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Abstract

Fascinated by how nature can directly transfer solar energy into a chemical reaction,
several studies on the photocatalyst have been performed and hoped to imitate nature’s process to
achieve similar conversion. Unfortunately, the ultralow efficiencies of the photocatalyst largely
remained. Plasmonic catalyst based on the local surface plasmon resonance of noble metal
nanoparticles is then investigated to increase the utilization of the visible wavelength and tailor the
reaction selectivity toward a more sustainable future. Particularly, the hybrid plasmonic catalyst
between noble metal and other components received a lot of interest due to the prolonged lifetime
of the charge carriers or the number of chemical reactions that can be activated. However, on the
hybrid plasmonic photocatalyst, the mechanism of how non-equilibrium charge carriers induce
reactions remains unclear, especially under the solvent effect. In this dissertation, it is attempted
to give an understanding of how non-equilibrium electrons can facilitate reactions on the
plasmonic hybrid of copper (I) oxide, a promising oxide in photocatalysis using visible light, and
of zeolite, a unique micro porous oxide that has several applications in the energy and fuel field.
While the former type, the hybrid between plasmonic nanoparticle and the semiconductor, is
expected to extend the lifetime of charge carriers, the latter type is applicable to various reactions.

Using CO> conversion as the probe, we found that the non-equilibrium carriers do not
change much the intrinsic activation energy of CO; dissociation on a Cu2O pristine surface at the
excited states compared to the ground state. In contrast, if the oxygen vacancies are introduced,
the intrinsic barrier could be reduced at the ground state, and this remaining barrier could be further
eliminated at the excited states because of the non-equilibrium electrons. The regeneration of
oxygen vacancies is feasible via the hydrogenation process with low required energy and is not

affected by the presence of the non-equilibrium charge carriers.
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For the hybrid catalyst between a plasmonic metal and zeolite, it is revealed that the non-
equilibrium charge carriers can alter the interaction between ammonia and the Lewis acid site of
Beta zeolite. The effect is more significant when there are mid-gap states induced Sn or Ti doped
into Si-BEA framework. Apart from the effect on the heat adsorption, it is found that if the doped
concentration of Ti into zeolite increases, the intrinsic activation energy of the propylene
epoxidation also can be reduced due to the higher population of the non-equilibrium electrons to
induce reactions. These studies provide the opportunity to use highly energetic charge carriers,
generated in plasmonic metal, to tune the zeolite activity for acid-catalyzed reactions.

Finally, we explored the effect of solvent on the excitation energy and found that the H-
bond between solvents and reactants could interfere with the interfacial charge transfer process.
Notably, the H-bond between solvent and ammonia can prohibit the excitation energy to trigger
an electron from the Fermi level to LUMO of ammonia. At the same time, it can reduce the
excitation energy to excite an electron from molecular HOMO to the Fermi level. The stronger
acidity of the solvent, the more inhibition effect is observed for the transfer of electrons from the
Fermi level to LUMO. In addition, we found that the H-bond also affects the HOMO-LUMO gap
of the molecules, which directly influences the energy transfer between plasmonic metal and
reactants. The findings of this dissertation could be a valuable guideline for hybrid plasmonic

catalyst design for sustainable energy and chemical production.

Keywords: hybrid plasmonic catalyst, photocatalyst, CO2 conversion, Cu20O, zeolite, ammonia,

solvent effect, excitation energy.
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Chapter 1: Introduction

1.1. Hybrid plasmonic catalyst
Why plasmonic catalyst?

As the chemical field moves toward a more sustainable future, the process of utilizing
renewable solar energy in chemical transformation has received a lot of interest.!” To mimic the
chemical reactions of nature, like plant leaves, photocatalytic materials based on semiconductors
such as TiO; and ZnO was developed, and successfully set a foundation for several photocatalyst
applications.! %7 However, these conventional semiconductors usually have a bandgap larger than
3 eV, so UV light is primally utilized in these cases. Since UV light is only ~4% of solar radiation,
the efficiency of conventional photocatalysts is low. Plasmonic photocatalyst is then applied to
harvest the visible light - which is ~43% of solar radiation - to increase the efficiency of the

photocatalyst.!

What is local surface plasmon resonance (LSPR)?

Driving field at low frequency Driving field at resonant frequency

Restoring field
from charges

¢ 6 6 60 66 ©0-

urface charge

(a) (b)

Figure 1.1 Schematic diagram of local surface plasmon resonance due to a higher frequency

external field (reproduced from reference °).



The defining characteristic of plasmonic materials is their large number of mobile carriers.
The typical case for this is a metal where the cloud of free electrons moves in a continuous manner
following an external electric field. The electric field can then polarize charges and tend to drive
free electrons out of the metal surface. At the same time, the Coulombic attraction between the
nucleus and electrons tends to pull the electron cloud back to its initial position. The electrons
move back and forth to balance with the oscillation of the external field. If the frequency of the
external field is high enough (Figure 1.1), the charge oscillation inside the particle will oscillate in
resonance with the external field, generating localized and intensified electric fields around the
metal nanoparticle surface, namely local surface plasmon resonance (LSPR). The charge
polarization inside the metal particle then does not cancel out but is amplified instead.> For the
visible light, the LSPR can be established on the plasmonic metal nanoparticles since their size is

smaller than the wavelength of light.

How plasmonic catalyst can induce reaction?

(1) Initial state (2) Reaction on excited state (3) Relaxation of excited state
A A
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state state
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h » ! | » - » |
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Figure 1.2 Mechanism of plasmon-mediated bond activation(reproduced from reference ®)

If the LSPR can dissipate the energy via non-radiative decay, the non-equilibrium charge
carriers (electron-hole pairs) can be generated. These initially high-energy non-equilibrium
electrons will quickly redistribute their energy via electron-electron scattering, forming the Fermi-
Dirac distribution. These energy electrons are then further cooled down by interacting with

phonon, resulting in the heating of the lattice. Finally, the energy is lost via transferring to the



surrounding metallic structrure.® ® If there are available electron-accepting orbitals nearby, such
as unoccupied orbitals of adsorbed molecules on the metal surface, the electrons with adequate
energy can transfer to the adsorbate (the charge transfer mechanism), generate the transient
negative ion, and induce chemical transformations.! ® Then, the system can travel along the
excited state potential energy surface to complete the reaction or decay to the ground state and
complete the reaction at the ground level (Figure 1.2). In addition, the LSPR can decay and transfer
energy to the molecule (the energy transfer mechanism). In this case, the system is neutral, and the
excited molecule then can travel along the excited state or decay to complete the reaction. As a
result, by targeting selective orbitals to populate, the plasmonic photocatalyst, in principle, can

improve the selectivity of chemical reactions.®

The charge transfer process can occur via indirect or direct charge carrier injection. While
the indirect charge transfer requires the following step to transfer non-equilibrium electron/hole to
the environment after their excitation step, the direct charge transfer process refers to the event
that the energy of the plasmon can trigger electron across the material interface to populate the
orbitals of adsorbed molecules. Apart from the charge transfer process, there are other proposed
mechanisms of plasmonic-mediated reaction, such as plasmon-induced resonance energy transfer
(PIRET, due to the plasmonic near-field enhancement), the enhancement of the vibration, and
thermal heating. Although the charge/energy transfer is concurrent with the heating, there are
properties attributed to the light-driven reaction, such as the transition from linear to superlinear
relationship instead of the exponential relationship between light intensity and reaction rate, the
varied kinetic isotope effects (KIE) different from the thermal-driven reactions.’ The shifting of

0

selectivity,!” or the greater reaction rate than the thermal reaction rate at the same surface



temperature can sometimes be used to recognize the light-driven processes in experimental

photocatalytic systems.

Which metal can be plasmonic core?

T

C S PP S S LS.
PRSP PR PE S P

Wavelength (nm) Wavelength (nm)

Figure 1.3 Dielectric function of noble and transition metals. (a) The real part (b) The imaginary

part of the dielectric function (reproduced from reference ®)

The resonant excitation of a large number of carriers is accountable for the large optical
extinction cross-sections of plasmonic nanoparticles. The extinction cross-sections (g,,;) can be
approximated based on the real part (&;), the imaginary part (&,) of the dielectric functional of the

metal and the dielectric constant of the medium (g,,,) as follows:?

€2
(61 +2&, )2 + &2

Oext

While the real part (&;) represents the polarizability of the metal with respect to
wavelength, the imaginary part of the dielectric function (&,) illustrates the probability of photon

absorption, i.e., the one-electron excitation, which is defined by the property of the electronic
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structures of the metal (i.e., filled or unfilled s states and d states). The dielectric properties of
some metals are shown in Figure 1.3. Since &; = —2¢,, in the range of UV-Vis wavelength (the
dash back line in Figure 1.3), the extinction cross-sections is larger for those metals with lower &,.
Due to low ¢&,, Au, Ag, Cu, and Al exhibit LSPR in the visible range, and consequently they are

commonly used as plasmonic core metal.
Why hybrid plasmonic catalyst?

Although these plasmonic metals can exhibit a strong LSPR under visible light, the lifetime
of the excited electrons on these plasmonic metals is relatively short (approximately femtoseconds
to nanoseconds). The timescale of a chemical reaction could extend up to microseconds or even
seconds.! This mismatch in timescale could lead to a low probability of a successfully plasmon-
induced reaction, limiting the plasmonic photocatalyst's application. Therefore, the hybrid
plasmonic photocatalyst between plasmonic metal and non-zero bandgap material has been studied
to extend the average lifetime of charge carriers, enhancing the photocatalyst’s photon efficiency.
The initial interest in hybrid material was based on the Schottky barrier generated at the
metal/semiconductor interface due to the difference in the wave function of the two components.
This barrier then delays the traveling back of excited electrons, reducing the recombination of
electrons and holes, and consequently increasing the charge carrier's lifetime. In addition,
integrating with other catalytic materials can improve the interaction between the adsorbate with
the catalyst’s surface rather than its relatively inert interaction with noble metals. In principle, by
tuning this interaction, we can manipulate the localization of non-equilibrium charge carriers

toward the targeted orbitals for desired reactions.



1.2. Scope and Outline

Several types of reactions have been claimed to be induced by the hybrid plasmonic
catalyst. However, the complete picture of how non-equilibrium charge carriers affect different
types of reactions over the hybrid plasmonic catalyst remains unclear. In addition, how the local
environment induced by solvents affects the plasmonic catalysts also remains to be explored.
Therefore, this work is aimed to give a fundamental understanding of how non-equilibrium
electrons affect reactions on the hybrid plasmonic photocatalyst, especially when the solvent is

involved.

To accomplish this task, different types of reactions on hybrid plasmonic catalysts are
modeled, including oxide-catalyzed reaction on the hybrid catalyst between plasmonic metals and
semiconductor Cu,O, acid-catalyzed reaction on the hybrid catalyst between plasmonic metals and
Lewis acid zeolite (M-BEA or TS-1). The solvent effect is investigated for the ammonia
decomposition on the hybrid catalyst between Cu, the plasmonic metal, and Ru, the active center.
These probe reactions, including reverse water gas shift, propylene epoxidation, and ammonia
decomposition, are selected as the probe reactions due to their application toward a sustainable

future.

First, the ground-state and excited-state reaction profiles are investigated for these hybrid
materials. The possible reaction pathway under the illumination conditions is then proposed. The
probability/feasibility of the targeted reaction is indirectly provided via the charge density analysis
or the density of states. The role of defects or doping degrees on integrated materials is also
examined to manipulate the localization of electrons on specific orbitals. Finally, the solvent effect
is investigated, giving the guidelines for photocatalyst material design and optimum reaction

environment.



Before digging into the effect of non-equilibrium charge carriers on the hybrid plasmonic
catalyst, a brief introduction of density functional theory is mentioned in Chapter 2. In addition to
the ground-state calculation, the linear expansion delta SCF method to perform the excited-states

calculations is provided.

In Chapter 3, the effect of non-equilibrium charge carriers on the CO; conversion on the
hybrid plasmonic catalyst between a plasmonic metal and Cu.O is investigated. First, the photo-
induced CO; conversion is examined on the pristine surface of Cu,O in section 3.1. Then, in
section 3.2, the role of the point defects, i.e., the oxygen vacancy on the CuxO surface, is studied.
The results reveal that without an oxygen vacancy, the intrinsic activation energy of
photodissociation of CO> on Cuz0 is higher than 3 eV either at the ground state or excited states.
However, in the presence of an oxygen vacancy, the intrinsic barrier of this reaction reduces to
about 1 eV at the ground state. The remaining barrier can be further reduced or eliminated at the
excited states. These oxygen vacancies can be regenerated to complete the catalysis cycle via the
hydrogenation reaction to form water. Moreover, this regeneration process is not affected by the

non-equilibrium charge carrier.

The effects of non-equilibrium electrons on the acid-catalyzed reaction on the hybrid
plasmonic catalyst of Lewis acid zeolite is illustrated in Chapter 4. Particularly, section 4.1 shows
the effect of charge carriers on the interaction between molecule and M-BEA, while section 4.2
demonstrates the role of doping level on charge carrier localization via propylene epoxidation
reaction on TS-1. We show that introducing photo-excited hot electrons into this hybrid material
can tune the interaction between zeolite and molecules when the mid-gap states are available such
as in Sn-BEA or Ti-BEA. In addition, using the propylene epoxidation reaction as the probe, our

result suggests that the photo-excited electrons can alter the intrinsic activation energy at the



excited state when more electrons are localized at the mid-gap states, which can be obtained by
modifying the Ti-doped in TS-1. The higher Ti-doped concentration in TS-1, the higher electron

localization at these states.

The solvent effect on the hybrid plasmonic catalyst, i.e., the effect on the excitation energy,
is explored in Chapter 5. The H-bond between solvents and ammonia is found to induce the shift
of HOMO and LUMO level of ammonia, tailoring the excitation energy of ammonia adsorbed on
Ru-doped Cu surface. As a result, it can affect both interfacial charge transfer and the energy
transfer process between plasmonic metal and ammonia. The more significant effect on the
excitation energy from Fermi level to LUMO is obtained for water and methanol than for phenol

due to their higher basicity.

Finally, all main findings in the previous chapters are summarized in Chapter 6. This

chapter also gives an outlook for further studies towards a better understanding of the topic.



Chapter 2: Computational method

2.1. Density-Functional Theory

The wave functions and energies of a molecule are found from the Schrédinger equation:
Hy = Ey

Since nuclei are much heavier than electrons, the electrons move much faster than the
nuclei. Therefore, it can be assumed that the nuclei are fixed during the time of'a cycle of electronic
motion (The Born—Oppenheimer Approximation). As a result, the purely electronic Hamiltonian
is reduced to sum of three terms including electronic kinetic energy of electrons, the attractions

between the electrons and the nuclei, and the repulsion between electrons as following:

n n

PAI=—%EV,-2+ o) + >

i=1 i=1
where v(r;) is the external potential.

Therefore, if the external potential and the number of the electrons are specified, the

wavefunctions and energies can be determined based on the Schrodinger equation.

Hohenberg and Kohn proved that the ground-state electron probability density defines the
external potential and the number of electrons. As a result, the ground-state wave function and

energy can be determined by the ground-state electron density.



The ground-state energy can be written as the functional of the ground-state electron

density as follows:

Ey = E,[po] = T[po] + Vyelpo] + Veel po]

00) = [ poterot) ar

Where Ve is the nuclear-electron attraction, T is the ground-state electronic kinetic energy

n

Ev(ri)

i=1

‘_/Ne = <ll/0

and V. is the electronic repulsion energy.

The Kohn-Sham (KS) Method

The Kohn-Sham method considers the noninteracting system of n noninteracting electrons

as the reference system, in which:

- The ground-state electron probability density of the reference system equal to the

exact ground state electron density of the real molecule

ps(r) = po(7)

- Each electron experiences the same external potential energy function vg(7;)

The Hamiltonian of the reference system is

n n
e SLAT el = B b B =1
i= 1=

Kohn and Sham defined the exchange-correlation energy functional, Ex. as follows:
E.lp] = AT[p] + AV..[p]
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where
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Then the ground-state energy can be rewrite as:

By = Elo) = [o)ar+ T0p) + 5 [[PF de ae, 4 1,0 p]

The first three terms on the right side are the main contribution of the ground state energy,
and can be easily obtained based on the ground-state electron density p. The fourth term is the

exchange-correlation energy, which is not easy to determine exactly but relatively small.

The electron density can be found from the KS orbital as follows:
n
= KS|2
p=ps= D05

i=1

Therefore, if the Exc can be approximated, the Kohn-Sham method can be used to find the

electron density and energy.

The Jacob’s ladder illustrates five functional categories with more accurate level to

approximate the Exc, as follows.

