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Abstract: The Clostridium acetobutylicum [FeFe]-hydrogenase HydA has been investigated as a hydrogen
production catalyst in a photoelectrochemical biofuel cell. Hydrogenase was adsorbed to pyrolytic graphite
edge and carbon felt electrodes. Cyclic voltammograms of the immobilized hydrogenase films reveal cathodic
proton reduction and anodic hydrogen oxidation, with a catalytic bias toward hydrogen evolution. When
corrected for the electrochemically active surface area, the cathodic current densities are similar for both
carbon electrodes, and ∼40% of those obtained with a platinum electrode. The high surface area carbon
felt/hydrogenase electrode was subsequently used as the cathode in a photoelectrochemical biofuel cell.
Under illumination, this device is able to oxidize a biofuel substrate and reduce protons to hydrogen. Similar
photocurrents and hydrogen production rates were observed in the photoelectrochemical biofuel cell using
either hydrogenase or platinum cathodes.

Introduction

The conversion of solar energy to stored chemical energy is
one promising means of providing for long-term energy needs.
Systems for the direct solar production of fuels essentially mimic
the natural processes of photosynthesis.1-3 Photon absorption
is used to generate a charge separated state, which must be
efficiently coupled to catalytic centers.4,5 Hydrogen is an
appealing energy carrier6 because of the closed redox loop
between water, H2, and O2.

Hydrogenases catalyze the reversible reaction 2H+ + 2e- a
H2 using base metals, predominantly nickel and iron, at their
catalytic sites.7-11 As a result, there is interest in using
hydrogenases as replacements for platinum in hydrogen produc-
tion systems and hydrogen fuel cells.12,13 The technique of
protein film voltammetry14 allows the rate of direct electron
transfers between adsorbed enzyme and an electrode to be

studied as a function of the driving force. For hydrogenase-
modified electrodes, cyclic voltammograms reflect the amount
and orientation of hydrogenase at the electrode surface, the
availability of H+ and H2, the rate of interfacial electron
transfers, and inherent properties of the enzyme.15 Direct electron
transfers with an electrode have been well characterized for the
[NiFe]-hydrogenases,16-21 which exhibit a catalytic bias toward
hydrogen oxidation, using this method.22,23A handful of reports
describe electrochemical studies of [FeFe]-hydrogenases.23-26

In the hydrogen oxidation reaction, [NiFe]-hydrogenase elec-
trodes have compared favorably to platinum electrodes.27 In
terms of photochemical hydrogen generation, the [FeFe]-
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(20) Alonso-Lomillo, M. A.; Rüdiger, O.; Maroto-Valiente, A.; Velez, M.;
Rodrı́guez-Ramos, I.; Mun˜oz, F. J.; Ferna´ndez, V. M.; De Lacey, A. L.
Nano Lett.2007, 7, 1603-1608.
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hydrogenases are appealing catalysts because of a catalytic
activity greater than that of their [NiFe] analogues in the
hydrogen evolution reaction.23,28 Oxygen is a competitive
inhibitor of both types of hydrogenase. Whereas most [FeFe]-
hydrogenases are irreversibly damaged, inhibition of most
[NiFe]-hydrogenases is reversible, and certain [NiFe]-hydro-
genases are even oxygen-tolerant.23,28,29 Members from both
classes of hydrogenase have been shown to undergo anaerobic
oxidative inactivation at anodic potentials, in certain cases
affording improved O2 tolerance.18,23

Both [NiFe] and [FeFe]-hydrogenases are reported to form
adsorbed layers on many types of carbon,20,25,26,30-34 most
commonly on pyrolytic graphite edge (PGE) electrodes.35 The
variety of carbon electrodes used in the literature suggests that
the nonspecific interaction between hydrogenase and carbon may
be a general phenomenon, with some portion of the adsorbed
enzyme binding in an orientation, and at a site, suitable for direct
electron transfers with the electrode. Control over the orientation
of adsorbed hydrogenases has also been demonstrated at a PGE
electrode, resulting in higher current densities as compared to
that of randomly oriented adsorbed hydrogenases.36

In the present study, a recombinantly produced HydA [FeFe]-
hydrogenase fromClostridium acetobutylicum(CaHydA) has
been investigated as a catalyst for photoelectrochemical H2

production.CaHydA shares a high degree of sequence homol-
ogy (70% identity)37 with theClostridium pasteurianum[FeFe]-
hydrogenase CpI, for which structural data exist.38 CaHydA is
a 65.4 kD protein composed of a highly conserved catalytic
domain and an N-terminal accessory-cluster domain. The mature
form of CaHydA contains the catalytic [6Fe-6S] H-cluster and,
based on homology to CpI, possesses an accessory-cluster
domain that is predicted to contain one [2Fe-2S] and three
[4Fe-4S] clusters. Surface-localized accessory clusters function
to transfer electrons between external redox partners (i.e.,
ferredoxin, flavodoxin, or an electrode) and the buried catalytic
H-cluster. Biochemical properties of the CpI type of clostridial
[FeFe]-hydrogenase include high turnover numbers for the
hydrogen evolution reaction and high solubilities.39,40CaHydA
was chosen for examination in the present work because of the
ease of recombinant expression and the high catalytic activity
for H2 production.37

