
Biochimica et Biophysica Acta 1827 (2013) 949–957

Contents lists available at SciVerse ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbabio
Review

Designing interfaces of hydrogenase–nanomaterial hybrids for efficient
solar conversion☆

Paul W. King ⁎
National Renewable Energy Laboratory, Biosciences Center, Golden, CO 80401, USA
Abbreviations: AA, ascorbic acid; BET, back electron-tra
cadmium sulfide; CdTe, cadmium telluride; CS, charge-sepa
Cytochrome C; DFT, density functional theory; DHA, dehy
chemical scanning tunnelingmicroscopy; Eg, bandgap energ
tron volt; FB, flat-band; HT, hole-transfer; MPA, mercapt
walled carbon nanotubes; NP, nanoparticle; PC, plastoc
quantum yield; RuP, ruthenium bipyridine phosphonic acid
er; ST, surface–trap; SWNT, single-walled carbon nanotube
titanium dioxide; VB, valence band; VDW, van der Waal
☆ This article is part of a Special Issue entitled:Metals in
Systems.
⁎ Tel.: +1 303 384 6277; fax: +1 303 384 3847.

E-mail address: paul.king@nrel.gov.

0005-2728/$ – see front matter © 2013 Elsevier B.V. All
http://dx.doi.org/10.1016/j.bbabio.2013.03.006
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 28 January 2013
Accepted 18 March 2013
Available online 27 March 2013

Keywords:
Interface
Electron-transfer
Nanoparticle
Photocatalysis
Enzyme biohybrid
Solar conversion
The direct conversion of sunlight into biofuels is an intriguing alternative to a continued reliance on fossil
fuels. Natural photosynthesis has long been investigated both as a potential solution, and as a model for uti-
lizing solar energy to drive a water-to-fuel cycle. The molecules and organizational structure provide a tem-
plate to inspire the design of efficient molecular systems for photocatalysis. A clear design strategy is
the coordination of molecular interactions that match kinetic rates and energetic levels to control the direc-
tion and flow of energy from light harvesting to catalysis. Energy transduction and electron-transfer
reactions occur through interfaces formed between complexes of donor–acceptor molecules. Although the
structures of several of the key biological complexes have been solved, detailed descriptions of many
electron-transfer complexes are lacking, which presents a challenge to designing and engineering biomolec-
ular systems for solar conversion. Alternatively, it is possible to couple the catalytic power of biological
enzymes to light harvesting by semiconductor nanomaterials. In these molecules, surface chemistry and
structure can be designed using ligands. The passivation effect of the ligand can also dramatically affect the
photophysical properties of the semiconductor, and energetics of external charge-transfer. The length, degree
of bond saturation (aromaticity), and solvent exposed functional groups of ligands can be manipulated to fur-
ther tune the interface to control molecular assembly, and complex stability in photocatalytic hybrids. The re-
sults of this research show how ligand selection is critical to designing molecular interfaces that promote
efficient self-assembly, charge-transfer and photocatalysis. This article is part of a Special Issue entitled:
Metals in Bioenergetics and Biomimetics Systems.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Electron-transfer reactions constitute a fundamental process of
energy transduction in biology that link biochemical reactions to the
metabolic pathways that are essential for cellular life. These pathways
function to convert abundant substrates such as solar energy, water,
carbon dioxide, nitrogen and oxygen into the energy carryingmolecules
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necessary for cellular viability [1]. Amajority of the conversion steps are
redox-driven, where photoelectrochemical potential derived from
light-harvesting byphotosynthetic reaction centers provides the energy
and driving force for downstream enzymatic formation of hydrogen
(H2) and other biofuel compounds [2,3]. These enzymatic steps are
coupled to electron-transfer (ET), which is mediated by the diffusion
controlled formation of transient protein–protein complexes. The
resulting binding surface, or interface, functions as part of the medium
throughwhich electrons are transferred. Thus, a co-evolution of protein
structures and binding surfaces, cofactor redox potentials and solvent
networks contribute to geometric and thermodynamic parameters
that control ET rates [4]. Understanding the complexity of themolecular
interactions that control electron flow presents one of many challenges
to reengineering photosynthetic solar-energy conversion for the large-
scale production of energy carriers [5–7].

