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ABSTRACT: As a promising way to reduce the temperature for
conventional thermolysis, plasmon-induced photocatalysis has
been utilized for the dehydrogenation of methane. Here we
probe the microscopic dynamic mechanism for plasmon-induced
methane dissociation over a tetrahedral Ag,, nanoparticle with
molecular orbital insights using time-dependent density functional
theory. We ingeniously built the relationship between the chemical
bonds and molecular orbitals via Hellmann—Feynman forces. The
time- and energy-resolved photocarrier analysis shows that the
indirect hot hole transfer from the Ag nanoparticle to methane
dominates the photoreaction at low laser intensity, due to the
strong hybridization of the Ag nanoparticle and CH, orbitals, while
indirect and direct charge transfer coexist to facilitate methane
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dissociation in intense laser fields. Our findings can be used to design novel methane photocatalysts and highlight the broad
prospects of the molecular orbital approach for adsorbate—substrate systems.

KEYWORDS: Localized surface plasmon, methane dehydrogenation, photocarrier dynamics, molecular orbital insight,

real-time time-dependent density functional theory

M ethane, as an abundant natural resource on the earth, is
one of the widely used raw materials for the synthesis of
high-value compounds such as CH;OH and CH;COOH.'™
Unfortunately, due to its high C—H bond strengths, negligible
electron affinity, large ionization energy, and low polarizability,
the activation of methane is highly challenging,™ especially the
activation of the first C—H bond, which is considered as one of
the “Holy Grails” in catalysis.” Traditional approaches to
activate the C—H bond require high temperature (above 800
°C) and high pressure (above 2 MPa),® which need
consumption of plenty of fuel and result in the production of
greenhouse gases. Thus, it is important to develop efficient and
green approaches for methane dissociation under mild
conditions.” "'

Plasmon-induced photolysis of CH, can be invoked to
remedy the disadvantages of conventional thermal catalysis with
the aid of plasmonic metal photocatalysts. Owing to their
distinct properties such as extended lifetime, tunable resonance
energy, ultrafast dynamics, and enhanced optical absorption,
localized surface plasmons (LSPs) in metallic nanostructures
(Au, Ag, etc.) have stimulated wide attention in chemical and
solar energy conversion, especially in photocatalysis."*~"* For
plasmon-induced photocatalysis, hot carriers generated via the
decay of surface plasmons can be more energetic than those
generated by direct photoexcitation, which can be exploited to
efficiently drive chemical reactions. Recent experiments and
theoretical studies have demonstrated various types of photo-
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assisted chemical reactions including plasmon-induced O,
dissociation,"> H,0 splitting,16 and CO, reduction.'” However,
due to the inactivity of CH, and the complex charge transfer
process, plasmon-induced CH, photolysis is seldom systemati-
cally explored. Instead, only scattered experimental investiga-
tions have been performed, including studies involving silver—
heteropolyacid—titania nanocomposites,'® single atomic site
antenna-reactor plasmonic photocatalysts,19 and Au/ZnO
porous nanosheets.”’ In the meantime, detailed investigations
on the atomic processes of charge transfer in these previous
works are yet missing, and consequently, the fundamental
microscopic mechanism of plasmon-induced CH, photolysis
remains elusive.

Here at the single-molecule level and femtosecond time scale,
we investigate the microscopic dynamic mechanism of plasmon-
induced CH, photolysis on plasmonic nanostructures repre-
sented by the tetrahedral Ag,, (Td-Ag,,) nanoparticle (Figure
1a). With ultrafast nonadiabatic molecular dynamics (NAMD)
and carrier dynamics analysis via real-time time-dependent
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Figure 1. (a) Schematic diagram of plasmon-induced CH, dissociation on Td-Ag,, upon laser irradiation with z-directional polarization, where h*
denotes the hole indirectly transferring from Ag to CH,. (b) Schematic illustration of charge transfer pathways between Ag,, and the occupied orbitals

of CH,.
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Figure 2. (a) Absorption spectra of the Td-Ag,, nanoparticle (black), Ag,,-CH, system (red), and isolated CH, after adsorption (blue). (b) Density of
states projected onto every molecular orbital of isolated CH, for the Ag,,-CH, system. The energy is shifted to set the Fermi energy level of the Ag,,-

