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General Introduction 

  

Bioelectrocatalysis, in which an enzyme reaction and an electrode reaction are coupled, is a 

key process for several electrochemical devices such as biofuel cells, biosensors, and bioreactors. The 

reaction is classified into two types: mediated electron transfer (MET) and direct electron transfer 

(DET). In the MET-type system, an artificial redox mediator shuttles electrons between an electrode 

and an enzyme. In the DET-type system, an enzyme itself directly communicates with an electrode. 

 Biofuel cells are sustainable and environmentally friendly energy conversion systems in 

which enzymes are utilized as biocatalysts. The devices are constructed with enzyme modified 

bioanodes and biocathodes. Due to the characteristics of the enzyme reaction, the power device can 

operate under very mild and safe conditions, e.g., at neutral pH, room temperature, and atmospheric 

pressure. Moreover, the device does not require precious metals such as Pt, since the active sites in 

enzymes consist of nonprecious metals (e.g., Cu, Ni, Fe, Mo, and W) or organic compounds (e.g., 

nicotinamide adenine dinucleotide, flavin adenine dinucleotide, and quinones).  

Regarding the performance of MET-type biofuel cells, mediators can minimize the kinetic 

barrier in the electron transfer between redox enzymes and electrodes. However, this often incurs a 

thermodynamic loss in order to create a driving force for the electron transfer between an enzyme and 

an electrode and thus decreases the operating potential of biofuel cells. Conversely, in DET-type 

biofuel cells, an enzyme directly communicates with an electrode. As a result, this makes it possible 

to minimize the thermodynamic loss in the electron transfer between an enzyme and an electrode 

 In this research, the author aimed to construct a DET-type H2/O2 biofuel cell. Bilirubin 

oxidase (BOD) and two kinds of [NiFe]-hydrogenases are used for a cathodic enzyme and anodic 

enzymes, respectively. BOD is one of the multi copper oxidases and is a promising enzyme for DET-

type biocathodes to reduce O2 into H2O. BOD has high bioelectrocatalytic activity even at neutral pH, 

and its formal potential is relatively close to that of the H2O/O2 redox couple. Among hydrogenases, 

O2-tolerant and standard [NiFe]-hydogenases are suitable enzymes which can realize DET-type 

bioelectrocatalytic oxidation of H2 oxidation with high turnover rate. 

 In chapter 1, the author focused on the DET-type bioelectrocatalysis with BOD. In the case 

of BOD, it is very important to control the orientation of BOD on the electrode surface because the 

interfacial electron transfer rate constant of BOD is not so fast. Since the rate constant increases 

exponentially upon decreasing the distance between the electrode surface and the redox site of the 

enzyme, the author developed some methods to achieve favorite orientation of BOD onto the electrode 

surface. In addition, the author investigated the electrochemical characteristics of BOD from the 

viewpoint of bioelectrochemisty. 

 In chapter 2, the author constructed gas diffusion-type electrodes. In dissolved system, the 
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low solubility and low diffusion coefficients of O2 and H2 cause limitations in the catalytic current and 

result in a decrease in power of H2/O2 biofuel cells. Gas diffusion type electrodes which can supply a 

gaseous substrates from the gas phase can get rid of the problems. Thus, the author created new types 

of gas diffusion-type electrodes with some carbon materials and improved the mass-transfer rates at 

bioanodes and biocathodes. Moreover, the gas diffusion-type system is also useful to solve a problem 

of [NiFe]-hydrogenases. When [NiFe]-hydrogenases suffer from high oxidative stress at high 

potentials, they form inactive state. This phenomenon is called “oxidative inactivation” and causes 

power decay of H2/O2 biofuel cells. Judging from its mechanism, the inactivation can be considered 

to compete with H2 binding. Since the gas diffusion electrode can maintain high substrate 

concentrations near the active enzyme on the electrode, the author tried to avoid the inactivation by 

using the electrode.  

In chapter 3, the author constructed a DET-type dual gas diffusion H2/O2 biofuel cell system 

by combining the BOD modified biocathode and the [NiFe]-hydrogenase modified bioanode. This 

attempt is the first example in the field of biofuel cells. 
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Chapter 1 
Electrochemical Understanding and Improvement of Direct 
Electron Transfer-Type Bioelectrocatalysis with Bilirubin Oxidase 

 
1-1. Improvement of a direct electron transfer-type fructose/dioxygen biofuel cell with a 

substrate-modified biocathode 

 

Abstract 

Fructose/dioxygen biofuel cell, one of the direct electron transfer (DET)-type bioelectrochemical 

devices, utilizes fructose dehydrogenase (FDH) on the anode and multi-copper oxidase such as 

bilirubin oxidase (BOD) on the cathode as the catalysts. The power density in the literature is limited 

by the biocathode performance. The author shows that the DET-type biocathode performance is greatly 

improved, when bilirubin or some related substances is adsorbed on electrodes before the BOD 

adsorption. Several data support that the substrate modification induces the proper orientation of BOD 

on the electrode surface for the DET. The substrate-modification method has successfully been applied 

to air-breathing gas-diffusion-type biocathodes. The author has also optimized the conditions of the 

FDH adsorption on carbon cryogel electrodes. Finally, a one-compartment DET-type biofuel cell 

without separators has been constructed, and the maximum power density has reached 2.6 mW cm−2 

at 0.46 V of the cell voltage under quiescent (passive) and air atmospheric conditions. 

 

1. Introduction 

 

 Biofuel cells, which are electric generators that utilize redox enzymes as catalysts, are very 

secure devices due to the enzyme reactions that can operate under mild conditions (room temperature, 

atmospheric pressure and neutral pH).1−6 Generally, enzymes in the biofuel cells oxidize several 

biologically related reductants such as alcohols, sugars, amines, organic acids, or hydrogen at the 

anode and reduce dioxygen at the cathode. There are two types of electric connection between enzymes 

and electrodes to realize bioelectrocatalysis. One is mediated electron transfer (MET) type, in which 

the mediator shuttle the electron between the enzyme and the electrode to reduce the kinetic hindrance 

in the interfacial electron transfer (ET). The other is direct electron transfer (DET) type, in which the 

enzyme can directly transfer the electron to or from the electrode.  

 Although the number of redox enzymes capable of direct communication with electrodes is 

limited, many researchers pay attention to the DET-type enzymatic biofuel cell, since it has several 

advantages over the MET-type one. Mediator-less configuration does not require, in principle, any 
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separator or membrane between the electrodes, which leads to simplifications in the cell construction. 

In addition, the DET-type cell can reduce the possible health hazard problems due to artificial 

mediators and thermodynamic losses arising from the difference in the redox potentials between the 

mediator and the active site (strictly speaking, the electron donating site to or accepting site from the 

second redox substrate) of the (multi-redox site-having) enzyme.1,7 In terms of the advanced 

application, DET-type enzymatic biofuel cells can be powering of micro−electronic devices extracting 

energy from biological sources and will be related to implantable biofuel cells operating in vivo and 

providing power for implantable biomedical devices. 8−12 

 Fructose/dioxygen (O2) biofuel cell is one of DET-type enzymatic devices.13−15 It utilizes a 

heterotrimetric flavoprotein-cytochrome c complex, fructose dehydrogenase (FDH) on the anode and 

multi-copper oxidase (MCO) on the cathode as the catalysts. FDH catalyzes 2-electron oxidation of 

D-fructose to 5-keto-D-fructose16 at the FAD catalytic center, and the electrons are transferred to 

electrodes via the heme C-containing subunit.17 FDH from Gluconobactor japonicus NBRC3260 has 

been cloned and overexpressed in a Gluconobactor oxydans strain.18 On the other hand, MCO is a 

family of the enzymes that include laccase, bilirubin oxidase (BOD) and Cu efflux oxidase (CueO), 

etc. They have usually four copper atoms that are classified into three types according to their 

spectroscopic and magnetic properties: type I (T1), type II (T2) and type III (T3) coppers.19 MCOs 

can receive electrons at the T1 copper site from electrodes. The electrons are transferred to the T2–3 

cluster composed of one T2 copper and two T3 copper atoms, where dioxygen is reduced to water in 

a four-electron reduction process.20,21  

 The fructose/O2 biofuel cells provide relatively high power density compared to most of the 

DET-type devices (0.85 mW cm–2 under O2 -saturated stirred conditions with laccase as an cathode 

catalyst at 25 °C and pH 5.0;13 1.8 mW cm–2 under O2 -saturated stirred conditions with laccase as an 

cathode catalyst at 25 °C and pH 5.0, the area of the cathode being twice of the anode area;14 0.17 mW 

cm–2 under continuous air-bubbling conditions at 25 °C and pH 5.0),15 but much lower than that of 

MET-type enzymatic biofuel cell with the best performance (10 mW cm–2).22 The cell power density 

of the fructose/O2 biofuel cells reported is limited by the biocathode performance. One of the reasons 

is low concentrations of dissolved O2, which limits the current density governed by the O2 diffusion. 

Recently, air-breathing gas-diffusion-type biocathodes, which is able to utilize atmospheric O2, have 

been developed.23−26 A steady-state current density of 20 mA cm–2 was achieved by using non-

glycoprotein CueO as a DET-catalyst under quiescent and O2 atmospheric conditions.24 Unfortunately, 

the redox potential of the electron-accepting site (T1) of CueO is relatively low compared with that of 

laccase and BOD.20 This means that CueO inherently causes thermodynamic loss in the catalytic ET 

process from the T1 site to O2. One of the superior points of BOD is that it works as a cathode catalyst 

even under neutral pH,27,28 though the optimum pH is 4.0 in solution with 2,2’-azino-bis-(3-

ethylbenzthioline-6-sulfonic acid, ABTS2− as an artificial electron donor.29 Therefore, in this work, the 



 Chapter 1, 1-1  

5 
 

author focuses on BOD as a biocathode catalyst by supposing its broad application as an air-diffusion 

biocathode in future. 

 Unfortunately, another problem is raised here when we use BOD for gas-diffusion 

biocathodes. The current density of the air-breathing gas-diffusion biocathode is drastically decreased 

when CueO is replaced with laccase or BOD.24 This is due in part to the fact that the redox potential 

of BOD (and laccase) is rather high compared to that of CueO.30 However, we can point out another 

factor that the oligosaccharide chain might behave as a hindrance to the DET-type 

bioelectrocatalysis,31,32 especially in inconvenient orientation on electrodes, since the ET rate constant 

decreases exponentially with an increase in the distance between the redox sites and electrodes.33 

Therefore, control of the enzyme orientation on the electrode surface is one of the major concerns in 

biocathode developments. 

 Several methods have been proposed to control the protein orientation on electrodes and to 

improve the DET kinetics. The covalent bonding between a Cys residue and gold electrodes,34,35 the 

ligand formation of a His-tag on engineered proteins with Ni-linkers modified on the electrode 

surface34,36,37 are utilized to control the protein orientation, but the methods do not seem to be effective 

in improving the DET kinetics, since the linkers used increase the distance between the redox site and 

the electrode surface. In contrast, the modification based on diazonium coupling reaction on the 

functionalized carbon electrode,38 the modification with functionalized gold nanoparticles,39,40 the π–

π stacking between aromatic molecules modified on enzymes and carbon electrodes,25,41 and the strong 

hydrophobic interaction between an enzyme (laccase) and an aromatic molecule (anthracene) modified 

on electrodes42 have been reported to induce the proper orientation for the DET. In the last case, the 

anthracene moiety on the electrode is believed to preferentially interact with the T1 site of laccase.  

 In this study, the author has a hypothesis that when the electrode is modified with the 

substrate of BOD (or related compounds), BOD will attractively interact with the modified compound 

in such an orientation that the electron-accepting T1 site faces the electrode surface. The orientation 

seems to be convenient in the DET-type bioelectrocatalysis.  

 The author also attempted to create a high performance bioanode for DET-type biofuel cells 

with FDH. Carbon cryogel (CCG), one of the mesoporous carbon materials, was used for the 

adsorption of FDH in our previous study.43 The pore size-control of the mesoporous electrode is found 

to be important and effective to increase the amount of the adsorbed FDH and the DET-type 

bioelectrocatalytic current density. However, the CCG electrode is hydrophobic and it was difficult to 

adsorb FDH uniformly. Thus, the author examined several pre-treatments of CCG electrodes in order 

to increase the electrode surface area in the mesopores available for the FDH adsorption. 

 Finally, the author constructed a one-compartment fructose/O2 DET-type biofuel cell 

without separators. In previous reports on fructose/O2 DET-type biofuel cells,13−15 the cell performance 

was evaluated under convective conditions to increase the power. Since the author may suppose that 
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biofuel cells will be operated under quiescent (that is, passive) and air atmospheric conditions in 

practical case, the power of the biofuel cell constructed here is evaluated under such practical 

conditions. The highest power density of 2.6 mW cm−2 has been attained at 0.46 V. 

 

2. Experimental 

 

2.1 Materials 

 

 Ketjien Black EC300J (KB) was kindly donated from Lion Co. (Japan). Carbon cryogel gel 

(CCG) was synthesized according to previous papers,43,44 and the peak value of the pore radius was 

54 nm. Carbon paper (CP, TGP-H-120) was purchased from Toray Co. (Japan). 

Polytetrafluoroethylene fine powder (PTFE, 6-J) and poly-(vinylidene difluoride) (PVDF) were 

obtained from DuPont Mitsui Fluorochemicals (Japan) and Kureha (Japan), respectively. Bilirubin 

oxidase (BOD; EC 1.3.3.5) from Myrothecium verrucaria was donated from Amano Enzyme Inc. 

(Japan) and used without further purifications. Fructose dehydrogenase (FDH; EC 1.1.99.11) from 

Gluconobacter japonicas NBRC3260 was purified according to the literature.18 Bilirubin was 

purchased from Wako Pure Chemical (Japan) and was dissolved in 30 mM NaOH aqueous solution. 

For experiments of atomic absorbance spectroscopy (AAS), nitric acid, perchloric acid, and 

hydrochloric acid of super special grade were purchased from Wako Pure Chemical (Japan), and ultra 

pure water was used to prepare the reagent solution. All other chemicals used in this study were of 

analytical grade unless otherwise specified and all solutions were prepared with distilled water.  

 

2.2 Preparation of KB-modified glassy carbon electrode 

 

 Glassy carbon electrode (GCE, 3 mm in diameter, BAS) was polished with alumina slurry 

(Buehler, 1 μm), sonicated and washed with distilled water. KB powder was mixed with PTFE (KB : 

PTFE = 8 : 2, (w/w)) and homogenized (Heat Systems GmbH & Co.) in 2-propanol for 3 min in an 

ice bath to prepare KB slurry. The slurry (3 µL) was applied to a GCE and dried at 60 °C to prepare a 

KB-modified GC electrode (KB-GCE). Subsequently, 10 µL of bilirubin solution (3 mM) was applied 

on the KB-GCE, and the electrode was dried at room temperature and washed with distilled water. 

The electrode is named BL-KB-GCE. For comparison, the KB-GCE without modification of bilirubin 

was immersed in NaOH solution (30 mM), dried at room temperature, and washed. BOD solution (10 

mg mL−1, dissolved in 100 mM phosphate buffer (pH 7)) was then applied to the aforementioned 

electrodes and they were kept in water-saturated atmosphere for 1.5 h at 4 °C to be dried slowly, 

washed with distilled water (or 1 M citrate buffer, a buffer solution used for electrochemical 

characterization), and immediately served for electrochemical measurements.  
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2.3 Evaluation of the amount of BOD adsorbed on KB 

 

 The KB slurry (15 µL) described in Section 2.2 was applied to a sheet of parafilm (Bemis 

Co. Inc, U.S.A) and dried at 60 °C. Bilirubin and BOD was adsorbed on a KB-mounted parafilm sheet 

in a manner similar to that described in Section 2.2. After the adsorption of bilirubin and BOD, the 

samples were incinerated at 800 °C for 3 h. After cooling, nitric acid and perchloric acid were added, 

and then the samples were heated cautiously until white fumes were no longer evolved. The residue 

was dissolved in 0.1 M HCl under heating. The Cu concentrations were determined by AAS based on 

the calibration-curve method. The amount of BOD was calculated from the amount of Cu atom by 

considering the fact that BOD contains 4 Cu atoms. 

 

2.4 Preparation of KB-modified CP electrode 

 

 The air-breathing gas-diffusion-type electrode without modification of bilirubin was 

prepared according to the literature.24 In brief, KB powder was mixed with PTFE (KB : PTFE = 6 : 4, 

(w/w)) and homogenized in 2-propanol for 5 min in ice to prepare KB slurry. The slurry (100 µL) was 

applied to one side of CP (1.5 cm in diameter) and dried at 60 °C. The electrode is called KB-CPE. 

For bilirubin-modified electrodes, KB powder was mixed with PTFE in a ratio of KB : PTFE = 4 : 6, 

(w/w). 0.3 mL of bilirubin solution (1 mM) was then applied to a KB-CPE, which was dried at room 

temperature. The surface of KB-CPE was washed with phosphate buffer (pH 7) 5 times. The bilirubin-

modified electrode is called BL-KB-CPE. BOD solution (5 mg mL−1, dissolved in pH 7 phosphate 

buffer) was applied to the electrodes, which were dried for 2 h under reduced pressure at room 

temperature.  

 

2.5 Preparation of CCG-modified CP electrode 

 

 CCG was mixed with PVDF (CCG : PVDF = 8 : 2, (w/w)) and homogenized in N-methyl-

2-pyrrolidone for 10 min under water cooling to prepare CCG slurry. The slurry (200 µL) was applied 

to both sides of CP (1.5 cm in diameter) and dried on a hotplate at about 90 °C. The electrode was first 

pre-treated by plasma etching for 5 min at about 8 Pa on a soft etching device (Meiwa Fosis SEDE-

GE, Japan). The pre-treated electrode was immersed in ethanol to degas from the mesopores, and then 

transferred to distilled water. This operation was performed twice and finally the electrode was 

immersed in 1 M citrate buffer (pH 5.0). The pre-treated electrode is called CCG-CPE. The CCG-CPE 

was immersed in an FDH solution (30 µM) for about 24 h at 4 °C. The electrodes were gently shaken 

during FDH adsorption on a shaker (Vortex Genie-2). 
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2.6 DET-type biofuel cell 

 

 The BOD-adsorbed BL-KB-CPE and the FDH-adsorbed CCG-CPE were attached to a 

handmade one-compartment cell, as shown in Fig. 1. The projected surface area of the cathode and 

the anode was adjusted to be 1.0 cm2. A titan mesh was utilized as a current collector. The cathode and 

the anode of the cell were connected through a variable resistor (Type 2786 Decade Resistance Box, 

Yokogawa Hokushin Electric., Japan). The cell voltage, the cathode potential, and the anode potential 

were measured against an Ag|AgCl|sat. KCl reference electrode with an electrometer at given values 

of the resistance in the range from 100 kΩ to 20 Ω. The current density and the power density were 

calculated based on the projected surface area of the electrodes used. Measurements were carried out 

in 1 M citrate buffer (pH 5.0 : the optimum pH of FDH43) containing 500 mM D-fructose at room 

temperature (23 ± 2 °C) under quiescent and air atmospheric conditions in a passive mode. 

 

2.7 Electrochemical measurements 

 

 Cyclic voltammetry (CV) and chronoamperometry (CA) were performed on an 

electrochemical analyzer BAS CV 50 W. Steady-state measurements were carried out with rotating 

disk GCEs (RDE-2, BAS, Inc.) as called KB-GCE or BL-KB-GCE. A platinum wire and the 

 
Figure 1.  
A schematic illustration of one-compartment cell 

Electrolyte 
solution flow

Ti mesh

Anode
(FDH−adsorbed CCG−CPE)

Silicon 
sheet

Reference 
electrode

Cathode
(BOD−adsorbed BL−KB−CPE)
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Ag|AgCl|sat. KCl electrode were used as the counter electrode and the reference electrode, respectively, 

and measurements were carried out at 23 ± 2 °C. For long-term stability test, KB-GCEs were stored 

in pH 7 phosphate buffer at 4 °C after each CA measurement. A handmade air-diffusion-type 

electrolysis cell, which is identical with that reported in a previous paper,23 was used for the 

measurements at KB-CPE and BL-KB-CPE. The projected surface area of the working electrode was 

set to be 1.0 cm2. A titan mesh was utilized as a current collector.  

 

3. Results and discussion 

 

3.1 Effect of bilirubin modification on biocathode reaction 

 

 The effect of the bilirubin modification on the catalytic reduction of O2 was examined using 

BOD-adsorbed BL-KB-GCE and BOD-adsorbed KB-GCE on the RDE method. The result is shown 

in Fig. 2, panel A. Under O2-saturated conditions, the cathodic waves were observed with both BOD-

adsorbed electrodes, while such catalytic waves were not observed in the absence of either O2 or BOD 

(data not shown). The results prove that the adsorbed BOD works as a DET-type catalyst to reduce O2. 

The onset potential of the two kinds of the BOD-adsorbed electrodes was about 0.5 V, which is close 

to the formal potential of the T1 site of BOD (0.46 V).45 The catalytic wave at the BOD-adsorbed BL-

KB-GCE is much larger than that at the BOD-adsorbed KB-GCE and shows sigmoidal characteristics, 

 
 
Figure 2  
(A) Rotating disk voltammograms of catalytic O2-reduction at BOD-adsorbed BL-KB-
GCE (solid line) and BOD-adsorbed KB-GCE (dotted line) in an O2-saturated phosphate 
buffer (pH 7). The rotating rate was 4000 rpm, and the scan rate was 20 mV s−1.  
(B) The long-term stability of BOD-adsorbed BL-KB-GCE (circle) and BOD-adsorbed 
KB-GCE (triangle). The activity was measured from the steady-state catalytic current on 
CA at 0 V and 60 s after the potential step in an O2-saturated phosphate buffer (pH 7). 
The current is plotted as the relative value. The rotating rate was 4000 rpm. The error 
bars were evaluated by the Student t-distribution at 90% confidence level. 
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while the bilirubin-unmodified electrode (BOD-adsorbed KB-GCE) shows rather straight 

characteristics in the voltammogram. In other words, the bilirubin modification causes the shift in the 

half-wave potential of the catalytic wave to the direction of the positive potential. The sigmoidal and 

straight characteristics of the catalytic waves can be ascribed to the controlled and random orientation 

of the adsorbed enzyme, respectively.46 Therefore, the author may assume that bilirubin adsorbed on 

the electrode can assist BOD to face the electrode surface in an orientation convenient for the DET 

catalysis. Considering a simple DET-type catalytic model, the current density (j) can be expressed by 

eqns. (1)-(4) as follows,30  

𝑗𝑗 =  𝑗𝑗lim

1+𝑘𝑘cat 𝑘𝑘f� +𝑘𝑘b 𝑘𝑘f�
                                 (1) 

𝑗𝑗lim = 𝑛𝑛𝑛𝑛𝑘𝑘cat𝜆𝜆𝜆𝜆t                                   (2) 

𝑘𝑘f =  𝑘𝑘°exp�–𝛼𝛼(𝐹𝐹 𝑅𝑅𝑅𝑅⁄ )�𝐸𝐸–𝐸𝐸E°′��                    (3) 

𝑘𝑘b = 𝑘𝑘°exp�(1–𝛼𝛼)(𝐹𝐹 𝑅𝑅𝑅𝑅⁄ )�𝐸𝐸–𝐸𝐸E°′��                (4) 

where 𝑛𝑛, F, 𝛤𝛤t, and 𝜆𝜆 are the number of electrons (𝑛𝑛 = 1 for the T1 Cu site of BOD), the Faraday 

constant, the total surface concentration of BOD, and the (averaged) ratio of electrochemically active 

enzyme to the total one, respectively. The catalytic constant 𝑘𝑘cat is a function of the intramolecular 

ET rate constant from the T1 site to the T2–3 cluster and the intermolecular ET rate constant for the 

O2 reduction at the T2–3 cluster. Here, the 𝑘𝑘cat value was used as a maximum catalytic rate constant 

for BOD of 250 s−1 in solution according to a previous study.30 𝐸𝐸E°′, 𝑘𝑘° and 𝛼𝛼 are the formal potential 

(0.46 V vs. Ag|AgCl|sat. KCl ) of the T1 site of BOD,45 the standard surface ET rate constant, and the 

transfer coefficient, respectively. The value of 𝛼𝛼 was set as 0.3 according to the literature.30 The 

rotating disk voltammograms were fitted by eqns. (1)−(4) with 𝑘𝑘°  and 𝜆𝜆𝜆𝜆t  as the adjustable 

parameters using a non-linear regression analysis by Excel®. Table 1 summarizes the fitted values of 

𝑘𝑘° and 𝜆𝜆𝜆𝜆t. The result clearly shows that the bilirubin modification increases 𝑘𝑘° and 𝜆𝜆𝜆𝜆t. 

On the other hand, AAS measurements revealed that the amount of BOD adsorbed (𝛤𝛤t) on 

the BL-KB-GCE is significantly smaller than that on the KB-GCE, the ratio being 0.34 ± 0.15. The 

reason of the decrease in the adsorbed BOD by the bilirubin-modification may be ascribed to the 

electrostatic repulsion between negatively charged bilirubin on KB and negatively charged BOD (pI 

= 4.1).47 Considering this result and the data in Table 1, the bilirubin modification increases the value 

of 𝜆𝜆, the ratio of 𝜆𝜆 between BL-KB-GCE and KB-GCE being 4 ± 2. Thus, the author can conclude 

that the substrate modification can induce the proper orientation of BOD for the DET reaction. 
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 The long-term stability of the adsorbed BOD on BL-KB-GCE was examined for one week 

in compared with KB-GCE. The result is shown in Fig. 2, panel B. The catalytic current decayed with 

time in a (pseudo)first-order kinetics. The half-life time of the decay was about one and half day at the 

KB-GCE, but it was drastically improved up to about 7 days by the substrate modification (that is, at 

BL-KB-GCE). 

 The author also examined the effect of bilirubin-related compounds on the BOD-catalytzed 

O2-reduction. Catechol, hydroquinone, pyrogallol, hemin or ditaurobilirubin, which are catalytically 

oxidized by BOD in aerated solution47, were pre-adsorbed on the KB-GCEs before the BOD 

adsorption. Rotating disk voltammograms of these substance–adsorbed electrodes are measured (data 

not shown). For all electrodes, the catalytic waves showed sigmoidal characteristics almost similar to 

that observed at BL-KB-GCE. Accordingly, the author can conclude that these substances also cause 

the positive effect on the orientation of BOD. Especially, hemin and pyrogallol modification showed 

good performance to give large limiting catalytic currents. However, BOD−adsorbed BL−KB−GCE 

showed the best characteristics in view of sigmoidal current –potential behavior (i.e. the onset 

characteristics) among the other substances. In addition, bilirubin modification was most stable among 

the substrates examined. Therefore, the author uses bilirubin as a pre-modifier in the following. 

 

3.2 Application of substrate-modification to gas-diffusion-type biocathode (KB-CPE) 

 

 For the application to a DET-type biofuel cells, a BOD-adsorbed BL-KB-CPE as well as a 

BOD-adsorbed KB-CPE was fabricated as gas-diffusion-type biocathodes. Cyclic voltammograms of 

the BOD-adsorbed electrodes were recorded under quiescent (passive) and O2 atmospheric conditions 

in 1 M citrate buffer (pH 5) and are shown in Fig. 3. The pH is the optimum one for FDH.43 The citrate 

concentration is optimized in a previous paper.23 The BL-KB-CPE provides voltammograms with a 

low overpotential compared with the KB-CPE (Fig. 3). In the reverse scan of the voltammograms in 

Fig. 3, the current density decreases due to the depletion of the O2 concentration near the electrode 

surface. The depletion is caused by improved bioelectrocatalytic reaction kinetics under limited O2 

supply. Thus, in view of the enzyme-catalyzed electrode kinetics, a further increase in the current 

Table 1  
Effects of bilirubin modification of the characteristics of BOD-modified electrode with KB-
mounted GCE in terms of the standard ET rate constant (k°) and the effective amount of 
surface concentration of BOD (λΓt).a)  
 

Electrode  𝑘𝑘° / s−1  𝜆𝜆𝜆𝜆t / 10−10 mol cm−2 

BL-KB-GCE 240 ± 12 1.4 ± 0.1 

KB-GCE 68 ± 4 0.92 ± 0.05 
a) The errors were evaluated by the Student t-distribution at 90% confidence level. 
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density can be expected by improvement of the O2 supplying system for the gas-diffusion-type 

electrode proposed here. 

 

3.3 Optimization of FDH adsorption on CCG-CPE 

 

 The effects of the two pre-treatments (plasma etching and ethanol treatment) and the shaking 

during adsorption on the FDH-catalyzed fructose oxidation current density were evaluated from the 

catalytic current density in CA at 0.5 V and 100 s after the potential step as a measure (data not shown). 

From these results, the author can conclude that the ethanol treatment causes a drastic increase in the 

catalytic current density (from 5 ± 1 mA cm−2 up to 14 ± 6 mA cm−2). Most probably, the ethanol 

treatment increases the effective surface area of the mesopores, since ethanol can penetrate into the 

mesopores and then degas in the pores. The hydrophilic treatment by the plasma etching and the 

shaking during adsorption are positively effective but its efficiency is not so high. 

