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Abstract

The nature of electron transfer across metal oxide-water interfaces depends signifi-
cantly on the band gap of the oxide and its band edge energies relative to the potentials
of relevant aqueous redox couples. Here we focus on the water interface with MgO, a
prototypical wide band gap oxide whose conduction band edge is close in energy to
that of water. We investigate the behavior of an excess electron at and out of equi-
librium near the interface using ab initio molecular dynamics based on hybrid density
functional theory. Our simulations show that under equilibrium conditions the excess
electron (donated by an Al impurity in MgO) localizes to a mid-gap defect state com-
parable in energy and shape to a hydrated electron in bulk water. To characterize the
electron transfer from the conduction band of MgO to interfacial product states, we
dope near-equilibrium configurations of the pristine MgO-water system with Al and
run short trajectories of these instantaneously out-of-equilibrium systems. We observe
two distinct products associated with the excess electron: a surface-localized electron
(equrf) and an aqueous hydrogen radical (H®). The H® pathway exhibits much higher

activation barrier despite being more exoergic, making eg,¢ the kinetic product. Our



characterization of the pathways on the basis of Marcus theory is consistent with the
poor observed utility of MgO for water radiolysis. Moreover, we anticipate that the
computational framework employed here will be broadly applicable to assessing elec-

tron transfer mechanisms at aqueous, photocatalytic interfaces.

Introduction

Electron transfer (ET) across metal oxide-water interfaces is of great relevance in fundamen-
tal and technological applications, ranging from photocatalysis for water splitting and the
photo-oxidation of organic pollutants!? to radiation chemistry, where the interfacial transfer
of radiolytically generated electrons in oxide materials can strongly affect the amount of H,
produced during water hydrolysis.> 7 Two important quantities that influence interfacial ET
processes are the band gap (E,) of the oxide material and its band edge energies relative to
the potentials associated with relevant aqueous redox couples such as Hy/H,O and HyO/Os,.
For example, ET coupled with proton transfer may lead to the formation of hydroxyl radicals
(OH®) at the aqueous interface of TiO,, a widely used photocatalyst with E; of 3 ¢V and a
conduction band minimum (CBM) slightly above the water reduction potential (zero of the

standard hydrogen electrode, SHE).»? On the other hand, hydrated electrons (e,

aq

) and H
radicals (H®), two strongly reducing species, are typical products of ET at the water inter-
face with wide band gap oxides (WGOs) such as SiO,, Al,03, MgO and ZrO,, whose CBMs
are well above the water reduction potential and relatively close to the CBM of water. 346
Hydrated electrons observed at the interfaces of these WGOs following photoexcitation, of-
ten assumed to behave as hot electrons, are known to be solvated within 1 ps.®1° This
ultrafast timescale for solvation may in fact inhibit ET to solution by localizing the electron
in a metastable, mid-gap defect state. Understanding the detailed mechanisms of ET and
its relation to Hsy production in the latter systems would be very valuable to the field of

radiation chemistry and of considerable interest for the general theory of ET processes at

heterogeneous interfaces.



Fundamental studies of ET at water-WGO interfaces have been rather scarce, however,
and ET mechanisms are not yet well understood given the ultrafast nature of these reac-
tions and metastability of their intermediates.® DFT studies have just recently begun to
unravel the energetics and interfacial hydration structures of radiolytic species at interfaces
of aluminum (oxy)hydroxides, !> WGO systems similarly relevant to managing radioactive
waste. While equilibrium hydration structures and dynamics of MgO 3 1® and ZrO,*¢ have
been elucidated, mechanistic and dynamical studies of ET across semiconducting oxide-water
interfaces have largely focused on nanoparticles and/or candidates for solar photocatalysis
such as TiO,.1725 Such studies have nonetheless demonstrated that the interplay between

electronic energy levels and water dynamics govern interfacial charge transfer 232426

