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a b s t r a c t

Sustainable economic production of hydrogen from water and sunlight is an attractive goal. It requires
an active electrocatalyst comprised of earth-abundant elements. Such a catalyst exists in nature, the
[FeFe]H cluster in the active site of the di-iron hydrogenase enzymes. To reach the required specific
activity within an actual solar hydrogen-production system, the catalytically active site must, figuratively,
be stripped from the enzyme, attached to a cathode or photocathode, and immersed in water. Thus
modifications of the composition and structure of the cluster are to be found which allow for stable
attachment to the electrode surface and for maintenance of its integrity and activity throughout the H2-
ydrogen production
irst principles molecular dynamics

producing cycle in an environment drastically different from that in the enzyme. We have addressed
that problem by simulating the behavior of model clusters by first-principles electronic-structure and
molecular-dynamics simulations. We review our studies, first of the [FeFe]H cluster in vacuum; next of
the [FeFe]H cluster in water; then of a systematic sequence of modifications which culminates with the
design of the successful phosphorous-substituted [FeFe]P cluster; and, finally, an investigation of the
H2 producing cycle of [FeFe]P. We then discuss the limitations of our results and conclude with a brief

irecti
consideration of future d

. Introduction

Sustainable economic production of hydrogen from water and
unlight is an attractive goal. The hydrogen would serve as a use-
ul store of solar energy. The resources from which it would be
roduced, water and sunlight, are obviously sustainable, the water
roviding the protons and the sunlight the electrons for the hydro-
en evolution reaction 2H+ + 2e− → H2. Producing the hydrogen
conomically via that reaction on the required scale requires an
ctive electrocatalyst comprised of earth-abundant elements. Such
catalyst exists in nature, the [FeFe]H cluster in the active site of

he di-iron hydrogenase enzymes of hydrogen-producing bacte-
ia. Under optimum conditions, each molecule of the DesulfoVibrio
esulfuricans enzyme can produce 9000 molecules of hydrogen per
econd at room temperature [1]. However, the enzyme itself is so
arge that to reach the required specific activity within an actual

ydrogen-production system [2], the catalytically active site must,
guratively, be stripped from the enzyme, attached to a cathode
r photocathode, and immersed in water. That poses a challenging
roblem: Modifications of the composition and structure of the clus-
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ter are to be found which allow for stable attachment to the electrode
surface and maintenance of its integrity and activity throughout the
H2-producing cycle in an environment drastically different from that
in the enzyme. We have addressed this problem as one in theoret-
ical catalyst design with the intent of providing guidance for the
actual synthesis of a functionalized electrode and ultimately the
fabrication of a hydrogen-production system. We review here the
encouraging results we have obtained thus far and summarize the
remaining tasks.

The theoretical methods available for consideration are (1)
molecular dynamics (MD) using empirical force fields to simu-
late nuclear motion without addressing changes in the electronic
structure, (2) QM/MM which treats the electrons of that part of
the system centrally involved in the chemical reactions quan-
tum mechanically and the rest by MD, and (3) full first-principles
quantum-mechanical treatment of all of the electrons in the system
(FPMD). In FPMD, the force fields that determine the nuclear motion
do not require empirical fitting but are generated on the fly from
the quantum-mechanical ground state of the electrons. MD cannot

be used as it cannot capture the dynamics of the electron transfers
central to hydrogen production as well as other significant changes
of electron structure during the production cycle. As the system
to be studied is quite large, comprised of the electrode, the cat-
alytic cluster functionalizing the electrode surface, and the water

dx.doi.org/10.1016/j.cattod.2010.12.030
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:aselloni@princeton.edu
dx.doi.org/10.1016/j.cattod.2010.12.030
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Fig. 1. Sketch of the active site of the di-iron hydrogenases. It is composed of the
catalytically active [FeFe]H cluster, connected to an Fe4S4 cubane through the sulfur
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Fig. 2. Side view of the [FeFe]P cluster linked to an S-atom (Ssurf) on the FeS2 (1 0 0)
surface via a direct Fep–Ssurf bond. The distal and the proximal irons are indicated by
the labels Fed and Fep, respectively. Fep and Fed are bridged by an S–CH2–CH2–CH2–P
group. A (CNH)d group bridges the Fep and Fed and is connected to an Fe-atom of
the surface (Fesurf1) via a dative bond between its N and Fesurf1. The distal iron has
a vacant site, indicated by V. A second dative bond forms between a second surface
f a cysteine (Cys) in the enzyme’s backbone. The distal iron (Fed) of [FeFe]H has a
acant site, indicated by V. The X in the chelating S–CH2–X–CH2–S group stands for
H2, NH or O [4].

n which the functionalized electrode is immersed, one might think
hat QM/MM would be the method of choice for reducing computa-
ional costs. However, that part of the system which must be treated
uantum-mechanically is sufficiently large that QM/MM offers lit-
le advantage over FPMD with regard to reducing computational
osts and introduces errors through its treatment of the transition
egion between the quantum and classical domains. Accordingly,
n our efforts to solve the design problem, we have used electronic
tructure methods and FPMD for the entire system, as illustrated
n Section 2.