For this report,CaHydA was initially studied electrochemi-
cally using PGE and carbon felt electrodes. For each electrode,

immobilized CaHydA films were characterized by cyclic
voltammetry. The electrochemical responses provide insight into
both the catalytic ability ofCaHydA and the interaction with
the electrode.CaHydA was studied at a PGE rotating disc
electrode (RDE) under conditions well described in the litera-
ture.15 With fast rotation, mass-transport effects can be mini-
mized and the performance of adsorbedCaHydA directly
assessed. These data are compared to those obtained with a
platinum RDE.CaHydA was also studied electrochemically at
stationary PGE electrodes, as well as at stationary carbon felt.33

Carbon felt is a low-cost, high surface area web of amorphous
carbon fibers.41 Large numbers of hydrogenase can potentially
adsorb to the high internal surface area of this material. This
feature makes the carbon felt electrode amenable to device
applications, where cell geometry may constrain the electrode
size. Although theCaHydA signal at stationary electrodes can
be complicated by mass transport, it is relevant to the perfor-
mance of these electrodes in the photoelectrochemical biofuel
cell.

The carbon felt/CaHydA electrode was tested as the cathode
in this photoelectrochemical biofuel cell (Figure 1) and com-
pared to the cell operating with a platinum cathode.42 The cell
uses a dye-sensitized nanoparticulate TiO2 photoanode, sup-
ported on a transparent, conductive fluorine-doped tin(IV) oxide
(FTO) substrate.43,44The photoanode serves to generate a charge
separated state, reminiscent of molecular reaction centers.45

Photon absorption, by the sensitizer porphyrin (P), leads to a
porphyrin excited singlet state (P*), which relaxes via electron
transfer to the TiO2 conduction band (CB). This process occurs
in parallel at multiple sites along the porphyrin-TiO2 interface.
The resulting radical cations (P•+), residing on surface-bound
dye molecules, oxidize NADH through two stepwise, one-
electron processes, regenerating ground-state porphyrins for
further rounds of light excitation. The accumulation of NAD+

in the anode solution is able to drive the NAD-linked enzymatic
oxidation of an appropriate biofuel substrate.46 The injected
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Figure 1. Schematic drawing of the photoelectrochemical cell used in this
work.
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electrons, residing in the TiO2 conduction band, provide
reducing equivalents to the cathode, where hydrogen production
occurs.42,47Small cations exchange across the proton exchange
membrane (PEM) to balance charge. Productive electron
transfers are in competition with nonproductive recombination
reactions occurring between TiO2 conduction band electrons and
oxidized species at the photoanode surface. The potential of
the cathode influences the electron density in the TiO2 conduc-
tion band and, hence, the rate of recombination.48 The overall
function of this device is to photochemically reform biomass
to H2. The photochemical step overcomes the activation energy
for the one-electron oxidation of NADH and often stores a
portion of the incident photon energy in the H2 product,
depending upon the type of biomass used.

Experimental Section

[FeFe]-hydrogenaseCaHydA from C. acetobutylicumwas expressed
in Escherichia coli, purified, and assayed for H2 evolution and H2 uptake
activities according to previously reported procedures.37,39As is typical
for [FeFe]-hydrogenases,CaHydA is irreversibly inhibited upon
exposure to O2, with a half-life of only a few minutes in air.49 For this
reason, enzyme isolation and all experiments were conducted in a
glovebox under strictly anaerobic conditions (2-3% H2, bulk N2, <1
ppm O2). Under these conditions (and at ambient temperature,
∼30 °C), CaHydA was quite stable and degradation was not observed
during short-term (e5 h) testing in the photoelectrochemical cell.
CaHydA activity units (U) were defined as 1µmol H2 produced or
consumed per minute. The work presented was performed with three
separate preparations ofCaHydA, with nominal specific activities (for
H2 production) of 130, 290, and 400 U mg-1.

Cyclic voltammetry was performed with a CH Instruments 650C
electrochemical workstation using a platinum foil counter electrode and
a Ag/AgCl (saturated KCl) reference electrode. A vycor frit, separating
the counter and working solutions, was used as needed to minimize
CaHydA inhibition due to O2 generation at the counter electrode. All
values in this article are referenced versus Ag/AgCl (saturated KCl).
Potentials on the Ag/AgCl reference scale can be converted to the
standard hydrogen electrode reference scale by adding 0.199 V to the
value reported vs Ag/AgCl.

Pyrolytic graphite edge, glassy carbon, carbon felt, and platinum
electrodes were cleaned before use, by either polishing or heat treatment.
The electrochemically active surface area for each type of electrode
was determined from cyclic voltammograms of ferricyanide.CaHydA
was adsorbed to the stationary electrode while repeatedly cycling the
voltage in a dilute hydrogenase solution (1.6 U mL-1) until a stable
signal was obtained. The adsorbed hydrogenase films were rinsed with
deionized water and transferred to fresh buffer solutions for charac-
terization. Coadsorbates, such as polymyxin B sulfate, were not used
in the present study. All cyclic voltammograms were initiated at the
most positive potential. In each plot, arrows indicate the direction of
the scan. Current densities were determined in terms of the electro-
chemically active surface area.

