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Abstract

We investigate the solvation effect of water on the overpotentials of the oxygen evolution

reaction on rutile TiO2 by applying the thermodynamic integration method on atomistic

model interfaces with and without the water molecules. We compare the results at the

vacuum interface with the commonly used computational hydrogen electrode method,

finding overall good agreement. The effect of the solvent is found to be twofold. First,

the explicit treatment of the solvent can lead to equilibrium configurations differing

from the relaxed structures without solvent. Second, the overpotentials can be affected

by up to 0.5 eV. The energetics are subject to electrostatic effects at the interface rather

than to modifications in the hydrogen bond network. These results provide a promising

perspective on the use of implicit models for treating the solvent.

1 Introduction

The oxygen evolution reaction (OER) has been extensively studied for its role in photoelec-

trocatalytic water splitting for hydrogen production.1–6 Early on, TiO2 has been identified

as a possible catalyst.7 The mechanism of the OER on this material, and especially its ru-

tile phase, has attracted a vast body of research.8–23 It has been proposed that in acidic

conditions the reaction on rutile takes place through four proton-coupled electron transfer

(PCET) steps:24

* + H2O −→ OHads + H+ + e−,

OHads −→ Oads + H+ + e−,

Oads + H2O −→ OOHads + H+ + e−,

OOHads −→ * + O2 g + H+ + e−,

(1)

where the asterisk represents an active site on the catalyst on which the subsequent inter-

mediate species are adsorbed. The OER has also been modeled in the literature through the

consideration of other mechanisms or intermediates,25,26 but the one given above is by far the

most widely adopted.24,27 The computational hydrogen electrode (CHE) method, developed
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by Nørskov et al.,28 allows one to approximate the free energy differences corresponding to

these four PCET steps. In the framework of this method, density functional theory (DFT)

is used to compute the binding energies of the various reaction intermediates at the elec-

trode/electrolyte interface. These binding energies are then augmented by thermodynamic

corrections, such as the zero point energy of lattice vibrations and entropy contributions.

While reasonably successful at predicting the overall reaction overpotential of the OER on

TiO2,24 the CHE method suffers from two drawbacks. First, entropic effects are included

only in an approximate fashion. Second, solvation effects are disregarded and thus their role

remains elusive.

The solvation effect is multi-faceted in nature. For one thing, the solvent can stabilize

or destabilize the adsorbate, changing the binding energies of the reaction intermediates.29

Another important role of the solvent lies in the complex way it affects the entropy contribu-

tions to the free energy differences. Furthermore, one has to take the pH of the electrolyte at

the solid interface into consideration to describe the type of surface and its coverage under

OER conditions.30

Various schemes have been employed to quantify the effects of the solvent. The roughest

approximation ignores the solvent completely.31 The assumption here is that the solvent af-

fects all the intermediates nearly equally, and thus the solvation effect cancels out in the free

energy differences considered. Implicit solvation methods approximate the solvent through

a continuum model based on electrostatics.13,32–34 Although this approach works well for

long range effects, the method cannot account for the immediate vicinity of an adsorbate in

contact with a protic solvent such as liquid water, which interacts significantly with solutes

through hydrogen bonds and van der Waals interactions. Furthermore, in this case, it is

difficult to distinguish the effect of the solvent from the adopted implicit approximation.

Explicit solvation methods can employ one or several layers of water molecules in a DFT

calculation to compute the binding energies of adsorbates. These water layers are placed

above the surface and can be ice-like or undergo structural relaxation.29,35–39 In this ap-
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proach, the solvation effect amounts to a straightforward correction to the binding energies

of the reaction intermediates. If the water layer is allowed to relax, a doubt remains whether

the optimized water structure is an accurate representation of the liquid at the solvated

interface.37 In any case, DFT structural relaxations are performed at 0 K, and therefore

such schemes fail in describing the finite temperature behavior of liquid solvents. Further-

more, relaxation of the water layer near the adsorbate can lead to an overestimate of the

stabilization due to hydrogen bonds, some of which can be disrupted in finite temperature

dynamics where disorder is taken into account.37 More sophisticated modeling of the solvent

involves molecular dynamics (MD) simulations, which sample multiple local minima of the

geometry by simulating the finite temperature behavior of the system from first principles.

