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ABSTRACT: Hydrogen gas production from solar water splitting provides a renewable
energy cycle to address the grand global energy challenge; however, its dynamics and .
fundamental mechanism remain elusive. We directly explore by first-principles the % AL
ultrafast electron—nuclear quantum dynamics on the time scale of ~100 fs during water
photosplitting on a plasmonic cluster embedded in liquid water. Water molecule splitting
is assisted by rapid proton transport in liquid water in a Grotthuss-like mechanism. We

identify that a plasmon-induced field enhancement effect dominates water splitting, while

charge transfer from gold to the antibonding orbital of a water molecule also plays an important role. “Chain-reaction” like rapid
H, production is observed via the combination of two hydrogen atoms from different water molecules. These results provide a
route toward a complete understanding of water photosplitting in the ultimate time and spatial limit.

Hydrogen gas production by solar water splitting could
provide a renewable energy pathway to potentially solve
the world’s ever-increasing energy demands.' > To generate
H,, photocatalysis utilizing plasmonic excitation in supported
metal structures has gained increasing attention, thanks to its
dramatic light-harnessing capability and easy tunability of
plasmon excitations. Combining an oxide semiconductor
with plasmonic metal nanostructures as a co-catalyst for water
splitting is prevalent in the literature.®” In this scenario, only
hot electrons with sufficient energy to overcome the Schottky
barrier can be collected by the conduction band of the
semiconductor, serving as a bottleneck significantly Iimiting
reaction efficiency. On the other hand, Robatjazi et al.

observed large photocurrents as a result of direct injection of
hot electrons from plasmonic gold particles to water molecules,
driving solar water splitting in a Schottky-free junction.
Therefore, direct water splitting on plasmonic metal nano-
structures upon photoexcitation can be achieved.®

Gold nanoparticles (NPs) supported on titania exhibit
effective photocatalytic activity for water splitting under
ultraviolet, visible, and near-infrared light.g_11 Distinct from
large particles, gold NPs show strong catalytic activities that
depend on the size and shape of the supported clusters."*™"* In
general, small Au clusters maintain high stability in water
solutions, making them suitable for catalytic applications."> A
remarkable example is a Au,, cluster with a large electronic
energy gap of 1.77 eV.'® Its unique tetrahedral structure
possesses a very high surface area and a large fraction of corner
sites with low coordination,'” which provide ideal adsorption
sites to bind molecules for catalysis.

Overall, the high catalytic activity of plasmonic metal has
been attributed to (i) field enhancement (FE) owing to an
elevated electric field near the nanostructure'® and (ii) electron
transfer to foreign molecules by nonradiative plasmon decay.'”
It remains an open question as to which mechanism is
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dominant to maximize plasmon-induced photoreaction rates.
Yet, a comprehensive understanding of photocatalytic water
splitting, especially its femtosecond dynamics on the atomic
level, has been elusive.

In this work, we investigate the atomic-scale mechanism and
real-time ultrafast dynamics of water splitting and hydrogen
production on model gold nanostructures irradiated by
femtosecond laser pulses, based on ab initio time-dependent
density functional theory (TDDFT).”” Varying the laser
intensity and frequency, we observe that the number of O—H
bond splits at the end of the simulation is linearly dependent on
the light intensity and compares well with the trend in optical
absorption spectrum, suggesting plasmon-induced reactions.
Water splitting is assisted by rapid proton transport forming
hydronium ions. Analyzing localized FE in different positions,
we identify that the position-dependent reaction rate has the
same trend as that for the FE. In addition, we directly observe
charge transfer from the gold cluster to the antibonding (AB)
orbital of water from the time-evolved charge density. Overall,
the plasmon-induced FE dominates the water splitting process,
while the commonly assumed electron transfer plays a less
important role. Most importantly, the atomic process of H,
production via the impact of an activated hydrogen atom with
another hydrogen in a water molecule in a “chain reaction” like
pathway is successfully observed. These results have great
implications for the complete understanding of water photo-
splitting and plasmon-induced photoreactions.