TiO2 electrodes were prepared according to a literature procedure50

and sensitized with 5-(4-carboxyphenyl)-10,15,20-tris(4-methylphenyl)-
porphyrin.51 The two-compartment photoelectrochemical cell was
assembled as previously described.47 Carbon felt or platinum foil of

comparable electrochemically active surface area (∼3.5 cm2) served
as the cathode. Illumination was provided by either a light-emitting
diode (λmax ) 520 nm, peak width at half-height) 50 nm, 3 mW cm-2)
or a filtered Hg arc lamp (λ ) 550 ( 10 nm,∼50 mW cm-2). The
anode and cathode solutions consisted of 0.1 M sodium phosphate buffer
(pH 7.0), with 10 mM NADH added to the anode solution. For
hydrogenase cathodes, an adsorbedCaHydA film was formed on carbon
felt before testing in the photoelectrochemical cell. Except where
indicated otherwise, excessCaHydA was maintained in the cathodic
solution to minimize enzyme desorption. Photocurrent was determined
as the short circuit current under illumination minus the short circuit
current in the dark. Hydrogen production was determined by gas
chromatography. A more detailed description of the materials and
methods used in this work is available in the Supporting Information.

Results and Discussion

Cyclic Voltammetry of CaHydA. When placed in a dilute
hydrogenase solution, both PGE and carbon felt electrodes
exhibited increasing current with repetitive voltage scans,
consistent with the adsorption of hydrogenase at the electrode
surface (Supporting Information Figure S1). When these
electrodes were rinsed with deionized water and transferred to
a fresh buffer solution, the electrochemical signal was retained,
indicating an adsorbed hydrogenase layer. Figure 2a shows the
effect of electrode rotation for an adsorbed PGE/CaHydA
electrode in H2-saturated, pH 7.0, buffer. At all rotation rates
the waveform reflects the catalytic activity ofCaHydA and is
characteristic of proton reduction at cathodic (i.e., more negative)
potentials and hydrogen oxidation at anodic (i.e., more positive)

(47) Hambourger, M.; Liddell, P. A.; Gust, D.; Moore, A. L.; Moore, T. A.
Photochem. Photobiol. Sci.2007, 6, 431-437.

(48) Haque, S. A.; Tachibana, Y.; Willis, R. L.; Moser, J. E.; Gra¨tzel, M.; Klug,
D. R.; Durrant, J. R.J. Phys. Chem. B2000, 104, 538-547.

(49) Ghirardi, M. L.; Posewitz, M. C.; Maness, P.-C.; Dubini, A.; Yu, J.; Seibert,
M. Annu. ReV. Plant Biol. 2007, 58, 71-91.

(50) Kang, M. G.; Park, N.-G.; Park, Y. J.; Ryu, K. S.; Chang, S. H.Sol. Energy
Mater. Sol. Cells2003, 75, 475-479.

(51) Anton, J. A.; Kwong, J.; Loach, P. A.J. Heterocycl. Chem.1976, 13, 717-
725.

Figure 2. Cyclic voltammograms of aCaHydA film adsorbed to a PGE
electrode in (a) H2-saturated buffer at various rotation rates [0 (thick
black line), 200, 500, 1000, 2000 (blue line), 3000 (red line) rpm] or (b)
H2 (- - -) or Ar (s) saturated buffer at 3000 rpm. Conditions are 0.1 M
phosphate, pH 7.0,ν ) 50 mV s-1.
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potentials.16 In the initial scan toward more negative potentials,
a plateau of positive (anodic) current, attributed to hydrogen
oxidation, gives way to a sloping region of negative (cathodic)
current, corresponding to proton reduction. The transition
between hydrogen oxidation and proton reduction occurs at the
point of zero current, which equates to the formal potential of
the H+/H2 couple under the experimental conditions.21 This
value is dependent upon the local concentrations of H+ and H2

at the electrode surface, which are influenced by the catalytic
activity of CaHydA, the rate of working electrode rotation, and
the concentrations in the bulk solution.

The catalytic turnover ofCaHydA is sufficiently fast that,
for the stationary electrode (Figure 2a), the mass transport of
H2 strongly influences the electrochemical signal.15,21 On the
forward scan, H2 depletion at the electrode surface results in
low anodic currents and shifts the point of zero current to a
more positive potential. In the cathodic region, proton reduction
increases the surface concentration of H2. The accumulated H2
shifts the point of zero current negative on the reverse scan.
The reverse scan also shows a distinctive anodic peak due to
the oxidation of surface accumulated H2.16,23 The position of
this peak varies with the scan rate and cathodic range, reflecting
the relative time scales of the experiment and the diffusion of
H2 away from the electrode (Supporting Information Figure S2).
The persistence of this peak in a hydrogen “saturated” solution
indicates a high local concentration of H2 at the electrode surface
(i.e., the observed formation of H2 bubbles) and a substantial
reductive catalytic ability ofCaHydA.

