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ABSTRACT: Hematite (a-Fe,O;) is a promising photoanode material for
photoelectrochemical water splitting. Surface-passivating layers are effective in
improving water oxidation kinetics; however, the passivation mechanism is not fully surface state
understood due to the complexity of interfacial reactions. Focusing on the Fe- o:% vapid > slow
terminated Fe,O; (0001) surface that exhibits surface states in the band gap, we Surface passivation

perform ab initio quantum dynamics simulations to study the effect of an a-Ga,0;
overlayer on charge recombination. The overlayer eliminates surface states and &
suppresses charge recombination 4-fold. This explains in part the observed cathodic
shift in the onset potential for water oxidation. The increased charge carrier lifetime

Recombination in
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is an outcome of two factors, energy gap and electron—vibrational coupling, with a
positive contribution from the former but a negative contribution from the latter. This work presents an advance in the atomistic
time-domain understanding of the influence of surface passivation on charge recombination dynamics and provides guidance for

designing novel a-Fe,0; photoanodes.

hotoelectrochemical (PEC) water splitting, which uses

abundant sunlight and water as feedstock to produce
hydrogen,' converts sunlight into energy stored in chemical
fuels, providing a strategy to meet the growing energy demand
and mitigate the current environmental pollution.”” Among
various photoanode materials, hematite (a-Fe,O;, hereafter
Fe,0;) has been proved an ideal candidate for PEC water
oxidation owing to its favorable properties, such as suitable
band gap (~2.1 eV), high chemical stability, natural
abundance, nontoxicity, and low cost.”® To obtain more
efficient Fe,O; photoanodes, significant research has been
performed over the last few decades.”” However, the practical
efficiencies of Fe,O; photoanodes are still far below the
theoretical limit.® Many factors have been verified, including
low charge mobility,9 slow surface reaction kinetics,'”'" and
ultrafast charge recombination.'”'® In particular, the rapid
charge recombination caused by short lifetimes of excited
states severely hinders the efficiency of Fe,O; photoanodes for
PEC water splitting.

Fe,0; exhibits ultrafast, nonradiative, and multiexponential
decays in excited states'*”'® with the typical lifetime 3 orders
of magnitude smaller than that in TiO,."” With the emergence
of PEC solar fuel conversion, the dynamics of photogenerated
holes in operational Fe,O; photoanodes got a lot of attention
and was investigated with transient absorption spectrosco-
py.*7*° Considerable progress has been made on the charge
carrier dynamics in Fe,O; photoanodes, such as the
interrelation between the charge carrier lifetime, external
electric bias, and interfacial water oxidation reaction. However,
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it is extremely difficult in experiments to decouple the bulk and
surface effects and identify explicitly the chemical nature of
surface states which is likely to have a substantial part in the
interfacial reactions. Using nonadiabatic molecular dynamics
(NAMD) simulations, our previous work established the
charge recombination mechanisms in bulk Fe,O; that contain
oxygen vacancies or electron polarons, achieved the lifetimes of
charge carriers which match well with the experiments, and
thus bridged effectively the gap between theory and experi-
ment.”"** Nevertheless, the water oxidation reaction occurs at
the electrode surface, and the surface charge recombination
processes should be more relevant.

