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Abstract

We determine the ionization potential (IP) and the electron affinity (EA) of liquid
water together with the absolute redox level of the standard hydrogen electrode (SHE)
by combining advanced electronic-structure calculations, ab initio molecular dynamics
simulations, thermodynamic integration, and potential alignment at the water-vacuum
interface. The calculated SHE level lies at 4.56 eV below the vacuum level, close to the
experimental reference of 4.44 eV inferred by Trasatti. The band edges are determined
through a hybrid functional designed to reproduce the band gap achieved with highly
accurate GW calculations. Our analysis yields IP=9.7 eV and EA=0.8 eV, consistent
with both photoemission spectra of liquid water and thermodynamical data for the

hydrated electron.

Liquid water is ubiquitous in science, due to its apical role in a variety of relevant phys-
ical, chemical, and biological processes. ' However, despite the gargantuan number of both
experimental and theoretical studies devoted to liquid water, the scientific community has
not yet reached a consensus on its electronic structure.*® In particular, three levels are of
particular relevance, viz. the valence band edge, the conduction band edge, and the redox
level pertaining to the standard hydrogen electrode (SHE). The valence band edge defines
the ionization potential (IP) and has been measured through photoemission spectroscopy of
liquid water and NaOH aqueous solutions but available data fall within a wide interval rang-
ing from 9.3 to 10.1 ¢V below the vacuum level.®12? In this context, it should be noted that
current techniques are capable of accurately probing the electronic structure of the bulk,!?
and hence the large indetermination in the measured values should not been assigned to the
sensitivity to the electronic structure at the surface. Moreover, the variation of the ionization
potentials in the vicinity of the surface has been found to be negligible from theory.® The
conduction band edge, which defines the electron affinity (EA), or equivalently its position vs.
the vacuum level (denoted as V;), has remained even more elusive, as no direct measurement

of this level has so far been possible. Hence, available estimates rely on various modelling
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schemes*®” mainly feeded by thermodynamical data for the hydrated electron, and have
only recently been analyzed in a critically way to yield Vy = —0.97 €V.” In this context, the
SHE level carries particular relevance as it represents the internal reference of choice, when
energy levels in aqueous solution or at water-semiconductor interfaces are addressed.!®1®
The computational SHE based on the reduction of an aqueous hydronium cation to gaseous
hydrogen has been instrumental to identify this level with respect to the band edges of liquid
water. 1519 However, its alignment with respect to the vacuum level has remained poorly in-
vestigated in theoretical studies, despite the availability of a reliable experimental reference
at —4.44 ¢V due to Trasatti.?® Hence, a theoretical description that reconciles the available
experimental data is particularly timely.

Electronic-structure calculations have struggled in providing a well-defined picture of the
energy levels. Standard hybrid functionals and one-shot GyW, calculations yield band gaps

eV, 0:15:19.21.22 goverely underestimating plausible experimental

varying between 6.2 and 7.3
values, which are expected to range between 8.3 and 9.1 on the basis of the band edges given
above. 12 One complication is that nuclear quantum effects (NQEs) cannot be neglected
as they lead to a reduction of the band gap by 0.5-0.7 eV.%823 Accounting for NQEs, quasi-
particle selfconsistent GW (QSGW) (Ref. 6) and GoWy on top of range separated hybrid
functionals (Ref. 8) agree in yielding band gaps in the range of 9.8-10.05 eV. However, it is
well documented that vertex interactions should be accounted for to achieve highly accurate
band gaps for a wide range of materials.?* 2" This has been achieved for liquid water with the
QSGW calculations by Chen et al., which result in a band gap of 8.9 eV and are supported
by the excellent agreement with photoemission spectra of the occupied states.®

The determination of the band edge levels is subject to more uncertainty. The QSGW
calculations estimate the IP and EA at 9.4 and 0.5 eV, respectively, but the alignment to
the vacuum level relies on the experimental SHE level.® Alternatively, Gaiduk et al. found

respective values of 10.25 and 0.2 eV accounting for the calculated potential offset at the

water-vacuum interface.® However, the latter estimate for the EA conflicts with the value of