With sufficiently fast rotation of the working electrode
(∼2000 rpm in Figure 2a), the surface concentrations of H+

and H2 approach those in the bulk solution and are essentially
constant. Under these conditions, mass transport no longer
governs the catalytic signal. As a result, there is a loss of the
hydrogen oxidation peak, a significant increase in the hydrogen
oxidation plateau current, a smaller increase in the cathodic
current, and the forward and reverse scans become virtually
superimposable. Under these conditions, the point of zero current
(-0.602 V) reflects the concentrations of H+ and H2 in the bulk
solution and is quite close to the expected Nernstian value
(-0.613 V) for the H+/H2 couple at pH 7.0 under 1 atm of H2.
The slight deviance may indicate incomplete hydrogen saturation
of the bulk solution in the open-topped electrochemical cell used
with the rotating disc electrode.

Close to the point of zero current, interfacial electron transfer
is slow and the rate of reduction or oxidation of the enzyme
limits the catalytic turnover.16 As the applied voltage is shifted
in either direction away from this value, the driving force for
and hence the rate of interfacial electron transfer increases. As
a result, increasing currents are observed until interfacial electron
transfer becomes fast relative to enzymatic turnover. With this
condition satisfied, the current is independent of the applied
bias and a limiting current plateau is expected in the voltam-
mograms, with the limiting current proportional to the inherent
turnover rate of the enzyme in the presence of the experimental
surface concentrations of substrate and product.35 In Figure 2a,
the presence of an anodic limiting current indicates that, in this
region, the rate of enzymatic H2 oxidation is slow relative to
the rate of interfacial electron transfer. The absence of a cathodic
limiting current then suggests a relatively higher turnover
number for proton reduction. Supporting Information Figure S3

shows that a cathodic limiting current is not reached when
scanning as negative as-1.2 V. Assuming the rates of interfacial
electron transfer are similar in both directions (i.e., there is no
major reorientation of the adsorbed enzyme film as a function
of potential), then the absence of a cathodic limiting current
indicates a catalytic bias ofCaHydA toward proton reduction
under the conditions studied.

Further information supports this proposed catalytic bias. At
fast rotation rates, the ratio of cathodic and anodic currents
reflects the catalytic bias ofCaHydA under the substrate
conditions of the bulk solution. In Figure 2a, at 3000 rpm in
H2-saturated solution, the ratio of cathodic divided by anodic
current densities ranges from 1.1 at low overpotentials (i.e., close
to the point of zero current) to 2.9 at 192 mV overpotential
(Supporting Information Figure S4). At all overpotentials
investigated, the current densities were greater for proton
reduction even though the concentration of protons (10-7 M)
is nearly 4 orders of magnitude less than the concentration of
hydrogen (∼8 × 10-4 M).52 Additionally, Figure 2b shows
voltammograms obtained for aCaHydA film at high rotation
rates in either argon- or hydrogen-saturated pH 7.0 buffer.
Supporting Information Figure S5 shows a series of rotation
rates in argon-saturated buffer. In the absence of H2, there is
essentially no anodic current, and the point of zero current is
shifted positive. In the presence of H2, there is a notable increase
in the hydrogen oxidation current, and there is only a modest
inhibition of proton reduction. In contrast, the proton reduction
activity of [NiFe]-hydrogenases, with a catalytic bias toward
H2 oxidation, is substantially inhibited under 1 atm H2.15,21The
strong cathodic signal for the [FeFe]-hydrogenaseCaHydA,
even under 1 atm H2, attests to the impressive catalytic activity
of this enzyme in the hydrogen evolution reaction.

This finding stands in contrast to a previous report of solution-
based biochemical assays ofCaHydA, which shows a catalytic
bias toward H2 oxidation. In that study, the rate of H2 oxidation
was, surprisingly, found to be 1000 times greater than that of
H+ reduction.53 In our hands, similar solution-based assays using
oxidized and reduced methyl viologen showed a more modest
bias toward H2 oxidation, with specific activities of 253( 47
and 80 ( 7 U mg-1 in the H2 uptake and H2 production
reactions, respectively. This yields a ratio of∼3:1 in favor of
H2 oxidation, similar to literature values for the closely related
CpI [FeFe]-hydrogenase.39 The cause for the discrepancy
between the electrochemical and solution-based assays is not
fully resolved at present. However, it is not surprising to find
differences when using either the electrode or a soluble electron
mediator as the redox partner forCaHydA in disparate assay
procedures.