 In this work, the author adopted two pretreatments before the FDH adsorption and the 

shaking method during the FDH adsorption. The details of the optimized method are given in 

Experimental section (2.5), and the final electrode is called FDH-adsorbed CCP-CPE. Cyclic 

voltammograms of the FDH-adsorbed CCG-CPEs recorded under quiescent (passive) conditions in 1 

M citrate buffer (pH 5) containing 500 mM D-fructose is shown in Fig. 4 (solid line). The current 

density reached about 38 mA cm−2 at −0.5 V. The value is about 10 times higher than that obtained at 

CCG-mounted CPE without the two pre-treatments and the shaking method (data not shown).  

  

 
 
 
 
 
 
 
 
 

 
Figure 3  
Cyclic voltammograms of catalytic O2-reduction at air-diffusion BOD-adsorbed BL-KB-
CPE (solid line) and BOD-adsorbed KB-CPE (dotted line) in 1 M citrate buffer (pH 5) 
under O2 atmospheric condition. The scan rate was 5 mV s−1.  
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3.4 DET-type biofuel cell 

 

 A DET-type biofuel cell without separators was constructed. The biocathode was BOD-

adsorbed BL-KB-CPE, and the bioanode was FDH-adsorbed CCG-CPE. These enzyme adsorbed 

electrodes were set in the biofuel cell assembly illustrated in Fig. 1. 

 The biofuel cell was operated in 1 M citrate buffer (pH 5) containing 500 mM D-fructose 

under quiescent and air atmospheric conditions at room temperature (23 ± 2 °C). The cell voltage, the 

cathode potential and the anode potential were measured under (quasi-)steady state at given values of 

the resistance. The resistance values were decreased stepwise. The potentials were recorded about 20 

s after the change of the resistance. 

 Figure 5, panel A shows the cell voltage, the cathode potential and the anode potential as 

functions of the current density, while panel B shows the current density dependence of the cell power 

density. The open-circuit voltage was 0.79 V. The maximum current density was 6.5 mA cm−2 and the 

maximum power density was 2.6 mW cm−2 at 0.46 V of the cell voltage.  

 As mentioned in section 3.2, the limiting current at the BOD-adsorbed BL-KB-CPE was 

controlled by the mass transfer of the O2. Judging from Fig. 5, the limiting current density controlled 

by the O2 transfer seems to be 6.5 mA cm−2, and the rate-determining factor of this biofuel cell is still 

the cathode reaction. However, the maximum power density was achieved at 5.8 mA cm−2, thus this 

biofuel cell can fully operate with minimized disadvantage of the limited O2 supply. For further 

improvement, high performance gas-diffusion-type biocathode, which can passively supply increased 

amount of O2, will be needed.  

 
 
 
 
 
 
 
 
 

 
Figure 4  
Cyclic voltammograms of FDH-adsorbed CCG-CPEs in 1 M citrate buffer (pH 5) under 
quiescent conditions in the presence (solid lines) and absence (dotted lines) of 500 mM 
D-fructose. The scan rate was 20 mV s−1.  
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4. Conclusion 

 

 Bilirubin modification is capable of increasing the surface electron transfer rate constant and 

the effective amount of adsorbed BOD on the electrode. Moreover, this method is very simple and 

easy. The BOD-adsorbed BL-KB-CPE has been successfully constructed, which is applicable as a 

biocathode for DET-type biofuel cells. The author has also optimized the way of the constructing FDH-

adsorbed CCG-CPE by examining the effect of pre-treatments of the electrode and shaking during 

adsorption. As a result, the FDH-catalyzed current density reached 38 mA cm−2, which is 10 times 

higher compared with a previous work13. Finally, the author constructed the DET-type biofuel cell 

with BOD and FDH. The maximum power density was 2.6 mW cm−2. 

 However, development of covalent bonding methods for the biocatalysts is urgent and 

important subject in this field. In this sense, covalent bonding of an enzyme to 4-aminophenyl 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5 
(A) Polarization curves of the biofuel cell. The cell voltage (◇), the cathode potential (■) 
and the anode potential (▲) are plotted as functions of the current density (j). The 
measurements were performed in 1 M citrate buffer (pH 5.0) containing 500 mM D-
fructose under quiescent and air atmospheric conditions (in a passive mode) at room 
temperature (23 ± 2 °C). 
(B) The power density (P) as a function of the current density (j) of the biofuel cell. 
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monolayer on an electrode is very interesting and worthy of notice48. Hydrogenase is linked to the 

amino group with N-hydroxysuccinimide and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide 

hydrochloride, and works effectively as a DET-type bioelectrocatalysis48. It would be necessary to 

evaluate the usefulness of the method for other biocatalysts. 

 On the other hand, the DET-type biofuel cell was operated at pH 5 in this work due to the 

requirement from the FDH characteristics, though the cathode performance was examined at pH 7 

also. However, one of the advantages of BOD is the strong catalytic activity at neutral pH. Since the 

number of DET-type biocatalysts for bioanodes working at neutral pH is limited (the typical examples 

being hydrogenase49 and PQQ-dependent glucose dehydrogenase12), MET-type biocatalysts may also 

be coupled with the BOD-based DET-type bioanode in future. 
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1-2. Significance of the Length of Carbon Nanotubes on the Bioelectrocatalytic Activity of 

Bilirubin Oxidase for Dioxygen Reduction 

 

Abstract 

Bilirubin oxidase (BOD) catalyzes 4e−-reduction of O2 into H2O and is one of the enzymes allowing 

direct electron transfer (DET)-type bioelectrocatalysis. Mesoporous carbon materials are often used 

for constructing BOD-modified DET-type biocathodes. The author has examined the performance of 

several multi-walled carbon nanotubes (MWCNTs) as cathode platforms for BOD-catalyzed 

bioelectrocatalytic O2 reduction. It has been found that the length of MWCNTs is a very important 

factor to control the performance. The π-π conjugated system with the carboxy groups on the surface 

of MWCNTs plays an important role in enhancing the DET-type bioelectrocatalytic activity of BOD. 

Water-soluble MWCNTs with lengths of as short as 1−4 µm are most suitable materials among the 

MWCNTs examined, and have been used to construct a mesoporous carbon electrode without any 

binder. The catalytic current density has reached a diffusion-controlled level for the first time for BOD 

at an electrode rotating rate of 4000 rpm and at 25 °C (8 mA cm−2). 

 

1. Introduction 

 

 Carbon nanotubes (CNTs) were discovered in 1991 [1]. CNTs are nanowires constituted 

from one or more layers of seamlessly enrolled graphene (called single-walled (SW) or multi-walled 

(MW), respectively) with different diameters, length, and chirality. CNTs exhibit large specific surface 

area, high conductivity, high mechanical strength, and several chemical properties (e.g. π-π conjugated 

system and the functional groups on the CNT) [2]. The materials have two types of the chemical 

characteristics originating from the sidewalls and the opened ends [3]. The sidewalls are mainly 

constituted by the hydrophobic graphene sheets, and there are some functional groups around the 

hollows of the sidewalls. On the other hand, the opened ends are terminated with hydrophilic carboxy 

groups. In the field of bioelectrochemistry, CNTs have proven to have good biocompatibility and 

ability to electrically communicate with many redox enzymes [4-12]. CNTs-based electrodes are 

simply constructed with hydrophobic interaction (π-π stacking due to the graphene sheets) between 

the CNTs and electrodes [4-12]. Furthermore, it is possible to further modify the CNT surface with 

several techniques, such as the chemical reactions to provide functionalized groups and the physical 

adsorption of surfactants or small molecules [6-12]. 

 Bioelectrocatalysis, which is a coupled reaction of the enzymatic catalytic reaction and the 

electrode reaction, is classified into two types according to the electric connection systems [13-18]. 

One is the mediated electron transfer (MET)-type, in which artificial redox mediators shuttle the 

electrons between electrodes and enzymes to reduce the kinetic hindrance in the interfacial electron 
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transfer. The other is the direct electron transfer (DET)-type, in which enzymes can directly transfer 

the electrons to or from electrodes. Combining with such enzyme-modified electrodes (called 

bioanode and biocathode), we can construct biofuel cells as electric generators that utilize redox 

enzymes as catalysts. The devices are very secure since they can operate under mild conditions (room 

temperature, atmospheric pressure, and neutral pH). Concerning the DET-type biofuel cells [19], 

hydrogenase [20,21], fructose dehydrogenase [22,23], glucose dehydrogenase [24], and cellobiose 

dehydrogenase [25,26] are mainly used as the catalysts of bioanodes, while multi-copper oxidases 

(MCOs) are used as those of biocathodes [27]. MCO is a family of the enzymes that include bilirubin 

oxidase (BOD) [28-30], laccase [31,32], and Cu efflux oxidase (CueO) [33,34], etc. They have usually 

four copper atoms that are classified into three types according to their spectroscopic and magnetic 

properties: type I (T1), type II (T2), and type III (T3) coppers. MCOs can receive electrons at the T1 

copper site from electrodes [27,34,35]. The electrons are transferred to the T2-3 cluster, where 

dioxygen (O2) is reduced to water in a four-electron reduction process [27,34,35]. 

Several researchers have utilized MCOs for constructing DET-type biocathodes [8-11,34,36-

39]. Not only the CNTs but also other porous carbon materials such as carbon aerogel (CG), Ketjen 

Black EC300J (KB), and Au nanoparticles are used as electrode materials [8-11,34,36-39]. In addition, 

a gas-diffusion-type electrode that makes it possible to directly uptake gaseous substrate from the gas 

phase is utilized for practical application [37,40-45].  

In DET-type bioelectrocatalysis of O2 reduction, solution system is simpler than gas-

diffusion-type system. Therefore, the author believes that the examination in solution is a reasonable 

first step to evaluate the performance of the enzyme-modified electrodes. However, the performance 

is still affected by many factors even in solution, such as the effective amount of the enzyme, the 

activity of the adsorbed enzyme, the roughness factor of the electrode, the adsorption state of the 

enzyme on the electrode, and the O2 diffusion. Fortunately, we can control the O2 diffusion by using 

the rotating disk electrode voltammetry to minimize the number of the factors governing the 

performance [46]. The voltammograms tell us the characteristics concerning the catalytic current 

density and the potential. In the case of biocathode, it is important to achieve high catalytic current 

densities at high potentials for improvement of DET-type biofuel cells. In stirred solution, CueO-

adsorbed CG-modified electrode achieves a high catalytic current density (8 mA cm−2 at 25 °C, 4000 

rpm) which is completely controlled by the O2 diffusion [34]. The O2 diffusion current can be 

expressed by Levich equation and is determined by the concentration of dissolved O2, the diffusion 

coefficient of O2, the kinematic viscosity of water (these three parameters are the function of the 

reaction temperature), and the electrode rotating rate [46]. However the formal potential of the T1 site 

of CueO is lower than those of BOD and laccase [34]. On the other hand, laccase-adsorbed CNT-

modified or CG-modified electrode can catalyzes the O2 reduction at high potentials, but the catalytic 

current density is not so high (2−2.5 mA cm−2) [10,36]. In order to construct a DET-type biocathode 
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with high performance, BOD is mainly used as a catalyst, since BOD-adsorbed KB-modified and Au 

nanoparticles-modified electrode show high catalytic current densities (4−5 mA cm−2) at relatively 

high potentials [37,38] and also at neutral pH. 

 Since the electron transfer rate constant decreases exponentially with an increase in the 

distance between the electrode surface and the redox site of the enzymes [47], it is very important to 

control the enzyme orientation on the electrode surface. In the case of BOD, modification of the 

electrode surface with bilirubin (the substrate of BOD) improves the enzyme orientation [9,37,48]. On 

the other hand, carboxylated aromatic compound-modified electrodes, which are fabricated by a 

diazonium coupling reaction on the carbon electrode or physical adsorption on the MWCNT-based 

electrode, enhance the bioelectrocatalytic activity of BOD [11,39]. Judging from these studies, the π-

π conjugated system and carboxy groups on the electrode surface seem to be effective to improve the 

activity of BOD for DET-type bioelectrocatalysis.  

 In this research, the author focuses on the length of MWCNTs. For the most part, MWCNTs 

have two chemical properties: the π-π conjugated system on the graphene sheets of sidewalls and the 

carboxy groups at the opened ends. These properties seem to affect the bioelectrocatalytic activity of 

BOD, and the relative extents of the two factors can be considered as a function of the MWCNTs’ 

length. The author constructed BOD-adsorbed MWCNTs-modified glassy carbon electrodes 

(BOD/MWCNT/GCEs) and BOD-adsorbed KB-modified GCE (BOD/KB/GCE) and evaluated their 

DET-type bioelectrocatalytic properties with rotating disk electrode voltammetry in solution.  

 

2. Experimental 

 

2.1. Materials 

 

 Four types of water-dispersed MWCNTs were obtained as follows. Water-dispersed 

MWCNT1 (outer diameter: 10−15 nm, length: 1−4 µm, without surfactant), water-dispersed 

MWCNT2 (the diameter and length are the same as those of MWCNT1, but dispersed with Triton-X® 

as a surfactant), and water-dispersed MWCNT3 (outer diameter: 8−10 nm, length: <1 µm, without 

surfactant) were kindly donated from Nitta Corp. (Japan). Powdered MWCNT4 (Flotube 9000, outer 

diameter: 10−15 nm, length: 10 µm) was kindly donated by CNano Technology Limited (U.S.A) and 

was dispersed in water (after ethanol dispersion and subsequent displacement of ethanol to water). 

Ketjen Black EC300J (KB) was kindly donated from Lion Co. (Japan). Bilirubin oxidase (BOD; EC 

1.3.3.5) from Myrothecium verrucaria was donated from Amano Enzyme Inc. (Japan) and used 

without further purification. Bovine serum albumin (BSA) was purchased from Wako Corp. (Japan). 

All other chemicals used in this study were of analytical grade unless otherwise specified and all 

solutions were prepared with distilled water. 
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2.2. Preparation of electrodes 

 

 MWCNTs or KB were modified on a glassy carbon electrode (GCE for rotating electrode, 

3 mm in diameter, BAS). GCE was polished with alumina slurry (Buehler, 1 mm), sonicated and 

washed with distilled water. Sixty µL of water-dispersed MWCNTs solution (0.1 wt%) are applied to 

a GCE and dried at 60 °C to prepare MWCNTs-modified GCEs (MWCNT/GCEs) (1 L = 1 dm3). KB-

modified GCE (KB:PTFE = 8:2 (w/w)) (KB/GCE) was prepared according to the literature [37]. 

Subsequently, BOD solution (10 mg mL−1) dissolved in 10 mM phosphate buffer (pH 7) was then 

applied on the surface of the MWCNT/GCEs or KB/GCE, (1 M = 1 mol dm−3) and they were kept in 

water-saturated atmosphere for 1.5 h at 4 °C to be dried slowly, washed with buffer solution, and used 

immediately for electrochemical measurements. BSA was added into the BOD solution in order to 

decrease the fraction of BOD (BSA:BOD = 8:2 (w/w)). The BSA/BOD solution (BOD 20 wt%) was 

then applied on the surface of the MWCNT/GCEs in the same way. 

 

2.3. Electrochemical measurements 

 

 Linear sweep voltammetry, cyclic voltammetry, and chronoamperometry were conducted 

on an electrochemical analyzer BAS CV 50W. Steady-state measurements were carried out with 

rotating disk GCEs (RDE-2, BAS Inc.) at a rotating rate (ω) of 4000 rpm and a scan rate (v) of 5 mV 

s−1 unless otherwise stated. A platinum wire and an Ag|AgCl|sat. KCl electrode were used as a counter 

electrode and a reference electrode, respectively. All potentials in this work are referred to the 

reference electrode. The measurements were carried out in 100 mM phosphate buffer (pH 7) at 25 ± 1 

°C or 4 ± 1 °C. 

 

3. Results and Discussion 

 

3.1 DET-type bioelectrocatalysis of BOD-adsorbed MWCNT/GCE 

 

 Fig. 1 (A) shows a linear sweep voltammogram (LSV) at a BOD-adsorbed MWCNT1/GCE 

(BOD/MWCNT1/GCE). A typical and sigmoidal reduction wave is observed under the rotating 

electrode conditions. This wave is ascribed to the DET-type bioelectrocatalysis with BOD according 

to the literature [28-30,37,38]. Fig. 1 (B) shows a chronoamperogram (CA) at BOD/MWCNT1/GCE 

at ω = 4000 rpm and at 25 °C under O2-saturated conditions. The steady-state O2 reduction current 

density reached about −8 mA cm−2 for 60 s. At the limiting current conditions, the bioelectrocatalysis 

is composed of two steps: the substrate diffusion and the enzyme reaction. As mentioned in 
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Introduction, we can estimate the O2 diffusion current density, and the characteristics can be expressed 

by Koutecký-Levich equation [12,46]. 

 
catdif

111
jjj

+=        (1) 

Here, j , difj , and catj are, respectively, the measured current density, the diffusion-controlled 

current density at a rotating disk electrode, and the catalysis-kinetics-controlled current density.   

2/1
O

6/13/2
Odif 22

62.0 ων cnFDj −−=      (2) 

ΓFknj catEcat −=        (3) 

where n , F , 
2OD , ν , 

2Oc , En , kcat, and Γ are, respectively, the number of electrons (4 in this 

case), the Faraday constant, the diffusion coefficient of O2, the kinematic viscosity of water, and the 

concentration of dissolved O2, the number of electrons of enzyme reaction in one catalytic turnover (= 

n  in this case), the catalytic constant, and the surface concentration of the effective enzyme 

immobilized on the electrode. According to the literature [34,46], 
2OD , ν  and 

2Oc  are, 

respectively, 1.7 × 10−5 cm2 s−1, 0.01 cm2 s−1, and 1.2 mM at 25 °C. Therefore, the author can estimate 

that 2
dif cmmA  4.8 −−=j  at ω = 4000 rpm and at 25 °C [34,46]. The value of j  at 

BOD/MWCNT1/GCE at ω = 4000 rpm and at 25 °C is almost identical with difj . This means that 

BOD/MWCNT1/GCE has realized a diffusion-controlled electrolysis at ω of as high as 4000 rpm, but 

also that it is difficult to get information about the bioelectrocatalytic activity. Consequently, the author 

tried to decrease the catalytic current by lowering the fraction of the BOD solution or by lowering the 

 
 
 
 
 
 
 
 
 
 

 
Figure 1 
(A) LSV of the catalytic O2 reduction at BOD/MWCNT1/GCE in O2-saturated 100 mM 
phosphate buffer (pH 7) at 25 ± 1 °C, ω = 4000 rpm, and v = 5 mV s−1. 
(B) CA at BOD/MWCNT1/GCE in the O2-saturated buffer solution at 25 ± 1 °C and ω = 
4000 rpm.  

-10

-8

-6

-4

-2

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

j/
 m

A 
cm

−2

E / V vs. Ag|AgCl|sat. KCl

-10

-8

-6

-4

-2

0

0 10 20 30 40 50 60

j/
 m

A 
cm

−2

t / s

(A) (B)



 Chapter 1, 1-2  

23 
 

reaction temperature. 

 

3.2 Attempt to get the enzyme-kinetic-controlled conditions  

 

 Fig. 2 shows the results of the steady-state O2 reduction current densities at 

BOD/MWCNT2/GCE (left side of each column) and BOD/MWCNT3/GCE (right side of each 

column). The author will define the fraction of BOD as 100 % for the BOD stock solution prepared 

with BOD as obtained alone. When the 100 % BOD solution was used, the reduction current densities 

at 25 °C were −3.8 ± 0.2 mA cm−2 at BOD/MWCNT2/GCE and −3.7 ± 0.4 mA cm−2 at 

BOD/MWCNT3/GCE. There is no systematic difference between the two electrodes, as judged from 

the Student t-test at 90 % confidence level. When the BOD fraction is decreased down to 20 wt% BOD 

by adding BSA to BOD solution, the reduction current densities decreased to −0.8 ± 0.4 mA cm−2 at 

BOD/MWCNT2/GCE and −0.27 ± 0.05 mA cm−2 at BOD/MWCNT3/GCE. It is found that the attempt 

to decrease in the fraction of BOD is effective to increase in the kinetic contribution to the observed 

current density (see Eq. (1)). If the co-adsorption of BSA does not affect the bioelectrocatalytic activity 

of BOD, the extents of the decrease in the reduction current density at BOD/MWCNT2/GCE will be 

the same as that at BOD/MWCNT3/GCE. However, there existed systematic difference, as judged 

from the Student t-test at 90 % confidence level. The interference by co-existing BSA against the 

bioelectrocatalytic activity of BOD depends on the surface conditions. Therefore, we can say that the 

lowering fraction of BOD is effective for achieving kinetic-controlled conditions at the BOD modified 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 
Steady-state O2 reduction current densities in CA (0.1 V, taken at 60 s) at 
BOD/MWCNT2/GCE (left side of each column) and BOD/MWCNT3/GCE (right side of 
each column). The left, central, and right columns are, respectively, the results measured 
at 25 °C with BOD 100 % solution, measured at 25 °C with BOD 20 wt% solution, and 
measured at 4 °C with BOD 100 % solution. The measurements were carried out in O2-
saturated 100 mM phosphate buffer (pH 7) at ω = 4000 rpm. The error bars were 
evaluated by the Student t-distribution at 90 % confidence level. 
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electrodes at 25 °C, but is not suitable for evaluation of effects of the electrode surface property on the 

BOD activity.  

 On the other hand, when the author measured the catalytic current at 4 °C, the reduction 

current density decreased down to −2.3 ± 0.5 mA cm−2 at BOD/MWCNT2/GCE. The value was almost 

identical with that at BOD/MWCNT3/GCE (−2.2 ± 0.4 mA cm−2). Consequently, the author choses 

the temperature control method to evaluate the kinetic factor. 

 

3.3 Effects of surfactant and MWCNT length on the bioelectrocatalytic activity of BOD  

 
 Fig. 3 shows LSVs at BOD/MWCNT/GCEs and BOD/KB/GCE. Table 1 summarizes j  at 

0.1 V and at 4 °C in CA together with the relative value of the electroactive surface areas. The relative 

electroactive surface areas of the electrodes are evaluated from the amplitude of the non-faradic 

charging currents in cyclic voltammetry at a given v under Ar-saturated conditions (data not shown). 

The measurements were carried out at 4 °C and at ω = 4000 rpm. Although the non-faradic charging 

current seems to be affected both by surface area and presence of charged species on CNTs, it is one 

of the effective methods for the evaluation of the relative values of the electroactive surface area, as 

far as we know. In this study, the relative electroactive surface area is utilized as a supplementary index 

to support our conclusion that the enlargement of the catalytic current at BOD/MWCNT1/GCE is not 

simply due to the increase of the electroactive surface area. At BOD/MWCNT1/GCE, the limiting 

catalytic reduction current decreased due to a decrease in the temperature (Fig. 3, black solid line), as 

compared with that given in Fig. 1 (A). At 4 °C, 
2OD , ν  and 

2Oc  are, respectively, 1.2×10−5 cm2 

s−1 [49], 0.0156 cm2 s−1 [50,51], and 2.0 mM [52]. According to Eq. (2), the author can estimate 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 
LSVs at BOD-adsorbed MWCNTs/GCE and BOD-adsorbed KB/GCE in O2-saturated 100 
mM phosphate buffer (pH 7) at 4 ± 1 °C, ω = 4000 rpm, and v = 5 mV s−1. MWCNTs 
indicate MWCNT1 (black solid line), MWCNT2 (black broken line), MWCNT3 (black 
dotted line) and MWCNT4 (gray solid line). KB is expressed by a gray broken line.  
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2
dif cmmA  3.10 −−=j  at 4000 rpm and at 4 °C. The experimental value of j  (−6.1 mA cm–2) at 

BOD/MWCNT1/GCE is sufficiently smaller than difj  in the absolute value. However, j  was 

affected by ω at even increased ω (data not shown). Therefore, we can say that the limiting current at 

BOD/MWCNT1/GCE is controlled by the enzyme kinetics as well as the mass-transfer in part. 
Therefore, the author evaluated catj  from j  and difj  by utilizing Eqs. (1) and (2). The 

evaluated values of catj  are also collected in Table 1. 

At first, let us consider effects of the surfactant (Triton-X®). BOD/MWCNT2/GCE (Fig. 3, 
black broken line) gave a small value of j  in LSV compared with BOD/MWCNT1/GCE (Fig. 3, 

black solid line). As shown in Table 1, catj  is 5-times smaller than that at BOD/MWCNT1/GCE. 

Consequently, the surfactant seems to interfere the DET-type bioelectrocatalysis of BOD. 

 Second, the author compared the three types of water-dispersed MWCNTs (MWCNT1, 3 

and 4) without surfactant. Concerning the outer diameter, there are no significant differences among 

these threes MWCNTs. BOD/MWCNT3/GCE and BOD/MWCNT4/GCE (Fig. 3, black dotted line 
and gray solid line, respectively) gave low values of j  compared with BOD/MWCNT1/GCE. Taking 

into account of the relative electroactive surface areas given in Table 1, the author can conclude that 
the increase in j  (as the absolute value) at BOD/MWCNT1/GCE is not ascribed to the effect of the 

electroactive surface area, and that the improvement in the bioelectrocatalytic activity can be 

Table 1  
Summary of information on the characteristics of MWCNTs, BOD-adsorbed MWCNTs, 
and BOD-adsorbed KB for the bioelectrocatalytic O2 reduction. 

 
 
* The steady-state O2 reduction current densities were taken at 60 s after the closed 
circuit in chronoamperometry. The electrode potential is 0.1 V. The measurements were 
carried out in O2-saturated 100 mM phosphate buffer (pH 7) at 4 ± 1 °C at ω = 4000 
rpm. The error bars were evaluated by the Student t-distribution at 90 % confidence 
level. 
** The catalytic current densities ( catj ) were calculated from the measured current 
densities ( j ) by Eqs. (1) and (2) 
*** The relative electroactive surface areas were evaluated from the amplitude of non-
faradic charging current under Ar-saturated conditions in cyclic voltammetry. 

BOD-adsorbed
electrodes

Properties of water-dispersed MWCNTs
−j (at 0.1 V, 4 °C) 

/ mA cm−2 *
−jcat (at 0.1 V, 4 °C) 

/ mA cm−2 **
Relative electroactive 

surface area ***With or without 
surfactant

Outer diameter
/ nm

Length 
/ µm

MWCNT1/GCE w/o 10-15 1-4 6.1 ± 0.4 15 ± 2 1

MWCNT2/GCE with 10-15 1-4 2.3 ± 0.5 3.0 ± 0.8 1.7

MWCNT3/GCE w/o 8-10 <1 2.2 ± 0.4 2.8 ± 0.7 2.3

MWCNT4/GCE w/o 10-15 10 1.2 ± 0.2 1.4 ± 0.2 0.42

KB/GCE − − − 1.7 ± 0.1 2.0 ± 0.2 2
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reasonably ascribed to the electrode surface property suitable for the bioelectrocatalysis of BOD. As 

mentioned in Introduction, the π-π conjugated system and the carboxy groups on the electrode surface 

seem to be key factors for improving the activity of BOD for DET-type bioelectrocatalysis [11,39]. 

Since the opened ends of CNTs are terminated with the carboxy groups, the amount of the carboxy 

groups on the surface of CNTs-based electrodes seems to increase with a decrease in the length of 

CNTs [3]. The author can conclude that the surface of MWCNT1/GCE provides suitable extent of the 

π-π conjugated system and the carboxy groups.  

 In constructing the enzyme-modified electrodes, KB is often utilized as one of the porous 

carbon materials [19,28,36,37,40,44,45]. However, BOD/KB/GCE gives a relatively small value of 

the limiting current density in the catalytic O2 reduction wave in LSV compared with 

BOD/MWCNT1/GCE (Fig. 3). As shown in Table1, the author can conclude that the 

BOD/MWCNT1/GCE achieves 7.5 times higher bioelectrocatalytic activity than BOD/KB/GCE in 

solution.  

 

4. Conclusion 

 

The author has examined four types of water-dispersed MWCNTs which have different 

length with or without surfactant, and compared the characteristics of MWCNTs-based biocathodes at 

low temperature (to decrease the enzyme activity for evaluation of the kinetic contribution of BOD). 

At first, it has been found that the surfactant interferes the DET-type bioelectrocatalysis of BOD. 

Second, the author concludes that the amounts of the π-π conjugated system and the carboxy groups 

on the electrode surface, which can be controlled by the length of MWCNT, determines the 

bioelectrocatalytic activity of BOD. By utilizing the MWCNT with short lengths of 1−4 µm (named 

MWCNT1), the author has achieved a diffusion-controlled catalytic reduction of O2 in solution (−8 

mA cm−2) at 25 °C and at ω = 4000 rpm. Furthermore, the author has evaluated the kinetic-controlled 

current density at 4 °C and, it has been found that the electrode achieves the 7.5 times improvement 

in the kinetic factor compared to the KB-based electrode. 

In this study, the author has improved and elucidated the performance of BOD-adsorbed biocathodes 

in solution by using MWCNTs with short lengths. This study will give an important knowledge to 

enhance performance of biocathodes and biofuels for practical use in the near future. For practical 

application such as gas-diffusion-type electrode, MWCNT1 can be utilized in place of KB, and it will 

contribute to the great advancement in constructing the O2 reducing biocathode. 
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1-3. Analysis of factors governing direct electron transfer-type bioelectrocatalysis of 

bilirubin oxidase at modified electrodes 

 

Abstract 

Direct electron transfer (DET)-type bioelectrocatalysis is an essential technique for constructing 

simple bioelectrochemical devices such as biosensors, bioreactors, and biofuel cells. Bilirubin oxidase 

(BOD), a biocatalyst for the four-electron reduction of dioxygen (O2) into water, is a promising 

enzyme for powerful DET-type biocathodes. Mesoporous carbon materials are often used in BOD-

modified biocathodes. However, the supply of O2 becomes a key factor governing BOD-catalyzed 

current densities owing to its low solubility. In this study, the author analyzed steady-state rotating 

disk voltammograms of a BOD-catalyzed reaction in a rigid manner by taking into account the mass-

transport as well as the enzymatic and the interfacial electron transfer kinetics. Non-catalytic redox 

signals of adsorbed BOD were also analyzed to obtain the surface redox properties of BOD. The 

analysis revealed that modification of electrodes with bilirubin and/or negatively charged carbon 

nanotubes to improve the DET-type catalytic performance increased the amount of BOD molecules 

with the proper orientation for bioelectrocatalysis. The interfacial electron transfer kinetic 

characteristics remained almost unchanged. 