CH, system at 0.0 eV.

density functional theory (rt-TDDFT), we quantitatively
demonstrate that the photolysis originates from the synergic
effects of the indirect charge transfer and the direct charge
transfer. The molecular orbital analysis reveals that the strong
orbital hybridization between CH, and Ag,, leads to extensive
spreading of molecular orbitals, benefiting the charge transfer.
The above methodology and findings provide a molecular
perspective on the interaction within adsorbate—substrate
systems and will facilitate the design of efficient and selective
plasmonic photocatalysts.

The atomic configurations are fully relaxed by the Vienna ab
initio Simulation Package (VASP) using density functional
theory (DFT).”"** The ground state properties and excited state
dynamics simulations are calculated using DFT*’ and rt-
TDDFT** with the real-space code OCTOPUS.*>~*" The
theory and detailed parameters are given in the Supporting
Information.

The initial configuration for structure optimization is that the
H atom of CH, locates at a distance of 3.0 A from the vertex
position of Ag,, as shown in Figure la. For the sake of
convenience, we differentiate the four H atoms of methane as
H,, H,, H, and Hy, with H, being the closest to Ag,,. After
relaxation, the distance between Ag and H, is reduced to 2.11 A.
Besides, compared to the initial C—H bond length (1.10 A) for
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freestanding methane, the C—H, bond length is stretched to
1.12 A after absorption, suggesting a strong interaction between
Ag,; and CH,.

In order to analyze the optical response, we present the
absorption spectra of the Ag,; nanoparticle, the optimized Ag,,-
CH, system, and the isolated CH, after adsorption, as shown in
Figure 2a. The absorption spectrum of the isolated CH, after
adsorption shows the first peak at 8.96 eV, which is associated
with the excitation from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO).
A narrow and intense peak at 3.40 eV, corresponding to the
plasmonic response of Ag,, is observed in the absorption
spectrum, which is consistent with previous investigations.”* "
Specifically, the plasmonic peak arises from the collective sp —
sp intraband transition, and the d — sp interband transitions
contribute to the spectrum at the higher energy range.’’
Compared with Ag,, the absorption spectrum of Ag,,-CH,
exhibits the same plasmon resonance feature at 3.40 eV but
shows significant enhancement at the higher energy range.

To address the electronic structure of the adsorption system,
we present the density of states (DOS) projected onto every
molecular orbital (MDOS) of isolated CH, for the Ag,,-CH,
system in Figure 2b. The MDOS of the HOMO-3 and the two-
fold degenerate orbitals (HOMO—2 and HOMO—1) show no
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Figure 3. (a) Density of states for the Ag,,-CH, system projected to the HOMO orbitals of CH, (top panel), and the d_? (second panel), d,, + d,. (third

panel), and dyy + de_y (bottom panel) orbitals of the top Ag atom.

(b) Formation diagram of the bonding and antibonding states and the (c)

corresponding distribution of charge density after the interaction between the HOMO orbitals of CH, and the Ag d.> orbitals. Here, the isosurface

value is 0.04 e/A3.
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Figure 4. (a) Time-evolved C—H bond length in the Ag,,-CH, system under laser radiation with field strength E,,,, = 0.0, 0.8, and 1.6 V/A. (b)
Hellmann—Feynman force F¥(m) along the C—H,, (x = a, b, ¢, d) bond. Here, the index m denotes the molecular orbital order for the adsorbed CH,
molecule, that is, HOMO-3, HOMO-2, HOMO—1, HOMO, LUMO, LUMO+1, LUMO+2, and LUMO+3. The inset denotes the decomposition

of the HF force along the bond direction.

splitting, indicating that these orbitals have minimal interaction
with Ag,, upon adsorption. Conversely, the strong interaction
between the HOMO and Ag,, leads to a wide distribution of
MDOS over many KS orbitals, with two main peaks at —6.10 eV
and —5.30 eV, and one weak peak at —3.60 eV. The emergence
of new hybrid orbitals can qualify the adsorption mechanism in
the Ag,,-CH, system as chemisorption.””