1. LDA functionals: only p(7) is involved in the expression for E,.
2. GGA functionals: both p and Vp are involved

3. Meta-GGA: p, Vp and either V?p or 7 are involved

11



4. Hybrid functionals: the exact exchange is added

5. Double hybrid functionals: the dependence on the unoccupied KS orbitals is added

In this work, we use GGA functionals to approximate the Ex. to balance the computational cost

and the accurate level.
Density of States

The density of states (DOS) is the number of different states which allow electrons to
occupy at a particular energy level, i.e., the number of electron states per unit volume per unit
energy. In DFT, the total DOS is obtained by integrating related information of atom, orbital or
spin at the energy interval, while the project density of state (pDOS) give the projection of

particular orbitals or particular atoms on the density of state.

Bellows are the examples for the pDOS of CO when it adsorbed on Pt or Pd. While Figure
2.1 shows the pDOS on particular atoms, in this case is the pDOS on CO; the Figure 2.2 shows the

pDOS on particular molecular orbitals, LUMO in this case.

2

CO-linear-Pt

pDOS (states/eV)

0 SR R B Ll
8 6 -4 -2 0 2 4 6 8

Energy (eV)

Figure 2.1 Example of pDOS on adsorbed molecule using VASP: the pDOS on CO adsorbed on a

Pt surface.
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Figure 2.2 Example of pDOS on particular orbitals using GPAW: the pDOS on the LUMO of CO

adsorbed on a Pt or Pd surface.

Based on DOS and pDOS, other useful information such as the band center or the band
width can be calculated. The band center and the band width of molecular orbital are the mean

energy and its standard deviation calculated as follows:!!

= _ [ p(E)EAE _ [le@@E-F?a
E= | p(E)AE and g = [ p(E)dE
Where p(E) represent DOS at corresponding energy E.

Table 2.1 Example of center and band width of the molecular orbital: The center and bandwidth

of LUMO shown in Figure 2.2.

LUMO CO-hollow-Pd CO-linear-Pt
Center (eV) 3.43 4.37
Band width (eV) 1.46 1.36

13



Absorption coefficient

The absorption coefficient is calculated by the following relation:

41K _ 2\2nE

1
2

=77 he

((612 + 6%)% - 61)

where €; and €, are the calculated real and imaginary parts of the dielectric constant, and

E is the corresponding energy.

Absorption coefficient

8.0E+05
7.0E+05
6.0E+05
5.0E+05
4.0E+05
3.0E+05
2.0E+05
1.0E+05
0.0E+00

CO-linear-Pt Pt-only =---Diff.
v o=
B 'I ,/ ‘\T’ |
L} N - -l
| Sa” N
" 1 1 1 1 1 ‘
0 1 2 3 4 5 6
Energy (eV)

Figure 2.3 Example of absorption coefficient of CO adsorbed on Pt. Unit: cm™’

2.2. Excited states calculation using linear expansion ASCF
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The thermal-driven reaction, in which the vibrational temperatures of system are in

equilibrium, can be described by the ground-state DFT calculations based on the approximation

that the electron relaxes much faster than the nuclear motion (the Born-Oppenheimer

14



approximation). Differently, the light-driven reaction involves the excited electron with high
kinetic energy, or in other words, the electron temperature and the lattice temperature can be
decoupled. Therefore, to calculate the excited potential energy surface, an approach beyond the
Born-Oppenheimer approximation is required, either by considering the coupling between
electronic states or by an electronic friction model. There are many computational methods have
been applied to excited-states calculations such as constrained DFT, A self-consistent field
(ASCF), linear-expansion ASCF, time-dependent DFT (TDDFT), and the embedding potential
approach. While the TDDFT and embedding potential approach have highly computational cost
and complexity, the constrained DFT and ASCF can be considered as an extension of the ground-
state DFT with similar computational cost. However, the strict constraint in the constrained DFT
method may not be a proper approximation for the case when the charge may return to the surface,
i.e., the electron back donation. As a result, in this research, the linear expansion delta self-

consistent field (ASCF) approach!? 13 are performed to obtain the excited-state energy profiles.

In ASCF, the excited state energy can be obtained by controlling the occupation of the

Kohn-Sham (KS) states when the system reaches self-consistency as follows:

V2
[— ? + UKS[n](r):| ‘/’i(r) = e-il'bi(r)

N-1

n(r) = 25 7 (O)¢(r) + Y (0) ¢, (r)
i=1

where Jgs is the KS potential, and N is the number of electrons.
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In the linear-expansion ASCF, the excited electron occupy a linear combination of empty KS
orbitals, instead of a KS orbital as of the ordinary ASCF. This approach gives a much better control

on the population of the excited electrons and a good approximation when the molecular orbitals

strongly hybridize with the catalyst surface and spread over several KS states.

N-1 M
n(r)= 2 YiX)g(r) + 2 alai(r)y(r)
i=1 i.j=N

where the expansion coefficients are chosen based on the molecular orbital (¢) as follows:

R
(2 kwlor)”

In this work, the ground-state calculations were performed using Vienna ab initio
simulation package (VASP) version 5.4.1.!"* The optimized structures on the ground state
calculated with VASP were utilized to calculate excited states energy profile using GPAW version
22.1.0.'5:16 The exchange-correlation functional, plane-wave cutoff, U-J value (if any), and k-point
grid in GPAW were kept the same as in VASP. The linear expansion delta self-consistent field
(ASCF) approach!? was used to calculate the excitation energy. Recent study shown that the linear
expansion ASCF could provide good agreement with experimental excitation energies, especially
for the strong absorption between molecules and catalyst surface as the orbitals are delocalized,
and broadened over a range of KS levels.!! Using CO adsorbed on Pt or Pd as the probe, we also
perform the excitation energy calculation for different exchange-correlation over different
adsorption configuration of CO and found that the linear expansion ASCF also could provide a

good agreement with the experimental value of CO excitation energy at the maximum yield.!”
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Figure 2.4 The excitation energy calculated based on vdW-DF or PBE as exchange-correlation

functional using GPAW.
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Chapter 3: The hybrid plasmonic catalyst between the plasmonic metal and the

semiconductor Cu,O

3.1. Plasmonic Energetic Electrons Drive CO; Reduction on the pristine CuzO surface

This chapter is based on a publication in The Journal of Physical Chemistry C. Complete article
and supplementary material can be found using the citation: Tien Le, Yihan Shao, Bin Wang,
“Plasmon-Induced CO2 Conversion on Al@Cuz0: A DFT Study”, J. Phys. Chem. C 2021, 125,

6108—6115

Abstract

In plasmonic catalysis, localized surface plasmon was leveraged to drive chemical reactions. This
approach is promising for catalyzing many challenging reactions at relatively low temperatures
and pressures. We apply density functional calculations to provide the insight for the mechanism
of plasmon-induced direct CO> dissociation on an Al@CuxO core-shell structure, which was
observed in a previous experimental study. We show that the interaction of Cu,O with CO; results
in the accessible antibonding states of the adsorbed CO; in the range of visible light. Though the
intrinsic activation barrier for direct CO> dissociation is as high as 3.6 eV, we find that an effective
reaction barrier of CO> dissociation under photon excitation could be reduced by 2 eV. We also
show that the charge transfer is more pronounced in the final state of the dissociation due to the
strong hybridization of the oxygen with Cu2O. These results thus provide an explanation for the
visible-light-induced direct CO> dissociation at relatively low temperature and under ambient
pressure. This finding also shows the promising impact of plasmonic catalysis in mitigating carbon

emission.
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Introduction

Plasmonic catalysis is a promising approach that can alleviate the severity of chemical
reactions as well as increase the selectivity of several reactions * 824, This photon-driven catalytic
process utilizes the local surface plasmon resonance (LSPR) to generate charge carriers when the
plasmonic metal nanoparticles absorb light with wavelength longer than their particle sizes. The
charge carriers gain high kinetic energy and could enhance molecular motion and chemical
transformation® ® 12, Plasmonic catalysis can thus serve as a new approach to drive reactions at
lower temperatures and pressures than those in centralized chemical plants, which is promising

for distributed chemical manufacturing?’.

Conventional plasmonic metals, such as gold, silver, aluminum, and copper, have been
tested for many reactions, such as oxidation reactions * 2!, reduction of the nitro group?®?’, CO;
reduction?®, and activation of H, ¥, all showing promising results. A few mechanisms have been
proposed for plasmonic catalysis including charge injection into the molecular resonance by
charge transfer at the interface, through either Landau damping (LD) or chemical interfacial
damping (CID), and plasmon-induced resonance energy transfer (PIRET)!”>2% 30, The plasmonic
metals can be further integrated with a catalytic material (alloying them with other metals or using
a core-shell structure), which could widen the potential application of plasmonic catalysis®!-3.
Several experimental studies and computational simulations have provided insights for different
reactions on plasmonic-catalytic-hybrid catalyst such as N» dissociation ** 3% ammonia

6, methane dry reforming !°, selective hydrogenation®® 3% 37 and methane dry

decomposition 3
reforming'®. More recently, Robatjazi and coworkers investigated the reverse water-gas shift

reaction?? to reduce greenhouse gas CO» to CO, a feedstock to produce high-value chemicals via

Fischer-Tropsch process. They observed that the reaction could take place under visible light at
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low temperature (175 °C) by using a plasmonic antenna-reactor photocatalyst with an Al core and
a Cuz0 shell, henceforth denoted as Al@Cu»O. This hybrid structure is attractive for the following
reasons. CuxO has been shown as a promising photocatalyst which can absorb the solar light
because of its bandgap of 2.2 eV. However, the reaction rate on this semiconductor is relatively
low. Therefore, integrating Cu2O with other metal that has high optical absorption could enhance
the efficiency of reactions on Cu2O. Aluminum was chosen as the plasmonic metal due to its
abundancy and outstanding plasmonic optical properties. In fact, the experimental results on
Al@Cu20 have shown a significantly higher reaction rate than pristine Cu2O or pure Al under
same reaction condition?? . In this reaction, CO> dissociation is normally the rate-limiting step?®.
Interestingly, they noticed that, over Al@Cu0O, CO: dissociation could occur even in the absence
of H> under light illumination, with high selectivity to CO over CH4; however, the mechanism

remains unclear.

Here, we apply density functional theory (DFT) to investigate reaction mechanisms for
photocatalytic dissociation of CO2 on Al@Cu20 both at the ground state and excited states to
provide the insight for (i) the possible reaction pathway of CO- dissociation on CuxO and (ii) the
possible mechanism of charge transfer on Al@Cu2O antenna-reactor photo-catalyst. Specifically,
we find that at ground state, the intrinsic activation energy of CO> dissociation is as high as 3.6
eV. We also find that at different excited states, the intrinsic activation energy is almost the same
as that at the ground state; however, the effective barrier significantly could be reduced to 1.4 eV.
The lowering of the effective barrier enables the CO» dissociation to happen at low temperatures.
In addition, we notice that the hybrid calculations show a good agreement with PBE+U calculation
except higher values of activation energy, which may be caused by the underestimation of the

bandgap in PBE+U calculations. The calculations of density of states (DOS) suggest that the
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hybridization between CO; and CuxO orbitals create new low-lying antibonding states under 2.2
eV, which are within excitation range of visible light. Therefore, these new states may be able to
be populated by the highly energetic electrons. We further show that the charge transfer is more
pronounced in the transition and final state of the dissociation than the initial state due to the strong
hybridization of the oxygen with Cu2O. As a result, the CO> dissociation reaction is possible in the
range of visible light. The charge transfer mechanisms are possible, and our analysis shows that
the highly energetic electrons seems likely to originate from the plasmonic metal and to be
transferred to adsorbate molecular orbitals via LD or CID mechanism rather than being excited

from the valence band of Cu,O.

Computational Method

Here we emphasize on the role of electrons and holes in catalysis, so instead of modeling
the plasmon generation and its dynamics we focus on the electrons and holes populated at the
interface after surface plasmon dephasing. DFT calculations were performed using the VASP
package!*. The exchange-correlation functional PBE** combined with DFT+U* (henceforth
denoted PBE+U) was used. The van der Waals interaction was included by employing the DFT-
D3 dispersion model . Although the Cu2O (111) and Cu2O (110) surfaces were observed in the
experiment 22, the most stable surface, the CuO (111) surface %, was selected in this study. The
model is constructed based on (2 x 2) repeated slabs of CuxO (111) with a lattice parameter a =
427 A taken from the optimization of CuO unit cell. The O-terminated Cu,O (111) surface
structure had five O-Cu-O layers. While the top two layers were fully relaxed, the bottom three
layers were fixed at their bulk positions. A vacuum of 15 A was added along the z axis
perpendicular to the surface. A U-J value of 6 eV was used for Cu as recommended in literature

43,44 The CO, molecule was positioned on the reconstructed Cu2O (111) surface. The total energy
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calculations reported in this study used a k-point grid of (1 x 1 x 1). We compared the results with
a (3 x 3 x 1) calculation and found that the activation energy and reaction energy only differed by
0.01 eV between these two settings of the k-points. Therefore, the results obtained using a k-point
grid of (1 x 1 x 1) was reported in this study to simply the analysis of the Kohn-Sham (KS) orbitals.
The energy convergence for electronic relaxation was set to 10 eV. All atoms were relaxed until
the atomic force < 0.02 eV/A with a kinetic energy cutoff of 400 eV. The nudged elastic band
(NEB) method % and the dimer method *® were used to find the transition state and calculate the
activation energy barriers. The initial states, transition states and final states were fixed at the
optimized structures from the PBE+U-D3 calculations and calculated using HSE (Heyd—Scuseria—

Ernzerhof) hybrid functional to reduce the charge delocalization error 7 as we did previously*®,

To calculate the excited state energies, we applied the ASCF approach *% 3% In this
approach we first performed ground state DFT calculations of the initial, transition and final states
as described above. Then, to determine where the electron and hole could be positioned, we
identify the KS orbitals by analyzing the local density of states and decomposed charge densities.
We then chose those KS orbitals within the experimental excitation range and performed a SCF
calculation with a new set of occupied and unoccupied KS orbitals, where an additional electron
was added to an unoccupied KS orbital. Holes were created by removing electrons from the Fermi
level. This practice is in principle challenging for large periodic systems; however, in this study,
due to the semiconducting nature of the CuxO, there are only about a dozen of states of interests,
and such an approach is feasible and provides meaningful results as discussed below. Note in this
study the Al metal was not directly included in the model partially because the complexity of the
resulting hybrid structure and partially because in the experiments the Al metal is normally covered

by a thin film of amorphous Al,Os layer??. Here, we adopted two models to simulate the system:
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in one model, we used the ASCF method to add one additional electron into the CuxO/CO» to
simulate the effect of hot electron generated from excited Al. The hole was assumed to stay within
Al; in the other model, an electron and a hole both present in the system, and the hole stays at the

Fermi level of CuxO.

The Bader charge analysis is applied to analyze the difference in charge density between
the excited states and the ground state 3!. We find that, regardless of the spin states of the added
electron is assigned up or down, the converged total energies of the system at initial states are the
same. In contrast, the calculated total energies of the system at final states are slightly different.

However, this difference is negligible and within the calculation errors.

Results and discussion

As mentioned above, CO was observed under the experiment condition without H in the
feedstock 22. Therefore, in this study, we focus on the CO, direct dissociation mechanism for the
reverse water-gas shift reaction on Al@Cu2O instead of other possible reaction mechanisms®®. To
simply the discussion, the two oxygen atoms in CO» are labelled O1 and O2, respectively (see
Figure 3.1.1). At the ground state, CO> adsorbs with a tilted configuration in which O2 forms a
chemical bond with an unsaturated Cu atom at the equilibrium adsorbate geometry, similar to
previous studies ** 2. Compared to the initial state, at the transition state, the C-O2 bond is rotated
to a position that carbon atom forms a chemical bond with the unsaturated copper atom while C-
O1 bond is stretched by copper atoms nearby (Figure A1.1). The C-O1 bond ultimately breaks, so
Ol ends up at a hollow site of nearby copper atoms. This dissociation process is highly
endothermic, with a reaction energy of 1.6 eV by PBE+U (1.4 eV by HSE06). As a result,

significant activation energy is required to break the C-O bond, 3.2 eV in a PBE+U calculation
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(3.6 eV in a HSEO6 calculation) (Figure 3.1.1). This follows a similar trend with reported values
by Mishra et al 3. Therefore, it is suggested that the direct CO, dissociation on a pristine Cu20

(111) surface cannot happen at low temperatures.
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Figure 3.1.1 The energy diagram of CO: dissociation at the ground state calculated in PBE+U
calculations with and without spin polarization and by spin-polarized HSE06 calculation. The

blue, gray and red balls denote Cu, C and O atoms respectively.