In the [FeFe]H cluster two iron atoms are coordinated with CO
nd CN ligands and bridged by a chelating group, S–CH2–X–CH2–S,
here X can be an NH (DTMA) or CH2 (PDT) group, cf. Fig. 1 [3]. In

he enzyme one of the two iron atoms, the proximal iron (Fep), is
onnected to an iron–sulfur Fe4S4 cluster (a cubane) via the sulfur
f a cysteine, Fig. 1 [3]. The other iron in the [FeFe]H cluster is the
istal iron (Fed). In the cluster configuration corresponding to the
nzyme’s active ready state [4], the �-CO configuration in Fig. 1,
here is one CO, the �-CO, bridging the two iron atoms, leaving a
acant coordination site, V, on Fed. Hydrogen production occurs at
. Each of the sulfurs of the chelating group is linked to each of

he irons. The (1 0 0) surface of pyrite, FeS2, has a similar configu-
ation of iron and sulfur atoms, suggesting that the cluster could
e stably linked to that surface. Moreover, FeS2 is a semiconductor
ith a band gap of ∼0.9 eV [5], making it suitable for incorporation

nto a multi-junction photovoltaic device for generating electrons
fficiently from sunlight. Accordingly, we have chosen pyrite as the
lectrode in our design and have simulated the functionalization of
ts (1 0 0) surface.

The full system of electrode, attached catalyst, and neutral or
cidified water is physically and chemically complex. Searching for
n effective design by first-principles simulation is consequently
omputationally complex. We adopted a stepwise strategy to deal
ith that complexity. We started by studying the [FeFe]H cluster

n vacuo [6], added water [7], attached it to the electrode and sys-
ematically changed the structure and composition of the cluster
o achieve stable linkage to the electrode and structural integrity
hroughout a cycle of facile hydrogen production [8], and studied
n detail the H2-producing cycle of the resulting modified cluster,
FeFe]P, linked to the electrode as shown in Fig. 2 [9]. [We use the
ymbol [FeFe]P to represent either the cluster or the functional-

zed electrode depending on context.] There were many essential
essons learned along the way without which it would have been
opelessly impractical to have attempted a de novo attack on the
omplete system.
iron (Fesurf2) and the N atom of (CHNH)p. Fe atoms are dark red; S atoms are yellow;
the P atom is pink; C atoms are dark gray; N atoms are blue; O atoms are red; and H
atoms are shaded. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

In the following, we briefly describe our vacuum studies of the
naked active site in Section 3, our studies of the influence of a water
environment on the active site in Section 4, and the design and
functioning of the successful electrode-catalyst complex in Section
5. We discuss the limitations of our results and what can be done to
mitigate them in Section 6. We conclude in Section 7 with a status
report and consider future directions.

2. Methods

Our studies have been based on Car–Parrinello [10] FPMD sim-
ulations of the [FeFe]H cluster and of the functionalized electrode
in vacuo and in a liquid–water environment with or without hydro-
nium ions. The FPMD simulations were performed within the
framework of density-functional theory in the local-spin-density
approximation supplemented by generalized-gradient corrections
[11] as implemented in the CP code of the Quantum ESPRESSO pack-
age [12]. In all our work, the systems were modeled with periodic
boundary conditions imposed on a cubic or tetragonal simulation
cell with its lattice parameters chosen as appropriate in each case.
To illustrate our methods, the following paragraph gives specifics
for the systems studied in reference [8] in which the design process
leading to the [FeFe]P cluster is described, cf. Section 5.1 below.

We employed ultrasoft pseudopotentials [13,14] with plane-
wave expansions of the Kohn–Sham orbitals and of the augmented
density up to kinetic-energy cutoffs of 30 Ry and 240 Ry, respec-
tively. The pyrite electrode was modeled in a slab geometry
with (1 0 0) surfaces and 3D periodic boundary conditions at the
experimental lattice constant, 5.428 Å [15]. (Our theoretical lattice
constant, computed with fully converged Brillouin zone (BZ) sam-
pling, is 5.404 Å, only 0.4% shorter than the experimental one.) We
used a 2 × 2 supercell having the ideal bulk termination of the slab.
The slab was nine atomic layers thick (24 FeS2 units, cf. Fig. 2) in a
tetragonal simulation box with a = 10.856 Å, c = 21.712 Å, and a vac-
uum width between slabs of 15 Å. The atoms of the three bottom

layers were fixed to their positions in the clean surface during geo-
metric optimizations of the supported catalyst, whereas all atoms
were free to move during the FPMD simulations. We used only the �
point to sample the surface BZ for both FPMD and structural opti-
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Fig. 3. Model of the [FeFe]H cluster terminated by HSCH3 in the bridging (a) and
62 F. Zipoli et al. / Catalysi

izations. Test calculations comparing the results of the �-point
ntegration with those of a k-point mesh showed differences in
elative energies of the order of kBT. We attached a sequence of
rogressively further modified di-iron [FeFe]H clusters (see Sec-
ion 5.1) to the FeS2 (1 0 0) surface and added 37 water molecules
etween slabs to simulate immersion of the supported cluster in
ater of real density. A fictitious electronic mass of 350 au and a

ime step of 0.072 fs were used in the FPMD simulations. The deu-
erium mass was used for hydrogen to allow for a longer time step.
onstant temperature was imposed on the ions by a Nosé-Hoover
hermostat [16,17]. In situations where the system’s HOMO–LUMO
nergy gap was “small” (less than 0.1 eV), adiabaticity of the FPMD
rajectory was maintained by coupling two separate Nosé-Hoover
hermostats to the nuclear and electronic subsystems [18]. Static
alculations on the isolated [FeFe]H cluster in vacuo were per-
ormed using the PW code of the Quantum ESPRESSO package [12].
nergy barriers were calculated using the climbing-image nudged-
lastic-band (NEB) [19] and string methods [20]. For geometry
ptimizations and energy-barrier determinations, the norm of the
orce vector was required to be smaller than 5 meV/Å at conver-
ence. Different pseudopotentials were used for the iron atoms of
he cluster and for those of the pyrite slab, with 16 and 8 electrons
xplicitly treated as valence electrons, respectively. We verified
hat this choice reduced the computational cost without affecting
he accuracy of our description of the delicate chemistry involving
he two iron atoms of the [FeFe]H or [FeFe]P cluster. The validity
f DFT for addressing the electronic and chemical properties of
he FeS2 surface [21–24] and the di-iron cluster in different envi-
onments [6,7,25–34] is well established. Because the duration of
ur simulations is limited to a few picoseconds, each computed
rajectory may remain sensitive to the initial condition imposed.
o overcome this possible source of bias, we normally computed
everal trajectories spanning a representative range of initial con-
itions.

