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The anticipated crisis in future energy production has
stimulated a search for alternative energy sources. Molecular
hydrogen is considered nowadays to be the most promising
chemical fuel, providing the highest energy output relative to
molecular weight and a combustion that is devoid of environ-
mental pollutants, including carbon dioxide. Despite the
automobile industry’s orientation toward low-temperature
platinum-based fuel cells, wide application of such systems in
the future is highly doubtful because of 1) the high cost of
platinum, which is growing exponentially,!!! and 2) the limited
amount of this noble metal on our planet. The lowest Pt
loading is about 2 g per kW of fuel cell, and any further
decrease makes the fuel cell ineffective.”! Thus, to support an
annual production of 60000000 cars equipped with only
50 kW fuel cells, 6000 tons of platinum would be required.
This figure is over 30 (!) times the present mining output.
Applications of Pt are also limited by its susceptibility to
poisoning by fuel impurities (CO, H,S) and low selectivity.**

The only useful alternative to platinum-based electro-
catalysis for H, oxidation is bioelectrocatalysis by hydro-
genases,*” first reported by our group more than 20 years
ago.! Hydrogenases are responsible in nature for oxidation
and/or evolution of molecular hydrogen. Hydrogenase-cov-
ered electrodes, in the absence of both dissolved enzyme and
redox mediators, generate the equilibrium hydrogen potential
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under H, atmospherel** and even tolerate the presence of
oxygen up to the explosion limit of H,~O, mixtures.®!

For use as a possible energy source, the catalytic system
has to be optimized for maximum efficiency. We have found
that bioelectrocatalysis by hydrogenases is facilitated by
electropolymerized N-methyl-N'-(12-pyrrol-1-yldodecyl)-
4 4 -bipyridine®”! (MPDB; see Experimental Section). This
film seems to provide the optimal orientation of hydrogenase
for effective electron transfer between the enzyme active site
and the electrode.

As we reported earlier, the hydrogenase electrode, after
immersion into hydrogen-saturated solution, reached the
equilibrium hydrogen potential.*™!! The claim that the
observed zero current potential was indeed the hydrogen
equilibrium potential was confirmed by its dependency on H,
concentration and pH as predicted by Nernst’s equation. At
positive overvoltages, hydrogenase electrodes generate an
anodic current in the presence of H, (Figure 1). The latter can
only be attributed to hydrogen oxidation.”’ Cathodic current
at negative overvoltages has been proven to occur as a result
of H, evolution.!
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Figure 1. Current—voltage dependencies in H,-saturated phosphate
buffer solution (pH 7.0) of hydrogenase electrodes: T. roseopersicina
(®); D. baculatum (m); no enzyme (0).

The total amount of hydrogenase on the electrode
surfaces was estimated by recording the activity of the
immobilized enzyme both in hydrogen oxidation by methyl
viologen (monitored spectrophotometrically) and in H,
evolution (controlled by means of chromatography). Because
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after immobilization enzyme activity is always less, this
estimation should indicate the lower limit of the hydrogenase
loading. For hydrogenase from Thiocapsa roseopersicina, it is
(45 £10) pmolcm ™ (Table 1), or 3x 10" enzyme molecules
per cm? of geometric surface.

Table 1: Catalytic properties of hydrogenase electrodes.

Hydrogenase Enzyme Lo [MACM™] ke [s7'] kign [s7]
source loading

[pmolcm™]
T. roseopersicina 45£10 1.44+0.2 160+10 120£10
L. modestogalofillum 42410 1.24+0.2 150+15 100+10
D. baculatum 40+10 1.7+£0.2 220+10 450+20

The degree of surface occupation by the protein can be
estimated by comparing its surface concentration with the
lowest area required for one enzyme molecule. The latter
found independently from Langmuir-Blodgett isotherms for
hydrogenase from 7. roseopersicina is 32 nm2.'") However,
from loading this enzyme per geometric electrode area (see
above), we obtain a value of 3.3 nm* Hence, the microscopic
electrode area should be at least 10 times larger than its
geometric area, which means that the surface roughness of the
electrode support should not be less than 10. This figure
coincides exactly with the lower limit of LSG roughness (see
Experimental Section).