The initial state of CO; adsorption on a CuO (111) surface is spin unpolarized at the
ground state; however, the higher spin is more favorable for the adsorbed oxygen atom (dissociated
from CO;) at the final state due to its open shell electronic structure. Therefore, the magnetic
moment changes along reaction pathway from 0 at the initial state to 1 puB at the final state. At the
PBE+U level, the optimized structure of transition state can have either a singlet or a triplet spin

state with degenerate total energies. However, in the HSE06 calculations, when the errors of
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fractional electron and fractional spin are reduced ¥/, the orbital levels are more discrete, and the
triplet spin state is favored by 0.6 eV. In addition, the transition state is more likely a late transition
state for this endothermic process, so the spin states of transition state are expected to be similar

to the final states.

To complete the reaction cycle, the CO desorption energy is around 1.3 eV in PBE+U
calculations. The dissociated O atom can then combine with dissociated H atom (from H> when it
is co-fed) to form OH. This combination is favorable by 0.9 eV in our calculation. There is almost
no barrier of H>O formation from surface OH and H atom on the Cu,O (111) surface, and the
desorption energy of H,O on CuxO (111) surface was reported to 1.2 eV . Thus, the oxygen
overage on the surface should be quite low during the reaction due to the facile formation of water
and its desorption. The H: dissociation, the formation and desorption of H>O have been
investigated previously. The dissociation barrier of H> on Cu2O (111) surface is reported to be
very low 3. These energy barriers are much lower than the activation energy of CO> dissociation,
suggesting the latter one is the rate-determining step. We thus expect that if the LSPR can reduce
the activation barrier of this rate-determining step, the overall reaction rate will increase, assuming

other elementary steps retain their minor roles in determining the reaction kinetics.

In the following, we investigate the electronic structure of CO; adsorbed on the Cu,O (111)
surface. The high energy of antibonding states of CO; in gas phase 3 make it impossible to be
excited by the visible light without adsorption on the catalyst surface. The crystal orbital Hamilton
population (COHP) analysis is shown in Figure A1.2. When CO; is adsorbed on the Cu»O surface,
the major antibonding state of CO; is at ~ 3.5 eV above the Fermi level of Cu,O in the PBE+U
calculation (~4.3 eV in HSEOQ6 calculations) (peak I1I, Figure 3.1.2), which is too high to be excited

by visible light. However, there are hybridized states between CO; and Cu20 at ~ 0.7 eV (peak I)
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and 1.7 eV (peak II) in PBE+U calculations (Figure 3.1.2b). The bandgap of CuO is
underestimated at the PBE+U level, so the HSE06 calculation is applied here to compare. The
hybridized states between CO; and Cu0 is now adjusted to ~ 1.2 eV (peak I) and 2.2 eV (peak II)
in the HSE calculations (Figure 3.1.2d). Figure 3.1.2 clearly shows that the hybridization of CuxO
and CO; creates new low-lying antibonding states of CO» (below 2.2 eV) (see Figure A1.2 for the
COHP analysis). Therefore, the energy of excited electrons generated by LPSR and the
antibonding level are comparable, so charge transfer can in principle happen and highly energetic
electrons may populate the antibonding states of CO,. In other words, the interaction between

Cu20 and CO2 makes the antibonding states of CO2 now accessible in the range of visible light.

The LSPR of antenna plasmonic catalysis for CO; direct dissociation over Al@Cu,O was
observed at 2.2 eV 22, Therefore, the vertical excited states in the range of energy up to 2.2 eV
based on HSE06 calculation were selected to investigate in the following study. Despite the fact
that the electron excitation can occur at any point along reaction pathway 4, the vertical electron
excitation based on initial, transition and final states of the ground state potential energy surface
is focused here. It is challenging to reveal the mechanism pathway in excited states via experiments
34 and the DFT calculations presented here suggest that there are possible pathways that help

reduce the energy barrier as discussed below.

If an electron is injected into the antibonding states of a molecule through either direct or
indirect charge transfer driven by the excitation via LSPR, this process could induce molecular
motion due to the shifting of minimum on the excited potential energy surface!?. Then, the system
could cross to lower excited state potential energy surfaces before decaying and returning to the

ground state. Since there is a linear relationship between light intensity and the reaction rate
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observed in the experiment 22, the single excitation process is considered here instead of multiple

excitation process.
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Figure 3.1.2 The projected density of state (PDOS) of CO: adsorbed on Cu:0 and the total DOS

calculated by PBE+U (a) and HSEO6 (c). The zoom in areas from Fermi level to 2.5eV of PDOS

are shown in b) for PBE+U calculations and in d) for HSE06 calculations. The partial charge of

CO: adsorbed on Cu;0 (111) surface at initial state: (e) partial charge from 3.0 to 4.0 eV above
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Fermi level; and (f) partial charge from 0 to 2.5 eV above Fermi level (based on PBE+U

calculation)
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Figure 3.1.3 Ground state and excited state energies (eV) along reaction pathway obtained using
the PBE+U calculations combined with the ASCF approach. Each colored line represents a
reaction profile mapping from the initial state to the final state by manipulating electronic
occupation at different electronic states above the Fermi level. Groups of I, II, III correspond to
the groups of states shown in the DOS calculations in Figure 3.2. The excitation at the initial,

transition and final states are labelled for some of the vertical transitions.

As shown in Figure 3.1.3, if the electron is added into the orbital in the peak II using the
ASCF approach, the system could be excited up to 1.9 eV higher than the ground state. The system

can cross to a lower potential energy surface and return to the ground state level at the transition
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state to complete the reaction pathway. As a result, the effective activation energy could reduce
from 3.2 eV to 1.3 eV (Figure 3.1.3). The first and second excited state levels of the transition state
structure are lower than the ground state; this is likely due to the challenge of accurately calculating
transition states with similar spin states in the DFT calculations using local and semi-local
functionals®’. This issue is addressed when using a hybrid functional (Figure 3.1.4). At transition
state, the energy again when adding an electron into the first unoccupied KS orbital stabilizes the
transition state because of its otherwise open-shell electronic structure, leading to a lower energy
of the first excited state than the ground state. The hybrid functional calculation shows a similar
trend with PBE+U calculation but with higher activation energy. The electronic excitation of 2.2
eV can populate the antibonding state of CO> and the system can decay to lower levels or the
ground level along different potential energy surfaces similar to the discussion of the PBE+U
calculations. Consequently, the effective reaction barrier could reduce from 3.6 eV to 1.4 eV
(Figure 3.1.4). Even if the system shifts to a lower potential energy surface rather than the ground
state potential energy surface, such as through the first or second excited state at the transition
state, the effective barrier could still be significantly reduced by ~ 2 eV. In the next steps, the
reaction could follow the lowest excited potential surface and decay to the ground state. Overall
these calculations suggest that, if the system is excited by LSPR and returns to the ground state
potential energy surface right before crossing the transition state, only 1.4 eV of effective energy
barrier is required to dissociate CO,. Assuming a pre-exponential factor of 10!, the turnover
frequencies at 175°C is around 0.02 s°!, which suggests that the direct plasmonic CO; dissociation

on Cu20 can happen at low temperature and ambient pressure as observed in the experiment®?.

We also considered the empty states (peak I1I) that are far above the ground state. We tried

to add an electron into this main LUMO peak in both PBE+U and HSEOQ6 level. The results are
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similar to adding electron into the hybridized orbitals (peaks I and II). The intrinsic activation

energy (between the initial state and transition state) at ground potential surface and excited

- N\
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potential surfaces are still comparable.
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Figure 3.1.4 Ground state and excited state energies (eV) along reaction pathway predicted by
the HSE06 functional combined with the ASCF approach. Each colored line represents a reaction
profile mapping from the initial state to the final state by manipulating electronic occupation at

different electronic states above the Fermi level. Groups of I, II, Il correspond to the groups of

states shown in the density of states calculations.

It is worth noting that the results shown in Figure 3.1.3 and Figure 3.1.4 are obtained from
calculations with only 1 electron added into the unoccupied KS states. Here we also compare them
with the calculations of the vertical excitation energies with both an added electron and a hole at

Fermi level. In Figure 3.1.5, we show the energy difference between these two calculations
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(calculations with one electron compared with calculation with both an electron and a hole). We
find that, in addition to the energy cost to populate an electron into the different antibonding states,
an amount of 0.6 to 0.8 eV is required to create a hole at Fermi level of Cu,O at initial state. For
the transition state, this excess energy is ranging between 0.6 and 0.9 eV. This similar increase of
energy in both initial state and transition state leads to the insignificant change of the intrinsic
barrier (up to 0.3 eV) obtained in these two calculations. The resulting potential energy surface
with both an electron at the different KS orbital and a hole at the Fermi level is plotted in Figure
A1.3. However, due to higher energy requirement to create a pair of electron and hole, the number
of states which could be populated by an excited electron will thus be less when considering a hole
remaining at the Fermi level. It is also interesting to notice that in this calculation the hole is
positioned at the CuxO Fermi level, partially because the plasmonic metal such as Ag and Al are

not included in the calculation model. This additional effect will be discussed below.
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Figure 3.1.5 The energy difference of the total energies between the system with an added electron

and a hole at Fermi level of Cu>0 and the system with an added electron only (PBE+U).
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Here we briefly discuss the potential mechanism for charge and energy transfer at the
CO,/Cu20/Al interface to drive the C-O bond cleavage. As discussed above, the charge and energy
transfer mechanism for plasmonic catalysis is still unclear and may vary between different
systems. The charge transfer mechanism via the LD process has been proposed for many years.
The highly energetic carriers generated from LSPR via LD can dissipate their energy via electron-
electron and electron-phonon scattering, leading to electron thermalization toward the Fermi—
Dirac distribution. During this thermalization, non-equilibrium electrons with high kinetic energy
can transfer from the plasmonic substrate to unoccupied states of adsorbed molecule.>  An
alternate charge transfer pathway is the direct electron transfer via CID 2. This direct charge
transfer process often happens when the molecules strongly adsorb on the plasmonic catalyst,
adding new electronic states at the interface and offering new plasmon resonance dephasing
pathway. This direct mechanism was proposed to be more efficient and bond selective than the
indirect charge transfer ® 2°. The electron-hole pairs can also be generated in the molecules via

PIRET driven by dipole-dipole coupling between the molecules and the plasmonic metal >°.

By analyzing the absorption coefficient of Cu;O with and without adsorbed CO: (see
Figure A1.4), we saw that the adsorbed CO» on Cu,O surface enhances the absorption coefficient
of the system under the range of visible light. Especially, we found that the energy level showing
the enhancement of the absorption coefficient closely matches with the energy level of hybridized
orbitals between CO> and Cu,0O, implying that this chemical interfacial interaction could influence
the plasmon dephasing pathway. This calculation also suggests that the charge carrier can be
transferred directly via the CID mechanism ?° besides the indirect electron transfer via LD
mechanism. Comparing the work function of Al ¢, the electron affinity of CuO 7, and the band

gap of Cu,0 *, we find that the Fermi level of Al is comparable with the Fermi level of intrinsic
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Cu0. Therefore, if the highly energetic electrons are originally generated from Fermi level of
plasmonic material, the energy of resonance at 570 nm 22 is sufficient to populate the antibonding

states of adsorbed COs..

The formation of transient negative ion is normally proposed for the LD and CID

mechanisms % 18

in which the electron is excited from catalyst by LSPR and then directly or
indirectly injected into the hybridized antibonding orbital of molecule, leading to bond breaking
(Figure 3.1.6). We thus conducted Bader charge analysis to compare the charge density difference
between the ground state and excited states of CO> (Table Al.1 and A1.2). The corresponding
charge density difference is plotted in Figure A1.5. In the presence of just an additional electron,
assuming the hole remains in the Al (not included in this calculation), we find that the electron
transfer to COz is more pronounced at the transition and the final state because the hybridization
of CuxO with dissociated species (CO and O) is much stronger than with CO; at the initial state.
However, about 20% at most of this negative charge can be localized on the CO; or its dissociated
species. This finding holds true if one hole is introduced at the Fermi level; the hole is localized

mostly within Cuz0. The charge transfer overall is thus small but also visible particularly at the

transition and the final states.

Alternatively, if the plasmonic metal Al absorbs light and transfers this photon energy to
semiconductor CuzO via dipole-dipole coupling, the pair of a hole and an electron can in principle
be generated in Cuz0O via PIRET mechanism. The LSPR energy (up to 2.2 eV) harvested in the
experiment is just similar to the band gap of Cuz0, so the PIRET scenario only allows transfer of
charge carriers near conduction band edge of Cu,O%. Therefore, there is only few numbers of
antibonding states that could be populated in case the PIRET scenario on Cuz0. As a result, it is

challenging for the excited electrons in Cu20 to reach the CO> antibonding orbital level from Cu,O.
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The energy can also transfer to adsorbed molecule via dipole-dipole coupling following
the PIRET mechanism. However, our calculations suggest that the HOMO of adsorbed CO is too
deep below the Fermi level, so the visible light does not have enough energy to generate the hole-
electron pairs within CO>. The PIRET mechanism is claimed to be less efficient than direct
absorption due to the high dependence on distance between the donor and acceptor (1/R®) and their
spectra overlap *°. In this particular system studied in this calculation, it seems likely that the highly
energetic electron is originated from Al via LD or CID mechanism rather than being excited
through resonant energy transfer. The minor difference between charge density of the ground state
and excited states could result from the strong electronic overlap between CO; and Cu,O leading
to ambiguous assignment of the electrons (Figure 3.1.2 and A1.5). We summarize this discussion
in Figure 3.1.6 and note that, due to the similar work function of Ag and Al, Ag could be an

alternative candidate for the plasmonic metal for the same chemistry.
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Conclusions

We performed DFT calculations to provide the insight for the mechanism of plasmon-
induced direct CO> dissociation on an Al@Cu2O core-shell structure. By examining the density of
states, we show that the interaction of Cu;O with COz results in accessible antibonding states of
the adsorbed CO: in the range of visible light. By analyzing vertical excited states along the
reaction pathway, we suggest that an effective reaction barrier of CO, dissociation under photon
excitation could reduce to a third of its intrinsic activation barrier at the ground state. These
findings provide an explanation for the visible-light-induced direct CO> dissociation at low
temperature and under ambient pressure, even in the absence of H». This finding shows the
promising impact of plasmonic catalysis in mitigating carbon emission. The calculation also
suggests that, in addition to aluminum, silver may also work as the plasmonic core for the reduction
of COz over Cuz0. It is worth noting that we don’t include structural defects in the current
calculations. We anticipate that the presence of defects, such as oxygen vacancies, will not only
change the reaction profile at the ground state but also the vertical excitation energy due to the

modified interfacial hybridization and presence of mid-gap states.
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3.2. Plasmonic Energetic Electrons Drive CO; Reduction on Defected Cu0

This chapter is based on a publication in ACS Catalyst. Complete article and supplementary
material can be found using the citation: Tien Le, Taha Salavati-fard, and Bin Wang, ACS Catal.