 

1. Introduction 

 

 Bioelectrocatalysis, a coupled process involving enzymatic and electrode reactions, is a 

subject of interest for practical applications of bioelectrochemical devices such as biosensors, 

bioreactors, and biofuel cells [1–7]. The reactions are classified into two types according to the 

difference in the electric connection systems between the enzyme and the electrode [1–7]. The first 

type is mediated electron transfer (MET) in which an artificial redox mediator shuttles electrons to 

reduce the kinetic hindrance of the interfacial electron transfer. The second type is direct electron 

transfer (DET) in which an enzyme can directly communicate with an electrode without a mediator. 

DET-type bioelectrocatalysis is expected to be utilized for advanced applications since it only requires 

an enzyme and an electrode as structural components [1–7]. 

 In DET-type bioelectrocatalysis, an enzyme is adsorbed on an electrode to catalyze the 

electron transfer between the enzyme substrate and the electrode [1–7]. In this sense, it is very 

important to control the orientation of the enzyme on the electrode surface because the interfacial 

electron transfer rate constant increases exponentially upon decreasing the distance between the 

electrode surface and the redox site of the enzyme [8–10]. There are two major models for enzyme 

orientation namely, “simple orientation” [11–13] and “random orientation” (or dispersion model) 

[4,14,15]. The former model assumes the existence of two types of adsorbed enzymes (i.e., 
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electroactive and inactive) with the electroactive enzyme facing its the redox site toward the electrode 

surface with a uniform orientation [11–13]. On the other hand, the latter model assumes spherical 

enzymes and considers uniform dispersion of the adsorbed enzymes [4,14,15]. In both cases, favorite 

(i.e., productive) orientation for DET may result in increasing amounts of electroactive enzymes and 

higher interfacial electron transfer rate constants. Detailed and rigid analysis of catalytic DET-type 

voltammograms of enzyme-modified electrodes was shown to provide valuable information on the 

kinetics and orientation of the enzyme [4,11–15]. Under the limited conditions by which the rate of 

substrate supply is sufficiently fast compared to that of the catalytic reaction, the increase in the 

limiting catalytic current density was ascribed to the higher amounts of electroactive enzymes, while 

the shift of the midpoint potential or the change in the catalytic wave shape reflected a change in the 

interfacial electron transfer kinetics [4,11–15]. 

 There are several DET-type enzymes including hydrogenases [16–18], glucose oxidase [19], 

glucose dehydrogenase [20], fructose dehydrogenase [21,22], cellobiose dehydrogenase [23,24], and 

multi-copper oxidases (MCOs) [25–28]. Among them, hydrogenases and MCOs react with gaseous 

substrates (i.e., dihydrogen (H2) and dioxygen (O2), respectively), and the solubility of the gaseous 

substrates is very low (i.e., less than sub-mM at atmospheric pressure (1 M = 1 mol dm−3)) [16–18,25–

28]. MCOs are enzymes that catalyze the four-electron reduction of O2 into water and are utilized as 

biocatalysts for biocathodes of DET-type biofuel cells using glucose, fructose, or hydrogen as fuels 

[29–36]. For practical use, mesoporous materials with high specific surface areas are used as electrode 

material components. 

 Among MCOs, bilirubin oxidase (BOD) is a promising enzyme for DET-type biocathodes. 

BOD has a high bioelectrocatalytic activity under mild conditions, and its formal potential is close to 

that of the H2O/O2 redox couple [26,31,35–38]. These features allow high DET-type catalytic current 

densities with minimum overpotentials. BOD is frequently supported on carbon electrodes to examine 

its DET-type properties [31,35,39–47]. BOD (and generally MCOs) has four copper atoms that 

constitute its active site. The copper atoms are classified into three types according to their 

spectroscopic and magnetic properties namely, type I (T1), type II (T2), and type III (T3) coppers 

[25,26]. BOD can receive electrons at the T1 copper site from the electrode, and the electrons are 

transferred to the T2–T3 copper cluster to carry out the reduction of O2. [25,26] Thus, it is important 

to control the orientation of adsorbed BOD with the aim to shorten the distance between the T1 copper 

site and the electrode. 

 In order to achieve favorite orientation of BOD onto the electrode surface, several 

approaches have been proposed [31,35,39–47]. Improved DET-type bioelectrocatalysis has been 

accomplished at negatively charged electrodes constructed by modification with diazonium coupling 

[39] or amine oxidation [40] reactions. In addition, physical adsorption of bilirubin [31,35,41,42] or 

other aromatic compounds [43] and utilization of functionalized carbon nanotubes (CNTs) [44,45] 
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have been also shown to be effective for enhancing DET-type bioelectrocatalysis of BOD especially 

from Myrothecium verrucaria. CNTs have been widely used as electrode platforms to achieve 

favorable orientation of enzymes [48]. Furthermore, the amounts of π-π conjugated systems and 

carboxy groups on the electrode surface, which can be controlled by the length of the multi-walled 

CNTs, are considered to be the factors governing the bioelectrocatalytic activity of BOD [46]. It is 

noted here, however, that not all BODs have similar surface characteristics. For example, for BOD 

from Bacillus pumilus, the above mentioned procedures were not effective to improve the orientation 

[47]. 

Enzyme orientation can affect either the amount of effective enzymes or the interfacial 

electron transfer rate constant, or both [4,11–15]. The detailed reasons of the effectiveness of these 

modification approaches should be evaluated from robust analysis of catalytic DET-type 

voltammograms. In this sense, it is noted that catalytic voltammograms have to be carefully analyzed 

by considering the mass-transport of substrates [4]. In the case of BOD, owing to the low solubility of 

O2 and the enlargement of the specific surface areas upon deposition on porous materials, the DET-

type bioelectrocatalytic current is likely to be governed by the mass-transport. The diffusion current 

density in a rotating disk electrode system is ca. −8−12 mA cm−2 at 4−25 °C and 4000 rpm [27,46].  

 In this study, the author elucidated the DET-type bioelectrocatalytic properties of BOD by 

considering the effect of the mass-transport. Ketjen black (KB) and water-dispersed multi-walled 

CNTs with lengths of 1−4 µm were used as carbon materials to construct the electrodes. Furthermore, 

bilirubin, a natural substrate of BOD, was supported onto these electrodes. These methods are known 

to achieve high current densities of the DET-type bioelectrocatalysis (i.e., close to the diffusion current 

density of O2) under rotating disk conditions at neutral pH and room temperature [31,41,42,46]. DET-

type bioelectrocatalysis consists of three processes namely, heterogeneous electron transfer, enzymatic 

catalytic reaction, and mass-transport [4]. Under diffusion-controlled conditions, it is impossible (or 

difficult) to extract the kinetic factors concerning the heterogeneous electron transfer and the 

enzymatic reaction from the voltammetric characteristics. For the sake of accurate analysis, conditions 

at which the DET-type bioelectrocatalysis is predominantly governed by the reaction kinetics should 

be preferably selected. Thus, the author carried out measurements at low temperature and high pH 

conditions at which the activity of BOD decreases while the stability remains unaffected [38]. Under 

the conditions, the author analyzed steady-state rotating disk voltammograms of BOD based on a 

robust electrochemical model by taking into account of the contribution of the mass-transport. In 

addition, the author evaluated the surface redox properties of adsorbed BOD from non-catalytic 

Faradaic signals. Combining these data, the author discussed the orientation of BOD on the surface of 

the mesoporous carbon electrodes prepared by the aforementioned methods (utilization of water-

dispersed multi-walled CNT with lengths of 1−4 µm and bilirubin modification). The detailed effects 

of the methods on controlling the enzyme orientation were still unclear [31,35,41,42,46], however the 
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analysis in this study revealed that both methods increased the surface concentration of the effective 

enzyme, while the interfacial electron transfer kinetics remained almost unchanged. 

 

2. Experimental 

 

2.1. Materials 

 

 KB (EC300J) was kindly donated from Lion Co. (Japan). Poly(1,1,2,2-tetrafluoroethylene) 

(PTFE, 6-J) fine powder was purchased from DuPont-Mitsui Fluorochemicals Co., Ltd., (Japan). 

Bilirubin was purchased from Wako Pure Chemical (Japan) and dissolved in a 30 mM NaOH aqueous 

solution. Water-dispersed multi-walled carbon nanotubes (MWCNTs) (outer diameter: 10−15 nm, 

length: 1−4 µm, without surfactant) were kindly donated from Nitta Co. (Japan). Bilirubin oxidase 

(BOD; EC 1.3.3.5) from Myrothecium verrucaria was donated from Amano Enzyme Inc. (Japan) and 

used without further purification. The rest of chemicals used in this study were of analytical grade 

unless otherwise specified, and all aqueous solutions were prepared with distilled water. 

 

2.2. Preparation of the electrodes 

 

 KB or MWCNTs were supported on a glassy carbon electrode (GCE for rotating electrode, 

3 mm in diameter, BAS). GCE was polished with alumina slurry (Buehler, 1 mm), sonicated, and 

finally washed with distilled water. KB-modified GCE (KB:PTFE = 8:2 (w/w)) (KB/GCE) and 

MWCNT-modified GCE (MWCNT/GCE) were prepared according to protocols reported in the 

literature [31,46]. Note that the author sonicated the MWCNT-dispersed solution in an ultrasonic bath 

for 3 min to completely disperse MWCNT before use. Besides, 10 µL (1 L = 1 dm3) of a bilirubin 

solution (3 mM) was applied onto KB/GCE or MWCNT/GCE, dried at room temperature, and 

subsequently washed with distilled water [31]. The as-prepared electrodes were denoted as 

BL/KB/GCE and BL/MWCNT/GCE, respectively. Subsequently, 30 µL of a BOD solution (10 mg 

mL−1) dissolved in a 10 mM phosphate buffer (pH = 7.0) was then applied onto the surface of the 

prepared electrodes (KB/GCE, BL/KB/GCE, MWCNT/GCE, and BL/MWCNT/GCE), and they were 

subsequently kept in a water-saturated atmosphere for 1.5 h at 4 °C for slow drying, washed with a 

buffer solution, and used immediately for electrochemical measurements. In the case of the control 

experiments carried out to confirm the non-catalytic redox signals of adsorbed BOD, 30 µL of a 10 

mM phosphate buffer (pH = 7.0) without BOD were applied onto the surface of the prepared electrodes, 

and the author followed the same procedure as in the case of the BOD-modified electrodes. 
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2.3 Electrochemical measurements 

 

 Linear sweep voltammetry, cyclic voltammetry, and chronoamperometry were conducted on 

BAS CV50W and ALS 714C electrochemical analyzers. Steady-state measurements were carried out 

with a rotating disk GCE (RDE-2, BAS Inc.) at 4000 rpm and a scan rate of 5 mV s−1 unless otherwise 

stated. Anaerobic measurements were conducted in a nitrogen (N2) chamber filled with a mixture of 

96% N2 and 4% H2. A platinum wire and an Ag|AgCl|sat KCl electrode were used as counter and 

reference electrodes, respectively. All potentials in this work were referred to the reference electrode. 

The measurements were carried out in 100 mM phosphate (pH = 7.0) or 100 mM Tris-HCl (pH = 8.5 

or 9.4) buffers at 25 ± 1 or 4 ± 1 °C. 

 

3. Results and discussion 

 

3.1 Effects of the mass-transport on the DET-type bioelectrocatalysis 

 

 Fig. 1(A) shows the background-subtracted rotating disk linear sweep voltammograms 

(LSVs) of BOD-adsorbed KB/GCE (BOD/KB/GCE), BL/KB/GCE (BOD/BL/KB/GCE), and 

MWCNT/GCE (BOD/MWCNT/GCE) under O2-saturated conditions at a pH of 7.0, 25 °C, and an 

electrode rotating speed (ω) of 4000 rpm. A typical and sigmoidal reduction wave was observed under 

the rotating electrode conditions. According to the literature, this wave was ascribed to DET-type 

bioelectrocatalysis on BOD [31,35,39–47]. Modification with bilirubin and utilization of MWCNTs 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 
(A) Background-subtracted LSVs of the catalytic O2 reduction for BOD/KB/GCE (dotted 
line), BOD/BL/KB/GCE (broken line), and BOD/MWCNT/GCE (solid line) in a O2-
saturated 100 mM phosphate buffer (pH = 7.0) at 25 ± 1 °C, ω = 4000 rpm, and v = 5 mV 
s−1. 
(B) Normalized LSV for each limiting catalytic current at 0.1 V shown in Fig. 1(A). Dotted, 
broken, and solid lines correspond to the results of BOD/KB/GCE, BOD/BL/KB/GCE, and 
BOD/MWCNT/GCE, respectively. 
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are known to be effective methods to enhance the bioelectrocatalytic current density of BOD by 

achieving selective orientation for DET [31,35,41,42,45–47]. In fact, these methods achieved higher 

reduction current densities as compared to BOD/KB/GCE. Although an slight increase in the reduction 

current may be observed at sufficiently negative potential regions owing to unfavorable orientation of 

adsorbed enzymes (called as “residual slope” in a random orientation model) [4,14,15], the author 

considered that the current nearly reached the limiting value at an overpotential of 0.1 V. The increase 

in the limiting reduction current revealed the presence of larger amounts of electrochemically active 

(or effective) BOD. In addition, the normalization of LSVs with the limiting reduction current at 0.1 

V (Fig. 1(B)) showed an apparent shift of the half-wave potential to the positive direction upon 

electrode modifications (i.e., a decrease in the overpotential for O2 reduction). Based on these results 

and discussion, the effectiveness of the electrode modifications were considered to be ascribed to 

larger amounts of effectively adsorbed BOD molecules and higher interfacial electron transfer rate 

constants.  

 However, the limiting reduction current density was strongly controlled by the mass-

transport, as judged from the observed limiting reduction current density of −8 mA cm−2 of 

BOD/MWCNT/GCE, which is very close to the diffusion current density (−8.4 mA cm−2) in an O2-

saturated phosphate buffer (pH = 7.0) at 25 ± 1 °C and 4000 rpm [46]. Consequently, we should take 

into account the effects of the mass-transport and therefore carefully analyze the voltammograms. As 

mentioned in the Introduction, DET-type bioelectrocatalysis is composed of three successive steps in 

series (i.e., interfacial electron transfer, catalytic reaction, and mass-transport) [4]. By setting the 

current density determined by the individual rate-determining step, the observable current density (j) 

can be expressed by Eq. (1) and rewritten as expressed by Eq. (2): 
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where, jet, jcat, and jmt are the forward electron transfer current density, the catalytic reaction-controlled 

current density, and the mass-transport-controlled current density in a rotating disk electrode system, 

respectively [49,50]: 
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where ns, nenz, F, k°, α, R, T, E, E°′enz, Γenz,eff, kcat, DO, ν, and cO are the number of electrons involved 
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in the redox reaction of the substrate (4 in the case of O2 reduction), the number of electrons of the 

enzyme (1 in the case of the T1 Cu electron accepting active site in BOD), the Faraday constant, the 

standard electron transfer rate constant, the transfer coefficient, the gas constant, the temperature, the 

electrode potential, the formal potential of the enzyme, the surface concentration of the effective 

enzyme, the catalytic constant for one enzymatic turnover, the diffusion coefficient of O2, the 

kinematic viscosity of water, and the concentration of dissolved O2, respectively. In this study, the 

author assumed that the electroactive enzymes were adsorbed with a uniform orientation [11–13]. The 

author also rules out backward electron transfer phenomena for simplification, since the standard 

interfacial electron transfer rate constant of BOD is low and the backward reaction is therefore 

negligible at the potentials at which the catalytic current is observed [31,35,39–47].  

Theoretically, we may extract information on jet and jcat of BOD even under conditions at 

which the DET-type bioelectrocatalysis is affected by the mass-transport on the basis of the equations 

described above. However, for the sake of accurate analysis, we preferably selected the conditions at 

which jet and jcat are significantly lower than jmt. With this aim, the author focused on the properties of 

BOD by which the enzyme activity decreases at low temperature and high pH conditions [38]. 

 

3.2 Attempt to achieve the catalytic kinetic-controlled conditions 

 

 Fig. 2(A) shows the LSVs of BOD/MWCNT/GCE at varying pH values, 4 °C, and 4000 

rpm under O2-saturated conditions. Compared to Fig. 1(A), lowering the temperature from 25 to 4 °C 

was effective in decreasing jcat. Moreover, the reduction current density decreased down to −2.3 mA 

cm−2 at pH = 9.4. These results are coincident with the catalytic properties of BOD in solution [38]. 

 Fig. 2(B) shows the chronoamperograms (CA) of BOD/MWCNT/GCE at several electrode 

rotating rates under O2-saturated conditions (pH = 9.4, 4 °C). The electrode potential was set to −0.1 

V to achieve limiting reduction currents while varying ω (= 4000, 3000, 2000, 1000, 500, and 300 

rpm) at the regions indicated by double-headed arrows (from left to right). The steady-state limiting 

reduction current density (jlim) at a rotating disk electrode can be given by the Koutecký–Levich 

equation as [49,50]: 

mtcatlim

111
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Note that Eq. (6) is obtained from Eq. (1) by assuming that jet is significantly larger than jcat and jmt. 

The Levich plot is shown in the inset of Fig. 2(B) [49,50]. The data were analyzed by Gnuplot© based 

on Eq. (6). The regression yielded jcat = −2.75 ± 0.02 mA cm−2 and jmt = (−0.54 ± 0.01) × ω1/2 mA 

cm−2. At ω = 4000 rpm (ω1/2 = 20.4 s−1/2), jmt was estimated to be −11.0 ± 0.2 mA cm−2. This value 

was similar to that measured under a different buffer solution (−10.3 mA cm−2 in an O2-saturated 

phosphate buffer (pH = 7.0) at 4 °C and 4000 rpm) [46]. Since jmt is ca. four times larger than jcat, the 
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limiting reduction current at pH = 9.4 and 4 °C was predominantly controlled by the enzyme kinetics 

and partially by the mass-transport. Therefore, the author decided to measure four types of BOD-

adsorbed electrodes (i.e., BOD/KB/GCE, BOD/BL/KB/GCE, BOD/MWCNT/GCE, and 

BOD/BL/MWCNT/GCE) at pH = 9.4 and 4 °C and analyzed the voltammograms by taking jmt into 

account. 

 

3.3 Non-catalytic redox signals of BOD-adsorbed electrodes 

 

 Upon analyzing voltammograms of DET-type bioelectrocatalysis with Eqs. (1)−(5), five 

parameters (i.e., k°, α, E°′enz, Γenz,eff, and kcat) should be considered (as mentioned in Sec. 3.2, jmt has 

been already estimated). Among them, k°, α, and jcat (proportional to Γenz,eff and kcat as expressed in 

Eq. (4)) are the main factors to consider when discussing the orientation of DET-type enzymes [11–

13]. The author may obtain some other parameters by analyzing non-catalytic voltammograms. 

Although the detection of non-catalytic redox signals of adsorbed enzymes is not typically easy 

because the redox sites are buried inside the enzymes and only a limited number of electroactive 

enzymes can communicate with electrodes, once clear redox signals are observed, important 

parameters such as E°′enz, Γenz,eff, k°, and α can be evaluated, and the situation is beneficial for more 

fruitful discussion on the catalytic characteristics of adsorbed enzymes [16,20,27,51–53]. The author 

can evaluate kcat in DET-type bioelectrocatalytic devices by determining Γenz,eff in Eq. (4). Note that 

 
 
 
 
 
 
 
 
 
 

 
Figure 2 
(A) LSVs of the catalytic O2 reduction for BOD/MWCNT/GCE in a 100 mM phosphate 
buffer (pH = 7.0) (solid line), 100 mM tris-HCl buffer (pH = 8.5) (broken line), and 100 mM 
tris-HCl buffer (pH = 9.4) (dotted line) under O2-saturated conditions at 4 ± 1 °C, ω = 4000 
rpm, and v = 5 mV s−1. 
(B) CA of BOD/MWCNT/GCE at -0.1 V. Measurements were carried out in a O2-saturated 
100 mM tris-HCl buffer (pH = 9.4) at 4 ± 1 °C. The electrode rotating rates were set as 
4000, 3000, 2000, 1000, 500, and 300 rpm at the regions indicated by double head 
arrows from left to right. The inset shows the Levich plot (filled circles) of 
BOD/MWCNT/GCE based on the result shown in Fig. 2(A). j and jmt estimated according 
to Eq. (6) are represented by dotted and solid lines, respectively. 
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kcat is different from (although it may be proportional to) the catalytic constant kc that depends on the 

electron acceptor or donor species in solution. For example, kcat of hydrogenases measured from DET-

type bioelectrocatalytic waves (1500−9000 s−1) was significantly greater than kc evaluated in solution 

assays with several artificial mediators (300 or 650−900 s−1) [14,54].  

 Fig. 3(A) shows the cyclic voltammograms (CVs) of BOD/MWCNT/GCE and 

MWCNT/GCE under anaerobic conditions (pH = 9.4, 4 °C). Fig. 3(B) represents the enlarged CVs 

focusing on the cathodic waves. Cathodic and anodic peaks were observed at ca. 0.35 and 0.45 V, 

respectively. The redox peaks can be considered to be produced by non-catalytic Faradaic signals of 

DET between the T1 Cu active site in BOD and the electrode. The author examined the dependence 

of the peak potentials with the scan rate (v) (data not shown). The midpoint potentials were nearly 

independent of v up to 10 mV s−1 (data not shown). Thus, the author estimated E°′enz and Γenz,eff from 

the non-catalytic redox peaks of the CVs. Unfortunately, clear redox peaks were only observable up 

to v = 20 mV s−1. The difference between the anodic and cathodic peak potentials (∆Ep) was ca. 170 

mV at v = 20 mV s−1 and lower than 200/net mV (net = 1). This means that the voltammograms were 

not irreversible (i.e., quasi-reversible) at v values lower than 20 mV s−1 [53]. Therefore, the author did 

not determine k° and α from the result since it is not appropriate to carry out such a kinetic analysis 

under quasi-reversible conditions. However, the author utilized these results as supporting data to 

discuss the k° and α values obtained in Section 3.4.  

  

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 
(A) CVs of BOD/MWCNT/GCE (solid line) and MWCNT/GCE (dotted line) in a 100 mM 
tris-HCl buffer (pH = 9.4) under anaerobic conditions (N2-chamber) at 4 ± 1 °C and v = 
10 mV s−1. 
(B) Enlargement of Fig. 3(A) focusing on the cathodic waves. 
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 CVs of the other three types of electrodes (i.e., KB/GCE, BL/KB/GCE, and 

BL/MWCNT/GCE) under the same conditions of Fig. 3 (in the absence of O2) were also measured 

(data not shown). Similar clear non-catalytic redox peaks were observed for BOD/BL/MWCNT/GCE, 

whereas no redox peaks were detected in the case of BOD/KB/GCE. Although there seem to be very 

small cathodic and anodic peaks at ca. 0.35 and 0.45 V, respectively in the case of BOD/BL/KB/GCE, 

the signals were too low to be properly analyzed. These results are summarized in Table 1. Based on 

these data, the author sets E°′enz to be 0.395 V at pH = 9.4 and 4 °C, and concluded that E°′enz was 

nearly independent of the types of electrodes studied herein. On the other hand, the relative values of 

the electroactive surface area of the electrodes were evaluated from the amplitude of the non-Faradic 

charging currents in the CVs at a given v (Figs. 3 and S2). Although the non-Faradic charging current 

was affected by both the surface areas and the presence of charged species on the electrodes, the author 

believes that this is one of the effective methods to evaluate the relative values of the electroactive 

surface area. The author confirmed that the electroactive surface areas were nearly identical among 

the electrodes prepared, and these results are also summarized in Table 1.  

Similar experiments were conducted at pH = 7.0. CVs of BOD/MWCNT/GCE and 

MWCNT/GCE under anaerobic conditions (pH = 7.0, 4 °C) were measured (data not shown). While 

the amount of electricity of the corresponding non-catalytic redox peak was nearly identical than that 

obtained at pH = 9.4, the midpoint potential shifted toward the positive direction upon the change in 

pH to reach 0.53 ± 0.01 V (Table 1). A previous spectroelectrochemical study of our group showed 

that E°′enz value for the T1 copper of BOD from Myrothecium verrucaria was 0.460 ± 0.008 V in 

solution at pH = 7.0 [55]. This difference in E°′enz might be produced by the different environments of 

BOD. E°′enz of the T1 site in MCO is known to be affected by the axial ligand [12,56,57]. In fact, E°′enz 

of BOD from Myrothecium verrucaria with methionine (Met) moiety as the T1 axial ligand was more 

negative (> 0.4 V vs. Ag|AgCl) than that from Trachyderma tsunodae (ca. 0.5 V vs. Ag|AgCl) with a 

Table 1  
Properties of the adsorbed BOD and electrodes 

Electrode pH 
E°′enz / V vs. 

Ag|AgCl|sat. KCl 

Γenz, eff / 10−10 mol 

cm−2 

Relative electroactive 

surface area* 

KB 9.4 undetectable undetectable 1.1 ± 0.2 

BL/KB 9.4 hard to estimate hard to estimate 0.8 ± 0.5 

MWCNT 9.4 0.39 ± 0.01 7 ± 2 1.0 ± 0.2 

BL/MWCNT 9.4 0.40 ± 0.01 8 ± 3 1.0 ± 0.2 

MWCNT 7.0 0.53 ± 0.01 6 ± 2 N.A. 
N.A. = Not Applicable 
The error bars were evaluated by the Student t-distribution at a 90% confidence level. 
* The relative electroactive surface areas were evaluated from the amplitude of the non-
Faradic charging current in cyclic voltammetry. 
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phenylalanine (Phe) moiety as the T1 axial ligand [26]. This difference can be ascribed to the electron 

donating properties of the Met moiety compared with the Phe moiety. In the case of DET-type 

bioelectrocatalysis, E°′enz may be affected by both the adsorption on charged electrode surfaces and 

possible slight conformational changes [58–63]. The author considers that these factors are responsible 

for the positive shift of E°′enz of BOD upon adsorption. 

 

3.4 Electrochemical analysis on DET-type bioelectrocatalysis with BOD-adsorbed electrodes 

 

 Fig. 4 shows the steady-state voltammograms of BOD/KB/GCE, BOD/BL/KB/GCE, 

BOD/MWCNT/GCE, and BOD/BL/MWCNT/GCE under O2-saturated conditions (pH = 9.4, 4 °C, 

and 4000 rpm). The error bars were evaluated with a Student t-distribution at a 90% confidence level. 

The author sets the parameters as follows: jmt = −11.0 mA cm−2 and E°′enz = 0.395 V, and Eqs. (1)–(5) 

were fitted to the data with jcat, kcat/k°, and α as the adjustable parameters by using the non-linear 

regression program Gnuplot©. The regression results are summarized in Table 2, and the regression 

curves are given in Fig. 4 as dotted lines. 

At first, let us compare and discuss the obtained parameters for the four types of electrodes 

examined. Bilirubin modification and utilization of MWCNTs increased jcat by three and eight times, 

respectively, as compared to the untreated KB electrode. Since kcat was identical among the electrodes 

used, the increase in jcat was ascribed to larger Γenz,eff based on Eq. (4). The jcat values of 

BOD/MWCNT/GCE and BOD/BL/MWCNT/GCE revealed that bilirubin modification was not 

synergistically effective in the case of MWCNT/GCEs. In the case of k°, the value slightly increased 

(less than 1.7 times) upon bilirubin modification and utilization of MWCNTs, assuming that kcat was 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 
Steady-state voltammograms of BOD/KB/GCE (squares), BOD/BL/KB/GCE (triangles), 
BOD/MWCNT/GCE (circles), and BOD/BL/MWCNT/GCE (diamonds) in an O2-saturated 
100 mM tris-HCl buffer (pH = 9.4) at 4 ± 1 °C and ω = 4000 rpm. The error bars were 
evaluated by the Student t-distribution at a 90% confidence level. Each dotted line shows 
the regression result estimated according to Eqs. (1)–(5). 
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not affected by the electrodes. As mentioned in the Introduction, the electron transfer rate constant 

increased exponentially upon lowering the distance between the electrode surface and the redox site 

of the enzyme and is simply described as [8–10]: 

( ){ }2121 exp ddkk −−°=° β ,     (7) 

where k°1 and k°2 are the interfacial electron transfer rate constants at distances (d1 and d2) between 

the redox cofactor and the electrode, respectively, while β is the decay constant (1.4 Å−1 for proteins 

[8–10]). For example, based on Eq. (7), the 1.7 times increase in k° corresponds to a distance decrease 

of only 0.38 Å. Considering that the diameter of BOD ranges from 5 to 6 nm based on crystallographic 

data [64], almost all electroactive enzymes adsorb in a proper orientation on the modified electrode 

surfaces (e.g., to control the orientation of BOD), and the contribution to the current from enzymes in 

other orientations is little or none.  