As proteins are of dielectric nature, the second and
subsequent layers cannot be active towards hydrogen oxida-
tion in the absence of freely diffusing redox mediators. Hence,
direct bioelectrocatalysis is provided by the enzyme immobi-
lized in a monolayer. From the current at 200 mV overvoltage
(1), which is assumed to be at the level of maximum
bioelectrocatalytic activity, we estimate the maximum rate of
the hydrogenase reaction. This value, divided by the enzyme
loading (Table 1), gives the enzyme catalytic constant in
electrocatalysis (k).

It appears that the k.. value for hydrogenases from
T roseopersicina and Lamprobacter modestogalofillum is
similar to the corresponding catalytic constant estimated
from homogeneous kinetics (ky;,). This fact strongly indicates
that all detected enzyme molecules are immobilized in a
monolayer. The slightly higher values of electrocatalytic
constant point to an even larger amount of hydrogenase on
the electrode surface compared to that estimated from the
activity of the immobilized enzyme (which is expected).
However, even the lower limit of enzyme loading in a
monolayer requires surface roughness, which is the property
of the electrode support used (see Experimental Section).
Hence, we conclude that the electrode is almost completely
covered with hydrogenase and nearly all enzyme molecules
are properly oriented to achieve effective bioelectrocatalysis.
In other words, the developed hydrogenase electrodes display
nearly limiting performance characteristics in bioelectrocat-
alysis.

In contrast, for the most active hydrogenase from
Desulfomicrobium baculatum, the electrocatalytic constant
is half that of its homogeneous analogue (Table 1). Taking
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also into account that the H, oxidation current at the
corresponding modified electrodes is the highest among all
hydrogenases (Table 1, Figure 1), the most probable explan-
ation for the observed difference in k.. and kg, is that the
operation of this particular enzyme electrode is in diffusion-
limited conditions. Indeed, as seen in Figure 1, the current—
voltage dependencies for enzyme electrodes are quite differ-
ent. For hydrogenase from T. roseopersicina, the anodic
current is exponentially dependent on a potential as predicted
for charge-transfer-limiting reactions.'”? The electrode with
immobilized enzyme from D. baculatum displays an overall
sigmoid-type current-voltage dependence, known for diffu-
sion-limited electrochemistry.") Moreover, at lower H,
partial pressures the current-voltage dependence for T. rose-
opersicina hydrogenase is also changed to the diffusion-
limited type confirming the above hypothesis.

From both fundamental and practical points of view, it is
interesting to compare the behavior of the most active
hydrogenase electrodes with Pt-based electrodes (platinum-
vulcan, Pt loading 0.5 mgcm™2) that are used in low-temper-
ature fuel cells. Figure 2 shows that at low hydrogen concen-
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Figure 2. Current of H, oxidation at 200 mV overvoltage as a function
of its partial pressure in H,~Ar: Pt-vulcan, pH 7.0 (®); Pt-vulcan,
0.05H,SO, (m); D. baculatum hydrogenase electrode, pH 7.0 (A).

trations (up to 30 %) hydrogenase and Pt-based electrodes
are similarly active. Only when the solution is saturated with
H, does the activity of Pt fuel electrodes become slightly
higher than that exhibited by the enzyme electrode. Even in
sulfuric acid, the activity of the Pt-based fuel electrode is
comparable to the hydrogenase electrode operated in a pH-
neutral medium (Figure 2).