In conjunction with thermodynamic integration (TI),40 such MD simulations enable one to

compute the free energy of a reaction in the presence of an explicit solvent.25,41,42 In partic-

ular, Cheng et al. applied such a scheme to some of the PCET steps of the oxygen evolution

reaction at the TiO2-water interface.25 However, there was no attempt to isolate the effect

of the solvent, and it thus remains unclear whether this high-level modeling improves the

description of the reaction with respect to simpler approaches, such as the CHE method.

In this work, we aim at evaluating the role of the solvent in determining the free energies

of the OER steps. For this, we develop a formulation in which thermodynamic integration

and molecular dynamics are combined. The effect of the solvent is determined by modeling

the PCET steps of the OER at the rutile TiO2 surface in the presence and absence of

explicit water molecules. We also evaluate the free energies of the four PCET steps with the

computational hydrogen electrode method,28 in which the solvent is neglected and thermal

effects are treated in an approximate fashion. Such an approach allows us to isolate the effect

of the solvent on the energetics of the full OER path. This study quantifies the role of the

solvent in determining OER overpotentials and sets a benchmark for more approximative

schemes.
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2 Methods

2.1 Computational Details

All the simulations are carried out with the cp2k suite of codes.43 The results are computed

at the semilocal level of theory using the rVV10 functional,44 which accounts for nonlocal van

der Waals interactions, and has been adjusted to give an accurate description of the density

and the structural properties of liquid water by setting the b parameter to 9.3.45,46 We

remark that more advanced levels of theory are necessary to allow for accurate comparison

between calculated and measured energies.47,48 However, the semilocal level of theory is

sufficient to establish the effect of the solvent on the free energy of the reaction and is

therefore used in this work for its lower computational cost. Double-ζ MOLOPT basis sets

are used for titanium, triple-ζ cc-TZ basis sets for oxygen and hydrogen. The cutoff for the

density is set to 500 Ry. We use Goedecker-Teter-Hutter pseudopotentials.49 The molecular

dynamics simulations employ a time step of 0.5 fs. A Nosé-Hoover thermostat regulates the

temperature, which is set to 350 K in order to ensure proper diffusive behavior of liquid

water.50 Through the CHE method, we estimate that using this temperature rather than

room temperature has a negligible effect on the calculated energies (less than 0.06 eV).

2.2 Thermodynamic Integration Method

We express the free energy difference corresponding to a proton-coupled electron transfer

step as:

∆G = G
[
P
]
−G

[
R
]

+ µ
[
H+
]

+ µ
[
e−
]
. (2)

Adopting the scale of the reversible hydrogen electrode, we have that:51

µ
[
H+
]

+ µ
[
e−
]

= 1
2
µ
[
H2

]
. (3)
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We define the free energy difference between the product P and the reactant R as:

G
[
P
]
−G

[
R
]

= ∆dhA+ ∆zpE, (4)

where ∆dhA is the dehydrogenation free energy integral, and ∆zpE is the zero point energy

difference between the product and reactant systems. The dehydrogenation free energy inte-

gral of the reactant species is calculated through thermodynamic integration of the vertical

dehydrogenation energies 〈∆dhE〉η:41

∆dhA =

∫ 1

0

〈∆dhE〉η dη. (5)

The zero point energy difference ∆zpE is computed as the difference of the vibrational zero

point energies corresponding to the adsorbed product and reactant species. The vibrational

analysis is carried out in the absence of water using the harmonic approximation. The

vibrational spectrum of the slab is assumed to be unperturbed by the adsorbate. Finally,

the free energy (2) is obtained as:

∆G = ∆dhA+ 1
2
µ [H2] + ∆zpE. (6)