In this work we aim to obtain insight into ET mechanisms at WGO-water interfaces
through hybrid density functional theory (DFT) based simulations coupled with a Marcus
theory-based analysis of the ET pathways. We specifically focus on the water interface with
the most abundant (001) surface of MgO as a model system with relatively simple and well-
characterized structural and electronic properties.?” MgO is an ionic oxide with E, around
7.8 eV and electron affinity of 1 €V or less. Thus, the CBM is above the adiabatic redox levels
E°(H2Oleaq)= —2.9 Vyup and E°(HT|H*)= —2.3 Vyyg of e, and H® in water (corresponding
to ~ -1.6 and -2.2 eV relative to the vacuum level, respectively), suggesting that an excess
(e.g. radiolytically generated) electron in MgO could easily transfer to, or react with, inter-
facial water to form various product species. As in previous studies, we introduced an excess
electron in the oxide by substituting a lattice atom (here Mg) with a donor impurity (Al),
and modeled the water-MgO (001) interface by confining explicit water at the experimental
density between periodically repeated MgO slabs.!4?® We then simulated the water-oxide
system using ab initio molecular dynamics (AIMD) to characterize the excess electron at the

interface both at and out of equilibrium.



Our out-of-equilibrium simulations revealed two distinct pathways for electron transfer
from MgO to the aqueous phase, both of which we analyzed on the basis of Marcus theory.
One pathway resulted in the formation of a surface solvated electron, denoted ey, with an
energy inside the band gap and a very small free energy barrier to activation. In contrast, a
second pathway led to the formation of a hydrogen radical, denoted H®, with an electronic
energy below the valence band maximum. This pathway was found to be thermodynamically
favorable but exhibited a large free energy of activation. These findings together provide in-
sights into the mechanism of radiolysis on MgO and similar wide band gap oxides and more
broadly demonstrate fundamental principles for evaluating aqueous, interfacial photocatal-

ysis.

Results and Discussion

Equilibrium Properties of the Aqueous Interface of Doped MgO

We simulated the doped MgO-water system with interatomic forces determined at the hy-
brid DFT level augmented with van der Waals (vdW) dispersion corrections. This level
of theory is essential for reducing the self-interaction error of standard DFT, as required
for a proper description of localized electronic states.?’ Although recent studies have shown
that self-interaction corrections for anions and excess electrons in water can give results of
higher quality compared to hybrid functionals when used properly,3%3! here we used an ex-
act exchange fraction v = 0.40 that was reported to well describe the band gap of water
and the energy levels of the hydrated electron? (see computational details in Supporting
Information, ST). We also note that while AIMD propagates on an adiabatic potential en-
ergy surface, it has been proven to provide a qualitatively correct picture of the trapping

dynamics of excess electrons in water and various metal oxides in previous studies. 26:32-34



The structure and electronic properties of the aqueous interface are summarized in Fig-
ure 1, in which results for the surface in vacuum are also presented for reference. Because
steps are common defects on MgO(001) surfaces,?” we focus on a "stepped surface" model
represented by a slab with one flat and one stepped surface; results for slabs with both flat
or stepped surfaces are similar, as reported in Figure S2 of the Supporting Information. The
known hygroscopicity of the MgO (001) surface® is well reproduced by AIMD simulations
that show the presence of a densely packed hydration layer of mixed molecular and dissoci-
ated adsorbed molecules at the interface (Figure 1c).'*!* The void that is seen in the water
region above the hydration layer is a fluctuating feature that is consequence of the forma-
tion of this high density layer,'* as also illustrated by the water density profile in Figure S3.
However, the interfacial ET processes discussed below occurred in the high density hydration
layers which we understand to be well described herein. First principles simulations of water
on pristine MgO have further identified the presence of hydroxide ions slightly above the
surface-bound water layer at the interface.'43¢ Their formation is attributed to the strong
basicity of the MgO surface which tends to abstract protons from water, leaving hydroxide
anions at the interface as a compensating electrical double layer. We found this feature of
the interfacial water structure to remain essentially unaltered on the Al-doped MgO surface,

despite the presence of the excess electron at the interface.
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Figure 1: (a) "Stepped surface" model of Al-doped MgO(001) in vacuum (side and top
views), and (b) corresponding potential energy profile along the direction (z) perpendicular
to the surface; the horizontal lines indicate valence band maximum (VBM, blue), conduction
band minimum (CBM, red), and energy level of the excess electron (DS, green). A dipole
correction in the vacuum region is used to compensate the work function difference of 0.37
eV between the two sides of the slab. (c¢) Snapshot of the Al-doped MgO-water interface
and (d) electronic density of states (DOS) of MgO (black line) and water (blue line) at the
interface; the vertical green line indicates the Fermi level. The yellow iso-surfaces in (a) and
(c) depict the spin density associated with the excess electron; the iso-surface value is 0.0011
a.u.. The atoms are color coded: Mg (grey), O; (red), O, (blue) and Al (purple).