It should be noted that the voltammograms in Figure 2 also
indicate a heterogeneous surface, with a distribution of hydro-
genase orientations. As the driving force for interfacial electron
transfer increases, new populations of hydrogenase in suboptimal
orientations become catalytically active.16,17This heterogeneity
is the presumed source of the residual slope in the anodic
limiting current plateau and likely contributes to the lack of an
observable cathodic limiting current. Heterogeneity also implies
that improved electrode performance is likely to be obtained
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through better control of the hydrogenase orientation, which
should enhance electronic communication as compared to the
enzyme adsorbed to the electrode surface in random orienta-
tions.36

The data obtained at the rotating disc PGE electrode indicate
thatCaHydA is an active catalyst for proton reduction, amenable
to direct electron transfers with a carbon electrode. Integration
of this catalyst into the photoelectrochemical biofuel cell is most
readily achieved at a stationary cathode. For this purpose,
immobilizedCaHydA was studied electrochemically at station-
ary PGE and carbon felt electrodes. These materials have
different surface morphologies, which may favor or disfavor
specific interactions withCaHydA. The PGE electrode has a
large surface area due to pores and trenches penetrating between
graphite sheets, although much of this area may be inaccessible
to CaHydA or part of the poorly conductive graphite basal
plane.54 Carbon felt is a porous three-dimensional material with
a high internal surface area.41 Under the conditions studied, both
types of carbon are expected to have primarily acidic, oxygen-
containing functional groups at “dangling bond” defect sites on
the electrode surface.55,56The specific surface chemistry of each
electrode was not examined in this work.

Figure 3 shows cyclic voltammograms of hydrogenase films
adsorbed to stationary PGE and carbon felt electrodes. The
current densities are lower than those in Figure 2, a result of
this work being performed with a preparation ofCaHydA having
a lower specific activity. Aside from the amplitude of the
electrochemical signal, the waveform is broadly consistent with
that in Figure 2 and subject to the same interpretations. Both
types of carbon exhibit similar behavior withCaHydA and
relatively similar current densities (determined by the electro-
chemically active surface area). The most notable differences
between the two materials are the modestly higher initial anodic
current densities, the lower cathodic current densities, and the
broader hydrogen reoxidation peak observed at carbon felt.
These variations can be explained by differential rates of H2

diffusion away from the PGE and carbon felt surfaces. The
three-dimensional structure of carbon felt readily entraps H2

bubbles during the cathodic sweep, slowing the rate of H2

diffusion away from the electrode. For carbon felt, the retention
of H2 produced during previous cycles gives rise to the higher
initial anodic currents and a slight negative shift in the point of
zero current during the forward scan. On the reverse scan, the
retention of H2 at the carbon felt electrode results in a broadening
of the hydrogen reoxidation signal, since the surface concentra-
tion of H2 is changing more slowly relative to the time scale of
the measurement. The retention of hydrogen in pores of the
carbon felt may also lead to H2 inhibition of the cathodic current,
as demonstrated forCaHydA in Figure 2b. The cathodic current
densities, in Figure 3, could also reflect differences in the surface
density and orientation of adsorbed activeCaHydA on the two
types of carbon. For a stationary carbon felt/CaHydA electrode,
the assignment of the cathodic wave as H2 production was
confirmed by poising the electrode at-0.94 V for 60 min,
followed by determination of the headspace composition by gas
chromatography. During electrolysis, 15.6µmol of electrons
were passed through the circuit and 8.46( 0.85 µmol of H2

were produced, giving a Faradaic efficiency of 1.08( 0.11 for
H2 production (Supporting Information Figure S6).

Figure 4 shows the cathodic current densities for stationary
electrodes withCaHydA adsorbed from solutions of different
enzyme concentration. For each point, the electrode was placed
into solution and the potential was cycled until a stable current
response was achieved. The effect was studied at both PGE
and carbon felt electrodes, as well as at glassy carbon electrodes,
which gave generally comparable voltammograms for adsorbed
CaHydA (Supporting Information Figure S2a). For all three
types of carbon electrodes, the cathodic current density increased
with increasing concentrations of hydrogenase in solution, until
a plateau region was approached at sufficiently high concentra-
tions. This concentration dependence of the catalytic current
indicates an equilibrium between unbound and boundCaHydA,
with a larger concentration of bound enzyme as the concentra-
tion of unbound enzyme is increased. All three series were fit
to Langmuir adsorption isotherms, indicating that catalytic
current is proportional to the fractional surface coverage of
active, oriented hydrogenase.

Electrochemical H2 Evolution Compared at CaHydA and
Platinum Electrodes.Interest in hydrogenase electrodes stems
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Figure 3. Comparison of stationary pyrolytic graphite edge (red lines) and
carbon felt (black lines) electrodes, before (‚‚‚) and after (s) adsorption of
CaHydA. Conditions are 0.1 M phosphate, pH 7.0,ν ) 10 mV s-1, 2-3%
H2, bulk N2 atmosphere.

