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ABSTRACT

Multiwalled carbon nanotubes grown on gold electrodes manufactured by microtechnology techniques have been used as a platform for
oriented and stable immobilization of a Ni −Fe hydrogenase. Microscopic and electrochemical characterization of the system are presented.
High-density currents due to H 2 oxidation electrocatalysis, stable for over a month under continuous operational conditions, were measured.
The functional properties of this nanostructured hydrogenase electrode are suitable for hydrogen biosensing and biofuel applications.

The unique structural, chemical, and electrical properties of
carbon nanotubes combined with the high specificity and
sensitivity of biomolecular processes are of great value for
biotechnological applications. Controlled immobilization of
biomolecules on the high surface area of carbon nanotubes
allows miniaturization of biotechnological devices maintain-
ing high transduction signals.1,2 In particular, direct electron
transfer between a redox enzyme (glucose oxidase) and
carbon nanotubes has been reported in this way.3

Hydrogenases are the enzymes that catalyze in a reversible
way the oxidation of H2 to electrons and protons.4 The
attachment of this type of redox enzymes to electrodes is of
great interest as it has potential applications for development
of biological water electrolysis or fuel cells5,6 and electro-
chemical biosensors7 that would improve H2 technology as
an energetic alternative to fossil fuels combustion. Several
authors have reported direct electron transfer of hydrogenase
molecules adsorbed on macroscopic carbon electrodes.5,8-11

Recently, we have reported a method for covalent im-
mobilization of a hydrogenase with adequate orientation for
direct electron transfer toward a highly oriented pyrolytic
graphite edge (PGE) electrode that allowed a very stable
current due to electroenzymatic oxidation of H2.12

In this work we report the fabrication of a gold electrode
based on microelectronic technologies to which multiwalled
carbon nanotubes (MWCNTs) have been grown,13 electro-
chemically functionalized, and then covalently modified with
hydrogenase molecules in order to obtain a miniaturized
biotechnological device that gives high current densities of
H2 oxidation with enhanced stability.

In the first step of manufacturing, thermal oxide (800 nm
thick) was grown on 4 in. silicon wafers as an insulating
substrate for the electrode fabrication. The metallization was
performed in a single process by an electron gun system
(Leybold, Unidex 450). A titanium layer (20 nm) and a nickel
layer (20 nm) as adhesion promoters followed by a gold layer
(150 nm) were deposited as reported before.14 After fabrica-
tion at wafer level, the gold electrodes were separated
individually (3.0 mm× 3.0 mm).

The MWCNTs were grown on the electrodes by chemical
vapor deposition of acetylene with a floating iron catalyst.15

The electrodes were placed in the center of a horizontal
quartz tube reactor located within a tubular furnace. A
mixture of nitrogen, flow rate of 1850 sccm, and hydrogen,
flow rate of 40 sccm, was used as carrier gas. The carbon
source was acetylene (40 sccm), and the iron catalyst was
introduced into the reaction zone by bubbling N2, flow rate
of 150 sccm, through Fe(CO)5 maintained at 0°C (liquid
catalyst precursor). The reaction temperature was 750°C and
was maintained constant during the reaction time, 30 min.
An average yield of 1.5 mg‚cm-2 of carbon deposited on
the electrode surface with an iron content of around 5 wt %
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was obtained. Heating in concentrated HCl of MWCNTs
prepared by this method did not decrease the iron content.
Therefore, it was concluded that the iron ions are not on the
surface of the MWCNTs but encapsulated. Because of this,
the harsh acidic treatment was not done for the finally
manufactured electrodes described below. The deposited
carbonaceous materials were analyzed by scanning electron
microscopy (SEM, Hitachi S-3000N) and transmission
electron microscopy (TEM, JEOL JEM 2000FX) measure-
ments. The TEM samples were prepared by scratching,
grinding, and ultrasonic dispersal in an acetone solution,
placed on the copper TEM grid and evaporated.

Figure 1A displays SEM images of the nanotubes grown
on the gold electrode surface. The SEM images show a high
density of vertically aligned CNTs of an approximate length
of 50 µm. The TEM study (Figure 1B) verified the presence
of MWCNTs with nonuniform diameters. MWCNTs with
average values of outer and inner diameters ranging 15-25
and 5-12 nm, respectively, were observed.