It has been reported in previous publications that the surface
states of Fe,0; flay a key role in water oxidation at Fe,O;
photoanodes.””*" In the literature, the surface states of Fe,O;
can be divided into two tyges, which have distinct effects in the
water oxidation reaction.””*° While one type explained the
surface states arising from the reaction intermediates,”” > the
other type considered the surface states as charge recombina-
tion sites.”’ "> The former surface states depend on the
reaction mechanism and are intrinsically difficult to modulate.
The latter act as charge recombination sites and can be
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eliminated by surface modification, such as deposition of
surface-passivating overlayers without catalytic activity. The
surface-passivating strategy has at least three positive effects on
water oxidation, namely, suppression of direct charge
recombination via surface states, relief of the Fermi level
pinning effect, and enhancement of charge separation due to
the formation of heterostructures at the surface.’”** As a
typical example, Formal et al. reported that an ultrathin Al,O4
overlayer can improve the performance of water oxidation at
nanostructured Fe,O; photoanodes b?r reducing the reaction
overpotential as much as 100 mV.” The main cause was
attributed to passivation of the surface states by the Al,O,
overlayer, with the enhanced radiative recombination implying
that the nonradiative recombination via surface states was
retarded. Neufeld et al. used density functional theory (DFT)
to study the role of the Al,O; overlayer on Fe,O; in the water
oxidation reaction and attributed the enhancement to the
elevated valence band which is favorable for hole transfer.”
Furthermore, Hisatomi et al. also reported in the experiment
that deposition of ultrathin Al,O;, Ga,03, and In,O; overlayers
on Fe,O; photoanodes can optimize the water oxidation
reaction, with the Ga,O; overlayer exhibiting the most
significant cathodic shift in the onset potential for PEC
water oxidation.”> The cathodic shift was also ascribed to a
decrease in the density of surface states. Ulman et al. confirmed
with DFT calculations that the Ga,O; overlayer with a
thickness of 1—2 atomic layers could eliminate the surface
states”® while making the photogenerated holes available at the
active sites for water oxidation.”’

The passivation strategy has been deemed as a critical tool
for improvin% the performance of water oxidation at Fe,O;
photoanodes.”* However, it is clear at the current stage that
the static calculations can only account for part of the effects
introduced by the passivating overlayer. The charge recombi-
nation dynamics has not been studied by simulations to date,
due to the high complexity in the methodology and
implementation, leading to a lack of direct evidence which
can corroborate the role of the passivating overlayer in the
surface charge recombination.

In this letter, we report simulations on the charge
recombination in Fe,O; (0001) surfaces with and without a
Ga,0; overlayer by using ab initio nonadiabatic (NA)
molecular dynamics (MD). The Fe termination of Fe,O,
(0001) is introduced as a simple model, which has been
demonstrated as the most stable phase in ambient oxygen
conditions™*™** and possibly an intermediate during water
oxidation.””*" Our simulations indicate that deposition of an
atomic overlayer of Ga,0; slows down the charge recombi-
nation and prolongs the lifetime of the photogenerated charge
carriers 4-fold. Among various factors, the energy gap between
the valence band maximum (VBM) and the conduction band
minimum (CBM) was found to be dominant for the surface
charge recombination. The simulations are consistent with the
transient absorption experiments”’ and rationalize in part the
cathodic shift in the onset potential observed in the PEC
experiments.32

The NAMD simulations were performed with the Python
eXtension for Ab Initio Dynamics (PYXAID) software in a
mixed quantum-classical framework.**** The motion of nuclei
is described in a semiclassical way, while the motion of
electrons that are 3 orders of magnitude lighter than the nuclei
is treated quantum mechanically. The original fewest switches
surface hopping (FSSH)**** method is difficult to implement
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for the NAMD simulations for multielectron condensed matter
systems. The FSSH a}‘pproach employing time-dependent
Kohn—Sham (TDKS)* theory was used in this work
(Sections S1 and S2, Part A of SI). Instead of the on-the-fly
trajectory generation in the original FSSH, the classical path
approximation (CPA)** was introduced into FSSH to reduce
the computational cost. The CPA has been justified in the
cases in which the nuclear dynamics is dominated by atomic
thermal vibrations, and a single-electron excitation has a minor
influence on the electron density and nuclear geometry. The
velocity rescaling and hop rejection step in the original FSSH
was also cast away. Instead, the detailed balance between the
electronic transitions upward and downward in energy was
achieved by multiplying the transition probability for upward
hops by a Boltzmann factor.