2023, 13,9, 6328-6337.
Abstract

Plasmonic photoreduction of COs> is valuable for decarbonization and producing value-
added chemicals. However, insights into mechanisms of this reaction remain elusive particularly
regarding the roles of structural defects and their interplay with the non-equilibrium charge
carriers. Here, we report density functional theory (DFT) calculations on Cu,0, a prototype
photocatalyst, through which we investigate CO; reduction over three defected facets to reveal the
interfacial charge transfer and bond dynamics under plasmonic excitation. We find that the
activation barrier of C-O bond cleavage decreases from 3.2 to about 1 eV assisted by oxygen
vacancies, and that the remaining barrier can be further reduced or eliminated at the plasmon-
excited states when CuxO is integrated with plasmonic metals. The regeneration of oxygen
vacancies (by H> to form water) on CuxO to complete the catalysis cycle is feasible and not affected
by the energetic electrons. Our calculations thus show the important synergistic effect of energetic

electrons and point defects to promote CO: reduction.
Introduction

The capture, storage, and conversion of CO> has received a lot of interest as key
components of a decarbonized economy. On the industrial front production of value-added
chemicals using COz as a feedstock is desirable, yet very challenging due to the high stability of

CO; associated with strong molecular bonds. Photocatalytic CO> transformation, utilizing light
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irradiation to facilitate CO» activation, are in prime position to address the related energy and
environmental concerns™ 3 %0-64 Among the extensively studied photocatalysts, cuprous oxide
(Cu20) is a promising candidate due to its earth-abundant elemental composition, intrinsic p-type
conductivity, and suitable energy bandgap for electronic excitations by visible light (~2.1 eV).%
Cuy0O-based photocatalysts have been widely studied experimentally for CO: reduction, and
several approaches have been proposed to enhance the catalytic activity and stability. These
notable approaches include the Z-scheme system to couple Cu,O with TiO2 or ZnO and the
‘antenna-reactor’ photocatalysis with plasmonic nanoparticles such as Au, Ag, Cu, and Al as an
antenna.’> 7% For example, a Al-Cu20 core-shell plasmonic photocatalyst showed higher and
more selective reverse water-gas shift reaction (CO2 + Ho = CO + H;0) than the individual
counterparts of Cu0 and Al, which was attributed to energetic charge carriers in Al and enhanced
optical absorption in Cu,0.%

It is generally agreed that this reduction reaction starts with bond cleavage C-O in COz to
form CO;”' however, the CO, photoreduction over CuO is challenging because the direct
dissociation of CO: on the defect-free surface is kinetically unfavorable manifested by a high
intrinsic activation energy.”> Defect engineering (e.g., surface vacancies) and crystal facet
engineering have thus been investigated to improve the activity and stability of CO:
photoreduction.® The photocatalytic performance of Cu,O highly depends on the catalyst facet.’”
76-78 Because of diverse atomic arrangements, each facet has distinct electronic structures, optical
properties, and molecular adsorption energy, which result in different reaction kinetics. In addition,
surface defects, such as copper and oxygen vacancies and atomic impurities, can change electronic
band structure, introducing additional degrees of freedom to manipulate light absorption and

charge carrier dynamics.” Indeed, lattice imperfection can elevate photocatalytic activities of
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Cu,0; a recent study proposed that excited electrons, in the presence of oxygen vacancies, could
significantly enhance the performance of CuxO for CO; reduction.” Oxygen vacancies have also
been found capable for facilitating the photo-activation of CO2 on TiO».3* 3 However, how photo-
excited charge carriers work together with structural defects on different facets to promote the CO»
photocatalytic reduction still remains unclear.

Here, we report density functional theory (DFT) calculations, through which we investigate
the effects of energetic electrons, generated by plasmonic excitation, and their interplay with
oxygen vacancies, on CO, photoreduction. We focus on the oxygen vacancies generated on the
three most stable Cu,O facets, namely, the (111) facet, the (111) facet with Cu vacancies, and the
(110) facet. We find that oxygen vacancies can reduce the reaction energy of CO> reduction to
much less endothermic values than the pristine (111) surface. This reduction in reaction energy
also results in a significant decrease of the reaction activation barrier (i.e., from 3.2 eV on the
pristine surface to 0.9-1.1 eV on oxygen-deficient surfaces). This remaining barrier can be
eliminated by plasmonic energetic electrons. The extent of reduction in the activation energy on
oxygen-deficient surfaces with and without the energetic electrons can be attributed to the different
population of the antibonding states in CO». That is, only a few low-lying antibonding states of
CO: can be occupied through interfacial transfer of the excess electrons associated with oxygen
vacancies, leading to a limited level for decreasing the activation energy under purely thermal-
driven conditions. Instead, the highly energetic electrons generated by light irradiation can
populate antibonding states of CO, more extensively, leading to further reduction of the activation
barriers. We find that after excitation, the system will likely travel on an excited energy profile
and then return to the ground state to complete the reaction. Moreover, we find that formation of

oxygen vacancies on CuyO is feasible via hydrogenation as the intrinsic activation energy for this
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formation ranges from 0.9 to 1.1 eV. The energetic electrons however have no impact on the
intrinsic barrier of this vacancy formation step. Our studies thus reveal that the major impact of

plasmon-induced energetic electrons is to drive the CO» dissociation at the oxygen vacancies.

Results and discussion
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Figure 3.2.1 The CO; dissociation on 111-Ores-Ovac. (A) Configurations of the initial state
(image (), the transition state (image 4), the final state (image 9), and their corresponding
schematic sketches. The two oxygen in CO: is labeled as a and b for distinguishment. (B) Ground-
state energy profile calculated over ten images (indexed 0 to 9) with VASP. The C-O° bond length
is marked in green (Unit A). (C) Energy profile at excited states, when an electron is added into
the LUMO of CO: (blue, EO-CO), the first available antibonding state of C-O° bond (gray, E0-
CO?) or C-0 bond (orange, EO-COP), which are compared with the ground state (black dashed,
G0), all calculated by GPAW. The magenta solid line (EO-lumo+1) is included to illustrate the

case when the electron is added into the LUMO+1 of CO: from image 5 to 9.

39



First, we investigate the ground-state energy profile of CO; dissociation on oxygen-
deficient surfaces. The configurations at the initial, the transition, and the final state of CO»
dissociation on oxygen-deficient surfaces are shown in Figure 3.2.1A. The adsorption energy of
CO:> on these oxygen-deficient surfaces ranges from -0.2 to -0.3 eV, lower than that on the ideal
(111) surface by 0.3 to 0.4 eV?3. Upon adsorption on an oxygen-deficient surface, CO> can form a
radical anion owing to the excess electrons carried by the oxygen vacancy as suggested in the
literature.*> 8! The oxygen vacancy also increases the optical absorption coefficient of Cu,O in the
range of visible light (Figure A2.1 to A2.3 of the Supplementary Information). Specifically, the
presence of the oxygen vacancy increases the absorption coefficient of Cu,O at low wavelength
range on the (111-Ores) surface, at high wavelength range on the (111-VCu) surface, and the whole
wavelength range of visible light on the (110) surface. The pristine (111) surface has unsaturated
Cu atoms, namely Cuys, the number of which increases when oxygen vacancies are formed. These
Cu atoms associated with an oxygen vacancy are denoted as Cuovac (Figure A2.4). When CO»
adsorbs on the (111-Ores-Ovac) surface, CO; is stretched by these Cuovac atoms, and then
dissociates to fill the oxygen vacancy and forms CO (Figure 3.2.1A). Since there are no Cuys atoms
on the (111-VCu-Ovac) surface, CO; can only be stretched by Cuovac atoms on this surface (Figure
3.2.2A). At the final state, CO absorbs at the Cu vacancy on the (111-VCu-Ovac). Similarly,
oxygen generated through CO> dissociation can heal the oxygen vacancy of the (110-CuO) surface

as shown in Figure 3.2.3A.

The energy diagrams along the reaction pathway of CO: dissociation on the oxygen-
deficient surfaces are shown in Figure 3.2.1B, 2B, and 3B. Despite CO> dissociation being
endothermic by 1.4 eV on the pristine (111) facet, we find that oxygen vacancies can reduce this

reaction energy and render a value of -0.8 eV on the (111-Ores-Ovac) surface. On the (110-CuO-
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Ovac) and (111-VCu-Ovac) facets the reaction is endothermic by 0.4 and 0.9 eV, respectively. As
a result, a much lower intrinsic activation energy for CO dissociation (i.e.,, 1.1 to 1.3 eV) was
obtained on these oxygen-deficient surfaces, compared to 3.2 eV reported on the pristine

surfaces.” The presence of oxygen vacancies can thus promote CO; dissociation on the Cu,O

surfaces.
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Figure 3.2.2 The CO; dissociation on 111-VCu-Ovac. (A) Configuration of the initial state
(image 0), transition state (image 5), final state (image 9) and their corresponding schematic
sketch. (B) Energy profile at the ground-state calculated in ten images (indexed 0 to 9) with VASP.
The C-O° bond length is marked in green (Unit A) (C) Energy profiles at excited states when an
electron is added into the LUMO of CO: (blue, E0-CQO>), the first available antibonding state of
C-O% bond (gray, E0-CO?) or C-O° bond (orange, EO-COP), which are compared with the ground
state (red dashed, G0), all calculated by GPAW. The magenta solid line (EO-lumo+1) is included

to illustrate the case when the electron is added into the LUMO+1 of CO: from image 5 to 9.
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The corresponding excited-state reaction energy profiles are then investigated as shown in
Figure 3.2.1C, 2C, and 3C. Prior to CO> adsorption, the two excess electrons at the oxygen vacancy
occupy states which resonant with the valence band of CuzO and create an empty localized defect
state about 1.6 €V above the valence band maximum.®? Upon adsorption, the CO, accepts one of
the two excess electrons from the oxygen vacancy, as a result of the hybridization between CO»
and the CuxO surfaces evidenced by the broadened orbitals in Figure 3.2.4. This excess electron is
transferred to the lowest unoccupied molecular orbital (LUMO) of CO,, destabilizing the C-O

bond. Therefore, the barrier of CO» dissociation decreases at the ground state.
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Figure 3.2.3 The CO; dissociation on 110-Cu0O-Ovac. (A) Configuration of the initial state
(image (), the transition state (image d) and the final state (image 9) with their corresponding
schematic sketch (B) Ground-state energy profile calculated by VASP. The initially selected
images (0-9) were further expanded between image 4 and 5 to form additional eight images (a-h).

The C-O® bond length is marked in green (Unit A) (C) Energy profile at excited states when an
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electron is added into the LUMO of CO: (blue, E0-CQO), the first available antibonding state of
C-O% bond (gray, E0-CO?) or C-O° bond (orange, EO-COP), which are compared with the ground
state (blue dashed, G0); all calculated by GPAW. The magenta solid line (EO-lumo+1) is included

to illustrate the case when the electron is added into the LUMO+1 of CO: from image d to 9.

Under the illumination condition, photo-excited electrons with high kinetic energy can
populate more available antibonding states of CO> (Scheme 1). These highly energetic electrons
together with the electron originally from oxygen vacancies can occupy a significant portion of
the antibonding states of CO, and completely eliminate the barrier of its dissociation over (111-

Ores-Ovac) or only require energy of 0.1 to 0.3 eV in case of other two facets.

Specifically, over the (111-Ores-Ovac) facet (Figure 3.2.1C), the excited-state energy
profile is downhill toward an energy minimum (image 4) when an electron is excited from the
Fermi level into the partially occupied LUMO of the adsorbed CO». At the transition state (image
4) on the (111-Ores-Ovac) surface the C-O? bond is stretched to 1.26 A and the LUMO of CO is
still partially unoccupied (Figure 3.2.1B and Figure 3.2.4A). Consequently, electron excitation into
the LUMO of CO:z at this stage is still favorable following the reaction path until the transition
state, manifested by a downhill energy profile at this excited state. Similarly, in the case of the
(111-VCu-Ovac) and the (110-CuO-Ovac) surface, the excited-state energy profile generated
through electron excitation to the LUMO of CO2 reaches minimum when the C-O bond is stretched
to ~1.3 A. Due to the stronger hybridization between CO; and the catalyst surface along reaction
pathway, the LUMO approaches closer to the Fermi level of the system (Figure 3.2.4). A lower
excitation energy is thus required at these intermediate images compared to the initial state. A

downhill excited-state energy profile is obtained in the calculations.
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Figure 3.2.4 Projected density of states onto the CO; molecular orbitals at the ground level. The

pDOS of CO:; at the initial states (left) and the transition states (right) on (A) (111-Ores-Ovac),

(B) (111-VCu-Ovac), and (C) (110-CuO-Ovac) surface.

The excited energy profile changed the landscape on all three facets after passing the

energy minimum close to the images where the C-O bond is stretched to ~1.3 A. That is, when the

C-O bond is further elongated, the energy along the excited profile increases because it is
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unfavorable to add an electron into a fully (Figure 3.2.4B, right panel) or mostly occupied
“LUMO” (Figure 3.2.4C, right panel), resulting from a more pronounced interfacial electron
transfer from the oxygen vacancy to the molecule (particularly O? that fills the vacancy as O%).
The C-O bond length at the minimum of the excited-state energy profile (i.e., around 1.21 A to
1.27 A) is larger than it at the ground-state minimum (i.e., 1.18 A). Once the system travels from
the initial configuration (image 0) to the bond-breaking configuration (image 4 in Figure 3.2.1 and
Figure 3.2.2 or image c in Figure 3.2.3) on the excited-state energy profile (profile of excitation to
the LUMO), the system has two options: returning to the ground-state energy profile or staying on
the excited-state energy profile. In the latter case, it will most likely move along the profile of
excitation to the LUMO+1 since the LUMO is fully occupied and no longer available to accept
electrons when the C-O bond breaks. However, to shift from the profile of the LUMO to the
LUMO+1, an additional energy of at least 1 eV is required (from image 4 to image 5 in Figure
3.2.1 and Figure 3.2.2 or from image ¢ to image d in Figure 3.2.3). Because further travel along
the excited profile needs additional energy, the system can instead return to the ground state at the
transition state in the case of the (111-Ores-Ovac) surface or right before crossing the transition
state in the case of (111-VCu-Ovac) and (110-CuO-Ovac) surfaces, to complete the reaction
indicated by the green arrow in Figure 3.2.1C, 2C, and 3C. Note after passing the transition state
and the C-O bond cleavage, it is ambiguous to define the frontier orbital of CO> as the original
LUMO is now mostly occupied (Figure 3.2.4) due to the transfer of two electrons from the oxygen

vacancies to the partially dissociated molecule.

Instead of considering the CO; as a whole molecule as it dissociates along the reaction
path, we consider excitation within the C-O moiety in the molecule. A lower activation barrier for

CO:> dissociation is observed if an excited electron populates the antibonding state of the C-O
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bond; however, the required energy is higher than the excitation to the LUMO of COs». This higher

energy requirement is not surprising as these antibonding states are above the LUMO of COx.

We also find that the excitation energy on the (111) surfaces is lower than the (110) surface
(i.e., 3.9 eV compared to 4.5 eV for exciting an electron to LUMO of CO»). Meanwhile, the CO
desorption energy from the surface of (111-Ores) is 1.2 eV, which is 0.8 eV higher than it from
the (111-VCu) and (110) surfaces. Therefore, the (111-VCu) facet is probably more favorable for

photoreduction of CO: due to its lower excitation energy and facile desorption of CO.

LUMO of CO,
Photo-excited 3.2
electron
Al 23 Photo-excited
A * electron
9 45
5.3
HOMO of CO,

Plasmonic
metal |Cu0O

Scheme 1: lllustration of how combination of the excess electrons localized at the oxygen vacancy

and photo-excited energetic electrons can populate the unoccupied molecular states and promote
the CO: dissociation. The mean energy of LUMO with respect to the Cuz0 valence band maximum

is 3.6, 3.4 and 4.8 eV for (111-Ores-Ovac), (111-VCu-Ovac) and (110-CuO-Ovac), respectively.

It is worth to note that the required photo-excitation energy should be lower than the
calculated values here that assume excitation within Cu2O, as the energetic electrons can be
generated from a plasmonic metal (Scheme 1). The hybrid plasmonic catalyst has been shown to
be a selective and an effective way to drive photo-catalyzed reactions.!> 3% 10:21.62 The required
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energy to excite electrons from the plasmonic metal to the CO2/Cu,0 system can be in the range
of visible light by changing the plasmonic metals. Considering the band edges of Cu2O and the
work function of plasmonic metals, the energy of excitation from the metal Fermi level to LUMO
of CO; adsorbed on the (111) facet can be reduced to ~2.8 or ~ 3.0 eV if Al or Ag is used as the
plasmonic metal, respectively (Scheme 1), which is about 1 eV lower than the excitation within
Cu20 because of the higher energy of the Al (and Ag) Fermi level than the valence band edge of

Cux0.

While the oxygen vacancy can reduce the CO; dissociation barrier, the remaining question
is if the formation of oxygen vacancy is feasible and how photoexcitation may impact the vacancy
formation. Therefore, next we analyze the hydrogen-assisted oxygen vacancy formation in the
reverse water-gas shift reaction by investigating the dissociation of H> and vacancy formation on

the CuxO (110) and (111) surfaces (Figure 3.2.5).

Although H, weakly adsorbs on the studied surfaces (i.e., 0.2-0.4 eV) as reported in
literature®®, we find that the hydrogen molecule can easily dissociate to form two adsorbed H* on
both facets of CuxO. The energy cost for H> dissociation is 0.3 and 0.5 eV on the Cu,O (110) and
(111) surface, respectively. Then, a lattice oxygen reacts with the two H* to form water and creates
an oxygen vacancy. The intrinsic activation energy required for the oxygen vacancy formation
ranges from 0.9 to 1.1 eV, comparable or slightly lower than the values for CO» dissociation at the
ground state as discussed above. The desorption of H>O from the oxygen-deficient surface costs
energy in the range of 0.9 to 1.0 eV. However, we notice that, to form water, the surface hydrogen
on the (110) surface needs to overcome a barrier, as high as 1.6 eV, to migrate from a lattice oxygen
site to a hollow site to interact with a lattice oxygen and another surface H* (Figure 3.2.5B); this

diffusion barrier makes the oxygen vacancy formation less favorable on the (110) surface than it
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on the (111) surface. Alternatively, the dissociated H* can form surface hydroxyl groups on CuxO
(110), which can reduce the available oxygen sites for hydrogen binding, resulting in hydrogen
dissociation at the hollow sites in the proximity to OH groups (Fig. 5B) and reaction with a lattice
oxygen atom to form water and a vacancy. As a result, the availability of hydroxyl groups on the

Cuz0 (110) can enhance the oxygen vacancy formation, in agreement with literature’.