The functional themes that control biological photoconversion are
also fundamental to the development of efficient charge-transfer and
catalysis in artificial photosynthetic systems. Interest in developing
chemical based approaches to solar fuel production has gained signifi-
cant momentum in recent years and many strategies are being devel-
oped that include mixing synthetic and biological components [8–18].
One approach to motivate and inspire artificial efforts has been to use
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enzymes as catalysts in solar conversion devices and photocatalytic
complexes [19–26]. The substrate specificities, high turnover rates,
low reaction overpotentials and the use of base transition metals (e.g.,
Fe, Ni, Cu, andMg)make enzymes an attractive option for use in photo-
catalytic systems [24]. Significant progress has beenmade toward inter-
facing enzymeswith organic and inorganicmaterials for photochemical
conversion. Examples include direct immobilization of enzymes on elec-
trodes (e.g., bulk and nanostructured carbon [27–32], TiO2 [33–35], Au
[30,36,37]), and inmolecular complexeswith photoactive and conductive
materials (e.g., macroscopic [38–40] and nanoparticulate inorganic semi-
conductors [41–45], carbon-based particles and nanorods [46,47])
(Fig. 1). The combination of high catalytic rates exhibited by enzymes
and the outstanding photophysical properties and high molar extinction
coefficients of nanomaterials has the potential to exceed photosynthetic
light-harvesting efficiencies when electronically coupled to enzymes
[5,23,48]. Moreover, the demonstration of multi-exciton generation, or a
>1 ratio of electron-hole pairs per absorbed photon in nanoparticle
(NP) based photovoltaics, is driving even greater interest in these mate-
rials for use as light harvesting molecules in the production of solar
fuels [49,50].
Fig. 1. Bio-inspired, enzyme-based hybrid complexes and devices directly couple the catalyt
artificial NPs, or photoelectrochemical cells for solar H2 production. The center panel shows t
cyanobacterial or algal photosynthesis to enzymatic H2 production by hydrogenases. Some
fied. Examples of biomolecular, bio-inspired and enzyme-NP hybrid systems are shown clock
[51]; cobaloxmine adsorbed to PSI [52]; [NiFeSe]-hydrogenase adsorbed to particulate, dye
[53–55]; [FeFe]-hydrogenase adsorbed onto a carbon electrode in a dye-sensitized photoel
adsorbed to MPA passivated CdS nanorods [42].
The success of these efforts and the potential for high conver-
sion efficiencies have led to more effort to understand the factors
that control the fundamental processes of molecular assembly,
ET and photocatalysis. As in biological ET, the interface in
enzyme-semiconductor complexes has an essential role in each of
these processes. Interfaces mediate molecular assembly and the
spatial relationship of molecules, alter the energy landscape
through surface passivation andmediate charge-transfer reactions,
all of which control photocatalytic performance. This review will
present a brief summary of basic ET theory for context, discuss
how NP interfaces control solar conversion energetics, and high-
light examples of enzyme-NP photocatalytic hybrids that include
complexes of [FeFe]-hydrogenases and semiconducting NPs for
solar-driven H2 production.

2. Biological electron-transfer

A general model for ET mechanisms in proteins and protein com-
plexes has emerged from extensive experimental and theoretical ef-
forts, and generally conforms to the basic principles of nonadiabatic ET
ic power of enzymes and catalysts with light-harvesting by natural photosystems (PSI),
he biomolecules that together function to direct solar energy capture and conversion by
of the advantages and limitations of photobiological H2 production systems are identi-
wise from the left: PSI-CytC chemically linked to a [FeFe]-hydrogenase by octanedithiol
-sensitized TiO2 [45]; [NiFe]-hydrogenase genetically fused to the psaE subunit of PSI
ectrochemical cell (adapted with permission from ACS, [29]); and [FeFe]-hydrogenase
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as described byMarcus Theory (Eq. (1)) [56]. The influence of the inter-
facial dielectric and solvation properties, donor–acceptor edge-to-edge
distances and orientations (β), donor–acceptor energy levels (ΔG), elec-
tronic wavefunction overlap (|HAB|), and nuclear reorganization energy
(λ) together comprise the parameters that control overall ET transfer
rates. The physical manifestations of these parameters in terms of the
structural and energetic properties of the proteins and photosynthetic
reaction centers have been explored [5,7,48,57,58], and basicmechanis-
tic principles have been developed [59–61].