All calculations are performed with a real-time TDDFT code,
OCTOPUS,* using a generalized gradient approximation in
the Perdew—Burke—Ernzerhof form of the exchange—correla-
tion functional.”' The simulation zone is defined by assigning a
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Figure 1. (a) Snapshot of the Au,, cluster in water, where yellow, red, and gray spheres represent gold, oxygen, and hydrogen atoms, respectively.
The arrow denotes the polarization direction of the laser field. (b) Time evolution of the laser field with field strength E, ., = 2.3 V/A and frequency
hw = 2.81 eV. Under this laser pulse, time-evolved O—H bond lengths dgy of all water molecules with (c) and without (d) the Auy, cluster are

shown.

sphere around each atom with a radius of 6.0 A and a uniform
grid of 0.25 A. Troullier—Martins pseudopotentials”* are used
to represent the interaction between valence electrons and
atomic core. To simulate the dynamics of water photosplitting,
Kohn—Sham wave functions of the system under a laser field
are evolved for 15 000 steps with a time step of 0.003 fs. A time
propagator in the Ehrenfest scheme™ for electron—ion
dynamics is used, with an initial temperature fluctuating around
300 K.

As the Auyy nanocluster has a symmetric geometry and high
stability,'” we choose Au,, as a model NP, which is enclosed
with 52 water molecules to represent a liquid water
environment (see Figure la). The stable geometry from the
ground-state molecular dynamics (MD) simulations at room
temperature (300 K) is selected as the starting condition for
TDDFT-MD simulations. In the initial configuration, three
water molecules bond to the corner site of the Au,, cluster by
forming Au—O bonds (bond length: 2.3 A). These bonds
enhance the Lewis base character of Au atoms that are not
connected to water molecules, thereby preventing further
bonding of water molecules to the Au,, cluster.

We first explore optical absorbance of the Au,,—water system
(Figure 1). The adsorption spectrum shows a dominant peak at
2.81 eV (Figure S1), in good agreement with the value of 2.78
eV in the literature.'” This peak is composed of multiple
electronic excitations and is identified as plasmon resonance.”**
Other peaks at 1.73 and 2.30 eV are too weak in intensity to
excite collective plasmon resonance. The peaks at 3.4—3.6 eV
are ascribed to excitations from the vertex atoms of Au,,
clusters.'>** They are in the ultraviolet range, and therefore,
they are out of scope here. The liquid water environment
induces a red shift of 0.05 eV for the major absorption peak.
The red shift in resonant energy can be understood by
spontaneous charge transfer from Au,, to nearby water
molecules.”

Femtosecond laser pulses provide a powerful tool to engineer
electronic excitations and to study ultrafast dynamics of
chemical reactions.”*”” To mimic a laser pulse, we apply an
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external field with a Gaussian envelope E(t) =

2
E o exp[— (t=ty

27?

Due to forbidding computational costs in TDDFT quantum
dynamics simulations, we utilize a strong laser field to accelerate
photoreactions to make direct simulations of water photo-
splitting feasible. The laser field reaches the maximum
amplitude E,,,, = 2.3 V/A at the time t, = 10 fs, corresponding
to a laser intensity of ~7 X 10> W/cm? and fluence of ~0.16 J/
cm®. To observe the ultrafast process of water splitting, we use a
laser intensity of ~10"* W/cm?, which is far above the average
power of territorial solar irradiance. We note that few-cycle
laser pulses with an intensity of ~10"* W/cm?® and fluence of
~0.1 J/cm?® are widely available and easily applied in typical
ultrafast laser experiments.”® Considering the ultrafast photon—
NP interaction time (~1 X 107 m / 3 X 10 m/s = 107% s)
and a typical energy of 2.5 eV per solar photon, a field strength
of 2.5eV/107 % s per area of NP = 10" W/cm? is also relevant
for the quantum nature of photosplitting under solar irradiance.
The laser frequency in the following simulations is set to the
resonant energy of 2.81 eV to activate plasmon excitation in
Au,, unless otherwise specified. We emphasize that, although
the laser field apparently seems very strong, laser pulse duration
is too short (~10 fs) to induce significant local heating or
structural damage in the gold cluster.