We also investigated the excited-state energy profile of this step by adding an electron into
the LUMO of H>O along the reversed reaction pathway of the oxygen vacancy formation (Figure
A2.5 in the Supplementary Information) to examine the role of photo-excited electrons in this step.
Our results suggest that the photo-excited electrons do not show any significant impact on the
intrinsic activation energy of this reaction (Figure A2.5). However, we cannot exclude the
photothermal effects that can help H2O desorption, which may lead to further enhancement of the
photocatalytic performance reported experimentally’.

It is worth noting that, as an alternate reaction path, the H-assisted CO: dissociation on the
perfect (111) CuxO facet was previously studied®® and was shown that it required more than 3.2
eV to form a carbonyl group (COOH*) on the CuO (111) surface, while it was easier to form a
formate group (HCOO*) and formic acid (HCOOH?®*). The formic acid formation was also
observed in experiments via photoreduction of CO; on a core-shell Cu@Cu,O catalyst.®* However,
in our calculations to decompose formic acid to CO and H>O, we found that the reaction barrier
was close to 4.0 eV; similarly, decomposing the formate group to CO and OH is also very
unfavorable. Our calculations thus suggest that H-assisted CO» dissociation to CO on CuxO is less
likely via the formation of formate or carbonyl. Instead, the H-assisted CO> dissociation to CO

observed in the experiment?? 7* can be driven by oxygen vacancy formation as discussed above.
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The Cuy0 surface undergoes reduction by H> and oxidation by CO», and their balance
determines the stability of the catalysts. Previous works on plasmonic and photocatalytic reverse
water-gas shift reaction suggested that the Cu,O catalyst could be stable shown by XPS analysis
before and after illumination under reaction conditions?? and by prolonged catalyst tests.”> We find
in this study that the energetic electrons selectively promote CO; reduction to CO at oxygen
vacancies, re-oxidizing the catalyst and stabilizing Cu” cations. This effect is valuable not only for
promoting the reaction kinetics but also stabilizing the catalyst oxidation state.

All calculations reported above are based on a neutral system in which an electron is
removed from the Fermi level and introduced into the unoccupied orbital of CO; (Figure A2.6A).
However, in hybrid systems where a plasmonic metal is coupled with Cu,0O, the photo-generated
holes may stay in the plasmonic metal while the energetic electron is positioned into Cu2O/COx.
As our calculations only include Cu;O and the molecule, this scenario essentially means the
Cu20/molecule system could be temporally charged. We thus calculated the energy profile in the

presence of a transient negative charge (i.e., no hole introduced at the Fermi level of Cu.O).

If an electron is added to the Fermi level, which is dominated by Cu>O (Figure A2.6C),
rather than the LUMO of COy, the landscape of the energy profile is similar to the ground-state
one with slightly lower intrinsic barriers by less than 0.3 eV (Figure A2.7B). This additional
electron is delocalized within Cu2O and doesn’t impact formation of oxygen vacancy (Figure
A2.7A). Alternatively, when the additional electron is added into the unoccupied CO> orbital
(Figure A2.6B), the excited-state energy profile of the charged system is the same as the excited
states of the neutral system. Therefore, the discussion above on the role of energetic electrons to
eliminate the activation barrier of CO; dissociation remains valid, independent on the location of

the hole (within CuxO or the plasmonic metal). The major difference is the excitation energy;
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plasmonic interfacial charge transfer between Ag (or Al) and Cu,0 has a lower excitation energy
than excitation within Cu20. In addition, the presence of the plasmonic metal/CuO interface
provides new channels for charge and energy transfer,’® and the lifetime of the excited states is
determined by the dephasing time in the metal and the dipole-dipole coupling at the interface, the
latter of which can be engineered to extend the average lifetime of charge carriers for plasmonic
photocatalysis.’> This similarity of excited-state energy profiles between the charged and neutral
system suggests that the chemistry is driven by the energetic electron and that the location of the
hole, either in the metal or Cu,0, is less relevant; however, due to the lack of explicit description
of the hole in the plasmonic metal, we cannot capture the role of the hole in determining the
dynamics of the electron due to their interaction, which can only be described in time-dependent
calculations. A future study to perform real time TDDFT simulations is thus valuable for

describing the dynamics of the excited states.

Furthermore, our calculations show that the C-O bond cleavage determines the rate on the
pristine Cu,0 surfaces and that, on defective Cu,0, the activation barriers for CO> dissociation are
reduced and the reaction is likely limited by generation of surface oxygen vacancy. It will be
valuable to compare with experimentally measured reaction order with and without light
illumination to determine reaction kinetics under this non-equilibrium condition.

Conclusion

Photoexcited direct dissociation of CO; on CuzO in the presence of oxygen vacancy were
calculated using the linear expansion ASCF method. Analysis of the ground-state reaction profile
suggests that presence of oxygen vacancy can decrease the reaction energy and activation barrier,
but to a limited level. The excited-state calculations show that the plasmonic energetic electron

can drive this reaction without overcoming a kinetic barrier by allowing the system to travel on
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the excited state to an energy minimum and then decay to the ground-state potential energy surface
to finish the transformation. The results also suggest that the (111-VCu) surface is more active for
photocatalytic CO2 conversion than the other two surfaces due to lower excitation energy and CO
desorption. We further show that the oxygen vacancy formation on CuxO is feasible, especially
within the proximity of OH on the surface, independent on the presence of energetic electrons.
This result may also indicate a changed reaction order with respect to H> and CO», corresponding
to different rate-determining steps, with and without plasmonic excitation. This work provides a
fundamental understanding of how excited electrons together with oxygen vacancy drive the CO»

reduction on defected CuxO and a valuable guideline for photocatalyst design for CO, conversion.

Computational method

DFT calculations were performed using the Vienna ab initio simulation package (VASP)
version 5.4.1."% The exchange-correlation energy was represented using the Perdew-Burke-
Ernzerhof (PBE) functional combined with DFT + U.3% 40 A U—J value of 6.0 €V was used for
Cu.” % The van der Waals (vdW) interaction was included by employing the DFT-D3 dispersion
model.*! We included two types of point defects - oxygen and copper vacancies.?® The three most
stable surfaces including the Cu,O (111) surface with and without Cu vacancies and the CuxO
(110) surface were selected to investigate the effect of the catalyst facet. The energies of these
surfaces are in good agreement with literature*” and can be found in Figure A2.8 of the

Supplementary Information.

The O-terminated Cu,O (111) surface, denoted as (111-Ores), was constructed based on a
(2 x 2) repeated slab composed of five O-Cu-O layers of Cu,O (111), same as our previous work.”>
The unsaturated Cu atoms were deleted to form O-terminated Cu2O (111) with Cu vacancies,
denoted as (111-VCu). The CuO-terminated Cu,O (110), denoted as (110-CuO), was constructed
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based on a (2 x 2) repeated slab of 11 layers for the mixed CuO-terminated (110) surface (with
five Cu layers and six mixed CuO layers). One oxygen atom was removed from these three
surfaces to form the oxygen-deficient surfaces, namely (111-Ores-Ovac), (111-VCu-Ovac), and
(110-CuO-Ovac), respectively. The details of surface structures are shown in Figure A2.4 of the
Supplementary Information. A 15 A vacuum was added to separate slabs from their periodic
images. Since the difference of the activation energy and reaction energy between the k-points grid
of (3x3x1) and (1x1x1) was only around 0.01 eV as reported in our previous work,” the k-point
grid of (1x1x1) was selected in this study to reduce the computation cost for the excitation energy.
The k-point grid of (6x6x1) was selected for calculating the density of states. The energy
convergence for electronic relaxation was set to 107 eV. All atoms were relaxed until the atomic
force was less than 0.02 eV/A with a kinetic energy cutoff of 400 eV. Spin polarization was
considered in all calculations. The total energy was extrapolated to 0 K. The transition states were
obtained using the nudged elastic band (NEB) and the dimer methods*> 46 and were further verified

by calculating the vibrational frequencies.

The optimized structures along the reaction pathway on the ground state calculated with
VASP were adopted to calculate excited states using GPAW version 22.1.0.!> !¢ The exchange-
correlation functional, plane-wave cutoff, U-J value, and k-point grid in GPAW were kept the
same as in VASP. The linear expansion delta self-consistent field (ASCF) approach!'? '3 was used
to calculate the energy of the system at excited states instead of the ordinary ASCF because it was
shown recently that the former could provide very good agreement with experimental excitation
energies.!! The excited electron was modeled to populate the lowest unoccupied molecular orbital
(LUMO) of the adsorbate. We also added the excited electron to the lowest unoccupied states of

the system instead of the LUMO of the adsorbate (Figure A2.6 in the Supplementary Information).
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In addition to the neutral system, one additional electron was manually added into the system to
model the charged system (Figure A2.6).8

The hybrid structure containing plasmonic metal/Cu2O provides new channels for charge
and energy transfer at the interface, enhancing optical absorption in the Cu,O layer.>* Upon
photoexcitation, the energetic electrons may populate the Cu,O layer and the adsorbed molecule
through direct or indirect charge transfer or plasmonic resonance energy transfer.®> Note that in
this study we did not model explicitly a photoexcited state in a hybrid structure of
metal/Cu,O/molecules. Because of the complexity of this hybrid structure, the metal was not
directly included in the model. Instead, the effect of hot electron generated from the excited metal
was simulated by including an additional electron into the semiconductor/adsorbate (Cu,O/COz)
system, which is thus negatively charged, assuming the hole staying within the metal (Figure
A2.6B, 6C). Alternatively, in the case that the hole remains in Cu,O, we investigated the excited
state by removing an electron from the Fermi level of the CuO/CO; system (neutral system) and
position it into the antibonding states of the absorbed CO; as schematically shown in Figure
A2.6A. In both scenarios, the population of an electron in the molecular antibonding state is
considered to model the chemistry. Since the excitation energy of the Cu2O/COz system is directly
calculated using ASCF method, the excitation energy of the metal/Cu,O/CO; system can be
estimated based on the alignment between metal Fermi level and valence band maximum of Cu,O.

The absorption coefficient is calculated by the following relation:3®

1

Atk 2\2nE 1 2
7 = he ((612"'6%)2_61)

a =

where €; and €, are the calculated real and imaginary parts of the dielectric constant, and E is the

corresponding energy calculated by the PBE+U functional.
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Chapter 4: The hybrid plasmonic catalyst between the plasmonic metal and zeolite

4.1. A first-principles study of the interaction between molecules and Lewis acid zeolites

manipulated by injection of energized charge

This chapter is based on a publication in Industrial & Engineering Research. Complete article and
supplementary material can be found using the citation: Tien Le, Bin Wang, First-Principles Study
of Interaction between Molecules and Lewis Acid Zeolites Manipulated by Injection of Energized

Charge Carriers, Ind. Eng. Chem. Res. 2021, 60, 14124—14133.

Abstract

Metal dopants in Lewis acid zeolites can be applied to manipulate the interaction between
the active sites and molecular reactants. However, only few elements can be introduced into the
zeolite framework to generate strong Lewis acid sites. In this study, we propose an alternative
approach to tune the interaction between zeolite and molecules by introducing energized charge
carriers that are photo-excited in a complex of plasmonic metal and zeolites. Through density
functional theory (DFT) calculations, we show that, while the energized electrons do not impact
adsorption of ammonia, which is used as a probe molecule, on Zr- and Si-BEA, its heat of
adsorption can be reduced up to 60% on Sn-BEA and 20% on Ti-BEA, respectively, because of
the localized population of the electrons at the Sn and Ti center. This most pronounced effect in
Sn-BEA is attributed to the Sn-induced mid-gap states and the strong electronegativity of Sn
atoms. In contrast, the energized holes can strengthen the interaction between zeolites and
ammonia by at least 10%. Particularly, if an energized hole is present in the system, the heat of
adsorption of ammonia within Si-BEA can increase three-fold, shifting from weak to moderate

interaction. We find that, similar to closed sites, the effect of energized charge carriers can also be
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extended to open sites of Lewis acid zeolites. Our study provides the fundamental insights for
unlocking the potentials of integrating plasmonic metals with zeolites and brings an additional

degree of control to tune the interfacial interaction.

Introduction

Lewis acid zeolites have received considerable interest in catalysis, particularly in the field

of biomass conversion.?-3

They can catalyze a variety of reactions such as the oxidation reaction,
isomerization, hydride transfer, aldol condensation, dehydration, esterification, and Diels-Alder
reaction of biomass-derived molecules.-°? Lewis acid zeolites show a high capability to activate
the hydroxyl and carbonyl groups and high resistance to deactivation in the presence of acids
compared to solid base catalysts.** If the nature of zeolite is modified to be more hydrophobic,
thereby reducing the competing adsorption of water with reactants for active sites, the Lewis acid
zeolites can effectively catalyze reactions even in an aqueous phase.’® 23-%3 This type of zeolite is
normally synthesized by substituting Si by other tetravalent metal heteroatoms (M*"). Despite the

neutrality of the total system, the differences in the electronegativities of T-atoms create the

electron deficiency at the active metal centers, allowing them to act as Lewis acid sites.®

In acid-catalyzed reactions, the reaction kinetics is determined by the strength of the acid
sites where reactants/intermediates adsorb.”® °7 In these reactions, the Lewis acid sites, acting as
an electron acceptor, activate the reactants by accepting electrons and polarizing the molecules. It
is also well known that the Sabatier principle is normally applied in heterogeneous catalysis.*
According to this principle, generally, the stronger the acid site, the lower the reaction barrier for
activating the reactants. However, if the desorption of products/intermediates determines the

89, 98

reaction kinetics, the strong binding could instead inhibit the reaction. Tuning the interaction
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of the reactants, intermediates, and products with the Lewis acid site is thus valuable for enhancing
the catalyst activity. One of the common strategies in acid catalysis is to introduce different metal
dopants into the zeolite framework to manipulate the electronegativity of the T-sites, the local
coordination, the flexibility of active sites in the zeolite lattice, and the charge transfer process
with molecules.?” %% 1% For example, instead of Ti and Zr, using Sn as a metal dopant could
significantly increase the catalyst activity in Baeyer—Villiger oxidation (BVO) or Meerwein—
Ponndorf-Verley (MPV) reduction.!!-19 Compared to Ti and Zr, the higher acidity of Sn enhances
the interaction between the carbonyl group and the Lewis acid site, favoring the polarization to
activate the carbonyl group over competed adsorption of other species such as H>O». In contrast,
in epoxidation reactions, H,O, adsorbs first,!%* and its interaction with the Lewis acid site is
important for promoting the charge transfer from occupied orbitals of H>O: to unoccupied orbitals
of the Lewis acid site. Thus, with suitable energy of the lowest unoccupied molecular orbital
(LUMO), Ti-BEA shows an outstanding performance, better than Sn- or Zr-BEA, for epoxidation
reactions.?” 192 Based on Mulliken electronegativity and pyridine >N MAS NMR chemical shift,
Romaén and co-workers reported the trend of the Lewis acid strength as Sn > Ta > Nb > Zr >Hf >
Ti.!% Bregante and co-workers investigated epoxidation of cyclohexene in BEA and have shown
that the activation barriers is strongly correlated to the adsorption energy of a probing molecule
(CD3CN) and depends on the capability of the metal center to pull electron density from the oxygen
intermediates manifested by the ligand to metal charge transfer energies; the trend was reported to
be the following order: Ti > Nb > Ta > Zr > Hf.?”- 19 The exact activity and selectivity may depend
on the type of reactions and should be determined collectively by the acid strength and the local
reaction environment.?°%°7 Many Lewis acid zeolites with different framework and heteroatoms

have been synthesized and tested, but only a handful of elements such as Ti, Hf, Zr, Nb, Ta, W
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and Sn can be incorporated into zeolite to create strong Lewis acid sites,> °% %7 limiting the

versatility of the Lewis acid catalysis.