The MWCNT electrodes were surface mounted on TO5
connectors (Vac-Tron S.A., Barcelona, Spain) isolated by
an UV-curable polymer encapsulant. The electroactive
surface area of the MWNT-modified gold electrode was
measured by chronocoulometry of ferrocenemethanol (see
Supporting Information). An electroactive area of 3( 0.2
cm2 (n ) 9, R ) 0.05) was measured for a geometric area
of 0.06 cm2, which corresponds to a 50 times increment due
to formation of the MWCNT forest. From the TEM images
the specific surface area of the MWCNT forest can be
estimated as 1000-1500 times the geometric area of the
substrate layer, which means that only 2-5% of the area is
electroactive. This was expected as the walls of carbon

nanotubes are structurally pyrolytic graphite basal planes;
thus only the top of the carbon nanotubes, which corresponds
to pyrolytic graphite edge planes, and the defect sites of the
walls are electroactive.16 Functionalization of the MWCNTs
was achieved by electrochemical reduction of 4-nitroben-
zenediazonium salt in acetonitrile. This method of modifica-
tion of carbon surfaces was developed by Pinson and co-
workers and creates a monolayer of 4-nitrophenyl groups,
although polymerization of the aromatic compound on the
surface may take place if the conditions of reaction are not
carefully controlled.17 In a second step the nitro groups can
be electrochemically reduced to amino groups.18 Function-
alization of carbon nanotubes by electrochemical19 or chemi-
cal20,21reduction of aryldiazonium salts has been performed
by several authors. In the present work the monolayer of
4-nitrophenyl groups of the MWCNTs electrode was reduced
by cyclic voltammetry in 9:1 water/ethanol solution. By
integration of the peak area of the cyclic voltammogram,
we measured the charge due to the reduction process, which
was on average 0.130( 0.02 C/cm2 (see Supporting
Information). This value is 43 times larger than that obtained
upon modification by the same method of a polished PGE
electrode, which is in good agreement with the electroactive
surface area of the MWCNTs electrode measured by chro-
nocoulometry. This result confirms that only the electroactive
surface sites of the MWCNTs electrode are modified by the
4-aminophenyl rings. Covalent immobilization ofDe-
sulfoVibrio gigashydrogenase to the MWCNT electrode was
done by formation of amide bonds between the amino groups
of the electrode surface and carboxylic groups exposed on
the enzyme surface catalyzed by carbodiimide andN-
hydroxysuccinimide. We have showed in a previous work

Figure 1. SEM (A) and TEM (B) micrographs of synthesized carbon nanotubes.
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that under controlled pH and ionic strength conditions this
immobilization method allows adequate orientation of hy-
drogenase molecules attached to a PGE electrode for
measuring direct electron transfer between enzyme and
electrode.12

The hydrogenase-modified MWCNTs were imaged with
an atomic force microscope (AFM, Nanotec Electronica,
Madrid, Spain). Images were taken in water with the
microscope operating in tapping mode. The MWCNTs
electrode surfaces were scratched in the presence of water
or water with 0.1% Triton in order to solubilize the
nanotubes. A droplet of this solution was then put on the
surface of freshly cleaved highly oriented pyrolytic graphite.
Figure 2 shows that the height and roughness of the protein-
modified and nonmodified nanotubes are different. Nano-
tubes scratched from a protein-modified electrode were more
soluble in plain water, indicating that the presence of the
protein on the surface had increased their hydrophilic
character. The height and roughness difference shown in
Figure 2 can be attributed to the presence of a 5 nmthick
protein layer covering the modified nanotube, which is in
agreement with the three-dimensional structure ofD. gigas
hydrogenase.22 The difficulty of determining the side struc-
ture of the nanotube and the real distance between protein
molecules given the limitations imposed by the tip radius
does not allow a precise description of the protein density
or distribution all along the nanotube surface. However, at
least 1 protein molecule every 20 nm in length of the
nanotube is present in the thin nanotubes analyzed. The
roughness of less hydrophilic and thicker nanotubes solu-
bilized in the presence of 0.1% Triton does not allow
distinguishing the individual molecules on their surface. We
can then say that in the modified electrodes we are able to
clearly distinguish the presence of protein molecules on the

surface of the thinner nanotubes, although we cannot
conclude anything reliable about the protein density in
nanotubes of increased thickness.