Vo inferred from the hydrated electron (—0.97 eV, Ref. 7) and might be flawed by the large
band gap resulting from the neglect of vertex corrections.%?® Using the same configurations
obtained in Ref. 6 and the alignment in Ref. 8, a recent GW,, study, with the self-consistency
being only partially carried out for the band energies, determines a yet different set of values
for the IP and EA, at 10.2 and 1.1 €V, respectively.?

In this Letter, we determine absolute energy levels of liquid water comprising the EA,
the IP, and the SHE level vs. vacuum. For this purpose, we first model the liquid surface
and calculate the potential offset across the water-vacuum interface. The computational
SHE level is found to lie at 4.56 eV below the vacuum level, thus differing by only 0.11 eV
from the Trasatti reference (4.44 €V).?° For the EA and IP, we tune a hybrid functional to
reproduce the band gap achieved with QSGW calculations, which corresponds to the most
accurate method for determining band edges. The resulting picture is found to be consistent
with both the measured range of IPs and the value of Vj inferred from the hydrated electron.

To model the water-vacuum interface, we first carry out ab initio molecular dynamics
(MD) simulations of liquid water with classical nuclei in the NVT ensemble. We use an
orthorhombic periodic supercell (a = 12.42 and ¢ = 24.48 A) containing 384 water molecules
at the experimental density of liquid water (1 g/cm?®). Then, we enlarge the simulation cell
in the ¢ direction to accommodate 40 A of vacuum (a = 12.42 and ¢ = 64.48 A) and evolve
the MD further for 60 ps [cf. Supplementary Information (SI)?°]. This computational setup
has been shown to be sufficient for achieving proper potential offsets, when compared to
simulations with larger supercells and with quantum nuclei.® We use a rVV10 functional
that has been designed to reproduce the experimental density of bulk liquid water.? In the
MD simulation of the slab, the averaged mass density of water in the bulk region amounts
to 0.995 g/cm? [cf. Fig. 1(a)], thus differing from the target value by only 0.005 g/cm?. Such
a difference leads to negligible differences in the potential offset, as can be inferred from the
calculated deformation potential of liquid water.?!

During the MD simulation, we monitor electric field in the vacuum region finding oscilla-



tions without any drift around an average value of only 0.004 €V /A (cf. SI?) to be compared
with the average value of 0.005 eV /A achieved in Ref. 32 for a classical simulation lasting 1
nanosecond. In the calculation of AV In the calculation of the potential offset AV between
the bulk region of the water slab and the vacuum level, the potential profile is symmetrized,
thereby effectively eliminating the bias due to a residual electric field. Upon MD evolu-
tion, AV converges to a value of 3.6940.04 eV, where the error is calculated performing a
blocking analysis [cf. Fig. 1(b)].3* This value appears to have converged, as time averages
over the duration of 1 picosecond are found to oscillate around the average value, without
showing any drifting behaviour.?? We also notice that recalculation of AV at the hybrid
functional level?® produces an almost negligible difference (0.06 eV??), in line with previous
observations.?* 3 The present value of AV is similar to other calculations in the literature
(3.63-3.97 eV),®32 but it should be reminded that it depends in principle on the functional
and the pseudopotentials and can thus only be used for internal alignments within a given
computational set-up.