We then investigate the dynamic response of water on a Au,,
cluster to the laser field as shown in Figure lc, which displays
the time-dependent O—H bond length dgy for all water
molecules around the Au,, cluster. In the first 10 fs, all O—H
bonds oscillate with the amplitude ~0.05 A or less. During the
timespan of t = 10—30 fs, oscillation amplitudes for most O—H
bonds increase by less than 0.5 A and then gradually decrease
after t = 30 fs due to attenuation of the laser pulse. However,
two O—H bonds separately from two water molecules keep
increasing their bond length from dgyy; = 1.07 A (dgy, = 0.97
A)att=10fsto 3.11 A (3.09 A) at t = 35 fs. That is, two water
molecules split into a hydroxyl group (OH) and hydrogen atom
within 35 fs. In contrast, for liquid water without the presence

]cos(a)t — oty), as shown in Figure 1b.
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Figure 2. (a) Number of O—H bond splits with varied laser fluence, corresponding to a field strength from E,,, = 2.1 to 2.8 V/A. Linear fits to data
points are shown as the black line. (b) Number of O—H bond splits with varied laser frequency for the fixed field strength E, . = 2.8 V/A. The
corresponding absorption spectrum (blue lines) is superimposed for comparison. (c) Atomic configurations at times t = 0, 16, 18, and 21 fs.
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Figure 3. (a) FE along the laser polarization direction for the Auy, cluster as a function of laser energy in different positions as defined in the inset.
(b) Position dependence of the FE (blue line) and the corresponding rate for water splitting (black line) under a laser field of E,,,,, = 2.7 V/A. (c)
Charge density difference at times ¢ = 10, 20, 30, and 40 fs.
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of a Auy, cluster, all of the O—H bonds oscillate continuously
and never break under the same laser illumination (Figure 1d).
Therefore, we confirm that water splitting is mediated by the
Auy, cluster.

To better understand the plasmon-induced water splitting
reaction, we probe the dynamic response of the system using
different laser fluences, shown in Figure 2a. In the following, we
deem that the O—H bond splits whenever its length reaches 2.0
A. We find that the number of O—H splits is linearly dependent
on the laser fluence, implying a single-photon process.”” We
note that the linear line in Figure 2a does not go across the
origin, which is due to the fact that a critical laser fluence is
needed for the observation of water splitting here.”” In
experiments, this linear relationship has been observed for
hydrogen dissociation on Au NPs* and ethylene epoxidation
on Ag nanocubes.’’ Figure 2b shows wavelength dependence
for the number of split O—H bonds, which compares well with
the overall shape of the optical absorption spectrum. This
further confirms that water splitting is induced by plasmon
excitation of Au,, in good agreement with previous experi-

To illustrate the atomic processes during water splitting,
Figure 2c shows typical snapshots of the time-dependent
atomic configuration. Initially (+ = 0 fs), a water molecule
consisting of two hydrogens (labeled as H1, H2) and an oxygen
atom (labeled as O1) is bonded at the tip of the Au,, cluster
and forms a hydrogen bond with another water molecule with
its atoms labeled as H3, H4, and O2. Atom H1 points to atom
02 with distance do,_jy; = 1.72 A. At t = 16 fs, the distance
doy_pyy decreases to 142 A, and the O1—HI bond length
doi_y; increases from 1.00 to 1.67 A. That is, the H1 atom
covalently bonds to both O1 and O2 atoms partially. At t = 18
fs, the distance do;_p; continues to increase to 1.89 A,
indicating that the O1—HI1 bond splits, and the distance do, g
is 1.35 A. At the same time, the distance dg,_y; begins
increasing to 1.31 A and d,_yy, reaches 1.27 A. Namely, atoms
02, H1, H3, and H4 form a hydronium ion. At t = 21 fs, the
distance d,_y; increases to 1.57 A, while dg,_y;; decreases to
1.26 A. Subsequently, do,_113 keeps increasing and reaches 2.0
A at t = 26 fs (Figure S2). That is, the O2—H3 bond splits,
whereas do, s and dg,_yy; oscillate around 1.0 A and reach
values of 1.06 and 1.10 A after t = 26 fs, respectively. Therefore,
water splitting is assisted by proton transfer in the Grotthuss-
like mechanism, as observed in hydrogen-bonded acid—base
complexes in liquid water.”> We find that forming hydrogen
bonds accelerates water splitting (see Figure S3).