The choices we made of the density functionals, the pseudopo-
entials, and the simulation cell parameters are aimed at achieving
satisfactory compromise between computational cost and accu-

acy, a compromise which imposes limitations on the accuracy of
ur results. For example, the rate limiting step in H2 production by
he [FeFe]P cluster turns out to be its first protonation, for which we
ound an upper bound for the free-energy barrier of 8.2 kcal/mol
0.36 eV) [9]. This value is sensitive to the choices of the density
unctional and cell parameters, and especially to the accuracy of
he thermodynamic integration method we used to calculate it, as
iscussed further in Section 6.

. The naked active site

In addition to experimental studies of the enzyme [35–42], there
ave been many theoretical studies of the isolated [FeFe]H cluster

n vacuo primarily focused on understanding how it works within
he enzyme [25–28,30–34,43–46]. Instead, our focus has been on
uilding a basis for the design of an electrocatalyst active in water.
o extract the cluster from the enzyme, the bonds tying it to the
ubane must be cut, figuratively speaking. As commonly done in
rior work by others [26,27], we have simply replaced the cysteine

inked to the cubane by a methylthiol, as shown in Fig. 3a for the
-CO configuration found in the enzyme. To maintain resemblance

o the enzyme, we chose the chelating chain to be DTMA, with its
roup X being NH, consistent with recent HYSCORE observation of

he hyperfine structures of three distinct N nuclei in the active site
f the enzyme [47]. We then placed the cluster within a periodi-
ally repeated cubic simulation cell and identified its geometrical
somers using first-principles DFT-based electronic structure meth-
ds like those described in the previous section. We confirmed the
terminal (b) configurations. In (a), the configuration in the enzyme, the distal iron
has a vacant site, indicated by V, which can coordinate ligands such as CO, H2O. The
“X” in the chelating S–CH2–X–CH2–S group stands for CH2, NH or O [4].

existence of two important groups of isomers which had previously
been identified [26,48], the CO-bridging (�-CO) configurations,
Fig. 3a, one of which occurs in the enzyme, and the CO-terminal
(COT) configurations, Fig. 3b. They differ in the position of one of
the CO ligands. In the COT isomers, each CO is connected to only
one of the two iron atoms, while in �-CO, as in the enzyme, one of
the CO’s bridges the two irons, leaving a vacant coordination site V
on the distal iron, Fed. Within each of the two groups, the isomers
differ in the arrangement of the ligands on Fep and the ligands plus
the vacant coordination site on Fed.

We have simulated H2-production cycles for the various con-
figurations by adding in sequence two electrons and two protons.
Each of these additions proved to be exoenergetic, as did molecu-
lar hydrogen desorption. We therefore characterized the catalytic
activity of each configuration by the magnitude of the barrier we
found for the desorption. The pathways with the most favorable
kinetics are those of the �-CO isomers, which have significantly
lower energy barriers than the COT configurations. The two succes-
sive protonations and subsequent hydrogen desorption occur at the
vacant coordination site. The most favorable of these CO-bridging
pathways starts from isomers where the distal CN− ligand is in the
up position, the vacancy V in the down position, and the remain-
ing distal CO is either cis or trans with respect to the proximal CO,
Fig. 3a. These isomers, not observed in the available enzyme X-ray
structures, are only marginally less stable than the most stable COT
isomer, Fig. 3b. The reaction profiles for both cases are shown in
Fig. 4 [6]. The energy barrier for the bridging isomer in Fig. 4b is a
very promising 1.6 kcal/mol (0.07 eV), whereas that for the termi-
nal isomer in Fig. 4a is a discouraging 12.5 kcal/mol (0.54 eV). The
bridging site between the Fe’s is open and accessible to protons in
the COT isomers. The protons bind very strongly there, causing the
large barrier.

There are two important design considerations to be gleaned
from these results. First, the COT configurations are to be avoided
by decisively stabilizing a suitable �-CO configuration. Second, as
the cluster is ultimately to be attached to an FeS2 (1 0 0) surface and
immersed in water, the vacancy should be open to the water and
accessible to protons, not trapped between the cluster and the sur-
face. This is best achieved with isomers with the distal CN− ligand
in the down position and the vacancy V in the up position, opposite
to their positions in the configurations most favorable in vacuo.
While these design considerations could be regarded as firmly
established, the quantitative results for such sensitive parameters
as the relative energies of the configurations and values of energy
barriers could only be taken as indications, as those could well be
changed significantly by immersion of the cluster in water and by
its attachment to the electrode. Moreover, even qualitative aspects
of the pathways could change as electrons and protons are added

by hand. Accordingly, the next step towards the development of the
electrocatalyst design was to immerse the same cluster in water,
providing protons for the reaction in a more realistic way but still
adding electrons by hand.
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Fig. 4. Energy profiles for desorption of an H2 molecule from the model [FeFe]H

cluster of Fig. 3 along the two pathways described in the text (Fep pathway (a) and
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Fig. 5. (a) Model of the [FeFe]H cluster used in Ref. [7]. The five sites that can be
protonated are indicated by arrows. Blue arrows indicate the DTMA and the Fed,
whose protonation contributes to H2 production. Orange arrows indicate the other
three sites that we have investigated: SCH3, CNp, and CNd. (b) Pentagon diagram
ed pathway (b)). The black dots correspond to the energies calculated along the
ptimized reaction pathway with the NEB method (the minimum energy path). The
ontinuous black line represents a cubic interpolation.