In summary, we have reported the limiting performance
characteristics of hydrogenases in electrocatalysis. The activ-
ities of the most active hydrogenase electrodes in hydrogen
oxidation from aqueous solution are quite similar to those of
platinum-based fuel electrodes. It is thus expected that by
hydrogenase entrapment into a conductive matrix (according
to the technology presently used for Pt-based electrodes), it
will be possible to elaborate highly active hydrogen enzyme
electrodes with sufficient current characteristics for polyelec-
trolyte membrane based fuel cells.
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Experimental Section

Hydrogenases were isolated according to known procedures.'*!
Carbon filament material LSG (with electrical resistivity of 50—
70 mQ cm and surface roughness of 10-30) was used as the electrode
support. N-methyl-N'-(12-pyrrol-1-yldodecyl)-4,4 -bipyridine
(MPDB), synthesized as in reference [15], was electropolymerized
from aqueous solution to a surface coverage of 1.4x 10~ molcm™2.
Enzyme electrodes were prepared by overnight sorption of hydro-
genase on LSG modified with poly(MPDB). After immobilization,
the hydrogenase electrodes were thoroughly washed with aqueous
buffer and tested in a solution that contained neither enzyme nor
redox mediator.

Received: March 13, 2007
Revised: May 25, 2007
Published online: July 31, 2007

Keywords: electrocatalysis - enzyme catalysis - fuel cells -
sustainable chemistry

[1] J.  Matthey, http://www.platinum.matthey.com/pgm_prices/
pgm_prices.html, 2007.

[2] R.K. Ahluwalia, X. Wang, R. Kumar in DOE 2006 Annual
Progress Report, U.S. Department of Energy, 2006, pp. 870-874.

[3] A.A. Karyakin, S. V. Morozov, E. E. Karyakina, S. D. Varfolo-
meyev, N. A. Zorin, S. Cosnier, Electrochem. Commun. 2002, 4,
417 -420.

[4] A. A. Karyakin, S. V. Morozov, E. E. Karyakina, N. A. Zorin,
V. V. Perelygin, S. Cosnier, Biochem. Soc. Trans. 2005, 33,73 -175.

[5] C. Leger, A.K. Jones, W. Roseboom, S.P.J. Albracht, F. A.
Armstrong, Biochemistry 2002, 41, 15736 -15746.

[6] H. R. Pershad, J. L. C. Duff, H. A. Heering, E. C. Duin, S.P. J.
Albracht, F. A. Armstrong, Biochemistry 1999, 38, 8992 —8999.

[7] A.1. Yaropolov, A.A. Karyakin, S.D. Varfolomeyev, 1. V.
Berezin, Bioelectrochem. Bioenerg. 1984, 12, 267-277.

[8] S. V. Morozov, O. G. Voronin, E. E. Karyakina, N. A. Zorin, S.
Cosnier, A. A. Karyakin, Electrochem. Commun. 2006, 8, 851 -
854.

[9] S. V. Morozov, E.E. Karyakina, N. A. Zorin, S.D. Varfolo-
meyev, S. Cosnier, A. A. Karyakin, Bioelectrochemistry 2002, 55,
159-161.

[10] S.D. Varfolomeyev, A.I. Yaropolov, A. A. Karyakin, J. Bio-
technol. 1993, 27, 331-339.

[11] S. V. Morozov, P. M. Vignais, V. L. Cournac, N. A. Zorin, E. E.
Karyakina, A. A. Karyakin, S. Cosnier, Int. J. Hydrogen Energy
2002, 27, 1501 -1505.

[12] K. Noda, N. A. Zorin, C. Nakamura, I. N. Gogotov, Thin Solid
Films 1998, 327-329, 639—-642.

[13] A.J. Bard, L. R. Faulkner, Electrochemical Methods. Funda-
mentals and Applications, 2nd ed., Wiley, New York, 2001.

[14] O. A. Zadvorny, N. A. Zorin, I. N. Gogotov, V.M. Gorlenko,
Biochemistry 2004, 69, 164 -169.

[15] S. Cosnier, B. Galland, C. Innocent, J. Electroanal. Chem. 1997,
433,113 -119.

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2007, 46, 72447246


http://www.angewandte.org

