200 

grooves mm-1 grating. The laser power was reduced to 13 % in order to avoid overheating. 

The typical exposure time was between 15 and 30 s. For selected samples, namely non-

polarised and polarised at 0.2 V electrodes spectra were additionally recorded using 532 nm 

exciting line and 2400 grooves mm-1 grating, with power of the laser reduced to 1%. The 

exposure time was between 30 and 180 s, depending on sample. The experimental setup is 

presented in Figure 11.1. 

http:/rcin.org.pl



  Chapter 11. Procedures and cells assembly 
 

   

81 

 

 
Fig. 11.1. A schematic diagram of experimental setup for Raman spectroscopy investigation of electrode surface 

under controlled potential. 

Samples were placed inside the spectroelectrochemical cell designed by Ventacon Ltd. 

Voltammetric experiments were done in a conventional three-electrode cell. Hg|Hg2Cl2|sat.-

KCl electrode and Pt wire served as reference and counter electrode, respectively. The laser 

beam of the Raman spectrometer was directly aimed in the front glass plate of the 

spectroelectrochemical cell. Position of the sample was manually adjusted toward obtaining 

best quality of optical images. 

 

11.14 Fitting of heterogeneous kinetic parameters to SECM approach curves 

Normalized heterogeneous rate constants κ have been extracted from experimental approach 

curves by fitting analytical approximation of simulated data evaluated by Cornut and Lefrou 

[292] to experimental curves. 

Input parameters 

The radius of the active part of the microelectrode, rT, the ratio of insulating sheath rglass and 

rT, RG, and the point of closest approach d0 have been determined from independent 

experiments. RG was determined by optical microscopy; rT and d0 were determined from 

approach curves to glass and fitting them to theoretical curves proposed by Amphlett and 

Denuault [291]. 

Fitting 

Experimental approach curves iT(z) where normalised. Current IT and distance L have been 

calculated using Eq. (11.1) and Eq. (11.2) or Eq. (11.3). Eq. (11.2) applies for increasing 

motor position z for decreasing microelectrode-to-sample distance d (case A in Fig. 11.2). Eq. 

(11.3) applies for decreasing z for decreasing d (case B in Fig. 11.2). 
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Fig. 11.2. Determination of zoffset and L for (A) increasing z for decreasing d and (B) decreasing z for decreasing 

d. 

zoffset is calculated according to Eq. (11.4) and (11.5) which corresponds to case A or B, 

respectively. d0 is the distance of the active microelectrode area to the sample when the 

insulating sheath touches the surface. 

zoffset = max(z) + d0 (11.4) 

zoffset = min(z) –d0 (11.5) 

The analytical approximation of Cornut and Lefrou [292] was used for calculating a 

theoretical current IT for each experimental, normalised distance L. 
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κ, iT,inf and d0 were varied in order to fit the experimental approach curves. 

Heterogeneous rate constant keff was calculated from κ: 
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Results and discussion 

12 Carbon ceramic electrode modified with ABTS and laccase 

12.1 Introduction 

For mediated electron transfer numerous molecules serving as electron relay between the 

electrode and protein were already examined [98]. Water soluble 2,2’-azino-bis(3-

ethylbenzothiazoline-6-sulfonate) (ABTS2-) is one of the most popular [81, 108, 158, 322, 

323]. 

Here simple procedure of the non-covalent immobilization of ABTS2- and laccase is 

proposed. Mediator is immobilized into porous silicate-carbon heterogeneous structure of 

carbon ceramic electrode. Hydrophobic silicate matrix allows for stable confinement of 

ABTS2- molecules by their addition to the sol. In the next step, laccase is immobilized in 

hydrophilic silicate thin film deposited on the ABTS2- modified CCE surface. Such a matrix 

prevents laccase leaching to surrounding solution [108, 158, 323]. Additionally, the sol-gel 

processing of silicate film on the top of silicate based heterogeneous material of CCE allows 

for strong bonding between both parts of the electrode. 

In order to evaluate ABTS-CCE voltammetric stability and electrocatalytic properties 

towards oxygen its electrochemical properties were studied in the absence and presence of the 

enzyme in silicate film. These experiments were done at pH = 4.8 corresponding to maximum 

electrocatalytic activity of laccase from Cerrena unicolor encapsulated in silicate matrix 

[158]. Special attention is paid to the possible leaching of mediator as earlier detected by 

SECM experiments [324]. Here, it was found that ABTS2- leaching could only be detected 

after application of sufficiently low potentials to the sample while at open circuit potential 

(OCP) this process is not observed. 

12.2 Voltammetric measurements of ABTS-CCE 

At first the electrochemical properties of ABTS-CCE were examined. Its voltammetric 

response indicates surface confined redox process (Fig. 12.1B), because of linear dependence 

of peak current on scan rate (Fig. 12.2A). The set of anodic and cathodic peaks with redox 

potential equal 0.401 V corresponds to the reversible process: 

ABTS2-  ⇆  ABTS•- + e-                   (12.1) 
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This voltammogram is much better defined and the current densities are much higher than in 

the case of electrode modified with ABTS polymer [325]. Interestingly, both peaks are shifted 

into cathodic direction in comparison to that obtained on unmodified CCE with ABTS2- 

present in solution (Fig. 12.1A). This may indicate stronger adsorption of oxidized form of 

the mediator. At slowest scan rate (1 or 2 mV s-1) another anodic peak at higher potential 

(0.62 V) appears (Fig. 12.1A). It may indicate some irreversible electrode process – possibly 

further oxidation of adsorbed ABTS•- to neutral molecule. Although for dissolved mediator 

this process occurs at higher potential, here it may be shifted, because of substrate adsorption. 

This also may explain why the ratio of anodic to cathodic charge is larger than unity and 

depends on the scan rate (Fig. 12.2B). 

 
Fig. 12.1. (A) - Cyclic voltammograms of TMOS-gel coated ABTS modified CCE immersed in O2-saturated 0.1 

M phosphate buffer (pH 4.8 (solid line) and TMOS-gel coated CCE immersed in 0.1 mM ABTS solution in the 

same electrolyte (dotted line). Scan rate 2 mV s-1. (B) - Cyclic voltammograms of TMOS-gel coated ABTS-CCE 

obtained at different scan rates: 1, 2, 4, 8 and 16 mV s-1. Electrode was immersed in O2-saturated 0.1 M 

phosphate buffer pH 4.8. Arrow indicates increasing scan rate. 

The voltammograms obtained with ABTS-CCE are stable during continuous scanning 

indicating long-lasting immobilization of substrate and product of reaction (12.1) within pores 

of hydrophobic silicate matrix. The presence of methyl groups connected to silicon atoms 

prevents the dissolution of mediator in the aqueous phase. This is confirmed by failure of its 

immobilization within hydrophilic TMOS based matrix. The surface coverage calculated from 

the cathodic voltammetric charge at scan rate 8 mV s-1  and based on estimated surface area of 

ABTS2- (1.7 nm2) [326] corresponds to approximately four layers covering geometric area of 

the electrode. This indicates that only small fraction of the mediator immobilized next to the 

electrolyte is electrochemically active. 

(A) (B) 
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12.3 Voltammetric measurements of electrode modified with laccase

Next voltammetric experiments were done with laccase encapsulated in thin silicate film on 

the top of ABTS-CCE surface in 

cyclic voltammograms and the larger magnitude of the cathodic current (Fig. 

typical features of electrocatalytic reduction of O
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salt. One can conclude that only mediator molecules 

three phase junction graphite particle|silicate matrix|aqueous solution participate in the 

 
. Optical micrograph of CCE surface. Dark places correspond to silicate matrix and bright to light 

reflected from graphite particles. 

Voltammetric measurements of electrode modified with laccase

Next voltammetric experiments were done with laccase encapsulated in thin silicate film on 

CCE surface in oxygen saturated solution. The observed 

cyclic voltammograms and the larger magnitude of the cathodic current (Fig. 

typical features of electrocatalytic reduction of O2 by laccase mediated by ABTS

 2 H2O + 4 ABTS•-    
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of anodic peak current (A) and anodic to cathodic charge ratio (B) of CVs from 

This results from the heterogeneous structure of the electrode (Fig. 12.3) and possible 

ne can conclude that only mediator molecules present close to 

three phase junction graphite particle|silicate matrix|aqueous solution participate in the 

 
. Optical micrograph of CCE surface. Dark places correspond to silicate matrix and bright to light 

Voltammetric measurements of electrode modified with laccase 

Next voltammetric experiments were done with laccase encapsulated in thin silicate film on 

observed sigmoidal shape of 

cyclic voltammograms and the larger magnitude of the cathodic current (Fig. 12.4A) are 

by laccase mediated by ABTS2- [327]: 

            (12.2) 
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Obviously some fraction of mediator and the enzyme immobilized in adjacent 

hydrophobic and hydrophilic silicate matrices remains in close contact. The catalytic current 

is observed immediately after immersion of the electrode indicating that the enzymatic 

reaction starts without delay. Repeated voltammetry of this system results in decrease of 

catalytic current (Fig. 12.4A). Its approximately 30% decrease is observed in third scan at 1 

mV s-1. This is probably because ABTS•- anion radical produced by silicate encapsulated 

laccase may shorten its lifetime due to denaturation [328-330]. 

 
Fig. 12.4. (A) - Cyclic voltammograms of TMOSgel coated ABTS modified CCE in the absence (……) and presence 

(____) of laccase in silicate film: (a) 1st scan, (b) 2nd scan, (c) 3rd scan. Both electrodes were immersed in O2-

saturated 0.1 mol dm-3 phosphate buffer pH 4.8. Scan rate: 1 mV s-1. (B) - Cyclic voltammograms (3rd scan) of 

laccase-containing TMOS-gel coated ABTS-CCE at different scan rates: 1, 2, 4 and 8 mV s-1. Arrow indicates 

increasing scan rate. 

The shape of cyclic voltammograms obtained with laccase modified ABTS-CCE 

depends strongly on time scale of the experiment (Fig. 12.4B). At scan rate faster than 2 mV 

s-1 anodic peak reappears and the ratio of cathodic to anodic charge decreases indicating slow 

rate of catalytic reaction. This was earlier observed for bioelectrocatalysis with ABTS present 

in solution [158]. 

Interestingly, the potential corresponding to the largest slope of the catalytic 

voltammetric curve obtained with immobilized mediator is negatively shifted by ca. 0.12 V 

comparing to situation when ABTS2- is present in the electrolyte (Fig. 12.5). It is typically 

governed by matching of the redox potential of the mediator and laccase. The value of the 

latter is equal 0.51 V [108] which is 0.1 V higher than observed for ABTS-CCE. This small 

difference promotes the electron exchange (See section 4.3). However, this may not be the 

only reason of this effect. Different local concentrations of mediator and its distribution in the 

electrode material may also play important role. 

(B) (A) 

http:/rcin.org.pl



 Chapter 12. Carbon ceramic electrode modified with ABTS and laccase 
 

   

89 

 

 

Fig. 12.5. Cyclic voltammograms (1st scan) of laccase – TMOS-gel ABTS-CCE immersed in O2-saturated 0.1 M 

phosphate buffer pH 4.8; (____) and of laccase – TMOS-gel modified CCE immersed in 0.1 M ABTS solution in 

the same electrolyte (……). Scan rate = 1 mV s-1. 

 

12.4 SECM measurements 

The mediation in composite enzyme electrodes can be based on slow dissolution of the 

mediator [324]. The dissolved mediators shuttles electrons between the active site of the 

enzyme and the conducting parts of the composite. Because of the short diffusion length this 

process can be very effective despite the low concentration of dissolved mediator (Fig. 12.6). 

The possible leaching of the mediator is compensated by the large reservoir of solid mediator 

in the composite. Nevertheless, mediator leaching may lead to contamination that can be 

problematic depending on the application. Therefore, SG/TC mode SECM experiments were 

used to probe possible mediator leaching and its distribution at this electrode. Following 

earlier published methodology [324], the microelectrode was positioned close to the sample. 

After applying a potential sufficiently low to observe bioelectrocatalytic oxygen reduction at 

the ABTS-CCE/Lc substrate electrode (ES = 0.25 V), a cyclic voltammogram is recorded at 

the tip. 
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Fig. 12.6. A schematic diagram of the structure of ABTS-CCE covered by a thin film of sol–gel processed 

hydrophilic TMOS-gel based silicate with encapsulated laccase and the mechanism of mediated ORR. 

In this way the electrochemical signature of any compound released from the electrode 

can be identified before diffusion into the bulk phase of the solution, what would lead to a 

dilution below the detection limit of cyclic voltammetry. The cyclic voltammogram 

performed at the SECM probe above ABTS-CCE/Lc electrode reveals a two step 

electrooxidation process (Fig. 12.7A). 

 
Fig. 12.7. (A) – Cyclic voltammograms obtained at the Pt-microelectrode positioned 20 µm above ABTS-

CCE/Lc in 0.1 M phosphate buffer pH 4.8. Curve (1) – sample at ES = 0.25 V; scan rate 20 mV s-1. Curve (2) 

same as before but sample at OCP. Dashed vertical lines indicate standard potentials for reaction (12.1) and 

(12.13). (B) – Cyclic voltammograms obtained at the Pt-microelectrode positioned 20 µm above ABTS-CCE/Lc 

in 0.1 M phosphate buffer pH 5. Scan numbers marked. ES = 0.25 V; scan rate 20 mV s-1. 

The positions of the signals (E°'(1) = 0.49V, E°'2 = 0.9 V) are in agreement with the redox 

potentials of the oxidation of ABTS2- according to reaction (12.1) and (12.13), respectively.  

