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We combine classical empirical potentials and density functional theory (DFT) calculations to characterize the catalyst/electrode

interface of a promising device for artificial photosynthesis. This system consists of inorganic Ru-polyoxometalate (Ru-POM)

molecules that are supported by a graphitic substrate functionalized with organic dendrimers. The experimental atomic-scale

characterization of the active interface in working conditions is hampered by the complexity of its structure, composition, as well

as by the presence of the electrolyte or solvent. We provide a detailed atomistic model of the electrode/catalyst interface and

show that the catalyst anchoring is remarkably dependent on water solvation. A tight host-guest binding geometry between the

surface dendrimers and the Ru-POM catalyst is predicted in vacuum conditions. The solvent destabilizes this geometry, leads to

unfolding of the dendrimers and to their flattening on the graphitic surface. The Ru-POM catalyst binds to this organic interlayer

through a stable electrostatic link between one POM termination and the charged terminations of the dendrimers. The calculated

dynamics and mobility of the Ru-POM catalyst at the electrode surface are in fair agreement with the available high-resolution

transmission electron microscopy data. In addition, we demonstrate that the high thermodynamic water-oxidation efficiency of

the Ru-POM catalyst is not affected by the binding to the electrode, thus rationalizing the similar electrochemical performances

measured for homogeneous and heterogeneous Ru-POM catalysts.

1 Introduction

The sunlight-driven oxidation of water into protons and

molecular oxygen is a central process in the solar-to-chemical

energy conversion1,2. This reaction represents a bottleneck for

the development of new artificial photosynthesis devices.3–5

The electrochemical light-induced water oxidation is a four-

electron process that requires a free energy of 4.92 eV, equiv-

alent to a potential of 1.23 V (referenced to the normal hy-

drogen electrode, NHE, and at pH 0). Suitable catalysts are

needed to promote this reaction minimizing the thermody-

namic losses, i.e. the overpotential. These active materials

need to be in contact with the electrode and will therefore op-

erate as heterogeneous catalysts. The most efficient examples

are based on precious metal oxides, like RuO2 and IrO2, but

significant progress has been recently made in replacing the

metal cations with earth-abundant elements such as Co, Ni
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and Mn6–8. The surfaces of these materials display complex

morphologies exposing a wide variety of possible active sites

(steps, kinks, point defects, etc). This hampers the identifica-

tion of clear structure-function relationships that are necessary

for a rational catalyst engineering.

An alternative approach consists in anchoring molecular

catalysts to the electrodes. This requires devising specific

binding mechanisms that do not degrade the catalytic ef-

ficiency of the molecular complexes in the homogeneous

phase. Toma and coworkers have recently achieved this

important goal by successfully anchoring a fully inorganic

Ru-based polyoxometalate (Ru-POM) complex to a conduc-

tive graphitic substrate9. The Ru-POM molecule is formed

by a tetraruthenium-oxo core [Ru4O4(OH)2·(H2O)4]6+ sand-

wiched by two POM [SiW10O36]8− units, and promotes water

oxidation with low over-potential (0.35 V), high turn over fre-

quency (> 450 cycles per hour) and no deactivation10,11. It is

among the best catalysts for water oxidation reported to date.

Its working mechanisms in the homogeneous phase have re-

cently been disclosed by means of density functional theory

(DFT) calculations12,13.

The device fabricated by Toma and coworkers comprises

multiwalled carbon nanotubes (MWCNT) functionalized with

organic polyamidoamine ammonium dendrimers (MWCNT-
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2.1.1 The Ru-POM/water interaction.The interaction

between Ru-POM and the rest of the system was described by

point-charge electrostatics and through a Lennard-Jones (LJ)

potential. In particular, concerning the interaction with wa-

ter the Lennard-Jones parameters for W were taken from the

work of López et al. 21, who studied POMs in solution. For

Si, we used the work of Tang et. al22, who modeled silicon

nanocrystals in water, and we extracted their LJ parameters for

the interaction between 4-fold coordinated Si and O. The LJ

parameters for ORu are assumed to be the same as those for the

oxygen in the TIP3P water. The LJ parameters for OPOM , on

the other hand, are fitted to reproduce our QM/MM results12,

where the catalyst was treated quantum mechanically (DFT-

PBE) and the solution was described using the TIP3P model.