kET ¼ 2π
ℏ

HABj j2 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πλkbT

p e − λþ ΔGBð Þ2
4λkbT

 !
ð1Þ

To examine the effect of changing donor–acceptor edge-to-edge dis-
tance (d) on a molecular system with a reaction rate k (kET for direct
measurement of ET), Eq. (1) can be simplified to show the exponential
relationship of kET to distance, d, including the effects of the intervening
medium, β, as shown in Eq. (2) [62] for in a number of experimental
systems. Values of β have been experimentally determined for transfer
through conjugated alkane (0.8–1.2 Å−1) or xylyl (0.4–0.8 Å−1)
ligands, and for long-range intramolecular ET through proteins
(~1.1 Å−1) [59,60,63].

k ¼ k0e
−βd ð2Þ

In the context of enzyme-NP hybrids and other photocatalytic
complexes and devices, the interfacial composition of the semicon-
ducting surface can influence the ET process through effects on β
(distance effect on electronic coupling), |HAB| (angular and distance
effects on orbital–orbital interactions) and λ (effect of solvation and
dielectric). Extrapolation of biological design principles to the devel-
opment of optimal ET in hybrids also includes the interfacial medium
that is formed upon by adsorption of an enzyme to the material, for
example an electrode or NP surface. If this surface interaction creates
a complex that is sufficiently desolvated, with favorable electrostatic
contacts and sufficiently large contact surface area, a stable CT com-
plex can be created to support a direct energy conversion process
that is not subject diffusion controlled ET.

3. Photosynthetic hydrogen production, protein–protein complexes
and terminal ET reaction steps

To achieve an overall forward process of directing energy flow
from reaction centers to terminal electron acceptors and ultimately
to the enzymes that catalyze fuel production, photosystems structur-
ally evolved to minimize the probability of back electron transfer
(BET) [7,58,64,65]. For example, through engineering the ΔG or λ
parameter of a particular transfer step, the BET reaction can be several
orders of magnitude slower than forward ET, without inhibiting the
overall forward flow of the process. Protein–protein complexes
involved in ET are largely controlled by complementary electrostatic
interactions [66], with interfaces involving van der Waals (VDW)
contacts between charged and non-polar residues [67]. Also included
as determining factors are shape complementarity, and hydrophobic
interactions that create a surface contact area, which for biological
complexes is typically in the range of ~1200 Å2 [67].

In the case of biological H2 production by [FeFe]-hydrogenases, the
ET step can be facilitated by different types of electron carrier proteins
[68–70] including ferredoxins, small molecular weight proteins that
harbor metallo-centers in the form of [2Fe–2S] (algae and higher
plants) or [4Fe–4S] (bacteria) clusters. The surfaces adjacent to FeS clus-
ters in ferredoxins are typically rich in acidic residues, which contribute
in facilitating electrostatic interactions with the positive surfaces on
[FeFe]-hydrogenases (Fig. 2). These positive surfaces surround distal
FeS clusters of [FeFe]-hydrogenase, which vary in both cluster type and
quantity among different enzyme sub-groups [71–73]. In addition,
non-polar residues are often located within the electrostatic contact sur-
face (Fig. 2, right), and the resulting hydrophobic interactions are pre-
dicted to have a role in controlling close-packing and solvation of the
ET interface [74]. In green algae, the terminal ET step in light-driven H2

production involves formation of a protein–protein complex between
[2Fe–2S] ferredoxin and [FeFe]-hydrogenase [63,75].Models of this com-
plex have proposed that the ET interface consists of surface of ~900 Å2

with electrostatic and hydrophobic contacts between conserved polar
and non-polar residues both on the ferredoxin and on the hydrogenase
[76–78]. One objective for the design of [FeFe]-hydrogenase-NP hybrid
complexes capable of solar-driven H2 production has been to mimic
the electrostatic interactions that guide formation of natural ET com-
plexes, which is discussed in more detail below. Binding constants for
complexes between [FeFe]-hydrogenase and negatively charged,
mercaptopropionic acid (MPA) capped CdS and CdTe NPs were mea-
sured and showed values ~34-fold higher than for ferredoxin [41,79].