We run MD simulations of the systems with the various intermediates for at least 4

ps in order to obtain properly averaged structural properties and vertical dehydrogenation

energies. In the case of OOHads an harmonic constraint has been used to restrain the

hydrogen in the OOH adsorbate, as it has the tendency to spontaneously dissociate and bond

with a nearby bridge oxygen atom at the surface. Hence, the intermediate considered in this

case corresponds to a metastable configuration. Since the constraints are applied both in the

reactant and in the product, their effects on the vertical dehydrogenation energies cancel to

a large extent and can be neglected.46,52

For every value of the Kirkwood mixing parameter η, the dynamics is evolved according
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to a linear combination of the forces achieved with and without the hydrogen atom. The

vertical dehydrogenation energy level is calculated as the difference between the total energy

of a configuration of the reactant and that of the same configuration with the hydrogen atom

removed. For η = 1, the hydrogen atom is added in a configuration of the product and allowed

to relax, with the rest of the structure kept fixed. For intermediate values of η (0 < η < 1),

we find that MD runs starting from equilibrated configurations of the reactant (i.e. with the

hydrogen atom present) yield converged vertical dehydrogenation energies within about 1

ps. The statistical error on the average vertical dehydrogenation energy is estimated using

a blocking analysis.53 We find that the error incurred by the application of the trapezoidal

integration rule is lower than the statistical error in all cases.

2.3 Thermodynamic Corrections

Table 1: Zero point energies Ezp, the corrections due to entropy TS, and the
internal energy ∆U0→T for the various free and adsorbed species. All values are
in eV.

Species: Ezp TS ∆U0→T

H2 0.265 0.434 0.103
H2O 0.573 0.673 0.103
O2 0.092 0.606 0.103
H2Oads 0.691 0.099 0.060
OHads 0.356 0.078 0.046
Oads 0.092 0.027 0.019
H2O2 ads 0.789 0.136 0.080
OOHads 0.473 0.149 0.082
O2 ads 0.147 0.159 0.082

The thermodynamic corrections, including the zero point energy, the entropy, and the

temperature dependence of the internal energy, are calculated in the harmonic approximation

from the vibrational spectrum of the adsorbed species at the interface with vacuum.48 The

corrections for liquid and gaseous species are calculated using a simulation cell containing a

single molecule. For the non-adsorbed species, the rotational and translational entropy are
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also accounted for. In the case of liquid water, a fugacity of 3534 Pa is used to compute the

translational entropy.29 A temperature of 298.15 K is used. The thermodynamic corrections

used in the free energy calculations are listed in Table 1.

2.4 Blue Moon Simulations

The Blue Moon method allows us to determine the free energy profile between an initial

and final state of the same system, which are separated by a free-energy barrier.56,57 In this

work, we apply this method to the reaction:

Oads + H2O→ H2O2 ads, (7)

which corresponds to the formation of H2O2 ads through the capture of a water molecule of

the liquid by Oads. The O-O distance between the adsorbed oxygen atom and the oxygen

atom of a coordinated water molecule is taken as the reaction coordinate ξ. We choose seven

values of the O-O distance spanning the range between the equilibrium distance in the initial

(ξ0 = 2.69 Å) and final configurations (ξ1 = 1.49 Å). For each value, the distance between

the two atoms is fixed and a constrained MD simulation is carried out. The force acting

on the constraint is then computed for each value of the reaction coordinate as the average

of the corresponding Lagrange coefficient 〈λ〉ξ. MD simulations with durations of 1 ps are

found to be sufficient to achieve accurate results. The free energy profile of the reaction is

then calculated as the integral of these forces:

∆F =

∫ ξ1

ξ0

dξ〈λ〉ξ. (8)

The statistical errors are estimated via a blocking analysis.53 The error estimate associated

with the trapezoidal integration rule is lower than the statistical uncertainty.
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3 Results

(a) (b)

(c) (d)

Figure 1: Detailed views of the first solvation shell for (a) OHads, (b) Oads, (c) OOHads, and
(d) O2 ads. White atoms represent hydrogen, red atoms oxygen, and gray atoms titanium.
For clarity, water molecules far away from the active site are rendered schematically.