For the Ru-Owater interaction we derived ad-hoc parameters,

to correctly describe the bond-length between the Ru cations

and their water ligands. All the parameters of the LJ force field

to simulate Ru-POM in water are reported in Table SI-1†.

In Fig. 2 we compare the Ru-Owater and OPOM-Hwater ra-

dial distribution functions obtained using the classical force

field and QM/MM simulations, showing an excellent agree-

ment. In the Supporting Information we also show the time

evolution of Ru-Owater bond lengths comparing the results ob-

tained using the force field and those obtained in QM/MM

simulations (Fig. SI-1†).

2.1.2 Graphene/water interaction.We employ parame-

ters from the literature24,25 shown in Table SI-2†for the car-

bon atoms in graphene layer. The carbon in graphene sheet is

modeled as uncharged sp2 carbon26. Using this parametriza-

tion we obtained a lattice parameter of graphene of 2.46 Å,

which matches the experimental value. For water, the modi-

fied TIP3P model18 was adopted. This three-site water model

has been widely used together with AMBER force fields24 in

evaluating structural properties of various dendrimers in solu-

tion27–29.

Cicero et al. investigated water confined between graphene

sheets using DFT-PBE simulations23. The system they con-

sidered included two graphene layers held 25.02 Å apart, and

108 water molecules in a periodically repeated simulation cell.

In our classical simulations, at room temperature and zero

pressure with periodic boundary conditions, we consider a

20×30 graphene layer surrounded on both sides by water, with

a total of 6352 water molecules. The size of the simulation cell

is 85.20 × 32.83 × 73.79 Å3. In Fig. 2(c) we show the density

of water molecules computed along the direction perpendicu-

lar to graphene surface and a comparison with DFT results23.

We find no water molecules within the first 2 Å region from

the graphene sheet, while the first peak appears around 3.5 Å,

with the oxygen peak at slightly lower distance from graphene

compared to hydrogen. This is in agreement with DFT results,

both in terms of peak positions and height.

2.1.3 Ru-POM/dendrimer interaction.The parameters

for the polyamidoamine ammonium dendrimer were drawn

from the widely used general AMBER force field (GAFF)17.

Each dendrimer has four positively charged -CH2N(CH3)3

terminations whose charge, +0.93 e, was determined by the

AM1-BCC method30.

In order to determine how well our classical force field

can describe the interface between dendrimer and Ru-POM

molecule, we compare the geometrical properties obtained us-

ing our empirical force field with DFT-PBE calculations. For

the classical simulations we use a periodic 20×30 model of a

graphene layer with either one or two dendrimers chemisorbed

on one side, with the anchoring groups positioned 45 Å apart.

We considered both the system in the absence and in the

presence of the solvent, in the latter case using 13857 water

molecules and 2 Na+ counterions in a period box of dimen-

sions 85.20 × 69.37 × 73.79 Å3. The LJ parameters for the

counter ions are ε = 0.0028 kcal mol−1 and σ = 3.3284 Å. The

simulations are carried out at room temperature, in the NVT

ensemble.

A single Ru-POM molecule was placed in proximity to the

dendrimers and the whole structure was relaxed in the absence

of water. For the DFT calculations we considered the relaxed

geometry obtained in the classical simulation, and following

Li et al. and Sun et al. 31,32 we replaced the graphene layer

with two coronene molecules (C12H24), covalently bonded to

each of the two dendrimers. The whole structure was then re-

laxed in gas phase (see Fig. SI-2†). By comparing the final

geometries, we find very small structural changes. The most

significant are deviations of OPOM - Hdendrimer distances by

less than 0.2 Å. These small discrepancies are most likely due

to the lack of Van der Waals interactions in the DFT-PBE cal-

culations.