The X-ray structure of [FeFe]-hydrogenase CpI from Clostridium
pasteurianum (Fig. 2, bottom) revealed a series of accessory FeS clusters
that form a ET network connecting surface localized [4Fe–4S] and
[2Fe–2S] clusters to the catalytic site H-cluster [81,82]. Based on the dis-
tance calculations shown in Fig. 2, an overallΔGpH7 of−0.02 V (based on
Emmeasurements from titration of electron paramagnetic resonance sig-
nals [83]), and using an assumed value for λ of 0.7 eV, the intramolecular
ET rate in CpI can be estimated to occur in the range of 107–1010 s−1

[60]. Protein film voltammetry [84,85] and electrochemical scanning
tunneling microscopy (EC-STM) techniques have been used to measure
catalytic turnover rates of enzymes where interfacial ET is not subject
to diffusional control. For CaI, a close homologue of CpI, EC-STM of
enzymes immobilized onto carboxy-terminated self-assembled mono-
layers (SAMs) of alkane thiols on Au electrodes showed a kCAT value of
~104 s−1 at an overpotential of 0.15 V [86]. Exchange current densities
have not been measured for [FeFe]-hydrogenases, and the kCAT value
may exceed this value. Nevertheless, the predicted intramolecular ET
rate for CpI identifies a threshold upper limit for the design and engineer-
ing of interfacial ET in hybrids and other artificial systems that utilize this
enzyme.

4. Interfaces and control of molecular assembly, electron-transfer
and photocatalysis

Devices for solar H2 production based on both tandem cells
(e.g., Grätzel cell) and solution-phase photocatalytic donor–acceptor
complexes have been developed for utilization with enzymes. In
each type of design, the electrons must transfer across the
material-enzyme interface to drive catalysis. Interfacial properties
are determined by the chemical composition of the material surface,
which can be modified by chemical functionalization, or by passiv-
ation with small molecular weight ligands (Fig. 3). In the case of
semiconducting NPs, termination or surface capping with small mo-
lecular weight ligands functions to; (i) increase solubility in aqueous
buffers [87], (ii) passivate surface defects that otherwise act as
non-productive traps for charge recombination, and (iii) stabilize
the crystal lattice and control the particle size regime and
band-edge energies [88–90]. The first effect is fundamentally impor-
tant in the self-assembly process and maintaining complex stability
over the period of photocatalysis. The second effect plays an impor-
tant role in determining how photoexcited electrons are partitioned
among various relaxation pathways (Fig. 4). The third effect contrib-
utes to determining the overall energetics of the hybrid system. Due
to the quantum confinement effect the optical valence band (VB) and
conduction band (CB) energies vary inversely with NP diameter [91].
These determine flat-band (FB) or oxidation/reduction potentials of
NP surface states, and thus the ΔG available to drive the surface lo-
calized redox reactions (Fig. 5A). In addition, the band-gap energy
(Eg) required for photoexcitation also scales inversely with diameter,
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Fig. 2. Electrostatic map and FeS cluster donor–acceptor distances in Clostridial [FeFe]-hydrogenase. Top left, the X-ray structure of Clostridium pasteurianum [FeFe]-hydrogenase CpI
(PDB ID: 3C8Y [80]) rendered with a transparent electrostatic surface (blue = positive, red = negative, white = neutral). The accessory and catalytic FeS clusters are shown with
the distal [4Fe–4S] nearest in view. Top right, a close-up view of the surface surrounding the distal [4Fe–4S] cluster showing a ring of basic residues (blue ball and stick) that form a
positive electrostatic surface and predicted to make VDW contacts with acidic residues on ferredoxin in an ET complex. Hydrophobic residues (white ball and stick) that contribute
to a non-polar surface (white) are located immediately adjacent to the distal [4Fe–4S] cluster. Bottom, the FeS clusters of the CpI structure showing the edge-to-edge distances
between each adjacent cluster. A red probe is shown to identify the distance of the protein–solvent interface.
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and is largely determined by the bulk material composition of the NP
(Fig. 5B) [92].