To achieve a water-vacuum interface at which the water molecules are randomly oriented,
we also construct water slabs from structural configurations obtained with simulations of bulk
liquid water. To this aim, we take a cubic 64-water-molecule supercell, double it along one
direction, cut it on both sides avoiding the formation of dangling bonds, and add a vacuum
layer. This procedure allows us to produce slabs of the same size as those achieved in the MD
simulation of the water-vacuum interface, but in which the water dipoles at the interface are
oriented randomly. Considering a set of 2400 structures constructed in this way, we calculate
a potential offset of AV, anqom=3.54 €V for such an interface. The availability of AV and
AViandom allows us to distinguish between quadrupolar and dipolar contributions to the
potential offset. In particular, we find that AV is dominated by quadupolar contributions,
which do not depend on the interface structure, as also observed in Ref. 32. The calculated
dipolar contribution of 0.15 eV is consistent with a previous theoretical study>? and agrees

well with available estimates for the dipolar surface potential of water (0.14-0.17 €V, Refs.



37 and 38).
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Figure 1: (a) Planar averaged mass density of liquid water at the interface with vacuum. (b)
Cumulative running average of the potential offset AV across the water-vacuum interface.
The dashed line indicates the converged value.

To achieve a physically meaningful reference level of bulk liquid water, we focus on the
computational SHE level.>! This corresponds to the redox level ugyp associated to the
reduction of the aqueous hydronium ion:

H,0" (aq) + ¢~ — H,0() + 1H,(2). (1)

2

The level usyg can be aligned with respect to the average electrostatic potential of lig-
uid water by using the grand-canonical formulation of solutes in aqueous solution and the
thermodynamic integration method.!%?® Hence, by combining this result with the potential
offset at the water-vacuum interface, we place uspg at 4.56 eV below the vacuum level, very
close to the value of 4.44 ¢V proposed by Trasatti.?’ This agreement therefore allows one
to align in a reliable way the band structure of bulk water to the vacuum level. Since the
usug is a redox level, the calculated alignment is expected to be robust and to depend only

19,29
1,

very weakly on the adopted density functiona in perfect analogy with defect levels in
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Figure 2: Schematic representation of the alignment of the standard hydrogen electrode
level puspp at the water-vacuum interface. We also report the alignment of the valence and
conduction band edges €, and €., which define the ionization potential (IP) and electron
affinity (EA), respectively.

Next, we focus on the IP and EA of liquid water. Taking advantage of the potential
offset across the water-vacuum interface, we can now place the valence and conduction band
edges (e, and €,) obtained in the QSGW scheme with respect to the vacuum level (cf. Fig.
2). This gives IP = 9.5 ¢V and EA = 0.6 ¢V (cf. Fig. 3). However, while the QSGW scheme®
is among the most accurate schemes for band gap calculations scoring a mean average error

of 0.13 eV on an extended set of materials,?> 27

its performance in the determination of band
edges is less impressive with errors up to 0.5 €V.'%?> Therefore, we turn to an alternative
scheme, which consists in using the PBEO(«) hybrid functional*'*? with the fraction of Fock
exchange « set to reproduce the correct band gap. This scheme has proved successful for
the determination of band edges in a large variety of cases, including ionization potentials

at surfaces, 61843 offsets at solid-solid**?> and solid-liquid interfaces, 1618

and in-gap defect
levels. 444 To apply this scheme to liquid water, it is imperative to account for the quantum
motion of the nuclei, which has been found to produce a sizable band gap renormalization.

Hence, we use the PBEO(«) functional on top of configurations of liquid water achieved with

path-integral ab initio MD based on the rVV10 functional.® The band edges are extracted



from a linear extrapolation of the density of states, as this procedure has been proved not
be subject to tedious finite-size effects for both the valence!® and the conduction®%% band
edges. We retain a@ = 45%, for which the extracted band gap is found to coincide with
the QSGW band gap of 8.9 V.5 Consequently, we obtain 9.7 and 0.8 eV for the IP and
the EA, respectively (cf. Fig. 3). These values do not depend on the adopted trajectories,
as configurations from a path-integral simulation based on the SCAN-+rVV10 functional®’
yield the same results within 0.03 eV.