2.2 DFT Calculations

The electronic structure of the systems is investigated using

density functional theory (DFT)33 calculations, employing

the Perdew-Burke-Ernzerhof (PBE) generalized gradient ap-

proximation (GGA)34 for the exchange and correlation func-

tional. We use a plane wave and ultrasoft-pseudopotentials35

approach as implemented in the Quantum ESPRESSO pack-

age36. The kinetic energy cutoffs for the plane wave and

density expansions are 30 Ry and 300 Ry, respectively. All

the structures were fully relaxed using spin-polarized calcula-

tions, until all forces on all atoms were less than 0.09 eV/Å and

the difference of the total energy between two consecutive ge-

ometrical optimization steps was below 2 meV. In the DFT-

PBE calculations, coronene molecules were used as models

for graphene (see Fig. SI-2†).
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Fig. 2 Calculated classical (black line) and QM/MM (red line) radial distribution functions of the Ru-Owater (a), OPOM-Hwater (b) pairs. In

panel (c) we show the density of water molecules computed along the direction perpendicular to graphene surfaces. Here the DFT data are

taken from the work of Cicero et al.23

2.3 Calculation of oxidation potentials

To compute the free energy cost of the oxidation steps along

the catalytic cycle we employ the protocol proposed by

Nørskov et al.37, where all oxidations are considered to be

proton-coupled electron transfer (PCET) processes. This ap-

proach has been previously applied for water oxidation38–40

and oxygen reduction37 reactions on metal, metal oxide sur-

faces and metal complexes12,41. Here we briefly summarize

the key concepts.

For a PCET, the chemical potentials of protons and elec-

trons do not need to be known separately. This simplifies the

calculations considerably, since the sum of those two chemical

potentials is equal to the chemical potential of molecular hy-

drogen in the gas phase, if all redox potentials are referenced

to the Normal Hydrogen Electrode (NHE):

μ(H2) = 2μ(H+)+2μ(e−). (1)

At pH=0 and the absence of an external bias, the free energy

difference ΔG for a PCET step can be computed as:

ΔG � ΔE +ΔZPE +ΔH −T ΔS, (2)

where ΔE is the DFT total energies difference, ΔZPE repre-

sents the change in zero point energy, ΔH and ΔS are the dif-

ferences in enthalpy and entropy. The total energy difference

ΔE for a PCET process, for example from the initial state S0

to first intermediate S1 (see Fig. 5), is calculated as:

ΔE = E(S1)+
1

2
E(H2)−E(S0) (3)

where 1
2 E(H2) is half the energy of a hydrogen molecule.

Normal mode analysis was used to calculate ΔZPE, while

enthalpy and entropy of gas-phase molecules were obtained

from standard thermodynamic tables42.

3 Structural characterization of the Ru-
POM/electrode interface

3.1 Interface structure in vacuum conditions

In this section we describe the binding of Ru-POM to func-

tionalized graphene in the gas phase, i.e. in the absence of the

solvent. We remark that the binding geometry and the mobil-

ity of the Ru-POM catalyst is likely to depend on the density

of the dendrimers. For this reason we start by considering the

low density case, in which only one dendrimer is present on

the (20×30) graphene supercell. In the initial configuration

the Ru-POM is in the gas phase at a distance of 45 Å from

the graphene surface. During the first 10 ps of molecular dy-

namics, the Ru-POM quickly approaches the graphene sheet,

while the four branches of the dendrimer tightly embrace it,

leading to the characteristic host-guest binding geometry dis-

played in Fig. 3a. After this transient, the room-temperature

MD simulations show that the catalyst remains steadily bound

to the dendrimer, as evident from the Ru-POM/graphene dis-

tance plotted in Fig. 3b. In this binding configuration, the

Ru-POM catalyst displays a fair in-plane mobility, with ≈15

Å fluctuations in the x and y coordinates of the Ru-POM cen-

ter of mass (Fig. 3c). This mobility originates from the dif-

fusive motion of the dendrimer around its surface anchoring

group, and is actually related to the low density of the surface

functional groups.

Also when the density of the dendrimers is higher – two

dendrimers on the (20×30) graphene supercell – the MD

simulations show that the bound configuration is very stable

(Fig. 3e), but in this case the binding geometry involves more

than one dendrimer. A snapshot of the equilibrated interface

structure (Fig. 3d) clearly shows that, for this specific den-

drimer distribution, each of the two POM caps of the Ru-POM

catalyst interacts with one surface dendrimer. This binding

configuration is clearly much more constrained with respect to
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ered an adequate simplified model for the goals of the present

paper.

The geometry shown in Fig. SI-2† was derived from the

classical MD simulations in vacuum where Ru-POM is bound

to graphene via two dendrimers (Fig. 3d). In this configuration

Ru-POM is tightly wrapped by the organic ligands, hence we

can expect the effect of the interaction with the support to be

larger than the case of a single dendrimer. Rather than a real-

istic model of the molecule-substrate interface in solution, this

geometry will therefore represent a worst-case scenario where

the interaction with the support is maximized.