. Water induced changes

To examine how a water environment would effect the com-
osition, structure, and catalytic activity of the naked active site,
e placed the [FeFe]H cluster in a cubic simulation cell and added
ater [8]. The most detailed simulations were carried out with a cell

dge of 14.287 Å and 81 water molecules added to achieve a realis-
ic water density. While electrons were still added by hand during
he course of the production cycle, protons added to the water
ormed hydronium ions and could migrate to the cluster via the
rotthuss shuttle mechanism [49]. Use of FPMD allowed detailed
imulation of proton transfer to the cluster. For cluster configura-
ions of particular interest generated during the MD runs, structural
ptimizations in vacuo were performed for energetic analysis.

The first noteworthy result of these simulations was that at
oom and somewhat higher temperatures, proton and deprotona-
ion could occur at multiple sites as could isomeric rearrangements,
he possible structures numbering in the hundreds. Similarly, there
ould be a correspondingly large number of pathways for hydrogen
roduction. At issue is the identification of the most probable and
elevant structures and pathways. By considering only the most
table among the structures and those of most significance for cat-
lytic activity, we winnowed them down to a manageable number,
ee Fig. 5 (from Ref. [7]). Examples of structural transitions between
ifferent configurations observed during FPMD runs are shown in
ig. 6 (from Ref. [7]).

As expected from the vacuum studies, hydrogen production

ccurs facilely at the vacant coordination site of Fed in the �-
O configurations. Most interestingly, protonation of the distal
N, (CN)d, to form (CNH)d results in stabilization of the desired
acancy-up configuration (cf. the comment at the end of Section
used to represent the five sites of the cluster that can be readily protonated; the
geometry of the cluster (bridging or terminal) is specified within the pentagon. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

3). The first protonation of Fed was found to be the rate-limiting
step in the production reaction, tagging this as an issue to be
addressed when studying the cluster attached to the electrode.
Also as expected, H2 could be formed in the open bridging posi-
tion of the COT configurations, but the activation energy for its
desorption would be large, 11 kcal/mol (0.47 eV) for the vacuum
case illustrated in Fig. 9 of Ref. [7]. Examination of the total energy
distributions of the CO-bridging and CO-terminal configurations
observed in water over the course of simulation runs shows that
the energy distribution of the most stable COT configuration over-
laps those of the stables �-CO configurations, cf. Fig. 12 of Ref. [7].
We found that the bridging region of the COT configuration is locally
hydrophobic and that protons could not reach it during our simula-
tions. Nevertheless, time spent in that configuration and the dwell
time of H2 on it degrade the catalytic activity of the cluster.

The results of these more realistic water studies emphasize
further the importance of locking the cluster into the �-CO V-
up configuration, a conclusion already reached from the vacuum
studies, but now with a need to eliminate structural lability and
to stabilize the most favorable protonations. The observation that
hydrogenation of (CN)d stabilizes the �-CO V-up configuration in
water is important when considering the cluster attached to the
electrode. Two more observations are important as well. First, pro-
tonation of the methylthiol weakens its link to Fep, raising a serious
question as to the stability of a thiol link to the electrode, a link
analogous to that within the enzyme. Second, a novel bridging con-
figuration was observed to form spontaneously during one of our
simulations. In it the �-CO is interchanged with the (CNH)d while
maintaining the vacancy in the up position. We designated it as the
�-(CNH)d configuration. As shown in the next section, this proves
key to stable attachment of the cluster to the electrode surface with
V-up.

5. Designing an electrocatalyst

5.1. Requirements

To function successfully in the environment defined by the
pyrite surface and the acidified water, so different from that within
the enzyme, the [FeFe]H cluster must be modified so as to meet four
design requirements
a) The cluster–pyrite linkage must be stable.
b) There must be a vacant coordination site V on Fed; V must be

exposed to the aqueous environment.
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Fig. 6. Transformations (indicated by blue arrows) observed within 1–2 ps during finite-temperature FPMD simulations of the model [FeFe]H cluster in a water environment.
(a.1) The [FeFe]H

−1 cluster in water containing one hydronium ion (indicated by a black arrow). (a.2) After protonation, CNd (black arrow) moves “down”, while V moves “up”.
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b.1) The neutral COT with CNd protonated is not stable in water; water molecules
nergy of this proton transfer is 0.54 eV in vacuo. The outcome is a cluster with both
he COT isomer in water converts to the �-CO configuration, whereas in vacuo the c
ode is that of Fig. 2. (For interpretation of the references to color in this figure lege

c) The cluster itself must be stable throughout the H2 production
cycle.

) The modifications of the cluster needed for requirements (a)–(c)
must not interfere with its H2 production capacity.

.2. FeS2 (1 0 0) surface

The stoichiometric (1 0 0) surface of pyrite is formed by break-
ng the Fe–S bonds between adjacent (1 0 0) atomic layer planes

hile keeping intact the sulfur-dimer units. The S and Fe atoms
n the FeS2 surface (bulk) are three(four)- and five(six)-fold coor-
inated, respectively. The LUMO of the clean defect-free surface
erives from the d2

z orbitals of the surface iron atoms, and the com-
uted band gap is 0.50 eV (0.42 eV for bulk pyrite, compared to the
xperimental value of ∼0.9 eV [5], a typical DFT underestimate).
his inaccuracy, however, is not important in the present context
n which the (adiabatic) ground-state electronic structure is always
onsidered