In the case of α, there were no clear differences, and the values (ca. 0.3) were in good 

agreement with previous studies [11–13]. Considering these results, the author can state that the 

electrode modifications employed here mainly improved the BOD orientation by increasing Γenz,eff 

(and not by increasing k°). This consideration shed light on the confusing effect of the mass-transport 

of the DET-type voltammogram analysis, as discussed in Section 3.1. From the viewpoint of the 

properties on the electrode surface, the four types of electrodes showed negative and hydrophobic 

surface properties because of the presence of carboxyl groups and π-π conjugated systems, which 

favor the preferential orientation of BOD upon adsorption in DET-type bioelectrocatalysis devices. 

This discussion agreed well with previous studies reporting improved BOD orientations [31,35,39–

47]. Thus, the mechanism of improvement by both methods (i.e., bilirubin modification and utilization 

of MWCNTs) is possibly the same, with the main factor being the enlargement of the surface area of 

platforms suitable for preferential orientation of BOD. Therefore, since there is no synergetic effect 

between the methods, MWCNT/GCE was more convenient and effective to achieve preferential 

Table 2  
Regression results in DET-type bioelectrocatalysis with BOD and the estimated 
properties of BOD 

Electrode pH 
Obtained parameters Estimated properties 

jcat / mA cm−2 kcat / k° α kcat / s−1 k° / s−1 
KB 9.4 −0.31 ± 0.08 22 ± 6 0.35 ± 0.03 N.A. N.A. 

BL/KB 9.4 −0.9 ± 0.6 13 ± 3 0.32 ± 0.05 N.A. N.A. 
MWCNT 9.4 −2.4 ± 0.4 16 ± 1 0.31 ± 0.01 9 ± 3 0.6 ± 0.2 

BL/MWCNT 9.4 −2.3 ± 0.7 14 ± 2 0.29 ± 0.03 7 ± 4 0.5 ± 0.3 
MWCNT 7.0 −15.3 ± 0.7 27 ± 5 0.46 ± 0.04 70 ± 20 2.6 ± 0.9 

N.A. = Not Applicable 
The error bars were evaluated by the Student t-distribution at a 90% confidence level. 
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orientation of BOD.  

 Second, the author discussed the correlation between Γenz,eff evaluated in Section 3.3 and the 

regression results of jcat. Since DET takes place at the interface of the electrode, the non-catalytic redox 

signals were inherently low [16,20,27,51,52]. Accordingly, Γenz,eff is a key factor for detection. In fact, 

in the cases of BOD/MWCNT/GCE and BOD/BL/MWCNT/GCE, the author was able to obtain clear 

redox signals. However, in the case of BOD/KB/GCE, the author did not obtain clear redox signals. 

Only slight redox signals were detectable in the case of BOD/BL/KB/GCE. Considering that Γenz,eff is 

proportional to jcat based on Eq. (4), these results support the regression results of jcat summarized in 

Table 2.  

Third, the author discussed k° of the adsorbed BOD by using Γenz,eff evaluated in Section 3.3. 

The kcat value was estimated based on Eq. (4), and k° was estimated by assigning the obtained kcat 

value into the regression results shown in Table 2. These results were also listed in Table 2. The 

estimated values of k° (0.6 ± 0.2 and 0.5 ± 0.3 s−1) were significantly lower than those (45−240 s−1) 

reported in the literature [11,13,31]. However, the value of k° estimated herein upon the wave analysis 

is acceptable to explain the result of the non-catalytic voltammograms (Fig. 3). The theoretical slopes 

for the anodic and cathodic peak potentials at α = 0.5 and α = 0.3 under irreversible conditions were 

depicted as solid and dotted lines, respectively [53]. Since the electron transfer was not completely 

irreversible as mentioned in Section 3.3, the author roughly calculated k°, and the value was ca. 0.07 

s−1 at α = 0.5 or α = 0.3. Although there is a minor difference between the k° values estimated by the 

independent methods, the author can safely conclude that the obtained k° values (0.6 ± 0.2 and 0.5 ± 

0.3 s−1) can explain the slow interfacial electron transfer properties of BOD in DET-type 

bioelectrocatalysis. The author considers that the difference between the k° values obtained herein and 

those reported in the literature can be ascribed to the kcat value used. In other words, previous studies 

utilized the catalytic constant measured in solution as kcat.  

Finally, a regression was conducted over the data of BOD/MWCNT/GCE at pH = 7.0 (Fig. 

5) in the same manner as at pH = 9.4. Note that the author sets the parameters as jmt = −10.3 mA cm−2 

according to previous studies [46] while E°′enz = 0.53 V estimated in Section 3.3. The regression curve 

is given in Fig. 5 as a dotted line. The regression results and the estimation of k° and kcat (using Γenz,eff 

= 6 × 10−10 mol cm−2) are summarized in Table 2. The high kcat value obtained at pH = 7.0 was in good 

agreement with the pH dependence of BOD [38], although the k° values differed in some aspects. As 

mentioned in Section 3.1, for accurate analysis on DET-type bioelectrocatalysis, it is desirable to carry 

out the measurements under catalytic kinetics-controlled conditions. Conclusively, the author is sure 

that the discussions and the estimations at pH = 9.4 are more reliable for explaining the properties of 

BOD. The robust analysis of the steady-state catalytic voltammograms under decreased contribution 

of the mass-transport allowed us to more accurately understand the factors governing DET-type 

bioelectrocatalysis of BOD.  
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Figure 5 
Steady-state voltammograms of BOD/MWCNT/GCE (circles) in an O2-saturated 100 mM 
phosphate buffer (pH = 7.0) at 4 ± 1 °C and ω = 4000 rpm. Dotted line shows the 
regression result estimated according to Eqs. (1)–(5). 
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4. Conclusions 

 

 The author examined and compared the characteristics of four types of BOD-adsorbed 

electrodes (BOD/KB/GCE, BOD/BL/KB/GCE, BOD/MWCNT/GCE, and BOD/BL/MWCNT/GCE) 

in a DET-type bioelectrocatalysis device for O2 reduction. The effect of the mass-transport on the 

catalytic current was minimized by decreasing the BOD activity at low temperature and high pH. This 

operation was carried out to more accurately extract the kinetic parameters of the enzyme reaction and 

interfacial electron transfer steps from the voltammetric data. Taking into account the contribution of 

the mass-transport, the author accurately analyzed the effects of bilirubin modification and utilization 

of MWCNTs by using direct electrochemistry. The electrochemical analysis revealed that the 

improvement obtained upon application of both methods was predominantly ascribed to an increased 

amount of effective enzymes (i.e., enzymes with productive orientation). The interfacial electron 

transfer remained nearly unchanged. Furthermore, both bilirubin modification and utilization of 

MWCNTs affected the BOD orientation in a similar way. Since there was no synergetic effect between 

both methods, MWCNT/GCE seemed to provide a convenient and effective platform for BOD 

preferential orientation. These conclusions offer new insights in the field of DET-type 

bioelectrocatalysis. 

 In addition, the author successfully detected clear non-catalytic redox signals of adsorbed 

BOD in BOD/MWCNT/GCE and BOD/BL/MWCNT/GCE samples owing to their high Γenz,eff values. 

This finding provided information concerning E°′enz and Γenz,eff of the adsorbed BOD. Consequently, 

the author separately evaluated kcat and k° of adsorbed BOD in DET-type bioelectrocatalysis devices 

from the steady-state catalytic voltammograms. The obtained kinetic parameters (k° and α) 

corresponding to the interfacial electron transfer step were acceptable for explaining the properties of 

the non-catalytic Faradaic responses. 
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Chapter 2 
Construction of Gas Diffusion-Type Biocathode and Bioanode 

 
2-1. Binder/surfactant-free biocathode with bilirubin oxidase for gas-diffusion-type system 

 

Abstract 

Direct electron transfer (DET)-type bioelectrocatalysis of dioxygen (O2) reduction is an essential 

process for constructing a biocathode for use in an enzymatic biofuel cell. In this study, a gas-diffusion-

type electrode without any binders or surfactants, which are both known to interfere with DET-type 

bioelectrocatalysis, was constructed. Bilirubin oxidase (BOD), a promising catalyst for DET-type O2 

reduction, and water-dispersed multiwalled carbon nanotubes compatible with BOD were used. The 

electrode displayed high kinetic performance in the DET reaction and large steady-state current 

density under quiescent conditions. In addition, the electrode provided a platform that was eight times 

more suitable for BOD than a traditional electrode. 

 

1. Introduction 

 

Enzymatic biofuel cell is an energy conversion system in which enzymes oxidize a substrate 

or reduce dioxygen (O2) at the bioanode or biocathode, respectively [1-3]. Owing to the properties of 

enzymes, the device can operate under very mild and safe conditions such as neutral pH, room 

temperature, and atmospheric pressure [1-3]. Furthermore, biofuel cells can be used in micropower 

devices to extract energy from biological sources and are expected to find applications in implantable 

biomedical power devices [4-7]. Multicopper oxidases (MCOs) catalyze four-electron reduction of O2 

into H2O and are utilized as biocatalysts [8,9]. In addition, several MCOs are classified as direct 

electron transfer (DET)-type enzymes that can shuttle electrons to or from an electrode without any 

redox mediators [9-12]. Therefore, DET-type enzymatic biofuel cells are suitable for realizing efficient 

and compact energy conversion systems [13,14]. 

The low solubility and low diffusion coefficient of O2 cause limitations in the catalytic 

current and result in a decrease in power in O2 reduction with MCOs in solution. A gas-diffusion-type 

electrode, which can supply a gaseous substrate from the gas phase, has been utilized to solve this 

problem [15-22]. A simple numerical simulation has predicted that the limiting catalytic current 

continues to increase with the thickness of the gas-diffusion-type electrode up to millimeter thickness 

[22]. Accordingly, it is invaluable for the achievement of efficient DET-type bioelectrocatalysis with 

MCOs in the limited layer of the gas-diffusion-type electrode. 
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Hydrophobized carbon materials such as Ketjen black (KB), carbon black with Teflon®, and 

carbon nanotubes (CNTs) [23] are often utilized for constructing gas-diffusion-type electrodes [15-

22]. Teflon® is frequently used as a binder between carbon particles and as a hydrophobic material; 

however, Teflon® is known to act as an insulator. Therefore, enzymes adsorbed onto the Teflon® cannot 

directly communicate with the electrode. On the other hand, most CNT suspensions contain surfactants 

for dispersion. Surfactants are considered to strongly adsorb onto the CNT surface and interfere with 

the DET reaction between an enzyme and the electrode [24,25]. To enhance the performance and 

efficiency of DET- and gas-diffusion-type electrodes, it is necessary to avoid using these additives. 

Among MCOs, bilirubin oxidase (BOD) is a promising enzyme for DET-type 

bioelectrocatalysis [26] because it has a high bioelectrocatalytic activity in DET-type O2 reduction. 

The type I Cu site acts as the electron accepting site, and its formal potential of BOD is relatively close 

to that of the H2O/O2 redox pair [26]. Because the rate constant of the DET reaction decreases 

exponentially with the tunneling distance between the electrode and the active site of an enzyme [27], 

a suitable orientation of the adsorbed enzyme is essential for fast electron transfer [28,29]. Focusing 

on the type I Cu active site of BOD to communicate with an electrode, several approaches have been 

reported to realize efficient DET-type bioelectrocatalysis with BOD [21,25,30-35]. Premodification of 

the electrode with negatively charged chemical compounds has been reported as an effective method. 

This includes covalent modification by diazonium coupling [30] or by oxidation of amines [31], 

physical adsorption of bilirubin [21,32,33] or other aromatic compounds [34], and the utilization of 

functionalized CNT such as pyrene-functionalized CNTs [35] or water-soluble CNTs of length 1–4 

µm [25]. 

In this study, the author aimed to construct a gas-diffusion-type electrode that meets the 

aforementioned requirements. Binder/surfactant-free CNTs, which are highly compatible with BOD 

[25], were deposited on a water-proof carbon cloth (WPCC) base to construct a gas-diffusion-type 

biocathode with BOD. The author characterized the biocathodes via microscopic and 

bioelectrochemical analysis. 

 

2. Experimental 

 

2.1. Materials 

 

 Water-dispersed multiwalled CNTs (MWCNTs; outer diameter: 10−15 nm, length: 1−4 µm 

without surfactant) were kindly donated by Nitta Corp. (Japan). WPCC (EC-CC1-060T) was 

purchased from Toyo Corp., (Japan), and carbon paper (CP, TGP-H-120) was purchased from Toray 

Industries, Inc., (Japan). KB EC300J was kindly donated by Lion Corp., (Japan). Poly(1,1,2,2-

tetrafluoroethylene) (PTFE, 6-J) fine powder was purchased from DuPont-Mitsui Fluorochemicals 
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Co., Ltd., (Japan). PTFE sheets (EN0701405) were obtained from Nippon Donaldson, Ltd. (Japan). 

BOD (EC 1.3.3.5) from Myrothecium verrucaria was donated by Amano Enzyme Inc. (Japan) and 

used without further purification. All other chemicals used in this study were of analytical grade unless 

otherwise specified and all solutions were prepared with distilled water. 

 

2.2. Electrode preparation 

 

 The MWCNT suspension was applied to one-side of WPCC sheets and dried at 55 °C to 

prepare MWCNT-modified WPCC electrodes (labeled CNT1–CNT5 depending on the amount of 

MWCNTs on the WPCC electrode, as characterized in Table 1). The KB-modified CP electrode 

(KB/PTFE) was prepared at KB:PTFE = 6:4 (w/w) according to the literature [21]. The PTFE sheet 

was attached to the opposite side (without MWCNT) of the WPCC electrodes by pressure bonding to 

completely hold electrolysis solutions. Subsequently, 300 µL (1 L = 1 dm3) BOD solution (20 mg 

mL−1) dissolved in 10 mM (1 M = 1 mol dm−3) phosphate buffer (pH 7) was applied to the MWCNT-

mounted electrode surfaces (CNT1−CNT5 and KB/PTFE), which were dried for 2 h under reduced 

pressure at room temperature. 

 

2.3. Microscopic and electrochemical measurements 

  

Scanning electron microscopy (SEM) was performed on a Hitachi S-4300. Cyclic 

voltammetry and chronoamperometry were carried out on an electrochemical analyzer BAS CV 50W 

and ALS 714C. A handmade gas-diffusion-type electrolysis cell identical to that reported in a previous 

paper [21] was used for the measurements. The projected surface area of the working electrode was 

set to 1.0 cm2. The electrode was set as the PTFE sheet-attached side facing to gas phase. A Ti mesh 

served as a current collector, and was attached to the MWCNT-mounted and BOD-adsorbed side of 

the working electrode. A Pt mesh and an Ag|AgCl|sat. KCl electrode were used as counter and 

reference electrodes, respectively. All potentials in this study are in reference to the reference electrode. 

The measurements were performed in 1.5 M citrate buffer (pH 5) at 40 °C under quiescent and O2 

atmospheric conditions. 

 

3. Results and Discussion 

 

3.1 Characterization of the MWCNT-based gas-diffusion-type electrodes 

 

 Fig. 1A shows photographs of the BOD solution on the WPCC and CNT1−CNT5. Since the 

surface of WPCC is very hydrophobic, the BOD solution on the WPCC and CNT1 was strongly 
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repelled. The electrode surface became more hydrophilic with an increasing amount of MWCNTs on 

the WPCC (CNT1–CNT5), at which point the BOD solution soaked more easily on the inside of the 

electrodes. 

 SEM was conducted to BOD-adsorbed CNT5 from the top and vertical views (Figs. 1B and 

C, respectively). Fig. 1B shows that the WPCC surface of CNT5 (the BOD/MWCNT deposited side) 

was homogeneously covered with MWCNTs. Compared to the control electrode without BOD (Fig. 

1B inset), the fuzzy films observed on MWCNTs are attributed to the adsorbed BOD. Fig. 1C indicates 

that the deposited MWCNT accumulated on the WPCC in a layer-by-layer fashion. 

 

  

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 
(A) Photographs of BOD solution deposited on the WPCC and MWCNT-based WPCC 
electrodes (CNT1–CNT5). Before BOD deposition, the PTFE sheet is attached to the 
opposite side of each electrode. 
(B) SEM of BOD-adsorbed CNT5 from the top view. The inset shows the SEM of CNT5 
without BOD. The black arrows indicate the MWCNT. 
(C) SEM of BOD-adsorbed CNT5 from the vertical view. The white arrow indicates a fiber 
of the WPCC. The accumulated MWCNT layer is indicated by the bidirectional arrow. 
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3.2 DET-type bioelectrocatalysis at BOD-adsorbed electrodes 

  

 Fig. 2A shows cyclic voltammograms (CVs) at BOD-adsorbed CNT1−CNT5 (gray to black 

solid lines) and KB/PTFE (black dotted line) under quiescent and O2 atmospheric conditions. The 

faradic waves are ascribed to the O2 reduction due to DET-type bioelectrocatalysis with BOD, as 

described in the literature [10,21,25,30-35]. Judging from the shapes of the voltammograms, BOD-

adsorbed MWCNT-based electrodes (solid lines) show clearer sigmoidal shapes compared to 

KB/PTFE (dotted line). These characteristics indicate that the interfacial electron transfer between 

BOD and the MWCNT-based electrode is faster than that between BOD and KB/PTFE [27-29]. 

Accordingly, the author can conclude that the MWCNT-based electrodes are able to achieve a more 

favorable orientation of adsorbed BOD. This enables efficient utilization of BOD within the limited 

area of the gas-diffusion-type electrode. The reduction current density at 0 V (close to the limiting 

value) increased with an increasing amount of MWCNTs and reached 15 mA cm−2. This value is 

slightly smaller than that of BOD-adsorbed KB/PTFE utilized for construction of a powerful DET-

type biofuel cell. Note that due to the difference in measuring conditions, the characteristic of BOD-

adsorbed KB/PTFE is slightly different to that in a previous study [21]. However, because of the 

sigmoidal shape of the CVs at BOD-adsorbed MWCNT-based electrodes, the current density at 

positive potential was much larger than that of BOD-adsorbed KB/PTFE. For example, the current 

density of CNT5 is twice that of KB/PTFE at 0.5 V, and the potential to reach 10 mA cm−2 of CNT5 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 
(A) CVs at BOD-adsorbed MWCNT-based WPCC electrodes (CNT1–CNT5, gray to 
black solid lines) and KB/PTFE (black dotted line). The scan rate was 10 mV s−1. The 
inset shows CAs (at 0 V) at BOD-adsorbed MWCNT-based WPCC electrodes (CNT1–
CNT5, gray to black solid lines) and KB/PTFE (black dotted line). Measurements were 
carried out in 1.5 M citrate buffer (pH 5) at 40 °C under quiescent and O2 atmospheric 
conditions. 
(B) Effects of the amount of MWCNTs on the steady-state catalytic reduction current 
densities after 60 s in CAs. The error bars were evaluated by the Student t-distribution 
at 90 %-confidence level. 
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was 0.07 V more positive than that of KB/PTFE. These characteristics are very important for 

improving the performance of biofuel cells. 

On the other hand, chronoamperograms (CAs) at 0 V of the aforementioned electrodes are 

shown in the inset of Fig. 2A. Steady-state reduction waves were obtained for 60 s. After the current 

drop due to a rapid decrease in the non-faradic charging current, the rate-determining step of the O2 

reduction is the steady-state O2 supply from the gas phase. In contrast to the CV results, the current 

densities of the BOD-adsorbed CNT4 and CNT5 were larger than that of KB/PTFE. This indicates 

that an improvement in the steady-state O2 supply for DET-type bioelectrocatalysis with BOD has 

been realized by utilizing the MWCNT-based WPCC electrode. Fig. 2B shows the effects of the 

amount of MWCNTs on the steady-state catalytic reduction current densities after 60 s in CAs (Fig. 

2A inset). The saturating characteristics indicate that the amount of MWCNTs is sufficient in the case 

of CNT5 for constructing the MWCNT-based WPCC electrode. As already shown in Fig. 1C, the 

excess MWCNTs accumulate on the surface of the WPCC, and the O2 supply is hindered. 

Table 1 also summarizes several properties of BOD-adsorbed electrodes with additional 

information on the relative electroactive surface area. The relative electroactive surface areas were 

evaluated from the amplitude of the non-faradic charging current under Ar-saturated conditions in CVs 

(data not shown). Since the charging current is affected by both the surface area and the presence of 

charged species, the author cannot exactly compare the electroactive surface areas of the MWCNT-

based WPCC electrodes (CNT1–CNT5) and KB/PTFE. However, to the best of our knowledge, it is 

one of the most effective methods for evaluating the relative values of the electroactive surface area. 

As judged from Table 1, the relative values of the electroactive surface area increased linearly with 

the amount of MWCNTs. Therefore, it can be considered that all parts of the MWCNTs work as 

Table 1 
Characteristics of BOD-adsorbed electrodes* 

BOD-adsorbed 
electrodes 

Amount of 
MWCNT/mg 

−j (at 0 V, 60 s) 
/mA cm−2 

Relative 
electroactive 

surface area (A)** 

Efficiency 
 (−j/A) 

CNT1 1.4 × 10−3 0.0007 0.03 0.023 
CNT2 0.14 7 ± 1 0.12 ± 0.02 58 ± 13 
CNT3 0.28 10 ± 0.9 0.25 ± 0.02 40 ± 5 
CNT4 0.56 12 ± 2 0.42 ±0.01 28 ± 5 
CNT5 1.26 13.3 ± 0.5 1 13.3 ± 0.5 

KB/PTFE N/A 11.4 ± 0.6 1.5 ± 0.1 7.6 ± 0.6 
* The errors were evaluated by the Student t-distribution at 90 %-confidence level. 
** The relative electroactive surface areas were evaluated from the amplitude of non-
faradic charging current on CVs under Ar-saturated conditions. 
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electroactive electrodes in aqueous solution. 

Let us consider the current density of DET-type bioelectrocatalysis per electroactive surface 

area in the gas-diffusion-type electrode. The reduction current densities after 60 s in CAs (Fig. 2A 

inset) are divided by the corresponding relative electroactive surface area in this study and the values 

are summarized as “efficiency” in Table 1. In terms of efficiency, CNT2 provides a platform that is 

eight times more effective for BOD than KB/PTFE. In addition, CNT4 shows approximately four 

times greater efficiency in O2 reduction ability. At electrodes with increased amounts of MWCNTs, 

the O2 supply seems to be partially inhibited. However, the data clearly show the significance of water-

dispersed MWCNT as the platform for BOD in the gas-diffusion biocathode for O2 reduction. 

 

4. Conclusion 

 

To achieve powerful and efficient DET-type bioelectrocatalysis of O2 reduction with BOD, 

MWCNT-based WPCC electrodes (CNT1–CNT5) were successfully constructed for use as gas-

diffusion-type electrodes. Compared to the BOD-adsorbed KB/PTFE, BOD-adsorbed CNT5 not only 

achieves fast interfacial electron transfer with BOD but also has a larger steady-state catalytic 

reduction current density. Furthermore, MWCNT-based WPCC electrodes (CNT2–CNT5) provide 

highly efficient platforms for BOD in DET-type bioelectrocatalysis. Consequently, the good 

compatibility of MWCNT with BOD is useful and effective for constructing high-performance and 

efficient gas-diffusion-type biocathodes in DET-type bioelectrocatalysis. Thus, this study will 

significantly contribute to the development of a powerful and practical enzymatic biofuel cell. 
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2-2. Gas-diffusion and Direct-electron-transfer-type Bioanode for Hydrogen Oxidation 

with Oxygen-tolerant [NiFe]-hydrogenase as an Electrocatalyst  

 

Abstract 

A membrane-bound [NiFe]-hydrogenase (MBH) from Hydrogenovibrio marinus allows a direct 

electron transfer (DET)-type bioelectrocatalysis for the H2 oxidation and is an O2-tolerant promising 

enzyme for the construction of enzymatic H2/O2 biofuel cells. However, the oxidative and reversible 

inactivation called “anaerobic inactivation” limits the H2-oxidation at high potentials. For avoiding 

the inhibition, the author has constructed an MBH-adsorbed gas-diffusion-type electrode, in which H2 

is spontaneously supplied to the electrode from the gas phase. 

 

1. Introduction 

 

 In order to realize the promising hydrogen energy conversion system that is expected to 

smooth out the temporal fluctuations of solar power, wind power and so on, a superior catalyst to 

oxidize hydrogen is needed.1 Nowadays, the power devices such as an H2/O2 fuel cell rely on platinum 

as a catalyst, which is a rare metal and thus too expensive. Many researchers have explored alternative 

catalysts.2 From the aspect of bioelectrochemistry, hydrogenases that catalyze the inter-conversion 

between hydrogen and proton have received a lot of attention, and the bioelectrocatalytic properties 

has extensively been characterized all over the world.3-8 

Enzymatic biofuel cells are electric generators that utilize redox enzymes as catalysts, and 

are classified into two types: mediated electron transfer (MET)-type and direct electron transfer 

(DET)-type.9-12 MET-type cell utilizes artificial mediators to shuttle the electron between the enzyme 

and the electrode to reduce the kinetic hindrance in the interfacial electron transfer. On the other hand, 

DET-type cell does not require, in principle, any separator or membrane between the electrodes due 

to the mediator-less configuration. 

To construct the high-performance bioelectrochemical power device, DET-type enzymes to 

be utilized should have some bioelectrocatalytic abilities to oxidize (or reduce) the substrate at high 

catalytic current density with minimum overpotential. Among the DET-type enzymes for bioanodes, 

one of promising enzymes is [NiFe]-hydrogenase for 2-electron oxidation of H2.3,4,13 Moreover, non-

Pt H2/O2 enzymatic biofuel cells can be constructed by combining the bioanode with biocathode 

modified with multi-copper oxidase as an electrocatalyst for O2-reduction.14,15 

The discovery of O2- and CO-tolerant [NiFe]-hydrogenase is one of the breakthroughs 

essential for the construction of the aforementioned biofuel cell, and the unique properties have been 

investigated from several viewpoints.16-19 In this research, the author purified a membrane-bound 
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[NiFe]-hydrogenase (MBH) from Hydrogenovibrio marinus, an O2-tolerant hydrogenase, according 

to the previous work20 and used for electrochemical measurements.  

 

2. Experimental 

 

The author first measured the H2 oxidaiton current catalyzed by MBH adsorbed on electrode 

in immersion system. Ketjen Black EC300J (KB; kindly donated from Lion Co., Japan) was used for 

electrode material and prepared according to the literature.14 KB was mixed with 

polytetrafluoroethylene fine powder (PTFE 6-J; obtained from DuPont Mitsui Fluorochemicals, 

Japan) and homogenized in 2-propanol. The slurry was applied to glassy carbon electrode (GCE) to 

prepare KB-modified glassy carbon electrode (KB-GCE; KB:PTFE = 8:2(w/w)), in which a GCE for 

rotating disk voltammetry (RDE-2, BAS, Inc) was used. When MBH was adsorbed on the KB-GCE, 

a 15-µL aliquot of an MBH solution (7 µM dissolved in 10 mM phosphate buffer of pH 6) was applied 

on the KB-GCEs and the electrodes were kept in water-saturated atmosphere for 2 h at room 

temperature to slowly dry the solvent. Rotating disk electrode voltammetry was performed on 

electrochemical analyzer (BAS CV-50W). An Ag|AgCl|sat. KCl electrode and a Pt wire were used as 

the reference electrode and the counter electrode, respectively. Measurements were carried out in 100 

mM phosphate buffer (pH 6) at 40 ± 2 °C.  

 

3. Results and Discussion 

 

Rotating disk electrode voltammograms (RDVs) at an MBH-adsorbed KB-GCE are shown 

in Fig. 1. At 2500 rpm and under H2-saturated conditions, a typical oxidation wave (Fig.1 (a)) was 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 
RDVs of MBH-adsorbed KB-GCE in (a) H2- and (b) Ar-saturated 100 mM phosphate 
buffer (pH 6) at 40 ± 2 °C. The electrode was rotated at 2500 rpm. The scan rate was 20 
mV s−1. 
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observed in the electrode potential region from −0.5 V to −0.2 V. The faradaic current is ascribed to 

the MBH- catalyzed H2 oxidation, as judged from the comparison with a wave under Ar-saturated 

conditions (Fig.1 (b)).  

The current-potential curve in the potential region from –0.5 V to –0.3 V was practically 

independent of the scan rate at least in the range from 5 to 40 mV s–1 (data not shown). This indicates 

that the reaction is not controlled by any kinetics including the mass transfer of the substrate, the 

enzyme reaction and the interfacial electron transfer. Therefore, the author can safely conclude that 

this characteristics reflect the Nernstian response of the interfacial electron transfer of the MBH 

adsorbed on the electrodes. An apparent number of the electron in this process analyzed by the Nernst 

analysis was close to unity. However, the total number of the electron in the H2-reduced MBH should 

be two. Therefore, the process can be considered as a two-step one-electron process. 

Several spectroscopic studies have revealed that the catalytic cycle proceeds in three states: 

Ni-SI (active silent form), Ni-R (H2-reduced form), Ni-C (one-electron oxidized form of Ni-R) (Sheme 

1). 3,17,21  Therefore, the reversible two-step process reflects the catalytic process from NiR to Ni-SI 

via Ni-C. 

