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Abstract

We study the reactivity and the redox potential associated with the reduction of

the H2O•+ radical cation in liquid water by combining ab initio molecular dynamics

simulations at the hybrid functional level, a grand-canonical formulation of solutes

in aqueous solution, and nudge-elastic-band calculations. We demonstrate that this

extremely oxidative solute promptly dissociates and calculate an energy barrier for

the reaction of 0.06 eV, consistent with the short measured lifetimes. We calculate

the H2O•+/H2O redox level with respect to the vacuum level and to the computational

standard hydrogen electrode (SHE), using the thermodynamic integration method. The

calculated H2O•+/H2O redox level lies at 3.8±0.1 eV above the SHE level, in remarkable

agreement with the experimental estimate. The implications of the present results for

the mechanism of water splitting at the heterogenous semiconductor-water interface are

discussed.
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1 Introduction

The physics of excess electrons and holes in liquid water is quintessential for understanding

the redox chemistry and the response to light and ionizing radiations of aqueous solutions, as

these properties are related to phenomena which are relevant to various fields, ranging from

radiotherapy to photocatalysis.1,2 While the physics of localized electrons in liquid water has
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been extensively studied, from both the structural and thermodynamical point of view,3–11

the localized hole in the liquid has been more elusive.

It is known that, upon ionization, an excess hole rapidly localizes on a single water

molecule, forming the highly-reactive radical H2O•+:12–14

H2O(`) + h+ → H2O•+(aq). (1)

From both the experimental and theoretical point of view, the determination of the redox

potential associated to the reaction of Eq. (1) is hindered by the extremely short lifetime

(∼200 fs) of the H2O•+ radical cation.12 In fact, this strongly oxidizing species is also highly

acidic and promptly looses a proton to a neighboring water molecule:

H2O•+(aq) + H2O(`)→ OH•(aq) + H3O+(aq). (2)

This reaction is thought to occur through a cationic dimer complex H4O2
•+.12,15,16 In this

framework, theoretical studies are mostly limited to small clusters.12,15,17–26

In particular, the water dimer has been largely investigated, as the simplest model to

study the water cation and its reactivity.15,17,18,21,25,26 Studies based on coupled-cluster the-

ory have shown that, upon injection of the hole in the dimer, proton transfer occurs within

50 fs for ionization to the electronic ground state of H2O•+.15,18 Similar results have also

been achieved using density functional theory calculations at the hybrid functional level,

thus suggesting that this level of theory may be used to study larger systems that are com-

putationally prohibitive for post-Hartree Fock methods.17,20,21,26 Similar dynamics of proton

dissociation have been observed in larger water clusters.19,22 However, upon increasing the

size of the cluster to more than four molecules, a different mechanism has become apparent,

in which the solvation of the hydronium cation becomes the dominant driving force of the

reaction.23,24 In particular, the study of clusters up to 21 water molecules indicates that the

separation between the hydroxyl radical and the hydronium cation is fundamental for the
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stability of the system, as these two moieties are found to be at the opposite ends of the

clusters upon relaxation of the ionized system.24

Only few ab initio simulations have been performed accounting explicitly for the molecular

liquid, and the effect of using approximated density functionals27 has poorly been investi-

gated. The current determination of the redox level is even more vague. Ma et al. have

inferred from measured and theoretical thermodynamical data that the redox potential of

the H2O•+/H2O couple should be about 4 eV vs. the standard hydrogen electrode (SHE)

but invoked the need of more accurate simulations for achieving better estimates.13

BiVO4

Figure 1: Valence band edge of GaAs, GaP, GaN, CdS, ZnO, SnO2, TiO2 (rutile and anatase),
and BiVO4 in aqueous environment at their respective pHPZC (from Refs. 28,29), compared
with the current experimental estimate for the H2O•+/H2O redox potential (dashed red,
from Ref. 13). The redox potentials of water (solid, blue) are also indicated. All energies
are referred to the SHE level.

The precise determination of the redox level associated with the reaction of Eq. (1) also

has implications in heterogeneous photocatalysis. In fact, photocatalytic water splitting is

prompted by holes provided by the valence band edge of a semiconducting material at the

interface with liquid water. In particular, from the reactions of Eqs. (1) and (2), we obtain

the so-called dehydrogenation reaction, which represents the first step of the water oxidation

reaction in acidic conditions:30

2H2O(`) + h+ → OH•(aq) + H3O+(aq). (3)

However, from the band-alignment at the semiconductor-water interface (cf. Fig. 1),28,29 we

notice that semiconductors usually employed in photocatalytic water splitting have valence
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band edges at much higher energy than the current experimental estimate of the H2O•+/H2O

redox level.13 If the position of this level is confirmed, this would imply that the reaction

of Eq. (3) with the water radical cation as an intermediate would require the overcoming of

high energy barriers, making this mechanism highly improbable.