Water adsorption on the FeS2 (1 0 0) surface has been exten-
ively studied both theoretically [21,24,50–52] and experimentally
53,54]; see Refs. [55,56] and references therein. In agreement with
hose studies, our calculations show that water adsorbs in molec-
lar form via a coordinative covalent bond between a lone-pair
rbital of its oxygen and an empty d2

z orbital of a surface iron

tom. The computed adsorption energy is 13.1 kcal/mol (0.57 eV)
t low (1/8 ML) coverage. Due to intermolecular H-bond forma-
ion, this binding energy increases slightly with increasing coverage
nd becomes 14.3 kcal/mol (0.62 eV) at full (1 ML) coverage. While
ater adsorbs stably on all exposed Fe sites of the functionalized
ct the proton from the methyl-thiol and protonate the CNp. (b.2) The stabilization
oups protonated and no proton on the methyl-thiol. (b.3) After adding one electron,
onding transformation from (c.1) is to a semibridging configuration (c.2). The color
e reader is referred to the web version of the article.)

and bare pyrite (1 0 0) surfaces at T = 0 K, full coverage on exposed Fe
surface sites is not observed in our finite temperature simulations.

5.3. Stages in the design of the supported catalyst [FeFe]P [8,9]

Our initial hypothesis for the supported catalyst is sketched in
Fig. 7. However, in order to satisfy all four requirements stated in
Section 5.1, several modifications of the composition and structure
of the cluster are necessary. The conceptual path towards the final
form of the catalyst is described in detail in Ref. [8]. In analogy to
the link between the [FeFe]H cluster and the cubane in the enzyme,
one could imagine attaching the catalyst to the pyrite surface by
using the sulfur atom (S) of an SCH3 to connect the Fep to one of
the surface Fe atoms (Fesurf1), as in Fig. 4. However, the finding that
protonation of the S atom of the SCH3 in water weakens the Fep-
thiol bond which can subsequently break [7] indicates that the link
with the electrode should not be made with the terminating thiol
even though the corresponding link is stable in the enzyme [8].
To overcome this problem we removed the thiol to allow a direct
bond between Fep and a sulfur atom on the FeS2 (1 0 0) surface,
Ssurf, cf. Fig. 2. We also protonated the CN groups connected to both
Fep and Fed, (CN)p and (CN)d, as they are usually protonated in
acidified water, thus favoring the V-up configuration [7]. The car-
bon atom of (CN)p was also protonated, changing it to the ligand

(CHNH)p on Fep. The Fep–Ssurf link restores the four-fold coordi-
nation that sulfur atoms have in the pyrite bulk. Fig. 8 shows the
evolution of the unexpected �-(CNH)d configuration from the COT
structure. The spontaneous formation of this unusual isomer sug-
gests that its energy is close to those of �-CO and COT. We chose
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Fig. 7. Sketch of the [FeFe]H cluster linked to an Fe atom on the FeS2 (1 0 0) sur-
face. The Fe4S4 cubane of the active site of the di-iron hydrogenases (Fig. 1) has
been replaced by the pyrite surface, the electrode, and the thiol-cysteine link to the
[FeFe]H cluster has been replaced by an SCH3, terminating the cluster. The distal iron
(Fed) has an exposed vacant site, indicated by V, cf. Fig. 3. The pyrite (1 0 0) surface
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s modeled by a slab nine atomic layers thick. The atoms of the slab are indicated
ith balls and sticks; the color code is that of Fig. 2. z indicates the normal to the

urface. (For interpretation of the references to color in this figure legend, the reader
s referred to the web version of the article.)

his previously observed isomer for our model catalyst so that a
ative bond between the N atom of its �-(CNH)d group and a sur-
ace iron atom (Fesurf1 in Fig. 2) can be used to lock the system into

he bridging configuration with the vacant site on Fed exposed to
2O. A third bond with the surface can also form between the N
tom of (CHNH)p and a second iron atom on the surface, Fesurf2 in
ig. 2, resulting in a very stable tridentate linkage of the cluster to
he electrode.

ig. 8. Snapshots from a FPMD simulation reported in [7] showing the evolution of the n
roups both protonated (a). This COT cluster is not stable in vacuo or in water; at RT it t
s also not kinetically stable, converting into COT with COd-up, CNd-down cis (c) in less t
ridging the two Fe-atoms and V-up, obtained dynamically in water only. The color code
he reader is referred to the web version of the article.)
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In the enzyme, the di-iron cluster is bridged by a di-thiol chelat-
ing group, DTMA. Replacement of the DTMA bridge by a PDT bridge
simplifies the reaction mechanism and therefore its eventual fine
tuning. We completed the formation of [FeFe]P by replacing the
S atom of the di-thiol bridge further from the surface, Schel, with a
hydrogenated phosphorus, PH, to prevent breakage of the Fep–Schel
bond upon hydrogenation of Schel, which has a negative impact on
the catalytic activity [8]. The ability of the P atom to retain four
bonds in this environment opens a further degree of freedom. The
H atom connected to the P can be replaced by any organic group
R which can be used to tune the properties of the catalyst and the
synthetic pathway. Finally, neutral [FeFe]P linked as described to
the pyrite surface and optimized in vacuo is stable with V-up on
Fed, cf. Fig. 2.

The modified di-iron cluster occupies roughly half of the surface
of the simulation cell used here. The surface is thus densely func-
tionalized, cf. Fig. 9. The distance of closest approach between the
cluster replicas is 3.35 Å, that between the H atoms of the (CN)d of
one cluster and of the (CN)p of its neighbor. The use of this simula-
tion cell allows studying H2 formation at high coverage within an
affordable computation time. Of the eight Fe atoms in the surface
unit cell shown in Fig. 9, two are linked to the cluster, two though
not linked to the cluster are shielded by it from the water, and the
remaining four are exposed to the water and bind water molecules
as described in Section 5.2.