Figure 4. Cathodic current densities (determined at-0.85 V) as a function
of CaHydA activity in solution for PGE (closed symbols), carbon felt (open
symbols), and glassy carbon (cross-hatched symbols) electrodes; for scans
at 50 mV s-1 (squares) and 10 mV s-1 (circles). Data were fit to Langmuir
adsorption isotherms for PGE (‚ - ‚), carbon felt (‚‚‚), and glassy carbon
(- - -) electrodes. Conditions are 0.1 M phosphate, pH 7.0, 2-3% H2,
bulk N2 atmosphere,ω ) 0 rpm.
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in part from the possibility that enzymatic catalysts may replace
platinum in hydrogen fuel cells and hydrogen production
systems. Jones et al. have previously compared the catalytic
ability of [NiFe]-hydrogenase electrodes directly to platinum
in the hydrogen oxidation reaction.27 They demonstrated that
at low H2 partial pressures the performance of these two catalysts
is nearly identical, whereas under 1 atm H2 [NiFe]-hydrogenase
can still give anodic current densities similar to that of platinum,
although at higher overpotentials. To the best of our knowledge,
the same comparison has not been made for the hydrogen
evolution reaction. As described above, the [FeFe]-hydrogenase
CaHydA has a catalytic bias toward hydrogen production and
exhibits high cathodic current densities when immobilized on
a variety of carbon electrodes. Thus,CaHydA is an interesting
catalyst for comparison to platinum. Two aspects of the catalytic
signal were examined: the potential at which catalysis begins
and the current densities obtained at a given overpotential.

As shown in Figure 5, both platinum and PGE/CaHydA
electrodes are effective catalysts operating near the reversible
potential of the H+/H2 redox couple. At the low partial pressures
of H2 used, the point of zero current is poorly defined. Instead,
we report on the onset of hydrogen production, estimated from
the first derivative of the cyclic voltammograms. Over the pH
range 6-10, for both platinum and hydrogenase electrodes, the
onset of H2 production occurs∼80 mV positive of the Nernstian
H+/H2 potential of the bulk solution (red dashed line in Figure
5). This offset is attributed to the depletion of H2 at the stationary
electrode surface during the anodic portion of the forward scan.
Attempts to studyCaHydA under more acidic conditions were
unsuccessful. At pH 5.1, the onset potential was the same as
that at pH 5.9, suggesting that the residual catalytic signal was
due toCaHydA that had not yet equilibrated with the pH 5.1
solution. At this low pH, the catalytic current decreased with
increased exposure time to the buffer and a stable current
response could not be obtained. However, in our laboratory,
solution-based methyl viologen assays39 showed thatCaHydA
remained active at pH 5.1. These two results likely indicate that
desorption of the enzyme from the electrode, at pH 5.1, leads
to the loss of the catalytic signal. For the same pH series, the
current densities 120 mV negative of the onset potential indicate

an optimal catalytic activity near neutral pH (Supporting
Information Figure S7).

Figure 6 shows the electrochemical response of a PGE/
CaHydA electrode compared directly to that of platinum. In
both cases, cyclic voltammograms were recorded in H2-saturated
phosphate buffer (pH 7.0) at high rotation rates. The hydroge-
nase data set is the same as presented in Figure 2b. Additional
voltammograms for the platinum rotating disc electrode are
shown in Supporting Information Figure S8. In general, the
shape of the catalytic wave is quite similar for both theCaHydA
and platinum electrodes. The anodic limiting current plateau at
high rotation rates suggests that the low solubility of H2 in the
bulk solution limits the rate of H2 oxidation for both catalysts.
The point of zero current varies by less than 2 mV between the
two traces, consistent with the results in Figure 5. Comparison
of the current densities indicates that the platinum surface is
the more active catalyst, although the randomly oriented
CaHydA electrode is only a factor of 2 or 3 worse. In the
cathodic region, the hydrogenase current densities are∼40%
of those obtained at platinum. In the anodic plateau, this ratio
ranges from 29 to 35% depending upon the potential. The
performance, relative to that of platinum, ofCaHydA in the
anodic and cathodic regions is yet another line of evidence
suggesting thatCaHydA has a catalytic bias toward proton
reduction. The lower current densities obtained withCaHydA,
as compared to that of platinum, can be attributed to the lower
surface coverage of active catalytic sites. Given that the
theoretical maximum surface density of immobilizedCaHydA
[FeFe]-hydrogenase (∼3.3 pmol cm-2, based on an estimated
50 nm2 footprint for each molecule)38 is considerably less than
the surface density of catalytic sites on the platinum surface
(∼1.1 nmol cm-2),57 it seems likely thatCaHydA is more active
per catalytic site.27 It is worth pointing out that in this study
the enzyme adsorption process has not been optimized, and
higher current density forCaHydA electrodes may likely be
obtained. In the absence of a noncatalytic electrochemical signal
for CaHydA, we are presently unable to precisely quantify the
surface coverage of electroactive hydrogenase or report a valid
turnover number for this enzyme on the electrode surface.

Photoelectrochemical Hydrogen Production Catalyzed by
CaHydA. One application of hydrogenase electrodes is their
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Figure 5. pH dependence of the onset of hydrogen evolution at stationary
PGE/CaHydA (O) and platinum (0) electrodes. For theCaHydA series,
enzyme adsorption was performed at pH 7.0 and the electrode was
equilibrated at the indicated pH before measurement. Linear regression lines
are plotted for the PGE/CaHydA (y ) -0.0594x - 0.0711;‚‚‚) and platinum
(y ) -0.0598x - 0.0704;s ) electrodes. The red dashed line indicates the
potential of the H+/H2 couple at pH 7.0 and 0.03 atm H2. Conditions are
0.1 M phosphate,ν ) 50 mV s-1, 2-3% H2, bulk N2 atmosphere.