The FSSH method treating nuclear motions classically
excludes the loss of coherence in the electronic subsystem
caused by divergence of the nuclear wave packets correlated
with different electronic states. To account for the decoherence
effect, the decoherence-induced surface hopping (DISH)*
method was used (Section S3, Part A of SI). The necessity of
incorporating the decoherence effect in NAMD simulations
has been justified in the case that the decoherence is faster than
the electronic transition’’ and verified by modeling excited-
state dynamics for a wide range of systems, such as graphane,**
black phosphorus,”® TiO, nanotube,”" metal halide perov-
skites,”> > etc.>67%

The NA coupling (NAC) is a critical factor to determine
electron transitions between different potential energy surfaces
in NAMD. In the FSSH-TDXKS approach, a set of adiabatic KS
orbitals were used to expand the TDKS orbitals. However, the
phase of the adiabatic KS orbital cannot be guaranteed to be
consistent along evolution of the nuclear geometry. The phase
inconsistency enters the NAC and can adversely affect the NA
dynamics. To eliminate this effect, a simple phase correction
scheme was proposed by Akimov,”* and the formalism therein
was employed in this work (Section S4, Part A of SI).

The pseudopotential technique, for example, the projector
augmented wave (PAW) method,*>° is a key to implementing
ab initio density functional theory (DFT) for condensed
matter systems. However, the adiabatic KS orbitals, namely,
the pseudo wave functions, are not simple eigenstates of the
one-electron KS equations and thus are nonorthogonal, giving
rising to an error in the NAC computed with these orbitals. An
all-electron (AE) correction scheme was developed by Chu et
al. to accurately calculate the NAC by constructing the AE
wave function from the pseudo wave function.”” The AE
correction is necessary in the case that the subshell d-electrons
of transition metals are involved in an electron transition
(Section S5, Part A of SI).

Fe,0; exhibits an antiferromagnetic ground state.**” The
slab model was used to simulate the Fe,O; (0001) surface with
Fe termination and the Fe,O; (0001) surface covered with the
Ga,0; overlayer, denoted as Fe,0; (0001) and Ga,0;@Fe,0,
(0001), respectively. Five, seven, and nine atomic layers of
Fe,0; were used for constructing the slabs to check the effect
of slab thickness on the surface properties, such as the surface
stability and states. As an example, the upper panels of Figure 1
show the geometric structure of the slab with five atomic layers
of Fe,0; in depth and a (2 X 2) periodicity in the surface
plane. For Ga,0;@Fe,0; (0001), the slab was built by placing
an atomic layer of Ga,O; on both sides of the Fe,O; (0001)
slab (see the lower panels of Figure 1). For both surfaces, a
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(a) Fe,0;(0001)

- > -

- > - > e

Structure model

Fe spin

Figure 1. Optimized geometric structures, and spin-up VBM and
CBM charge densities for (a) Fe,0O; (0001) and (b) Ga,O;@Fe,0,
(0001). The latter structure was generated by placing an atomic layer
of Ga,0; on both sides of the Fe,0; (0001) slab. Green, red, and
purple balls denote O, Fe, and Ga atoms, respectively. The charge
density in yellow was visualized with the VESTA software’® with the
isosurface value set to 0.001 e/bohr’. The partial charge density
distributions for the spin-down states are symmetric to those for the
spin-up states and thus not shown here.

vacuum layer of 12 A in the normal direction was added to
remove the artificial interactions between adjacent images. The
size of the simulation cell in g, b, and ¢ axes is 10.056, 10.056,
and 22.871 A, respectively.

The electronic structure calculations were performed with
spin-polarized DFT”"’* using the Vienna Ab initio Simulation
Package (VASP) code.”>””> The PAW®**° method was
adopted to describe the interaction between electrons and
ion cores. The generalized gradient approximation in the
formalism of Perdew, Burke, and Ernzerhof (PBE)”® was
employed to deal with electron exchange and correlation. The
plane wave basis set was used to expand the electron wave
function with a kinetic energy cutoff of 400 eV, which has been
verified to be sufficient to describe the ground state for bulk
Fe,0; and Ga,0; (Section S6, Part A of SI). The on-site
Coulomb correction”” in the form of PBE+U was imposed on
the Fe 3d orbitals to treat the strong electron correlation of
Fe,0;, and the parameters U of 5.0 eV and ] of 1.0 eV well
reproduced the lattice constants and the band gap of bulk
Fe,0;.”° The Brillouin zone was sampled with a k-point grid
mesh of 4 X 4 X 1 for the electronic self-consistent field
calculation and 8 X 8 X 1 for accurate DOS calculation. The
structural relaxation was stopped if the residual forces on each
atom were less than 0.05 eV/A.

