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Multiple experiments provide evidence for

photovoltaic, catalytic, optoelectronic, and plasmonic processes Shifted

involving hot, i.e., high energy, electrons in nanoscale materials. ~ 620 fs

However, the mechanisms of such processes remain elusive,

because electrons rapidly lose energy by relaxation through

dense manifolds of states. We demonstrate a long-lived hot

electron state in a Pt nanocluster adsorbed on the MoS, Py;zgﬂfd
~ s

substrate. For this purpose, we develop a simulation technique,
combining classical molecular dynamics based on machine
learning potentials with ab initio nonadiabatic molecular
dynamics and real-time time-dependent density functional
theory. Choosing Pt,y/MoS, as a prototypical system, we find frequent shifting of a top atom in the Pt particle occurring
on a 50 ps time scale. The distortion breaks particle symmetry and creates unsaturated chemical bonds. The lifetime of the
localized state associated with the broken bonds is enhanced by a factor of 3. Hot electrons aggregate near the shifted atom
and form a catalytic reaction center. Our findings prove that distortion of even a single atom can have important implications
for nanoscale catalysis and plasmonics and provide insights for utilizing machine learning potentials to accelerate ab initio
investigations of excited state dynamics in condensed matter systems.

nanoparticle, electron trapping, machine learning, excited state dynamics, time-dependent density functional theor
p pping g A P 'y b4

oble metal nanoclusters (NCs) have drawn significant other charge carrier processes, such as energy relaxation,
interest in different research fields such as nano- diffusion, trapping, and recombination. Charge trapping
electronics, energy conversion, and CatalySiS.l_6 constitutes an important step in photocatalysis, since it allows
Studies have shown that NCs have many novel properties, charge accumulation at catalytic sites in NCs and prevents
which strongly depend on NC size and shape.7 For instance, recombination of electron—hole pairs,lz’13 Platinum (Pt)
small NCs are catalytically active, exhibiting activity that clusters are widely used as cocatalysts that are often employed
strongly correlates with exposed edge and corner atoms,”” as efficient charge trapping agents in photocatalysis. "'
even for materials that display very limited reactivity in the Plasmonic properties of noble metal NCs are frequently

bulk phase.”'? NCs represent a metastable state of matter and 16-23
are often supported by substrates to prevent cluster
coagulation. Substrates, as well as cluster/substrate interfaces,
also play an important role in the catalytic activity, for instance,
by providing charge carriers and facilitating charge transfer
between different parts of a catalytic system.'>"’

Metal NCs play important roles in solar energy harvesting
and utilization, both acting as light harvesters via plasmon
resonances, and providing photocatalytic sites. Electrons and
holes photogenerated in NCs and substrates initiate many
chemical reactions. Interfacial charge transfer between NCs
and a substrate affects the catalytic activity in competition with

used to accelerate and control chemical reactions.
Experiments have addressed the importance of localized
surface plasmon resonance (LSPR) excitations in plasmonic
catalysis.''*** For instance, Mukherjee et al. reported that
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Figure 1. (a) Schematic of hot electron injection and relaxation in the Pt/MoS, system. Electrons generated in MoS, by light or electricity
transfer to the Pt NC. Electrons close to the MoS, CBM populate a long-lived trap state in the NC, blue arrow, while higher energy electrons
bypass the trap state and relax much more rapidly, orange arrow. (b) Displacement of the top atom of the Pt NC as a function of time in the
ML-NAMD simulation. (c, d) Side views of the two distinct configurations, labeled as pyramid and shifted. (e, f) Corresponding density of
states (DOS). The zero of energy is set at the Fermi energy. The NC spends significant amounts of time in the local minimum with the
displaced top Pt atom, part (d), corresponding to the 1.5 A displacement relative to pyramid, part (b). The shifted configuration gives rise to
long-lived hot electrons and enhanced catalytic activity. The red, blue, and yellow arrows indicate the location of the Pt NC LUMO, the hot

electron trap state, and the MoS, CBM, respectively.