(A) 
(B) 
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ABTS•-  ⇆  ABTS + e-                 (12.13) 

The values of the standard potentials of reaction (12.1) and (12.13) correspond to those 

reported earlier [331]. The voltammetric signals at the microelectrodes are absent when no 

external potential is applied to the ABTS-CCE/Lc electrode (Fig. 12.7A). This indicates that 

the application of the potential causes ABTS2- leaching from the electrode to the electrolyte 

solution. The signal registered at the tip decreases continuously (Figure 12.7B). The depletion 

of the mediator inside the ABTS-CCE body results in the decrease of the electrode activity 

(Fig. 12.4A). Because ABTS2- salt is present in CCE body, the OCP should be in the range 

where the this form of mediator is stable, i.e. below 0.49 V (Fig. 12.7A). Therefore, the 

potential dependent release cannot be explained by a change in the redox state of ABTS2-. The 

laccase catalyzed reaction (12.2) seems to have no direct influence on the leaching because 

the cyclic voltammogram in Fig. 12.7A shows that mainly the ABTS2- form is released from 

the sample surface, because the anodic currents at 0.6 V (oxidation of ABTS2-) are much 

larger than the cathodic ones at  0.4 V (reduction of ABTS•- and ABTS).  

The remaining influence of the potential may result from migration of the ABTS2- 

anion. In the bulk of the electrolyte transport of mediator would mainly be controlled by 

diffusion due to the excess of the phosphate ions in the buffer. Within the body of the CCE 

charge transport occurs mainly by electronic conduction via the network of interconnected 

carbon particles. However in the enzyme loaded gel film on the top of CCE, the content and 

mobility of ions is not precisely known. Furthermore, considerable compositional gradients 

may exist. Immobile charges at the pore backbone of the silicate network further complicate 

the situation in comparison to the solution bulk. In this situation migration of ABTS2- may 

play an important role in the charge transport across the gel film. To provide a more direct 

proof for this mechanisms, anodic current on SECM probe positioned in the vicinity of 

ABTS-CCE covered with film without laccase was measured at ET = 1 V versus the sample 

potential (Fig. 12.8). The sample potential was changed slowly (1 mV s-1). One can notice 

that tip current (processes (12.1) and (12.13)) starts to increase shortly after net cathodic 

current starts to flow on the sample. The delay (ca. 6 mV corresponding to 6 s) is caused by 

diffusion of ABTS2- from the sample to the tip. We exclude any substantial feedback 

contribution (re-reduction of ABTS•- on the sample electrode), because no ABTS2- is detected 

when the sample electrode is not connected to bipotentiostat. 
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Fig. 12.8. Cyclic voltammograms: (A) – current at Pt-microelectrode (rT = 12.5 µm, ET = 1 V) positioned 20 µm 

above ABTS-CCE as a function of ABTS-CCE potential (ES), (B) – current at ABTS-CCE as a function of its 

potential (ES). Electrolyte: 0.1 M phosphate buffer pH 5, v = 1 mV s-1. 

The enzymatic reaction should have an indirect influence on such migration process 

via the current distribution at the composite electrode. At regions of higher enzymatic activity 

increased leaching of mediator is expected due to higher current density. Experiments with 

CCE modified with a redox liquid [332] also showed that leaching of the mediator may be 

inhomogeneously distributed across the surface on the micrometer scale. The local leaching of 

the product of the electrode reaction [332] or mediator [324] can be monitored by SECM. 

Therefore, SG/TC SECM imaging of ABTS-CCE/Lc was performed and the results are 

presented in Fig. 12.9. 

 

Fig. 12.9. SECM images of electrooxidation of ABTS2- leaching from ABTS-CCE/Lc in 0.1 M phosphate buffer 

pH 4.8. A) ES = OCP, ET = 1 V, rT = 13.2 µm, RG = 10.3, d = 20 µm, vT = 8.7 µm s-1; (B) same as (A) but with 

the sample at 0.25 V. 

Regions with higher anodic currents in Fig. 12.9B compared to Fig. 12.9A are caused 

by the faradaic processes (12.1) and (12.13) at the microelectrode. The variation of the current 
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may have two reasons. It might be due to the local availability of ABTS2- above the ABTS-

CCE/Lc electrode, thus reflecting the local release of ABTS2- from the substrate electrode. In 

addition, current variation would be enhanced by possible electrochemical feedback effects if 

ABTS•- is re-reduced at the carbon particles. In such case the current variations would depend 

strongly on the working distance [333]. In this experiment the working distance d was 20 µm 

with an microelectrode radius rT = 13.2 µm. The current at the peak in Fig. 12.9B is about 4 

times higher than the current level in the surrounding or in the control image shown in Fig. 

3B. apart from the distance variations a very small average d would be required in order to 

relate the current variation exclusively to topographic effects. Considering the working 

distance of d = 20 µm and the fact that the CCE electrode was covered by ca. 150 nm (Fig. 

14.4) of a gel film not containing carbon particles excludes the possibility that such small d 

were effective in this experiment. A realistic estimate of the roughness of ceramic electrodes 

is 5 µm (as exemplarily measured for Syr-CCE/Lc electrode, Fig. 13.13). Hence topographic 

effects alone cannot be responsible for the current variation in Fig. 12.9B. In a control 

experiment with the ABTS-CCE/Lc at OCP, no systematic current variations were observed 

(Fig. 12.9A) on the identical sample region although the background currents was almost 

equal to that in Fig. 12.9B. For a possible electrochemical re-reduction of ABTS or ABTS•- at 

the carbon particles at OCP, one would expect an almost diffusion-controlled reaction rate. In 

case of feedback contributions to the image due to variations in working distance and re-

reduction of ABTS at carbon particles this effect should be visible in Fig 12.9A as well. The 

complete absence of these features is another argument for a strongly localized release of 

ABTS2-. By combining the results of Fig. 12.7 and the observation of localized release in Fig. 

12.9B, the localized release is related to the current distribution of the catalytic reduction 

inside the film. The lateral variations in currents density can be caused by locally different 

concentration of the solid ABTS2- salts in the composite, variations in the enzyme 

concentration or variation in the effectiveness of mediation for instance due to different 

distances of the enzyme to the carbon particle network. 

 

12.5 Zn-O2 membraneless hybrid cell 

ABTS-CCE/Lc was tested as biocathode in Zn-O2 hybrid cell (Section 5.5). To show the 

influence of biocatalysis current-voltage characteristics of the cells with bare CCE as the 

cathode and ABTS-CCE/Lc as the biocathode are compared in Fig. 12.10A. One can notice 

that ORR occurs also at bare CCE at much lower potentials, so activation voltage drop is 
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much higher for Zn-O2 cell with CCE cathode than for cell with ABTS-CCE/Lc biocathode. 

This is because of lower overpotential of bioelectrocatalytic ORR. 

 

Fig. 12.10. (A) Current density-voltage characteristics of a cell consisting of Nafion coated Zn wire and CCE 

(■) or ABTS-CCE/Lc (●) immersed in O2-saturated 0.1 M phosphate buffer pH 5. (B) Current density-voltage 

characteristics of a cell consisting of Nafion coated Zn wire and ABTS-CCE/Lc immersed in 0.1 M phosphate 

buffer pH 5 (■), pH 7.4, or artificial serum (▲). 

Due to the interest in application of Zn-O2 battery as an implantable power source this 

cell was also examined at pH 7.4 and in artificial serum consisting of 20 mM phosphate 

buffer pH 7.4 and 0.15 M NaCl. Current density-voltage characteristics of cells consisting of 

Nafion coated Zn wire and ABTS-CCE/Lc immersed in O2-saturated electrolytes with 

different compositions are presented in Fig. 12.10B. The most effective is the cell with 0.1 M 

phosphate buffer pH 5, less effective at pH 7.4 and the lowest voltages are recorded for the 

cell with artificial serum. This is because of strong pH-dependence of laccase activity [158]. 

At pH 5 laccase exhibits almost maximal activity whereas at pH 7.4 is much lower. Despite 

this fact ORR may also occur at graphite, which is a component of ABTS-CCE/Lc, but at 

lower potential. This causes the cell voltage losses. Chloride anions, known as laccase 

inhibitor (Section 3.1), present in artificial serum cause additional potential drop (Fig. 

12.10B). 
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Fig. 12.11. Current density-voltage (A) and current density-power density (B) characteristics of a cell consisting 

of Nafion coated Zn wire and ABTS-CCE/Lc immersed in O2-saturated 0.1 M phosphate buffer pH 5 at different 

temperatures: 24 °C (■,□), 37 °C (●,○) and 50 °C (▲,∆). 

Due to requirement for implantable battery to operate at 37 °C, current-voltage 

characteristics of Zn-O2 cell with ABTS-CCE/Lc biocathode were also measured at different 

temperatures (Fig. 12.11A). The temperature increase causes slight improvement of cell 

voltage what has negligible influence on power density (Fig. 12.11B). As one can see there is 

no maximum in power-current characteristic measured in this current range. At higher current 

densities O2 is reduced at graphite microparticles which are an ingredient of ABTS-CCE/Lc 

composite. Then ORR may proceed as 2 electrons reaction causing H2O2 generation. In order 

to eliminate ORR on graphite the cells were loaded at current densities lower than obtained in 

voltammetric measurements of ABTS-CCE/Lc (Section 12.3). This ensures that cathode 

potential is higher than H2O2 evolution potential (see Section 13.5). 

 

12.6 Conclusions 

ABTS-CCE with laccase encapsulation within silicate matrix deposited on its surface exhibits 

electrocatalytic activity towards oxygen reduction. The immobilization procedure of both 

mediator and enzyme is simple and does not require polymerization of the mediator and 

covalent linkage of the enzyme to the electrode surface. Negative potential shift of ORR on 

ABTS-CCE/Lc may be caused by stronger adsorption of ABTS2- on graphite than that of 

ABTS•- causes. However, this electrode still suffers from deactivation of laccase by ABTS 

anion radical. The results obtained by means of SECM imaging and combined sample-probe 

voltammetry shed new light on reaction mechanism and deactivation of ABTS-CCE/Lc 

process. The leakage of mediator during the operation of ABTS-CCE/Lc electrode was 

experimentally verified by SECM and may explain the decrease of its activity with time. 
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13 Carbon ceramic electrode modified with syringaldazine and 

laccase 

13.1 Introduction 

3,5-dimethoxy-4-hydroxybenzaldehydazine (syringaldazine) is commonly used for laccase 

activity determination [334, 335] and identification [328]. When dissolved in solution it is 

able to shuttle electrons between oxidized laccase and electrode [327, 336]. Due to weak 

solubility of syringaldazine in aqueous solutions, it was chosen as potential mediator to 

prepare more stable electrode than ABTS-CCE/Lc. 

In this section a simple procedure of the non covalent immobilization of 

syringaldazine and laccase is presented. As in the case of ABTS-CCE/Lc (Section 12.3) 

syringaldazine is immobilized into hydrophobic porous silicate – carbon heterogeneous 

structure of CCE. For comparison syringaldazine was also immobilized on the CCE surface 

by spontaneous adsorption from phosphate buffer with addition of ethanol. 

In order to evaluate syringaldazine modified CCE (Syr-CCE) electrochemical 

properties cyclic voltammetry and differential pulse voltammetry were performed at different 

pH, because of expected participation of protons in the electrode reaction [327]. This property 

was also confirmed by Raman spectroscopy. 

In the next step, laccase was immobilized in hydrophilic silicate thin film deposited on 

the Syr-CCE surface in the same way as on ABTS-CCE and the experiments were conducted 

in oxygen saturated solution at different pH. This is because of pH dependent activity of 

fungal laccase [158] and interest in biocathode performance at neutral pH [103]. The 

measurements of lateral activity toward ORR on Syr-CCE/Lc surface and detection of 

reaction products were done with SECM. Voltammetric experiments with syringaldazine 

dissolved in buffer solution were also performed. 

 

13.2 Electrochemical behaviour of syringaldazine modified CCE 

Typical optical micrograph of Syr-CCE showing the network of carbon particles and the 

hydrophobic silica matrix with immobilized syringaldazine is presented in Fig. 13.1. 

Immobilized mediator can be seen as red islands indicating uneven distribution of mediator 

within heterogeneous material. 
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Fig. 13.1. Optical micrograph of syringaldazine modified CCE surface. Red islands correspond to 

syringaldazine deposit. 

The voltammetric response of Syr-CCE indicates surface confined process because of 

linear dependence of peak current on scan rate (Fig. 13.2). The set of anodic and cathodic 

peaks of similar current magnitude corresponds to the reversible process and the obtained 

voltammogram is stable during continuous cycling. This is because both oxidized and reduced 

forms of syringaldazine are electroneutral and water insoluble. Therefore they both stay 

within hydrophobic silicate matrix. 

The ratio of anodic to cathodic charge is equal unity and independent of the scan rate. 

The voltammograms obtained with Syr-CCE are stable during continuous scanning indicating 

long-lasting immobilization of substrate and product of electrode reaction within carbon–

hydrophobic silica heterogeneous material. This was expected, because of the presence of 

methyl groups connected to silicon atoms within the pores of silicate matrix and very low 

solubility of mediator in the aqueous phase. 
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Fig. 13.2. Cyclic voltammograms of TMOS-gel coated syringaldazine modified CCE immersed in O2-saturated 

0.1 M phosphate buffer (pH 7) obtained at different scan rates: 1, 2, 5, 10 mV s-1. Arrow indicates increasing 

scan rate. Insert shows anodic peak current dependence on scan rate. 

The surface coverage calculated from the anodic charge corresponds to 

electrochemical activity of c.a. 34 layers of syringaldazine molecules in a flat position 

(surface area = 2 nm2 [337]), covering geometric area of the electrode. This indicates that 

only molecules located close to three phase junction graphite particle|silicate matrix|aqueous 

solution participate in the electrode process. Comparing this surface coverage to ABTS-CCE 

(4 layers) one can conclude that Syr is more stable immobilized on CCE surface than ABTS. 

    

Fig. 13.3. (A) – Differential pulse voltammograms of TMOS-gel coated Syr-CCE immersed in O2-saturated 0.1 

M phosphate buffer at different pH. (B) – The plot of peak potentials (Ep) versus pH. 