The orbital hybridization can be understood in terms of the
well-known d-band model: the coupling between the HOMO
and the narrow distribution of d-states gives rise to the formation
of separated bonding and antibonding states.”* ™ In Figure 3a,
the projected DOS reveals that the d_? orbital of the Ag atom
hybridizes strongly with the HOMO of CH, compared to the
d. d,; d,,, and d,>_ orbitals. As illustrated in Figure 3b, due to
the symmetry matching,®® the HOMO overlaps with the Ag d.»
orbital to form a ¢ bonding state at low energy level and forms a
o* antibonding state at high energy level. For a more obvious

demonstration of the hybridization between the HOMO of CH,,
and the d_ orbitals of Ag, the charge density distributions of the
hybrid orbitals in Ag,,-CH, at different energy ranges are shown
in Figure 3¢, which also exhibits the signatures of the bonding
and antibonding states. The hybridization not only enhances the
absorption spectrum corresponding to the d — sp interband
transition but also broadens the molecular orbitals, facilitating
the charge transfer between CH, and Agzo.37

In order to explore the effect of Ag,, on methane
dehydrogenation, we further investigated the dynamic response
of Ag,;-CH, under laser radiation with different maximum field
strengths E_ ... The frequency @ of the applied laser pulse is set
to be identical to the plasmon resonance frequency of Ag,, i.e.,
hw = 3.40 eV. Figure 4a illustrates the time-resolved C—H bond
lengths of CH, in the NAMD simulations. Without laser
irradiation, the C—H bond lengths show stable oscillation with
an amplitude of less than 0.03 A, indicating that methane

11640 https://doi.org/10.1021/acs.nanolett.3c03467
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Figure S. (a) The time-dependent occupations of the Kohn—Sham states in Ag,,-CH,, under laser radiation, where the black curve denotes the laser
pulse. (b) Total density of states (TDOS) and density of states projected onto all molecular orbitals of the adsorbed CH, (MDOS) for the Ag,,-CH,
system. For a better view, the value of MDOS has been zoomed in by 2 times (X2). (c) Time-dependent evolution of the occupation numbers for the
molecular orbitals of adsorbed CH, in the Ag,,-CH, system. The occupation numbers for the LUMO ~ LUMO+3 reach their maximum at t, = 15.8 fs,
indicated by the black vertical dashed line. (d) Maximum of the C—H,, (x =a, b, ¢, d) bond length and charge transfer involving the occupied molecular
orbitals at different laser fluences. Here, the diamond symbols at each laser fluence represent the maximum of the four C—H bond lengths of Ag,,-CH,
within 40 fs after light irradiation. The black dashed line indicates that the C—H bond is broken at 2.0 A. The red square symbols are the loss of charge
for the occupied orbitals (summed over the HOMO—3, HOMO—2, HOMO-1, and HOMO of the adsorbed CH,,) in the Ag,,-CH, system after light
radiation, and the solid red line is a linear fit of the charge transfer against the laser fluence. (e) Density of photoinduced charge transfer through three
channels, i.e., indirect, direct, and intramolecular charge transfer from the occupied orbitals of CH, to Ag,,. For a better view, the value of

intramolecular charge transfer has been zoomed in by 40 times (Xx40).