LSPR in Au nanoparticles decays into hot electrons and
triggers H, dissociation.'® Qian et al. demonstrated an LSPR-
mediated H,O reduction at Au/TiO, heterostructures.'’
Further, it was found that the LSPR can dramatically improve
the hydrogen evolution reaction and photoluminescence in
Au/MoS, hybrids."”*’

The molecular and electronic structure of plasmonic NC/
semiconductor heterostructures has been investigated at
various levels of theory. Previously, we studied the ultrafast
electron transfer after plasmon photoexcitation in a Au/TiO,
system using nonadiabatic molecular dynamics (NAMD).”> A
charge-separated state was found to instantaneously generate
after a surface plasmon excitation event, after which the hot
electron was fully injected into TiO, on a sub-100 fs scale. The
theoretical prediction of the instantaneous generation of a
charge-separated state was confirmed experimentally one year
later.”® We also studied the plasmon-mediated charge injection
from Au particles into MoS,, at which plasmon-driven charge
separation was found to strongly depend on the type of
donor—acceptor interaction.”” However, Au/Ag NCs have
limited chemical reactivity that strongly limits their surface

reactions through plasmonic catalysis. In contrast, Pt and Pd
NCs are much more promising for the design of future devices
due to their strong catalytic activities.””

Trajectory surface hopping is utilized to study nonadiabatic
(NA) electron dynamics by introducing stochastic hops
between different potential energy surfaces (PESs).>”*° One
widely used approach is Tully’s fewest-switches algorithm.”
However, surface hopping with ab initio generated PESs is
challenging in relatively large systems, as it requires long
molecular dynamics (MD) trajectories that are computation-
ally expensive. Recently, machine learning (ML) approaches
have been shown effective in accelerating first-principles
calculations by orders of magnitude without significantly
affecting the accuracy of the results.”' ~*° While the ML-PESs
have been successfully used in ground-state molecular
dynamics simulations, the employment of ML in excited
state NA dynamics is rare. A few notable recent studies have
been reported in this direction by Hu et al.*' and Dral et al.**
These investigations are limited to low-dimensional systems,
and it is still challenging to extend them to condensed matter
and nanoscale materials with a large number of atoms.
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In the past decade, we developed*~* a scheme combining

NAMD with real-time time-dependent density functional
theory (TDDFT) that has shown great success in many fields.
Combined with the classical path approximation (CPA),*>***/
in which the nuclear dynamics is assumed weakly dependent
on the quantum state of the electronic subsystem, as compared
to thermal nuclear fluctuations, this approach significantly
reduces the computational cost compared to other NAMD and
TDDFT methodologies and allows us to study large
systems.**™>° Application of the CPA provides a natural
connection to the ML acceleration of MD, allowing us to
employ deep learning to greatly enhance the time scale for
NAMD and to explore important processes that are not
accessible by the traditional means.

In this report, we demonstrate the formation of a long-lived
hot electron trap state in a Pt NC adsorbed on MoS,. The
finding is made possible by the technique developed here for
simulating ab initio quantum dynamics in nanoscale systems,
combining ML with NAMD and real-time TDDFT. By
investigating the interfacial charge transfer dynamics between
the Pty, NC and a MoS, monolayer,”® we observe strong
distortion of a corner atom of the NC, occurring with every
50—100 ps. Associated with such distortion is the formation of
a localized electron trap state that decouples from the rest of
the system and extends the hot electron lifetime by a factor of
3. Hot electrons accumulate in this state and create a chemical
reaction site. The demonstrated mechanism of hot electron
trapping can operate at NC edges, on surfaces containing steps
and adatoms, etc, and rationalizes various hot electron
chemistries observed in multiple experiments.

RESULTS AND DISCUSSION

We start by investigating the geometric structure and static
electronic properties of the system, Figure 1. After the
construction of the adiabatic PESs, a 250 ps ML-MD was
performed. We have observed two distinct structures in the
trajectory, as shown in Figure 1b—d. The structures differ in
the location of the NC’s top atom. We label the two structures
as pyramid and shifted. It is important to emphasize that it is
extremely time consuming or even impossible to sample
transitions between the two structures using traditional ab
initio NAMD, and therefore, the uncovered phenomenon of
the shifted structure would have not been possible without the
developed methodology employed in the current study.