The rutile TiO2(110) surface is modeled by a 5-layer slab exposing a 4×2 interface repeat

unit in the supercell. The slab is separated from its nearest periodic image in the z direction

by 15 Å. In the solvated case, this region is filled with 80 water molecules. We consider

all reaction intermediates to be adsorbed at a single five-coordinated surface titanium atom

(Fig. 1). In particular, the MD simulation of the Oads adsorbate in the presence of explicit

water indicates that this species forms a single bond with the surface through the Ti atom.

However, at the vacuum interface Oads forms an additional bond with a surface O atom

in its most stable configuration. Therefore, to enable a meaningful comparison with the
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solvated case, we sample the vacuum interface with Oads in a similar configuration without

extra bonds, which is found to correspond to a local minimum. In the present work, polaron

formation at this interface48 is disregarded as the focus is on the solvent.

3.1 Solvent effect on individual PCET steps

To calculate the relevant free energy differences corresponding to the four PCET steps of

eq. (1), we start by considering the following reactions:

H2Oads −→ OHads + H+ + e−,

OHads −→ Oads + H+ + e−,

H2O2 ads −→ OOHads + H+ + e−,

OOHads −→ O2 ads + H+ + e−.

(9)

We remark that the first reaction starts from an initial water molecule that is adsorbed

on the surface. Likewise, the final oxygen molecule in the products of the last reaction

remains attached to the surface. Furthermore, the third reaction step considered in eq. (1)

(formation of OOHads) proceeds from H2O2 ads. This set of reactions ensures that each PCET

is a reaction of the type XHads → Xads + H+ + e−, where the reactant and product species

are both adsorbed at the interface and only differ by a single hydrogen atom.

Following the procedure outlined in the sec. 2.2, we write the free energy differences

corresponding to the four PCET steps in eq. (9) as:

∆G′1 = ∆dhAH2O ads + 1
2
µ
[
H2

]
+ ∆zpEH2O ads,

∆G′2 = ∆dhAOH ads + 1
2
µ
[
H2

]
+ ∆zpEOH ads,

∆G′3 = ∆dhAH2O2 ads + 1
2
µ
[
H2

]
+ ∆zpEH2O2 ads,

∆G′4 = ∆dhAOOH ads + 1
2
µ
[
H2

]
+ ∆zpEOOH ads,

(10)

where ∆dhAX ads is the dehydrogenation free energy of species X calculated via the TI
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method, ∆zpEX ads is the zero point energy difference between the reactant and the dehydro-

genated product, and the chemical potential of the hydrogen molecule µ
[
H2

]
is calculated

in the gas phase approximation at the conditions of the reversible hydrogen electrode.46

Note that the calculated ∆G′ values are not to be directly compared with the free energies

computed by, e.g., Valdés et al.,24 as the initial and final configurations of eq. (9) contain

adsorbed rather than liquid and gaseous species, respectively. These free energy steps are

calculated in the same framework both in the presence and in the absence of the explicit

solvent. This approach makes it possible to isolate the effect of the solvent on the energetics

of the OER. The same values are also computed without solvent using the CHE method.

The calculated zero point energies and all the thermodynamic corrections used in the CHE

approach are given in sec. 2.3.

Figure 2: Vertical dehydrogenation energies calculated for the four reactions in eq. (1),
including the zero point energy correction and the chemical potential of hydrogen, as a
function of the Kirkwood mixing parameter η. The area under the curve represents the free
energy corresponding to the proton-coupled electron transfer step.