(A) (B) 
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In order to examine the mechanism of electrooxidation of syringaldazine differential 

pulse voltammetry experiments in different pH were done. The peak potential (Ep) depends 

linearly on pH in wide (3-10) range (Fig. 13.3). The slope of this dependence is equal –59.3 

mV. Therefore, this result can be described by following equation: 

pH
nRed

Ox

n
EEp 059.0

2

][

][
ln

F

RT0 −+=                  (13.1) 

Therefore during electrooxidation of syringaldazine molecule two electrons and two 

protons are detached as is shown in Figure 13.4. The effect of pH is similar to that observed 

for syringaldazine dissolved in acetate buffer [327] indicating that immobilization of this 

compound within hydrophobic carbon silica material does not affect its electrochemical 

behaviour which is not always the case [338]. Earlier, pH sensitivity was reported for CCE 

doped with 9,10-phenantrenequinone [6] or modified with silicate appended naphtoquinone 

group [222]. 

 

Fig. 13.4. The mechanism of syringaldazine electrode reaction. 

 

13.3 Raman spectroscopy studies of Syr-CCE 

Raman spectroscopy (Section 8.6) was chosen for Syr-CCE investigation, because it is proper 

technique for structural study of variety of chemical compounds. Syringaldazine upon 

oxidation changes colour into purple, whose structure is presented in Fig. 13.4. This 

coloration was indeed observed in many spots of the surface. Figure 13.5 represents a Raman 

spectrum of pristine syringaldazine. 

+2H
+

 +2e
-
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Fig. 13.5. Raman spectrum of crystalline syringaldazine 

On the surface of Syr-CCE before immersing in buffer solution no aggregates of 

mediator has been seen. However, Raman mapping results performed for Syr-CCE electrode 

revealed presence of mediator clusters in certain parts of the electrode. Surprisingly, recorded 

spectra were not the same as those for pristine syringaldazine. The strong peaks in the 

spectrum of syringaldazine, with maxima at 1553cm-1 (C=N stretching) and 1006 cm-1 (N-N 

stretching), typical for conjugated aryl azines [339]. Figure 13.6AB shows distribution of 

syringaldazine in CCE electrode and typical spectrum of syringaldazine entrapped in graphite. 

The diameter of aggregates is kept between 10 and 20 µm and the distance between them 

varied from 50 to more than 500 µm. Bands attributed to ring stretching and N-N stretching 

vibrations are both shifted to higher wavenumbers. In particular, maximum of νN-N band is 

shifted from 1006 cm-1 for crystalline syringaldazine (Fig. 13.5) to 1056 cm-1 for Syr-CCE 

(Fig. 13.6C). 

Such an effect indicates significant strengthening of the N-N bond. Presence of the 

weak band at 1646 cm-1 which can be ascribed to mixed C=O and C=C stretching vibrations 

suggests that this form of syringaldazine can be either partially oxidized, protonated or can 

interact with graphite. Most probably, a bright yellow coloration of syringaldazine clusters 

observed on the surface of freshly prepared Syr-CCE is due to the protonation of azine group. 

This is because hydrochloric acid was used as sol-gel catalyst for electrode preparation. 

Similar and reversible colour change was found by Bauer et al. [340] in water-isopropanol 

solution at pH 6-7. 
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Fig. 13.6. (A) Raman map recorded at 532 nm, showing distribution of syringaldazine in Syr-CCE. Red colour 

indicates the highest concentration of syringaldazine, blue colour- the lowest. (B) Optical micrograph of the 

mapped surface. (C) Raman spectra recorded in the spot indicated by a cross. 

Figure 13.7 represents set of in situ Raman spectra recorded at -0.2V in the same spot 

immediately after potential applying and after 5 and 15 minutes. 

 

Fig. 13.7. Raman spectra of syringaldazine clusters in Syr-CCE polarized at -0.2 V. 

The optical micrograph, presented in Figure 13.8, shows orange coloration in the 

middle of the cluster and the spectrum is a mixture of those typical for the reduced form of 
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syringaldazine and for the protonated orange-yellow form (Figure 13.8A). After 5 minutes of 

polarization at -0.2 V, the intensity of the peak at 1062 cm-1 (typical for the protonated form) 

began to decrease, and after 15 minutes only bands of the reduced form were seen. The colour 

of the syringaldazine cluster changed to white indicating the complete reduction of the 

mediator. When the potential +0.3 V was applied, after 5 minutes bands of the oxidized form 

at 969 cm-1 and 1042 cm-1 appeared and their intensity increases with increase in the time of 

the polarization. At the same time darkening on the edge of the syringaldazine cluster was 

observed (Fig. 13.8C). However, bands of the reduced form still prevail after 15 minutes of 

anodic polarization.  

 

Fig. 13.8. Optical micrographs of Syr-CCE surface: (A) before experiment, (B) after 15 minutes of polarisation 

at -0.2V, (C) after 15 minutes of polarization at +0.3V, (D) after 30 minutes of polarization at +0.6V. 

After further increase of the potential up to +0.6 V gradual oxidation of the mediator 

was observed, but the content of the fully oxidized form depends on the size of the clusters 

and polarization time. For small aggregates (up to 10 µm), after 15 minutes of polarization at 

+0.6V only the oxidized form was found, while the bands of both oxidized and reduced form 

were observed for bigger ones. 

100 µm 

+ 
100 µm 

+ 

100 µm 

+ 

100 µm + 

A B 

C D 
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Figure 13.9 represents comparison of Raman spectra recorded for the same spot, at the 

potential +0.6V after different elapsed time. It is seen that for the bulky clusters the content of 

oxidized form of syringaldazine increases slowly with the time of polarization. After 17 hours 

the oxidized form dominates, but some reduces syringaldazine still remains. Results of this 

experiment show that the transfer of electrons between the oxidized and reduced form is 

rather slow and bulky clusters of mediator never undergo the complete oxidation. Therefore 

only small fraction of Syr encapsulated in CCE can participate in bioelectrocatalysis (see next 

section) 

 

Fig. 13.9. Raman spectra of syringaldazine clusters in Syr-CCE polarized at +0.6 V. 

 

13.4 Electrochemical behaviour of syringaldazine and laccase modified CCE 

Next experiments were done with laccase encapsulated in thin silicate film on the Syr-CCE 

surface in oxygen saturated solution. The change of the shape of cyclic voltammograms, 

namely the increase of the ratio of the cathodic to anodic current (Fig. 13.10A) is a typical 

features of electrocatalytic reaction. No catalytic current is observed when syringaldazine is 

not immobilized in CCE body indicating the absence of direct electron transfer between 

immobilized laccase and graphite particles. Catalytic chemical reaction – syringaldazine 

oxidation by the enzyme and laccase regeneration by oxygen is followed by electrochemical 

regeneration of mediator: 

2 SyrRed(H2) + O2  
������

������ 2 H2O + 2 SyrOx                 (13.2) 
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Obviously, some fraction of the immobilized mediator molecules, and some fraction of 

proteins immobilized in adjacent hydrophobic and hydrophilic silicate matrices respectively 

remains in close contact as in the case of ABTS-CCE/Lc. Therefore this electrode architecture 

is favourable for efficient electron transport between the enzyme, mediator and graphite 

particles. However, this case shows that no dissolution of mediator is necessary for mediated 

electrocatalysis. 

   

Fig. 13.10. (A) - Cyclic voltammograms of Syr-CCE/Lc immersed in O2-saturated 0.1 M phosphate buffer at 

different pH: (dashed) pH 4.85, (solid) pH 6.7, (dotted) pH 7.62. (B) - Chronoamperogram of Syr-CCE/Lc 

immersed in O2-saturated 0.1 M phosphate buffer pH 4.85 obtained after potential step to +0.1 V. 

The catalytic current is observed immediately after immersion of the electrode 

indicating that the enzymatic reaction starts without any delay. The voltammogram recorded 

at pH 4.85 (corresponding to maximum enzyme activity [158]) is stable during continuous 

scanning. Namely, after 10 scans at 1 mV s-1 1 % decrease of the current was observed. This 

is different than for ABTS–CCE/Lc (Section 12.3), because of different mechanism of the 

redox reaction of mediator. In contrast to ABTS modified electrode where radical formation 

accelerates deactivation of protein [73] neither syringaldazine nor its oxidation product do not 

affect laccase stability. 

The current density and potential of electrocatalytic oxygen reduction decrease with 

increasing pH (Fig. 13.10A). However at pH > 7 catalytic effect is still visible, but the current 

decreases during continuous scanning. The appearance of small anodic peak on 

voltammograms recorded at higher pH indicates that the rate of catalytic reaction is smaller. 

This effect can be caused by different factors. There is clear evidence of relationship between 

laccase activity and the difference between the redox potentials of mediator and its T1 site 

[176, 341]. On the other hand the latter value is almost pH independent [176]. Therefore the 

(A) 
(B) 
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smaller efficiency of catalytic process at higher pH probably results from decreasing of 

laccase activity. 

The performance of Syr-CCE/Lc was examined in potentiostatic experiment at +0.1 V. 

The potential close to this value is expected when electrode will be used as cathode in biofuel 

cell. The initial decrease of the catalytic current (Fig. 13.10B) together with significant 

hystheresis of voltammograms (Fig. 13.10A) also observed with ABTS-CCE/Lc electrode 

(Section 12.3) may be caused by depletion of oxygen at reaction site. However, results of 

investigation with mediator dissolved in electrolyte [158], where no hysteresis was observed, 

indicate that this is not the case. Perhaps this effect is connected with immobilization of 

mediator and its access to enzyme. After 10 hours the current density of catalytic oxygen 

reduction decreases to stable value ca. 25 µA cm-2 (Fig. 13.10B). 

It was also observed that the shape of cyclic voltammograms obtained with Syr-

CCE/Lc depends strongly on time scale of the experiment (Fig. 13.11). At scan rate faster 

than 

2 mV s-1 anodic peak reappears and the ratio of cathodic to anodic charge decreases indicating 

slow rate of catalytic reaction. In this respect the electrocatalytic behaviour of Syr-CCE/Lc 

electrode is similar to ABTS-CCE/Lc (Section 12.3). 

 

Fig. 13.11. Cyclic voltammograms of Syr-CCE/Lc immersed in O2-saturated 0.1 M phosphate buffer pH 7 at 

different scan rates: 1, 2, 4 and 8 mV s-1. Arrow indicates increasing scan rate. 

The rate of ORR on Syr-CCE/Lc depends on temperature what means that this 

reaction needs activation. In order to evaluate activation energy the temperature studies were 

performed at pH 4.8 corresponding to maximum laccase activity. Chronoamperometry 

experiments at +0.1 V during 60 s were done at different temperatures in temperature range 
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21–60 °C. Then the catalytic charges (Q) as the measures of the rate of the enzymatic reaction 

were calculated by integration of these chronoamperograms. From these data the temperature 

dependence of Q was prepared (Fig. 13.12A). The catalytic charge increases with 

temperature. However, above 52 °C this effect is reduced probably due to protein 

denaturation. 

 
Fig. 13.12. Temperature dependence of catalytic charge of ORR on Syr-CCE/Lc (A) and its Arrhenius plot (B). 

The data obtained at temperatures up to 52 °C fit to Arrhenius equation with standard 

deviation equal 0.997 (Fig. 13.12B): 

ln|�| � 	 
 ��/�                    (13.3) 

ln|�| � 11.3 
 2385/�                   (13.4) 

The slope results in activation energy (Ea) equal 19.8 kJ mol-1. This value is much lower than 

that of the same laccase determined using ABTS as mediator, which is 52 kJ/mol-1 [158]. 

 

13.5 SECM measurements of Syr-CCE/Lc 

Contrary to the ABTS-CCE/Lc electrode (Section 12.3), monitoring of the bioelectrocatalytic 

activity of Syr-CCE/Lc by SECM is possible, because Syr is almost water-insoluble and 

hence does not leak into solution with a detectable flux. The experiments were performed in 

double potential step redox competition mode (RC-SECM) (Section 7.5). Both, 

microelectrode and the closely spaced Syr-CCE/Lc electrode compete for dissolved oxygen. 

In order to avoid its depletion, a two-step potential program is applied to the microelectrode at 

every grid point. In the first step, oxygen is generated at the microelectrode by setting its 

potential ET to 1.35 V for 3 s. Next, ET is shifted to -0.40 V in order to cause a diffusion-

controlled ORR at the microelectrode for another 3 s. 

(A) (B) 
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Fig. 13.13. Cross section of topography image (inset) of Syr-CCE obtained with CLSM. 

Above the active enzyme layer, the ORR current of the microelectrode is expected to 

be smaller because of oxygen consumption by laccase at the substrate electrode. A two-

dimensional image is constructed by plotting the average microelectrode current <iT>(x,y) 

between t = 0.3 s and t = 1.0 s after changing the potential to ET = -0.4 V at every point over 

the Syr-CCE/Lc electrode. A low absolute iT represents locally high bioelectrocatalytic 

activity of the sample. This image can be influenced by topographic features as they would 

affect the O2 diffusion between the electrodes. Indeed, the roughness of the polished Syr-

CCE/Lc is estimated using reflection mode CLSM as ca. 4.5 µm (Fig. 13.13). In order to 

minimize the influence of topographic features of the sample, the result with a Syr-CCE/Lc 

electrode polarized at the potential corresponding to oxygen reduction (ES = 0.1 V) is 

compared to a control experiment without external polarization. 

The results shown in Figure 13.14B confirm that a topographic effect is present as 

deduced from the image of the Syr-CCE/Lc electrode but cannot explain all the variation 

observed at the identical electrode region when an external potential ES = 0.1 V is applied. In 

the RC SECM experiments, iT above the active areas of Syr-CCE/Lc is expected to be lower 

compared to iT in the control experiment. The difference between the images of the Syr-

CCE/Lc electrode at OCP and with ES = 0.1 V is presented as a differential image (Fig. 