The canonical ensemble (NVT) was employed to perform
the ab initio (adiabatic) molecular dynamics (AIMD)
simulations on Fe,O; (0001) and Ga,O;@Fe,0; (0001)
with the target temperature of 300 K controlled by the Nose—
Hoover thermostat. Only the I'-point was used to sample the
Brillouin zone. S ps trajectories were generated for the two
systems using the Verlet algorithm with the time step of 1 fs.

The NAMD simulations were performed for 20 ps with 200
initial conditions and 1000 stochastic realizations for each
condition. NACs were calculated over a period of 1 ps which
was extracted from the latter half of the two trajectories. Since
the latter halves of the trajectories were already in thermal
equilibrium, properly representing thermal fluctuation, the
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NACs were replicated multiple times to meet the requirement
for long NAMD simulation.

The surface energy, E,., was calculated to evaluate the
surface stability of Fe,O; (0001) and Ga,O;@Fe,0; (0001)
according to eq 1%¢

1 1 1
J(Eslab - E‘Z\]FE‘EFeZO3 - ENGaEGa203]

surf

(1)
Here, E,, is the energy of the slab; Eg, o, and Eg, o, are the

energies per formula unit for bulk Fe,O; and Ga,03; N, and
Ng, are the number of Fe and Ga atoms in the slab; and A is
the surface area of the slab. The calculated surface energies are
listed in Table 1, as functions of the slab thickness. The surface

Table 1. Surface Energy E, for Fe,O; (0001) and Ga,0;@
Fe,0; (0001) with Varying Slab Thickness Defined by the
Number of Atomic Layers of Fe,0;

Equi(meV/A?)
Slab thickness Fe,0, (0001) Ga,0,@Fe,0, (0001)
S 74 63 76 55¢
7 73 75
9 72 74

“Denotes reference 36.

energy changes little with the slab thickness for both Fe,O;
(0001) and Ga,0;@Fe,05 (0001). The two surface energies
are similar and are less than 80 meV/A? indicating a good
overall surface stability. Both surface energies are larger than
those from the previous report,® by about 10 meV/A? for
Fe,0; (0001) and 20 meV/A?* for Ga,0;@Fe,0, (0001). The
small discrepancies may arise from different computational
codes and setups. Besides, the charge distributions and
energies for the relevant states also show negligible changes
with the slab thickness considered here. Taking the computa-
tional cost into consideration, the slab thickness of five layers
of Fe,O; was used for the following calculations.

Figures 2 and S2, Part B of SI, show the total and projected
density of states (DOS) for Fe,O; (0001) and Ga,O;@Fe,04
(0001). Compared with the DOS for bulk Fe,O; shown in
Figure S1, Part B of SI, two surface states appear in the band
gap of Fe,0; (0001). One state, formed by hybridizing O 2p
and Fe 3d orbitals, is located at the top of the valence band.
The other state appears 0.4 eV below the conduction band and
is dominated by Fe 3d orbitals. The two surface states
constitute a pair of new VBMs and CBMs and give rise to a
band gap of 1.23 €V for Fe,0; (0001). The charge density
distributions for the two surface states are spatially well
separated, with the former mainly spreading over the surface
and subsurface O layers on one side of the slab (middle panel
of Figure 1(a)) and the latter localized exclusively over the
surface Fe layer on the other side (right panel of Figure 1(a)).
The spatial separation of the two surface states stems from the
magnetic configuration for Fe,O; (0001) which restricts the
valence band around the Fe layers with one spin direction and
the bonded O layers and the conduction band around the Fe
layers with the opposite spin direction. A similar phenomenon
has been observed in our previous work,>' but it becomes
more noticeable in the surface calculation.

