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H2/O2 biofuel cells utilizing hydrogenases and multicopper oxidases as bioelectrocatalysts are clean, sustainable, and 

environmentally friendly power devices. In this study, we 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.  

 

 

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 hydrogenases
11,15,16

 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 

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 

dehydrogenase
29,30

 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 oxidase
36,37

 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 electrode
43,44

, 

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 
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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 coupling
54

 or oxidation 

of amines,
42

 physical adsorption of bilirubin
55-57

 or other aromatic 

compounds,
58

 and utilization of functionalized carbon nanotubes 

(CNTs) such as pyrene-functionalized CNTs
60

 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, 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]-hydrogenase
72-75

 is specialized to H2 oxidation 

and needs an overpotential for bioelectrochemical H2-oxidation. 

Conversely, O2-sensitive [NiFe]-hydrogenase
76,77

 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, we 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 of [NiFe]-

hydrogenases (O2-tolerant and O2-resistant) were used to modify 

the electrode, and the resulting electrochemical properties were 

assessed. Finally, we 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.  

Experimental 

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. 

 

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 

Page 2 of 8Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

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 cm
2
 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. 

 

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 cm
2
. 

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.  

 

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 paper
56

 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, we 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). 

Results and discussion 

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 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 (Fig. S1).
 

 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 

 

Fig. 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. 

 

Fig. 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. 

Page 3 of 8 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

decreases with time. Similar phenomena are observed even when 

the O2 gas is blown forcibly onto the surface of the electrode (Fig. 

S2). These results indicate that the current decrease is not caused 

by O2 depletion near the electrode surface. In addition, as shown in 

Fig. S3, repeated CAs (by setting the electrode to open-circuit for 5 

min before the second and third measurements) exhibit similar 

results. 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, we 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 for DET-

type O2 reduction with gas-diffusion-type electrodes (about 13 mA 

cm
−2

).
87

 Accordingly, we succeeded in constructing a DET-type gas 

diffusion bioelectrode with high gas permeability. 

 

Gas-diffusion-type H2 oxidation with [NiFe]-hydrogenases  

We utilized HmMBH and DvMF as catalysts for H2 oxidation. As 

shown in Fig. S4, characteristic rotating disk voltammograms are 

observed for HmMBH- and a DvMF-adsorbed KB-modified 

electrodes. 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, we report that the oxidative inactivation can 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 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). We 

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

 (Fig. S5). 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 (Fig. S4). Consequently, we utilized DvMF (as 

well as BOD) to construct a DET-type H2/O2 biofuel cell. 

 

DET-type dual gas diffusion H2/O2 biofuel cells  

We 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

 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

 

 

Fig. 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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Potentiograms of the DvMF-adsorbed KB/PTFE/WPCC and the 

BOD-adsorbed BL/KB/PTFE/WPCC are shown in Fig. S6 (A) and (B). 

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 

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, we 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 details are summarized in Table S1. The data 

for biofuel cells utilizing Pt as the cathode catalyst are not included, 

because we attempted to comprehensively compare the 

performance of the biofuel cells with the bioanode and the 

biocathode. As judged from Fig. 5 (and Table S1), 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 bioanode and the biocathode, we are 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. 

 

Fig. 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. 

 

Fig. 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. The details are summarized in 

Table S1. 
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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, we 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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