13.15), where a larger current difference corresponds to higher local laccase activity. 
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Fig. 13.14. SECM (RC mode) visualization of lateral activity distribution of Syr-CCE/lac in 0.1 M phosphate 

buffer (pH 4.8) saturated with air. rT = 13.2 µm, d = 20 µm, vT = 10 µm s-1. ET = 1.35 V (3 s) and -0.4 V (3 s); 

grid spacing is 20 µm. Images are constructed by plotting the average microelectrode current <iT>(x,y,t) 

between t = 0.3 s and t = 1.0 s after stepping to ET = -0.4 V. The image (A) is recorded with ES = 0.1 V; and (B) 

with the sample disconnected from bipotentiostat. 

 

Fig. 13.15. SECM (RC mode) visualization of lateral activity distribution of Syr-CCE/Lc in 0.1 M phosphate 

buffer (pH 4.8) saturated with air. The image is a plot of the differences between currents obtained when sample 

is disconnected and with ES = 0.1 V (see Fig. 13.14 A and B for individual images). 

The measurement shows a strongly non-homogenous lateral distribution of the Syr-

CCE reaction rate. This is consistent with the non-uniform mediator distribution observed by 

optical microscopy (Fig. 13.1) and localised Raman spectroscopy (Fig. 13.6). Another 

possible explanation for the observed inhomogenity in the reaction rate is the formation of 

aggregates of laccase in the silicate film (see Chapter 14), or a combination of both effects. 

Since the image measures the overall reaction rate, this can only be high where a good 

communication between enzyme, mediator and a percolation path in the network of carbon 

particles is established. Larger crystals of syringaldazine are likely to interrupt this 
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communication even if the local variation of the mediator in the film may be slightly 

enhanced. 

In order to confirm 4 electron mechanism, an attempt to detect H2O2 as a product of 

the ORR at the Syr-CCE/Lc electrode was also made. For this purpose SG/TC SECM 

(Section 7.4) was employed. Results presented in Figure 13.16 show that although the oxygen 

electroreduction on Syr-CCE/Lc commences at ES ca. 0.35 V, no H2O2 is generated at ES 

higher than ca. 0.05 V. At lower potential O2 is reduced at the graphite and H2O2 is produced 

and can be detected by the microelectrode. This experiment also shows the ability of SG/TC 

SECM to detect small quantities of H2O2. 

 

Fig. 13.16. Cyclic voltammograms: (A) – current registered at Syr-CCE/Lc (iS) as a function of its potential (ES), 

(B) – current registered at Pt-microelectrode positioned 20 µm above Syr-CCE/Lc as a function of ES. 

Electrolyte: air-saturated 0.1 M phosphate buffer pH 4.8, v = 1 mV s-1. 

 

13.6 Electrochemical behaviour of CCE modified with adsorbed 

syringaldazine 

The study of analogous system with syringaldazine dissolved in buffer solution was also 

done. For these experiments, because of the limited solubility of mediator in phosphate buffer, 

syringaldazine solution in 0.1 M phosphate buffer with 10 % ethanol addition were prepared. 

It turned out that mediator adsorbs on CCE and this process can be monitored by cyclic 

voltammetry (Fig. 13.18). After this experiment electrode was immersed in pure phosphate 

buffer solution and stable voltammetric response was observed. The linear relationship 

between peak current and scan rate indicates that voltammograms are connected with 

electrode process of adsorbed syringaldazine. 
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Fig. 13.17. Subsequent cyclic voltammograms of CCE (A) and GC (B) immersed in 0.1 mM syringaldazine 

solution in 0.1 M phosphate buffer (pH 7) mixed with ethanol (9:1). Scan rate: 10 mV s-1. Arrow indicates the 

order of voltammograms. 

The magnitude of voltammetric signal obtained after saturation is almost two times 

larger than that obtained on Syr-CCE (Fig. 13.2). The adsorption process is irreversible 

because the magnitude of the signal is not affected after transfer of the electrode to solution 

where syringaldazine is absent. However the difference between peak potentials is higher 

(100 mV (Fig. 13.17A) in comparison to 40 mV (Fig. 13.17B)) indicating slower electron 

transfer and electron transport across adsorbed layer. The value of peak current density is 

approximately 50 times larger than obtained with GC electrode with adsorbed syringaldazine 

(Fig. 13.17B) indicating significant effect of heterogeneous structure of the electrode. 

When CCE electrode modified with adsorbed syringaldazine was covered with laccase 

encapsulated in silicate film the catalysis of oxygen electroreduction is observed (Fig. 13.18). 

Contrary to Syr-CCE the clear signature of electrocatalytic process – the difference between 

cathodic and anodic charges can be seen only at very slow scan rate (0.2 mV s-1). This 

indicates much slower catalytic reactions probably caused by less favourable mutual position 

of adsorbed mediator and the enzyme. This obviously results in lower magnitude of catalytic 

current with adsorbed mediator. Interestingly, such low catalytic activity is observed at 

electrode with higher (about 90 mV) redox potential of mediator. It seems that the position 

adsorbed syringaldazine is less favourable for efficient electron exchange with laccase 

encapsulated in silicate matrix. 
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Fig. 13.18. Cyclic voltammograms of laccase containing TMOS-gel coated CCE modified with adsorbed 

syringaldazine immersed in O2-saturated 0.1 M phosphate buffer pH 7 at scan rates: 0.2 (dotted line) and 1 mV 

s-1 (solid line). The voltammogram obtained in the absence of silicate film encapsulated laccase with scan rate: 1 

mV s-1 is marked by dashed line. 

13.7 Zn-O2 membraneless hybrid cell 

Due to low potential of ORR on Syr-CCE/Lc this electrode is not suitable for application as 

biocathode in glucose-O2 biofuel cell. However, because of much lower potential of zinc 

anode than glucose bioanode (see Chapter 5) Syr-CCE/Lc can be applied as biocathode in 

hybrid cell (Section 5.5), similarly to ABTS-CCE/Lc (Section 12.3). 

 

Fig. 13.19. Current density-voltage (A) and current density-power density (B) characteristics of a cell consisting 

of Nafion coated Zn wire and Syr-CCE/Lc immersed in 0.1 M phosphate buffer pH 5 (■), pH 7.4 (●), or artificial 

serum (▲). 
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Current-voltage and power-voltage characteristics of Zn-O2 battery consisting of 

Nafion-coated zinc wire and Syr-CCE/Lc are presented in Fig. 13.19. Following pH-

dependence of laccase activity the voltage of the cell decreases with increasing pH of the 

electrolyte up to 7.4. Inhibition of laccase by chloride anions causes further decrease of the 

cell voltage. This means that decrease of biocathode catalytic properties is superior to 

improvement of efficiency of zinc anode in presence of chloride [200]. 

 

Fig. 13.20. Current density-voltage (A) and current density-power density (B) characteristics of a cell consisting 

of Nafion coated Zn wire and Syr-CCE/Lc immersed in O2-saturated artificial serum at different temperatures: 

24 °C (■), 37 °C (●) and 50 °C (▲). 

Similar to Zn-O2 cell with ABTS-CCE/Lc as biocathode both voltage and generated 

power density increases with temperature (Fig. 13.20). Here this dependence is stronger what 

is consistent with lower activation energy of ORR on Syr-CCE/Lc than for biocatalysis 

mediated with ABTS (Section 13.4). One can notice unusual increase of cell voltage with 

application of higher current density (> 60 µA cm-2) at 37 °C. This can be relevant with 

decrease of anode potential caused by its activation. 

 

13.8 Conclusions 

Voltammetric response of CCE doped with syringaldazine depends on pH what is connected 

with mechanism of the electrode reaction, what is also confirmed by Raman spectra of 

electrochemically oxidized syringaldazine. Replacement of ABTS immobilized in 

hydrophobic heterogeneous material (Chapter 12) by syringaldazine as mediator for 

bioelectrocatalysis of oxygen reduction results in much stable behaviour. From the point of 

view of efficiency of catalytic process the addition of mediator to the sol used for electrode 

preparation is superior in comparison to its adsorption from solution. 
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SECM imaging of Syr-CCE/Lc electrodes indicate a non-uniform distribution of its 

enzymatic activity which is probably connected to enzyme aggregation in the sol-gel silicate 

matrix and/or non-homogeneous distribution of the mediator in electrode material. Other 

experiments with this electrode confirm that no H2O2 is produced during enzymatic oxygen 

electroreduction at low overpotentials. 

Unfortunately, low redox potential of syringaldazine and its pH dependence is 

disadvantageous for biofuel cell application. Nevertheless, Syr-CCE/Lc can be applied in 

hybrid system with Zn anode [103]. The use of this electrode for pH-sensing can be also 

envisaged. 

 

14 SECM study of silicate film with immobilized laccase or bilirubin 

oxidase 

14.1 Introduction 

Among other factors (e.g. specific laccase activity) the distribution of laccase immobilized in 

a silicate thin film on ABTS-CCE or Syr-CCE surface affects the efficiency of the resulting 

electrodes. This is a reason for interest in imaging enzyme activity immobilized in such a 

way. The four electron reduction - favourable for (bio)fuel cells is not straight forward to 

detect by SECM, since the reaction product H2O is the solvent. Nevertheless, a number of 

SECM schemes can be used to monitor the lateral distribution of oxygen-reducing enzymes 

(Section 7.8). 

In this section investigations of laccase distribution within sol-gel processed silicate 

films by SECM is presented. A glass plate and polystyrene surface were used as support 

because of its flat surface, strong affinity to silicate films and insulating character. The SECM 

measurements were performed in the SG/TC mode and the RC mode detecting 

amperometrically either ABTS•- or ABTS2- at the microelectrode scanned over the laccase 

film. A new variation of the feedback mode in which oxygen is used as the native electron 

acceptor and the feedback loop is established via the electron donor for the enzymatic reaction 

was also performed. While an electron transfer to the substrate in FB mode is not required and 

would even interfere with the imaging of the enzyme activity, it eliminates the problem of 

rising background current. Special attention is paid to increased activity at the edge of the film 

and effective heterogeneous rate constants were determined at different areas of the sample. 

Moreover, FB mode was also applied for the comparison of laccase and BOx activity. 
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14.2 SG/TC and RC mode SECM measurements with ABTS2- 

The CLSM investigation of thin films of laccase immobilized in sol-gel matrices (Fig. 14.1A) 

reveals features that are considered to be aggregates of laccase. In order to confirm this 

assignment, combined SECM/CSLM experiments were performed that correlated the 

optically detectable features in the laccase/silicate film with electrochemical signals (Fig. 

14.1). Several spots are visible in the CLSM image recorded in the reflection mode (Fig. 

14.1A). The inverted setup of the CLSM allowed to observe the sample during SECM 

imaging. This feature was used to position the microelectrode of the SECM close to the 

features of interest by means of optical observation. 

The microelectrode is visible at the starting point of the experiment as a white spot at 

the bottom right corner of Fig. 14.1A. The microelectrode to sample distance d was adjusted 

to d = 4rT = 20 µm. The image frame corresponds to the bright region in the optical image in 

Fig. 14.1A. 

The SECM experiments were carried out in the SG/TC mode (Fig. 14.1B). A solution 

of ABTS2- in phosphate buffer was used. ABTS2- serves as the electron donator in the 

enzymatically driven reduction of oxygen (Eq. (12.2)). The reaction product, ABTS•-, diffuses 

into the solution and forms a diffusion layer. At the microelectrode a potential sufficiently low 

to reduce ABTS•- (Eq. 12.1) is applied. 

ABTS2- was selected as electron donor, because of its good solubility in water, its 

ability to diffuse through the silicate film [158] and efficient exchange electrons with the 

prosthetic group of laccase. The insulating nature of the glass support eliminates positive 

feedback contribution in SG/TC experiment. 

When the microelectrode scans across the surface, an increased cathodic current iT is 

observed at the microelectrode (Fig. 14.1C) when it is scanned across the features visible in 

the CLSM image Fig. 14.1A. A rising background is observed in because the macroscopic 

silicate film contains laccase also in areas outside the scanned surface. After assembling all 

parts, oxygen from air was allowed to diffuse through previously deaerated electrolyte into 

the sample. Then the macroscopic laccase-silicate film provides an increasing flux of ABTS•- 

leading to a steadily increasing bulk concentration. In order to highlight the signals from the 

additional flux above the laccase aggregates on the rising background, the colour scale (but 

not the vertical position of the datapoints) was corrected by subtracting a background (Fig. 

14.1C and Fig. 14.1E). 
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Fig. 14.1. Combined SECM/CLSM mapping of laccase aggregates. A) Reflection mode CLSM image; B) a 

scheme of SG/TC mode SECM imaging; 1) microscope objective; 2) glass slide; 3) laccase-silicate film; 4) 

laccase aggregate; 5) microelectrode; C) SG/TC mode SECM image; ET = -0.1 V, rT = 5 µm, 1 mM ABTS2- in 

0.1 M phosphate buffer (pH 4.8), vT = 7.7 µm s-1; D) a scheme of RC mode SECM imaging; E) RC mode SECM 

image, ET = +0.4 V. Current scales in C and E are inverted to show high activity as “hills”. 

A control experiment was performed in order to exclude that topographic features lead 

to variations of iT (Fig. 14.1C) and may be mistakenly interpreted as enzymatic activity. In the 

SG/TC mode experiment an increased reduction current is also expected if small amounts of 
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ABTS•- are present in the bulk solution and d is increase for instance when scanning over a 

depression in the silicate film. In this case an enhanced diffusion of ABTS•- to the 

microelectrode would take place because the shielding of sample and insulating sheath of the 

microelectrode is reduced at larger d. For the control experiment, potential sufficiently high to 

diffusion-controlled oxidation of ABTS2- was applied to the microelectrode in the same 

working solution. Due to the consumption ABTS2- by the enzymatic reaction at the sample, a 

decrease of iT is expected if the microelectrode is scanned over an area with increased laccase 

activity (Fig. 14.1D). For a qualitative detection of enzyme activity the sensitivity was 

sufficient here to detect an additional contribution of the laccase aggregates (Fig. 14.1E). 