dehydrogenation does not occur directly after adsorption on the
Ag, nanoparticle. When E,,  is 0.8 V/A, the C—H bond lengths
increase significantly with laser radiation and then exhibit
periodic oscillations. In particular, when E,,, reaches 1.6 V/A,
the C—H bonds oscillate violently and CH, splits into a methyl
radical (CH;) and hydrogen atom at time t = 50.0 fs. It is also
evident that the plasmon resonance modulates the vibrational
phonon modes of CH,. First, the symmetric stretching mode of
CH, is enhanced. Subsequently, the oscillation phases of the C—
H bond lengths become asynchronous, indicating the
generation of the antisymmetric stretching mode. In other
words, the plasmon enhances the molecular vibrations and
induces the intramolecular vibrational energy redistribution.*”
In contrast, the C—H bonds of freestanding CH, remain
unbroken even at an E,,, of 1.6 V/A (Figure S2), as its primary
absorption peak lies at 8.96 eV, much larger than 3.4 eV. These
findings suggest that methane dehydrogenation is induced by
the localized plasmon excitation of the Ag nanoparticle.

To give a straightforward relationship between bond lengths
and molecular orbitals, we calculated the Hellmann—Feynman
(HF) force acting on the H atoms for each molecular orbital (see
Supporting Information for details). As shown in Figure 4b, the
positive FZ¥(m) indicates that each molecular orbital tends to
shorten the C—H bond lengths. The Fi¥(m) of the occupied
molecular orbitals (m = HOMO-3 ~ HOMO) is much larger
than that for the unoccupied orbitals (m = LUMO ~ LUMO
+3), which is determined by their spatial distribution.
Consequently, the stretching of the C—H bond is dominated
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by the reduction of the number of electrons in the occupied
orbitals.

To understand the underlying microscopic mechanism of
methane dehydrogenation induced by localized plasmon
excitation, we further analyze the carrier dynamics as shown in
Figure S. Figure Sa shows the time- and energy-resolved
photocarrier distribution, in which the excited electrons and
holes exhibit a fast response to the laser pulse in the energy range
around the Fermi level due to the strong oscillation in the charge
density near the Ag,, surface.”” Besides, it can be seen that the
electrons can be excited from the relatively low energy region to
the high energy levels, which indicated the existence of the
plasmon decay.*”*' Combined with Figures Sa and 5b, the hot
carrier distribution overlaps with the MDOS, suggesting a
possible charge transfer between Ag,, and CH,.

With the intent of providing a clear depiction of photocarrier
dynamics, Figure Sc illustrates the time-resolved occupation
numbers located on the methane orbitals for the Ag,,-CH,
system. Under laser irradiation, the populations of LUMO ~
LUMO+3 increase until the laser intensity reaches E,,, at t, =
15.8 fs. Moreover, the occupations of the unoccupied molecular
orbitals (LUMO ~ LUMO+3) are greater than the decrease in
the occupations of the occupied molecular orbitals (HOMO—-3
~ HOMO), as marked by the dashed black line in Figure Sc.
These findings suggest that the electrons on LUMO ~ LUMO
+3 are donated by photoexcited Ag,. In contrast, the electrons
on the HOMO continue to decrease during t > t,, indicating that

https://doi.org/10.1021/acs.nanolett.3c03467
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the process is dominated by charge transfer between methane
and Ag,.

In plasmon-induced photocatalysis, charge transfer between
the substrate and molecule can initiate the chemical conversion
of the molecule."”"”** Combining the Hellmann—Feynman
force analysis with atomic and electronic dynamical responses,
methane dehydrogenation is induced by the charge transfer
involving the occupied molecular orbitals. As illustrated in
Figure 1b, the transfer pathways can be classified into three
categories. (a) Indirect charge transfer: Plasmon resonances in
nanostructures can be damped nonradiatively through Landau
damping to generate hot carriers which can be transferred to
molecular orbitals to induce chemical reactions, and this process
is called indirect charge transfer.'”**~*" Notably, the indirect
charge transfer here is indirect hot hole transfer from the Ag
nanoparticle to the occupied orbitals of CH,. (b) Direct charge
transfer: Nonradiative plasmon decay can directly excite
electrons from molecules to metals, which is known as direct
charge transfer.”’ (c) Intramolecular charge transfer: This term
refers to the excitation of electrons from occupied molecular
orbitals to unoccupied molecular orbitals.**