Here, we propose an alternate approach to manipulate the interaction of reactants with
zeolite by integrating plasmonic nanoparticles with zeolite to form a hybrid plasmonic complex.
Comparing to other non-porous materials, such as transition metals that are normally used in
plasmonic catalysis, this combination can utilize the exceptional catalytic properties of the
microporous zeolite such as the shape and size selectivity, the confinement effect to stabilize the
intermediates and the transition state, and its dielectric properties. Different from a conventional
heterogeneous catalyst, this combination takes advantage of the local surface plasmon resonance
(LSPR) of plasmonic nanoparticles as a driving source for reactions.>* 3107111 Some studies have
reported that the confined environment of zeolite can enhance the luminesce of metal-clusters

112-114 and the metal active sites in zeolites can facilitate the thermal-driven

embedded in zeolite
epoxidation reaction.!'> !¢ However, the possibility of applying this metal-zeolite complex to
catalyze photo-included reactions remains to be explored. In principle, if the photoexcited carriers
can efficiently populate the catalyst and the molecule, they can induce molecular motion and
accelerate the chemical reactions. % 8 12:20. 75 Population of the highly energic carriers into the
Lewis acid sites can also vary the chemical nature of the metal dopants and their chemical
environment, altering the interaction between molecules and the catalyst. Integrating the

plasmonic nanoparticle with zeolite can thus bring a new degree of control to manipulate the

catalyst activity.

Specifically, in this study, we apply DFT calculations to test this hypothesis by

investigating the interaction between molecules and zeolites in the presence of highly energetic
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charge carriers. Our study was conducted on three widely used Lewis acid zeolites (Sn-, Zr-, and
Ti-BEA) and the pure Si-BEA, using NH3 as the probe molecule. We find that Sn-BEA can be a
promising candidate for tuning the interaction between molecules and zeolites by the energetic
electrons, followed by Ti-BEA. The injected electron can significantly reduce the heat of
adsorption of NH3 on Sn-BEA by more than 60% and by 17% on Ti-BEA, respectively, while
there is no remarkable change observed on Zr-and Si-BEA. The mid-gap states on Sn- and Ti-BEA
help to localize electrons on the active sites; this electron localization decreases the interaction
between molecules and zeolites by reducing the ligand to metal charge transfer. Unlike the
significant impact of adding the energized electrons into M-BEA, we find that adding holes into
Lewis acid zeolite only produces a moderate increase of the heat of adsorption, around 10% for
Zr- and Sn-BEA and 30% for Ti-BEA, respectively. However, a much stronger effect could be
observed if the highest occupied molecular orbital (HOMO) of adsorbed molecules is close to the
Fermi level as in the case of Si-BEA. In addition, we find that, besides the effect of electrons/holes
in altering the interaction between molecules and the closed sites in M-BEA, the energized charge
carriers can also manipulate the interaction between molecules and open sites. In terms of the
practical aspects of how to integrate the plasmonic metal with the zeolite and drive the charge
localization, we show that it is feasible with a required photon energy in the range from visible to

near UV.

Computational Method

DFT calculations were performed using the VASP package!*. The exchange-correlation
functional PBE (Perdew-Burke-Ernzerhof)*® was used. The DFT-D3*! dispersion model was
employed to include the van der Waals (VDW) interactions. The model was constructed based on

a beta unit cell including 64 Si and 128 O atoms (Si-BEA). One of Si atoms was substituted by
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one Sn, Zr or Ti atom to form Sn-, Zr- and Ti-BEA, respectively. The lattice constants of the unit
cell were fixed using the experimental lattice parameters (a = 17.829A, b = 17.828 A and ¢ =
14.671 A ') in all calculations. The energy convergence for electronic relaxation was set to 10
eV. All atoms were relaxed until the atomic force was < 0.02 eV/A with a kinetic energy cutoff of
400 eV. The optimized configuration from PBE-D3 was then used in the HSE (Heyd—Scuseria—
Ernzerhof)*” hybrid functional calculations, without further structural relaxation, to correct the
bandgap.

Here, we model the electrons and holes populated into the zeolite system after surface-
plasmon dephasing. We manually added one electron into the systems to model the energized
electron; similarly, one electron was removed from the systems to investigate the effect of the hole
on the Lewis acid sites. The Bader charge analysis®' was applied to analyze the charge density

difference before and after adsorption or before and after charge injection.

The adsorption energies were calculated as the difference in the energy between adsorbed

state and isolated species:

Eqas = EZ—NH3 —E; — ENH3 (1)
Where the three terms on the right side of the equation are the total energies of the NH;
adsorbed on zeolite (Z-NH3), zeolite (Z), and NHj3, respectively. The relative electron affinities
were calculated as the difference in the energy between the neutral state of zeolite and the anion
state (Z°):
EA=E; — Ez (2)
The relative ionization energies were calculated as the difference in the energy between the
cation state (Z") and the neutral state of zeolite:
IP = Eg+ — E; 3)
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The bandgaps E, were obtained as follows:

E,=IP— EA 4)
The electron density difference was calculated using following formula:

Ap = Pétév_l.)ls — Pz(+/-) — PNHg (%)
Where the sign (+/-) is the corresponding state of the system with a positive and negative

charge, respectively; zeolite and NHj3 are fixed in their optimized positions in Z-NH3(") for the

charge analysis.

The electrophilic Fukui functions f;* and nucleophilic Fukui functions f;~ 1> '8 were
calculated as follows:
fif=a""" —q' (6)
fr=a""—-a (7

Where q is obtained through the Bader charge analysis and N is the total number of
electrons in the zeolite at the neutral state.
The mean square deviation from regular tetrahedron angle (O-M-O angle) of M-BEA was

calculated as follows'!?:

0= 250 - @ ®)
Where a; is the i (O-M-O) angle and @ is the average of the (O-M-O) angles.

Results and discussion

The electron-hole pair in the plasmonic nanoparticles can be generated via different
mechanisms such as intraband or interband excitation.® Nonetheless, the decay rate is ultrafast,
~10 femtoseconds on metallic nanoparticles,* or < 300 femtoseconds if the highly energetic charge
carriers are injected into semiconductors.!?’ Despite the short lifetime, the energized carriers can
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trigger electronic or vibrational excitation of adsorbed molecules, leading to the change of the
interaction between molecules and catalysts, thereby accelerating the chemical transformation. ®
10 Here, to investigate the interaction between molecules and reactants, the heat of adsorption is
selected as the measure to capture the change of the charge state of the zeolite. Both NH3 and
pyridine have been frequently used in experiments to quantify the acid properties in zeolites.”? Our
calculations show that the heat of adsorption of NH3 and pyridine on M-BEA has a linear
correlation (Figure A3.1). Therefore, only the adsorption of NH3 was selected as the probe
molecule in the following discussion.

At a neutral charge state, the order of adsorption energy of M-BEA increases from Si-BEA
to Sn-BEA (Si < Ti < Zr < Sn) as shown in Figure 4.1.1, which agrees with a previous study.'!8
We investigated several factors to identify the main factor affecting the adsorption of molecules
on M-BEA. In the literature, many properties of M-BEA such as the LUMO energy, absolute
hardness, absolute electronegativity, and Fukui functions have been studied to predict the catalyst
activities.!?> 1 However, none of them can be the single descriptor for the heat of adsorption of
M-BEA due to the complexity of other variables such as the coordination number, the electron
back-donation, and the change of electronic level upon interaction with reactants. Recently, the
chemical shift of an acid-base pair'% and the ligand to metal charge transfer energy!'% have been
reported as efficient ways to evaluate the Lewis acid character in zeolites. These finding implied
the importance of the charge transfer in determining the binding between reactants and zeolites
which is also the focus in this study. Considering that the Lewis acid site is normally characterized
by the capability of accepting electrons from the Lewis base, we investigated if the electron affinity
of the zeolite has correlation with the adsorption energy of NHs. Figure 4.1.1a shows the relative

electron affinity when one electron was added into the system. The relative electron affinity of Sn-
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BEA is higher than Zr-BEA, and the relative electron affinity of Ti-BEA is higher than Si-BEA
(Figure 4.1.1a). However, the relative electron affinity of Zr- and Si-BEA is similar despite the
large difference in the heat of adsorption of NH3 in these two zeolites, suggesting that the relative
electron affinity cannot be the main factor to determine the adsorption energy. We also tried to
calculate the electron affinity when adding one pair of electrons into the system, and the observed
trend is similar. We find that the relative ionization energy is similar for all four types of M-BEA,
suggesting that the valence band maximum of M-BEA is not influenced much by the metal dopant.

Neither does the bandgap correlate with the NH3 adsorption as shown in Figure 4.1.1a.
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Figure 4.1.1 Calculations to explore main factors for molecular adsorption. (a) Plot of the
adsorption energy of NHs on M-BEA together with IP, EA, Bandgap. (b) Plot of the adsorption
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energy of NHz on M-BEA with charge density difference before and after NHs adsorption of metal
—q(M), of metal and 4 oxygen nearby - ¢(MOy) and of NH3 - q(NH3). (c¢) Charge redistribution at
the interface between the Lewis acid (M-BEA) and NH3 in z direction. (d) The illustration of the
charge redistribution. The blue, red and white balls denote Si, O and H atoms respectively. The

cyan and yellow colors denote the withdrawing and accepting of electrons.

Besides the electronic energy, we also investigate the VDW contribution, which is found
similar for all four types of M-BEA (Figure 4.1.1a), confirming that VDW interaction is not the
main reason for the difference in adsorption energy. It is worth noting that local metal-Os
tetrahedron is distorted because of the difference in the radius of the metal dopant. We find that
neither the volume of metal-O4 tetrahedron or the average of M-O bond length correlates with the
adsorption energy (Figure A3.2). However, we show that the increase of the adsorption energy
correlates with increasing of the mean square deviation from a regular tetrahedron angle (O-M-O
angle) of M-BEA (Figure A3.2), in agreement with previous reports.”> ' Such a correlation may
result from the inhomogeneous charge in the metal-O4 tetrahedron as discussed below.

The analysis of the charge redistribution at the interface between the Lewis acid center and
the adsorbate was conducted (Figure 4.1.1c¢) to reveal the charge transfer upon NH3 adsorption.
We find that the largest charge redistribution occurs on Sn-BEA, followed by Zr- and Ti-BEA,
while no charge redistribution is observed on Si-BEA. This is consistent with the order of their
heat of adsorption. This charge redistribution is also manifested by the stronger hybridization of

NH3 orbitals with Sn-, Zr-, and Ti-BEA than Si-BEA (Figure A3.3).

The Lewis acid character of zeolite is attributed to the partial positive charge at the metal
when it forms 4 covalent bonds with oxygen nearby.? The absolute charge density difference in
NH3 (q(NH3)) and the charge density difference in the metal and the four oxygens nearby (q(MOs))
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before and after NH3 adsorption are closely matched, as expected. This analysis supports that if
electrons are transferred from the Lewis base cannot be fully received by the metal center; the
electrons can be delocalized onto the oxygens nearby. However, either q(NH3) or q(MO4) does not
show a good correlation with the adsorption energy. The Bader charge was then analyzed to
investigate the charge density difference on metal dopants before and after NH3 adsorption (q(M)).
Even though the change in charge density of metal centers is small, we find that the greater the
change of the charge density of metal centers, the stronger the adsorption energy (Figure 4.1.1b).
The adsorption of NH3 is thus sensitive to the charge carried by the metal dopants (q(M)) in M-
BEA; it is, therefore, possible to manipulate the molecular interaction by energized charge carriers

that can tune the charge localization at the metal dopants.
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Figure 4.1.2 Adsorption of NH3 in M-BEA with an additional electron or a hole. (a) The heat of
adsorption of NH3 on neutral M-BEA (white) compared with values with an added electron (red)
and with one removed electron (blue). The relationship between the change of heat of adsorption
and the electron localization on metal when (b) one electron is added into M-BEA, and (c) one

electron is removed from M-BEA.

In the following, we investigate the effect of high energetic carriers on NH3 adsorption,
starting with the effect of an additional electron in M-BEA. Figure 4.1.2a shows that when one

additional electron is added into the system, the heat of adsorption of NH3 on M-BEA decreases.
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The most significant change is observed on Sn-BEA, with ~60% of the heat of adsorption reduced,
followed by Ti-BEA with ~17% reduction of the heat of adsorption, while there is only marginal
change on Si- and Zr-BEA. Therefore, the order of the heat of adsorption now changes to Zr > Ti
> Sn > Si. We find that the decrease of the heat of adsorption of NH3 has a good relationship with
the localization of the energized electron at the metal site shown by the electrophilic Fukui
functions of the metal center (Figure 4.1.2b). More than 50% and 10% of the added electron is
localized on the metal center of Sn- and Ti-BEA, respectively. In contrast, almost no change of
the charge density is observed on the metal center of Zr- and Si-BEA. The localization of the
energized electron can be explained by the projected density of states (PDOS) of metal and SiO»
at the neutral state. The conduction band of pure SiO form of BEA can be seen from Figure 4.1.3a
(starting from ~ 4.5 eV). The mid-gap states below the conduction band of the parent zeolite (from
~3.0 eV to ~ 4.5 eV) are featured only on Ti- and Sn-BEA (Figure 4.1.3b and 3d), while the Zr-
associated states are merged in this conduction band (Figure 4.1.3c). These mid-gap states
introduced by the metal site of Sn- and Ti-BEA can thus host the energized electron, while it tends
to be delocalized with the SiO; framework in the cases of Zr- and Si-BEA. This larger portion of
electron localization at the metal center of Sn-BEA compared to Ti-BEA is attributed to the higher
electronegativity of Sn than Ti. With the more electron localized at the metal site, the latter’s
capability to accept electrons from the Lewis base is reduced; the interaction between the Lewis
acid zeolite and the Lewis base (NHj3 in this case) is thus weakened. This argument is supported
by the charge redistribution analysis as shown in Figure 4.1.4 and Figure A3.4. We find that the
charge redistribution at the ground state (black) and the excited states with the additional electron
(red) for Si- and Zr-BEA remain almost unchanged. On the contrary, the charge redistribution for

Sn-BEA upon NHj; adsorption at the excited state with an energized electron (red) decreases
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significantly, corresponding to a weakened adsorption. The charge redistribution at the interface
between Ti-BEA and NHj3 in the z direction also slightly decreases (Figure A3.4). We also notice
that the distortion degree of the MOs tetrahedron also alters in the presence of the additional
electron. The largest change is again observed in Sn-BEA, followed by Ti-BEA (Table A3.1).
Different from the correlation between the heat of adsorption and mean square deviation from the
regular tetrahedron angle at the ground states, this structural distortion cannot explain the Ti- and
Zr-BEA with an additional electron. This observation suggests that in the presence of an energized
electron, the localized charge — an electronic factor — rather than the structural distortion,

determines the molecular adsorption.
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We further investigate the effect of a hole in M-BEA and find that the heat of adsorption
of NH; on M-BEA can increase by at least 10% under the effect of the hole generated by removing
one electron from the system (Figure 4.1.2a). The trend is expected as the hole should in principle
increase the Lewis acidity; however, unlike the cases of an injected electron, the increase in the
heat of adsorption of NH3 has a minor relationship with the charge density difference on the metal,
shown by the nucleophilic Fukui functions of metal center (Figure 4.1.2¢). In fact, the charge
density on the metal remains almost unchanged suggesting that the hole does not localize at the
metal site; instead, the hole is delocalized within the SiO; framework, especially on the four
oxygen nearby metal center. It means that introducing the hole into M-BEA creates more capacity
to accept electrons at the 4 oxygen nearby, rather than the metal itself. As a result, the interaction

between the Lewis base and the Lewis acid zeolite is strengthened to a very limited extent.

The charge redistribution analysis (Figure 4.1.4 and Figure A3.4) was conducted to
compare the interaction between zeolite and the probe molecule with and without the effect of the
hole. We observed higher charge redistribution on all four types of M-BEA, suggesting stronger
interaction between the probe molecule and zeolite. Only a slight increase was observed in the heat
of adsorption of Sn-, Zr- and Ti-BEA, but a notable change of the adsorption energy (more than
three times) was observed on Si-BEA (Figure 4.1.2¢). The weak interaction between NH3 and Si-
BEA leads to this different hole-effect in adsorption. That is, while the electron is mostly
withdrawn from the zeolite framework due to the strong hybridization between NH3 and Sn-, Zr-
and Ti-BEA, the weak interaction between NH3 and Si-BEA and the high HOMO level of NH3
drives the hole to be localized at the probe molecule NH3. As a result, NH3 appears to act more
like an NH3 radical, leading to the increase of the charge redistribution at the interface and the

noticeable increase of the heat of adsorption. This noteworthy increase of NH3 adsorption in Si-
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BEA does not change the order of adsorption energy (Si < Ti < Zr < Sn) among the four M-BEA
in the presence of an energized hole. However, the hole can increase the interaction between NH3
with Si-BEA under excitation to be higher than the interaction between NH3 and Ti-BEA at a
neutral condition. In other words, a nearly inert interaction of molecules with Si-BEA can be
shifted to a moderate interaction under the effect of a highly energetic hole. This finding also
suggests that introducing the highly energetic hole into M-BEA could be beneficial to enhance the
weak interaction between reactants and the zeolite if the HOMO of the reactant is close to the

Fermi level.