The pyramid structure is very stable in the first 50 ps.
However, after that, a significant distortion occurs stabilizing
the shifted structure. The corresponding densities of states
(DOS) are shown in Figure le and f. Despite the variation in
the NC morphology, there appear to be no significant
differences in the electronic structure between the two
configurations. The Pt NC introduces states in the MoS,
bandgap. Note the peak (blue arrow in Figure le,f) located
~0.1 eV below the conduction band minimum (CBM, yellow
arrow in Figure le,f) of MoS,. The peak is strongly suppressed
when the top Pt atom is shifted. The corresponding orbital
distributions show a strong hybridization between the Pt NC
and MoS, substrate, which could be seen in Figure S2 of the
Supporting Information. In the pyramid structure, the peak is
attributed to the LUMO+7 and LUMO+8. However, in the
shifted structure, the LUMO+7 is much lower in energy than
the LUMO+8. The LUMO+8 state, responsible for the
suppressed peak in the shifted Pt NC DOS about 0.1 eV

below the MoS, CBM, Figure 1f, shows a surprising electron
trapping ability.

Figure 1a shows a schematic of the simulated charge carrier
trapping and relaxation dynamics. Following a photoexcitation
of MoS,, electrons start to relax toward the MoS, CBM, as
shown by the yellow arrow in Figure la. During the relaxation,
the hot electron can get injected into the Pt NC, as shown by
the red and blue arrows. The schematic matches the calculated
DOS, Figure lef, showing that the DOS of the Pt NC at
energies above the MoS, CBM is low. Figure lef also show
that there are a few isolated states near the CBM with strong
hybridization between the Pt NC and MoS,. These states have
special properties and can potentially accept the injected hot
electron and suppress the subsequent relaxation and
recombination inside the metallic Pt NC. Charge trapping in
these states can promote the accumulation of hot electrons in
the Pt NC and have a significant impact on the NC’s
photocatalytic activity.

Figure 2 presents the simulation results for hot electron
relaxation and trapping for the case in which photoexcitation
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Figure 2. Hot electron injection and relaxation dynamics starting
from the CBM of MoS,. (a) Electron localization on the Pt NC.
(b) Electron energy. (c, d) Populations of the relevant orbitals in
the pyramid and shifted systems. In the pyramid system, the
electron transfers from the MoS, CBM to the Pt NC within 200 fs
and loses its energy by relaxing to the Fermi level within 1 ps. In
the shifted system, the electron transfers to the trap state within
250 fs and has a 30% probability to remain there past 1 ps.

promotes an electron into the CBM of MoS,. This situation
also describes the scenario in which the electron is excited to
energies above the MoS, CBM, but far from the NC. This is
feasible since in practice the coverge of the metal NCs on
MosS, is low. In such a case, the electron will relax to the MoS,
CBM before reaching the NC. Figure 2a characterizes electron
injection from MoS, to the Pt NC, Figure 2b presents the
corresponding energy relaxation curves, while Figure 2¢,d show
evolving populations of the orbitals.

The ML-NAMD results reported in Figure 2a,b demonstrate
that both electron injection and energy relaxation are strongly
suppressed in the shifted structure compared to the pyramid
structure. For the pyramid, around 76% of the electrons are
injected into the Pt NC after 1 ps, with an estimated injection
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time of 238 fs. By contrast, for the shifted structure, only 55%
of the electrons are injected after 1 ps, and the injection time
slows down to 617 fs.

To further understand the charge transfer process, we
analyzed the electronic populations as functions of time. Figure
2c demonstrates that the hot electron in the pyramid structure
quickly transfers to the Pt NC within the first 100 fs and
becomes trapped by LUMO+7 and LUMO+8 until 400 fs.
These states are strongly hybridized, with significant orbital
delocalization in both the Pt NC and MoS,, Figure S2. We
denote these states as electron-trapping states. Figure 2d shows
that the injection rate for the shifted structure is comparable
with that of the pyramid structure. However, importantly, the
time the trapped electrons remain in the LUMO+8 in the
shifted configuration is three times longer compared to the
pyramid. Moreover, the LUMO+7 in the shifted structure
plays no particular role in the hot electron dynamics. The
differences in the electron trapping between the two structures
arise from the higher symmetry of the pyramid and the
stronger hybridization between the Pt NC and MoS, in the
LUMO+7 and LUMO+8 states of the pyramid. The top atom
in the shifted structure reduces the NC symmetry, weakens the
hybridization of the LUMO+8, and localizes the electron in the
LUMO+7 on the Pt NC, Figure S2.