In Figure 5d, the C—H bond lengths and charge transfer
involving the occupied molecular orbitals at various laser
fluences are illustrated. The charge transfer AQ exhibits a
significantly linear feature with the laser fluence, which has also
been observed in plasmon-induced water splitting on gold
nanoparticles.16 Below the critical fluence of 120 mJ/cm? (E,,,,
= 1.6 V/A), the C—H bond becomes weaker as the transferred
charge increases, exhibiting a stretching of the C—H bond. Once
the laser fluence exceeds the critical value, apart from the
formation of methyl (CHj,), the C—H bond in CH,, will break
continuously with the increase of the transfer charge to form
methylene (CH,) and methylidyne (CH).

Figure Se illustrates the densities of the three types of charge
transfer from the occupied molecular orbitals over a wide energy
range. The detailed methodology is available in the Supporting
Information. Several observations can be obtained through the
analysis below:

(i) Indirect charge transfer (ICT). The ICT shows the
biggest density of charge transfer at different field
strengths, which indicates that ICT is the dominant
charge transfer pathway for plasmon-induced methane
dissociation. This can be attributed to the continuous
distribution of holes under the Fermi level and the broad
hybridization between CH, and Ag,,. This conclusion is
consistent with many experimental studies that have
shown that C—H bond cleavage is induced by hot hole
transfer.'®

(ii) Direct charge transfer (DCT). At low laser intensity, the
density of DCT is about ten times smaller than that for
ICT, indicating that DCT plays a minor role in the
reaction process. At large laser fluence 188 mJ/cm? (E,,,,
=2.0V/A), DCT predominantly occurs in the molecular
orbitals located near —5.34 eV, while ICT remains
dominant in other energy ranges. Besides, the DOS in
Figure Sb reveals an energy gap of approximately 2/@ =
6.80 eV between the main peak of the MDOS (at —5.34
eV) and the energy level of the lowest unoccupied KS
orbital (at 1.47 eV), implying that DCT is a double-
photon absorption process. Moreover, a recent study has
highlighted significant double-photon transitions during
the plasmon decay in the Ag,, nanoparticle.”®
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(iii) Intramolecular charge transfer. The efficiency of intra-
molecular charge transfer is 2 orders of magnitude weaker
than that of DCT and ICT for two reasons. First, the
MDOS in Figure 5b indicates that the excitation between
molecular orbitals requires absorption of three or even
more photons with energy of i = 3.40 eV. However, the
triple-photon transition is very weak in the nonradiative
decay of the plasmon in the Ag,, nanoparticle.”® Second,
the contribution of the CH, molecule to the TDOS is
much smaller than that for the Ag substrate.

In conclusion, taking Ag,;-CH, as a prototypic model, we
have presented a novel methodology and analysis based on the
molecular orbital approach to describe the ultrafast structure
and photocarrier dynamics in the plasmon-induced methane
photolysis within the framework of DFT and TDDFT. The
time-resolved photocarrier dynamics confirms that indirect hole
transfer dominates the methane dehydrogenation due to the
strong coupling between the Ag d: orbital and the HOMO
orbital of CH, in the Ag,-CH, system at low laser intensity,
while the direct charge transfer synergistically stimulates the
reaction under high-intensity laser pulses. The present findings
provide a novel insight into the interaction between the
substrate and adsorbate from the view of molecular orbitals,
which can be widely applied to investigate the dynamic charge
transfer processes between adsorbates and substrates, benefiting
the design of highly efficient plasmon-induced photocatalysts.
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