Cyclic voltammetry experiments of hydrogenase-coated
MWCNT electrodes shown in Figure 3A indicate that
electroenzymatic oxidation of H2 with very high density
current takes place at redox potentials above-600 mV
without need of adding a redox mediator for shuttling
electrons from the enzyme to the electrode. Previously, a
conditioning potential of-800 mV was applied during 90
min under H2, in order to obtain full activity of the
immobilized hydrogenase.12

A sigmoidal shape is observed for the cyclic voltammo-
grams in which the current density above-550 mV almost
reached a plateau, whose value increased with the electrode
rotation rate. This behavior is indicative of mass transfer of
the substrate rate limiting the catalytic process. However,
the slope of the quasi-plateau region also increased with the
electrode rotation, which suggests that heterogeneous electron
transfer between enzyme and electrode started to be rate
limiting at the higher electrode rotation rates.23 The redox
process at-150 mV is not related to the catalytic process,
and it appears after functionalization of the carbon surface
(see Supporting Information). The current densities at-0.30
V of Figure 3A were considered as pseudo-limiting-current
densities and fitted quite well to a Koutecky-Levich
equation (Figure 3B). The intercept of this plot with they
axis gives the value of the inverse of the current density at
this potential in absence of mass-transfer limitations.9 In this
way, a value of 4.1 mA/cm2 at -0.3 V is calculated under
those conditions. This value was compared with that obtained
with hydrogenase immobilized by the same method on a
polished PGE electrode, which was 0.125 mA/cm2 (see
Supporting Information). These values are proportional to

Figure 2. AFM characterization of the height and roughness of hydrogenase-coated MWCNTs (panels A and C and solid line in panels
E and F) and control MWCNTs (panels B and D and dashed line in panels E and F) deposited on highly oriented pyrolytic graphite.
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the turnover number of the immobilized hydrogenase and
to the enzyme coverage on the electrode.9 As the turnover
number should be the same in both cases (the hydrogenase
was immobilized by the same method, thus the rate of the
limiting step should be also the same), we conclude that
immobilization of the hydrogenase on the MWCNTs elec-
trodes gives a coverage of electroactive enzyme 33 times
larger than that obtained with the polished PGE electrode.
This number is the same order of magnitude as the ratio of
amino functional groups generated on the electrode surface
(per projected area unit) between both types of electrodes
mentioned above. Therefore, almost all the modified surface
of the MWCNTs electrode was accessible to hydrogenase
immobilization by covalent bonds. This allowed the mea-
surement of density currents at-0.3 V similar to the best
results reported by other authors for hydrogenase directly
adsorbed onto carbon electrodes, which almost equaled the
performance of Pt-based electrodes.5,24

At redox potentials below-700 mV negative currents due
to H2 production catalyzed by the bound hydrogenase were
also detected. This later catalytic effect is doubled when H2

is replaced by N2 (see Supporting Information), which is due
to the suppression of the inhibition effect by H2 on the H2

production activity of NiFe hydrogenases.25 It is noteworthy
that this inhibition by 1 atm H2 is much less than that
observed in other hydrogenase electrodes, including those
manufactured by us with polished PGE electrodes.12,25,26We

may speculate that this could be due to depletion of H2

concentration within the forest of MWCNTs.
Control experiments were done in which hydrogenase was

directly adsorbed to a MWCNT electrode that had not been
modified with the 4-nitrobenzenediazonium salt, or in which
no hydrogenase was deposited to the chemically modified
MWCNTs, or in which no EDC and NHS were added for
the reaction between hydrogenase and the aminophenyl
groups of the chemically modified MWCNTs (Figure 4). No
catalytic currents of H2 oxidation or H2 production were
detected in absence of hydrogenase, confirming that catalysis
is due to hydrogenase action and not due to Fe ions present
in the MWCNTs. The same result was obtained in absence
of EDC and NHS. We interpret this result as electrostatic
interactions between protonated amino groups of the modi-
fied MWCNT and carboxylic residues of the enzyme are
not strong enough for immobilization of the hydrogenase
during operation (high ionic strength, high electrode rotation
rate), although they modulate orientation of the enzyme