5.4. H2 production by [FeFe]P

The changes described above leading from the methylthiol ter-

minated [FeFe]H cluster to the [FeFe]P cluster linked to the pyrite
surface meet requirements (a) through (c) [8]. The extent to which
requirement (d) is met was examined in Ref. [9]. For H2 production,
two electrons and two protons are added sequentially to the cata-
lyst/electrode/water system, the electrons to the catalyst/electrode

egatively (−1) charged COT configuration of [FeFe]H with the CNd and methyl-thiol
ransforms to (b) �-CO, V-up. At T = 300–350 K, the latter doubly-protonated �-CO
han 2.0 ps and subsequently to (d), an unusual structure with the protonated CNd

is that of Fig. 2. (For interpretation of the references to color in this figure legend,
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Fig. 9. Top view of the FeS2 (1 0 0) surface functionalized with the [FeFe]P cluster
of Fig. 2. The geometry has been replicated in the (x, y) plane; the dashed blue line
indicates the surface unit cell. The atoms of the cluster are represented with balls
and sticks, and the atoms of the slab are represented with sticks only. The color code
is that of Fig. 2. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

Fig. 10. Catalytic cycle in vacuo for H2 production by the [FeFe]P catalyst. (a) Starting con
been added to Fed. (c) The second H atom has been added to Fed. �E indicates the energy c
of a H2 molecule from (c) to (a) along the minimum-energy path computed via the strin
color code is that of Fig. 2. (For interpretation of the references to color in this figure lege
y 165 (2011) 160–170

subsystem and the protons to the water. The questions to be
answered for each stage of the cycle are: where are the added
electrons? What are the proton trajectories, and, in particular,
where are the protons added to the cluster? Is there a rate lim-
iting step having a significant free energy barrier? The questions to
be answered for the cycle as a whole are: does the linkage of the
cluster to the electrode remain stable? Does the structure of the
cluster remain stable with V in the exposed up position and the
chelating bridge intact?

Before attempting to answer those questions for the cycle in
the presence of water, a preliminary investigation was carried out
in vacuo. The answers to those questions were positive, and the
resulting cycle is illustrated in Fig. 10. The answers are positive for
the cycle in water as well. Both the cluster–electrode linkage and
the cluster structure remain stable throughout the cycle, which is
started with the functionalized electrode in the singly negatively
charged state symbolized by [FeFe]P

−1. Both proton additions after
the electron additions take place entirely at V. The structural and
compositional modifications leading to [FeFe]P eliminate all other
protonation sites and all structural lability and greatly simplify
the reaction mechanism. The HOMO and LUMO for typical con-
figurations of the system selected from a simulation run are both
almost entirely on the slab (90–95%) and delocalized within it for
[FeFe]P

−1. With the LUMO localized on the electrode, the second
electron added to [FeFe]P

−1 in the first step of the cycle remains
primarily on the electrode, and the formation of a hydrogen atom

on Fed involves a dynamically coordinated transfer of the proton
to V and of an electron from the electrode to the proton (coupled
electron–proton transfer). It is this first protonation of the clus-
ter which is the rate-limiting step in the cycle. The addition of
one more electron and one more proton results in spontaneous

figuration with a vacant site on Fed; the total charge is −1. (b) The first H atom has
hange (in kcal/mol), and (d) Ea is the energy barrier encountered during desorption
g method at T = 0. The continuous black line represents a cubic interpolation. The

nd, the reader is referred to the web version of the article.)
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Fig. 11. Protonation of Fed in water with an extra proton via constrained FPMD. The total charge of the system is zero. The panels (a)–(e) correspond to snapshots of a
constrained FPMD trajectory at T = 330 K. (a) Starting configuration with a vacant site on Fed and a hydronium ion nearby. The simulation box is bounded by a blue solid line.
The O and H atoms involved in the proton transfer are indicated with darker red and light blue balls, respectively. The color code for the remaining atoms is that of Fig. 2. (b)
Enlarged view of the reactive region indicated by a dotted box in (a). The purple and the green arrows indicate Fed and the hydronium ion. The orange arrow indicates a water
molecule bridging the H3O+ and Fed. R1, R2, and R3 are the O–H bond lengths of the hydronium. R′ = R1 − R2 − R3 is the reaction coordinate used to transfer one proton from
the O-atom indicated with the green arrow to that indicated with the orange arrow. (c) The final configuration obtained varying R′ continuously from −1.05 Å to −0.65 Å.
R ated b
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′′ = R4 − R5 − R6, with R4, R5, and R6 the O–H bond lengths of the hydronium indic
d) The final configuration with Fed–H obtained by varying R′′ continuously from −
ed–H obtained after removing the constraint R′′ starting with the configuration of
eferred to the web version of the article.)

econd protonation of Fed followed by rapid, spontaneous des-
rption of an H2 molecule, returning the system to its starting
tate.

After the second electron is added to [FeFe]P
−1, an added pro-

on moves towards Fed by a complex pathway illustrated in Fig. 11
y a series of snapshots taken from a simulation. Because of the
xistence of a free-energy barrier, the simulation was carried out
y constrained FPMD, as described in the figure caption, to pre-
ent the proton from wandering away from the catalyst and not
eturning in the brief duration of the simulation. Accurate determi-
ation of a free-energy barrier by thermodynamic integration [57]
or a system of this complexity is computationally very demand-
ng. Limited by what was for us an acceptable computation time,

e obtained an upper bound of 8.2 kcal/mol (0.36 eV) for the bar-
ier. The corresponding free-energy profile along the approximate
eaction pathway is shown in Fig. 12.
y the orange arrow, is the reaction coordinate for the transfer of the proton to Fed.
to −0.07 Å starting with the configuration of panel (c). (e) The configuration with

(d). (For interpretation of the references to color in this figure legend, the reader is

While this barrier is not large for a room temperature reac-
tion, reducing it would be desirable. The barrier could in principle
be tuned lower by replacing the H of the PH moiety by a group
which modifies the water configuration in the immediate vicin-
ity of Fed. The desired configuration would be one in which one
of the protons of the nearest water molecule points towards Fed,
as is the case prior to the second protonation but not prior to the
first protonation. Indeed, that relatively close approach of the near-
est water proton to the first hydrogen provides both a direct path
for the second proton from a hydronium and a favorable initial
binding configuration. Carrying out such a design study requires

many simulations and therefore a more powerful method of bar-
rier determination would be desirable, as discussed further in the
next section.