To gain further insights into reaction mechanisms, we display
the FE spectrum at different positions around the Au,, cluster
in Figure 3a. These positions are adsorption sites for water
molecules labeled as w1, w2, w3, w4, and wS. Here the localized
FE factor is defined as FE(x) = [vg(x + 6x) — vg(x)]/eSxE,,
where x is the position, dx is the mesh size along the polarized
direction, v is effective potential, and E is the external field
strength.”® A peak appears in the FE spectrum around a laser
frequency of 2.81 eV for all cases. The peak values are 4.5, 3.2,
2.3,2.0, and 1.2, decreasing in turn from w1 to wS$, as shown in
Figure 3b. Among them, wl is located on the tip of the Au,,
cluster, showing the largest FE. We also show the FE in a
transverse cut going through the tip atom and find that the
largest FE is ~7.0 at the tip of Au,, (Figure S4). Similar tip-
enhanced FE reaches a value of 7.1 on a larger cluster Ag,g,,°
of the same magnitude as our result.
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For simplicity, we define the rate of water splitting as the
inverse of the time needed for breaking the first O—H bond,
when its length reaches 2.0 A. We find that the reaction rates
for water placed at positions w1 to w$ are 56.6, 52.2, 40.1, 30.0,
and 0.0 ps™", also decreasing in turn (Figure 3b). The trend of a
position-dependent reaction rate closely follows that of FE.
Thus, we conclude that the reaction rate for water photo-
splitting on Au,, is dominantly determined by plasmon-induced
FE.

However, the reaction rate does not follow exactly the trend
in the FE. To figure it out, we illustrate the time evolution of
charge density in Figure 3c. The charge density difference
between that at a given time ¢ and at t = 0 is shown. At t = 10 fs,
the charge density oscillates following the external field. At t =
20 fs, when the laser field fades out, part of electrons transfer to
the AB orbitals of w2 and w$, while wl only receives a small
amount of electrons on the oxygen atom. Instantaneous char%e
transfer also exists on a TiO, surface with plasmonic NPs.”
After that, more electrons transfer from the Au,, cluster to the
AB orbital of wl, and electrons on w2 and wS begin to decay.
However, water splitting occurs before t = 20 fs for wl and w2,
as shown in Figure lc. Thus, we infer that wl splits due to a
large FE, and w2 splits owing to both the FE and charge
transfer effect. In addition, during the simulation timespan, we
have not observed the splitting of w5, though there exists clear
charge transfer. The main reason is that the FE at wS is only
1.2, implying too weak FE to split water. On the basis of the
above analysis, we infer that while a plasmon-induced FE
dominates, charge transfer also plays a role for water splitting
on the Au,, cluster.

To reveal the nature of plasmon photoexcitation, we analyze
the time-evolved change in the occupation of Kohn—Sham
(KS) states (Figure SSa). The occupation of KS states is
calculated by projecting the time-dependent KS state onto the
ground-state orbitals. Before ¢ = 20 fs, there exists oscillation for
occupation near the lowest unoccupied molecular orbital
(LUMO), which results from plasmon excitation.” After t =
20 fs, with the laser fading off, some electrons are excited from
states with energy at —6.23 to —6.00 eV to the states at —3.92
to —3.42 eV with respect to the vacuum level, which is
responsible for plasmon decay via Landau damping.*’

We calculate the localized density of states (LDOS) of water
molecules from wl to wS (Figure SSb). The AB orbitals of
different water molecules appear at —3.45 eV, overlapping well
with newly occupied orbitals of Au,, upon photoexcitation.
This energy match promotes resonant charge transfer.'”
Besides, the density of the AB state in this energy range for
w2 and w$ is larger than that for wl. This explains why the
charge transfer in w2 and wS is faster than that in wl. We find
that the LUMO+3 orbital, which has a significant amount of p-
electron character, accumulates most electrons after t = 20 fs
(Figure S6a). We also calculate transition coefficients
ICLumo +3'i(t)|2, defined as the time-dependent occupied KS
orbital li(t)) projected onto the LUMO+3 state (Figure S6b).
These coeflicients display a gradual increase in amplitude,
corresponding to hot electron generation by plasmon decay."’
Among them, the seventh orbital below the highest occupied
molecular orbital (HOMO) with d-electron character, termed
HOMO-7, shows the largest transition. Thus, plasmon decay
of Auy, is processed mainly by generating hot electrons via
electronic transitions from the d-band to p-band. Similar
analysis on the optical excitation of Au,, also reveals the
importance of 5d and 6p electrons."”
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Figure 4. Time evolution of the number of hydrogen molecules (a) with varied laser intensity and (b) in separate MD trajectories with the field
strength E, .. = 2.8 V/A. (c) Atomic configurations at times t = 0, 20, 26, and 33 fs.