4.1. Role of the interface in controlling nanoparticle photophysics and
interfaces for electron-transfer

Ligand termination or capping of semiconducting NPs, or the
non-covalent surface adsorption of ligands onto carbon-based NPs,
can significantly alter the configurations of NP surface states. The
covalent or π-stacking interactions affect NP surface dielectric, solvation,
and bonding properties with significant contributions to the overall NP
photophysical properties. Yang et al. have studied the effects of ligand
passivation on the band-edge energy levels of semiconducting NPs
using density functional theory (DFT) and many-body perturbation the-
ory [99]. Due to (i) surface dipole effects of ligand-NP binding and (ii) the
intrinsic dipole of the ligand, the band-edge potentials of passivated
versus unpassivated NPs shift in energy relative to photocatalytic
(e.g., water splitting) redox reactions (Fig. 5b). The effect of (i) which
is manifested as the surface interaction between the ligand and NP, dif-
fers depending on the chemical functionality (N or S) of the binding
group, whereas the effect of (ii) was sensitive to ligand bond saturation
and solvent group functionalization. Together these effects were calcu-
lated to induce a >1 eV shift in tunability of the EVB/ECB alignments.

In addition to the effects of ligand binding on controlling surface
dielectric properties, thiol passivation has also been shown to enhance
photoconversion efficiencies of NP based photovoltaic devices through
passivation of traps, thereby increasing radiative lifetimes and exciton
dissociation yields for subsequent collection of free carriers [100].
These effects manifest as increased rates of radiative recombination
(kRR) detected as an increase in photoluminescence (PL) of NPs (Fig. 4).
An increase in the PL efficiency of NPs (ηPL, Eq. (3)) has been shown to
directly correlate to higher ET and photocatalytic H2 production

image of Fig.�2


Fig. 3. Ligand structures. Gray panel: Left, aromatic (xylyl) or alkane linkers with
S-termination bind the semiconductor surface, leaving the exposed functional groups for en-
zyme adsorption. Right, molecular dyads with rotation of the biphenyl linker (shown in red)
through substitutions at the 2,2′ positions. Rotation changes the relative orientations of
orbitals and can be used to control interfacial CT kinetics [93]. Green panel: Bidentate
thiol-terminated linkers, lipoic acid [94] and thiostannates [95], with exposed negatively
charged carboxyl or sulfhydryl groups. Blue panel: Covalent crosslinking via the azide
group of diazoniumhas been used for attachment to Au or carbonNPs [96]. Theπ–π stacking
betweenplanar aromatic ligands (e.g., pyrene andperylene) [97,98] onhydrophobic surfaces
creates a charge-transfer network, with exposed functional groups that can be selectively
modified to control enzyme or catalyst attachment and orientation.

Fig. 4. Energy diagram of the relaxation pathways in photoexcited [FeFe]-hydrogenaseNP
hybrids. Absorption (IABS ∝ solar flux) of a photon (hν) with an energy E ≥ Eg by a NP
results in a charge-separated state and creation of an electron-hole pair. Internal recombi-
nation via radiative decay (kRR) results in photoluminescence. Alternatively, the CB elec-
trons can undergo external transfer (kET) to surface redox couples, for example,
hydrogenases (H2ase), for catalytic H2 production. Charge balance and regeneration of
the NP ground state can be maintained by diffusion mediated hole-scavenging (kHT)
using a soluble donor molecule (e.g., ascorbic acid and TEOA) provided the oxidation po-
tential (ED/D+) lies sufficiently negative of the valence band (EVB) energy level. The pres-
ence of surface defect sites creates low energy traps (EST), which in turn compete with
hydrogenase for ET (kST). As observed for hybrids with high ratios of surface bound hy-
drogenases, kBET can also contribute to lower yields of H2 [42].
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efficiencies (ηH2, Eq. (4)) of hydrogenase-NP complexes [41] since the
recombination of electrons by surface–traps (kST) directly competes
not only with kRR but also with kET to the enzymes adsorbed to the NP
surface.