We remark that both the valence and the conduction band-edge states, as probed by
vertical extraction or injection of electrons, correspond to electronic states delocalized over
the entire simulation cell,%® indicating that delocalization of these states iexceeds this length
scale. More localized electronic states are only found when extra charges are considered. An
extra hole results in the splitting of a water molecule and in the formation of the electron-
deficient hydroxyl radical,*® while an extra electron develops in a hydrated electron charac-
terized by a radius of 1.8 A.7

It is highly satisfactory that the present values are consistent with the current experimen-
tal characterization. Indeed, the calculated IP falls within the experimental range (9.3-10.1
eV) 9712 while the calculated EA closely matches the value of Vj = —0.97 €V inferred in Ref.
7 from thermodynamical data for the hydrated electron.!®!* Early optical absorption spec-
tra of liquid water feature an excitonic peak at 8.6-8.7 eV.%%5 Considering that a value of
0.5 €V has been recently estimated for the excitonic binding energy for liquid water,®! this
would imply a fundamental gap of 9.1-9.2 eV, close to our ab initio estimate. Nevertheless,
more up to date measurements are required to further support these findings as this kind of
experiments are subject to serious difficulties related to the presence of the water vapour at
the interface.??

It is also of interest to compare our result with recent theoretical studies on the electronic
structure of liquid water. In particular, Gaiduk et al. have recently proposed an alignment of

energy levels through GoW, calculations based on dielectric-dependent hybrid functionals.®



The calculated band gap for bulk liquid water was found to be 10.05 eV, i.e. larger by 1.15 eV
than proposed in the present work. The alignment of the energy levels trough a water-vacuum
slab resulted in values of the IP and the EA equal to —10.25 and —0.2 eV, respectively (cf.
Fig. 3). Their calculated IP falls slightly outside the defined experimental window. Moreover,
the energy separation between the IP and the vertical ionization potential of the hydroxyde
ion is ~2 €V, larger by 0.5 eV than the upper limit defined by the experiment,,!* and larger by
1.3 €V than a previous theoretical study.®® Such a stark difference may be motivated by the
absence of vertex corrections in the GW scheme employed in Ref. 8. To test this possibility,
we also report in Fig. 3 the energy alignment achieved at the QSGW level without vertex
corrections in Ref. 6. The QSGW gap is 9.8 eV, while IP = —10.0 eV and EA = 0.2 €V,
all these values being close to those calculated in Ref. 8. Finally, it should be noted that if
the value of EA of Ref. 8 is included in the thermodynamic model of Ref. 7, the resulting
redox level of the hydrated electron would differ from the experimental characterization by
as much as 0.6 eV.

In a recent ab initio study based on GW, calculations, Ziae and Bredow have determined
a band gap of 9.1 €V, and values for the IP and the EA at 10.2 and 1.1 eV, respectively.?®
The band gap and the EA differ by only 0.2-0.3 eV from those calculated in this work and
the EA also agrees well with the thermodynamic model of Ref. 7. However, these authors
have relied on the offset determined by Gaiduk et al. with a different computational set-up.®
Since the electrostatic potential in pseudopotential approaches does not correspond to an
absolute physical quantity, such a combination of results leads to inconsistencies and may
not be accurate.

In conclusion, we provided a detailed description of the absolute energy levels of liquid
water by combining several state-of-the-art methodologies. After determining the potential
offset at the water-liquid interface, we found the SHE level at 4.56 eV below the vacuum
level, in excellent agreement with the experimental reference value of 4.44 e¢V. Furthermore,

the band edges determined in this work give an ionization potential of 9.7 eV and an elec-
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Figure 3: Band alignment of liquid water as achieved with the QSGW scheme and with the
PBEO(«) functional, compared to experimental data for the IP (Refs. 9,10,12) and with the
conduction band edge inferred from the hydrated electron epyq (Ref. 7). Energies are given
in eV and are referred to the vacuum level.

tron affinity of 0.8 eV, consistent with the available characterization from photoemission

experiments, optical measurements, and thermodynamical data for the hydrated electron.
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