The computed electronic structure of the Al-doped surface in vacuum (Figure 1b) is
characterized by a band gap of 7.13 €V and a singly-occupied defect state (DS) at -2.12
eV relative to the CBM (or -2.65 €V vs. vacuum). As shown by the spin density contour
in Figure la, and consistent with previous studies,®” this state corresponds to an electron
that is centered at the step edge and protrudes significantly toward the vacuum. A different
structure is observed at the aqueous interface (Figure 1c): the excess electron, denoted gy eq
to stress the equilibrium structure, is now localized within the first hydration layer against
the flat side of the slab and away from the Al dopant, indicating that at least partial electron

transfer from the MgO surface to water has occurred. The large extent of solvation of eqfeq



is confirmed by the projected densities of states (PDOS) in Figure 1d, which shows that the
defect state in the band gap consists mostly of water orbitals. The calculated PDOS also
shows that the conduction and valence band edges of MgO and water are almost coincident,
with a total band gap of 6.98 £ 0.20 eV, similar to that found for the doped stepped surface
in vacuum (averages and rmsd are calculated over 36 snapshots along the AIMD trajectory).
The energy level of egyfeq is at 3.1340.30 eV below the CBM of water, and is thus stabilized
by more than 1 eV with respect to the DS in vacuum and comparable to the reported level
of 2.75 eV below the CBM for the s-like state of a solvated electron in bulk liquid water,
€aq- >3 We quantified the localization of egyfe, by calculating the radius of gyration (R,).
We obtained R, = 3.96 £ 0.12 A, indicating that €surfeq 15 less localized than e, in bulk

water (R, = 2.49 £0.12 A).32’38 We also found that eg,fq, has an anisotropy close to zero,

indicating a quasi spherical s-like state.

Calculation of Activation Barriers to Interfacial Electron Transfer

To characterize the kinetics of radiation-induced ET from the MgO conduction band to a
localized state at the interface or in solution, we employed a description based on Marcus
theory within which the reactant corresponded to a state in the conduction band of MgO
and the product corresponded to a localized state at the interface or in solution (see Scheme.
1). In the physical systems, this ET is stimulated by photoexcitation of an electron to the
conduction band. As a computational proxy accessible to ground-state DFT methods, we
replaced a Mg atom in near-equilibrium configurations of the pristine MgO-water interface
with an Al atom, which introduced an excess electron instantaneously to the system. We
then performed short (5 ps) AIMD trajectories of this now out-of-equilibrium system, which
allowed the doped systems to equilibrate sufficiently. From each short AIMD trajectory we
obtained the reaction free energy AGY and reorganization energy A for the electron transfer
reaction, from which we computed the corresponding activation barrier AG* according to

Marcus theory for nonadiabatic electron transfer in solution,3%4°



(AG® + \)?

AGH = o (1)

To obtain statistically representative estimates of AGY and ), we conducted nine of these
short, 5-ps AIMD runs, which are hereafter referred to as trajectories 1-9. The initial con-
figurations for trajectories 1-9 were taken to be well-separated snapshots along the AIMD
trajectory of the pristine (stepped) MgO-water interface. In these initial configurations, one
of the surface Mg was replaced by an Al atom to achieve instantaneous doping at the same
lattice site used for the equilibrium simulation of the doped interface (Figure 1c¢). All nine
trajectories relaxed to near equilibrium within 5 ps following the instantaneous doping as

shown in Fig. S6.
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Scheme 1: Schematic of free energy parabolas along a collective solvent coordinate describing
electron transfer from a delocalized conduction band (reactant) to a localized defect state
(product). The reaction free energy (AG?), reorganization energy (), and activation energy
AG* are indicated by black arrows.