Thermodynamic energy levels associated to polaronic states in a bulk material are usually

calculated from molecular dynamics simulations through the thermodynamic integration of

vertical energy differences.11,31–33 In the case of the H2O•+/H2O energy level, two vertical

energy differences should be considered, when adopting the Marcus approximation: (i) the

vertical ionization energy of liquid water and (ii) the vertical reduction of H2O•+. The

calculation of both of these quantities presents challenges that are not commonly encountered

when treating solutes in aqueous solution. In particular, the vertical ionization energy of

liquid water is related to the absolute position of its valence band edge and an accurate

description of this level is consequently required, in order to correctly describe electronic

levels lying close to it. On the other hand, the calculation of the vertical reduction of the

H2O•+ radical cation is hindered by the fast dissociation of this solute, which impedes an

accurate sampling of vertical energy differences. Furthermore, the Marcus approximation

may not be sufficient to achieve an accurate thermodynamic integral due to deviations that

are often encountered for redox levels involving localization upon electron trasfer.11,34,35

In this Article, we study the reduction of the H2O•+ cation combining ab initio molec-

ular dynamics simulations at the hybrid functional level, a grand-canonical formulation of

solutes in aqueous solution, and nudge-elastic-band calculations. First, we show the rapid

localization of the hole on a single water molecule upon ionization. Next, we investigate the

dissociation reaction of the H2O•+ radical cation [cf. Eq. (2)]. We show that the reaction

occurs through a dimeric H4O2
•+ transition state and find an energy barrier of 0.06 eV for

the reaction, consistent with the short lifetimes measured for the H2O•+ cation. Then, we

calculate the H2O•+/H2O redox level with respect to the vacuum level and to the compu-

tational standard hydrogen electrode (SHE), by combining molecular dynamics simulations
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and the thermodynamic integration method. Our results place the redox potential of the

H2O•+/H2O couple at 3.8 ± 0.1 eV vs. SHE, in remarkable agreement with the experimental

estimate.

2 Methods

Calculations are performed with the freely available CP2K suite of codes,36 which is based

on the use of atomic basis sets and of a plane-wave expansion for the electron density.

Norm-conserving Goedecker-Teter-Hutter pseudopotentials37,38 are used to account for core-

valence interactions. Valence electrons of O and H atoms are described with a triple-ζ

correlation-consistent polarized basis set (cc-pVTZ).39 The plane-wave basis set is delimited

by a kinetic-energy cutoff of 800 Ry. The sampling of the Brillouin zone is achieved at the

Γ point.

All the calculations are performed at the hybrid functional level, using the highly-efficient

auxiliary density matrix method40–42 implemented in CP2K. In particular, we employ our re-

cently developed h-rVV10 functional,43 which is a hybrid exchange-correlation functional

including nonlocal van der Waals (vdW) interactions. In this scheme, the fraction α of

Fock exchange in the PBE0 functional44,45 is optimized in conjunction with the b parameter,

which governs the extent of the short-range vdW interactions in the rVV10 formulation,46,47

in order to reproduce the structural and electronic properties of liquid water.43 The opti-

mized functional with α = 0.40 and b = 5.3 has also proved to be remarkably accurate in

describing the energetics of water clusters, different phases of ice, aqueous solutions, and

water-semiconductors interfaces.43,48 In this work, we further benchmark the accuracy of the

h-rVV10 functional for aqueous systems, by studying the energetics of the two main isomers

of the water dimer cation (H2O)+
2 : (i) the proton-transferred and (ii) the hemibonded struc-

ture (cf. Fig. 2). While accurate calculations at the coupled cluster level of theory including

single, double, and triple excitations [CCSD(T)] indicate that the proton-transferred struc-
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ture is more stable than the hemibonded one by as much as 0.38 eV (cf. Table 1),16 semilocal

functionals have been shown to give an opposite outcome.17,20 This failure is attributed to

the noxious self-interaction error affecting semilocal density functional approximations,49

which is particularly dramatic for systems including unpaired electrons.50 However, while

hybrid functionals have shown to qualitalively reproduce the correct ordering, the quanti-

tative agreement with the CCSD(T) benchmark has been found to be erratic, with large

differences among different functionals.20

We here test our h-rVV10 functional by calculating the relative energy of the two dimer

structures Erel = Ehemi−Ept, where Ehemi and Ept are the total energies of the hemibonded

and proton-transferred dimer, respectively. The h-rVV10 functional (cf. Table 1) gives Erel =