ηPL ¼
kRR

kRR þ kST þ kET
ð3Þ

ηH2 ¼ kET
kRR þ kST þ kET

ð4Þ

Through these combined effects, the interface as defined by the
ligand environment contributes to the overall energetic landscape of
photocatalytic hybrid systems and helps to determine the allocation
of photoexcited electrons among the various relaxation pathways.
Directing ET and energy flow toward catalysis can be readily tuned
in enzyme-NP hybrids by matching material compositions and geom-
etries with appropriate ligand structures. Whereas photobiology
shows unique flexibility for producing a wide-range of biofuels from
sunlight, the reengineering of the basic structures that function in
solar capture and energy transduction remains a considerable chal-
lenge [5].

4.2. Molecular self-assembly

The initial step for direct ET between an enzyme and a material
involves formation of a molecular complex through self-assembly.
This process can be designed to mimic the formation of biological
protein–protein complexes that are mediated by complementary
interactions of surface localized hydrophobic, polar and charged func-
tional groups. The solvent-facing head-group of ligands has included
carboxylic acid, amine, hydroxyl or hydrophobic functionalities, which
can be adsorbed or cross-linked toNPs or electrodes as amixture to pro-
vide amosaic surface of functional groups [96,101,102]. Protein–protein
ET complexes involve interfaces that are composed of polar, hydropho-
bic and non-polar amino acids. These participate in non-covalent con-
tacts (e.g., charge-charge, VDW and H-bonding) and organization of
the solvent and dielectric environment, all of which contribute to the
overall binding strength of the interaction complex. Likewise, these
interactions can be controlled in hydrogenase-NP hybrids by selection
of the ligand head-groups (Fig. 3) as a means to adjust interfacial prop-
erties that affect ET.

Another important aspect to stabilizing the hybrid complex
includes the interaction of the capping ligand with the semiconductor
surface. In some cases the binding is photolabile, and under illumina-
tion desorption of ligands can result in the dissociation of complexes
and loss of photocatalytic function. To address photolability of ligand
binding, functional groups that provide chemical handles for cross-
linking reactions can be added. For example diazonium terminated
ligands (Fig. 3, blue panel) have been electrochemically deposited
onto Au and carbon-based NPs [36,96,103,104]. Thiol-mediated binding
of bidentate ligands including lipoic acid and chalcogenidometalates
(e.g., thiostannates; Fig. 3, green panel) to CdSe and CdS NPs [94,95]
in some cases have shown higher stability compared to mono-dentate
alkane thiols. Various NPs that have predominantly aromatic surfaces,
for example, single and multi-walled carbon nanotubes, have been
functionalized by non-covalent attachment of aromatic ligands such
as pyrene and pyrelene (Fig. 3, blue panel). These show high binding
stability due to strong π–π stacking interactions, and solvent exposed
head-groups can be functionalized to create a preferred type of charged
surface [97,98,105].

image of Fig.�4
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Fig. 5. Diameter dependence of the band potentials and UV-Vis absorbance spectrum of
nanocrystalline CdTe. (A) Top panel. Plot of band-potential (Energy) versus CdTe NP diame-
ter (d). The valence band (VB, orange trace) and conduction band (CB, blue trace) potentials
were calculated based on fits to the equations EVB = −4.74 − 0.80d−0.97 and ECB = −
3.29 + 4.19d−1.21 for VB andCBenergies, respectively [91]. The calculated values are relative
to vacuum, andwere adjusted to theNHE scale by subtracting from−4.5 eV (value ofNHEat
pH = 0 relative to vacuum). The flat-band potentials (FB, red trace) aremeasured values for
differentMPA capped CdTe particles in a diameter range of 2.0–3.4 Å [79] to show the extent
that optical and redox surface state energy levels can differ for CdTe. The formal potential of
the H+/H2 (black dashed line) and H2O/O2 (cyan dashed line) redox couples at pH 7, 1 atm
H2 and O2 are shown for reference. (B) Bottom panel. Plot of UV-Vis absorbance versus CdTe
NP diameter (d). Plot of the inverse relationship of photon absorbance to diameter for CdTe
NPs. The measured spectral response for MPA capped CdTe particles shows that both the
onset and peak absorbance values shift toward the UV and increasing photon energies as
the NP diameter decreases from 3.4 (green trace) to 2.0 (blue trace) nm [79].
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4.3. Rate and directional control of electron-transfer in nanoparticles