Possible topographic features of the silicate film would lead to the same signal variations as in 

the SG/TC mode: an increase of d leads to an increase of the oxidation current at the 

microelectrode. The opposite trend is observed in Fig. 14.1E: the reduced oxidation current 

above the enzyme aggregate indicates the consumption of ABTS2- by the enzymatic reaction. 

This observation is supported by AFM micrographs (Fig. 14.3). In those topographic data, 

only small features are observed that can not be responsible for the signals in the SG/TC 

mode or RC mode experiments at the given d = 4rT where topographic effects do not play an 

important role. 

For quantification of the additional flux from the laccase aggregate, a cross section 

above the centre of the spot has been extracted from a SECM image (Fig. 14.2). The 

parameters in Eqs. (14.1 and 7.16) has been fitted to resulting profile. 

iT = 4nFD(ABTS•-) rT [ABTS•-]S ζ                  (14.1) 

where n = 1 is the number of transferred electrons per ABTS•- molecule, D(ABTS•-) = 3.2 × 

10-6 cm2 s-1 [81] is the diffusion coefficient of ABTS•-, rT = 5 µm is the microelectrode radius, 

rS is the radius of the enzyme aggregate, [ABTS•-]S is the additional concentration of ABTS•- 

at the enzyme aggregate surface. Non-linear fitting yielded the following adjustable 

parameters: 4DrTcS = 1.583 × 10-15 mol s-1, x0 = 126.92 µm, d = 23.31 µm, rS = 14.54 µm, 

ioffset = 0.0484 nA (Fig. 14.2, curve 1). 

The fitted value of d = 23.3 µm agrees well with the working distance retracted from 

the surface. The fitted rS = 14.5 µm is consistent with the optical microscopic observation that 

yielded rS = 13.5 µm. The small offset current is a consequence of the slowly increasing bulk 

concentration of ABTS•-. Fitting of the profile by fixing the parameters d an rS to the 

independently determined values leads to results deviating less than 10 % from the results of 
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the other fitting strategy (4DrTcS = 1.4631 × 10-15 mol s-1, x0 = 126.80 µm, ioffset = 0.0508 nA; 

Fig. 14.2, curve 2). Therefore, derived values will be reported only for the fit with adjustable 

rS and d because the derived values are also within a 10 % uncertainty interval. 

 

Fig. 14.2. Extracted line profile along the white line in the inset and fits of parameters in Eqs. (14.1 and 7.16) 

from which the flux of ABTS•-; curve 1) - fitted curve using 4DrTcS = 1.583 × 10-15 mol s-1, x0 = 126.92 µm, d = 

23.31 µm, rS = 14.54 µm, ioffset = 0.0484 nA, curve 2) fitted result using 4DrTcS = 1.4631 × 10-15 mol s-1, x0 = 

126.80 µm, d = 20 µm, rS = 13.5 µm, ioffset = 0.0508 nA (d and rS fixed). Experimental parameters: scan area 

250 µm × 250 µm, ET = -0.1 V, rT = 5 µm, 1 mM ABTS2- + 0.1 M phosphate buffer (pH 4.8), vT = 4.2 µm s-1. 

The additional surface concentration [ABTS•-]S can be estimated to be 9.8 × 10-4 M. 

From this value, the flux of ABTS•- Ω from the enzyme aggregate can be calculated [297]: 

Ω = 4D(ABTS•-) rS [ABTS•-]S = 1.7 × 10-14 mol s-1                (14.2) 

Assuming a uniform flux over the enzyme aggregate a generation rate J can be 

determined according to following equation: 

J = Ω/(πrS
2) = 3.0 × 10-9 mol s-1 cm-2                  (14.3) 

To further investigate the laccase aggregates, AFM micrographs of some aggregates 

were recorded (Fig. 14.3). The radius of the particular spot shown in Fig. 14.3A is 

approximately 7 µm and the height is 1.8 µm. As discussed above, these height variations are 

not sufficient to cause the current variations in SG/TC mode investigations at d ≈ 20 µm. The 

aggregate is surrounded by a dendrite-like structure that is approximately 100 nm high. 
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Fig. 14.3. AFM micrographs of laccase aggregates. (A) Topography representation of the aggregate of a freshly 

prepared sample and cross section along the black line. (B) Topography representation of the same aggregate 

after 22 h exposure to 1 mM ABTS2- in 0.1 M phosphate buffer (pH 4.8) and cross section along black line. Note 

the different greyscales of height in (A) and (B). 

After exposure of the sample to 1 mM ABTS2- in 0.1 M phosphate buffer (pH 4.8) for 

22 h and drying it, the same area was imaged again (Fig. 14.3B). The lateral dimension of the 

central aggregate has not been changed significantly compared to Fig. 14.3A. The height of 

the surrounding dendrite-like structure has significantly been reduced to a few nanometres 

indicating that some material has been dissolved during the exposure to the aqueous buffer. 

Moreover, the probe of the film thickness evaluation was done using AFM (Fig. 14.4). 

A sample with TMOS-gel based film with immobilized laccase embedded on glass surface 

was scratched using steel tweezers in such a way that a part of a film was removed without 

glass support injury. AFM images in Fig. 14.4 represent glass support surface (left part of 

images) and unscratched silicate film with laccase (right part of images). Step heights are 

calculated as differences between mean height of selected areas as indicated in AFM images. 
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Fig. 14.4. AFM images and cross sections of TMOS-gel based film with laccase embedded on glass surface. A 

part of film was removed my mechanical scratching. (A) – Evaluation of film thickness between laccase 

aggregates. (B) – Evaluation of film with laccase aggregate thickness. 

 

14.3 FB mode SECM measurements of TMOS-gel film with laccase 

14.3.1 Selection of mediator 

In order to employ the SECM feedback mode to study enzymatic oxygen reduction, the 

oxidised form of an appropriate mediator is needed. The redox potential of this mediator 

should be lower than the one of the T1 centre of enzyme. However, the redox potential of the 

mediator should be high enough to appear inside the potential window of the SECM 

microelectrode in a non-deaerated electrolyte. Namely, oxygen electroreduction on SECM 

microelectrode should not occur at higher potentials than the diffusion-controlled mediator 

electroreduction. Moreover, the mediator molecule should be small enough to reach the 

prosthetic group within the enzyme in order to act as electron shuttle. Furthermore, it should 

be water soluble at least in millimolar concentration. 

Four different compounds were examined: K3[Fe(CN)6], [Ru(NH3)6]Cl3, 

[Ru(NH3)6](NO3)3 and p-benzoquinone. These mediators were dissolved in electrolyte 

(aerated 0.1 M phosphate buffer pH 4.8) in 0.2 mM concentration. Figure 14.5 represents CVs 

obtained at macroscopic gold electrodes (0.5 cm2) covered with laccase-containing silicate 
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film. Sigmoidal-shaped signals are due to mediated catalytic oxygen reduction. CVs obtained 

with [Ru(NH3)6]Cl3 and [Ru(NH3)6](NO3)3 are very similar, indicating that activity of laccase 

immobilized in silicate film is not very sensitive to 0.6 mM chloride. 

 

Fig. 14.5. Cyclic voltammograms obtained at a Au planar electrode with laccase immobilized in hydrophilic 

silicate film. Electrolytes: 1) 0.2 mM [Ru(NH3)6]Cl 3, 2) [Ru(NH3)6](NO3)3, 3) p-benzoquinone, 4) and 

K3[Fe(CN)6] in 0.1 M phosphate buffer pH 4.8. Electrode area: ca. 0.5 cm2, Scan rate: 2 mV s-1. 

The catalytic oxygen electroreduction current obtained with p-benzoquinone as 

mediator is about two times higher than that in [Ru(NH3)6]
3+ and [Fe(CN)6]

3- solution of the 

same concentration. This is probably because p-benzoquinone/hydroquinone redox process is 

a two-electron process while the reductions of [Ru(NH3)6]
3+ and [Fe(CN)6]

3- are one-electron 

processes. The size, shape and charge of mediator molecule may also play a minor role in the 

efficiency of the catalytic process. At the potential of the [Fe(CN)6]
3-/[Fe(CN)6]

4- couple no 

appreciable O2 reduction occurs at Au electrodes. Therefore, [Fe(CN)6]
3- was chosen as 

mediator for feedback mode SECM measurements. A diffusion controlled steady-state current 

of [Fe(CN)6]
3- electroreduction was achieved at an Au microelectrode in oxygen-containing 

acidic electrolyte. The use of conventional Pt microelectrodes is not possible because oxygen 

electroreduction occurs at higher potentials at Pt than the diffusion-controlled [Fe(CN)6]
3- 

electroreduction. 

In order to visualise and evaluate local kinetics of the immobilized enzyme, SECM 

imaging and approach curves in the feedback mode were used. In these experiments, the 

electron donor was [Fe(CN)6]
4- generated at the microelectrode by reaction (14.4) from 

[Fe(CN)6]
3- present in 0.1 mM or 0.2 mM concentrations in the working solution. 

microelectrode: [Fe(CN)6]
3- + e- → [Fe(CN)6]

4- (14.4) 
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[Fe(CN)6]
4- acts as an one-electron donor for the enzyme-catalysed oxygen reduction: 

sample surface: O2 � 4H
� � 4�Fe�CN�6�

4�
enzyme
����� 2H2O� 4�Fe�CN�6�

3� (14.5) 

The flux of [Fe(CN)6]
4- consumed (and thus the flux of [Fe(CN)6]

3- regenerated) by 

the enzyme at the sample surface is detected as an additional source of [Fe(CN)6]
3-. This leads 

to an enhanced cathodic current at the microelectrode (Figure 14.6). 

 

Fig. 14.6. Schematic setup of the feedback mode SECM experiments combined with CLSM. 1 - CLSM objective; 

2 - insulating and transparent support; 3 – enzyme-silicate film; 4 – enzyme aggregate. 

14.3.2 SECM feedback measurements of laccase aggregates  

For FB imaging of laccase aggregates two experiments were conducted using a small 

positioning system completely enclosed in a controlled gas atmosphere. First with O2-free 

atmosphere (Figure 14.7A) and next with O2-atmosphere, Figure 14.7B). After switching to 

oxygen atmosphere, an increase of the cathodic current at the microelectrode is observed, 

confirming the involvement of oxygen in the heterogeneous reaction at the sample. Some 

contrast is also observed in the case of the deaerated electrolyte because of topographic 

influence. Therefore, it cannot be excluded that traces of oxygen are still present in the 

chamber of electrolyte. 
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Fig. 14.7. SECM images of laccase-silicate film deposited on glass in 0.1 mM K3[Fe(CN)6] in 0.1 M phosphate 

buffer pH 4.8, ET = 0 V, rT = 12.5 µm, RG ≈ 10, vT = 7.7 µm s-1, d ≈ 20 µm. (A) – Ar-saturated and (B) – O2-

saturated solution. Higher activity is shown as hills. 

In SG/TC and RC images of similar sample the lateral resolution was lower and the 

rising backgrounds is a substantial problem because the enzymatic reaction occurs on the 

whole sample independent of the microelectrode position. This is not the case in the feedback 

imaging presented here because the enzymatic reaction is proceeding only directly under the 

microelectrode where the microelectrode generated electron donor is available. 

14.3.3 SECM feedback measurements of laccase aggregates at the film edge 

An interesting phenomenon was observed during scanning the area comprising both the 

silicate thin film with immobilized laccase and the insulating glass support. Figure 14.8A 

represents a CLSM image of thin silicate film edge. Newton’s rings are visible close to the 

edge of the silicate film due to the variation of thickness with the radius. On the left part of 

image, the microelectrode is visible which is placed at a distance d = 15 µm above the glass 

support. The bright rectangular area corresponds the 500 µm × 500 µm image frame (Fig. 

14.8A) used for the SECM experiments shown in Fig. 14.8B. Figure 14.8C represents a 

SECM image in a x-z plane perpendicular to the film surface along the red line marked in 

Figure 14.8A. In Figures 14.8B and 14.8C one can see larger positive feedback currents for 

microelectrode positions above the film border than above the centre of the laccase-silicate 

film. Such behaviour can be explained as a sum of two effects. The first one (probably having 

a stronger influence) is based on a higher local surface concentration of the enzyme in the 

silicate film close to the film border. The second influence is the so called edge effect [342] – 

caused by nonlinear oxygen concentration profiles close to the border yielding higher oxygen 

fluxes at the film edge. 
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Fig. 14.8. Combined SECM/CLSM imaging of the edge of the laccase

reflection mode CLSM image, (B) 

SECM image in aerated 0.1 mM K

10, vT = 8.9 µm s-1, d ≈ 15 µm. 

 

14.3.4 SECM approach curves to laccase film in feedback mode. 

Usually, the following (simplified) reaction mechanism is used to analyse the enzymatic 

reaction of laccase with oxygen and a one
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. Combined SECM/CLSM imaging of the edge of the laccase-silicate film deposited on glass. (A) 

reflection mode CLSM image, (B) – lateral (x-y) SECM image, (C) – perpendicular to the sample surface (x

SECM image in aerated 0.1 mM K3[Fe(CN)6] in 0.1 M phosphate buffer pH 4.8. ET =

SECM approach curves to laccase film in feedback mode.  

Usually, the following (simplified) reaction mechanism is used to analyse the enzymatic 

reaction of laccase with oxygen and a one-electron mediator [343]: 

+
2 2Enz(4Cu ) O [Enz(4Cu ) O ]L  

+ 2+
2 2[Enz(4Cu ) O ] 4H Enz(4Cu ) 2H O+ → +  

32+ 4 + 3
6 6Enz(4Cu ) 4[Fe(CN) ] Enz(4Cu ) 4[Fe(CN) ]k− −+ → +  

The reaction mechanism can be transferred to a rate law following earlier reports 
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silicate film deposited on glass. (A) – 

perpendicular to the sample surface (x-d) 

= 0 V, rT = 12.5 µm, RG ≈ 

Usually, the following (simplified) reaction mechanism is used to analyse the enzymatic 

(14.6) 

(14.7) 

(14.8) 

The reaction mechanism can be transferred to a rate law following earlier reports [343, 344]. 