More importantly, we observe rapid hydrogen production
from water, as displayed in Figure 4a. We show that a hydrogen
molecule is formed when its H—H bond length is less than 1.0
A. For a laser field of E,, = 2.90 V/A, three hydrogen
molecules are formed gradually after 20 fs. In other cases, two
hydrogen molecules are first formed, and then one of them
splits. This observation is universal for different MD
trajectories, where we find that a hydrogen molecule is
generally produced within 35 fs, as shown in Figure 4b.
Considering that the Au, cluster has a size of ~1.0 nm and the
laser intensity is ~0.2 J/cm? per pulse, the maximum number of
photons reaching Au,, is ~10000. Thus, the quantum efficiency
for H, production is about 0.03%, similar to the reported
incident-photon-to-current efficiency (0.06%) for the 2 nm
thick Au NP during direct water photosplitting.® Without a
gold cluster, however, H, production is unlikely to occur owing
to the large energy barrier for water splitting and H
recombination. Thus, the gold cluster could serve as a
photocatalytic reaction center to produce H, from water.

The detailed process for hydrogen production is shown in
Figure 4c. Initially, one water molecule with atoms labeled H1,
H2, and Ol is located near the tip of the Au,, cluster. This
molecule forms a hydrogen bond with another water molecule
consisting of H3, H4, and O2 through an O2—H1 hydrogen
bond with a bond length of dg,_yy; = 1.72 A. At t = 20 fs, the
distance do,_g; decreases to 1.55 A, and the O1—HI1 bond
length dg,_y; increases to 2.45 A, indicating the split of the
O1-H1 bond. Simultaneously, the H1 atom comes closer to
H4 with dyy,_y, = 1.89 A, and the H4 atom keeps going away
from O2 with dg, s = 1.51 A, At t = 26 fs, the distance dyy;_yy4
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decreases to 1.48 A, and do,_yy reaches 1.91 A, implying that
the O2—H4 bond breaks up. At t = 33 fs, dyy;_p, reaches 0.86
A, forming a H, molecule. The O2—H3 still remains bonded
with a bond length of d,_y3 = 0.95 A. The details for time-
evolved changes in bond length are shown in Figure S7.
Therefore, a hydrogen molecule is formed via a “chain reaction”
like mechanism: plasmon excitation produces intense hot
electrons to activate OH bonds; an activated H then detaches
from water and can be accelerated; the H from another water
dissociates by the strong impact of the first H together with hot
electrons, to produce a H, molecule.

The tip of the gold cluster is the most active site for water
splitting to produce H, Due to plasmon-induced strong field,
the activated hydrogen atom on the tip of Au,, would have a
large momentum to take hydrogen atoms from other water
molecules. Therefore, H, production in our simulations only
occurs around the tip of the gold cluster. Indeed, the plasmon
energy of the gold cluster is located well above the H,/H,0O
redox potential, high enough to overcome the barrier to
produce H,."* The reaction path in our simulations is similar to
that of hydrogen production from water on the Al; cluster in
the ground-state MD simulation,” where the temperature is
1000 K and the time for H, production is ~2 ps. Therefore,
plasmon-induced water splitting to produce H, could be much
more efficient than heat-induced reactions. Besides, OH
radicals easily spread away from the Au,, cluster and recombine
to form H,0, or H, + O, on the supporting substrate (e.g,
inert oxides or p-semiconductors), excluding the possibility of
catalyst poisoning by reaction products.”’ Instead, an inert
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AlLO; layer is formed in the case of water splitting on Al
clusters.

We present the first real-time quantum simulations of water
photosplitting and rapid hydrogen production on a Au,, cluster
in water upon laser illumination. We demonstrate that
plasmon-induced FE dominates the water splitting process,
and charge transfer from the Au,, cluster to the AB state of the
water molecule also contributes to photoreactions. In the
experiment of photocatalytic water splitting on CdSe nano-
platelets, a S-fold increase in photocurrent was observed after
covering with Au NPs, which resulted from enhanced
plasmonic fields.*” The control of the laser parameter would
then effectively tune the reaction efficiency. Gold NP-based
hydrogen production from water is highly promising if the Au
NPs are massively produced. These results provide fundamental
insights into understanding plasmon-induced atomic processes
and are helpful to improve further efficiency for solar hydrogen
production.
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