The donor–acceptor distances in enzyme-NP hybrids typically
exceed direct VDW contacts, and in this case kET is strongly influenced
by wavefunction overlap (mixing) defined as |HAB| in Eq. (1). As
shown in Eq. (5), |HAB| is attenuated by donor–acceptor distance, d,
and the term β, both of which can be changed by selection of ligand
properties [59].

HABj j ¼ H0e
−βd ð5Þ

The differential contributions of d and β on |HAB| and subsequent
effects on intermolecular ET have been investigated to determine the
extent to which the linear and angular components of ligand orbital
configurations control rates [93]. Moreover, differences in these
parameters have been used to tune the bias of forward (kET) versus re-
verse (kBET) ET in molecular systems [106]. For example, it has been
suggested that the overall performance in terms of the quantum yield
(QY) of converting light absorption to photocatalytic production is
strongly influenced by the interplay of these effects [42]. In a series of
diporphyrin linked dyads, it was shown that the degree of π-orbital
symmetry determined by the angle of conjugated biphenyls (Fig. 3,
gray panel) can explain an angular dependence of kET that is minimal
at 45°, and nearly equally optimal at 0° or 90° [93,106]. It is difficult to
envision whether or not localized steric effects can be used to control
ET bias in largemolecular complexes that involvemany surface contacts
[107]. However, this approach may provide a means to control bias
through screening of ligand libraries for an increase in kET/kBET using
ultrafast optical techniques that probeNP carrier lifetimes in hybrid sys-
tems [49,108,109]. In addition to these observations, the operating po-
tential of a photocatalysts has been shown to shift with an increase in
d, suggesting that ligand length control of ET kinetics can be coupled
to the thermodynamic control of surface catalysis [110].

5. Examples of [FeFe]-hydrogenase nanoparticle hybrids

Several reports have demonstrated the successful integration of hy-
drogenaseswith semiconductingmaterials [25,43] and conducting elec-
trodes [24,27,29,41,42] and some examples are shown in Fig. 1. One of
the first examples of light-driven H2 production by a hydrogenase-
semiconducting material complex was in the 1980s with [FeFe]-
hydrogenase and TiO2 [38], and more recently with dye sensitized
NP-TiO2 and [NiFeSe]-hydrogenases [44,45]. In these cases the molecu-
lar orientations were not specifically designed and optimized for ET.
A design for electrostatic control of complex formation was achieved
by adsorption of Clostridial [FeFe]-hydrogenase CaI on MPA capped
NP-CdTe [41]. The ligand on CdTe binds via thiol interactions with the
CdTe surface, leaving the carboxyl group exposed to solvent. As
discussed above,many [FeFe]-hydrogenases, including CaI, possess pos-
itively charged regions to mediate formation of an ET complex with
acidic electron carrier molecules such as ferredoxin [69,76,78,82]. Due
to the high surface charge density on the NP, molecular complexes pos-
sess strong binding kinetics suggesting formation of ameta-stable com-
plex [41,42].

Once adsorbed, the light-conversion efficiencies in [FeFe]-
hydrogenase-NP hybrids show a strong dependence on the molec-
ular compositions of the complexes [41,42]. As the hydrogenase and NPs
self-assemble in solution, the resulting complexes form a distribution
composed of differing stoichiometric ratios, which for hydrogenase-CdS
nanorods were modeled as a Poisson distribution [42]. Photocatalysis by
these and other hybrids, like in biological photosystems, occurs through
the sequential process of single photoexcitation events where themacro-
scopic ET rate is directly proportional to incident photon flux. When mo-
lecular ratios created a high population of multiple hydrogenases per-NP,
the photocatalytic conversion efficiencies were lower, presumably due to
singly reduced enzymes participating in BET to the NP [42]. Thus, over a
range of catalyst-NP ratios the conversion efficiencies showed dramatic
differences presumably due to changes in electron allocation causing
competition of photocatalysis with non-productive processes [41,42].