0.30 eV, only 0.08 eV below the CCSD(T) reference and in line with the best estimates

reported for other hybrid functionals.20 In order to assess the role of vdW interactions, we

also calculate Erel at the PBE0(0.40) level, and we observe almost no difference with respect

to the h-rVV10 results. In contrast, when compared to previous results at the standard

PBE0 level (i.e. with α = 0.25), we remark that the increased fraction of Fock exchange

in our functionals noticeably improves the agreement with the CCSD(T) reference. This

observation is consistent with previous works showing that a large fraction of Fock exchange

is needed to accurately simulate cationic clusters of water molecules.20

Table 1: Erel (eV) at various levels of theory.

Theory Erel

Reference: CCSD(T)16,20 0.38
PBE020 0.11
PBE0(0.40) 0.31
h-rVV10 0.30

For the condensed-phase simulations, we consider an atomistic model of liquid water con-

sisting of 64 water molecules in a periodic supercell with a side of L = 12.42 Å, corresponding

to the experimental density.43 We carry out Born-Oppenheimer molecular dynamics simu-

lations in the NVT ensemble with a Nosé-Hoover thermostat51,52 with a target temperature
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(a) (b)

Figure 2: Representation of (a) the proton-transferred and (b) the hemibonded water dimer
cation (H2O)+

2 . O atoms in red, H in white.

T =300 K and a time constant of the thermostat chain set at 16.68 fs. A time-step of 0.48

fs is employed and individual simulations are continued for 5-10 ps.

3 Results and discussion

We first perform perform ten ab initio molecular dynamics simulations of liquid water with

an extra hole starting from configurations achieved with a previous MD run of neutral liquid

water.43 The starting configurations are equally spaced in time by 1 picosecond. In all cases,

we observe rapid dissociation of a water molecule according to the reaction of Eq. (2). From

the ten MD runs, we estimate an average reaction time of ∼50 fs, in line with a previous

theoretical study.27 Furthermore, the products of the reaction, H3O+(aq) and OH•(aq),

which are initially close to each other separate completely within ∼250 fs of simulation. We

note that, similarly to Ref. 27, our dissociation time is underestimated with respect to the

experiment,12 because we consider only ionization to the electronic ground-state of H2O•+.

It has been shown in cluster studies that proton transfer can be up to four times slower

when excited states are involved, due to a reduced localization of the positive charge on the

hydrogen atoms.15,18

To get deeper insight into the mechanism and the energetics of the reaction, we perform

a nudge-elastic-band calculation (NEB) between a starting configuration in which the hole

is injected in a bulk-like configuration and a final configuration in which OH• and H3O+

are formed upon proton transfer. NEB calculations at the h-rVV10 level are perfomed with

the improved tangent (IT) method,53 considering nine replicas between the initial and final
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configurations. In the NEB calculations, only the atoms belonging to the two water molecules

involved in the reaction are allowed to relax while the other atoms are frozen in their initial

configuration, in order to avoid the convergence problem arising from the relaxation of the

full aqueous system to 0 K. This is justified by the short timescales of the reaction observed

in the MD simulations, over which no significant rearrangement of the surrounding water

molecules occurs. To correctly sample the saddle point observed in the NEB calculation,

we carry out a second NEB with 7 replicas between the structure corresponding to the first

minimum and that associated to the first point after the maximum. We observe a negligible

variation of the barrier (<0.01 eV) upon such a refinement of the sampling close to the saddle

point.

reaction coordinate

H4O2
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H2O
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H3O
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Figure 3: Energy diagram illustrating the process of hole localization and successive proton
transfer along the reaction coordinate. A schematic representation of the reaction interme-
diates is reported along with the O-H distances between the oxygen of the involved water
molecules and the proton undergoing transfer.