The enhancement of the hot electron trapping by the
distortion of the Pt atom is rationalized by the weaker NA
coupling (NAC) between the electron trap state and the
unoccupied states of Pt that are lower in energy, as shown in
Figure 3. The corresponding average root-mean-square of the
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Figure 3. Distribution of average absolute NAC between pairs of
electronic states at different energies for (a) pyramid and (b)
shifted structures. The zero of energy is set at the Pt LUMO. The
LUMO+7 and LUMO+8 are marked with orange and white lines,
respectively. The LUMO+8 is the long-lived trap state, Figure 2d.
The NAC between a pair of states is larger when the states are
closer in energy, i.e., between nearest-neighbor states and in
regions of high DOS, Figure 1, or if the states overlap strongly, i.e.,
with strong hybridization between the substrate and the Pt NC,
Figure 4.

NAC is 3.3 meV in the pyramid, which is appreciably larger
than 2.1 meV for the shifted structure, as shown in Table 1. In
particular, the NAC between the electron trap state and the
closest in energy Pt state, which determines the lifetime of the
trap state, decreases strongly from 5.7 to 2.9 meV due to the
pyramid distortion. The result is consistent with the lowering
of the Pt NC symmetry and the weakening of the hybridization
between the Pt NC and MoS, discussed before. The weaker
hybridization also induces a slight decrease of the NAC
between the electron trap state and the MoS, CBM, from 35.7
to 21.6 meV, Table 1.

The distribution of the electron density for the frontier and
electron trapping orbitals further supports the NAC values

Table 1. Root-Mean-Square of Nonadiabatic Coupling
(NAC) for the Hot Electron Injection and Trapping
Dynamics

pyramid shifted
trap-LUMO trap- CBM- trap- trap- CBM-
+6“ Pt trap  LUMO+7 Pt trap
NAC 5.7 3.3 38.7 2.9 2.1 21.6

(meV)

“NAC between the trap state and the Pt state just below it; in the case
of the pyramid, it is an average over the two electron trap states.
PNAC between the trap state and all Pt states below it.

reported in Table 1. The electron densities are depicted in
Figure 4 for a typical configuration from the MD trajectory.

(a) Pyramid

Electron-Trap CBM

Figure 4. Charge densities of the LUMO, electron trap, and CBM
states in the Pt/MoS, system for the (a) pyramid and (b) shifted
geometries of the Pt NC. The hot electron relaxes from the MoS,
CBM to the trap state to the Pt NC LUMO. The canonically
averaged densities of the electron trapping orbitals are shown in
Figure S3. The trap state is shared between the Pt NC and MoS,.
The trapped electron is long-lived in the shifted system, because it
is localized on the top Pt atom and is decoupled from the rest of
the NC. Note that the trap state is below the MoS, CBM, Figure 1,
and therefore the electron cannot return to MoS,.

The canonically averaged densities of the electron trapping
orbitals are shown in Figure S3. In both systems, the LUMO of
the Pt NC and the CBM of MoS, are localized primarily within
the corresponding subsystems, while the electron trap state is a
strongly hybridized orbital with coupling between the Pt NC
and MoS, through the Pt—S bond. When the top atom of the
pyramid shifts, the electron becomes more localized near the
distorted atom. Further, the electron density in the region
connecting the Pt NC to MoS, is reduced, Figure 4b and
Figure S3, decreasing the coupling between the NC and MoS,.
These changes in the orbital distributions decrease the NAC
and, consequently, enhance charge trapping.