In Lewis acid zeolites, apart from solvents and confining voids, the local configuration of
the active sites (i.e., a closed site or an open site) significantly affects the catalyst reactivity.®® The
results shown in Figure 4.1.2 are obtained from calculations of a closed site of M-BEA, which is
the Lewis acid before hydration. However, the open site, which is the Lewis acid after hydration,
is reported to more active for some reactions such as the glucose isomerization, BVO, and
MPVO.%- 121-123 This enhancement of reactivity is mainly attributed to the higher flexibility of the
open site compared to the closed site, the stabilization of kinetic relevant transition states by the
open site or even the cooperative participation of the open site in the reaction pathway.?% 121-123
Here, using Sn-BEA as an example, we also compared the effect of the additional electron and
hole on the open site of M-BEA (Figure 4.1.5,Table A3.2 and A3.3). The PDOS analysis reveals
the mid-gap states, and the charge density difference analysis show that an additional electron can
be localized at the Sn-OH open site. As can be seen from Table A3.2, introducing highly energetic
electrons into the open site of Sn-BEA also significantly decreases the heat of adsorption of the

zeolite from -0.9 eV to -0.3 eV, and increases the bond length between Sn and N in NH3 by 0.33

A. In contrast, the hole only slightly increases of its adsorption energy from -0.9 eV to -1.0 eV,
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and the bond length between Sn and N slightly decreases by 0.03 A. This same conclusion for the
effect of charge carriers on the closed sites and open sites of Sn-BEA thus suggests that the
interaction between molecules and both an open site and a closed site of M-BEA can be tuned by

the highly energetic carriers.
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The effect of the energized hole and electron on Si-BEA and Sn-BEA were also calculated
using the HSE06 hybrid functional to reduce the error of delocalization of electron and correct the
bandgap. As shown in Table A3.4, the effect of the injected carriers on the adsorption energy of
M-BEA predicted by HSEOQ6 is similar to results from the PBE functional. The bandgap for Si-
BEA is 7.4 eV in the hybrid functional calculations, agreeing with reported values in the
literature.'?* The corrected bandgap of Sn-BEA is 6.2 eV (Figure 4.1.6). While the valence band
maximum of Lewis acid zeolite is composed of the p-orbitals of oxygen and does not strongly rely
on the dopant metal, its conduction band minimum depends on the hybridization between
unoccupied states of oxygen and the metal.'>* Therefore, the energy cost to introduce a hole into

Sn-BEA is similar to that required for Si-BEA, both in the UV regime. Among widely used
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plasmonic metals, Au has a higher work function which is expected to have a lower energy cost to
induce the energized hole into zeolite compared to Ag, Cu or Al, but the energy cost is still as high
as 4.1 eV. Different from the high energy cost to introduce holes, our calculations suggest that the
energy of visible light is enough to excite electrons from the plasmonic metal to Sn-BEA due to
the presence of the mid-gap states. The required energy for Au to introduce electrons is expected
as low as 2.1 eV only, and this value is expected to be further lower if using Ag, Cu or Al as the
plasmonic component. In this study, we calculated the bandgap for Sn-BEA with the Sn/Si ratio is
1:64. However, it is shown in the literature!?* that if all Si atoms are replaced by Sn atoms, even if
the valence band maximum remain unchanged, the bandgap could be lowered to approximately
3.6 eV by the dominance of the mid-gap states of Sn. This finding thus suggests that increasing
the ratio of Sn/Si can reduce the bandgap of Sn-BEA, leading to a lower energy cost for adding an
electron into Sn-BEA. We understand there are some challenges that need to be overcome to
125.

incorporate a high metal ratio into the zeolite framework in experiments'=; its success could be a

driving force for applying zeolites in plasmon-modulated Lewis acid catalysis.

Finally, we want to mention that introducing the coinage metal cluster into zeolite is
feasible. Indeed, there are several experiments successfully integrating the coinage metal cluster
with a zeolitic framework such as Au/TS-1 for epoxidation reaction!!> !¢ and Ag/FAU or Ag/LTA
for high photoluminescent materials.!'>!'* With a large bandgap, zeolites are transparent in the
range of visible to near UV light. Therefore, the light could access embedded metal particles. This
has been demonstrated in the photoluminescence measurement of Ag clusters in commercial
parent zeolites.!!> '3 The near-field electromagnetic on plasmonic metal could enhance the energy
transfer and density of hot carriers as well.!'% 126 Therefore, the reactivity of the hybrid plasmonic-

zeolite complex could be improved if the active site and the molecules are placed within the near
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field of the metal cluster. As a result, the shapes and size of both metal clusters and zeolites shall
be optimized to ensure the light can reach the plasmonic metal and drive the highly energetic

electrons into the molecule/zeolite system.

VBM
Si-BEA Sn-BEA

Metal

Figure 4.1.6 Electron excitation to the conduction band edge and mid-gap states in Si-BEA and
Sn-BEA. The work function of pure silica form of BEA is obtained from the work function of SiO:

polymorph of ZSM-5"%*, and the work function of Au is taken from literature®®. Units are eV.

Conclusion

We perform DFT calculations to investigate the effects of energized carriers on the
interaction between molecules and the Lewis acid zeolite. We find that replacing Si atoms in the
zeolite framework with Ti and Sn could enable the visible light to excite electrons from plasmonic

metal into zeolites. Our results also reveal the significant impact of the energized electrons on the
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molecules/catalyst interaction when the mid-gap states can be generated in zeolites. This concept
of plasmon-modulated Lewis acid catalysis (PLAC) is thus valuable for tuning the interfacial
reaction by either enhancing the molecular adsorption or product desorption. This study offers the
opportunity to use highly energetic carriers, generated in plasmonic metal, to tune the zeolite

activity for acid-catalyzed reactions.
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4.2. Epoxidation reaction on TS-1
Introduction

Propylene epoxidation is an essential step in industrial polyurethane production. TS-1 has
appeared to be a highly effective and stable heterogeneous catalyst for selective oxidations of
propylene.!® Among oxidants, using hydrogen peroxide aqueous is a green option as it produces
water as the only byproduct. However, the structure of the active Ti (IV) site for the epoxidation
of propylene on TS-1 is still under debate. A previously proposed active site is the defective site
in the framework,!?” while recent work claims that the active site is the dinuclear site.!* By using
different types of active sites (Figure 4.2.1), we can test the effect of doping level on charge carrier

localization via propylene epoxidation reaction on Lewis acid zeolite.
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Results and discussion

As can be seen from Figure 4.2.2, the excited electron easers the barrier of the epoxidation

step on the dinuclear site and reduces half of the proton transfer barrier. In contrast, it has a

negligible impact on the barrier of epoxidation on the defective site. This difference can be

attributed to the charge carrier localization at transition state: only ~6% of the excited electron

localized at HOOH in the low doping case, while ~19% the excited electron localized at OOH in

the high doping case. As a result, the higher the charge localization, the more significant the

impact.
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Chapter 5: Local enviroment effect induced by solvent on the hybrid plasmonic catalyst

Abstract

Solvent has been shown the effect to the local surface plasmon resonance on metal,;
however, how solvent affect the interfacial charge transfer on plasmonic catalysis remain to
explore. Here, using NH3 decomposition on Ru-doped Cu surface as an example, we report density
functional theory (DFT) calculations, through which we investigate the effect of solvent on the
interfacial charge transfer via calculated excitation energy of an electron from HOMO to Fermi
level and from Fermi level to LUMO. We found that the H-bond between water and NH3 can alter
the excitation energy, i.e., increasing the excitation energy of the former process while decreasing
the excitation energy of the later process due to the shift of HOMO and LUMO level. These effects
also observer when the H-bond formed between methanol or phenol and water, but the solvent
which has stronger basicity is found to induce larger effect on the excitation energy. In addition,
the HOMO-LUMO excitation energy is affected due to the unidentical shift of HOMO compared

to LUMO.

Introduction

Plasmonic catalysis has received a lot of interest over last decade due to the potential to
active chemical bonds on metal surface by alternative mechanism via non-equilibrium charge
carrier instead of traditional heat-induced mechanism.!> 3 3 3. 62 128 Thig potential motivates
researchers to design a catalyst system that can control the product selectivity than in purely
thermal-driven reactions, especially for processes that are typically performed at relatively high
temperatures such as dehydrogenations, ammonia synthesis, CO> or N; reduction, hydrocarbon

reforming.?
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The plasmonic catalysis based on the intensive charge polarization and the amplified near
field due to local surface plasmon resonance (LSPR) of the metal nanoparticle. When LSPR
dissipate the energy via non-radiative decay, the non-equilibrium charge carriers (electron-hole
pair) can be generated. If there are available electron-accepting orbitals nearby, such as unoccupied
orbitals of adsorbed molecules on the metal surface, these high energetic electrons with adequate
energy can transfer to the adsorbate and induce chemical reaction. Therefore, defining the required
excitation energy to excite electron from metal nanoparticle to adsorbate unoccupied orbitals is
essential to take the advantage of plasmonic catalyst and its application. In addition, if the reaction
is hole-driven reaction, the excitation energy of an electron from occupied state of adsorbate to
metal’s Fermi level is critical. Moreover, if the reaction follows the energy transfer mechanism
instead of the charge transfer mechanism, the excitation energy between HOMO and LUMO is
important. However, the excitation energy highly depends on several factors such as the element
choice of the metal nanoparticles, and the electronic structure of the reactants adsorbed on the
active centers since these factors define the interaction between reactants and the catalyst surface.
In other words, modifying the interaction between reactants and the catalyst surface can change
the required excitation energy of electrons. In heterogenous catalyst, solvent also can alter the
interaction between reactants and the catalyst surface and play a significant role on the chemical
reaction. In plasmonic catalysis, the effect of solvent also studied, but mostly focusing on the effect
of solvent on the LSPR of the metal nanoparticle.!?>-!34 Recent study shown the enhancement of
the charge transfer between metal and semiconductor due to the decrease of the Schottky barrier
generated by the image force of ionic layer of molecules on the metal when the reaction occur in
the liquid phase instead of in the gas phase.'*> However, the effect of solvent on the plasmonic

reaction, i.e., on the excitation energy, remains to explore.
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In this study, we applied DFT and used the linear expansion ASCF to investigate the effect
included by solvent on the excitation energy to induce the interfacial charge transfer between metal
and adsorbed molecules, or the excitation energy within reactants due to the energy transfer. We
used the NH3 decomposition on Ru-doped Cu as the probe reaction since NH3 is a promising
medium for COx-free hydrogen storage.% 3% 137 The common solvents such as water, methanol
and phenol were selected to study the effect of the local environment induced by solvent. We found
that H-bond between these solvents and NH3 could increase the excitation energy of an electron
from the Fermi level of the system to LUMO of NH3, while these bonds could reduce the excitation
energy of an electron from HOMO of NHj3 to the Fermi level. We also found that changing the
basicity of solvents can alter the LUMO level of adsorbates, resulting the change in the excitation
energy to LUMO, i.e., the higher the B of the solvent, the higher required energy to populate the
LUMO of NH3. The HOMO-LUMO gap also could be affected by the presence of solvent; but
with less extensive than the increase of excitation energy from the Fermi level to LUMO. As a
result, the H-bond between solvent and reactant can modify the excitation energy in both interfacial

charge transfer and energy transfer mechanisms (Scheme 1).

Computational method

The DFT calculation with PBE exchange-correlation functional were performed using
VASP version 5.4.1.1% 3% The van der Waals (vdW) interaction was included by employing the
DFT-D3 dispersion model.*! A plane wave basis set with a kinetic energy cutoff of 500 eV was
used for structure optimization in which the criteria of atomic force were set < 0.02 eV/ A. A four-
layer V21 x V21 Ru-doped Cu(111) (RuCus3) slab were constructed to model the surface of the
Ru-doped Cu nanoparticle. While two top layers are fully relaxed, the two bottom layers are fixed.

A 15 A vacuum was added to separate slabs from their periodic images. The k-points grid of
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(4x4x1) were used to converge the total energy. The energy convergence for electronic relaxation

was set to 107* eV. The total energy was extrapolated to 0 K.

The optimized structures on the ground state calculated with VASP were adopted to calculate
excited states using GPAW version 22.1.0.!> 1® The exchange-correlation functional, plane-wave
cutoff, and k-point grid in GPAW were kept the same as in VASP. The linear expansion delta self-

consistent field (ASCF)!2 approach was used to calculate the energy of the system at excited states.
The band center of molecular orbital is the mean energy calculated as follows:

| p(E)EAE

E= J p(E)dE

Where p(E) represent DOS at corresponding energy E.

Results and discussion
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As shown in literature3%: 136 137

, at low coverage, the first N—H bond dissociation in NHj3 is the
rate limiting step for light-driven NH3 decomposition on Ru-doped Cu surface. Therefore, to
investigate how solvent could affect the interfacial charge transfer between metal and adsorbed
reactant, we first study the base case when only NH3 adsorbs on Ru-doped Cu surface without
solvents. The optimized structure of the base case is shown in top channel of Figure 5.1 (black).

In this study, the interfacial charge transfer in this study is analyzed via the hole transfer process,

which is represented by the excitation energy of an electron from HOMO of NH3 to Fermi level
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(denoted as Enole), and the electron transfer process, which is reported via the excitation energy of
an electron from Fermi level to LUMO of NH3 (denoted as Eciec). For the base case, Enole and Eciec
are 6.0 eV and 3.2 eV respectively. In experiment, the photocatalysis reaction rate reach maximum
at 2.6 eV,"*7 which is lower by 0.6 eV compared to the calculated Eeiec of the base case. This
difference could result from the fact that the real catalyst surface of Ru-dopped Cu could has a
complex geometry than the single atom model. The adsorption energy of NH3 for the base case is

~-1.4 eV, which is comparable with literature values'?’.

The effect of local environment induced by solvent to the interfacial charge transfer is then
studied by surrounding NH3 with H>O. We found that the adsorption energy of NH3 increases
when there is an interaction between H2O and NH3 (Table A4.1); however, the more significant
impact is observed when H-bond is formed between NH3 and H2O at side adsorption configuration
compared to the on-top adsorption of H,O on NH3. As a result, the top side adsorption of H>O on
NH3 does not alter much the interaction between NH3 and metal surface, leading to the similar
excitation energy compared to the base case (Figure 5.1). Differently, the side adsorption of H.O
increased the required excitation energy for both electron and hole transfer process. The more H-
bond formed between H>O and NH3 as the number of surrounding H>O increase, the higher
excitation energy. We observed that the Eclec increases by 0.4 eV per H-bond between H>O and
NH3s, while the value of Enole decrease by 0.2 eV per H-bond (Figure 5.1). This change of the
excitation energy can be attributed to the strong electronegativity of oxygen atom which enhance
the electron withdrawal from NHs, resulting in the shift up of the HOMO and LUMO center as
shown in Figure 5.2. The more remarkable effect in Eelec than Enole could be related to the fact that
the LUMO of NH3 is mainly located on H atoms, which can be directly influenced by the H-bond.

Whereas most part of HOMO are located on N atom. As can be seen from Figure 5.2, the center

83



of the HOMO shifts from -4.43 eV of the base case to -4.20 eV, -3.98 ¢V and then to -3.80 eV
with respect to Fermi level of the system when one, two and three H>O molecules are added around
NHs. The center of the LUMO also move to higher energy, from 3.73 eV to 4.07¢V, 4.38 eV and
4.68 eV with respect to Fermi level as the number of surrounding H>O increases from 0 to 3
molecules. As a result, the local environment induced by H>O, i.e., via H-bond with reactant, can
enhance the hole transfer process or inhibit the electron transfer process between NH3 and Ru-
doped Cu surface. It is worth to note that we also examine the change in work function of catalyst
surface with and without surrounding H>O. We found that there is only a slightly change in the
work function of the catalyst surface (Figure A4.1). In addition, there is no difference between the
calculated core level energy of 1s orbital of Cu and the Fermi level among system without and
without H>O. These factors imply that the changing of Enole and Eciec obtained in Figure 5.1 is
related to the adjustment of HOMO and LUMO level due to the H-bond formation between NHj3
and H>O. We also investigated the effect of H>O on Cu surface instead of Ru-doped Cu surface,

and found a similar trend between these two catalyst surface (Table A4.1 and Table A4.2).

