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Biomimetic Nanoelectrode
Demonstrates Overvoltage and
Turnover Rates Compatible with
PEM Technology

The practicality of transitioning to solar
and wind power relies to a large extent on
efficient, reversible means of energy stor-
age. One promising energy-storage frame-
work is the interconversion of water and
H2 in a regenerative fuel cell, where energy
is stored as H2 generated by the electrolysis
of water, and energy is released by the
reverse reaction. Eco nomic viability
requires the development of catalysts
much less expensive than Pt, the current
state of the art. Hydrog enases—naturally
occurring metalloenzymes that catalyze
the reversible formation of H2 from two
protons and two electrons—have been
investigated as alternatives to Pt, but dis-
advantages, such as O2 sensitivity, are dif-
ficult to overcome. Recently, however,
A. Le Goff and S. Palacin of the Commis -
sariat à l’Energie Atomique (CEA),
V. Artero of the Université Joseph Fourier
of Grenoble, M. Fontecave of Collège de
France, and their colleagues from various
institutes and laboratories from CEA, have
shown that a mimic of the active site in [Ni-
Fe]-hydrogenase attached to multiwalled
carbon nano tubes (MWCNTs) results in a
cathode material with a large surface area
and high catalytic activity under the strong-
ly acidic conditions typically required in
proton exchange membranes (PEM).

In an article published in the December
4, 2009 issue of Science (DOI: 10.1126/
science.1179773; p. 1384), Artero and co-
researchers cited the advantages of
MWCNTs, which include large surface
areas that facilitate high catalyst loading,
stability, and electrical conductivity, as
well as simple methods for binding com-
plexes onto their surfaces. The researchers
prepared electrodes by first depositing a
thin film of MWCNTs onto an indium tin
oxide substrate using a previously pub-
lished soluble membrane technique.
Scanning electron microscopy was used to
demonstrate a large surface area composed
of MWCNT bundles with extensive
branching. Electro-reduction of a diazoni-
um salt was used to covalently attach

4-(2-aminoethyl)phenyl groups onto the
surface of the electrodes. The presence of
amine and ammonium groups was veri-
fied with x-ray photoelectron spectroscopy
(XPS). The researchers then anchored onto
the amino-functionalized MWCNT elec-
trode a [Ni-Fe]-hydrogenase-inspired
nickel catalyst (see Figure 1), initially
developed by D.L. DuBois (Pacific North -
west National Laboratory) and shown to

be stable in air and to moisture. XPS analy-
sis confirmed the presence of the intact Ni
complex at the electrode surface. Cyclic
voltammetry displayed a cathodic process
that the researchers assigned to the reduc-
tion of the Ni(II) complex. 

Controlled-potential coulometry in non-
aqueous media was used to demonstrate
the molecular electrode material’s stability
and its ability to sustain catalysis of H2
production. At a potential of -0.5 V versus
normal hydrogen electrode, an electro-
chemical cell produced H2 with a sus-
tained current density of 2 mA/cm2,
producing 15 mmoles of H2 in 1 hour,
which corresponds to a turnover rate of
approximately 20,000. 

The researchers also demonstrated that
the molecular electrode material can be
used in diluted sulfuric acid (with a pH in
the range of 0 to 1) using a membrane-
electrode assembly similar to that devel-
oped for proton-exchange membrane
electrolyzers but with the Pt/C catalyst
replaced by Ni-functionalized MWCNTs.
In that case the electrode support is a gas
diffusion layer made of carbon fibers and
after deposition of the catalytic material,
the electrode is covered with a Nafion
membrane to protect it from the solution
while allowing protons to access the cata-
lyst. Hydrogen evolves from this elec-
trode with a very low overvoltage (i.e.,
almost at thermodynamic equilibrium)
which is key for a good energetic efficien-
cy of the device. 

The researchers observed a constant
current density throughout a 10-hour
exper i ment with more than 100,000
turnovers. The researchers also showed
that, under these conditions, their Ni-
functionalized MWCNTs can catalyze the
reverse reaction, that is, H2 oxidation. 

The researchers said, “Our results
show that the biomimetic nanomaterial
reported here already rivals with plat-
inum as far as overvoltage is concerned
and offers promising turnover rates
under conditions compatible with wide-
spread PEM technology on the basis of
commercial proton exchange membranes
in acidic electrolytes.”
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Figure 1. A schematic representation of
the structure of the bio-inspired, H2-
evolving nickel catalyst grafted onto a
multiwalled carbon nanotube (MWCNT).
Activated ester moieties have been
introduced in the Aryl (Ar) groups to
enable the covalent coupling of the cat-
alyst through amidation with the amine-
decorated MWCNTs. Blue arrows trace
the electron transport chain toward the
active site through the conductive
MWCNT. The ligands acting as proton
relays in heterolytic H2 evolution reac-
tion are depicted in red, while the metal
center stabilizing hydride ions are
depicted in green. The number of
phenylene residues shown is arbitrary
and the researchers do not exclude
attachment of the nickel complex to two
or more surface amine groups. From
Science 326 (December 4, 2009) 1384;
DOI: 10.1126/science.1179773.
Reprinted with permission from AAAS.
© 2009 AAAS.

The researchers obtained the highest
slope efficiency (0.11%) in a 5.5-cm-long
resonator, with an output power of
9.5 mW measured at 19 μW launched
pump power, and a minimum threshold
pump power of 6.4 mW. The researchers
said that by adjusting the output coupler

length, it would be possible to develop a
tunable laser source. Still the researchers
proposed several design enhancements,
such as the addition of Yb3+ as a co-dopant
to optimize pump absorption, the intro-
duction of a loop mirror or a Bragg reflec-
tor element to emit lasing power only in

one direction, and the addition of distrib-
uted feedback elements to promote single-
frequency operation. According to the
researchers this would lead to smaller
devices with improved efficiency, higher
output power, and wavelength tunability.
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