However, the catalytic current decreased in the forward scan from −0.2 V to 0.2 V and was 

almost fully recovered in the reverse scan. The current-potential curve of the reverse scan in the 

potential region from –0.1 V to –0.2 V was practically independent of the scan rate at least in the range 

from 5 to 30 mV s–1 (data not shown). The Nernst analysis of the curve indicated the number of the 

electron is unity. 

Such inactivation of MBH was observed in anaerobic solution by addition of an oxidant 

such as K3[Fe(CN)6] (E°′ = 0.18 V) and methylene blue (E°′ = −0.21 V), and the inactivated MBH 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 1 
Mechanism of the catalytic cycle and the anaerobic inactivation of [NiFe]-hydrogenase. 
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was reactivated by reduced benzyl viologen (E°′ = −0.53 V). Similar phenomena were reported for 

O2-sensitive standard hydrogenase.22 The phenomenon is ascribed to the reversible and oxidative 

inactivation (called as anaerobic inactivation).3,17,21,22 The inactivation generates a Ni(III) state form 

known as Ni-B by one-electron oxidation of Ni-SI, in which a hydroxide ligand is coordinated to the 

Ni atom in a bridging position with respect to the Fe(II) (Scheme 1).3,17,21  

The anaerobic inactivation is one critical problem in utilization of O2-tolelant or standard 

hydrogenases toward the H2/O2 biofuel cell. Taking into account of this mechanism, the author 

proposes here that the inactivation can be considered as a competitive inhibition-like reaction, and 

expect that the inactivation can be avoided by increasing the concentration of H2 over the saturated 

level in immersion system (0.74 mM at 40 °C).23 To achieve the high-speed H2 supply to MBH, the 

author attempted to construct an MBH-modified gas-diffusion-type electrode, which is often utilized 

for air-breathing biocathodes to increase the O2-uptake.14,24-26 The electrode makes it possible to 

directly uptake the gaseous substrate from the gas phase. 

The gas-diffusion-type electrode was prepared mainly according the literature.14 KB was 

mixed with PTFE and homogenized in 2-propanol. The slurry was applied to a carbon paper (CP; 

purchased from Toray Co., Japan) and dried to prepare a KB-modified CP electrode (KB-CPE; 

KB:PTFE = 6:4(w/w), the ratio being partially optimized for gas-diffusion system). A 10-µL aliquot 

of an MBH solution (10 µM dissolved in 10 mM phosphate buffer of pH 6) was applied on the KB-

CPEs, which was kept in water-saturated atmosphere for 6 h at 4 °C to slowly dry the solvent. 

Cyclic voltammograms (CVs) of the MBH-adsorbed KB-CPEs were recorded under 

“quiescent (passive)” and H2 atmospheric conditions (250 mL min–1) and are depicted in Fig. 2 (a). 

The current density reached about 6 mA cm−2 at 0 V, which is much larger than that of MBH-adsorbed 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 
CVs of catalytic H2 oxidation at MBH-adsorbed KB-CPE under (a) H2 and (b) Ar flow in 
the gas phase. The measurements were carried out in 100 mM phosphate buffer (pH 6) 
at 40 ± 2 °C and under quiescent conditions. The scan rate was 20 mV s−1. 
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KB-GCE at 2500 rpm. This means the successful H2-supply from the gas phase. Moreover, the shape 

of the CV with sigmoidal characteristics (Fig. 2 (a)) is different from that of KB-GCE in H2-saturated 

solution (Fig. 1 (a); note here that the scan rates are identical with each other). This supports the idea 

that the fast H2-supply can avoid anaerobic inactivation as the competitive inhibition-like reaction. 

However, it seems that the current is limited not by the gas flow rate but by the gas diffusion rate in 

the electrode. Some improvement in the gas-diffusion system will increase the current density.  
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2-3. Kinetic Analysis of Inactivation and Enzyme Reaction of Oxygen-Tolerant [NiFe]-

Hydrogenase at Direct Electron-Transfer Bioanode 

 

Abstract 

Membrane-bound [NiFe]-hydrogenase (MBH) from Hydrogenovibrio marinus is an O2-tolerant 

enzyme and allows a direct electron transfer (DET)-type bioelectrocatalysis for the H2-oxidation. 

MBH is a promising bioelectrocatalyst for bioanode of enzymatic H2/O2 biofuel cells. From the 

practical viewpoint of the electricity production, the H2-depletion near the electrode surface and the 

oxidative and reversible inactivation called “anaerobic inactivation” of [NiFe]-hydrogenases limit the 

H2-oxidation at high potentials. The author has already proposed a gas-diffusion system to avoid the 

inactivation in our previous study. In this research, the author has analyzed the kinetics of the 

electrochemically induced anaerobic inactivation and the DET-type bioelectrocatalytic reaction of 

MBH on electrodes. When the inactivation is considered as a competitive inhibition-like reaction, the 

maximum value of the apparent Michaelis constant reaches 6.5 mM (at Ketjen Black-modified 

electrode) as analyzed on our kinetic model. Since the value is larger than the saturated H2-

concentration in solution (0.74 mM), the author concludes that high-speed H2-supply realized by a 

gas-diffusion-type electrode is essential to compete the inactivation. Furthermore, the gas-diffusion-

type bioanode with MBH can get rid of the H2-depletion near the electrode surface and has reached 

about 10 mA cm−2 at 0 V (vs. Ag|AgCl|sat. KCl electrode) under quiescent (passive) and H2-

atmospheric conditions. 

 

1. Introduction 

 

Hydrogenases are enzymes which catalyze the inter-conversion between hydrogen and 

proton.1 The two major classes of hydrogenases are known as [FeFe] or [NiFe] according to the metals 

in their buried active sites.1,2 Since hydrogenases are highly active, with turnover frequencies for H2-

oxidation in excess of thousands of molecules of H2 per second at 30 °C,3 they can be alternative 

catalysts instead of platinum as an H2/O2 fuel cell.4 From the aspect of bioelectrochemistry, 

hydrogenases have received a lot of attention, and the bioelectrocatalytic properties have extensively 

been characterized all over the world.1,2,5-8 

Enzymatic biofuel cells, which are electric generators that utilize redox enzymes as catalysts, 

can generally operate under mild conditions (neutral pH, atmospheric pressure and room temperature). 

They are classified into two types: mediated electron transfer (MET)-type and direct electron transfer 

(DET)-type.9-12 MET-type cell utilizes artificial mediators to shuttle the electron between the enzyme 

and the electrode to reduce the kinetic hindrance in the interfacial electron transfer. On the other hand, 

DET-type cell does not require, in principle, any separator or membrane between the electrodes due 
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to the mediator-less configuration. In addition, the DET-type one can reduce the possible health hazard 

problems caused by artificial mediators and the thermodynamic loss ascribed to the difference in the 

redox potentials between the mediator and the active site of the enzyme. Furthermore, the DET-type 

system enables us to construct a very simple and compact enzymatic biofuel cell.  

Unfortunately, the number of the enzymes capable of DET-type bioelectrocatalysis is 

limited.2,11,12 Fructose dehydrogenase13 and hydrogenase2 are often used for DET-type 

bioelectrocatalyst to oxidize fructose and hydrogen, respectively, as fuels and multi-copper oxidases 

(MCO), such as laccase, bilirubin oxidase (BOD) and Cu efflux oxidase, are utilized for DET-type 

bioelectrocatalyst for O2-reduction.14-17 However the power density of high-performance DET-type 

biofuel cell (a few mW cm−2)14,18,19 is much lower than that of MET-type with the best performance 

(10 mW cm−2).20 Among the DET-type enzymes for bioanodes, one of promising enzymes is [NiFe]-

hydrogenase due to their special bioelectrocatalytic ability to catalyze the 2-electron oxidation of H2 

at high catalytic current density with minimum overpotential.2,3,5 Moreover, non-Pt H2/O2 enzymatic 

biofuel cells can be constructed by combining the bioanode with the biocathode modified with 

MCO.14,15 

The discovery of O2- and CO-tolerant [NiFe]-hydrogenase is one of the breakthroughs 

essential for the construction of the aforementioned biofuel cell, and the unique properties have been 

investigated from several viewpoints.21-24 DET-type H2/O2 biofuel cell with tolerant [NiFe]-

hydrogenase has already been constructed.18,19 Lojou’s group achieved the highest power density (1.5 

mW cm−2 at pH 6 and 60 °C) with [NiFe]-hydrogenase from A. aerolicus and BOD from B. pumilus. 
18 They recorded high H2-oxidation current (4 mA cm−2 at pH 7 and 70 °C) under bubbling the gas 

into the electrolyte solution to minimize substrate depletion.18 

One critical problem in utilization of [NiFe]-hydrogenase is the anaerobic inactivation which 

is a reversible inactivation caused by the anaerobic oxidation at high electrode potentials or high 

solution potentials.2,25 Several spectroscopic studies have revealed that the catalytic cycle proceeds in 

three state forms: Ni-SI (active silent form), Ni-R (H2-reduced form), Ni-C (one-electron oxidized 

form of Ni-R), and that the inactivation generates a Ni(III) state form known as Ni-B by one-electron 

oxidation of Ni-SI, in which a hydroxide ligand is coordinated to the Ni atom in a bridging position 

with respect to the Fe(II).2,22,26 

 Taking into account of this mechanism, the author has proposed that the inactivation can be 

considered as a competitive inhibition-like reaction.27 The author utilized a membrane-bound O2-

tolerant [NiFe]-hydrogenase from Hydrogenovibrio marinus (MBH) and succeeded in avoiding the 

inactivation by increasing the concentration of H2 over the saturated level in immersion system. For 

this purpose, the author constructed an MBH-modified gas-diffusion-type electrode, which was often 

utilized for air-breathing biocathodes to increase the O2-uptake.14,28-30 The electrode makes it possible 

to directly uptake the gaseous substrate from the gas phase, and this attempt was the first case for H2-
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oxidizing bioanodes, as far as we know.27 For discussing the effect in detail, it is very important to 

evaluate the thermodynamic and kinetic parameters of MBH 

In this research, the author investigates the bioelectrochemical properties of MBH from the 

viewpoint of the anaerobic inactivation. The inactivation kinetics is studied by analyzing time and 

potential dependence of the DET-type catalytic current of MBH adsorbed on electrodes, while the 

enzyme kinetics of MBH on electrodes is evaluated from rotating rate dependence of the steady-state 

catalytic current using rotating disk electrode method. Moreover, the Michaelis constant for H2 is 

estimated by analyzing the H2-concentration dependence of the catalytic current of MBH. Finally, the 

author has proposed an analytical model for the anaerobic inactivation and evaluated the inhibition 

constant and the apparent Michaelis constant. The results show that an MBH-modified gas-diffusion-

type electrode is very effective and necessary for avoiding the inactivation.  

 

2. Experimental 

 

2.1. Materials 

 

 Ketjen Black EC300J (KB) was kindly donated from Lion Co. (Japan). Carbon paper (CP, 

TGP-H-120) was purchased from Toray Co. (Japan). Polytetrafluoroethylene fine powder (PTFE, 6-

J) was obtained from DuPont Mitsui Fluorochemicals (Japan). 4-Nitrobenzenediazonium 

tetrafluoroborate and N-hydroxy-succinimide (98%, NHS) were purchased from Sigma-Aldrich Co. 

(USA). 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide, hydrochloride (EDC) was purchased from 

Dojindo Laboratory (Japan). MBH was purified according to the literature.31 All other chemicals used 

in this study were of analytical grade and all solutions were prepared with distilled water.  

 

2.2. Preparation of MBH-adsorbed electrode 

 

 Au electrode (3 mm in diameter, BAS) was polished with alumina slurry (Buehler, 1 µm), 

sonicated and washed with distilled water. A 15-µL aliquot of an MBH solution (7 µM dissolved in 10 

mM phosphate buffer of pH 6) was applied on the Au electrodes and the electrodes were kept in water-

saturated atmosphere for 2 h at room temperature to slowly dry the solvent. 

 KB-modified glassy carbon electrode (KB:PTFE = 8:2 (w/w)) (KB-GCE) was prepared 

according to the literature,14 in which a GCE for rotating disk voltammetry (RDE-2, BAS, Inc.) was 

used. The projective surface area of the GCE was 0.071 cm2. When MBH was adsorbed on the KB-

GCE, a 15-µL aliquot of an MBH solution (7 µM dissolved in 10 mM phosphate buffer of pH 6) was 

applied on the KB-GCEs and the electrodes were kept in water-saturated atmosphere for 2 h at room 

temperature to slowly dry the solvent. 
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2.3 Immobilization of MBH on KB-GCE 

 

 MBH was chemically immobilized on the KB-GCE through the amide-linkage32,33 to avoid 

the desorption of MBH under strongly convective conditions. The bare KB-GCE was 

electrochemically pre-treated to generate 4-aminophenyl layer on the surface according to the 

literature with minor modification.34 In brief, 4-nitrophenyl layer was produced on the electrode 

surface by the potential sweep method from 0.8 V to −0.4 V at 200 mV s−1 for 4 cycles in an acetonitrile 

solution containing 2 mM 4-nitrobenzenediazonium tetrafluoroborate and 50 mM 

tetrabutylammonium tetrakis(4-fluorophenyl)borate, and then reduced to 4-aminophenyl layer by the 

potential sweep method from −0.3 V to −1.6 V at 200 mV s−1 for 4 cycles in a water/ethanol mixed 

solution (9 : 1 in volume) containing 100 mM NaCl. The electrode is called NH2-KB-GCE. A 15-µL 

aliquot of an MBH/reagent solution (7 µM MBH, 12 mM EDC, and 6 mM NHS dissolved in 10 mM 

phosphate buffer of pH 6) was applied on the NH2-KB-GCEs to immobilize MBH on the electrode 

through the amide-linkage.35 The electrodes were kept in water-saturated atmosphere for 2 h at room 

temperature to slowly dry the solvent.  

 

2.4 Preparation of KB-modified carbon paper electrode 

 

 A gas-diffusion-type carbon paper electrode (KB-CPE; KB:PTFE = 6:4 (w/w)) was prepared 

according to the literature.14,27 The active and projected surface area of the CPE was 0.03 cm2. A 10-

µL aliquot of an MBH solution (10 µM dissolved in 10 mM phosphate buffer of pH 6) was applied on 

the KB-CPE, which was kept in water-saturated atmosphere for 6 h at 4 °C to slowly dry the solvent. 

 

2.5 Electrochemical measurements 

 

 Cyclic voltammetry and chronoamperometry were performed on electrochemical analyzers 

BAS CV-50W and ALS 714C. Steady-state chronoamperometry was carried out with the rotating disk 

KB-GCE. An Ag|AgCl|sat. KCl electrode and a Pt wire were used as the reference electrode and the 

counter electrode, respectively. Measurements were carried out in 100 mM phosphate buffer (pH 6) at 

40 ± 2 °C. The partial pressure of H2 (𝑝𝑝H2) is adjusted by mixing the Ar and H2 gas by using flowmeters 

with flowcontrollers (PK2504FR, KOFLOC Co., Japan). A handmade gas-diffusion-type electrolysis 

cell, which is similar to that reported in a previous paper for O2-reducing biocathode,14,27 was used for 

measurements with the KB-CPE.  
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3. Results and discussion 

 

3.1 DET-type bioelectrocatalysis on MBH-modified electrodes in immersion system 

 

 Cyclic voltammograms (CVs) at an MBH-adsorbed Au electrode are shown in Fig. 1(A). In 

quiescent but H2-saturated buffer solution, a typical oxidation wave (solid line) was observed in the 

electrode potential region from −0.5 V to −0.2 V. The wave is ascribed to the MBH-catalyzed H2-

oxidation, as judged from the comparison with a wave under Ar-atmospheric conditions (Fig. 1(A), 

broken line). Since the H2-oxidation current was practically independent of the scan rate (v) in the 

potential region from −0.5 V to −0.2 V (data not shown), the catalytic current is controlled by the 

enzyme kinetics.  

 However, the catalytic current decreased in the forward scan from −0.2 V to 0.2 V and was 

almost fully recovered in the reverse scan. The phenomenon is ascribed to the reversible and oxidative 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 
(A) CVs of the MBH-adsorbed Au electrode in H2-(solid line) and Ar-(broken line) 
saturated buffer solution under quiescent conditions. 
(B) CVs of the MBH-adsorbed KB-GCE at ω = 2500 rpm (solid line) and 0 rpm (broken 
line) under H2-atmospheric conditions. (The solid line is identical with curve (a) of Fig. 1 
in Ref. 27.)  
The measurements were carried out in 100 mM phosphate buffer (pH 6) at 40 ± 2 °C. 
The scan rate was 20 mV s−1. 
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inactivation (called as anaerobic inactivation) to generate Ni-B. The anodic wave shape due to the 

inactivation depended on v (data not shown), indicating relatively slow inactivation. On the other hand, 

the reverse scan wave corresponds to the reactivation was almost independent of v, indicating fast 

reactivation.   

 When an MBH-adsorbed KB-GCE was rotated in the H2-saturated solution (at a rotating 

rate (ω) of 2500 rpm (262 s–1)), a similar shape of the catalytic wave was observed (Fig. 1(B), solid 

line). The oxidation current density became much larger than that at MBH-adsorbed Au electrode. 

This effect is predominantly due to an increase in the electro-active surface area of the electrode by 

use of KB-GCE. However, under the quiescent conditions (0 rpm), the voltammogram showed only a 

small catalytic anodic peak around –0.45 V (Fig. 1(B), broken line). The H2-depletion near the 

electrode surface causes the drastic decrease in the current. Similar phenomena were observed and 

studied with carbon nanotube (CNT) electrodes.36 The v dependence of the wave at the KB-GCE was 

very similar to that at Au electrodes (data not shown) except the fact that the decrease in the catalytic 

wave due to the inactivation at the KB-GCEs is slow compared with that at the Au electrode. 

 

3.2 Kinetic analysis of reversible anaerobic inactivation 

 

 For studying the anaerobic inactivation and reactivation process, the author assumes a 

reversible first-order reaction scheme which connects the active (EA) and inactive (EI) forms of the 

enzyme according to the previous study.37 

kI 

EA  EI        (1) 

kA  

where 𝑘𝑘I  and 𝑘𝑘A  are the apparent inactivation and reactivation rate constants, respectively. The 

author conducted the potential-step chronoamperometric method to follow the inactivation and 

reactivation processes. In the beginning, the electrode potential (E1) was set at −0.2 V, where the 

anaerobic inactivation does not occur and the maximum catalytic current density is observed (Fig. 1, 

solid line). After then the potential was stepped at t = 0 to a given potential (E2), at which the anaerobic 

inactivation occurs. The open circles in Fig. 2(A) indicate chronoamperogram (CA) of the H2-

oxidation current at the MBH-adsorbed Au electrode at E2 = −0.02 V. The data just after the potential 

step (t < 3 s) involved the charging current and were eliminated for the present analysis. Since the 

catalytic current at the Au electrode is controlled by the enzyme kinetics as mentioned in section 3.1, 

the current decay reflects the reversible first-order inactivation as expressed by eqn. (2).  
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where 𝐼𝐼0 is the fully activated catalytic current. Equation (2) was fitted to the date in Fig. 2(A) in the 

time region from 3 to 30 s with 𝐼𝐼0 , 𝑘𝑘I  and 𝑘𝑘A  as the adjustable parameters using a non-linear 

regression analysis by Gnuplot®. The regression curve is shown in Fig. 2(A) as a solid line. The 

experimental data are well reproduced by the model. The author will discuss the evaluated values of 

the rate constants in section 3.3. 

In the case of MBH-adsorbed KB-GCE, however, the potential-step chronoamperometric 

method cannot be simply applied to the kinetic analysis of the inactivation and reactivation, since 

outstanding depression of H2 occurs near the KB-GCE due to large surface area as mentioned in 

section 3.1. In order to eliminate the H2-depression effect, the author attempted to utilize rotating disk 

electrode method. In addition, the author immobilized MBH chemically on the NH2-KB-GCE through 

the amide-linkage between the carboxyl group and amino group by using EDC and NHS as the 

coupling reagents. The resultant electrode is called MBH-immobilized KB-GCE. The CV at MBH-

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 
(A) CA of the MBH-adsorbed Au electrode (open circles) at −0.02 V under H2-
atmospheric conditions. The solid curve was evaluated by a non-linear regression 
analysis based on eqn. (2). The best fit was obtained with the parameters: 𝐼𝐼0 = 0.22 µA, 
𝑘𝑘I = 0.13 s−1, 𝑘𝑘A = 0.043 s−1. The measurements were carried out in 100 mM phosphate 
buffer (pH 6) at 40 ± 2 °C. 
(B) The time dependence of 𝐼𝐼cat (open circles) estimated from CA of MBH-adsorbed KB-
GCE on the basis of eqns. (3) and (4). The solid curve was evaluated by a non-linear 
regression analysis based on eqn. (2). The best fit was obtained with the parameters: 𝐼𝐼0 
= 103 µA, 𝑘𝑘I = 0.09 s−1, 𝑘𝑘A = 0.040 s−1. 
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immobilized KB-GCE in H2-saturated solution (data not shown) shows a steady-state catalytic wave 

of H2-oxidation (in the potential range from −0.35 to −0.2 V) at ω = 2500 rpm. The immobilization 

stabilized MBH on the electrode (see the next paragraph also), but led to a decrease in the current 

density. The reason is not clear at the present moment, since the evaluation of the surface concentration 

is very difficult. The appearance of the steady-state current indicates that any time-dependent change 

in the enzyme activity due for example to local pH change, if any, is negligible during the 

measurements. However, a couple of large redox waves were also observed. The waves are originated 

from the surface modifier (most probably hydorxylamine intermediate).  

Figure 3(A) shows the CA under H2-saturated conditions at various values of ω and at E1 (–

0.2 V). The steady-state H2-oxidation current (𝐼𝐼s) was first measured at 2500 rpm, and the ω value was 

stepwise changed from 50 to 2500 rpm. The 𝐼𝐼s value at 2500 rpm (t > 350 s) was recovered up to the 

initial value at 0 < t < 50 s at 2500 rpm, indicating the stable immobilization of MBH on the KB-GCE. 

The ω  dependence of 𝐼𝐼s under H2-saturated conditions shows curved characteristics (Fig. 3(B)). 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 
(A) CA of the MBH-immobilized KB-GCE at −0.2 V under H2-atmospheric conditions (𝑝𝑝H2 
= 1 atm). 𝐼𝐼s was first measured at ω = 2500 rpm and the ω value was stepwise changed 
from 50 to 2500 rpm. The measurements were carried out in 100 mM phosphate buffer 
(pH 6) at 40 ± 2 °C. 
(B) ω dependence of the steady-state H2-oxidation current (open circles) at the MBH-
immobilized KB-GCE. The current was measured as shown in panel A. The solid curve 
was evaluated by a non-linear regression analysis based on eqns. (3) and (4). 
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The result indicates that 𝐼𝐼s is governed by both the H2-diffusion and the enzymatic kinetics. The 

characteristics can be as expressed by Koutecky−Levich equation.38 

catDs

111
III

+=         (3) 

Here, 𝐼𝐼D is the diffusion-controlled current at a rotating disk electrode: 

2/1
H

6/13/2
HD 22

62.0 ωυ cnFADI −=  (4) 

where 𝑛𝑛, 𝐹𝐹, 𝐴𝐴, 𝐷𝐷H2 , υ, and 𝑐𝑐H2  are, respectively, the number of electrons (2 in this case), the 

Faraday constant, the projected electrode surface area, the diffusion coefficient of H2, the kinematic 

viscosity of water (0.0066 cm2 s−1 at 40 °C),39,40 and the concentration of dissolved H2. The saturated 
concentration of dissolved H2 was set to be 0.74 mM at 40 °C and 𝑝𝑝H2 = 1 atm.41 Equations (3) and 

(4) were fitted to the data in Fig. 3(B) (open circles) with 𝐼𝐼cat and 𝐷𝐷H2 as the adjustable parameters 

using a non-linear regression analysis by Gnuplot®, and the regression curve is shown in Fig. 3(B) as 

a solid line. The refined values of 𝐼𝐼cat and 𝐷𝐷H2 were 543 ± 8 µA and (4.01 ± 0.03) × 10−5 cm2 s−1, 

respectively. The error is given as the asymptotic standard error. Consequently, the author can now 

extract the true contribution of the enzyme kinetic-controlled catalytic current (i.e. 𝐼𝐼cat) from the total 

steady-state current 𝐼𝐼s with eqns. (3) and (4). However, the current in the beginning of the potential 

step would be disturbed by the redox reaction of the surface modifier at the MBH-immobilized KB-

GCE (data not shown). Thus MBH was simply adsorbed on the KB-GCE and the time dependence of 

𝐼𝐼s (at ω = 2500 rpm) due to the inactivation of MBH on the KB-GCE was measured by potential-step 

chronoamperometry (data not shown), and the 𝐼𝐼cat contribution was extracted from the observed 𝐼𝐼s 

by using the evaluated ID. The extracted values of 𝐼𝐼cat are plotted as a function of the time in Fig. 

2(B) as open circles. The author analyzed the decay characteristics of 𝐼𝐼cat (from 4 to 30 s) with eqn. 

(2) in the same manner as that used for the data obtained at the Au electrode. The regression curve is 

shown in Fig.2 (B) as a solid line. The decay characteristics are well explained by eqn. (2). 

 

3.3 Potential dependence of the apparent inactivation and reactivation rate constants 

 

 Figure 4 shows the potential dependence of 𝑘𝑘I and 𝑘𝑘A at MBH-adsorbed Au electrode 

(open circles) and MBH-adsorbed KB-GCE (open triangles). Since the magnitude of the inactivation 

(the catalytic current decay) is very small in the low potential region (from −0.2 to −0.15 V), the 

evaluation of the rate constants were very difficult in the region. The evaluated values of 𝑘𝑘I at least 

in the potential range from –0.1 to 0.1 V seems to be independent of the potential (Fig. 4 (A)). In 

contrast, the logarithmic values of 𝑘𝑘A  decrease linearly with the electrode potential and reach a 

limiting value at high potentials (E > 0.05 V) (Fig. 4 (B)). These characters are coincident with those 

described in a previous study using tolerant A. aeolicus [NiFe]-hydrogenase.37 The inactivation 
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process involves the one-electron oxidation of the Ni(II) in the [NiFe] catalytic center and the 

hydroxide ligand coordination to the Ni(III).2,22,26 The fact that 𝑘𝑘I is independent of the electrode 

potential means that the rate of the hydroxide ligand coordination to the Ni(III) (the coordination of 

water on the [NiFe]-active site and the succeeding deprotonation) is the rate-determining step of the 

inactivation. Some conformational change around the [NiFe]-active might also be involved. The 𝑘𝑘I 

values evaluated for the MBH adsorbed on the KB-GCE is smaller than those for the MBH adsorbed 

on the Au electrode (Fig. 4 (A)). Some restriction in the movement of MBH adsorbed in the mesopore 

of the KB-BCE seems to decelerate the hydroxide ligand coordination to the Ni(III). Actually, the 

chemical immobilization of MBH on an Au electrode caused a decrease in the 𝑘𝑘I value (data not 

shown). 

 On the other hand, the potential dependence of 𝑘𝑘A (Fig. 4 (B)) indicates that the rate-

determining process of the reactivation process is one-electron reduction of the Ni(III) atom in the Ni-

B state. The electrode materials do not affect the reduction rate of the Ni(III), since the 𝑘𝑘A values at 

the MBH-adsorbed KB-GCE is identical with those at the MBH-adsorbed Au electrode (Fig. 4 (B)).  

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 
(A) The potential dependence of the apparent rate constants of the inactivation 
(B) The open circles and triangles correspond to the results obtained at Au electrode and 
KB-GCE, respectively. The error bars were evaluated by the Student t-distribution at 90% 
confidence level. 
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3.4 Competitive inhibition-like model for the anaerobic inactivation 

 

 As to the anaerobic inactivation, the generation of Ni-B (the inactive state form) from Ni-SI 

seems to compete with the catalytic reduction of Ni-SI to Ni-R by H2 as described in the previous 

studies.2,22,26 Thus, the reaction scheme can be simply represented in Fig. 5. In the case of the 

competitive inhibition-like catalytic reaction, 𝐼𝐼cat can be expressed by eqns. (5) and (6) using steady-

state approximation.  
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while 𝐾𝐾M′  is the apparent Michaelis constant given by 
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where 𝑘𝑘cat, Γenz,eff, 𝐾𝐾M, 𝑘𝑘2 and 𝑘𝑘−2 are, respectively, the catalytic constant and the total effective 

surface concentration of MBH, the Michaelis constant, the inactivation rate constant and the 

reactivation rate constant. Since it is difficult to evaluate Γenz,eff at the present moment, the author 

will not discuss the independent evaluation of 𝑘𝑘cat in this work. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5 
The reaction scheme of the anaerobic inactivation. Ni-SI, Ni-R and Ni-B are, respectively, 
the active silent form of MBH, H2-reduced form of Ni-SI and one-electron oxidized form 
of Ni-SI caused by the anaerobic inactivation. 𝑘𝑘1 , 𝑘𝑘−1 , 𝑘𝑘2 , 𝑘𝑘−2  and 𝑘𝑘cat  are, 
respectively, the forward and backward rate constants of H2-binding reaction, the 
inactivation and reactivation rate constant and the catalytic constant. 
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The author has already evaluated and discussed the apparent inactivation rate constant (𝑘𝑘I) 

and reactivation rate constant (𝑘𝑘A) in section 3.2 and 3.3, respectively. However, the physical meaning 

of the rate constants are not necessarily identical with the enzyme kinetic parameters. Therefore, let 

us here consider the relation between the apparent rate constant (𝑘𝑘I, 𝑘𝑘A) and the true value (𝑘𝑘2, 𝑘𝑘−2) 

based on the Fig. 5. The author assumes that the H2-binding reaction to the Ni-SI state form is at rapid 
equilibrium ( cat1 kk >>− ). The 𝐾𝐾M is defined as  

RNi

HSINi

1

1
M

2

−

−− ==
Γ

cΓ
k
kK  (7) 

where 𝑘𝑘1, 𝑘𝑘−1, ΓNi−SI and ΓNi−R are, respectively, the forward and backward rate constants of the 

H2-binding reaction to the Ni-SI state form, the effective surface concentrations of Ni-SI and Ni-R 

state forms. Under the conditions, 𝐼𝐼cat can be expressed by eqn. (8). 