We further investigated the hot electron relaxation and
trapping as a function of excitation energy, by considering
three initial electron energies at 1.0, 1.5, and 2.0 eV above the
Fermi energy, Figure 5. We found that the nonradiative
relaxation accelerates for higher initial energies. This
phenomenon can be rationalized by the larger DOS at these
energies, Figure le,f, and additional relaxation pathways that
are not available at lower energies. As demonstrated in detail in
Figure Sb—d, only when the electron starts at the MoS, CBM
does it get trapped in the shifted structure and remains in the
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Figure S. (a) Energy relaxation of hot electrons with different
initial energies in the pyramid and shifted systems. Higher initial
energy leads to faster relaxation. (b—d) Details of electron
relaxation in the shifted system starting at different energies.
The color strips show electron distribution over different energy
states, and the dashed line represents the average electron energy.
The nearly horizontal dark orange line in part (b) demonstrates
that the long-lived electron trapping occurs only when the initial
electron is close to the MoS, CBM.

trap state for a long time. If the electron starts at higher
energies, it essentially bypasses the trap state, relaxing directly
into the lower energy states of the Pt NC and rapidly reaching
the Fermi energy.

Even though the results obtained for high excitation energies
appear to be detrimental for the hot electron catalysis, since it
is hard to place the electron close to the CBM, the situation is
better than it seems. Even if a hot electron is created above the
MoS, CBM, either by absorption of light, electrically, or
chemically, it will rapidly relax to the CBM and will be
transported to the Pt NC at the CBM energy. Only if the NC
coverage of MoS, is high will the hot electron be able to
transfer into the NC prior to relaxing to the energy of the
MoS, CBM. In realistic situations, in which the surface
coverage by noble metal particles is moderate or low, the hot
electron will be trapped and capable of using its access energy
to perform useful chemistry.

The current study assumed that the system is excited at a
particular energy. This type of photoexcitation corresponds to
sunlight conditions, which are most relevant for solar energy
applications. Sunlight can be well approximated as a
continuous wavelength radiation or, according to the wave—
particle duality, as a stream of photons with particular energies.
Because the radiation is continuous, the time approaches
infinity, and photons can have well-defined energies, according
to the time—energy uncertainty principle. In comparison, light
pulses in time-resolved pump—probe laser experiments are
short-lived and excite a range of energies. By considering initial
conditions at different energies we represent a broad range
light spectrum. If electrons reach the Pt particle by transfer
from MoS,, the electrons are already at the MoS, CBM,
because they decay rapidly through the dense manifold of CB
states. If light excites the Pt NC directly, e.g, via a surface
plasmon resonance, electrons can be generated over a broad
range of energies, and the higher energy excitation scenario
becomes relevant. The study of the current system indicates
that electron transfer from MoS, creates more favorable
conditions for the charge trapping.

The current simulation focused on a small NC, due to
computational limitations. Such particles cannot fully exhibit
plasmonic phenomena, although they still show strong light
absorption. A similar phenomenon can be expected in
plasmonic catalysis as well. The trapping efficiency may
decrease in larger NCs, because they contain denser manifolds
of electronic states and can exhibit faster electron—phonon
relaxation. At the same time, the trapping originates from bond
breaking and separation of the top atom from the rest of the
pyramid, and this effect should be present for all particle sizes.
Similar distortions can happen at NC edges. Surfaces of larger,
plasmonic NCs can contain additional atoms that can also act
as traps for hot electrons as well. The hot electrons are trapped
in our simulations because the NC symmetry is broken, and
atoms with unsaturated chemical bonds are created. Such
unsaturated bonds give rise to localized states that are
decoupled from the rest of the system and exhibit long
lifetimes. The bond breaking and decoupling of one or a few
atoms from the rest of the system is critical for plasmon-
induced charge separation, photocatalysis, and other excited
state phenomena observed with metallic particles. The
competition between such decoupling and electron—phonon
relaxation determines whether the observed effects involve
excited electronic states or arise from thermal heating. The
demonstrated mechanism of hot electron trapping can operate
in many different systems and rationalize various hot electron
chemistries.