More generally, in hydrogenation reactions involving electron
and proton transfer to the hydrogenation site there is always a
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Fig. 12. Free energy profile obtained by thermodynamic integration of the two reac-
tion coordinates R′ (red solid line) and R′′ (blue and green solid lines). The labels
(b)–(d) refers to the geometries of Fig. 11b–d, respectively. The solid red line corre-
sponds to the free energy for transferring a proton from the configuration of Fig. 11b
to that of Fig. 11c, using R′ as reaction coordinate. The target value of the constraint
was changed continuously in a simulation lasting 1.2 ps. The solid blue line shows
the free energy for transferring the proton to Fed, Fig. 11d, obtained via thermody-
namic integration of the reaction coordinates R′′ varied continuously from −1.03 Å
to −0.07 Å starting with the configuration of Fig. 11c during a simulation lasting
10.7 ps. The black arrow indicates the point at which the speed R′′ was changed. The
simulation moving the system from (c) to the arrow lasted 1.4 ps, and that moving
from the arrow to (d) lasted 9.3 ps. The solid green line shows the free energy for
transferring the proton to Fed obtained in a simulation lasting 15.4 ps by varying R′′

with the speed used in the second part of the simulation associated with the solid
blue line. The free-energy barrier to protonation of Fed is 8.2 kcal/mol. The gray dot-
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ed line indicates the discontinuity due to the change of the reaction coordinate R to
′′ . The configurations of Fig. 11b–d are indicated on the profile by the corresponding

etters. (For interpretation of the references to color in this figure legend, the reader
s referred to the web version of the article.)

uestion as to which of three possibilities takes place: electron first,
roton first, or coordinated transfers of both? In our case, the third
ossibility occurs, dynamically coordinated transfer of the electron
rom the FeS2 electrode and of the proton from a hydronium to Fed.
his differs from what happens in the enzyme, where the active
tate of the cluster is [FeFe]H

−1, i.e. FeIIFeI, ready to receive a pro-
on with the electron already transferred from the Fe4S4 cubane
43].

. Limitations and mitigations

As in all first-principles simulations of complex systems, to bring
he computational load down to manageable size choices were

ade with regard to computational methods and system size which
ntroduced limitations to the accuracy of the results. In this section,

e identify the most significant of these limitations, outline steps
hat can be taken to mitigate those limitations, and report some
reliminary progress.

The key elements of the catalytic mechanism are two successive
lectron transfers from the electrode to the cluster interwoven with
wo successive proton transfers from the water to the cluster. Each
ormation of an H atom at Fed proceeds by dynamical coordina-
ion of the motions of the electron and the proton transfers during
he formation and binding of the H atoms. This process is sensitive
o the details of the electron charge distribution over the cluster
nd the electrode and in particular to the degree of localization of
he most important Kohn–Sham electronic states [58], notably the
OMO and LUMO of the system. Their localization affects, for exam-
le, the electron-transfer matrix elements between the electrode
nd Fed and the electrostatic field in the water near the cluster,

hich in turn affects the proton shuttle.

The geometric parameter to which the degree of localization is
ost sensitive is the thickness of the FeS2 slab. Our computations
ere all performed with a slab containing 9 atomic layers. To test

he dependence of localization and the details of where the added
y 165 (2011) 160–170

electrons go at each stage of the cycle, we repeated key computa-
tions for a slab 21 layers thick. That major thickness change caused
a minor increase in the localization of the added electron charge on
the electrode, with less going to the cluster. When the electron is
transferred from the electrode to the proton on protonation, a cor-
respondingly larger fraction comes from the electrode and less from
the cluster atoms. The changes in atomic charges within the clus-
ter are delocalized. A particularly important effect of increasing slab
thickness is a much increased degree of localization of the HOMO
within the slab to its top surface for [FeFe]P

−1, which would enhance
the electrostatic field attracting the proton and could decrease the
activation free energy for first protonation, the rate limiting step in
H2 formation.

The choice of density functional is also very important for
localization. We used a semi-local, gradient-corrected density func-
tional, PBE [11]. One of the limitations of all local and semi-local
functionals is that they include some self interaction, which causes
the Kohn–Sham orbitals to spread out in compensation. That is, they
tend to delocalize the electron states. This effect may be particu-
larly important for the Fe atoms central to the chemistry because of
their high local electron density. Hybrid density functionals, such
as PBE0 [59], compensate for the self interaction in PBE by mixing in
a fixed amount of the exact exchange functional, based on general
considerations, with good results (e.g. Ref. [60]). Thus use of PBE0
would be interesting, but calculating exact exchange for systems as
complex as the present would be very expensive computationally.
Our group has recently developed a method for Vex which scales
linearly with system size and which should allow, in principle,
performance of such a calculation [61]. Another, more affordable
approach would be use of the LDA + U method [62–64] which is
limited to effects associated with d-orbitals, whereas PBE0 treats
all orbitals on the same footing. At issue throughout is how correctly
increasing localization affects the barrier to first protonation.