We estimated the reaction free energies AGY for trajectories 1-9 as the difference in energy
between the CBM at the initial configuration and the relevant defect state (DS) eigenvalue
following equilibration. To do this, we performed single-point energy calculations on the

initial and final snapshots of trajectories 1-9 and calculated the reaction free energy as:

AG® = Eps fina — Ecpum (2)

where Epg fina and Ecpar are the computed energy eigenvalues associated with the lo-

8



calized product DS and the MgO CBM, respectively. We estimated A as the total energy
difference between the initial, instantaneously doped and the final, equilibrated configura-
tions?

A= Etot,initial - Etot,final (3)

where Fio initiar 1s the total energy of the initial configuration at the moment of doping and
Etot, final 1S the average of the total energy over the last 1 ps of the trajectory. From these
AG? and A, we calculate the activation free energies of electron transfer for each trajectory
according to Eq. 1. We justify using a nonadiabatic expression for the activation barrier
to ET on the basis of the suspected small electronic coupling between delocalized states
in the conduction band of the material and localized product electronic states translocated
to the interface or solution.***? While we cannot rule out that in the physical systems the
radiation-induced E'T may occur via hot carrier dynamics to which nonadiabatic rate theory
would not apply, this framework allows for a quantitative analysis of the trajectories and

comparison of different pathways.

Two Pathways for Electron Transfer: eg,; and H®

Two distinct pathways for electron transfer emerged from the out-of-equilibrium trajectories,
one leading to formation of a surface solvated electron, ey, (trajectories 1-5), and the other

to formation of a hydrogen radical species, H* (trajectories 6-9).
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Figure 2: Snapshots of the doped MgO-water interface at initial (a) and final (c) time
points of trajectory 1 that corresponds to the ey, pathway. Initial refers to the moment of
instantaneous doping and and final refers to following 5 ps of AIMD equilibration. The yellow
isosurfaces in (a) and (c) correspond to spin densities associated with the excess electron.
(b) and (d) are the corresponding PDOS of MgO (black line) and water (blue line) at the
interface; the vertical green lines indicate the Fermi levels.

In the ey, pathway, the excess electron is initially localized in an oxide surface state
centered on the Al atom (Figure 2a and b), but drifts outward and becomes increasingly
hydrated as the system equilibrates (Figure 2c). This also leads to a stabilization of the
DS energy level in the band gap, which is found at 3.22 + 0.49 ¢V below the CBM of water
after 5 ps equilibration (Figure 2d), a similar energy to that of the excess electron at the
equilibrated interface of doped MgO with water in Figure 1d. The computed values in Table
1 indicate small activation barriers to electron transfer via the ey, pathway. The computed
solvent reorganization energies A and free energies of electron transfer AG® are comparable
in magnitude with opposite signs, despite the large variance among the computed . This
variance can be largely attributed to the small size of the investigated model system and our

limited ability to sample its out-of-equilibrium configurations.
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Solvated electrons have been experimentally observed at the interfaces of metals and
amorphous ice, % but metal oxide/liquid interfaces are less well understood due to a lack
of suitable experimental characterization tools for such systems.?® Several computational
studies have revealed that solvated electrons at aqueous interfaces of metal oxides can be

24749 Moreover, experiments have

stabilized by dangling hydrogen bonds at the surface.
determined that surface solvated electrons’ long lifetimes are attributed to the high barriers
associated with rearranging dangling OH bonds.?° The relative stability of the ey, observed
here can therefore be attributed the abundance of dangling hydrogen bonds at the interface
of MgO. While hydrated electrons are known to be active species in water radiolysis,® " none

of the ey, s states in our trajectories further reacted within 5 ps.