Figure 3. (A) Cyclic voltammograms of H2 oxidation catalysis
with a MWCNTs electrode modified with covalently bound
hydrogenase. Measurement conditions were 100 mM phosphate
buffer, pH 7.0, 40°C, 1 atm H2, 20 mV/s scan rate; 0 rpm (solid
line), 500 rpm (dashed line), 1500 rpm (dotted line), and 2500 rpm
(dashed-dotted line) electrode rotation rate. (B) Koutecky-Levich
plot of current density read at-0.3 V.

Figure 4. Cyclic voltammograms of H2 oxidation catalysis with
MWCNT electrodes modified with hydrogenase by covalent bonds
(solid line), adsorption (dashed line), and electrostatic interactions
(dotted line). The dotted line also represents the control without
hydrogenase. Measurement conditions were 100 mM phosphate
buffer, pH 7.0, 40°C, 20 mV/s scan rate, 2500 rpm electrode
rotation rate, 1 atm H2.

Figure 5. Chronoamperogram of H2 oxidation at-520 mV with
MWCNT electrodes modified with covalently bound hydrogenase
(b) and adsorbed hydrogenase (/). Measurement conditions were
100 mM phosphate buffer, pH 7.0, 40°C, 2500 rpm electrode
rotation rate, bubbling of the solution with 1 atm H2.
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molecules during the immobilization step by covalent
bonds.12 When the hydrogenase was deposited directly on
an unmodified MWCNTs electrode, catalytic currents were
detected, although considerably lower than those obtained
by covalent immobilization. Direct adsorption of hydrogen-
sases on carbon electrodes and their electrocatalytic proper-
ties have been described before by several authors.5,8-11

However, Figure 5 shows that in this case the operational
stability of the immobilized hydrogenase was very low; after
6 days there was seldom any catalytic current of H2 oxidation.
On the contrary, the electrodes with hydrogenase im-
mobilized by covalent bonds were very stable. After an initial
loss of the catalytic current during the first days, presumably
due to desorption of noncovalently bound hydrogenase
molecules, there was hardly any decrease after a month of
continuous operation.

The performance of the MWCNT electrodes modified with
hydrogenase by covalent bonds as a H2 biosensor was
evaluated. The dependence of the response toward the
concentration of H2 in solution was studied by chronoamper-
ometry at-520 mV and 2500 rpm electrode rotation rate.
Different aliquots of a H2-saturated water solution were added
to 3 mL of a 100 mM phosphate solution pH 7, under N2

atmosphere. After each addition a fast response of the

electrode was obtained, measuring a peak due to an increase
in the current density that was quite reproducible (Figure
6A). The average current densities plotted versus the H2

concentration in the phosphate buffer solution in the range
1.33-10.74µM are shown in Figure 6B. The parameters of
these calibrations must be optimally evaluated.27 The exist-
ence of anomalous points would lead to incorrect adjust-
ments, altering the sensitivity. In order to avoid this problem,
least median squares regression (LMS) was used to detect
the existence of these points.28 Once they were eliminated,
a new regression based on the least-squares (OLS) criterion
was carried out, in order to obtain optimal precision and
accuracy of both slope and intercept. These regressions were
used to calculate the limit of detection (LOD) by means of
DETARCHI PROGRAM,29 a program for the calculation
of detection limits with evaluation of the probability of false
positive (R) and negative (â). The medium LOD was 0.90
( 0.06 (n ) 3) with R ) â ) 0.05 and a replicate.

In conclusion, we have shown that a nanostructured carbon
electrode formed over gold layers can be used as a platform
for oriented and stable immobilization of hydrogenase
molecules leading to high-density currents due to H2 oxida-
tion electrocatalysis. This strategy opens the way for the
development of miniaturized H2 biosensors with high
sensitivity and stability and also for the design of small-
scale hydrogen biofuel cells. For the later application high-
density currents on the anode are compulsory, but also the
stability of the electrocatalyst under operational conditions
is very important, which is the weak point in most of
biological fuels cells reported. In the present work we have
made a notable improvement in this aspect.
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