The analysis of the NEB calculations (cf. Fig. 3) allows us to understand in detail the

reaction mechanism. Upon vertical ionization, the injected positive charge is delocalized on

a large fraction of water molecules of the supercell (cf. Fig. 4). This is consistent with the

electron being extracted from the partially delocalized valence band edge of liquid water,

in line with previous calculations at the hybrid functional and GW levels.34,54 Furthermore,

partial delocalization of the hole upon ionization has also been observed in ab initio studies

on large clusters.55–57 Then, the hole rapidly localizes on an O 2p orbital of a single water
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molecule (cf. Fig. 4) with an energy gain of ∼0.45 eV, thus forming the H2O•+ radical.

In our ten MD simulations, the hole always localizes on a water molecule which presents

a lower number of accepted hydrogen bonds than on average. Formation of the H2O•+ is

accompanied by a 0.1 Å elongation of the O-H bonds and a decrease of the H-O-H angle by

5◦. The highly acidic H2O•+ radical cation promptly dissociates through a dimeric transition

state (H4O2
•+) in which a proton is shared between two water molecules (cf. Fig. 4). From

the NEB calculations, we estimate an energy barrier of 0.06 eV for this acid-base reaction

(cf. Fig. 3), smaller than the barrier of 0.13 eV recently estimated for proton transfer of the

aqueous proton.58

In our ground-state picture of the process, we employ transition state theory, to define

the lifetime τ of the H2O•+ radical cation as follows:

1

τ
= νOHe

−∆E/kBT (4)

where νOH is the frequency of the OH stretching in liquid water, ∆E is the calculated energy

barrier, kB the Boltzmann constant, and T the temperature. We consider νOH since the

reaction follows a reaction coordinate defined along the Owc−H-Ow path, where Owc and

Ow are the oxygen atoms of the cation and of the water molecules receiving the proton,

respectively. Furthermore, during the MD simulations, we observe a few oscillations of

the proton shared in the cationic dimer complex H4O2
•+. Taking νOH = 3404 cm−1,59

we obtain τ = 108 fs at 300 K, consistent with lifetimes measured through polarization

anisotropy experiments (198 fs).12 Hence, the experimental lifetimes are slightly larger than

the estimates inferred from transition state theory. This could be due to the fact that our

description accounts neither for excited states, which are found to reduce the acidity of the

water cation,18 nor for nuclear quantum effects, which enhance the delocalization of the

protons.60 The oscillations of the proton observed for the cationic dimer complex H4O2
•+ in

the MD simulations indicate that in our ground-state picture the ionized molecule does not
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acquire a large excess energy upon vertical ionization of the system. This is also confirmed

by the fact that the temperature in the initial stages of the simulation remains close to the

target temperature of the thermostat. Therefore, the use of a temperature of 300 K in Eq.

(4) is justified. In the last step of the reaction, an energy gain of ∼0.3 eV is observed upon

dissociation of H2O•+ (cf. Fig. 3). It should be noted that an extra stabilization of ∼0.7

eV is calculated upon complete separation between the hydronium cation and the hydroxyl

radical, with the formation of two distinct solvation shells for the solutes.34

ionization proton transferlocalization dissociation

Figure 4: Isodensity representation of the hole wave function (i) upon vertical injection, (ii)
after localization on a single water molecule, (iii) during and (iv) after proton transfer.

Next, we calculate the redox level associated with the reduction of the H2O•+ cation. The

species studied in this work is indeed short-lived and, therefore, thermodynamic electronic

properties such as charge transition levels61–63 and redox levels34 cannot directly be defined

in principle. However, by sampling the local minimum associated with the H2O•+ cation, we

can estimate its redox properties by applying the grand-canonical formulation of solutes in

aqueous solution, recently employed to calculate redox levels in aqueous solution.34,64 Free

energy differences are defined through the use of a fictitious Hamiltonian Hη:

Hη = ηHhole + (1− η)HH2O(`), (5)

which connects the Hamiltonian of the reactant H2O(`) with that of the product H2O•+ via

the Kirkwood coupling parameter 0 ≤ η ≤ 1.65 In this work, mixed systems are generated by

mixing the forces achieved from self-consistent calculations of the neutral and the positively
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charged system.36 In this formulation, we obtain the following expression for the adiabatic

redox level µhole:

µhole =

∫ 1

0

〈∆Eox〉ηdη − εv = ∆oxAH2O•+ − εv, (6)

where 〈∆Eox〉η corresponds to vertical energy differences for structural configurations achieved

at various values of η, εv is the valence band edge of liquid water, and ∆oxAH2O•+ is the

thermodynamic integral associated to the oxidation of the water cation. In the proposed

theoretical framework, 〈∆Eox〉η=0 corresponds to the average of vertical ionization energies,

i.e. the total-energy difference achieved upon vertical injection of a hole in the system. At

variance, 〈∆Eox〉η=1 is defined as an average vertical reduction energy, achieved by vertically

introducing a single electron in the system containing a H2O•+ radical cation. Fractional

values of η represent molecular dynamics simulations evolving through forces obtained from

Hη. In this work, we employ three fractional values of η (0.1, 0.25, 0.5) in order to achieve an

accurate estimate of the thermodynamic integral. The calculated energy levels are aligned

with respect to (i) the computational standard hydrogen electrode (SHE)34,35 and (ii) to the

vacuum level using an atomistic description of the water-vacuum interface.66

Our MD simulations show that the calculation of 〈∆Eox〉η=0 corresponds to the sampling

of the delocalized valence band edge (cf. Fig. 4). The position of such a delocalized state can

largely depend upon the employed electronic structure method.34 For this reason, to estimate

〈∆Eox〉η=0 we employ the value of the valence band edge achieved at the PBE0(α) level, in

which the fraction of Fock is fixed at 0.45, following the rationale employed in Ref. 66. In

this way, the valence band edge of liquid water is placed at 9.70 ± 0.05 eV (error calculated

by blocking analysis67) below the vacuum level, in remarkable agreement with the available

experimental range for the ionization potential of liquid water, comprised between −9.3 and

−10.1 eV.68–71 We also notice that in Ref. 66 the linear extrapolation of the wing of the

valence band is used to calculate the ionization potential rather than vertical total-energy

differences. However, the two methods have been found to provide equivalent results for the

valence band edge of liquid water, when total energy differences are linearly extrapolated to
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infinite supercell size.34

The vertical energy gaps calculated for the MD simulation carried out at η = 0.1 still

correspond to the sampling of the delocalized valence band edge. Therefore, we consider

〈∆Eox〉η=0 = 〈∆Eox〉η=0.1. At variance, for η =0.25, 0.5, and 1, we encounter localized defect

states within the band gap of liquid water. The energy levels associated to those states do

not sensitively depend upon the employed density functional, in analogy to defect levels in

the band gap of semiconductors and insulators.34,61 We verify this by performing calculations

with two different values of the fraction of Fock exchange α in the h-rVV10 functional (0.40

and 0.45) for 〈∆Eox〉η=1, and finding differences smaller than 0.03 eV. We observe that

the calculation of 〈∆Eox〉η=1 is hindered by the fact that the H2O•+ radical cation rapidly

dissociates after its formation. For this reason, vertical energy differences are calculated on

top of a molecular dynamics simulation, in which the coordination numbers of all O atoms

of the water molecules are constrained through harmonic restraining potentials, as in Ref.

34. In contrast, for η = 0.25, 0.50, we do not observe water dissociation even in the absence

of constraining potentials and despite the large localization on a single water molecule.

The calculated vertical energy differences are found to be consistent with 〈∆Eox〉η=1 with

constraining potentials applied (cf. Fig. 5), thereby providing confidence that such potentials

do not affect the achieved result. Furthermore, the restraining potentials are applied to both

the oxidized and the reduced systems for consistency and their effect on the calculated redox

levels in aqueous solution thus cancels to a large extent.34,72

In Fig. 5, we provide the values of 〈∆Eox〉 for each sampled η. We notice that we do not

include here any electrostatic finite-size correction for each point corresponding to a localized

defect state (i.e. η =0.25, 0.5, 1). In fact, it has been shown that the finite-size correction can

be added a posteriori on the thermodynamic integral ∆oxAH2O•+ .34 This correction amounts

to 0.03 eV, when adopting the scheme proposed by Freysoldt, Neugebauer, and Van de

Walle73,74 for the supercell with 64 water molecules employed in this work.34 However, finite-

size effects are more significant when focusing on the vertical reduction energy of the water
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Figure 5: 〈∆Eox〉 with respect to the SHE and the vacuum level for different values of
the Kirkwood parameter η. Errors on each value of 〈∆Eox〉 are calculated with a blocking
analysis and reported in the figure in red.

radical cation:

µver = 〈∆Eox〉1 − εv. (7)