The free energies obtained with the CHE and the TI simulations are given in Table 2. In
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particular, the results from the TI simulations are inferred from Fig. 2, where the areas

underneath the curves represent the free energy steps ∆G′ in both the presence and absence

of water. We first compare the free energy values calculated with the CHE approach at

the vacuum interface with the TI results without solvent. These energies differ by less

than 0.1 eV, except for the last step, where small variations in the binding energies and

in the thermodynamic corrections lead to a slightly larger difference of 0.34 eV. Overall,

this indicates that the CHE model is properly accounting for thermal effects. Next, we

focus on the effect of the solvent by comparing the TI results obtained with and without

the explicit water. The free energy differences ∆G′1, ∆G′3, and ∆G′4 are all barely affected

by the inclusion of the solvent, with differences below 0.1 eV. At variance, for the second

reaction step, the difference in ∆G′2 is more sizable and amounts to 0.54 eV. Hence, this

comparison shows that the inclusion of the water has a significant effect only on the second

PCET reaction.

Table 2: Free energy steps ∆G′i calculated using the thermodynamic integra-
tion (TI) method with and without solvent, and the computational hydrogen
electrode (CHE) method. All values are in eV.

CHE TI no solvent TI solvent
∆G′1 1.76 1.66 ± 0.11 1.65 ± 0.17
∆G′2 2.43 2.36 ± 0.05 1.82 ± 0.06
∆G′3 1.12 1.22 ± 0.06 1.25 ± 0.06
∆G′4 1.38 1.05 ± 0.08 1.09 ± 0.11

In order to get deeper insight into the solvent effect, we analyze in detail the structural

features of the adsorbate in the presence of the solvent, most notably the number of hydrogen

bonds. Table 3 gives the number of coordinated water molecules and hydrogen bonds asso-

ciated with the oxygen atoms of the adsorbed reaction intermediate. The number of water

molecules coordinated with the adsorbate is obtained as the average number of oxygen atoms

belonging to water molecules that are closer than 3.5 Å. Following a commonly adopted cri-

terion in the literature,45,46,54 we assume that an accepted hydrogen bond is formed when
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Table 3: For each adsorbate, we give the average number of coordinated water
molecules (cw), the sum of accepted (aH) and donated (dH) hydrogen bonds,
and the variation of bond length between the surface Ti atom and the O atom
of the adsorbate (∆Ti-O) upon inclusion of the solvent.

Adsorbate cw aH + dH ∆Ti-O (Å)
H2Oads 5.71 2.44 0.04
OHads 5.53 1.69 0.04
Oads 5.65 2.13 −0.20
H2O2 ads 6.44 4.26 0.29
OOHads 4.72 1.85 0.21
O2 ads 4.08 1.35 −0.11

the OHO angle involving an O atom of a coordinated water molecule, one of its hydrogen

atoms, and an oxygen atom of the adsorbate is greater than 140◦. We consider the hydrogen

bond to be donated when it involves a hydrogen atom of the adsorbate and a water molecule.

Regarding the first OER step, we need to consider H2Oads and OHads. In the case of

the surface covered by water, the adsorbed water molecule coordinates on average with 5.71

water molecules. It temporarily accepts one hydrogen bond, whereas it donates its hydrogen

atoms to form up to two hydrogen bonds with neighboring water molecules of the liquid.

In total, 2.44 hydrogen bonds are formed. OHads coordinates a similar number of water

molecules (5.53), and forms 1.69 hydrogen bonds [cf. Fig. 1(a)]. While the lower number

of hydrogen bonds in the product system suggests an increase of the free energy step ∆G′1

upon inclusion of the solvent, the calculated value is found to remain unaffected. In the

second reaction, the product Oads [cf. Fig. 1(b)] forms 2.13 hydrogen bonds on average, more

than the 1.69 formed by the reactant OHads. The presence of more hydrogen bonds among

the products suggests greater stabilization in line with the decrease in ∆G′2 observed upon

solvation. Focusing on the third step, we find that the reactant H2O2 ads coordinates a large

number of water molecules (6.44) and is stabilized by 4.26 hydrogen bonds on average. Both

oxygen atoms of the adsorbate accept one hydrogen bond, and both hydrogen atoms donate

one. For the product OOHads the number of hydrogen bonds drops to 1.85 [cf. Fig. 1(c)].
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This weaker hydrogen-bond stabilization of the product as compared to the reactant hints at

a larger value of ∆G′3 upon solvation. However, no significant increase of ∆G′3 is observed.