SINi
M

H
catRNicatcat

2
−− == Γ

K
c

nFAkΓnFAkI  (8) 

The time dependence of ΓNi−SI,𝑡𝑡 during inactivation and activation in the presence of H2 is described 

as follows. 
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where ΓNi−B,𝑡𝑡 is the effective surface concentration of the Ni-B state form at t. Considering the mass 

balance of the surface concentration of MBH and the fully-activated conditions for MBH, the author 

can obtain eqns. (10) 

ttt ΓΓΓΓ B,NiR,NiSI,Nieffenz, −−− ++=  (10) 

with the initial condition (at t = 0 at E1 = –0.2 V) 

0 R,Ni0 SI,Nieffenz, −− += ΓΓΓ  (11) 

Solving eqn. (9) with eqns. (7), (10) and (11), ΓNi−SI,𝑡𝑡 is expressed by eqn. (12) 
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while 𝑘𝑘−2′  is given by 
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Thus, the decay of the catalytic current is given by 
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Compering the eqns. (2) and (14), the author can conclude that 2I kk = , and that 
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Therefore, it is important to evaluate 𝐾𝐾M  for DET-type H2-oxidation of MBH on the 

electrode. A simple and easy electrochemical method for determining 𝐾𝐾M  of adsorbed [NiFe]-

hydrogenase was reported by Léger et al.42 The time dependence of the catalytic current during the 

convective H2-gas removal was analyzed under the assumption that the removal of the gas from 

solution on flushing with an inert gas follows the simple exponential kinetics and that the H2-

concentration is homogeneous in solution during the inert gas flushing and the enzyme reaction near 

the electrode surface. However, in order to evaluate an accurate value of 𝐾𝐾M of the adsorbed MBH, 

it will be recommended to analyze H2-concentration dependence of the steady-state catalytic current 

(𝐼𝐼cat) at rotating disk electrodes with a constant amount of adsorbed MBH.  

Figure 6(A) shows the CA at the MBH-immobilized KB-GCE and at several 𝑝𝑝H2 (0.05−1 

atm). The measurement potential was set at −0.2 V, where the anaerobic inactivation does not occur. 
First, in the light zone (𝑝𝑝H2 = 1 atm), 𝐼𝐼s was measured at ω = 2500 rpm (as indicated by the arrow). 

Next, the ω value was stepwise changed from 50 to 2500 rpm. The time dependence of the 𝐼𝐼s during 

the ω change (the left side light zone in Fig. 6(A)) is magnified and depicted in Fig. 3(A). Quick 
response to ω was obtained. Subsequently, in the shaded zone, 𝑝𝑝H2 was changed from 0.9 to 0.05 atm 

step by step. When 𝑝𝑝H2 was changed, ω was hold at 2500 rpm until the 𝐼𝐼s value reached a constant 

value (at which the H2-concentration reached a constant value). After then, the ω value was stepwise 
changed from 50 to 2500 rpm. As judged from 𝐼𝐼s at ω = 2500 rpm and 𝑝𝑝H2= 1 atm (as indicated by 

the arrows in light zone), the MBH-immobilized KB-GCE shows almost the identical value of the 

steady-state H2-oxidation current. The result verifies the relatively high stability of the MBH-

immobilized KB-GCE over the 2-h continuous measurements under strong convection. 

 In the case at 𝑝𝑝H2  = 1 atm, 𝐼𝐼cat  has already been evaluated in section 3.2. The ω 

dependence of 𝐼𝐼s  at several 𝑝𝑝H2  (0.05−0.9 atm) also shows curved characteristics (Fig. 6(B)). 

Equations (3) and (4) were fitted to the data taken at 𝑝𝑝H2= 0.05−0.9 atm in Fig. 6(B) with 𝐼𝐼cat and 

𝑐𝑐H2 as the adjustable parameters using a non-linear regression analysis by Gnuplot®. The analytical 
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results are collected in Fig. 6(C). The error bar is given as the asymptotic standard error. Under the 

conditions where the anaerobic inactivation does not occur, 𝐼𝐼cat is given by an equation similar to 

Michaelis-Menten equation43 
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Figure 6 
(A) CA of the MBH-immobilized KB-GCE at −0.2 V and at several 𝑝𝑝H2 (0.05−1 atm). In 
the light zone, 𝑝𝑝H2 was set to be 1 atm. First, 𝐼𝐼s at 𝑝𝑝H2 = 1 atm was measured at ω = 
2500 rpm (as indicated by an arrow). Next, the ω value was stepwise changed from 50 
to 2500 rpm. 𝑝𝑝H2 was set to be 1 atm at the position indicated by the arrows to check 
the stability of MBH on the electrode surface. In the shaded zone, 𝑝𝑝H2 was changed from 
0.9 to 0.05 atm. After the current reaches to the constant at ω = 2500 rpm, the ω value 
was stepwise changed from 50 to 2500 rpm. The CA profile in the left side light zone is 
identical with that given in Fig, 3 (A). 
(B) ω dependence of 𝐼𝐼s at the MBH-immobilized KB-GCE at 𝑝𝑝H2 = 0.05-0.9. The current 
was measured as shown in panel A. 
(C) 𝐼𝐼cat  contribution as a function of 𝑐𝑐H2  for the MBH-catalyzed H2-oxidation. The 
broken curve was evaluated by a non-linear regression analysis based on eqn. (16). 
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 Equation (16) was fitted to the 𝑐𝑐H2 dependence of 𝐼𝐼cat depicted in Fig. 6(C) with 𝐼𝐼max 

and 𝐾𝐾M  as the adjustable parameters using a non-linear regression analysis by Gnuplot®. The 

regression shows that 𝐼𝐼max = 970 ± 70 µA and that 𝐾𝐾M = 0.57 ± 0.08 mM. The 𝐾𝐾M value of the 

immobilized MBH is rather large compared with that of MBH in solution measured by an activity 

assay (12 µM).31 The result might be due to the effect of MBH-immobilization or the differences in 

the reaction character between the interfacial reaction (DET-type bioelectrocatalysis) and the solution 

reaction (activity assay using mediators as an electron accepter). 

The 𝑘𝑘I 𝑘𝑘A⁄  value increases with the electrode potential and reaches an almost constant 

value (6.2 at Au electrode and 4.5 at KB-GCE as judged from Fig.4 (A)) at E > 0.05 V. If the author 

accepts the 𝐾𝐾M value as 0.57 mM evaluated here, the 𝐾𝐾M′  value is estimated as 8.7 (at Au electrode) 

and 6.5 mM (at KB-GCE) with eqns. (6) and (15). Since the 𝐾𝐾M′  value is larger than the saturated H2-

concentration (0.74 mM), it seems to be difficult to avoid the anaerobic inactivation in immersion 

system. This prediction is supported by the fact given in Fig 1 (B) as a solid line. As described 

previously, the author has already avoided the inactivation with a gas-diffusion system.27 The author 

can say that the effect is due to the increasing H2-concentration achieved by high-speed H2-supply to 

MBH over the 𝐾𝐾M′  value. 

 

3.5 MBH-adsorbed gas-diffusion-type bioanode  

 

 An MBH-adsorbed KB-CPE was fabricated as a gas-diffusion-type bioanode. CVs of the 

MBH-adsorbed KB-CPEs were recorded under quiescent (passive) and H2-atmospheric conditions and 

are depicted in Fig. 7 as a solid line. The current density is as large as about 10 mA cm−2 at 0 V. Not 

 
 
 
 
 
 
 
 
 
 

 
Figure 7 
CVs of catalytic H2-oxidation of MBH-adsorbed KB-CPE under H2-(solid line) and Ar-
(broken line) flow in the gas phase. The measurements were carried out in 100 mM 
phosphate buffer (pH 6) deaerated by Ar at 40 ± 2 °C. The scan rate was 20 mV s−1.  
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only the inactivation is avoided, but the value is larger than that observed by MBH-adsorbed KB-GCE 

under stirred conditions as shown in Fig. 1(B).   

 In near future, a one-compartment dual gas-diffusion and DET-type H2/O2 biofuel cell will 

be constructed. The new type of H2/O2 biofuel cell allows us to supply H2 and O2 separately, thus 

enables us to get rid of the following problems. One is the risk of explosion, and the other is 
competitive limitation of dissolved gas-concentration governed by 𝑝𝑝H2 and 𝑝𝑝O2.  

 

4. Conclusion 

 

 The author has evaluated the rate constants of the inactivation and reactivation processes of 

the anaerobic inactivation and the 𝐾𝐾M value for H2 of MBH immobilized on the electrode based on 

steady-state electrochemical analysis. The inactivation process is independent of the electrode 

potential at least at E > –0.1 V, while the rate-determining step of the reactivation process seems to be 

the one-electron reduction of the Ni(III) atom in the [NiFe] center. The 𝐾𝐾M′  value (8.7 mM at Au 

electrode and 6.5 mM at KB-GCE) based on a competitive inhibition-like reaction is larger than the 

saturated H2-concentration (0.74 mM), indicating that the adsorbed MBH is subject to the inhibition 

even in H2-saturated solutions, as evidenced by the experimental results presented here. Thus, it is 

effective and necessary for avoiding the inactivation to utilize the gas-diffusion system. The gas-

diffusion-type bioanode (MBH-adsorbed KB-GCE) have recorded the highest H2-oxidation current 

(10 mA cm−2) even under the quiescent conditions and it would dramatically improve the performance 

of DET-type H2/O2 biofuel cell. 
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2-4. Bioelectrochemical analysis of thermodynamics of the catalytic cycle and kinetics of 

the oxidative inactivation of oxygen-tolerant [NiFe]-hydrogenase 

 

Abstract 

Membrane-bound [NiFe]-hydrogenase from Hydrogenovibrio marinus (HmMBH) is an O2-tolerant 

enzyme and allows direct electron transfer (DET)-type bioelectrocatalysis for the H2 oxidation. Very 

fast interfacial electron transfer occurs between the [NiFe]-active site of HmMBH and the electrode, 

and the potential dependence of the steady-state DET-type catalytic current has been analyzed on a 

thermodynamic model of a two-step one-electron transfer to get a Pourbaix diagram of the catalytic 

center. A reversible and oxidative inactivation that occurs when the [NiFe]-hydrogenases are suffered 

from the oxidative stress at high electrode potentials or high solution potentials has been kinetically 

analyzed for the time-dependence of the steady-state catalytic current as a measure. The kinetic 

analysis has shown that the rate-determining step of the oxidative inactivation is not electrochemical 

but chemical process and that the rate of the reductive reactivation is determined by the 

electrochemical process. The observed catalytic waves, especially the dependence of the waves on the 

scan rate and the hydrogen concentration, have been well reproduced by simulation with the 

thermodynamic and kinetic parameters evaluated here. 

 

1. Introduction 

 

Hydrogenases catalyze the H2 oxidation and H2 evolution [1-3]. There are three main classes 

of hydrogenases based on their active site metals: [Fe] enzymes with only one iron atom in the active 

site, [FeFe] enzymes with two iron atoms in the active site, and [NiFe] enzymes that possess a 

heterobimetallic active site. Although most of the [Fe] and [FeFe] proteins are known to be extremely 

O2-sensitive, the [NiFe] proteins are not only O2-sensitive but O2-resistant or O2-tolerant [1-3]. 

Generally, the [NiFe]-hydrogenases comprise a large subunit that incorporates the [NiFe]-active site 

and a small subunit that houses an electron relay chain of [FeS]-clusters, and they are located in the 

periplasmic space and are often associated with a membrane. In periplasmic space, the hydrogenases 

may be anchored to the membrane via b-type cytochrome that mediates the electron transfer from H2 

to the respiratory chain quinone pool [1-3]. 

Many spectroscopic studies have revealed that the [NiFe]-active site stays in several states 

such as Ni-SI (active silent state), Ni-R (H2-reduced state), Ni-C (one-electron-oxidized state of Ni-

R), Ni-A (inactive-state with high kinetic barrier for reactivation, also known as “unready” state), and 

Ni-B (reversible inactive-state with low kinetic barrier for reactivation, also known as “ready” state) 

[1-3]. As summarized in Scheme 1, for the H2 oxidation, the H2-binding to the Ni-SI state is the first 

step and subsequently the catalytic cycle proceeds in the Ni-R, Ni-C and Ni-SI states in turn. In the 
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case of the standard [NiFe]-hydrogenases, however, the Ni-SI state changes to the Ni-A and Ni-B 

states on the oxidative stress. The Ni-A state seems to be produced by one-electron oxidation of the 

Ni-SI state, in which a peroxide ligand is considered to be coordinated to the Ni atom in the bridging 

position with respect to the Fe(II). However, there has been much debate about oxygenation of sulfurs 

near the active site in recent literature [4]. The Ni-B state is produced also by one-electron oxidation 

of the Ni-SI state, in which, in contrast to the Ni-A state, a hydroxide ligand is coordinated to the Ni 

atom in the bridging position with respect to the Fe(II) [1-3]. Among the [NiFe]-hydrogenases, O2-

tolerant and membrane-bound hydrogenases from Ralstonia species [5,6], Aquifex aeolicus [7,8], 

Escherichia coli [9,10] and Hydrogenovibrio marinus [11,12] have been found, and they have the 

unique property of catalyzing the H2 oxidation in the sustained presence of O2. The O2-tolerant 

mechanism has been considered due to the presence, close to the active site, of a unique [FeS]-cluster 

(a [4Fe-3S]-cluster coordinated by six Cys residues rather than a [4Fe-4S]-cluster coordinated by four 

Cys residues as to other [NiFe]-hydrogenases) that transfers two electrons rapidly to the active site 

when the hydrogenase is attacked by O2 and thus can protect the enzyme against damaging 

intermediate reduction products of O2 [6,7,9,11]. Consequently, the ability is very useful and 

convenient for us in utilization of the hydrogenases for practical applications. 

Bioelectrocatalysis as a coupled reaction of the enzymatic catalytic reaction and the 

electrode reaction is classified into two types in accordance with the electric connection systems [13-

18]. One is the mediated electron transfer (MET)-type, in which artificial redox mediators shuttle 

electrons between enzymes and electrodes to reduce the kinetic hindrance in the interfacial electron 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 1 
The reaction scheme of the H2 oxidation catalytic cycle, the irreversible inactivation and 
the reversible inactivation (oxidative inactivation). Ni-SI, Ni-R, Ni-C, Ni-A, and Ni-B are, 
respectively, the active silent state of [NiFe]-hydrogenases, H2-reduced state of the Ni-
SI state, one electron-oxidized state of the Ni-R state, the state caused by the irreversible 
inactivation, and the state caused by the oxidative inactivation. 
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transfer. The other is the direct electron transfer (DET)-type, in which enzymes can directly transfer 

electrons to or from electrodes. Biofuel cells can be constructed based on bioelectrocatalysis. The 

recent advances of biofuel cells are summarized by Minteer’s group [19]. The device is very secure 

since it can operate under mild conditions (room temperature, atmospheric pressure and neutral pH). 

Accordingly, it is also possible to be utilized as micro-electronic power devices that can extract energy 

from biological sources [20-23]. There are limited number of redox enzymes capable of direct 

communication with electrodes, but some of hydrogenases are known as DET-type enzymes [1,13,18]. 

This feature enables us to construct H2-oxidating bioanodes for DET-type biofuel cells that are very 

simple and compact due to minimum components (only enzyme, electrode and electrolyte) [24-27]. 

For O2 reduction, several multi-copper oxidases (MCOs) such as laccase, bilirubin oxidase, and Cu 

efflux oxidase work as DET-type enzymes and are used in O2-reducing biocathodes [28-30]. By 

utilizing hydrogenases and MCOs, a DET-type H2/O2 biofuel cell can be constructed. Since the electric 

power device does not need platinum, it might solve the platinum-depletion-problem concerning H2/O2 

fuel cells. In fact, Lojou’s group and Armstrong’s group have reported power devices with a power 

density of 1.5 mW cm−2 (at 60 °C with MBH from A. aeolicus and BOD from B. pumilus) [24] and 

1.67 mW cm−2 (at 25 °C with MBH from E. coli and BOD from M. verrucaria; noting here that the 

surface area of the cathode is 3 times larger than that of the anode and the power density is calculated 

on the basis of the surface area of the anode) [25], respectively. 

In addition to the aforementioned redox enzymes (hydrogenases and MCOs), fructose 

dehydrogenase [31,32] and cellobiose dehydrogenase [33,34] are also known as DET-type enzymes. 

Catalytic voltammograms on DET-type enzyme-modified electrode tell us the characteristics of the 

enzymes [18]. Most of DET-type enzymes produce catalytic voltammograms with quasi-reversible or 

irreversible characteristics of the electron transfer between the enzymes and electrode. Unfavorable 

orientation of the modified enzyme leads to high overpotentials, and the steady-state catalytic current 

in voltammograms continues to increase linearly with the potential (called as “residual slope”) after 

the sigmoidal increase [35]. This phenomenon has been theoretically explained by Léger et al., in 

which they have considered effects of a dispersion on the interfacial electron transfer rate by assuming 

the random disorder of the distance between the electrode and the active site [35]. In this model (called 

dispersion model), they have taken into account the distribution of the distance from the active site of 

the enzyme to the electrode. Subsequently, the interfacial electron transfer rate constant is expressed 

based on a relation in which the electron transfer rate constant decreases exponentially with the 

tunneling distance between the electrode and the active site of the enzyme [36]. Finally, quasi-

reversible or irreversible catalytic voltammograms can be interpreted with several factors concerning 

the redox potential, the standard electron transfer rate constant, and the enzyme orientation. 

Hydrogenases often give sigmoidal steady-state catalytic voltammograms with the residual 

slope. Léger et al. analyzed voltammograms of the catalytic H2 oxidation and H2 evolution with 
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reversible characteristics obtained at [NiFe]-hydrogenase (from A. vinosum)-adsorbed electrode on a 

model of the two-step one-electron transfer (corresponding to the redox reaction of the Ni-SI, Ni-R 

and Ni-C states) by using the aforementioned dispersion model [35,37]. To get an acceptable fitting, 

they used an assumption that the redox potential of the Ni-R/Ni-C couple is far more negative than the 

potentials range investigated. More sophisticated analysis has also been reported by Léger’s group 

[38] based on the same dispersion model. Although it may be considered that the residual slope is 

ascribed to the interfacial electron transfer kinetic-controlled catalytic reaction due to unfavorably 

oriented hydrogenases on the electrode, the sigmoidal part of the catalytic wave may be ascribed 

predominantly to favorably oriented enzymes and can be explained on a thermodynamic model.   

On the other hand, the Ni-B state (the inactive state with low kinetic barrier for reactivation) 

is produced, when [NiFe]-hydrogenases are suffered from the highly oxidative stress at electrodes and 

by oxidized dyes and O2 [1,37,39]. This reaction is called as the oxidative inactivation and is an 

obstacle for constructing an aforementioned bioelectrochemical device for H2 energy conversion. 

Several kinetic studies have been reported [40-42]. In addition, there are two reports to overcome this 

reaction [43,44]. Schuhmann’s and Lubitz’s groups have proposed that a new concept to protect 

hydrogenases against the oxidative inactivation by exploiting a specifically designed viologen-based 

redox hydrogel [43]. The electron transfer between the polymer-bound viologen moieties controls the 

potential near the active site of the hydrogenase and thus insulates the enzyme from excessive 

oxidative stress [43]. On the other hand, the author has focused on the reaction mechanism and 

considered the oxidative inactivation as a competitive inhibition-like reaction against the H2 binding 

to the Ni-SI state [44]. As far as we know, this is the first report on a description of the pseudo-steady-

state current of the oxidative inhibition as a function of the electrode potential and the Michaelis 

constant. In the dissolved system, the saturated H2 concentration is 740 µM at 40 °C [45], which is 

only slightly larger than the Michaelis constant (KM = 570 µM) evaluated in DET-type 

bioelectrocatalysis [41]. To achieve the high H2 concentration, the author has constructed a gas-

diffusion-type electrode, which can directly supply H2 gas to the enzyme layer on the solution-side of 

the anode. As a result, the high-speed (non-equilibrated but a steady-state)-H2-supply enhances the H2 

concentration around the hydrogenase and thus makes it possible to overcome the oxidative 

inactivation [41,44].  

The inactivation was sometimes analyzed from the thermodynamic point of view, and Eswitch 

is often used as a practical parameter, which is defined as a potential to produce bioelectrocatalytic 

voltammogram with the maximum slope on the in the reductive activation process (that is, the half-

wave potential of bioelectrocatalytic voltammogram in the reductive activation process) [46]. 

Although the parameter Eswitch includes kinetic characteristics as well as thermodynamic ones [40], it 

was used as a physical index of the oxidative inactivation potential [46]. Therefore, it seems to be 

important to understand the characteristics of Eswitch from the kinetic viewpoints. 
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In this study, the author uses an O2-tolerant and membrane-bound [NiFe]-hydrogenase from 

Hydrogenovibrio marinus (HmMBH) [11,12] for thermodynamic and kinetic analysis. First, the author 

has considered the H2-binding to the [NiFe]-active site and the two-step one-electron transfer 

mechanism in the catalytic cycle for analysis of Nernstian response of DET-type catalytic 

voltammograms of the H2 oxidation. Second, the author has kinetically examined the oxidative 

inactivation by focusing the time dependence of the steady-state catalytic current in potential-step 

measurements. Here the author uses a new model based on the competitive inhibition. Similar to the 

conclusion on the other reports, the inactivation rate constant does not depend on the electrode 

potential, and the reactivation rate constant depends on the electrode potential. In other words, the 

rate-determining steps (r.d.s.) of the inactivation and the reactivation are a chemical process and an 

electron transfer process, respectively. Here, the author also shows that the rate constant decreases by 

immobilizing the enzyme. Based on the kinetics, the author will discuss the redox potential concerning 

the oxidative inactivation. Finally, the author has simulated the bioelectrocatalytic cyclic 

voltammograms of HmMBH with thermodynamic and kinetic parameters evaluated here. The 

simulation has well reproduced the fundamental feature of the oxidative inactivation, especially the 

dependence of the catalytic waves on the scan rate and the hydrogen concentration.  

 

2. Experimental 

 

2.1. Materials 

 

 N-Hydroxy-succinimide (98%, NHS) was purchased from Sigma-Aldrich Co. (USA). 1-

Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) was purchased from Dojindo 

Laboratory (Japan). HmMBH was purified according to the literature [12]. All other chemicals used 

in this study were of analytical grade and all solutions were prepared with distilled water. 

  

2.2. Preparation of HmMBH-adsorbed electrode 

 

 Gold (Au) electrodes (3 mm in diameter, BAS) were polished with alumina slurry (Buehler, 

1 µm), sonicated, and washed with distilled water. A fifteen-µL aliquot of an HmMBH solution (7 µM 

dissolved in 10 mM phosphate buffer of pH 6) was applied on the Au electrodes, and the electrodes 

were kept in water-saturated atmosphere for 2 h at room temperature to slowly dry the solvent (1 L = 

1 dm–3, 1 M = 1 mol dm–3). 
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2.3 Immobilization of HmMBH on Au electrode 

 

 HmMBH adsorbed on Au electrode was chemically immobilized via amide-linkage [47]. 

After preparing the Au electrode described as in section 2.2, 15-µL of an HmMBH/reagent solution (7 

µM HmMBH, 12 mM EDC, and 6 mM NHS dissolved in 10 mM phosphate buffer of pH 6) was 

applied on the Au electrode. The electrodes were kept in water-saturated atmosphere for 2 h at room 

temperature to slowly dry the solvent.  

 

2.4 Electrochemical measurements 

 

 Cyclic voltammetry and chronoamperometry were performed on electrochemical analyzers 

BAS CV-50W and ALS 714C. An Ag|AgCl|sat. KCl electrode and a Pt wire were used as a reference 

electrode and a counter electrode, respectively. Measurements described in sections 3.1, 3.2 and 3.3 

were carried out in McIlvaine buffer (pH 5–7) at 25 ± 2 °C, while measurements described in section 

3.4 were carried out in 100 mM phosphate buffer (pH 6) at 40 ± 2 °C.  

 

2.5 Digital simulation 

 

 Digital simulation of the DET-type bioelectrocatalysis on HmMBH-adsorbed electrode were 

carried out using a commercial FEM package called COMSOL® Multiphysics 5.0 on a workstation 

equipped with two Intel Xeon processors and 64 GB RAM.   

 

3. Results and discussion 

 

3.1 Rate-determining step of HmMBH-catalyzed H2 oxidation in DET-type bioelectrocatalysis 

 

 Fig. 1 (solid line) shows cyclic voltammograms (CVs) of dissolved H2 at an HmMBH-

adsorbed Au electrode at several scan rates (v). Judging from the comparison with a wave under Ar-

atmospheric conditions (broken line), the Faradaic wave is ascribed to the HmMBH-catalyzed H2 

oxidation. The H2 oxidation current began to sigmoidally increase from about −0.5 V. However, the 

current decreased in the electrode potential range more positive than about −0.2 V and recovered in 

the reverse scan, most notably at deceased scan rates, for example at v = 5 mV s–1. The phenomenon 

is ascribed to the oxidative inactivation to generate the Ni-B state and the reductive reactivation (the 

author will discuss this reaction later).  

In order to verify the O2-tolerant characteristics of HmMBH, the effects of the O2 addition 

on the enzyme activity were monitored with chromoamperometry at −0.2 V. The steady-state current 
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of the catalytic H2 oxidation decreases immediately after the addition of O2 due to the oxidative 

inactivation (data not shown). The decreased current gradually recovers to the original level by the 

H2-flushing. The characteristics are coincident with those of the typical O2-tolerant hydrogenases [1].  

 Here, let us consider the r.d.s. of the DET-type bioelectrocatalysis with HmMBH. The 

bioelectrocatalysis is composed of three steps in series: the substrate diffusion, the enzyme reaction, 

and the electrode reaction. Concerning the substrate diffusion, the author examined the effects of the 

electrode-rotating rate (ω) on the catalytic H2 oxidation current. The electrode rotation causes no 

effects on the CV shape, and the steady-state current is independent of ω. These facts show that the 

mass transfer is much faster than other processes.  

 Concerning the enzyme reaction and the electrode reaction, it is difficult to simply separate 

the contributions of these reactions on the current. The gradual increase (called the residual slope) in 

the catalytic current (at potentials more positive than −0.3 V in Fig. 1) is ascribed to HmMBH 

unfavorably oriented for DET [35,37,38]. Léger’s group has considered the effect of a dispersion of 

the interfacial electron transfer rates on the voltammograms by assuming the uniform disorder of the 

distance between the electrode and the active site of the enzyme [35,37,38]. Based on this model, they 

have analyzed the voltammograms with residual slopes and have succeeded in evaluation of enzyme 

characteristics.  

 The sigmoidal part in the catalytic steady-state CV (−0.5 to –0.3 V in Fig. 1) is 

predominantly ascribed to the favorably oriented HmMBH and that the part may be simply analyzed 

from the thermodynamic viewpoint [18, 35]. Here, the author considers a model similar to that of 

Léger’s group [18]. In the model, it is assumed that spherical enzymes are “randomly” adsorbed on an 

electrode with one-step electron transfer site. Appendix A summarizes the derivation of Eq. (A.8) 

which can describe the shapes of the steady-state catalytic wave. The sigmoidal part becomes quite 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 
CVs of the HmMBH-adsorbed Au electrode in H2-(solid line) and Ar-saturated (broken 
line) buffer solution under quiescent conditions. The scan rates of solid lines were 5–100 
mV s−1 from bottom to top (grey to black). The scan rate of a broken line was 10 mV s−1. 
The measurements were carried out in McIlvaine buffer (pH 5.5) at 25 ± 2 °C. 
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clear as an increase in 𝑘𝑘°max 𝑘𝑘c⁄ , where kºmax and kc are the standard rate constant for the electrode 

reaction at a distance of the closest approach and the catalytic constant of the enzyme, respectively. 

Here, let us consider the contributions of the catalytic reaction by the favorably oriented enzymes on 

the sigmoidal part at a large 𝑘𝑘°max 𝑘𝑘c⁄ . The author tentatively selected the enzymes with θ′ in a range 

of 0 ≤ θ′ ≤ π 4⁄  as the favorably oriented ones, where θ′ is the angle between the vertical axis and the 

line from the center of the enzyme to the redox center. The other part of the randomly oriented enzymes 

with π 4⁄  ≤ θ′ ≤ π were considered as the unfavorably oriented enzymes. The total value of the steady-

state catalytic current was divided into two contributions from the favorably oriented enzymes and the 

unfavorably oriented enzymes. The sigmoidal part of the voltammogram is predominantly contributed 

from the favorably oriented enzymes with a very large 𝑘𝑘°max 𝑘𝑘c⁄ . Therefore, as the first 

approximation, the author can assume that the sigmoidal part of the steady-state catalytic CV (in the 

potential range from −0.5 to −0.3 V in CV in Fig. 1) is predominantly produced by the catalytic 

reaction of the favorably oriented enzymes which can reversibly communicate with the electrode. This 

consideration means that the redox states of the favorably oriented HmMBH is completely governed 

by the electrode potential, and that the catalytic current is proportional to the Michaelis complex 

formed from the Ni-SI state and H2 on the electrode surface.  