As a second pathway to ET, we observed the formation of a solvated radical H® originat-
ing from one of the protons of a surface hydroxyl adjacent to the Al dopant (dashed black
circles in Figure 3a and ¢). The initial state for this pathway is characterized by a spin den-
sity (Figure 3a) qualitatively similar to that for the eyt pathway, however the energy level
in the band gap was generally shallower, i.e. less than 1 eV below the CBM (see Figure 3b).
In the subsequent equilibration dynamics, the spin density of the excess electron is found
to become increasingly localized on the proton of a surface hydroxyl close to the Al atom,
until the O-H bond of the hydroxyl eventually breaks. At this point the resulting proton and
the accompanying excess electron leave the surface as an H atom, as illustrated by the spin
density isosurface becoming nearly perfectly spherical (Figure 3c). While no defect states
were present in the band gap after the 5 ps equilibration, a closer look at the PDOS revealed
a state associated with the solvated H® lying a few eV below the VBM of water (Figure 3 d).
From this energy eigenvalue we can compute a AG? for this pathway on the order of about
-8 €V (see Table 1). The solvent reorganization energy for the H® pathway is in the range
2 — 3.6 eV, which is similar to that of the ey, pathway (Table 1). The extreme exoergicity

and modest \ values of the H® pathway give way to large AG* values, despite the formation
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of a thermodynamically favorable product.
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Figure 3: Snapshots of the doped MgO-water interface at initial (a) and final (c) times
of trajectory 6 that are representative of the H® pathway. Initial refers to the moment of
instantaneous doping and and final refers to following 5 ps of AIMD equilibration. The yellow
isosurfaces in (a) and (c) correspond to spin densities associated with the excess electron.
The dashed black circles in (a) and (c¢) mark the location of the oxygen atom to which H® is
bound prior to radical formation. (b) and (d) are the corresponding PDOS of MgO (black
line), water (blue line), and Al (purple) at the interface; the vertical green line indicates the
Fermi level and the electronic state associated with H® is below this level. The PDOS for H*
is multiplied by a factor of two for easier visualization.
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Table 1: Solvent reorganization energies (1)), reaction free energies (AGY), and activation
energies (AG?) of the electron transfer for both the ey, and H® pathways. Starting configu-
rations are taken from the AIMD trajectory of the pristine stepped (as) MgO-water interface.
All quantities are in eV.

Courf A AGY  AGH
3.39 -3.17 0.004
traj 1.64 -3.98 0.835
1-5 3.00 -2.70 0.008
224 -354 0.189
3.71 -2.71 0.067

H.

1.99 -8.82 5.860
traj 3.59 -8.72 1.833
6-9 280 -7.52 1.989
2.82 -8.77 3.139

The formation of solvated H® via the second pathway is reminiscent of the hydrogen loss
reaction of Mg (H,0), (5 < n < 15) cluster ions, in which solvated electrons react with
protons formed by H,O autoionization to form H* species.’* DFT calculations demonstrated
that the hydrogen loss reaction is facilitated by the solvated electron’s proximity to H" and
the OH species left behind is stabilized by direct coordination to the Mg*" ion.?" We can
identify analogous features in our trajectories that follow the H®* pathway. In fact, a solvated
electron is initially localized either in the first hydration layer or on the Al atom, both of
which are in close proximity of the departing proton. Moreover, the protons of surface hy-
droxyl groups adjacent to the Al dopant are indeed found to detach more easily because of

the additional stabilization associated with coordinating to both Al*" and Mg*".

To further explore the role of the Al dopant’s location in the formation of the ET prod-
ucts, we conducted two additional 5 ps AIMD runs where Al was not at the surface but in
the interior of the MgO slab. These are denoted as trajectories 10 and 11 and are shown
in greater detail in the SI. To control the number of variables, the initial configurations of
trajectories 10 and 11 (other than the Al dopant) were the same as those of trajectories

1 (equrf) and 6 (H®). Similarly to what was observed when Al is at the MgO surface, in
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both the additional trajectories the excess electron is initially localized on the Al impurity
(Figure S8a and b). As the system equilibrates, however, the excess electron migrates to
within the first hydration layer on the flat side of the slab, qualitatively similar to the DS
at the equilibrated aqueous interface of doped MgO (Figure 1c). Moreover, the computed
solvent reorganization energies and free energies of electron transfer for trajectories 10 and
11 (Table S3) are comparable to those for trajectories 1-5 where the Al dopant sits right at
the interface. These results thus suggest that the presence of the Al dopant at the surface

may facilitate the formation of H® species.