In the last reaction, both oxygen atoms of the product O2 ads [cf. Fig. 1(d)] form on average

less than a single hydrogen bond with nearby water molecules, leading to a hydrogen bond

number of 1.35. This results in a weaker hydrogen bond stabilization of the product than of

the reactant OOHads. On this basis, the free energy difference ∆G′4 is expected to be larger

in the presence of the solvent than at the vacuum interface. However, the values of ∆G′4 are

found to be virtually identical in both cases. Hence, we conclude that the analysis based on

hydrogen-bond counting is insufficient to explain the observed trends in free energy.

Figure 3: Centers of maximally localized Wannier functions (blue balls) in the case of (a)
OHads and (b) Oads. In both cases, the oxygen atom of the adsorbate carries eight Wannier
centers, but Wannier centers of opposite spin almost coincide and thus appear as a single
ball. Since an extra proton is present in the case of OHads, the adsorbates OHads and Oads

are effectively in a charge state of −1 and −2, respectively. The isosurfaces illustrate the
shape of the Wannier orbitals.

A different explanation must be found for the large solvent stabilization of Oads involved

in the second OER step. By studying the Wannier functions associated with the relaxed OER

intermediates, we find that the electronegative Oads acquires two electrons from the TiO2 slab
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to fill its shell (see Fig. 3). This is in contrast with OHads and OOHads, both of which only

attract one electron. The larger partial negative charge located at Oads could then lead to a

different electrostatic stabilization in vacuum (ε = 1) and in water (ε ≈ 80). To investigate

this effect, we carry out two tests. First, the adsorbed oxygen atom at the solvated and at

the vacuum interface is replaced by a fluorine atom. The fluorine atom requires only a single

electron to fill its shell, leading to a different partial charge at the interface. The configuration

of the system is kept fixed upon fluorine substitution. In agreement with our assumption,

we find that the solvent stabilization of Fads is reduced with respect to that of Oads by as

much as 1.4 eV. The second test entails a classical electrostatics simulation of a Gaussian

charge distribution at a dielectric interface modeling the periodic DFT computational cell.55

We find that the electrostatic energy difference between a system with a charge q = −e

and q = −2e is approximately 1.5 eV. The magnitude of this stabilization is similar to the

extra stabilization of Oads as compared to the adsorbates involving the attraction of a single

electron.

3.2 Energetics of the Full OER

With the solvent effect on the individual PCET steps of eq. (9) analyzed, we focus on

the full reaction mechanism in eq. (1). We initially consider a bare active site on which a

water molecule adsorbs. The adsorption free energy ∆Fads [H2O] of a liquid H2O molecule

is added to the first free energy step. The final reaction step involves the desorption of the

oxygen molecule, resulting in the free energy term ∆Fdes [O2]. Here, we evaluate these free

energies through the CHE framework, as this method has been found above to give accurate

adsorption free energies when the described system does not involve notable charging. In

this way, we find that the free energy of H2O adsorption ∆Fads [H2O] = −0.37 eV, and the

free energy of O2 desorption ∆Fdes [O2] = −1.30 eV. Furthermore, in the third step, we need

to evaluate the free energy ∆F [Oads → H2O2 ads] associated with the formation of H2O2 ads

(see insets in Fig. 4). In this reaction, the charge attracted by the adsorbates drops from
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−2e to −e. To evaluate the corresponding free energy difference, we use the Blue Moon

method, as described in sec. 2.4.

Figure 4 shows the calculated free energy profiles for the solvated and the vacuum case, for

which we find free energy differences of −0.14 ± 0.02 eV and −0.69 ± 0.03 eV, respectively.

The difference of 0.55 eV in the values of ∆F [Oads → H2O2 ads] can be attributed to the

different screening conditions in the two cases, and is quantitatively consistent with the

results found in Fig. 2. For comparison, we also evaluate this free energy difference within

the CHE approach and find ∆F [Oads → H2O2 ads] = −0.88 eV, in good agreement with our

Blue Moon results for the vacuum interface. With the above additions, we calculate the

OER free energy steps as follows:

∆G1 = ∆G′1 + ∆Fads [H2O] ,

∆G2 = ∆G′2,

∆G3 = ∆G′3 + ∆F [Oads → H2O2 ads] ,

∆G4 = ∆G′4 + ∆Fdes [O2] .