(14.9) 
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with 

2

1 2
M,O

1

k k
K

k
− +=  (14.10) 

4-
6

2
M,[Fe(CN) ]

3

k
K

k
=  (14.11) 

Equation (14.9) can be simplified if 
22 O,MO Kc >>  and an apparent pseudo first order 

kinetics with respect to the SECM mediator is expected if ( )[ ] ( )[ ] −− << 4
6

4
6 CNFe,MCNFe

Kc . Under 

this situation a fit of the theory for first order irreversible kinetics at the sample provides 

kinetic information about the enzymatic reaction. 

In order to evaluate local activity of the centre and the edge of the film, approach 

curves were recorded (Figure 14.9). The response of the laccase-modified silicate film (Figure 

14.9, curve 1 and 2) can be compared to a system without enzymatic reaction at the sample. 

Such a control is conveniently obtained by recording an approach curve to an insulating 

surface without immobilized enzyme using [Fe(CN)6]
3- as mediator (Figure 14.9, curve 3). In 

this case the enzymatic reaction cannot proceed and the microelectrode current is determined 

exclusively by the hindered diffusion of the [Fe(CN)6]
3- from the solution bulk to the 

microelectrode. 

 

Fig. 14.9. Experimental SECM approach curves (symbols) to 1) the edge and 2) the centre of the laccase-silicate 

film deposited on glass. Curve 3) is an approach curve to bare glass. Electrolyte: O2-saturated 0.1 mM 

K3[Fe(CN)6] in 0.1 M phosphate buffer pH 4.8; ET = 0 V, rT = 12.5 µm, RG ≈ 10; vT = 0.77 µm s-1. Lines are 

fitted curves for irreversible first order reaction at the sample with a normalised rate constant κ = 1.86 (curve 1) 

and κ = 0.11 (curve 2). Curve 4) represents limiting case for diffusion-controlled reaction at the sample surface. 
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Normalised rate constants κ = 0.11 for the central part of the laccase-silicate film and κ 

= 1.86 for the edge of the film were extracted by fitting to the analytical approximation of 

Cornut and Lefrou [292] for RG = 9.97, and rT = 12.48 µm as detailed in Section 11.14. 

The local surface concentration of the enzyme at the border of the film is higher than 

in its centre probably because of “coffee ring effect” [345, 346]. During evaporation, the 

droplet covers roughly the same area of the support (glass slide). The situation is 

schematically illustrated in Figure 14.10A. As a consequence of the solvent evaporation of the 

continuous phase (water) at the air-liquid interface, the concentrations of enzyme and 

dispersed particles are increased close to the air-liquid interface. The concentration gradient 

causes diffusion of enzyme molecules and silicate particles towards the bulk of the droplet. 

The droplet shape imposes larger restrictions to this process in the vicinity of the droplet edge. 

Because of higher concentrations of the reagents in this regions, the sol-gel process is faster 

and more silicate with entrapped enzyme is deposited at the edge. The resulting increased film 

thickness at the droplet edge can be seen from CLSM reflection measurements (Figure 

14.10B). The film on the border is about 10 µm thicker than in the centre. 

 
Fig. 14.10. (A) - Schematic representation of hindered solute diffusion in an evaporating drop. (B) - Topography 

reconstruction of the edge of the laccase-silicate film deposited on glass obtained from a reflection mode CLSM 

images stack. 

This leads also to different working distances if an image is recorded at a fixed vertical 

microelectrode position (Figure 14.8B). However, topography is only a minor contribution to 

the large contrast in Figure 14.8B. As can bee seen from an image in the x-z plane (Figure 

14.8C), i.e. each line scan is effectively an approach curve, the behaviour at the different 

regions is qualitatively very different with the current rising when approaching the edge of the 

silicate spot while decreasing when over the spot centre. 

 

14.4 Comparison of laccase and bilirubin oxidase deposits activities 

In order to compare activities of laccase and bilirubin oxidase, SECM feedback-mode images 

(A) (B) 
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of neighbouring silicate-entrapped enzymes spots were recorded. The main advantage of such 

measurement compared to voltammetric analysis of different electrodes is the fact that the 

samples are examined exactly at the same time and under the same physical and chemical 

condition. Two silicate spots with diameters of around 50 µm containing equal masses of 

entrapped laccase (in one spot), and bilirubin oxidase (in the other spot) were placed on a PS 

surface. The hydrophobicity of this material allows preparing silicate film spots with 

diameters of 50 µm. The distance between the centres of the spots was 130 µm. With the help 

of the CLSM (Figure 14.11A), both spots could be placed in relatively small scan area (500 

µm × 500 µm, brighter area in Figure 14.11A). The active part of SECM microelectrode is 

visible as a white circle in bottom left corner of this area, which is the start position of the 

SECM images (Figure 14.11B and 14.11C). This procedure helps to limit the time for 

recording an image frame and making tilt adjustment less critical than for larger scan areas. 

Larger scanning areas would be required for larger enzyme-silicate spots or for generation-

collection images because of their lower lateral resolution. Because the molar masses of 

Cerrena unicolor laccase and BOx are almost equal (MLc ≈ 57 - 64 kDa [347], MBOx ≈ 60 kDa 

[94, 348]), the molar amounts of both enzymes are also similar. Laccase exhibits its 

maximum activity at pH 4.8 [158, 202], and bilirubin oxidase at pH 5.0 [94]. Figure 14.11B 

shows enhanced microelectrode currents in SECM feedback imaging for both enzymes in 0.1 

mM [Fe(CN)6]
3- as mediator in 0.1 M phosphate buffer, pH 4.8. Although the pH is at the pH 

optimum of laccase and slightly off the pH optimum of BOx. The BOx spot exhibits a several 

times higher activity than the laccase spot. 

Of particular interest is a comparison at neutral pH due to the relevance for biofuel 

cells operating close to physiological pH. After changing the electrolyte to 0.1 mM 

K3[Fe(CN)6] in 0.1 M phosphate buffer at pH 7 using a peristaltic pump, the feedback image 

of BOx activity of the same sample is almost unchanged (Figure 14.11C). In contrast, the 

activity of laccase is almost not detectable at this pH. Thus BOx is a much better candidate as 

cathodic biocatalyst for biofuel cells especially if operation at neutral pH is required. 

 

http:/rcin.org.pl



 Chapter 14. SECM study of silicate film with immobilized laccase or bilirubin oxidase 
 

   

127 

 

 

 

Fig. 14.11. Combined SECM/CLSM mapping of BOx and laccase immobilized in silicate spots on PS surface. 

(A) reflection mode CLSM image; (B) SECM feedback image in aerated 0.1 mM K3[Fe(CN)6] in 0.1 M 

phosphate buffer pH 4.8; (C) SECM feedback image in aerated 0.1 mM K3[Fe(CN)6] in 0.1 M phosphate buffer 

pH 7.0. Other experimental conditions for (B) and (C): ET = 0.0 V, rT = 12.5 µm, RG ≈ 10, vT = 10 µm s-1, d ≈ 

15 µm. 

 

14.5 Conclusions 

The hydrophilic silicate film obtained by the sol gel process using TMOS as precursor with 

immobilized laccase exhibits laterally non homogeneous distribution of oxygen reduction 

activity. The laccase aggregates present in the film extend ca. 2 µm above the film. Around 

the aggregates a dendrite-like phase is often observed. The highest activity was detected at the 

edge of the film mainly because of higher surface laccase load caused by the formation of 

thicker films during evaporation of the continuous phase of the sol. Such behaviour is 

probably connected to hindered diffusion of enzyme and silicate particles close to sol droplet 

border. SECM feedback measurement of the activity of oxygen-reducing enzymes can be 

performed using Au microelectrode and [Fe(CN)6]
3- as redox mediator.  

A sample containing both, BOx and laccase immobilized in separate spots with similar 

amounts, showed that BOx has a several times higher activity at pH 4.8. Laccase lost its 
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catalytic activity at pH 7 while to BOx which can still catalyse oxygen reduction at this pH. 

This observation is consistent with literature reports [94, 158, 202]. 

 

15 Carbon ceramic electrode modified with bilirubin oxidase 

15.1 Introduction 

Despite the fact that BOx catalyzed ORR overpotential decrease is smaller than laccase [72] 

BOx is superior in terms of activity under simulated physiological conditions, i.e. at neutral 

pH and in the presence of Cl- anions [97]. Carbon-based electrode materials have been already 

proved to provide favourable conditions for direct electron exchange with BOx [109, 125, 

349] and for mediatorless oxygen reduction catalysis with this enzyme [120, 132, 133, 349, 

350]. 

In this section CCE modified by adsorbed BOx from Myrothecium sp. exhibiting 

efficient mediatorless bioelectrocatalysis of oxygen electroreduction is presented. The 

efficiency of electrocatalysis is increased for electrodes enriched with hydrophilic CNP’s. The 

construction and performance of carbon ceramic gas electrode (CCGE) modified with BOx 

that make use of oxygen from the gas phase (Fig. 15.10) is also presented. 

The electrodes were examined by CLSM, AFM, CV, CA and SECM. The last technique 

was used for imaging of lateral distribution of the enzymatic activity, electrical conductivity 

and oxygen permeability of the CCGE. These experiments were supplemented by SECM 

examination of oxygen permeability through a microhole filled with MTMOS-based silicate. 

CCGE was applied as biocathode in a zinc-oxygen cell with a bare zinc anode and deaerated 

electrolyte. Current-voltage characteristics of this cell were determined using 

chronopotentiometry. 

 

15.2 Microscopic examination 

At first the surface of electrodes were studied by CLSM (Fig. 15.1). In the examination of 

these images we took advantage of better reflectivity of carbon microparticles (compared to 

CNPs) for visible light. The grey scale represents the maximal reflected light intensity from 

stacks of images recorded with focal planes in the range of topographic features of samples. 

The brighter areas correspond to exposed graphite microparticles and darker areas to CNPs. It 

http:/rcin.org.pl



 Chapter 15. Carbon ceramic electrode modified with bilirubin oxidase 
 

   

129 

 

is clear that the presence of CNP in bulk electrode material resulted in their appearance on the 

electrode surface. 

 

Fig. 15.1. Reflection mode CLSM images of CCE (A), CCE-CNP10 (B) and CCE-CNP20 (C). Each image 

covers 300×300 µm2. 

Apart from development of the electrode surface area, and delivery of the direct 

electron transfer possibility, addition of hydrophilic CNPs causes the increase of porosity 

(Fig. 15.2), what should have an influence on the enhancement of oxygen transport through 

the CCE-CNP. No such pores were observed for CCE without CNPs. Such composite is 

hydrophobic enough to prevent penetration of submicrometer size pores by aqueous 

electrolyte, what is seen in Fig. 15.3. This figure represents attempts to evaluation of water 

droplets contact angle on CCE, CCE-CNP10 and CCE-CNP20 surfaces, which are: 61.5° ± 

3.2°, 59.5° ± 3.1° and 57.5° ± 3.2°, respectively. This result shows partial loss of 

hydrophobicity with  CNPs addition. 

Next BOx was adsorbed on CCE surface from enzyme solution. Such a procedure was 

earlier found to be useful for the immobilization of this enzyme on carbon-based materials 

[89]. Here an attempt was made to follow the adsorption process by AFM (Fig. 15.4). After 

taking AFM images of pristine CCE-CNP20 electrode at different magnifications that allowed 

relocation of the specific region, it was immersed into BOx solution in phosphate buffer (Fig. 

15.4A-C). 
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Fig. 15.2

 

Fig. 15.3. Optical micrographs of water droplets on CCE (A), 

Corresponding contact angles: 61.5° ± 3.2° (A), 59.5° ± 3.1° (B) and 57.5° ± 3.2° (C).

Fig. 15.4. AFM images of CCE-CNP20 taken before (A,B,C) and after (D,E.F) BOx adsorption in the order of 

decreased imaging area (100×100), (10×10) and (1×1) µm

subsequent experiments B, C and E, F. 

(A) 

electroreduction on enzyme modified carbon ceramic electrodes 

  

 

Fig. 15.2. SEM image of the CCE-CNP20 surface. 

 

. Optical micrographs of water droplets on CCE (A), CCE-CNP10 (B) and CCE-CNP 20 (C) s

Corresponding contact angles: 61.5° ± 3.2° (A), 59.5° ± 3.1° (B) and 57.5° ± 3.2° (C). 

CNP20 taken before (A,B,C) and after (D,E.F) BOx adsorption in the order of 

ea (100×100), (10×10) and (1×1) µm2. The white squares represent area restricted in 

 

(B) (C) 

 

  

 
CNP 20 (C) surfaces. 

CNP20 taken before (A,B,C) and after (D,E.F) BOx adsorption in the order of 

. The white squares represent area restricted in 
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Then AFM imaging was again performed (Fig. 15.4D-F). The topographic features 

visible on different scale images allowed the relocation of an identical scan area after the 

enzyme adsorption. Most importantly comparing figures 15.4C and 15.4F, one can identify 

additional topographic differences corresponding to adsorbed enzyme aggregates. 

 

15.3 Bioelectrocatalytic activity 

CV sigmoidal signal with minor hysteresis is observed for CCE modified with adsorbed BOx 

and the catalytic current is proportional to oxygen concentration (Fig. 15.5A). The onset 

potential of catalytic current is at ca. 0.6 V, close to the redox potential of the T1 centre of 

BOx [99]. This indicates that carbon microparticles provide favourable conditions for 

mediatorless bioelectrocatalytic activity towards oxygen reduction. This electrode exhibits 

higher activity than CCE modified with laccase from basidiomycete Trametes hirsuta [254]. 

In deaerated solution no signal from the redox transition of the adsorbed protein is observed. 