The characteristics of the eg,¢ and H® pathways are depicted schematically in Figure 4.
The formation of H® is thermodynamically favored as the reaction free energy is much more
negative than that for the e, pathway. In contrast, the formation of ey, is strongly kineti-
cally favored compared to the formation of H®, given the much smaller calculated activation
barriers. The computed differences in activation barriers for the two pathways is consistent
with the experimental observation that hydrated electrons, rather than H radicals, are the

main species responsible for Hy formation in ~ radiolysis of water. %5253
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Figure 4: Schematic of the observed pathways of electron transfer from MgO to either an eg,.¢
or a hydrogen radical (H®). The VB and CB are depicted as quasi-continuous manifolds of
electronic states separated by a band gap whereas the eg,,; and H® product states are depicted
as discrete. The vertical dashed arrows represent the creation of the out-of-equilibrium
population of product states by instantaneous doping of various configurations at the MgO-
water interface. This diagram shows that the e, pathway has a small activation barrier
and is thus kinetically favored, whereas the H® pathway has a large barrier even though it is
thermodynamically favorable.

We conducted further analyses to identify possible criteria for ET to occur via one path-
way or another. Despite a slight trend towards higher DS energy levels at t = 0 ps for the
H® pathway trajectories, this trend is not definitive as we see overlap between trajectories
associated with both pathways (see Figure S7). Furthermore, although the H®* pathway fea-
tures very high activation barriers, the energies associated with the excess electron at t = 0
are comparable if not higher than the computed barriers. Lastly, the trajectories in which
Al in the interior of the slab highlighted that Al doping on the surface was not required for
the excess electron to localize at the interface. In the end, we can only ascribe the ET prod-

uct to the femtosecond solvation dynamics of interfacial water following photoexcitation. 4?5
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Conclusions

We investigated the equilibrium and out equilibrium behavior of excess electrons at the aque-
ous interface of wide gap oxide MgO using ab initio simulations where the excess electron was
introduced via Al doping of the MgO slab. The equilibrium simulations revealed the excess
electron to be localized in the interfacial hydration layer far from the Al impurity indicating
(at least partial) electron transfer from the oxide to water across the interface. Both the
energy (2.12 eV below the conduction band edge) and shape of this solvated electron are

similar to literature characterizations of the hydrated electron in bulk water.

We then performed several short AIMD trajectories where the initial state was generated
by introducing an Al dopant in a near-equilibrium configuration of the pristine MgO-water
interface. The equilibration of these instantaneously out-of-equilibrium systems were used
as a proxy to study the kinetics of the ET from the CB of MgO to product states at the
interface and in solution. We observed two distinct products associated with the ET: a sol-
vated electron similar to the one observed in the equilibrium simulation, denoted eg,¢ and
a H radical, denoted H®. The ey, pathway was characterized by an exoergic AG® of about
-3 eV and a A of about the same magnitude, yielding small AG* values in the context of
Marcus theory. The H®* pathway featured the cleavage of a surface hydroxyl moiety and the
ultimate localization of the excess electron on an H atom in solution. The energy associated
with this state was below the VBM, yielding very exoergic AG values of about -8 €V for
this pathway. Given that the computed A for this pathway were comparable to those of the

Cant Pathway, the resulting AG* for this pathway was very large, ~3 eV.

These results provide context for the poor utility of MgO for stimulating water radiol-
ysis.*® The formation of a radical H® species in solution, which we expect to further react
to form H,, carries a prohibitively high activation barrier. Conversely, the kinetic product

for ET from the CB of MgO, the ey, species, remained local to the surface for the du-
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ration of each trajectory in which it was observed. Given the favorable electron solvation
environment provided by the high density hydration layer on the MgO surface, we speculate
that the eg,s species will remain close to the interface also on longer time scales, and thus
this is likely an ineffective pathway for Hy production. Taken together, the large barrier
for the productive pathway and very small barrier to a putatively non-productive pathway
is consistent with the negligible enhancement of the radiolytic yield of Hy on MgO ver-
sus bulk water.*% Moreover, we anticipate that the computational framework employed here

will be broadly applicable to assessing ET mechanisms at aqueous, photocatalytic interfaces.
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