Figure 6. Comparison of platinum (s) and CaHydA modified PGE
(- - -) rotating disc electrodes, both in H2-saturated buffer. Conditions
are 0.1 M phosphate, pH 7.0,ν ) 50 mV s-1, ω ) 3000 rpm.

A R T I C L E S Hambourger et al.

2020 J. AM. CHEM. SOC. 9 VOL. 130, NO. 6, 2008



use in photochemical energy conversion systems. In view of
the challenge of extracting electrosynthetic work from such
systems, and to further compare hydrogen production on
platinum to that catalyzed byCaHydA, the carbon felt/CaHydA
electrodes were tested as the cathode in a photoelectrochemical
biofuel cell. In these experiments, NADH was used as a
sacrificial electron donor. The ability of this system to recycle
NAD+ and use a biological substrate as an electron source has
been previously established.42,46In the photoelectrochemical cell,
the cathodic potential is determined by the surface concentrations
of H+ and H2. In the light, photochemical charge separation
shifts the TiO2 quasi-Fermi level negative of this value,
generating photovoltage and photocurrent.43 The offset between
these two values, and the occupancy of conduction band/trap
states in the TiO2, influences the net efficiency of the (photo)-
chemical reactions at the photoanode, which include electron
recombination.48

Figure 7 shows the cell short circuit photocurrent during
1-min light and dark cycles. The current decay occurring during
illumination is likely related to the accumulation of hydrogen
at the cathode surface, as well as the local depletion of NADH
near the photoanode.58 In the absence of hydrogenase, the carbon
felt cathode resulted in negligible photocurrents. In the presence
of CaHydA, the carbon felt cathode gave photocurrents
comparable to a platinum electrode. Supporting Information
Figure S9 shows that starting with a clean, unmodified carbon
felt cathode the short circuit photocurrent increased with
increasing quantities ofCaHydA added to the cathode solution,
similar to the electrochemical results shown in Figure 4. In
experiments under higher light intensity, the hydrogen product
in the cathode headspace was quantified by gas chromatography.
No hydrogen product was detected for the carbon felt cathode
without CaHydA present. The average rates of hydrogen
production over an∼60-min illumination period (23.4 nmol H2
min-1 for carbon felt/CaHydA versus 19.8 nmol H2 min-1 for
platinum) were nearly identical whether using a platinum or
hydrogenase cathode (Supporting Information Figure S10). With
known quantities ofCaHydA immobilized on the carbon felt
cathode, and no excessCaHydA in the cathode solution, the
rate of hydrogen production (averaged over∼20 min of

illumination) is shown to depend upon the quantity of im-
mobilizedCaHydA (Figure 8). Supporting Information Figure
S11 shows the H2 production kinetic traces from which Figure
8 was created. It should be noted that within the photoelectro-
chemical cellCaHydA remains extremely oxygen sensitive, and
opening the cell to air leads to the rapid loss of hydrogenase
activity.

Figure 9 shows a current-voltage profile of the photoanode
in a three-electrode configuration. In this configuration, the
photoanode is isolated by the potentiostat circuit, and perfor-
mance is independent of the cathode. The bias applied by the
potentiostat controls the Fermi level of the FTO substrate of
the photoanode. The electron density in the TiO2 conduction
band increases as the applied bias is swept to more negative
potentials. Since charge recombination can occur from any
conduction band electron, or from exposed regions of the FTO
substrate, as the electron density increases so does the probability
of recombination.48 In the photoelectrochemical cell described
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Figure 7. Short circuit photocurrent of the photoelectrochemical cell with
either a carbon felt (‚ ‚ -), carbon felt/CaHydA (s), or platinum foil
(- - -) cathode. In each case, the electrochemically active surface area
of the cathode was∼3.5 cm2. (520-nm illumination, 3 mW cm-2).

Figure 8. Rate of H2 production in the photoelectrochemical cell
(determined by gas chromatography) as a function of the quantity of
CaHydA immobilized on the carbon felt cathode. Known quantities of
CaHydA solution were pipetted onto carbon felt and allowed to soak into
the material and dry. Units ofCaHydA deposited per electrochemically
active area (∼3.5 cm2) are shown in the figure. For these data, no excess
CaHydA was present in solution. 550-nm illumination,∼50 mW cm-2.