However, the shape of the voltammograms obtained under these conditions is typical for an 

electrocatalytic process. This is probably due to the electroreduction of oxygen trapped in the 

porous electrode material being in contact with deaerated aqueous electrolyte occurring at the 

three phase boundary carbon microparticle|air|electrolyte. The transition from air-saturated to 

oxygen-saturated solution results in an approximately five-fold increase of the catalytic 

current density from 15 to 80 µA cm-2 (Fig. 15.5A, curve (ii) and (iii)). This was estimated at 

0.3 V after “background catalytic current density” of 15 µA cm-2 substraction (Fig. 15.5A, 

curve i). 

  

Fig. 15.5. (A) Cyclic voltammograms (2nd scans) obtained with BOx modified CCE electrode in 0.1 M phosphate 

buffer (pH 5) saturated with (i) Ar (ii) air (iii) O2.(B) Cyclic voltammograms (2nd scans) obtained with BOx 

modified CCE-CNP10 electrode in 0.1 M phosphate buffer (pH 5) saturated with (i) argon (ii) air (iii) oxygen. 

Scan rate: 1 mV s-1. 

(A) (B) 
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Next an attempt to replace carbon microparticles with CNPs in the volume of the CCE 

was made. Unfortunately, no stable bulk material was obtained from MTMOS and CNPs. 

However, stable electrode materials were obtained with up to 20% CNPs load. Indeed such 

electrode material exhibits higher activity than standard CCE (Fig. 15.5B). 

However, for CCE-CNP10 electrode significant catalytic currents (120 µA cm-2 at 0.3 

V) are observed when immersed in argon-saturated solution. Therefore, the current increase is 

to a significant part due to increased capacitive current caused by the increase of the real 

surface area and electroreduction of oxygen trapped in the porous electrode body. A further 

effect is the better development of three phase boundaries carbon microparticle|air|electrolyte 

solution by nanoparticulate carbon. Interestingly, the catalytic current obtained with CCE-

CNP10 at 0.3 V in air-saturated solution is four times larger than with CCE. However, for 

oxygen-saturated solutions only two-fold increase is observed. In contrast to the CCE, the 

increase of the catalytic current at the CCE-CNP10 electrode is not proportional to the 

concentration of oxygen. A further increase of the CNP fraction in the electrode material up to 

20% resulted in a further increase of the catalytic currents. However, the effect is not very 

significant (Fig. 15.6). This can be caused by depletion of oxygen dissolved in electrolyte and 

flooding of the electrode material due to the presence of hydrophilic nanoparticles. Peak-

shaped cathodic CV scan (Fig. 15.6, curve iii) is caused by such oxygen mass transport 

limitation. 

 

Fig. 15.6. Cyclic voltammograms (2nd scan) obtained with BOx modified (i) CCE, (ii) CCE-CNP10 and (iii) 

CCE-CNP20 electrode in air-saturated 0.1 M phosphate buffer (pH 5). Scan rate 1 mV s-1. 

The magnitude of the catalytic current is pH-dependent. This is understandable, 

because this parameter affects the enzyme activity [99]. For example at pH 7 the CCE-CNP10 
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electrode retained about 50% of its activity at pH 5 (Fig. 15.7) making it a good candidate for 

a cathode in biofuel cell working under physiological conditions. 

The stability test of the electrode showed a significant activity decrease during the first 

2 hours (Fig. 15.8). This could be connected with depletion of oxygen in the solution next to 

the electrode. The desorption of the enzyme cannot be excluded until a new equilibrium is 

established. This effect is similar in the absence and in the presence of CNPs in the electrode 

material. However at longer times (t > 5 h) CNPs clearly contribute to the larger catalytic 

current density (Fig. 15.8). 

 

 

Fig. 15.7. pH dependence of absolute cathodic current density for second scans (cathodic sweep, scan rate: 1 

mV s-1) at 0.2 V on CCE-CNP10 electrode in air-saturated 0.1 M phosphate buffers. 

 

Fig. 15.8. Current density versus time dependence obtained with BOx modified CCE (i) and CCE-CNP10 (ii) 

electrode in air-saturated 0.1 M phosphate buffer (pH 5) after potential step from 0.8 to 0.2 V. 
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15.4 SECM measurements  

The RC-SECM mode experiments were performed in deaerated 0.1 M phosphate buffer pH 5 

and argon was passed above the cell during the measurements. A three-step potential program 

is applied to the microelectrode at every grid point of the image. In the first step, the 

microelectrode potential ET is set to 1.37 V for 0.3 s causing oxygen generation by water 

oxidation. Next, ET is shifted to -0.40 V for diffusion-controlled oxygen reduction reaction for 

0.5 s. Next, ET is shifted to 0.50 V for 0.5 s where no faradaic reaction occurs. This step was 

added for equilibration of the system before movement of the microelectrode to the next grid 

point. This allows for diffusion of oxygen generated in the first step to the solution bulk. 

In order to minimize the influence of tilt and of topographic features of the CCE (Fig. 

13.13) on O2 diffusion between the electrodes, two maps were constructed (see Section 13.5). 

The first map was constructed by collecting the average microelectrode current during the 

second potential step (ET = -0.4 V) between t = 0.08 s and t = 0.35 s. It is influenced by the 

oxygen consumption by the bioelectrocatalytic reduction at the sample. The second map was 

constructed from a control experiment in which microelectrode current was collected with the 

sample electrode disconnected from the bipotentiostat. Finally, a differential images for 

several electrode materials (Fig. 15.9) were calculated from the current difference obtained in 

experiments described above. 

 
Fig. 15.9. SECM visualization of lateral activity distribution at (A) BOx-modified CCE, (B) CCE-CNP10 and 

(C) CCE-CNP20. Electrolyte: 0.1 M phosphate buffer (pH 5) saturated with Ar. rT = 12.5 µm, d =20 µm. 

The areas with higher current differences correspond to higher local activity. Higher 

current differences for CCE-CNP20 (Fig. 15.9C) comparing to CCE (Fig. 15.9A) and CCE-

CNP10 (Fig. 15.9B) can be caused by higher oxygen permeability through CCE-CNP20. 

Then more oxygen is reduced at the microelectrode in a control experiment. It is clear that the 

surface activity of all electrodes for oxygen reduction is more or less evenly distributed on the 

length scale of the used microelectrode (rT = 12.5 µm) and no significant effect of electrode 

material is observed. Such distribution of the enzyme was earlier found as important for 

mediatorless bioelectrocatalysis of oxygen reduction with laccase. 
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In order to confirm the four electron mechanism of mediatorless bioelectrocatalysis 

with BOx, SG/TC experiments similar to this presented in Fig. 13.16 were done and no H2O2 

was detected as the product of this reaction when sample potential was higher than 0.2 V. 

 

15.5 Gas diffusion CCE-CNP/BOx 

Because the efficiency of mediatorless oxygen reduction electrocatalysis on CCE modified 

with adsorbed BOx is increased by addition of hydrophilic CNPs to the electrode material, 

CCGE doped with 20 % of CNPs was examined. 

 

Fig. 15.10. A scheme of CCGE for bioelectrocatalytic reduction of oxygen supplied from the gas phase. 

Methyl groups attached to the silicate network render the pores of the material 

hydrophobic. Consequently the electrode body is not flooded when immersed into an aqueous 

solution. Moreover, the porous electrode material can be penetrated by gaseous oxygen up to 

the matrix|aqueous electrolyte interface inside the electrode body and this flux can be superior 

to O2 diffusion in electrolyte and higher current densities can be obtained [131]. Additionally, 

it allows to use oxygen-free electrolytes what improves the operation of some devices. For 

example, in oxygen–glucose biofuel cells [113, 167, 169], electron transfer to the anode from 

the mostly employed anode biocatalyst – glucose oxidase competes with electron acceptance 

by oxygen dissolved in the electrolyte [183]. Supply of oxygen from outer gas phase 

eliminates this problem. Moreover, if both cathodic and anodic biocatalysts are immobilized 

on the electrodes, the use of oxygen free electrolyte allows for construction of simpler 

membrane-free devices like biofuel cells or Zn-O2 cells. 
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Permeation of oxygen across porous MTMOS-based silicate matrix, being the gas 

permeable CCGE component is an important factor because the transport of oxygen can be 

the rate determining step of the bioelectrocatalytic ORR [101, 351]. In order to visualize and 

estimate oxygen permeability of this silicate material a hole (Fig. 15.11A) (ca. 150 µm in 

diameter) in 0.8 mm thick polystyrene plate filled with this material was studied by SECM. In 

order to provide the most shallow depth of field the topography of the sample was 

characterized by optical microscopy with totally opened aperture. Both silicate and 

polystyrene are at the same distance from objective of microscope, because the micrograph is 

well focused on both materials (Fig. 15.11B). This is also observed from the opposite side of 

the sample (not shown). Therefore, one may conclude that the entire hole is filled with sol-gel 

processed silicate. Only two polystyrene hills extend out of the focal plane. This is probably 

caused by a distorted laser beam focused using a 100 mm converging lens during 

manufacturing, because the incident beam is not perfectly parallel to the optical axis of the 

lens accentuating coma and astigmatism. The height of these topographic defects is ca. 6 µm 

as estimated using optical microscopy. These features are difficult to remove by polishing of 

the tiny polymer plate. Therefore, we decided to use them for SECM experiments bearing in 

mind that they can affect the obtained currents. 

 
Fig. 15.11. Micrographs of a hole in a PS plate (A), filled with MTMOS-based silicate (B). 

Initially SECM imaging were performed in aqueous K4[Fe(CN)6] solution with the 

microelectrode polarized at +0.5 V to achieve a diffusion-controlled oxidation of [Fe(CN)6]
4- 

(Fig. 15.12A). The microelectrode current does not depend on the microelectrode position 

except for the two small hills of polystyrene mentioned above. Over these spots the current 

decrease due more efficient blocking of the diffusion of the [Fe(CN)6]
4- to the microelectrode 

above the impermeable elevated structures. The lack of any current difference between the 

position of the hole (between the hills) and the surrounding PS plate indicates that the hole is 
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completely filled with silicate. 

Subsequently, an image was recorded after the microelectrode potential had been 

switched to -0.4 V in order to achieve diffusion-controlled oxygen reduction at the Pt 

microelectrode (Fig. 15.12B). A larger cathodic current is observed over the silicate filled 

hole indicating that oxygen concentration is higher comparing to other parts of the sample 

surface. This indicates the ingress of oxygen from the backside of the gel-closed hole into the 

deaerated electrolyte. 

 

 
Fig. 15.12. (A) SECM feedback image of a hole in PS plate filled with MTMOS-based silicate; ET = +0.5 V, (B) - 

SECM generation-collection mode image of oxygen permeability through silicate; ET = -0.4 V. Other 

parameters for both experiments: rT = 5µm, RG ≈ 32, d = 10 µm, horizontal scan rate vT = 50 µm s-1, electrolyte 

was deaerated 0.1 mM K4[Fe(CN)6] in 0.1 M phosphate buffer, pH 5. 

In order to estimate oxygen concentration above the silicate and the oxygen flux, a 

cross section above the centre of the silicate has been extracted from a SECM image (Fig. 

15.13). The resulting profile has been fitted to the following equations: 

iT = 4nFD(O2) rT [O2]S ζ                   (15.1) 

These equations were developed for diffusion at an isolated disk-shaped pore [302, 

352], where n = 4 is the number of transferred electrons from the microelectrode per O2 

molecule, D(O2) = 2.0 × 10-5 cm2 s-1 [23] is the diffusion coefficient of oxygen, rT = 5 µm is 

the microelectrode radius, rS is the radius of the silicate hole, [O2]S is the additional 

concentration of oxygen at the silicate surface, and ζ is a dimensionless factor describing the 

decrease of oxygen concentration as a function of the lateral distance and the vertical distance 

from the centre of the silicate spot (Section 7.4). Non-linear curve fitting (Fig. 15.13) yields 
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the following adjustable parameters: 4FDrTcS = 0.161 nA, x0 = 275 µm, d = 10.1 µm, rS = 

79.9 µm, ioffset = 2.08 nA. 

 

Fig. 15.13. Flux of oxygen emerging from individual hole filled with MTMOS-based silicate. Flux values are 

obtained from the extracted profile along the white line in the inset and fits to Eqs. (15.1 and 7.16). Dotted line - 

experimental data, solid line - fitted curve. For more details see the text and the caption of Fig. 15.12. 

The fitted value of d agrees well with the distance the microelectrode was retracted 

from the surface before recording the image. The value of rS is consistent with the 150 µm 

hole diameter estimated by optical microscopy. The offset current is a consequence of the 

presence of oxygen traces in the electrolyte. The additional oxygen surface concentration 

[O2]S can be estimated as 0.0417 mM, i.e. 15.4 % of oxygen concentration under air and 

atmospheric pressure. From this value, the flux Ω of oxygen from the silicate can be 

calculated (Section 7.4): 

Ω = 4D(O2) rS [O2]S = 2.66 × 10-14 mol s-1                 (15.2) 

Although there is mass transfer resistance for oxygen diffusion at the entrance of the 

pore from the gas phase and at the exit from the pore to aqueous solution we supposed that is 

negligible as compared to that in the pore. Assuming that O2 partition coefficient between 

silicate and aqueous solution is equal unity and uniform flux through the silicate the mass-

transfer coefficient m for oxygen in MTMOS-based silicate can be estimated from the 

following equation: 
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where l is mass-transport length equal to the sample thickness and [O2]S’ is oxygen surface 
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concentration at the back side of the sample. If one assume [O2]S’ = 2.7 × 10-5 mol cm-3 

(corresponding to an air-saturated aqueous solution [23]), the m for oxygen transport in 

MTMOS-based silicate would be over two times higher than the diffusion coefficient for 

oxygen in water. Consequently, it can be concluded that the mass transport occurs 

predominately over the silicate phase as gas diffusion in an interconnected pore system of the 

electrode material. 