As shown in Figure 2(b), the Ga,O; atomic layer changes
the electronic structure of Fe,O; (0001) by eliminating the
two surface states. This is in line with the previous theoretical
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Figure 2. Density of states in the spin-up channel for (a) Fe,0; (0001) and (b) Ga,0;@Fe,0; (0001). Passivation increases the band gap by
eliminating the surface states generated in the band gap of Fe,O; (0001). The Fermi level is set to 0 eV.
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Figure 3. (a) Time evolution of the energy gaps between the VBM and CBM in the spin-up channel for Fe,0; (0001) and Ga,O;@Fe,0; (0001),
with the average energies and the corresponding standard deviations shown. (b) Unnormalized ACFs of the phonon-induced fluctuations of the
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Figure 4. (a) Fourier transforms of the normalized ACFs of the phonon-induced fluctuations of the energy gaps between the VBM and CBM in the
spin-up channel for Fe,0; (0001) and Ga,O;@Fe,0; (0001) and (b) pure-dephasing functions for the two surfaces.

study.”® The constituents of the VBM and the CBM for
Ga,0;@Fe,0; (0001) are similar to those for bulk Fe,0;, with
no contributions from Ga atoms. The Ga,O; overlayer
increases the band gap from 1.23 to 1.88 eV, which, however,
is still less than that of bulk Fe,O;. The reason may be ascribed
to the on-site Coulomb correction with the parameter U tested
only for bulk Fe,O;. Surface-specific U values may be required
to achieve better agreement for the band gap.”” The charge
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density distributions for the VBM and the CBM also changed.
The former spreads over several O layers on one side of the
slab, as shown in the middle panel of Figure 1(b), while the
latter is over the second Fe layer on the same side, as shown in
the right panel of Figure 1(b). As a result, Ga,0O;@Fe,0;
(0001) exhibits a large overlap between the VBM and the
CBM compared to Fe,05 (0001).
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Figures 3(a) and S3(a), Part B of SI, display time evolution
of the energy gaps between the VBM and the CBM for Fe,0;
(0001) and Ga,0@Fe,04 (0001). The energy gaps fluctuate
with the magnitude, close to those in bulk Fe,O; containing
oxygen vacancies”' and electron polarons** but more strongly
than that in pristine bulk Fe,O;.”" The large fluctuations can
be correlated with the strong electron—vibrational interaction.
Compared to Fe,O; (0001), Ga,O;@Fe,O; (0001) shows a
slightly weaker fluctuation of the energy gap, as demonstrated
by the smaller standard deviation.

The correlation in the energy gap fluctuation can be
quantified by the autocorrelation function (ACF), defined in
Section S7, Part A of SI. Figures 3(b) and S3(b), Part B of SI,
show the unnormalized ACFs (u-ACFs) of the phonon-
induced fluctuations of the energy gaps between the VBM and
the CBM for the two surfaces. Ga,0;@Fe,0; (0001) presents
a slower and more symmetric decay in the u-ACF than Fe,O;
(0001), likely due to elimination of the surface defect states.
Long-lived coherence in the u-ACF was also observed in
perfect carbon nanotubes and graphene nanoribbons.*”*" The
initial value of the u-ACF, denoting the average fluctuation of
the energy gap, is smaller for Ga,0;@Fe,0; (0001) than that
of Fe,0, (0001). The smaller initial value and more symmetric
decay in the u-ACF contribute to a slower pure-dephasing
process.”