Hydrogenases have also been immobilized on conducting electrodes
in dye-sensitized photoelectrochemical cells and biofuel cells [29,30]. In
this design the charge balance is maintained by regenerating the ground
stateof thephotoanodewithanelectrolyteor reforming reaction [26,111].
The conductive electrode can be composed of metal (e.g., TiO2 or gold) or
carbon (e.g. glassy carbon, pyrolytic graphite edge, carbon felt or carbon
cloth) [31,34–37] based materials. Nanostructured electrodes have also
been used, for example single- or multi-walled carbon nanotubes
(SWNT and MWNT, respectively) or TiO2 nanorods [27,112] on conduc-
tive supports. [FeFe]-hydrogenases and SWNTs have been shown to
self-assemble into charge-transfer complexes observed by alterations in
SWNT photoluminescence and Raman spectra [46]. These demonstrate

image of Fig.�5
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that efficient electron exchange is possible with the small intrinsic bias,
between the SWNTs and hydrogenase. Thus, these can be used as highly
efficient conductors for coupling redox catalysts to electrodes in solar
devices.

6. Future prospects

As discussed in this review, the ligands used to passivate and
functionalize NP surfaces also contribute to the control of energy
flow in enzyme-NP photocatalytic hybrid systems. This control is
exerted through the effects on NP geometry and energetics, molecu-
lar assembly, as well as physical parameters that mediate ET. Deter-
mining the optimal ligand properties for a particular application
requires considering all of these effects and presents a significant
challenge toward optimizing overall photocatalytic rates in
enzyme-NP hybrids. The fact that NP charge-transfer systems have
been shown to possess comparatively small reorganization energy,
λ, values [113,114] versus those estimated and measured for biologi-
cal ET complexes, is another facet to consider in directing energy flow
toward productive reaction pathways in hybrids. In this respect, the
ΔG dependence of kET for the reduction reaction can be tuned to
match the formal exchange potential, and possibly constrain kBET to
the Marcus inverted regime (e.g., Eq. (1) where −ΔG° > λ) as ob-
served for biological light conversion [7,58]. In a system based on a
single light absorber, adjusting band-edges in this manner would en-
able more of the NP charge-separation energy to be allocated to the
oxidation reaction. Water oxidation is likely to require more
overpotential in order to drive slower hole-transfer (HT) reactions
and achieve the desired photocatalytic rates and efficiencies. Howev-
er, any advantage of a kET that is orders of magnitude faster than
multi-electron oxidation catalysis will be lost if unstable reaction in-
termediates lead to high rates of kBET.

On the other hand, assembly of enzyme-NP hybrids creates stable
and more robust complexes compared to functionally equivalent bio-
logical complexes. By design must be dynamic to allow for turnover of
light-driven ET that includes the interactions of electron carriers with
multiple partners. Stability functionally creates a direct solar-driven
ET process with photocatalytic rates that are not diffusion-limited.
Moreover, for the [FeFe]-hydrogenases (and [NiFe]-hydrogenases) the
intramolecular ET rates calculated from structural and thermodynamic
properties are predicted to be in the range of 107–1010 s−1 (Section 3,
and in [60]), and kCAT values of immobilized enzymes measured at
≥104 s−1 [86,116]. Hydrogenase-NP hybrids [41–43,45] have shown
quantum efficiencies with CdTe and CdS NPs between 9 and 20%
(monochromatic light) and a linear dependence on light intensity up
to, and beyond, values that limit photosynthetic conversion in natural
systems. Thus, through careful design of ET interfaces and tuning of
NP energetics, the limiting rates of the enzymatic reactions can be
explored under high photon flux, which may reveal kCAT values that
are faster than have been previously measured in solution [86,96,115]
and a means to harness the full catalytic power of biological enzymes
for H2 production.
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