In this case, the finite-size correction amounts to 0.75 eV and is calculated from a linear

extrapolation of 〈∆Eox〉1 to a cell of infinite size, after performing a MD simulation including

128 water molecules (L = 15.64 Å).11 Thia gives a value of µver at 8.00±0.12 eV below the

vacuum level.11

The integration of the curve illustrated in Fig. 5 (b) allows us to place µhole at 3.8 ±0.1 eV

below the vacuum level [cf. Fig. 6], where the error on the integral is estimated by considering

the minimum and the maximum values of the integral that are achieved when the errors on

the individual values of 〈∆Eox〉 are accounted for. Alternatively, we can align values of

〈∆Eox〉 with respect to the vacuum level, following Ref. 66 [cf. Fig. 6]. Both alignment

schemes produce results in excellent agreement with the experimental characterization, as

we calculate µhole at 3.8 eV vs. SHE and at −8.3 eV vs. vacuum, to be compared with the

respective experimental values at 4.03 and −8.47 eV.13 It should be noted that the position

of the valence band edge only slightly influences the calculated thermodynamic integral, at

variance with the more sensitive relationship between the redox level of the hydrated electron
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and the electron affinity of liquid water.11 In fact, the curve of Fig. 5 depends upon the value

of the valence band edges only up to η = 0.10. Therefore, the calculated integral changes

by less than 0.05 eV when the valence band edge achieved with h-rVV1043 is used instead

of the best available estimate (Ref. 66).
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Figure 6: Energy diagram including the IP of liquid water, the H2O•+/H2O and H2O/OH•

(from Ref. 34) redox potentials, and the SHE level (from Ref. 66).

The calculated energy level allows us to estimate the acidity of the water cation from the

free energy pertaining to the acid-base reaction of Eq. (2). In fact, Eq. (2) is the difference

between Eqs. (3) and (1). From Fig. 6, in which the H2O/OH• redox potential calculated

in Ref. 34 is included, we estimate the free energy difference ∆G(ab) associated to the

deprotonation of the aqueous water cation to be 0.8 eV, consistent with the outcome of our

NEB and MD calculations. Finally, the acidic constant of the water cation reads as follows:48

pKa[H2O•+(aq)] =
∆G(ab)

ln 10kBT
− log c0, (8)

where c0 is the number of water moles in 1 liter of liquid water (55.5 mol/l). Equation (8)

gives pKa[H3O+(aq)] ∼= −14, thus showing that the water radical cation is far more acidic

than even the strongest acids.

The simultaneous oxidizing power and high acidity of the water cation implies that its

reactivity may be highly system-dependent.14 The low lifetime of the species indicates that

proton transfer is likely to be dominant in diluted aqueous solutions due to kinetics, even
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when electron transfer would be thermodynamically more favourable (cf. Fig. 7). Electron

transfer may occur when the water cation is formed close to a hole acceptor (i.e. in biological

systems75 or in concentrated solutions76).

Figure 7: Schematic representation of the (i) the reactivity of aqueous H2O•+ and (ii) possible
mechanism of dehydrogenation of the water molecule at the semiconductor-water interface.

The small energy barrier associated with the dissociation of H2O•+ in liquid water in-

dicates a rapid completion of the reaction in Eq. (3) upon hole injection through radiative

ionization of liquid water. However, the same reaction with hole localization on a single

water molecule at semiconductor-water interfaces would imply overcoming high energy bar-

riers, thus suppressing this mechanism in photocatalytic water splitting (cf. Fig. 7). This

can be inferred from Fig. 1, since our work provides a strong confirmation of the available

experimental estimate of the redox potential. It is however possible that the interplay with

the surface-induced dissociation of water molecules at the semiconductor-water interface may

lower this barrier.

4 Conclusions

In conclusion, we studied the reactivity and determined the redox potential of the H2O•+

radical cation in aqueous solution. By combining molecular dynamics simulations and nudge-

elastic-band calculations, we calculated an energy barrier of 0.06 eV for the dissociation of this
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solute, consistent with the measured lifetimes. The calculated H2O•+/H2O redox potential

was found at 3.8 ± 0.1 eV vs. the SHE level, in excellent agreement with the experimental

characterization. The alignment of the H2O•+/H2O energy level at semiconductor-water

interfaces typically used for water splitting indicates that the formation of a water radical

cation is an unfavourable process and suggests that a different mechanism is operative during

the first step of water oxidation.
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