The phonon influence spectrum derived from Fourier
transformation of the normalized ACF gives the vibrational
modes coupled to the electronic subsystem. In Figures 4(a)
and S4(a), Part B of SI, Fe,O; (0001) shows a broad band of
vibrational modes, which is similar to those for bulk Fe,0,.”'
Dozens of infrared- and Raman-active vibrational modes were
reported in experiments with the frequencies below 700
em™.,** which are in coincidence with the majority of low
frequency modes presented here. Ga,O;@Fe,O; (0001)
exhibits six discrete vibrational modes. The strongest mode
around 630 cm™' may be assigned to the longitudinal optical
mode at 662 cm™* or the Raman-active mode at 613 cm™".**
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The decoherence effect between a pair of electronic states is
accounted for by the pure-dephasing function, D(t), which is
defined in Section S7, Part A of SI. The area under the u-ACF
curve determines the decay of pure-dephasing functions.
Figures 4(b) and S4(b), Part B of SI, show the pure-dephasing
functions for Fe,O; (0001) and Ga,0;@Fe,O; (0001). They
were fit well with the Gaussian function, exp(—t*/2z,%). The
fitted pure-dephasing times 74 are quite close to each other, at
5.8 fs for Ga,0;@Fe,0; (0001) which is slightly longer than
the 5.2 fs for Fe,O4 (0001). In general, a short pure-dephasing
time contributes to slow charge recombination due to the rapid
coherence loss between the electronic state pair.*”*

The population evolution was simulated to characterize the
charge recombination process starting from the CBM to the
VBM. Figures 5 and SS, Part B of SI, show the CBM
population decay for Fe,O, (0001) and Ga,0;@Fe,0, (0001)
obtained using both FSSH and DISH methods, with the
recombination time 7, derived by fitting the decay curves with
the first-order linear expansion to the exponential function,
exp(—t/t,). As expected, the DISH method renders the charge
recombination process much slower in comparison to the
FSSH method. Moreover, the DISH simulations offer a
consistent description of the relative rate of charge
recombination for the two surfaces, irrespective of corrections
to NACs, as shown in Figures S and S5 (d, e, and f), but the
FSSH simulations do not give a consistent description, as
shown in Figures S and SS (a, b, and c). These results make the
DISH method more reliable in simulating the charge
recombination processes under investigation.

The DISH simulations with the phase or AE correction to
NACs give rise to slower electron—hole recombination in the
two surfaces than those with no correction applied to NACs, as
shown in Figures S and S5 (d, e, and f). The recombination
time follows the order no correction < phase correction <
phase and AE correction, which specifically in the spin-up
channel is 0.27, 0.96, and 21.26 ns for Fe,0, (0001) and 1.85,
2.3S, and 79.02 ns for Ga,0;@Fe,0; (0001), respectively. In
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Figure 6. Effect of the phase and AE corrections on the absolute NACs in the spin-up channel for (a) Fe,O; (0001) and (b) Ga,O;@Fe,0,
(0001), with the average absolute NAC values over each ensemble given to the right of the legend.

these simulations, the charge recombination rate in each
surface is determined by the NAC strength. The effects of the
phase and AE corrections on the NACs were inspected and
shown in Figures 6 and S6, Part B of SI. Given that the NACs
are complex numbers, we report here the absolute values. The
uncorrected NACs show great fluctuations with many
nonphysical peaks. The average values are 1.44 and 1.69
meV for Fe,0; (0001) and Ga,0;@Fe,O; (0001), respec-
tively. The phase correction reduces the fluctuations in the
NACs and gives the average values of 0.77 and 1.48 meV for
the two surfaces. However, some abrupt changes in the NACs
still remain. The phase correction may not be necessary to
apply in this work since the two potential energy surfaces in
each surface are well separated in energy.®* The fluctuations in
the NACs were further greatly suppressed by the AE
correction, giving rise to smooth variations in the NACs with
the average values of 0.52 and 0.93 meV. The significant
improvement on the NACs demonstrates the necessity of
applying the AE correction to the subshell d-electrons which
are involved in the electronic transition.”” The concentric
approximation proposed by Chu and Prezhdo® is not
considered since the NACs are already very small, although
the computational efficiency can be greatly improved with the
new scheme. The average absolute NAC explains well the
electron—hole recombination time in each surface.