The findings reported in this work were possible due to a
combination of ML and NAMD. Application of the CPA to
NAMD™ allowed us to use ML in order to develop an efficient
ab initio accuracy force field, to sample a long trajectory, and to
uncover an important system geometry giving rise to long-lived
hot electron traps. Using ML to obtain excited state force fields
is straightforward conceptually, but challenging computation-
ally, since excited state energies and forces are much harder to
compute and since one needs to consider many excited states.
Using ML to obtain a parametrization for the NAC is even
more challenging, because the number of NAC matrix
elements grows quadratically with the number of states, the
calculation of NAC is more challenging than the force
calculation, and NAC dependence on nuclear geometry and
velocity is complex. Even under the CPA, NAMD requires
NAC calculations. Therefore, our strategy was to sample
system geometry using ML and then obtain the NAC using
traditional ab initio calculations for small parts of the ML
trajectory. While we cannot perform NAMD entirely using ML
yet, the developed ML-NAMD strategy is practical and
computationally affordable, allowing one to study quantum
dynamics of excited electrons on picosecond and nanosecond
scales and to uncover important and nontrivial regimes. The
ML-NAMD with ab initio NAC can be used to simulate large
systems accurately with significant cost reduction compared to
the traditional ab initio NAMD.

CONCLUSIONS

To summarize, we have demonstrated a long-lived hot electron
state in the Pt NC adsorbed on the MoS, substrate. Existence
of such states can rationalize many experimental findings on
hot electron transfer in plasmonics, as well as photo- and
electron-chemical catalysis. The finding has been made
possible by the development of the ab initio quantum dynamics
methodology, combining ML-MD, NAMD, and real-time
TDDFT. Trained to ab initio calculations, ML-MD allows
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one to obtain long trajectories and sample rare events. The
unusual quantum dynamics that accompany such events are
modeled by real-time TDDFT for electrons coupled to atomic
motions via NAMD. The top atom of the pyramid-like NC
shifts frequently during a hundreds of picosecond ML-MD
simulation. Ab initio TDDFT/NAMD modeling of the hot
electron relaxation shows strong electron trapping when the
top atom of the pyramid NC is shifted. Mechanistic analysis
indicates that this geometric distortion suppresses coupling
between the NC and the substrate and that the electrons
aggregate to the shifted atom, forming a reaction center. We
propose that hot electron reaction centers created by such
distortions can operate in different NCs and other nanoscale
systems and constitute an important consideration for the
rational design of functional materials for optoelectronic and
catalytic applications.

METHODOLOGY

We utilize a deep neural network to describe atomic
interactions in the Pt/MoS, system as generated using
DeepPOT-SE.”” Briefly, the training set for the ML potential
has been generated using CP2K™® in conjunction with
MOLOPT basis sets’” and GTH norm-conserving pseudopo-
tentials.”” We have used different systems in the training of the
potential, including pristine MoS,, bulk Pt, Pt (100), (110),
and (111) surfaces, isolated Pt clusters, and Pt clusters
supported on a MoS, substrate.”’~®* Additional details are
provided in the Supporting Information and ref 64. The ab
initioco NAMD simulations are performed using the Pyxaid
code™** within the TDDFT framework similar to ref 45 in
conjunction with the Vienna ab initio simulation package
(VASP).®*~%” The electron—nuclear interactions are described
using the projector augmented wave (PAW) method.®® We use
the Perdew—Burke—Ernzerhof (PBE)®’ exchange—correlation
functional in conjunction with the DFT-D3 van der Waals
correction.”” We represent monolayer MoS, using a 6 X 6
supercell and sample the Brillouin zone at the I'-point. The
NAMD phase consistency problem is corrected using a
method similar to ref 71. The reported results of the ab initio
quantum dynamics simulations are obtained by averaging over
an ensemble of 5 X 10° realizations of NAMD. The ensemble
is generated starting from S0 different initial configurations,
with each configuration giving rise to 1 X 10* NAMD
trajectories. The ML-MD starts from a pyramid-shaped Pt,,
NC. The initial Pt,y/MoS, configuration is determined from a
combined theoretical and experimental approach, with the
structure obtained first with a genetic algorithm utilizing
adaptive atomistic force fields and DFT and then validated
using aberration-corrected scanning transmission electron
microscopy.”®' A 250 ps MD trajectory is generated with
the ML force field. Then, ab initio NAMD is carried out based
on the ML-MD trajectories for representative pyramid and
shifted configurations.
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