 

3.2 Nernst analysis on the [NiFe]-active site of HmMBH 

 

 The author performs the Nernst analysis for the voltammograms of the HmMBH-catalyzed 

H2 oxidation in the potential range from −0.5 to −0.3 V, where the oxidative inactivation does not 

occur (or the inactivation may be ignored, if any). For the H2 oxidation, the catalytic cycle can be 

written, as shown in Scheme 2. Since the binding positions between Ni and Fe atoms of the Ni-R and 

Ni-C states are occupied, H2 seems to bind to the Ni-SI state only [1-3]. The Ni-SI:H2 complex 

corresponds the Michaelis complex essentially used in the enzyme kinetics. B. L. Greene et al. have 

also assumed the presence of H2-complex with Ni-SI state in the enzyme kinetic analysis [48]. 

Considering the Ni-SI:H2 complex formation and a steady-state approximation, the steady-state 

catalytic current of the HmMBH-catalyzed H2 oxidation ( cati ) in the presence of excess amounts of H2 

can be expressed by Eq. (1)  

 
2H:SI-Niccat ΓnFAki =       (1) 

Where n, F, A, and 
2H:SI-NiΓ  are, respectively, the number of electrons (2 in this case), the Faraday 

constant, the projected electrode surface area, and the surface concentration of the active Ni-SI:H2 

state. The limiting catalytic current (ilim) is given by Eqs. (2) and (3) similar to the Michaelis-Menten 
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equation  
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ΓnFAki

+
=       (2) 

while totalΓ  is the total surface concentration of the effective HmMBH given by 

  R-NiC-NiSI-NiH:SI-Nitotal 2
ΓΓΓΓΓ +++=     (3) 

where MK , 
2Hc , SI-NiΓ , C-NiΓ , and R-NiΓ  are, respectively, the Michaelis constant, the 

concentration of dissolved H2, and the surface concentrations of the Ni-SI, Ni-C and Ni-R states. The 

Nernstian distribution of the Ni-SI, Ni-C, and Ni-R states (Eqs. (4) and (5)) and the distribution ratio 

of Ni-SI and Ni-SI:H2 complex (Eq. (6)) are given as follows: 
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Scheme 2 
The reaction scheme of the H2 oxidation catalytic cycle for Nernst analysis. MK , catk , 

SI-C/Ni-Ni'°E , and C-R/Ni-Ni'°E  are, respectively, the Michaelis constant for H2, the catalytic 
constant, the formal redox potentials of Ni-C/Ni-SI and Ni-R/Ni-C redox couples. 
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where R, T, E, SI-C/Ni-Ni'°E , and C-R/Ni-Ni'°E  are, respectively, the gas constant, the absolute 

temperature, the electrode potential, and the formal redox potentials of the Ni-C/Ni-SI and Ni-R/Ni-C 

redox couples. Therefore, the normalized steady-state catalytic current ( imcat lii ) can be expressed 

by: 
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   (7) 

A normalized Faradaic voltammogram is given in Fig. 2 as open circles by pre-subtracting the charging 

current from the voltammogram (Fig. 1, forward scan, v = 5 mV s–1) and normalizing the current with 
ilim. Eq. (7) was fitted to the data with SI-C/Ni-Ni'°E  and C-R/Ni-Ni'°E  as the adjustable parameters by 

using a non-linear regression program Gnuplot®. The regression yielded the result that 
mV 1364' SI-C/Ni-Ni ±−=°E  and that mV 9466' C-R/Ni-Ni ±−=°E , and the regression curve is 

given in Fig. 2 as a solid line. The similar analysis was performed for the other voltammograms 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 
Nernst analysis on the HmMBH-catalyzed H2 oxidation current. Background-pre-
subtracted and normalized voltammograms (forward scan of CV in Figure 1, 

1s mV 5 −=v ) were shown in open circles. The solid curve was evaluated by a non-linear 
regression analysis based on Eq. (7). 
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measured at various pHs (5–7), and the results are collected in Fig. 3. This is the first report on the 

Nernst analysis of the sigmoidal part in the catalytic wave of hydrogenases.  

 The redox potentials of O2-tolerant [NiFe]-hydrogenase from A. aeolicus were reported in 

the literature [42]. At pH 6, C-R/Ni-Ni'°E  of HmMBH (= −510 ± 20 mV vs. Ag|AgCl|sat. KCl) is 

similar to that of [NiFe]-hydrogenase from A. aeolicus (= −489 mV). On the other hand, SI-C/Ni-Ni'°E  

of HmMBH (= −381 ±1 mV) is different from that of [NiFe]-hydrogenase from A. aeolicus (−421 

mV ). The discrepancy is due to the difference in the models used for the analysis. Note that the author 

has simply analyzed the voltammograms with Nernst equation on a new model of two-step electron 

transfer without interfacial electron transfer kinetic contribution, but by considering the H2-binding.  

 

3.3 Pourbaix diagram of the Ni-SI, Ni-C, and Ni-R 

 

 The closed triangles in Fig. 3 indicate the half-wave potential in the sigmoidal response (Fig. 

2). The pH dependence seems to be about −30 mV/pH as a whole. This suggests that number of the 

proton (m) in the overall 2e– transfer is one as judged from the theoretical value 2.303(RT/F)(m/n) (n 

being the number of electron of the total process, n = 2 in this case). However, as shown in Fig. 3, both 

of SI-C/Ni-Ni'°E  and C-R/Ni-Ni'°E depend on pH. Therefore, the author has to consider the pH 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 
Pourbaix diagrams of Ni-C/Ni-SI (open circles) and Ni-R/Ni-C (open triangles) redox 
couples. The solid line was generated by linearization of the regression curve based on 
Eq. (8) with slopes of 2.303(RT/F)(m/n) (m = 0 or 1, n = 1 in this case) by considering the 
acid dissociations of the Ni-SI and Ni-C states. The dotted line was generated by 
linearization of the regression curve based on Eq. (9) with slopes of the theoretical values 
of 2.303(RT/F)(m/n) (m = 0 or 1, n = 1 in this case) by considering the acid dissociations 
of the Ni-C and Ni-R states. The error bars are given as the asymptotic standard error 
obtained by the non-linear regression analysis of the voltammograms (see Fig. 2). The 
closed triangles indicate the half-wave potential in the sigmoidal response (see Fig. 2) 
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dependence of SI-C/Ni-Ni'°E  and C-R/Ni-Ni'°E  as a combination of lines with slopes of −60 mV/pH and 

0 mV/pH (m =1 or 0, n = 1). This means that the two one-electron transfer processes are coupled with 

the acid dissociation of the Ni-SI, Ni-C and Ni-R states. Since the Ni-C state is involved in both of the 

redox couples, the acid dissociation constant of the Ni-C state affects both of the formal redox potential 

of the Ni-C/Ni-SI and Ni-R/Ni-C redox couples. For this reason, the author first analyzed the Ni-C/Ni-

SI redox couple. As judged from Fig. 3 (open circle), it is reasonable to assume that at least two acid 

dissociations for the Ni-SI state and one acid dissociation for the Ni-C state are involved in the electron 

transfer. Under the assumption, the pH dependence of the formal redox potential of the Ni-C/Ni-SI 

redox couple ( app SI,-C/Ni-Ni'°E ) is expressed by 

 
( )
( ) 1pp2pHppH

ppH
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++−
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=°
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−
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where iK S a,p  is the ith dissociation constant for the state S (S = Ni-SI, Ni-C, or Ni-R). Eq. (8) was 

fitted to the app SI,-C/Ni-Ni'°E  vs. pH profile evaluated by the non-linear regression analysis of the 

steady-state catalytic voltammograms with three dissociation constants (
1C-Ni a,pK , 

1SI-Ni a,pK  and 

2SI-Ni a,pK ) and C1 as the adjustable parameters. The data are well reproduced by Eq. (8), as shown in 

Fig. 3. The refined parameters are: 0.1  0.6p
1C-Ni a, ±=K , 0.1  1.5p

1SI-Ni a, ±=K  and 

0.1  9.6p
2SI-Ni a, ±=K . 

 Similar analysis was performed to the formal potential of the Ni-R/Ni-C redox couple 

( app C,-R/Ni-Ni'°E ). As judged from Fig. 3 (open triangle), the author may assume that at least one acid 

dissociation for the Ni-C state and two acid dissociations for the Ni-R state are involved in the electron 
transfer. The corresponding equation of the pH dependence of app C,-R/Ni-Ni'°E  is given by: 
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pp2pHppH

app C,-R/Ni-Ni
pH101log
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++
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 (9) 

Since 
1C-Ni a,pK  can be set as 6.0 as evaluated in the analysis of app SI,-C/Ni-Ni'°E , 

1R-Ni a,pK , and 

2R-Ni a,pK  values were evaluated by non-linear regression analysis to get about 5.6 and 6.5, 

respectively.  
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 Since the electron density of the amino acid residues around the [NiFe]-active site will 

increase with the reduction proceeds, the apK  of the given site should increase on the reduction. 

Therefore, the author may assign 
1SI-Ni a,pK , 

1C-Ni a,pK , and 
2R-Ni a,pK  to one identical amino acid 

residue. In contrast, 
2SI-Ni a,pK  and 

1R-Ni a,pK  seem to be assigned to different amino acid residues, 

respectively. Although it is difficult to clearly distinguish and assign them at this stage, one of possible 

candidates of the amino acid residue around the [NiFe]-active site is the Cys residues coordinating to 

the Ni or Fe atoms [49]. This is the first report on the Pourbaix diagram of the Ni-SI, Ni-C, and Ni-R 

states based on the thermodynamic theory. 

 

3.4 Kinetic analysis on the oxidative inactivation 

 

 As described in Introduction, the author has performed kinetic analysis on the oxidative 

inactivation of HmMBH adsorbed on Au electrode and meso-porous carbon electrode (Ketjen Black 

is used as an electrode material) [41]. In this study, the author performed the same analysis on HmMBH 

chemically immobilized on Au electrode. HmMBHs on the Au electrode were bound with each other 

through amide-linkage. According to a previous study [41], the author assumed a reversible (two-way) 

first-order reaction between the active (Ni-SI) and inactive (Ni-B) states of the enzyme with two rate 

constants (kI and kA), as shown in Scheme 1, kI and kA being the apparent rate constants of inactivation 

and reactivation, respectively. The initial potential (E1) was set at −0.2 V, where the oxidative 

inactivation does not occur (or can be ignored) at pH 6 and the maximum catalytic current (i0) was 

defined. After the potential was stepped at t = 0 to a given potential (E2), at which the oxidative 

inactivation proceeds. The open circles in Fig. 4 indicate a CA of the H2 oxidation current at the 

chemically immobilized HmMBH-modified Au electrode at E2 = –0.02 V. The data just after the 

potential step involve the charging current and then were eliminated from the present analysis. As 

shown in previous studies [40-42], the decay of the catalytic current is given by 

 ( )[ ]








+
++−

+
=

AI

A
AI

AI

I
0cat exp)(

kk
ktkk

kk
kiti     (10) 

Eq. (10) was fitted to the data in Fig. 4 with i0, kI, and kA as the adjustable parameters by using 

Gnuplot®. The regression curve is shown in Fig. 4 as a solid curve. The similar analysis was conducted 

at several E2 values, and the potential dependence of kI and kA is given in Fig. 5 as triangles. The open 

circles correspond to the results obtained at HmMBH-adsorbed Au electrode.  

Comparing the results of two HmMBH-modified Au electrodes, the evaluated values of kI 

are independent of the electrode potential (E). The fact indicates that the r.d.s. of the inactivation is 
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non-electron transfer chemical process. In addition, the chemical immobilization decreases the rate 

constant of the chemical process. Similar decrease in kI was observed by adsorption of HmMBH on 

meso-porous material [41]. The chemical immobilization as well as adsorption on meso-porous 

material seems to cause the deceleration of the hydroxide ligand coordination to the [NiFe]-active site 

(the coordination of water on it and the succeeding deprotonation). The incorporation of water or the 

some kind of conformational changes seems to be the r.d.s. in the hydroxide ligand coordination. As 

to the latter reaction, the possible rate-determining chemical reaction seems to be the conformational 

change around the [NiFe]-active site. On the other hand, it is known that the unique proximal [FeS]-

cluster of the O2-tolerant hydrogenase changes to the superoxidation state on the attack of O2 to 

overcome the irreversible inactivation (formation of the Ni-A state) and to form the Ni-B state [11]. 

Therefore, the rate-determining chemical process may be also related to the conformational change 

around the [FeS]-clusters. 

 In contrast, the logarithmic values of kA decrease linearly with an increase in E and reach a 

corresponding limiting value at high potentials ( V 05.0>E ). The kA values in the exponential 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 
CA of the chemically immobilized HmMBH-adsorbed Au electrode at −0.02 V under H2-
atmospheric conditions. The measurements were carried out in 100 mM phosphate buffer 
(pH 6) at 40 ± 2 °C. The solid curve was evaluated by a non-linear regression analysis 
based on Eq. (10). The best fit was obtained with the parameters: μA 35.00 =i , 

1
I s 11.0 −=k  and 1

A s 057.0 −=k . 
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dependence against E (–0.12 V < E < –0.05 V) are not affected by the chemical immobilization. The 

author can say that the r.d.s. of the reactivation is one-electron reduction of the Ni(III) atom in the Ni-

B state. 

 Concerning the dependence of kI and kA on the electrode potential, similar discussion has 

been demonstrated for O2-tolerant [NiFe]-hydrogenase from A. aeolicus [42]. For instance, kI and kA 

of the [NiFe]-hydrogenase are, respectively, around 0.002 s−1 and 0.02s−1 at E = 0.1 V vs. SHE (–0.1 

V vs. Ag|AgCl|sat. KCl) (note that the experience was carried out at pH 6, 1 atm H2, and 40 °C). 

Consequently, the author can say that kI (= 0.14 s−1) and kA (= 0.16 s−1) of HmMBH at E = −0.1V (vs. 

Ag|AgCl|sat. KCl) shown in Fig. 5 are much larger than those of [NiFe]-hydrogenase from A. aeolicus. 

However, the author cannot elucidate the differences at this stage. 

As discussed in the above paragraphs, the oxidative inactivation is composed of two 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5 
The potential dependence of the apparent rate constants of the inactivation (panel A) and 
the reactivation (panel B). The open circles and triangles correspond to the results 
obtained at HmMBH-adsorbed Au electrode and chemically immobilized HmMBH-
adsorbed Au electrode, respectively. The data for the HmMBH-adsorbed Au electrode 
are almost identical with those in Fig. 4 in Ref. 41. The error bars were evaluated by the 
Student t-distribution at 90% confidence level. 
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processes: the electron transfer process (one-electron oxidation of the Ni atom) and non-electron 

transfer chemical process (coordination of hydroxide ligand on the [NiFe]-active site). Consequently, 

kI and kA can be expressed by Eqs. (11) to (14) 

 
chem I,elec I,I

1
)(

11
kEkk

+=       (11) 

 )V 2.0( chem I,I −>≈ Ekk       (12) 

  
chem A,elec A,A

1
)(

11
kEkk

+=       (13) 

 )V 2.0V 02.0( )(elec A,A −>>−≈ EEkk      

 (14) 
where )(elec I, Ek , chem I,k , )(elec A, Ek , and chem A,k  are the rate constants of the electron transfer 

reaction and the chemical (non-electron transfer) reaction of the inactivation or reactivation, 

respectively.  

 Here, the author assumes a model reaction, as shown in Scheme 3. The parameters k1 and k–

1 are, respectively, the forward and backward rate constants of the H2-binding, and are defined as  

 
1

1
M k

kK −=        (15) 

According to our competitive inhibition-like model (Scheme 3), the parameters k2 and k–2 are, 

respectively, the true rate constants of the inactivation and reactivation, and are defined as [41] 
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Here, the author can reasonably assume that the true rate constant of the electrochemical oxidation of 

Ni-SI (k2,elec) is equal to that of the reduction of Ni-B (k–2,elec) at the formal potential of the oxidative 

inactivation ( B-SI/Ni-Ni'°E ) Therefore, 
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However, it is difficult to evaluate the value of B-SI/Ni-Ni'°E , since the author cannot get )(elec I, Ek  
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at this stage. According to the definition of switchE  [46] (see also Introduction), switchE  is evaluated 

as –0.12 V in our case, as judged from the CV at v = 5 mV s–1 in Fig. 1. The value of log kA in Fig. 5 

(B) is extrapolated to about –0.7 at –0.12 V. When the author uses 0.57 mM for MK  in the case of 

HmMBH and 0.74 mM for the saturated 2Hc  at 40 °C [45], log kI,elec can be estimated to be about –

1.0 at –0.12 V by using Eqs. (14) and (18). This value is much smaller than that of log kI (≈ –0.85) at 

–0.12 V (Fig. 5 (A)). The situation does not satisfy Eq. (12) (note that the r.d.s. of the inactivation is 

the non-electron transfer chemical process). To satisfy Eq. (12), elec I,k should be much larger than 

chem I,k . Such situation will be realized at more negative potentials than –0.12 V (= switchE ). For 

example, log kA in Fig. 5 (B) is extrapolated to about –0.2 at –0.2 V, and then log kI,elec should be about 
–0.5 at –0.2 V by using Eq. (18). This situation can satisfy Eq. (12) and B-SI/Ni-Ni'°E  will locate 

around –0.2 V. In conclusion, B-SI/Ni-Ni'°E is more negative than switchE . This conclusion is in 

consistence with that in the literature [40] 

 

3.5 Digital simulation of bioelectrocatalytic CVs with HmMBH  

 

 As mentioned in Introduction, it is reasonable to consider the oxidative inactivation as a 

competitive inhibition-like reaction. HmMBH adsorbed on the electrode has several states affected by, 

for instance, the electrode potential and the substrate concentration. Under such conditions, the shape 

of bioelectrocatalytic CVs with adsorbed HmMBH results in the complicated one, as shown in Fig. 1 

(solid line). On the other hand, Léger’s group simulated the CVs of [NiFe]-hydrogenase from A. 

aeolicus on the dispersion model with apparent rate constants of the inactivation and reactivation [42]. 
Since the author has evaluated the thermodynamic property of the catalytic cycle ( app SI,-C/Ni-Ni'°E  and 

app C,-R/Ni-Ni'°E ) and the true kinetic property of the reversible inactivation ( 2k  and 2-k ) in the above 

sections, the author attempted to simulate the CV based on the above analysis. The parameters 3k , 

3−k , 4k  and 4−k  in Scheme 3 are, respectively, the electrode reaction rate constants of Ni-C/Ni-SI 

and Ni-R/Ni-C redox couples, and are expressed by Butler-Volmer equation (by assuming the transfer 

coefficient as 0.5) as: 
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 Since the interfacial electron transfer process of the favorably oriented HmMBH is 

reversible (Nernst response) as mentioned in section 3.1, the author assumed the very fast electron 

transfer by tentatively setting the standard rate constant ( °k ) as 10000 s−1. Furthermore, the author 

also tentatively set 1−k  as 100 s−1, which is much larger than the value of ck  to achieve the rapid 

equilibrium in the H2-binding reaction to the Ni-SI state. Note that the value of kcat is tentatively set to 

satisfy that catkk >>° , because the current is simply proportional to kcatΓ. In other words, here, the 

author only focused on the shape of CVs in this simulation. Concerning the 2k  and 2−k , the author 

estimated the values from the analytical results (Fig. 5). 185.0
I s 10 −−=k  calculated from Fig. 5 (A), 

 
 
 
 
 
 
 
 
 
 

 
Scheme 3 
The reaction scheme of the catalytic H2 oxidation for digital simulation. 1k , 1−k , 2k , 

2−k , 3k , 3−k , 4k , 4−k  and catk  are, respectively, the forward and backward rate 
constants of the H2-binding, the true rate constants of inactivation and reactivation, the 
electrode reaction rate constants of Ni-C/Ni-SI and Ni-R/Ni-C redox couples and the 
catalytic constant. 

H2

Ni-SI Ni-C Ni-R

Ni-SI:H2
catk

4k
4−k

3k
3−k

2k
2−k

Ni-B

1k1−k



 Chapter 2, 2-4  

106 
 

and 16.18
A s 10 −−−= Ek  calculated from the linear range of Fig. 5 (B) (−0.11 to −0.08 V).  

 Under the aforementioned conditions, the author simulated the H2 oxidation of the DET-

type bioelectrocatalysis with adsorbed HmMBH at pH 6. Simulated CVs (from −0.6 to 0 V) with 

several scan rates are shown in Fig. 6. The simulated CVs can well reproduce the experimental CVs. 

The scan rate-independent sigmoidal increase in the catalytic wave (of which the characteristics show 

that k° is high enough to realize Nernst response) and the hysteresis in the reversible oxidative 

inactivation are well reproduced, although the “residual slope” after the sigmoidal increase was 

ignored in the present analysis. In addition, the reductive reactivation is notable at 1s mV 5 −=v . The 
results support the validity of the present analysis of the thermodynamics of the catalytic cycle and the 

kinetics of the oxidative inactivation in DET-type bioelectrocatalysis with adsorbed HmMBH.  

 The author also examined effects of the H2-concentrarion on the shapes of CVs. The 

simulated CVs with several H2-concentraitons are shown in Fig. 7. The author can predict that the 

increase in the H2-concentration is effective for avoiding the oxidative inactivation. As mentioned in 

Introduction, the author has already shown that the gas-diffusion-type electrode is effective for 

avoiding the inactivation. The maximum concentration evaluated here is 47.4 mM, which is almost as 

same as that of the H2 gas (by assuming the H2 gas as an ideal gas). Although it is very difficult to 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6 
Simulated CVs of the HmMBH-adsorbed electrode under H2-saturated conditions. The 
scan rates were 5 – 100 mV s−1 from bottom to top (grey to black). The parameters were 
estimated from the results measured at pH 6. 
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define the H2-concentration around the enzyme in the gas-diffusion-type electrode, the simulated CVs 

(Fig. 7) will be great help for further understanding in the electrochemical phenomena near and on the 

electrode surface.  

 

4. Conclusions 

 

 Nernst analysis has been successfully performed for the CVs of HmMBH-catalyzed H2 

oxidation by considering the situations that it proceeds in a two-step one-electron transfer mechanism 

and that the substrate-enzyme complex (Ni-SI:H2) is assumed as in the steady-state enzyme kinetics. 

The results have shown that at least three acid dissociation reactions around the [NiFe]-active site are 

involved in the catalytic cycle. In addition, the author has discussed the kinetics of the oxidative 

inactivation. Based on the kinetic analysis, it can be concluded that the inactivation rate constant is 

independent of E , whereas the reactivation is dependent on E . The rate-determining and potential-
independent inactivation process seems to be the hydroxide ligand coordination to the [NiFe]-active 

site. The author has shown that the electrode potential (or solution potential) and the H2-concentration 

near the enzyme strongly affects the inactivation kinetics, and that the inactivation rate constant can 

be reduced by restricting the enzyme movement by chemical immobilization on planer electrodes as 

well as physical adsorption on porous electrodes. This means that since the reactivation rate constant 

is almost independent of the atmosphere around the enzyme, the inhibition constant can be decreased 

by restricting the enzyme movement, which is very useful in application of this enzyme to 

bioelectrochemical devices [24-26,41]. The author has also given some thermodynamic discussions 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7 
Effects of the H2-concentration on simulated CVs of the HmMBH-adsorbed electrode. 
The scan rate is 10 mV s−1. The H2-concentrations are 0.37, 0.74, 1.48, 2.96, 5.92, 11.8, 
23.7, and 47.4 mM from bottom to top (grey to black). The important parameters used 
are those estimated in this work. 
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on the oxidative inactivation at the present stage. Furthermore, by utilizing the resultant 

thermodynamic and kinetic parameters, the author has successfully simulated the bioelectrocatalytic 

CVs at HmMBH-adsorbed electrode. Finally, the author has also shown that the increase in the H2-

concentration is effective for avoiding the oxidative inactivation.  

 

5. Appendix  

Theory of steady-state wave catalyzed by randomly oriented sphere enzymes with one-step 

electron transfer site 

 

The enzyme adsorbed on the electrode is simplified as a sphere. A polar coordinate system 

(r, θ, φ) is introduced with the coordinate origin at the center of the enzyme (Fig. A1) in a way similar 

to that of the literature [18]. The rotation axes of θ and φ are arranged parallel and vertical to the 

electrode, respectively. Probability distribution with respect to the presence of the active site on the 

polar coordinate system is defined as the probability density function f. When the enzyme is randomly 

adsorbed in the range of 0 ≤ θ ≤ θ′ and 0 ≤ φ ≤ 2π, f is written as follows. 
( ) ( )
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where r0, δ(r – r0), and ζ(θ′) are, respectively, the distance between the center of the enzyme and the 

active site, Dirac delta function, and the unstandardized distribution function about θ. ζ( θ′ ) is equal 

to 1 in 0 ≤ θ ≤ θ′ and is equal to 0 in θ ≤ θ′. The denominator of the right side of Eq. (A.1) is 

normalization constant derived from the stochastic convergence.  

In addition, the catalytic steady-state current (is) caused by the DET-type bioelectrocatalysis 

is written as Eq. (A.2) [50,51].     
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where islim, kf, and kb are, respectively, the catalytic current under kinetically-controlled limiting current 

conditions (without substrate concentration polarization), and forward and backward rate constants for 

the electrode reaction. kf and kb can be expressed with Butler-Volmer equations as follows, 
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where kº, E°', n'E, and α are, respectively, the standard rate constant for the electrode reaction, the 



 Chapter 2, 2-4  

109 
 

formal redox potential of the enzyme, the number of electrons, and the transfer coefficient. 

Here, the author considers the steady-state catalytic current caused by the enzymes which 

are randomly adsorbed (isr) in the range of 0 ≤ θ ≤ θ′. DET-type bioelectrocatalytic current with the 

enzyme at a certain situation (r1, θ1, φ1) can be expressed by the product of is(r1, θ1, φ1) and f(r1, θ1, 

φ1). Therefore, isr is equal to the integral value of isf in the total space, according to Eq. (A.5). 

∫∫∫∫V rfriVfii φθθ dddsind sssr ==    (A.5) 

In order to solve Eq. (A.5), the dependence of r, θ and φ on is is needed. The author defines d as the 

increase in the distance between the active site and the electrode in accordance with the change in θ. 

It is known that the long electron transfer rate constant decreases exponentially on the distance 

between electron donor and acceptor. The relation between kº and d can be expressed by Eq. (A.6). 

( )dβkk −°=° expmax      (A.6) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure A1 
(A) Illustration of the spherical enzyme adsorbed on the electrode. 
(B) Sectional view of the adsorbed enzyme on the electrode across the φ axis. 
Student t-distribution at 90% confidence level. 
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where kºmax is kº at a distance of the closest approach and the β is a decay constant. In our model (Fig. 

A1), d can be expressed with r0 and θ as follows, 

( )θrd cos10 −=       (A.7) 

Substitution of Eqs. (A.3, A.4, A.6, A.7) for Eq. (A.2) elucidates the dependences of r, θ and φ on is. 

Integration in Eq. (A.5) gives the following equation,  
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(A.8) 

Assuming the parameters: 𝑟𝑟0 = 3 nm , 𝜃𝜃′ =  𝜋𝜋 , 𝑛𝑛′E = 1 , 𝛼𝛼 = 0.5 , 𝛽𝛽 = 14 nm−1 , and 𝐸𝐸°′E =

 −0.3 V, the author can consider the dependence of 𝑘𝑘°max 𝑘𝑘c⁄  on the voltammograms (Fig. A2). In 

addition, the author also divided the current contributions from the enzymes in the range of 0 ≤ θ′ ≤ 

π 4⁄  (as the favorably oriented enzymes) and π 4⁄  ≤ θ′ ≤ π (as the unfavorably oriented enzymes) on 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure A2 
Dependence of 𝑘𝑘°max 𝑘𝑘c⁄  on the voltammograms calculated with Eq. (A.8). The 
parameters are: 𝑟𝑟0 = 3 nm , 𝜃𝜃′ = 𝜋𝜋 , 𝑛𝑛′E = 1 , 𝛼𝛼 = 0.5 , 𝛽𝛽 = 14 nm−1 , and 𝐸𝐸°′E =
 −0.3 V. 
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the voltammograms (broken line and dotted line, respectively, shown in Fig. A3). 
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Chapter 3 
Development of Dual Gas Diffusion-Type Biofuel Cells  

 
3-1. Direct electron transfer-type dual gas diffusion H2/O2 biofuel cells 

 

Abstract 

H2/O2 biofuel cells utilizing hydrogenases and multicopper oxidases as bioelectrocatalysts are clean, 

sustainable, and environmentally friendly power devices. In this study, the author constructed a novel 

gas diffusion bioelectrode with a sheet of waterproof carbon cloth as the electrode base and optimized 

the hydrophilicity/hydrophobicity of the electrode for both high gas permeability and high direct 

electron transfer bioelectrocatalytic activity. The electrode exhibited a large current density of about 

10 mA cm−2 in the steady state for both H2 oxidation and O2 reduction. The biocathode and the 

bioanode were coupled to construct a gas diffusion H2/O2 biofuel cell. The dual gas diffusion system 

allowed the separate supply of gaseous substrates (H2 and O2) to the bioanode and biocathode, with 

consequent suppression of the oxidative inhibition of the hydrogenases. The cell exhibited a maximum 

power density of 8.4 mW cm−2 at a cell voltage of 0.7 V under quiescent conditions.  