The thickness of the water layer is a geometric parame-
ter of importance to the magnitude of the electrostatic field
experienced by a proton near the cluster when the decorated
electrode is charged. We have confirmed that increasing the vac-
uum space between adjacent repeated slabs before inserting the
water molecules significantly increases the electric field immedi-
ately above the cluster, a very simple consequence of the classical
electrostatics of charged slabs. This increase in field would be sub-
stantially reduced by the dielectric screening of water; its expected
effect would be to reduce the barrier to first protonation and
enhance proton transfer generally.

As mentioned in Section 5.4, we have obtained an upper limit
of 8.2 kcal/mol (0.36 eV) for the free-energy barrier to the first
protonation using what is a current state of the art thermodynamic-
integration method. To obtain a value rather than a bound, a faster
method is needed, one which allows use of a multidimensional
reaction coordinate and is more readily parallelized. Such a method
is prerequisite to the fine tuning of the reaction kinetics of the first
protonation allowed for by the substitution of suitable groups for
the H of the PH group of [FeFe]P. A search for a suitable method is
in progress.

Another limitation is that proton motion is treated classically
in FPMD. Quantum effects enter in two different ways. The first is
that the minimum energy a proton has in moving in the vicinity of
a local minimum in the potential energy surface is above the value
of the minimum by its zero-point energy, which is larger than its
classical thermal energy 3 kT. The mean kinetic energy of a proton
in liquid water at 23 ◦C is 3.4 kcal/mol (147 meV [65], compared to

the classical kinetic energy 3/2 kT, 0.78 kcal/mol). The associated
potential energy would be the same for purely harmonic motion
above the minimum. This could have the effect of reducing the
activation energy for the first proton transfer by an amount on the
same scale as our calculated upper bound of 8.3 kcal/mol for the
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ctivation free energy. The second is quantum tunneling which,
hen translated into classical terms, also has the effect of barrier

eduction.
Another issue inadequately addressed is the relation between

ur simulations and the real world of electrochemistry. Of par-
icular importance would be determining the electrode potential
t each stage of the hydrogen production cycle. This is not trivial
ithin the periodic boundary conditions adopted for our calcula-

ions.
In sum, the preliminary studies of limitations and their mit-

gation we have done thus far suggest that the kinetics of first
rotonation could be more favorable than indicated by the pub-

ished computations we have reviewed in Sections 3–5, Refs. [6–9].

. Discussion and conclusions

The work we have reviewed here has an explicit goal, the the-
retical design of a potentially useful electrocatalyst for hydrogen
roduction, and an implicit goal, the demonstration that it is fea-
ible to use first-principles molecular-dynamics computations in
he theoretical design of systems as complex as that studied here
onsisting of an electrode with an attached catalyst in the form of
cluster of nontrivial size immersed in a liquid. There have been in

ecent years several other ab initio studies of electrocatalytic reac-
ions at solid–liquid interfaces, mainly on metals [66,67], but also

etal oxides [68] and especially for hydrogen oxidation/evolution
nd oxygen reduction. In most cases, however, the modeling of the
iquid is simplified, often as just a few layers with little equilibra-
ion or as a continuum model. An important lesson to draw from
ur work is that it is computationally feasible to treat the electrons
f thicker liquid layers in full quantum-mechanical detail.

We have shown within the accuracy of our model and our
ethods that the [FeFe]P cluster binds stably to the FeS2 (1 0 0)

urface and retains the critical V-up configuration throughout
he hydrogen-production cycle. We have found that the rate-
imiting step in the production reaction is the first protonation,
FeFe]P

−1 + H+ → H[FeFe]P, with an upper bound to its free-energy
arrier of 8.2 kcal/mol (0.36 eV), implying that the functionalized
lectrode would be a good catalyst. We have good reason to believe
hat computations improved as discussed in Section 6 and the
eglected quantum effects would yield a barrier significantly below
hat figure. Nevertheless, while promising progress has been made,
roblems remain. In particular, electrocatalytic hydrogen produc-
ion would necessarily occur in a half cell during the full electro- or
hotoelectro-catalysis of water, with oxygen generated in the other
alf cell. How to protect the catalyst and any exposed FeS2 surface

rom oxygen attack is a design issue not yet addressed. To do so and
o address also the problem of the electrode potential, it might be
seful to introduce QM/MM or better FPMD combined with MM, as

t would allow modeling of a much larger system comprising sev-
ral thousands of molecules of water in the MM part. The challenge
hen would be to render innocuous the transition-region errors, as
aised in Section 1.

What has been clearly demonstrated is the potential of FPMD
or chemical design for heterogeneous catalysis in which the cat-
lyzed reaction takes place at an interface between a solid and a
iquid. FPMD allows accurate description of the atomic dynamics

ithin the liquid, of the quantum mechanics of electron redistri-
ution, of how that redistribution affects the dynamics within the

iquid, and of atomic and molecular transfers to or from the cat-
lyst or the liquid coordinated with electron redistribution as the

ase may be. The detailed insight it thereby provides was essential
o the design process we summarized in Section 5. For example,
he replacement of Schel by PH was informed by the insight that
he Fep–Schel bond had been weakened by the stronger, diametri-
ally opposed Fep–Ssurf bond to the point that it would break upon

[
[

[
[
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the protonation of Schel since sulfur cannot sustain 4 strong bonds.
This indicated that Schel had to be replaced by an atom which could
sustain 4 strong bonds yet was small enough not to compress the
space of the vacant coordination site V on Fed. Only a group PR,
with R covalently linked to P and not encroaching upon V would
meet these requirements. The simplest R, though not necessarily
the optimal one, is H. We anticipate that continued use of FPMD
to tune the catalyst by varying R and to explore protection against
oxygen will significantly advance the design of a potentially useful
electrocatalyst for hydrogen production.
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