4.1 Initial state S0: structural and electronic properties

The minimum energy structure and the electronic ground state

calculated for the initial state S0 of the Ru-POM supported

by functionalized graphene are quite similar to the corre-

sponding ones in vacuum. This is remarkable considering

the tightly wrapped dendrimers around the molecular catalyst.

The changes on the Ru-Ru distances in the tetrahedron core

and the average of Ru-H2O distances induced by the inter-

action with dendrimers/graphene are summarized in Table 1.

This shows that the presence of the charged dendrimers around

the Ru-POM molecule has a very limited effect on the struc-

ture of the core, and leads to slight distortions of the Ru4O6

core.

Table 1 Comparison of relative interatomic distances (in Å) in S0

evaluated with / without MWCNT-dend. Ru1, Ru2 pair and Ru3,

Ru4 pair cross the μ-hydroxo bridges, Ru1, Ru3 pair and Ru2, Ru4

pair cross the μ-oxo bridges.

dend vacuum12

d(Ru1,Ru2) 3.53 3.53

d(Ru3,Ru4) 3.55 3.54

d(Ru1,Ru3) 3.51 3.54

d(Ru2,Ru4) 3.54 3.54

d(Ru1,Ru4) 3.49 3.56

d(Ru2,Ru3) 3.48 3.56

d̄(Ru,H2O) 2.22 2.27

Not only the structural properties, but also the electron lev-

els of the catalyst are not strongly affected by the interaction

with the organic dendrimers and with the graphene surface.

Similarly to the isolated case, also in the supported case the

four Ru atoms are antiferromagnetically coupled across the

μ-hydroxo bridge. The calculated density of states (DOS) and

the projections (PDOS) are displayed in Fig. 6. The frontier

orbitals in the PDOS clearly reveal that the highest occupied

molecular orbital (HOMO) is related to Ru-POM molecule

while the electronic states of all the other components (den-

drimers and coronene) start appearing at energies 0.5 eV be-

low the HOMO level. The calculated HOMO/LUMO (lowest

unoccupied molecular orbital) gap is 0.30 eV, slightly lower

than in vacuum (0.39 eV)12. More importantly, the PDOS in

the lower panel in Fig. 6 demonstrates that the frontier orbitals

are confined to the Ru4O6 core of the Ru-POM molecule,

which was also the case for Ru-POM in vacuum12. Over-

all we conclude that the presence of the two dendrimers has

no significant effects on the electronic properties of Ru-POM,

even in the tight host-guest geometry predicted for the vacuum

case.

-8 -6 -4 -2  0  2
E-E_H (eV)

D
O

S
 (

A
rb

. U
ni

ts
)

H L

Ru-POM
CAP

CORE

H L

TOT
Ru-POM

Dend
Coronene

Fig. 6 Density of states for Ru-POM bound coronene via

dendrimers (top panel) and for an isolated Ru-POM molecule

(bottom panel). Total (red), and partial density of states (DOS)

projected on Ru-POM complex (green), dendrimers (blue) and

coronene molecules (purple) in the top panel, Ru-POM molecule

(green), polyoxometalate ligands (cyan) and tetra ruthenium-oxo

core (black) in the lower panel. The H and L labels indicate the

HOMO and LUMO levels.

4.2 Higher oxidation states: S1 - S4

The water-oxidation energetics for the supported (red lines

and numbers) and isolated (black lines and numbers) Ru-POM

catalyst is reported in Fig. 7. By removing a proton and an

electron from the initial state S0 (PCET step), one of the water

bound to a Ru center (RuIV-OH2) is converted to a hydroxo

ligand (RuV-OH, see S1 intermediate in Figs. 5 and 7). The

calculated free energy difference for this first PCET step is

0.65 eV for the supported and 0.57 eV for the vacuum case

(Fig. 7). Similar small differences of less than 0.1 eV be-

tween supported and isolated catalyst are displayed for the

other PCET steps leading to the S2, S3, and S4 intermedi-

ates. Note that differences of 0.1 eV are within the accu-

racy of our calculations, particularly when comparing the re-

sults obtained with the same functional but with different basis

sets and pseuodpotentials. The overall free energy difference

between S0 and S4 is 4.47 eV for the catalyst supported by
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