Next, the CCGE electrode was examined by SECM in K4[Fe(CN)6] aqueous solution 

and the feedback mode was used to visualise the local electrochemical reaction rate and the 

electronic conductivity of the CCGE. Although the electrode was polished the topography can 

still affect this image (Fig. 13.13). First the microelectrode was kept at 0.5 V in order to 

oxidize [Fe(CN)6]
4-. Areas of higher feedback current (red-coloured in Fig. 15.14A) 

correspond to the locally higher electronic conductivity. After switching the microelectrode 

potential to -0.4 V, the diffusion-controlled oxygen reduction current at the microelectrode is 

recorded above the same region. Now red-coloured areas correspond to higher reduction 

currents (Fig. 15.14B) and represent these fragments of the CCGE surface where more 

oxygen reaches the electrode|electrolyte interface. Comparison of the SECM images in Figs. 

15.14A and 15.14B, reveals that areas of higher conductivity are characterised by lower 

oxygen supply. Vice versa, lower conductivity areas correspond to higher oxygen ingress. 

Areas with higher currents in Fig. 15.14A are most likely graphite microparticles providing 

conductivity but being impermeable for oxygen. The high currents fragments shown in Fig. 

15.14B are rich in silicates that provide diffusion paths for oxygen, but have a lower 

conductivity. The local analysis of transport pathways for electrons and gaseous reactants in 

composite electrodes provides a new analytical tool for optimising the composite structures of 

porous electrodes that may be important also for other gas breathing electrodes. 

The catalytic activity of the CCGE with adsorbed BOx was examined by cyclic 

voltammetry (Fig. 15.15) in deaerated buffer. In this experiment oxygen is supplied from the 

gas phase at the back side of the electrode as illustrated in a scheme in Fig. 15.10. The onset 

of the cathodic current is observed at 0.45 V. The cathodic current is proportional to the 

oxygen partial pressure at the back side of the electrode. (Fig. 15.15, lines 2 and 3). This 

dependence observed at constant total pressure indicates that transport of the oxygen from the 

gas phase affects the current density of oxygen bioelectroreduction. Interestingly, almost no 

hysteresis is observed in the voltammograms, what is different than observed for CCE-CNP20 

operating in oxygen-saturated solution (Section 15.3). This means that the mass transport 

through the CCGE can maintain a steady state mass transport. (see ref. [101]). 
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Fig. 15.14. (A) SECM feedback mode image of a CCGE and its schematic representation; ET = +0.5 V, (B) 

SECM generation-collection mode image of the measurement of oxygen permeability through the CCGE and its 

schematic representation. ET = -0.4 V. Other parameters for both experiments: rT = 5 µm, RG ≈ 6.8, d ≈ 15 µm, 

vT = 25 µm s-1, electrolyte was deaerated 1 mM K4[Fe(CN)6] in 0.1 M phosphate buffer pH 5. 

 

 

Fig. 15.15. CVs of BOx modified and CNP-enriched CCGE in deaerated 0.1 M phosphate buffer, pH 5. Gaseous 

oxygen was supplied to the back side of the CCGE at various partial pressures: 1) – 0 atm, 2) – 0.21 atm, 3) – 1 

atm. Scan rate: 1 mV s-1. 
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15.6 Zn-O2 membraneless hybrid cell 

15.6.1 Zn-O2 cell with oxygen dissolved in electrolyte 

CCE-CNP10/BOx was tested as biocathode in Zn-O2 hybrid cell even at high current 

densities, when ORR occurs also on carbon material of this composite electrode. To show the 

influence of CNP on electrocatalysis toward O2 reduction CCE/BOx and CCE-CNP10/BOx 

were employed as biocathodes. Current-voltage and current-power characteristics are 

presented in Fig. 15.16. The cell with CCE-CNP10/BOx exhibits higher voltage and resulting 

power densities comparing to the cell with CCE/BOx biocathode when the current density is 

lower than ca. 300 µA cm-2. Above this current density value ORR occurs also on carbon 

micro- and nanoparticles and the cell with CCE/BOx works effectively. Higher fraction of 

graphite is on the surface of CCE/BOx than on CCE-CNP10/BOx (see Fig. 15.1). This means 

that CNPs are more efficient support for BOx, but non-enzymatic ORR occurs more 

effectively on graphite surface with adsorbed BOx than on CNPs with BOx. 

 

Fig. 15.16. Current density-voltage (A) and current density-power density (B) characteristics of cells consisting 

of Nafion coated Zn wire and CCE/BOx (■) or CCE-CNP10/BOx (●) immersed in air-saturated 0.1 M phosphate 

buffer pH 5. 

The influence of Nafion layer deposited on zinc surface in Zn-O2 cell performance 

was also tested. Characteristics of the cells with bare Zn anode and Nafion-coated Zn anode 

are presented in Fig. 15.17. At current densities lower than ca. 350 µA cm-2 the cell with 

Nafion-coated anode produce more power. This confirms that Nafion layer preserves zinc 

against direct oxygen corrosion. However, at higher current densities the cell with bare Zn 

anode exhibits higher voltage. This is probably because at higher rate of electrooxidation of 

Zn corrosion does not play any important role and Nafion film is more resistive for produced 

Zn2+ ions than electrolyte. 
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Fig. 15.17. Current density-voltage (A) and current density-power density (B) characteristics of cells consisting 

of bare Zn wire (■) or Nafion coated Zn wire (●) and CCE-CNP/BOx immersed in air saturated 0.1 M 

phosphate buffer pH 5. 

Keeping in mind potential application of Zn-O2 hybrid cell as implantable power 

source the cell consisting of Nafion coated Zn anode and CCE-CNP10/BOx biocathode was 

tested with two types of electrolytes (Fig. 15.18). Contrary to earlier described cells with 

laccase-based biocathodes (Section 12.2 and 13.7), here the cell with artificial serum as 

electrolyte produces more power than the cell with phosphate buffer pH 7.4. This is consistent 

with the fact that bilirubin oxidase is not sensitive to chloride anions (Section 3.1) and 

Nafion-coated Zn anode works better in artificial serum that in phosphate buffer [200]. 

 

Fig. 15.18. Current density-voltage (A) and current density-power density (B) characteristics of a cell consisting 

of Nafion coated Zn wire and CCE-CNP10/BOx immersed in air-saturated 0.1 M phosphate buffer pH 7.4 

(■)and artificial serum (●). 
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15.6.2 Zn-O2 cell with CCGE 

Finally, the CCGE was tested as cathode in a Zn-O2 hybrid cell [103, 201, 202] with external 

source of oxygen. A non-protected zinc wire could be used as anode. Typical oxygen 

corrosion of zinc was avoided by using an essentially oxygen-free electrolyte. Current 

density-voltage and power density-voltage characteristics are presented in Fig. 15.19A and 

15.19B respectively. The highest open-circuit voltage (1.095 V) was recorded when pure 

oxygen was supplied to the back side of the biocathode. The highest power density (41.3 µW 

cm-2) was recorded under the same conditions at a cell voltage of 0.585 V. Clearly, the cell 

efficiency strongly depends on the external oxygen partial pressure. 

 
Fig. 15.19. Current-voltage (A) and power-voltage (B) characteristics of zinc-oxygen cell consisting of bare zinc 

anode and BOx modified CNP-enriched CCGE in deaerated 0.1 M phosphate buffer, pH 5. Gaseous oxygen was 

supplied to the back side of the electrode at various partial pressures: 1) – 0 atm, 2) – 0.21 atm, 3) – 1 atm. Each 

data point was recorded 100 s after a galvanostatically controlled current flow had been started. 

 

15.7 Conclusions 

BOx can be easily adsorbed on the surface of carbon micro- and nano-particles embedded into 

MTMOS-based sol-gel processed matrix and this material provides favourable conditions for 

mediatorless bioelectrocatalytic ORR activity. The oxygen mass transport rate through the 

MTMOS-based silicate is over two times higher than oxygen diffusion in aqueous solution. 

The even distribution of the enzyme seems to play important role in BOx electrocatalytic 

activity. The bioelectrocatalytic  activity is further increased by addition of sulfonated carbon 

nanoparticles to the electrode body. When the back side of this electrode is opened to a 

oxygen-containing gas phase it can be operated as gas electrode. Then the bioelectrocatalytic 

current is proportional to the partial pressure of oxygen present in gas phase. Obviously 

enzyme adsorption is not the best method from the point of view of electrode stability and 

enzyme loading and other methods of enzyme immobilization should be tested. 
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The Zn-O2 cell efficiency is also proportional to the partial pressure of oxygen applied to the 

back side of CCGE. This feature suggests its application in self-powered oxygen biosensors. 
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16 Concluding remarks and outlook 

From the group of three examined carbon ceramic electrodes for bioelectrochemical oxygen 

reduction the most promising biocathode for biofuel cells or hybrid devices is CCE modified 

with carbon nanoparticles and bilirubin oxidase (CCE-CNP/BOx). Compared to the two other 

examined electrodes – CCE modified with ABTS and laccase (ABTS-CCE/Lc); and CCE 

modified with syringaldazine and laccase (Syr-CCE/Lc) – it exhibits the highest current 

density of ORR with low overpotential. ORR occurs effectively on CCE-CNP/BOx at neutral 

pH and contrary to laccase modified electrodes retains its activity in the presence of chloride. 

The introduction of hydrophilic CNPs to MTMOS-based hydrophobic gel causes increase of 

bioelectrocatalytic activity and porosity of the electrode without any substantial loss of its 

hydrophobicity. Therefore, CCE-CNP/BOx is permeable to gaseous O2, but not for aqueous 

electrolyte. This allows its use as a gas electrode for electroreduction of O2 supplied from gas-

phase, which is of practical application for construction of the cell. Namely, an O2-sensitive 

anode, such as bare Zn or electrode modified with glucose oxidase, need not to be separated 

by a membrane. The efficiency of a zinc-oxygen cell with CCE-CNP/BOx biocathode is 

proportional to the partial pressure of oxygen applied to the back side of this biocathode. This 

feature suggests application of this cell as a self-powered oxygen sensor. An additional 

advantage of CCE-CNP/BOx is the lack of mediator as this reduces costs and environmental 

hazard. Of course enzyme adsorption is not the best method from the point of view of 

electrode stability and enzyme loading and other methods of enzyme immobilization should 

be tested in the future. 

Another electrode which exhibits bioelectrocatalysis toward ORR at neutral pH is Syr-

CCE/Lc. Unfortunately, the ORR overpotential is higher compared to CCE-CNP/BOx and the 

presence of chloride decreases activity dramatically. Both of which are disadvantageous for 

biofuel cells applications. Redox potential of syringaldazine depends on pH according to the 

Nernst equation. This is because of a 2 electrons/2 protons mechanism of the electrode 

reaction, which was confirmed by Raman spectra of electrochemically treated syringaldazine. 

This property suggests the use of this electrode for voltammetric pH-sensing. SECM imaging 

of Syr-CCE/Lc indicates, in contrast to CCE-CNP/BOx, a non-uniform distribution of its 

enzymatic activity which is probably connected to enzyme aggregation in the sol-gel silicate 

matrix and/or non-homogeneous distribution of mediator in the electrode material. No H2O2 is 

produced during enzymatic ORR at potentials higher than 0.05 V vs. Ag|AgCl. Despite 

several imperfections, Syr-CCE/Lc is an efficient biocathode for Zn-O2 batteries, because 
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oxygen reduction occurs on its surface at much higher potential than Zn oxidation even at 

neutral conditions. 

ABTS-CCE/Lc also exhibits efficient ORR electrocatalysis, but is less stable than 

CCE-CNP/BOx and Syr-CCE/Lc. The leaching of mediator and/or probably the ABTS•- 

radical are responsible for the decrease of ABTS-CCE/Lc activity with time. 

Studies of enzymes deposited on flat, insulating surfaces represent an important part of 

the thesis. The hydrophilic silicate film with immobilized laccase, prepared in the same way 

as for ABTS-CCE and Syr-CCE modification, exhibits laterally non homogeneous 

distribution of ORR activity. The edge of the film exhibits the highest activity mainly because 

of higher surface concentration of laccase caused by the formation of thicker films during 

evaporation of the continuous phase of the sol drop. Such behaviour is probably connected to 

hindered diffusion of enzyme and silicate particles close to the border of the sol droplet. 

Procedures for SECM imaging and kinetics evaluation proposed in this thesis allow 

measurement of samples with oxygen-reducing enzymes to be carried out while 

simultaneously comparison of enzymes activities at the same conditions is carried out. 

Especially SECM feedback mode imaging with resolution determined by microelectrode size, 

and with unchanging background signal, can be performed. Such measurements reveal that 

enzyme in thin silicate film prepared by sol-drop evaporation is concentrated mainly at its 

edge. 

SECM measurement of oxygen transport through the MTMOS-based silicate revealed 

its favourable property for membranes applications. Namely, the oxygen mass transport rate 

within this material is over two times higher than oxygen diffusion in aqueous solution. 

Generally, all types of CCEs modified with enzymes presented in this thesis are 

suitable biocathodes for Zn-O2 primary cells if long-lasting stability is not required. 

Especially application of CCGE gives the possibility to overcome oxygen mass transfer 

limitations. In order to extend applicability of these electrodes, further research effort should 

be put into prolongation of operational- and shelf-live of biocathodes. One possibility could 

be attained by employment of microbes that are able to continuously renew enzymatic activity 

on the biocathode surface as is still a challenge. 

Another aspect of BFC and biobattery development is the need to increase the efficiency 

of the electrode process. In the case of biocathodes for O2 reduction the overpotential is rather 

difficult to decrease because it depends on redox potential of the prosthetic group what is an 
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intrinsic property of the enzyme. An increase of ORR current density on biocathode could be 

attained by increase of enzyme turnover number and its surface concentration. Improvement 

of the former property is a challenge for genetic engineers and the surface concentration of 

active sites when the electrode surface would be saturated with properly oriented enzyme 

molecules is still low because of the huge size of protein molecules. To overcome this 

problem great effort should be put into isolation of active sites from enzyme and preservation 

of its activity or the synthesis of such moiety using nature as a template. 
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