 

1. Introduction 

 

Biofuel cells are energy conversion systems in which enzymes are utilized as biocatalysts.1-

8 Due to the characteristics of the enzyme reaction, the power device can operate under very mild and 

safe conditions, e.g., at neutral pH, room temperature, and atmospheric pressure.1-8 Moreover, the 

active sites in enzymes consist of nonprecious metals (e.g., Cu, Ni, Fe, Mo, and W) or organic 

compounds (e.g., nicotinamide adenine dinucleotide, flavin adenine dinucleotide, and quinones).7-11 

Although conventional polymer electrolyte H2/O2 fuel cells are known as clean and efficient energy 

conversion devices, they usually require Pt catalysts, which are expensive.12-14 By utilizing 

hydrogenases11,15,16 and multicopper oxidases (MCOs)10 as catalysts for H2 oxidation and O2 reduction, 

respectively, a sustainable and environmentally friendly H2/O2 biofuel cell may be constructed.2,6,17-25 

Bioelectrocatalysis, in which an enzyme reaction and an electrode reaction is coupled, is a 

key process for biofuel cells.1-8 The reaction is classified into two types: mediated electron transfer 

(MET) and direct electron transfer (DET). In the MET-type system, an artificial redox mediator 

shuttles electrons between an electrode and an enzyme. Regarding performance of biofuel cells, 

mediators can minimize the kinetic barrier in the electron transfer between redox enzymes and 

electrodes. However, this often incurs a thermodynamic loss in order to create a driving force for the 
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electron transfer between an enzyme and an electrode, and thus often decreases the operating potential 

of biofuel cells.1-8 

Conversely, in DET-type systems, an enzyme directly communicates with an electrode. This 

makes it possible to construct a compact and simple biofuel cell and to minimize the thermodynamic 

loss in the electron transfer between an enzyme and an electrode.1-8 Hydrogenase,11,15 fructose 

dehydrogenase (FDH),26,27 glucose dehydrogenase,28 and cellobiose dehydrogenase29,30 are known to 

be enzymes capable of DET-type bioelectrocatalysis at bioanodes, and MCOs including bilirubin 

oxidase (BOD),31-33 laccase,34,35 and Cu efflux oxidase36,37 are known to be DET-type enzymes for 

biocathodes. However, there are two major problems with DET-type biofuel cells: 1) Only a limited 

number of enzymes are suitable for DET-type bioelectrocatalysis; and 2) interfacial electron transfer 

kinetics between an enzyme and an electrode often becomes a kinetic bottleneck inducing large 

overpotentials.4,38-42 Since the interfacial electron transfer rate constant decreases exponentially with 

an increase in the tunneling distance between the active site of an enzyme and an electrode43,44, the 

orientation of an adsorbed enzyme is one of the most important factors in controlling the interfacial 

electron transfer kinetics.4,38-42 Several approaches to realizing favorable enzyme orientation have 

been proposed, such as genomic enzyme modification,45,46 electrode modification,42,47-58 and screening 

of suitable electrode materials.59-62 

Generally, MCOs have four Cu atoms as active sites (labeled as types I, II, and III based on 

their spectroscopic and magnetic properties).10 Type I Cu and type II-III Cu clusters are known as the 

electron-accepting site and the catalytic site for 4e− reduction of O2, respectively.10,63,64 Among the 

MCOs, BOD is a promising enzyme for DET-type biocathodes.31-33 BOD has high bioelectrocatalytic-

activity even at neutral pH, and its formal potential (E°’E = 0.46V vs. Ag|AgCl|sat. KCl at pH 7) is 

relatively close to that of the 2H2O/O2 redox couple (E°’O = 0.62 V vs. Ag|AgCl|sat. KCl at pH 7).65 

The modification of electrodes and utilization of compatible electrode materials have been reported as 

effective methods to improve the interfacial electron transfer of BODs.42,54-58,60,61 These methods 

include covalent modification by diazonium coupling54 or oxidation of amines,42 physical adsorption 

of bilirubin55-57 or other aromatic compounds,58 and utilization of functionalized carbon nanotubes 

(CNTs) such as pyrene-functionalized CNTs60 and water-soluble CNTs with lengths of 1–4 μm.61 

O2-tolerant and O2-sensitive [NiFe]-hydrogenases are often utilized for DET-type 

bioanodes.2,6,17-25 In H2 oxidation, H2 binding to the Ni-SI state (active silent state) is the first step, and 

subsequently the catalytic cycle proceeds to the Ni-R (H2-reduced state), Ni-C (one-electron-oxidized 

state of Ni-R), and Ni-SI states in turn.11,15,16 In the presence of O2, however, [NiFe]-hydrogenases 

become inactive.11,15,16 Ni-A state (also termed the “unready” or irreversible inactive state) and Ni-B 

state (also termed the “ready” or reversible inactive state) have been reported.11,15,16 The Ni-A state 

seems to be produced by one-electron oxidation of the Ni-SI state, in which a peroxide ligand is 

thought to coordinate to the Ni atom in the bridging position with respect to Fe(II).11,15,16 However, 
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there has been much debate concerning the oxygenation of sulfur atoms near the active site in recent 

literature.66 The Ni-B state is also produced by one-electron oxidation of the Ni-SI state, in which, in 

contrast to the Ni-A state, a hydroxide ligand is coordinated to the Ni atom in the bridging position 

with respect to Fe(II).11,15,16 The O2-tolerant mechanism has been considered due to the presence of a 

unique [FeS]-cluster close to the active site (i.e., a [4Fe-3S]-cluster coordinated by six Cys residues 

rather than a [4Fe-4S]-cluster coordinated by four Cys residues, as in other [NiFe]-hydrogenases) that 

transfers two electrons rapidly to the active site when the hydrogenase is attacked by O2.67-70 This 

property seems to enable O2-tolerant [NiFe]-hydrogenases to form the Ni-B inactive state only under 

oxidative conditions.11,39,71 Conversely, O2-sensitive [NiFe]-hydrogenases form both of the inactive 

states (Ni-A and Ni-B states) under oxidative conditions.11,15,16 

With regard to DET-type bioelectrocatalysis of hydrogenases, O2-tolerant [NiFe]-

hydrogenase72-75 is specialized to H2 oxidation and needs an overpotential for bioelectrochemical H2-

oxidation. Conversely, O2-sensitive [NiFe]-hydrogenase76,77 can realize a reversible and bidirectional 

catalytic reaction (H2 oxidation and H+ reduction), and the zero-current potential of the electrode is 

almost identical to the equilibrium potential of the H2/2H+ couple.39 

Generally, electrode potentials that are high compared with the formal potential of the 

enzymes are required for bioanodes to achieve high-speed and enzyme-kinetics-controlled DET-type 

bioelectrocatalysis.78 However, [NiFe]-hydrogenases suffer from high oxidative stress at such high 

potentials and inactive states (Ni-A and Ni-B states) are produced. This phenomena is called oxidative 

inactivation,41,79-81 and causes power decay in H2/O2 biofuel cells. Schuhmann et al. and Lubitz et al. 

have proposed a new strategy to protect hydrogenases against oxidative inactivation in MET-type 

systems using a specifically designed viologen-based redox hydrogel.82 Electron transfer between the 

polymer-bound viologen moieties controls the potential near the active site of the hydrogenase, and 

thus the redox hydrogel insulates the enzyme from excessive oxidative stress.82 

Combining a MCO-adsorbed biocathode and [NiFe]-hydrogenase-adsorbed bioanode, we 

can construct a DET-type H2/O2 biofuel cell.2,6,17-25 The low solubility of the gaseous substrates (H2 

and O2) frequently causes a power decline. To solve this problem, a gas diffusion electrode that can 

supply a gaseous substrate to an enzyme from the gas phase has been proposed.25,56,80,83-87 In addition, 

the gas diffusion electrode can maintain high substrate concentrations near the active enzyme on the 

electrode. This system is also useful for avoiding the aforementioned oxidative inactivation of [NiFe]-

hydrogenases, since the inactivation is thought to compete with H2 binding to the Ni-SI state.80,85 

Furthermore, the gas diffusion electrode allows independent supply of gaseous substrates to the 

bioanode and the biocathode, thus avoiding the risk of explosion on mixing of H2 with and O2, as 

reported in the literature.19 

In this study, the author investigated waterproof carbon material as an electrode base in order 

to realize high gas permeability and created a new type of gas diffusion electrode. BOD and two kinds 
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of [NiFe]-hydrogenases (O2-tolerant and O2-resistant) were used to modify the electrode, and the 

resulting electrochemical properties were assessed. Finally, the author constructed a DET-type dual 

gas diffusion H2/O2 biofuel cell system, which is the first example of such in the field of biofuel cells.  

 

2. Experimental 

 

2.1 Chemicals 

 

Waterproof carbon cloth (WPCC, EC-CC1-060T) was purchased from Toyo Corp., (Japan), 

and Ketjen black EC300J (KB) was kindly donated by Lion Corp., (Japan). Poly(1,1,2,2-

tetrafluoroethylene) (PTFE, 6-J) fine powder was purchased from DuPont-Mitsui Fluorochemicals 

Co., Ltd., (Japan). Bilirubin was purchased from Wako Pure Chemical (Japan) and was dissolved in 

30 mM NaOH aqueous solution. BOD (EC 1.3.3.5) from Myrothecium verrucaria was donated by 

Amano Enzyme Inc. (Japan) and used without further purification. O2-tolerant membrane-bound 

[NiFe]-hydrogenase from Hydrogenovibrio marinus (HmMBH) and O2-sensitive [NiFe]-hydrogenase 

from Desulfovibrio vulgaris Miyazaki F (DvMF) were purified according to the literature.75,88 All 

other chemicals used in this study were of analytical grade unless otherwise specified, and all aqueous 

solutions were prepared with distilled water. 

 

2.2 Electrode preparation 

 

The gas diffusion electrode was prepared as follows: KB powder (40 mg) was mixed with 

PTFE and homogenized in 3.5 mL of 2-propanol for 3 min at 0 °C to prepare a KB slurry. Then, about 

1.0 mL of the KB slurry was applied to one side of a 1.4 cm2 piece of WPCC and dried. This electrode 

is termed KB/PTFE/WPCC. Bilirubin modification of KB/PTFE/WPCC was carried out according to 

the literature with minor modifications.56 Briefly, 0.3 mL of bilirubin solution (1 mM) was applied to 

a KB/PTFE/WPCC electrode, which was previously dried at 60 °C, and the surface was washed with 

10 mM phosphate buffer (pH 7) five times. The bilirubin-modified electrode is termed 

BL/KB/PTFE/WPCC.  

A 0.3 mL aliquot of BOD solution (20 mg mL−1) dissolved in 10 mM phosphate buffer (pH 

7) was applied to the surface of a KB/PTFE/WPCC electrode and a BL/KB/PTFE/WPCC electrode. 

A 0.3 mL aliquot of HmMBH solution (5 mg mL−1) dissolved in 10 mM phosphate buffer (pH 7, 

containing 0.2 M NaCl and 0.025% Triton X-100) was applied to a KB/PTFE/WPCC electrode, and 

0.3 mL of DvMF solution (5 mg mL−1) dissolved in 25 mM Tris-HCl buffer (pH 7.4) was applied to a 

further KB/PTFE/WPCC electrode. These electrodes were dried for 2 h under reduced pressure at 

room temperature. 
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2.3 Electrochemical measurements 

 

Cyclic voltammetry and chronoamperometry were carried out on BAS CV50W and ALS 

714C electrochemical analyzers, respectively. A handmade gas-diffusion-type electrolysis cell 

identical to that reported in a previous paper was used for the measurements.56 The projected surface 

area of the working electrode was set to 1.0 cm2. A Ti mesh served as a current collector. A Pt mesh 

and an Ag|AgCl|sat. KCl electrode were used as counter and reference electrodes, respectively. All 

potentials in this study are in reference to the reference electrode. The measurements were performed 

in 1.5 M citrate buffer (pH 5) at 40 °C under quiescent conditions, with O2 and H2 atmospheres at the 

biocathodes and bioanodes, respectively.  

 

2.4 DET-type biofuel cells 

 

Chronopotentiometry was carried out on an HA-151A (Hokuto Denko) electrochemical analyzer to 

evaluate the performance of the bioanode (DvMF-adsorbed KB/PTFE/WPCC) and the biocathode 

(BOD-adsorbed BL/KB/PTFE/WPCC). The aforementioned gas-diffusion-type electrolysis cell 

identical to that reported in a previous paper56 was used for the measurements. For practical application, 

it is normal to evaluate a cell performance using a one-compartment cell. However, complete 

separation of the H2 and O2 outlet gases was difficult in our experimental system. Thus, for safety, the 

author evaluated each of the single electrodes of the DET-type H2/O2 biofuel cell separately, but under 

the same conditions (except the flow gas, which was H2 for the bioanode and O2 for the biocathode). 

 

3. Results and discussion 

 

3.1 Optimization of KB/PTFE/WPCC with BOD 

 

Figure 1 shows cyclic voltammograms (CVs) for the BOD-adsorbed KB/PTFE/WPCC 

(black line) and the BOD-adsorbed BL/KB/PTFE/WPCC (gray line) under quiescent and O2 (solid 

lines) or Ar (dotted line) atmospheric conditions. The PTFE content was 50% (PTFE/PTFE+KB 

(wt%)) and the bilirubin concentration was 3 mM. The faradic waves are ascribed to O2 reduction due 

to DET-type bioelectrocatalysis with BOD, as described in the literature.32,42,54-58,60,61 The BOD-

adsorbed BL/KB/PTFE/WPCC exhibits a clear catalytic wave with sigmoidal shape compared with 

the BOD-adsorbed KB/PTFE/WPCC. Modification with bilirubin is an effective way to induce a 

favorable orientation of the BOD,55-57 and this characteristic indicates that the interfacial electron 

transfer between BOD and BL/KB/PTFE/WPCC is faster than that between BOD and 
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KB/PTFE/WPCC. In the case of KB/PTFE/WPCC, the most favorable BOD adsorption is realized by 

setting the bilirubin concentration to 3 mM (data not shown). 

 The inset of Fig. 1 shows a chronoamperogram (CA) at 0 V for the BOD-adsorbed 

KB/PTFE/WPCC. A steady-state catalytic reduction current at a current density of −25 mA cm−2 is 

obtained until about 15 s. However, the catalytic reduction current gradually decreases with time. 

Similar phenomena are observed even when the O2 gas is blown forcibly onto the surface of the 

electrode (data not shown). These results indicate that the current decrease is not caused by O2 

depletion near the electrode surface. In addition, repeated CAs (by setting the electrode to open-circuit 

for 5 min before the second and third measurements) exhibit similar results (data not shown). It should 

be noted here that the steady-state reduction current is return to the initial value in the first 

chronoamperometric experiment.  This indicates that the enzyme remains active for long time. The 

decrease in the current is most likely due to a slight change in balance of bio-three-phase balance that 

will be regulated by the electrode hydrophilicity/hydrophobicity and the H2O amount (including a 

balance of generation and vaporization of H2O). Since the reduction currents after 15 s in the CAs are 

controlled by the gas permeability, the author selected them as an index to optimize the PTFE content. 

The catalytic reduction current densities at the BOD-adsorbed KB/PTFE/WPCC with various PTFE 

contents are summarized in Fig. 2. The optimum PTFE content for the BOD-adsorbed 

KB/PTFE/WPCC is 50%, and the reduction current densities reach 26 ± 2 and 17 ± 3 mA cm−2 after 

15 and 60 s, respectively (note here that the errors in this study were evaluated by the Student t 

distribution at a 90% confidence level). The performance is much better than that previously reported 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 
CVs for BOD-adsorbed KB/PTFE/WPCC (black line) and BL/KB/PTFE/WPCC (gray line). 
The scan rate was 10 mV s−1. The inset shows CA for BOD-adsorbed KB/PTFE/WPCC. 
The electrode potential was 0 V. Measurements were carried out in 1.5 M citrate buffer 
(pH 5) at 40 °C under quiescent and O2 (solid lines) or Ar (dotted line) atmospheric 
conditions. The PTFE content and the bilirubin concentration were 50% and 3 mM, 
respectively. 
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for DET-type O2 reduction with gas-diffusion-type electrodes (about 13 mA cm−2).87 Accordingly, the 

author succeeded in constructing a DET-type gas diffusion bioelectrode with high gas permeability. 

 

3.2 Gas-diffusion-type H2-oxidation with [NiFe]-hydrogenases 

 

The author utilized HmMBH and DvMF as catalysts for H2 oxidation. Characteristic rotating 

disk voltammograms are observed for HmMBH- and a DvMF-adsorbed KB-modified electrodes (data 

not shown). The rotating disk mode was used to avoid concentration depletion near the electrode 

surface. In the case of the HmMBH-adsorbed electrode (black line), an H2-oxidation wave is observed 

and the current gradually decreases at positive potentials due to oxidative stress (i.e., oxidative 

inactivation, as discussed in the Introduction section). The apparent half-wave potential of the 

sigmoidal part of the steady-state wave (E1/2′ = –0.39 V) is slightly more positive than the formal 

potential of the H2/2H+ redox couple at pH 6 (EH°′pH=6 = −0.53 V). The overpotential (= E1/2′ − EH°′) 

is predominantly ascribed to the difference between EH°′ and the formal potential (EE°′) of the catalytic 

center of HmMBH.41 The DvMF-adsorbed electrode (gray line) exhibits a reversible and bidirectional 

catalytic wave, i.e., H2 oxidation at positive potentials and H+ reduction at negative potentials.77 E1/2′ 

is –0.51 V and close to EH°′pH=6. This means that the bioelectrocatalytic conversion between H2/2H+ 

does not require any overpotential. However, the oxidation current rapidly decreases at positive 

potentials due to oxidative inactivation. 

Conversely, the author reported that the oxidative inactivation was able to be suppressed by 

using a gas diffusion system.80,85 Figure 3 shows CVs of the HmMBH- (black line) and the DvMF-

adsorbed KB/PTFE/WPCC (gray line) under quiescent and H2 atmospheric conditions. The PTFE 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 
Effects of the PTFE content on the steady-state catalytic reduction current densities after 
15 s in CA at 0 V. Measurements were carried out in 1.5 M citrate buffer (pH 5) at 40 °C 
under quiescent and O2 atmospheric conditions. The error bars were evaluated by the 
Student t distribution at a 90% confidence level. 
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content was set as 50%, as optimized in the above section (Fig. 2). The oxidation current densities at 

the HmMBH-adsorbed KB/PTFE/WPCC continue to increase with the potential and reach a value of 

about 20 mA cm−2 at 0.2 V. The HmMBH-adsorbed KB/PTFE/WPCC retains a large steady-state 

oxidation current density of 10 mA cm−2 at −0.1 V according to CA (Fig. 3, inset). The author can 

conclude that the H2 supply is sufficient to suppress the oxidative inactivation of HmMBH adsorbed 

on the KB/PTFE/WPCC at −0.1 V and to produce a large current density. 

At the DvMF-adsorbed KB/PTFE/WPCC, slight inactivation is still observed at potentials 

over 0.1 V (Fig. 3, gray line). However, multi-sweep CVs between −0.6 and −0.3 V show almost 

constant bioelectrocatalysis with a limiting current density of about 10 mA cm−2 (data not shown). 

This result suggests that the oxidative inactivation is largely prevented at the DvMF-adsorbed 

KB/PTFE/WPCC in this potential range (up to −0.3 V). DvMF (classified as O2-sensitive) catalyzes 

the reversible and bidirectional H2 oxidation and H+ reduction and is able to catalyze electrochemical 

H2 oxidation without overpotential. Consequently, the author utilized DvMF (as well as BOD) to 

construct a DET-type H2/O2 biofuel cell. 

 

3.3 DET-type dual gas-diffusion H2/O2 biofuel cells 

 

The author constructed a dual gas diffusion H2/O2 biofuel cell with DvMF-adsorbed 

KB/PTFE/WPCC and BOD-adsorbed BL/KB/PTFE/WPCC as the bioanode and biocathode, 

respectively. Normally, both the bioanode and the biocathode are placed in the biofuel cell assembly, 

and the polarization curve is obtained by changing the resistance between the anode and the cathode.2,6 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 
CVs of HmMBH- and DvMF-adsorbed KB/PTFE/WPCC (black and gray lines, 
respectively). The scan rate was 10 mV s−1. The inset shows the CA of HmMBH-adsorbed 
KB/PTFE/WPCC. The electrode potential was −0.1 V. Measurements were carried out in 
1.5 M citrate buffer (pH 5) at 40 °C under quiescent and H2 atmospheric conditions. The 
PTFE content was 50%. 
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However, due to possible gas leakage from the biofuel cells and the commensurate risk of explosion, 

it is dangerous to operate a dual gas diffusion H2/O2 biofuel cell in a conventional experimental 

situation. Thus, in this study, the performances of the bioanode and the biocathode were evaluated 

separately by chronopotentiometry (CP) for 15 s under the same conditions except for the flow gas 

(H2 and O2 gas were supplied to the bioanode and the biocathode, respectively). In our experience 

with H2/O2 biofuel cells, the polarization curve of a biofuel cell assembly is almost identical to that 

obtained when the bioanode and the biocathode are evaluated separately.17 

Potentiograms of the DvMF-adsorbed KB/PTFE/WPCC and the BOD-adsorbed 

BL/KB/PTFE/WPCC are measured (data not shown). Although the potentials change gradually under 

large current densities (e.g., 15 mA cm−2 for the anode and 28 mA cm−2 for the cathode), the potentials 

at lower current densities show steady-state characteristics. Figure 4 (A) shows the potentials of the 

bioanode and the biocathode in CP recorded 15 s after closing the circuit as a function of the current 

density. Figure 4 (B) shows the current density dependences of the cell voltage and the cell power 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 
(A) Polarization curves of a DET-type dual gas diffusion H2/O2 biofuel cell. The potentials 
of the bioanode and the biocathode as measured in CP are plotted as functions of the 
current density. The measurements were carried out in 1.5 M citrate buffer (pH 5) at 40 
°C under quiescent and H2 and O2 atmospheric conditions for the bioanode or the 
biocathode, respectively.  
(B) The cell voltage and the power density as a function of the current density of the 
biofuel cell. 
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density calculated from the data in Fig. 4 (A). The open-circuit voltage is 1.14 ± 0.03 V and is close 

to the standard motive force of the ideal H2/O2 cell (1.23 V). The maximum power density is 8.4 ± 0.5 

mW cm−2 at 0.7 V of the cell voltage. The power density can be compared with that of a recent polymer 

electrolyte H2/O2 fuel cell with Pt as the catalyst (68 mW cm−2 at 0.21 V at 1 atm, 40 °C, in a 

membrane-electrode assembly system with single cell).14 

Since the effects of oxidative inactivation on the current increase for high current densities 

at the bioanode, it is difficult to correctly evaluate the cell performance for current densities above 15 

mA cm−2. However, the author can certainly report that a powerful H2/O2 DET-type biofuel cell with 

dual gas diffusion has been successfully constructed. 

Figure 5 summarizes recent developments in the power densities of H2/O2 biofuel cells (in 

both MET- and DET-type systems) and DET-type biofuel cells with other fuels as reported in the 

literature.2,6,89-91 The data for biofuel cells utilizing Pt as the cathode catalyst are not included, because 

the author attempted to comprehensively compare the performance of the biofuel cells with the 

bioanode and the biocathode. As judged from Fig. 5, the performance of our biofuel cell is 5.6 times 

better than that of the best H2/O2 biofuel cell in the literature and 3.2 times larger than that of DET-

type biofuel cells with other fuels.  

Since the concentrations of H2 and O2 in solution are proportional to the partial pressures of 

the H2 and O2 gases, it is impossible to realize a saturated condition for both gases without a separator 

in the solution.17,20,22,24 In addition, the risk of explosion on mixing the H2 and O2 gases is debated.19 

Gas diffusion electrodes avoid these problems.25 By constructing gas diffusion electrodes for the 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5 
Recent advancement in the power density of H2/O2 biofuel cells and DET-type biofuel 
cells. The power densities of H2/O2 biofuel cells and DET-type biofuel cells with other 
fuels are indicated with circles and triangles, respectively. The open triangles are the 
values evaluated under stirring conditions. Power densities measured from a single-layer 
cell with identical bioanode and the biocathode surface areas are presented to fairly 
compare their performances.  
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bioanode and the biocathode, the author is able to completely separate the H2 and O2 gas inlets and 

realize high concentrations of the gas substrates for both the bioanode and the biocathode.  

From the viewpoint of DET-type biofuel cells with other fuels, FDH is a promising catalyst 

for bioanodes,56,59,83,89,90 since FDH has a high DET-type bioelectrocatalytic activity and exhibits 

about 40 mA cm−2 at porous carbon electrodes.56 However, its maximum power density is limited to 

2.6 mW cm−2 (6 mA cm−2 at 0.45 V of the cell voltage) due to a large overpotential ascribed to 

thermodynamic loss in the electron transfer from the substrate (D-fructose) to FDH and a kinetic barrier 

in the electron transfer from FDH to the electrode.27,38. Conversely, E1/2′ of the catalytic wave on the 

DvMF-adsorbed KB/PTFE/WPCC is close to EH°′ thanks to the reversible characteristics of DvMF 

and fast interfacial electron transfer kinetics. Consequently, these characteristics contribute to the 

realization of high operating potential, which results in a high power density. 

 

4. Conclusions 

 

A novel gas diffusion bioelectrode fabricated with WPCC was created and optimized. The 

electrode showed a high gas permeability, which realized steady-state catalytic current densities as 

large as 10 mA cm−2 for H2 oxidation and O2 reduction. For the biocathode, the electron transfer 

between BOD and the KB/PTFE/WPCC was accelerated by bilirubin modification.56 For the bioanode, 

the gas diffusion electrode greatly suppressed the oxidative inactivation of HmMBH and DvMF. By 

combining the DvMF-adsorbed KB/PTFE/WPCC and the BOD-adsorbed BL/KB/PTFE/WPCC, the 

author succeeded in constructing a DET-type dual gas diffusion H2/O2 biofuel cell. This is the first 

report of a dual gas-diffusion system in the field of biofuel cells, and enables us to separately supply 

the gas substrates (H2 or O2) from the gas phases of the bioanode and the biocathode. Therefore, it 

becomes possible to independently control the substrate supply to the bioanode and the biocathode. 

The cell exhibited a power density of 8.4 mW cm−2 at 0.7 V of the cell voltage under quiescent 

conditions by flowing the H2 and O2 gases into the gas phases of the bioanode and biocathode, 

respectively. This value is 5.6 and 3.2 times larger than those of the best reported H2/O2 biofuel cell 

and the best DET-type biofuel cell with other fuels, respectively. 
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Conclusions 
 

In this research, the author succeeded in constructing a DET-type dual gas diffusion H2/O2 

biofuel cell with BOD and [NiFe]-hydrogenase. This is the first report of a dual gas diffusion-type 

system in the field of biofuel cells, and the system overcomes several problems of previous H2/O2 

biofuel cells such as “mass-transport limitation of substrates” and “oxidative inactivation”. 

In chapter 1, the author developed some methods to enhance DET-type bioelectrocatalysis 

of BOD. The author also examined and compared the characteristics of BOD-adsorbed electrodes in 

DET-type bioelectrocatalysis for O2 reduction. The effect of the mass-transport on the catalytic current 

was minimized by decreasing the BOD activity at low temperature and high pH. This operation was 

carried out to more accurately extract the kinetic parameters of the enzyme reaction and interfacial 

electron transfer steps from the voltammetric data. The electrochemical analysis revealed that the 

improvement obtained upon application of both methods was predominantly ascribed to an increased 

amount of effective enzymes (i.e., enzymes with productive orientation) and that the interfacial 

electron transfer remained nearly unchanged. In addition, the author successfully detected clear non-

catalytic redox signals of adsorbed BOD in BOD/MWCNT/GCE and BOD/BL/MWCNT/GCE 

samples owing to their high 𝛤𝛤enz,eff values.  

In chapter 2, the author constructed two kinds of gas diffusion-type electrodes with KB or 

MWCNT as carbon materials. Optimization of the electrodes are carried out by monitoring BOD 

catalyzed O2 reduction current. The electrodes showed high gas permeability, which realized steady-

state catalytic current densities over 25 mA cm−2 under quiescent conditions. On the other hand, the 

author successfully simulated the bioelectrocatalytic CVs at [NiFe]-hydrogenase adsorbed electrode 

with thermodynamic and kinetic analysis. The author also found that the oxidative inactivation of 

[NiFe]-hydrogenases could be inhibited by increasing H2 concentration. In fact, the inactivation hardly 

happened in gas diffusion-type system. 

In chapter 3, the author created a novel DET-type dual gas diffusion H2/O2 biofuel cell. The 

system can separately supply the gas substrates (H2 or O2) from the gas phases of the bioanode and 

the biocathode. Therefore, it becomes possible to independently control the substrate supply to the 

bioanode and the biocathode. The cell exhibited a power density of 8.4 mW cm−2 at 0.7 V of the cell 

voltage under quiescent conditions. This value is 5.6 and 3.2 times larger than those of the best reported 

H2/O2 biofuel cell and the best DET-type biofuel cell with other fuels, respectively. 
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