Figure 9. Current-voltage profile of the photoanode (ν ) 5 mV s-1) run
in a three-electrode configuration under 520-nm (3 mW cm-2) illumination
(s) and in the dark (- - -). Superimposed on theI-V profile is the short
circuit current for the cell in a two-electrode configuration (520-nm
illumination, 3 mW cm-2), with increasing pressures of H2 above the cathode
solution, using a carbon felt/CaHydA (0) or platinum (O) cathode. The
inset shows the raw hydrogen back pressure data before being converted
to V vs Ag/AgCl by application of the Nernst equation:EH+/H2 ) E° -
0.0296*log(PH2) - 0.0591*pH.
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in this work, electron recombination to NAD+ in solution is
thermodynamically disfavored, and charge recombination to
oxidized sensitizer dyes is the dominant loss mechanism.47

This process limits the short circuit current under illumination
as recombination becomes competitive with the regeneration
of ground-state sensitizer dyes by NADH in solution.59

This effect gives rise to the shape of theI-V profile in Figure
9. The voltage at which the current (of the illuminated
device) goes to zero is an approximation of the quasi-Fermi
level of the TiO2 under illumination. This point sets a
cathodic limit for the potential at which work can be extracted
from the photoelectrochemical cell, under the illumination
regime tested.

When the photoanode is directly wired to a cathode, in a two-
electrode configuration, the cathode determines the Fermi level
of the FTO substrate of the photoanode, in a manner analogous
to a bias applied by a potentiostat. The inset of Figure 9
shows the short circuit current (under 520-nm illumination) as
the H2 pressure above the cathode solution is increased. Both
platinum andCaHydA electrodes exhibited a similar decrease
in current upon increasing the hydrogen pressure in the cathode
headspace. This effect can be rationalized in terms of the
increasing pressures of hydrogen shifting the cathode to more
negative potentials, thereby increasing the rate of charge
recombination and decreasing the current of the device. The
partial pressures of hydrogen, shown in the inset, were converted
to V vs Ag/AgCl according to the Nernst equation. The resulting
data points are superimposed on theI-V curve shown in Figure
9. There is good agreement between the two experimental
methods, with comparable currents at a given potential, whether
that potential is applied with a potentiostat or with H2 back
pressure.

The hydrogen back pressure data points at-0.57 V are the
short circuit current of the photoelectrochemical cell run in a
two-electrode configuration under low partial pressures of
hydrogen (0.03 atm). The portion of the current-voltage curve
to the left of this point is essentially theI-V profile of the
photoelectrochemical cell when the anode is directly wired to
the cathode. This portion of theI-V curve exhibits ohmic
behavior, indicating that there is insufficient driving force to
maintain the diode effect of the illuminated device. This situation
depends in part on the intensity of the light incident upon the
photoanode.60 However, the output voltage of the photoanode
is largely constrained by the density of states near the conduction
band edge, which is a function of the semiconductor material
and the electrolyte conditions.48 The data presented suggest that
the conduction band edge of the TiO2 semiconductor used in
this work is not sufficiently reducing for high rates of hydrogen
production. Since bothCaHydA and platinum electrodes operate
near the reversible H+/H2 potential, they have a similar influence
on the TiO2 conduction band electron density and, hence, the
rate of recombination. As a result, with sufficient hydrogenase

present, the platinum andCaHydA cathodes performed com-
parably in the photochemical experiments, and the photoanode
was the limiting factor in both cases.

Conclusions

In summary,C. acetobutylicum[FeFe]-hydrogenase HydA
(CaHydA) was immobilized at carbon electrodes, characterized
electrochemically, and tested for hydrogen production in a
photoelectrochemical biofuel cell. The electrochemical response
of theCaHydA electrodes was broadly similar among the types
of carbon tested and generally consistent with literature reports
of [FeFe]-hydrogenase electrochemistry.23-25 Under these ex-
perimental conditions, theCaHydA hydrogenase exhibits a
catalytic bias toward hydrogen production, in contrast with a
previous report.53 In cyclic voltammograms,CaHydA electrodes
showed cathodic current densities∼40% of those obtained at a
platinum electrode. Given the disparate surface densities of
hydrogenase and platinum catalytic centers, it is likely that the
turnover frequency of individual catalytic sites is greater for
CaHydA than that for platinum. Improved packing and orienta-
tion of active hydrogenase at the electrode surface, for example
by reducing the enzyme “footprint” through structural minimi-
zation,37 could potentially produce a hydrogen electrode that is
superior to platinum.

One of the electrodes tested was a high surface area carbon
felt. This low-cost material allows a large number of hydroge-
nase enzymes to be electrically contacted at a compact electrode.
As a result, the carbon felt electrode exhibits a cathodic current
density considerably higher than platinum foil in terms of the
nominal two-dimensional area, due to the high internal surface
area. This feature makes carbon felt an interesting material for
device applications, where two-dimensional area can be a
relevant parameter. These carbon felt/CaHydA electrodes were
tested as the cathode in a photoelectrochemical biofuel cell. The
short circuit photocurrent and rate of hydrogen production were
comparable for either hydrogenase or platinum cathodes,
indicating that hydrogenase is capable of maximizing the cell
performance under the experimental conditions. This cell
illustrates some of the limitations that must be overcome to carry
out artificial photosynthesis that would ultimately involve water
oxidation as the source of reducing equivalents and electrore-
ductive chemistry at significantly negative potentials at the
cathode.
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