In the DISH method, three factors contribute to the charge
recombination dynamics, namely, energy gap, pure dephasing
time, and NAC. Generally, a larger energy gap, shorter
dephasing time, and weaker NAC favor slower charge
recombination, which is in line with Fermi’s golden rule and
the quantum Zeno effect.””*>*” As listed in Tables 2 and S2,
Part B of SI, the Ga,O; overlayer extends the surface
recombination time from 21.26 to 79.02 ns in the spin-up
channel and from 11.62 to 55.48 ns in the spin-down channel,
prolonging the lifetime of photogenerated charge carriers by
about 4 times. Transient absorption experiment indicated that
while the CoO,, overlayer prolonged the photohole lifetime by
3 orders of magnitude the Ga,0; overlayer only presented a
modest improvement under low electric biases.”” The
observation in this experiment is thus in agreement with our
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Table 2. Energy Gap, Pure-Dephasing Time, Average
Absolute NAC with Phase and AE Correction, and Charge
Recombination Time between the VBM and CBM in the
Spin-Up Channel for Fe,O; (0001) and Ga,0;@Fe,0,
(0001)

Fe,0; (0001)  Ga,0;@Fe,0; (0001)

energy gap (eV) 1.31 1.83
pure-dephasing time (fs) 52 5.8

average NAC (meV) 0.52 0.93
recombination time (ns) 21.26 79.02

simulations. It can be found that the pure-dephasing times are
very close to each other for the two surfaces, but Ga,O;@
Fe,0; (0001) shows a larger energy gap and stronger NAC
than Fe, 05 (0001). The latter two factors take opposite effects
on the charge recombination, which might rationalize the
moderate increase in the lifetime of the photogenerated charge
carriers. The larger recombination time in Ga,O;@Fe,0;
(0001) indicates that the larger energy gap plays a dominant
role among the three factors in determining the surface charge
recombination dynamics, despite the stronger NAC arising
from a larger overlap between the VBM and the CBM in
Ga,0;@Fe,0; (0001) and reflected by the strong vibrational
mode at 630 cm™" (Figure 4(a)).

The PEC experiment demonstrated that deposition of an
ultrathin Ga,O; overlayer on Fe,O; photoanodes gave birth to
a cathodic shift in the onset potential for water oxidation.*”
Several factors may contribute to the cathodic shift in the onset
potential, such as suppression of photogenerated charge
recombination, or relief of the Fermi level pinning effect
through elimination of surface states, or enhancement of
charge separation due to the formation of a heterostructure at
the surface.’>* It is a big challenge to decouple these
contributions in experiments. Our simulations confirm that an
atomic overlayer of Ga,O; does reduce the charge recombi-
nation rate and prolongs the lifetimes of photogenerated
charge carriers in Fe,O; (0001), which contributes at least in
part to the cathodic shift in the onset potential.

In conclusion, surface charge recombination is an important
cause of energy losses in Fe,O; photoanodes, severely limiting
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their efficiency for PEC water splitting. We considered the Fe
termination of the Fe,O5 (0001) surface as a model system and
used ab initio NAMD in combination with time-dependent
Kohn—Sham theory to simulate the charge recombination
dynamics in Fe,O; (0001) surfaces with and without a
passivating atomic overlayer of Ga,0;. The DISH method with
the AE correction to the NACs was found to be necessary to
treat this kind of electron transition which involves relatively
large energy gaps and subshell d-electrons of transition metals.
The simulation results show that the Ga,O; overlayer slows the
nonradiative charge recombination between the VBM and the
CBM by ~4 times. The reduction in the charge recombination
rate contributes partly to the cathodic shift in the onset
potential for water oxidation and the performance improve-
ment for PEC water splitting with Fe,O; photoanodes. Among
the three factors, namely, energy gap, pure-dephasing time, and
NAC strength, which contribute to the electron—hole
recombination dynamics in the DISH simulations, the energy
gap was found to be more important than the NAC strength,
with the pure-dephasing times almost the same for the two
surfaces. This work uncovers the details of charge recombina-
tion occurring at a-Fe,0; surfaces and represents progress in
understanding the surface charge recombination dynamics at
the atomistic level and in the time domain. Such an
understanding is still a big challenge to date in both experiment
and simulation.
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