(11)

Table 4: Free energy steps ∆Gi calculated using the thermodynamic integra-
tion (TI) method with and without solvent, and the computational hydrogen
electrode (CHE) method. All values are in eV.

CHE TI no solvent TI solvent
∆G1 1.39 1.29 ± 0.11 1.29 ± 0.17
∆G2 2.43 2.36 ± 0.05 1.82 ± 0.06
∆G3 0.24 0.53 ± 0.06 1.11 ± 0.07
∆G4 0.08 −0.26 ± 0.08 −0.22 ± 0.11

The computed OER free energy steps are given in Table 4 and are illustrated in Fig. 5.

Note that the sum of all ∆G steps attains a value of about 4.0 eV regardless of the method

used. Indeed, due to the catalytic effect of the substrate, the sum of the OER free energy

steps should yield a single value independent of the method, provided the initial and final

states are described in the same way. In this sense, our results are reassuring because they
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Figure 4: Free energy profile of the H2O2 ads formation in the vacuum (blue) and in the
solvated (red) case. The insets illustrate the initial and final configurations. The solvent is
not shown for clarity.

all yield a consistent free energy sum within less than 0.15 eV. Unlike in other work,24,28,37

we do not adjust the free energy of the last OER step and thus record a discrepancy with

the experimental free energy for the full OER reaction, ∆GOER = 4.92 eV.58 The difference

between the calculated and measured ∆GOER reflects the limitations of the adopted semilocal

energy functional. Indeed, as can be tested with the CHE approach, the use of a hybrid

functional with α = 0.40 augmented with van der Waals corrections, which successfully

describes the properties of liquid water,46 leads to a calculated ∆GOER = 4.84 eV, in much

better agreement with the experimental value.

4 Discussion

The presence of explicit water molecules has a noticeable influence on the ∆G values of the

OER. First, the reaction determining step ∆G2 of the OER at the TiO2-vacuum interface

is reduced by 0.5 eV upon inclusion of the solvent. In the work of Cheng et al.,25 only a

fraction of a water monolayer is used to model the solvent. The effect of hydrogen bond
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Figure 5: Comparison of the free energies corresponding to the full OER mechanism calcu-
lated using the CHE method and the TI method.

stabilization and charge effects are therefore not fully captured and their result of 2.4 eV

might be overestimated, as can be inferred by comparing our values of ∆G2 with and without

solvent. Second, the stabilization of the Oads intermediate in the presence of liquid water

leads to an increase of the third free energy step ∆G3. This contrasts with results from

static calculations at the similar IrO2 interface in which the solvation effect was found to

yield reduced overpotentials in the first three OER steps.37 This difference most likely results
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from the consideration of a relaxed configuration for Oads that differs from the equilibrium

structure that we observe in the molecular dynamics simulations. For the same reason, in

the CHE approach, our value of ∆G2 is noticeably larger than that found by Valdés et al.

(1.47 eV).24

5 Conclusion

We described the solvent effects on the energetics of the OER at finite temperature. In the

absence of the solvent, the computational hydrogen electrode method yields free energies

that agree well with those obtained by thermodynamic integration. A significant reduction

of the free energy associated with the rate determining step is observed upon inclusion of

the solvent. An analysis of the structure at the solvated interface, with a particular focus on

hydrogen bonds, is insufficient to explain the observed trends. Instead, the large stabilization

of the oxygen intermediate due to the solvent can be understood in terms of the screening

at the interface. This finding supports the use of implicit models for describing the solvent,

which generally capture the electrostatics but are unable to account for hydrogen bonds. In

the light of the present study, it is recommended that solvent effects be carefully considered

in ongoing searches for novel OER photocatalysts.
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