The effect of local environment induced by solvent on the interfacial charge transfer is
extended to 2 other solvents which are methanol and phenol (Figure 5.3 and Figure 5.4). Since the
top adsorption configuration of water does not affect much the interfacial charge transfer, only the
side adsorption of methanol and phenol are considered in this study. As expected for a solvent with
slightly higher B than water, the methanol induces an increase by ~ 0.5 eV of Ecec per H-bond
between it and NH3, which is higher by 0.1eV per H-bond compared to water. In contrast, the H-
bond between phenol and NH3 only causes an increase < 0.2 eV of Eciec per H-bond, which is lower
than that value of water. A comparison on Eciec Wwhen water or phenol is introduced nearby NHj is

displayed in Figure 5.5. As can be seen from Figure 5.5, when the number of solvent molecules
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increase, the bond length between N and Ru decrease due to the stronger interaction between NH3
and catalyst surface. Despite the similar trend of the bond length and the excitation energy, the
calculated values suggested that the impact of water is significant than that of phenol. This
difference could be attributed to the lower B of phenol than water. On the other hand, there is only
a negligible change of Enole When NH; forms H-bond with surrounding phenol molecules despite
of the shift up of HOMO when more phenol molecules were introduced (Figure 5.4 and Figure
A4.2). The changing of Enole is similar for both case of water and methanol, i.e, decreasing by 0.2
eV per H-bond, imply that the slightly difference of B is not impactful enough to cause the

difference on the effect of methanol compared to water.

In plasmonic catalysis, apart from the interfacial charge transfer mechanism between the
catalyst and adsorbed molecules, the energy transfer mechanism has been reported as the main
mechanism in literature. The latter mechanism depends on the excitation of the electron within
reactant’s orbital, i.e., the excitation from HOMO to LUMO. In other word, the energy transfer
mechanism relies on the HOMO-LUMO gap. We then analyzed the HOMO-LUMO gap as the
sum of the Eciec and Exole (indirect calculated value). We found that the effect of solvent on the Eeiec
is stronger than their effect on the HOMO-LUMO gap for three mentioned solvents (Figure 5.2),
i.e., a change of 0.6 eV, 0.9 eV and 0.4 eV of Eci.c compared to a change of 1.2 ¢V, 1.4 eV and 0.6
eV of HOMO-LUMO gap for the case of water, methanol and phenol respectively. As a result, the
effect of local environment induced by solvent on the plasmonic catalysis could be considerable
depending on the mechanism that the chemical reaction is followed. It is worth to note that the
direct calculated excitation energy from HOMO to LUMO via GPAW is shown in Figure A4.3;

the indirect and direct calculated value show the same trend for all studied solvent.
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gap (black). Optimized configuration of NHs only (Base case, black), NH; with CH30H (Green)

on RuCus; are shown in the top channel.
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Figure 5.5 The changing of the excitation energy to excite electron from Fermi level to LUMO of

NH;3 and the Ru-N bond length as the number of H>O/CsHsOH molecules increased

Conclusion

By analyzing the excitation energy of an electron from adsorbate HOMO to Fermi level of
the adsorbate/metal, and from this Fermi level to LUMO of adsorbed molecules using linear
expansion ASCF method, we show that the H-bond between reactants and solvent could affect the
interfacial charge transfer and the energy transfer between catalyst surface and reactants. While
the presence of water, methanol or phenol nearby ammonia can inhibit the electron transfer process
from metal to ammonia, it can facilitate the hole transfer process between them. The higher the 3
of solvents, the stronger inhibition to the electron transfer process. The solvent also could alter the
HOMO-LUMO gap of the adsorbate, which also can impact the plasmonic catalysis if the reaction
follows the energy transfer mechanism. Our results provide the insight understanding how solvent
could impact the plasmonic catalysis, and how to tune the reaction environment to enhance the

efficiency of photocatalyst.
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Chapter 6: Summary and Future Directions

6.1 Dissertation Summary

This work focused on the understanding of how the non-equilibrium affects chemical
reactions on the hybrid plasmonic catalyst between the plasmonic metal and different components,
including the semiconductor CuxO, Lewis acid zeolite, and transition metal Ru. In addition, the

effect of solvent on the excitation energy of the hybrid plasmonic catalyst also is included.

First, by performing DFT calculations of oxide-catalyzed reaction on the hybrid plasmonic
between metal and oxide Cu,O, we have shown the importance of the interaction of Cu,O with
CO: to the accessibility of antibonding states of the adsorbed CO; in the range of visible light.
Under photon excitation, the effective reaction barrier of CO: dissociation could reduce to a third
of its intrinsic activation barrier at the ground state. These findings provide an explanation for the
visible-light-induced direct CO, dissociation at low temperatures and under ambient pressure, even

in the absence of Ho.

Secondly, to increase the probability of CO, dissociation induced by non-equilibrium
electrons, the defective Cuz0 surface is considered. We found that the oxygen vacancy changes
the thermodynamics of the CO» dissociation to less endothermic on the oxygen-deficient surface
than the perfect surface, leading to a lower activation barrier at the ground state. This barrier can
further decrease at the excited state due to the significant population of non-equilibrium electrons
at the antibonding states. We also found that the oxygen vacancy is relatively easy to form by Ha
on Cu0 surface, especially within the proximity of hydroxyl groups, independent of the presence
of energetic electrons. As a result, a change in the reaction order with respect to H> and CO,,

corresponding to different rate-determining steps, with and without plasmonic excitation, may
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occur. Our findings suggested maximizing the (111-VCu) surface for plasmonic catalyst

applications in CO; conversion due to lower excitation energy and CO desorption energy.

Thirdly, we investigated the effects of energized carriers on acid-catalyzed reaction over
the hybrid plasmonic catalyst of zeolite and have shown that the non-equilibrium charge carriers
can tune the interaction between molecules and the Lewis acid zeolite. Furthermore, we found that
replacing Si atoms in the zeolite framework with Ti and Sn could enable visible light to excite
electrons from the plasmonic metal into zeolites. Our results also revealed the significant impact
of the energized electrons on the molecules/catalyst interaction when the mid-gap states can be
generated in zeolites. This concept can be used to manipulate molecular adsorption, product
desorption, or zeolite activity for acid-catalyzed reactions. We further show that the non-
equilibrium electrons can influence the intrinsic activation energy at the excited state of the

propylene epoxidation, especially at high-doped concentrations of Ti atoms in the zeolite.

Finally, we found that the H-bond between reactants and solvents could affect the
interfacial charge transfer and the energy transfer between catalyst surface and reactants due to the
shift of LUMO and HOMO level. The H-bond increases the excitation energy, which can inhibit
the interfacial charge transfer of an electron from the Ru-doped Cu surface to ammonia, whereas
it can promote the hole transfer process between them. The stronger H-bond, the more significant
effect on the electron transfer process. The results shed light on the significant role of solvents in

the plasmonic catalysis.
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6.2. Future directions

The results obtained from the ASCF method, such as estimating the excitation energy, the
probability of excited state relaxation along the reaction pathway from an excited-state potential
energy surface (PES) to the ground-state PES, i.e., the relaxation of the excited state when the
bond stretching approach the transition state are useful. However, this approach cannot describe
the real dynamics of how hot electrons can be decayed. Hence, a further study to perform TDDFT
would be valuable and give more understanding of how chemical reactions are induced by excited

electrons.

As can be seen from Chapter 3, it is challenging to distinguish the interfacial charge transfer
mechanism and energy transfer mechanism in plasmonic catalysis in both experimental and
modeling. The direct charge transfer and indirect charge transfer are also difficult to identify which
one is the domain mechanism. Moreover, the electron can originally be excited from the metal,
but the process of whether these electrons transfer tunning through the semiconductor to the
reactive or transfer to the semiconductor and then to the reactive interface remains unclear. In some
cases, the non-radiative decay can even transfer energy through an insulating spacer layer, so the
excited electron can probably transfer ballistically through the semiconductor to the reactive
interface. Further investigation to study the exact electron transfer pathway, such as via TDDFT

could bring a more insightful understanding of this process.

Take the advantages of the zeolite plasmon-modulated Lewis acid catalysis, as shown in
Chapter 4, and further studies to investigate how highly energetic carriers generated in plasmonic
metal can be used for other acid-catalyzed reactions on zeolite. Especially, it is interesting to
examine how the excited carrier interplay with the different confinement environment due to the
different pore size/framework, the different acid density, the identify of hetero atoms dopped into
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zeolite framework, the extra-framework, and/or the moieties/solvents for chemical transformations
occurs at the active sites.

In addition to the acid-catalyzed in Chapter 4, the effect of non-equilibrium charge carriers
on base-catalyzed reaction should be studied in the future. For example, the base-catalyzed self-
condensation of acetone on MgO. In this case, the aldol condensation follows a nucleophilic
addition mechanism, in which the first step is the generation of an enolate intermediate by
deprotonation of a position. The second step is C-C formation by the nucleophilic attack of
carbonyl, followed by the proton transfer and dehydration steps. Consequently, this reaction highly
depends on the charge transfer between the catalyst and the 1 acetone molecule and the charge
transfer between the 2" acetone molecule and the enolate intermediate. Since the MgO has a large
bandgap (~ 7.8 eV), we expect that the excited electron or hole is most likely localized at acetone
molecules; therefore, it is possible to manipulate this reaction kinetic by non-equilibrium charge

carriers.

In Chapter 5, only the excitation energy of ammonia orbitals in the presence of solvents
such as water, methanol, or phenol was considered. However, if the orbitals of solvents and orbitals
of reactants significantly overlap, the excited electron could be populated into the solvents’ orbitals
instead of reactants, which may lead to the shift of selectivity. Further studies investigating the
excited electron on the selectivity in the presence of solvents could bring more insight and
guidelines for the plasmonic catalyst in the liquid phase. In addition to solvents, the reactant’s
coverage also plays a critical role in the heterogeneous catalyst, but the interplay of the non-
equilibrium charge carrier with the reactant’s coverage remains to explore. Future research

focusing on the role of the coverage should give more valuable information to this field.
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Appendix Al: Supporting information for Chapter 3.1

Plasmonic Energetic Electrons Drive CO; Reduction on the pristine Cu2O surface
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Figure Al.1 The NEB calculation results (A) and the represented configurations along reaction
pathway after running about 1,000 steps (B-H). Based on NEB, the transition state and activation
energy were calculated further by applying the dimmer method. We also tried to calculate the NEB
calculation for breaking the C-O2 bond with O2 remains at unsaturated Cu and the C-Ol

travelling to the nearby unsaturated Cu. However, the calculation cannot be converged.
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Figure A1.2 Crystal orbital Hamilton population (COHP) ¢ of absorbed CO: on Cu>O (111)

surface at the initial state
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Figure A1.3 Ground state and excited state energies (eV) along reaction pathway predicted by
the PBE+U functional combined with the ASCF approach. Each colored line represents a reaction

profile mapping from the initial state to the final state by manipulating electronic occupation at

different electronic states above the Fermi level and a hole at Fermi level

600000 400000
—ocozce20 /| »
500000 — Cu20 i,
= 300000 -
< £
: 8
5 400000} =
5 £ 200000
Qo 8
£
S 300000 8
c §
5 =
- S 100000
E «n
& 200000 - 2
< 5
=
(=) (1] e
100000 -
0 ~100000
0 1 2 3 4 5 6 0 1 2 3 2 3 5
Energy (eV) Energy (6V)
a) b)

Figure A1.4 a) The absorption coefficient of CuzO (black) and Cu>O with adsorbed CO: (blue);
b) The difference of absorption coefficient between the two structures with and without adsorbed
CO: on Cuz0. Both calculations were performed using the HSE06 functional. For the Cu20 result

plotted in the figure, we removed the CO: while keeping the other atoms fixed at their positions.
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The absorption coefficient is calculated by the following relation'3°:

1

Atk 2\2mE 1 2
e (GRaE

a =

Where €; and €, are the calculated real and imaginary part of the dielectric constant using the

HSE functional.
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Figure A1.5 The charge density difference between the excited states (which has an added electron
into unoccupied KS orbital and a hole at Fermi level) with the ground state. Cyan color represents

for removed electron and yellow color represents for added electron. An isosurface value of

0.00067 /A3 is used.
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Table A1.1 The difference of the Bader charge between the excited states (which has only an added

electron into unoccupied KS orbital) and the ground state

Initial Ist | 2nd | 3rd | 4th | 5th | 6th | 7th | 8th | 9th | 10th
Diff-C -0.02 | -0.02 | -0.02 | -0.02 | -0.02 | -0.02 | -0.02 | -0.02 | -0.01 | -0.02
Diff-O1 0.00 | 0.01 | 0.00 | 0.00 | 0.00 | 0.01 | 0.01 | 0.01 | 0.02 | 0.01
Diff-O2 -0.06 | -0.06 | -0.06 | -0.06 | -0.06 | -0.06 | -0.06 | -0.06 | -0.06 | -0.06
Diff-(C and O2) -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.06 | -0.08

Diff-(C, O1 and O2) | -0.08 | -0.07 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.05 | -0.08

Transition state Ist | 2nd | 3rd | 4th | S5th | 6th | 7th | 8th | 9th | 10th
Dift-C -0.20 | -0.20 | -0.20 | -0.19 | -0.20 | -0.20 | -0.20 | -0.20 | -0.20 | -0.19
Diftf-Ol1 0.18 | 0.18 | 0.18 | 0.18 | 0.18 | 0.18 | 0.18 | 0.18 | 0.18 | 0.18
Dift-02 0.12 | 0.12 | 0.12 | 0.12 | 0.12 | 0.12 | O.11 | O.11 | O.11 | 0.12
Diff-(C and O2) -0.07 | -0.09 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.09 | -0.07

Diff-(C, Ol and O2) | 0.11 | 0.10 | 0.10 | 0.11 | 0.10 | 0.10 | 0.10 | 0.10 | 0.09 | 0.11

Final Ist | 2nd | 3rd | 4th | Sth | 6th | 7th | 8th | 9th | 10th
Diff-C 0.01 | 0.01 | 0.01 | 0.01 | 0.04 | 0.05 | 0.06 | 0.05 | 0.09 | 0.14
Diff-O1 0.04 | 0.04 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02
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Diff-O2 -0.11| 0.03 | 0.02 | 0.03 | 0.05 | 0.03 | 0.02 | 0.04 | 0.04 | 0.06

Diff-(C and O02) -0.10| 0.03 | 0.03 | 0.04 | 0.09 | 0.08 | 0.08 | 0.08 | 0.13 | 0.20

Diff-(C, Ol and O2) | -0.06 | 0.08 | 0.05 | 0.06 | 0.11 | 0.09 | 0.10 | 0.10 | 0.15 | 0.22

Table A1.2 The difference of the Bader charge between the excited states (which has an added

electron into unoccupied KS orbital and a hole at Fermi level) and the ground state

Initial Ist | 2nd | 3rd | 4th | 5th | 6th | 7th | 8th | 9th | 10th
Diff-C -0.03 | -0.03 | -0.03 | -0.03 | -0.03 | -0.03 | -0.03 | -0.03 | -0.02 | -0.03
Diff-O1 -0.01 | -0.01 | -0.01 | -0.01 | -0.01 | -0.01 | -0.01 | -0.01 | 0.00 | -0.01
Diff-O2 -0.05 | -0.05 | -0.05 | -0.05 | -0.05 | -0.05 | -0.06 | -0.05 | -0.05 | -0.05
Diff-(C and O02) -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.08 | -0.07 | -0.08

Diff-(C, O1 and O2) | -0.09 | -0.09 | -0.09 | -0.09 | -0.09 | -0.09 | -0.09 | -0.09 | -0.07 | -0.09

Transition state I1st | 2nd | 3rd | 4th | S5th | 6th | 7th | 8th | 9th | 10th
Dift-C -0.21|-0.21 | -0.20 | -0.20 | -0.20 | -0.20 | -0.20 | -0.20 | -0.21 | -0.20
Diff-Ol1 029 | 0.15 | 0.16 | 0.14 | 0.16 | 0.16 | 0.16 | 0.14 | 0.14 | O0.16
Diff-O2 0.08 | 0.08 | 0.08 | 0.08 | 0.08 | 0.08 | 0.08 | 0.07 | 0.07 | 0.09
Dift-(C and O2) -0.13 | -0.13 | -0.12 | -0.12 | -0.12 | -0.12 | -0.12 | -0.13 | -0.13 | -0.11

Diff-(C, Ol and O2) | 0.16 | 0.02 | 0.04 | 0.02 | 0.04 | 0.04 | 0.04 | 0.01 | 0.00 | 0.05
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Final Ist | 2nd | 3rd | 4th | 5th | 6th | 7th | 8th | 9th | 10th
Diff-C 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.02 | 0.02 | 0.02 | 0.06 | 0.13
Diff-O1 0.02 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 |-0.02 | 0.00 | 0.00 | 0.00
Diff-O2 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.03
Diff-(C and 02) 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.01 | 0.02 | 0.03 | 0.07 | O.16
Diff-(C, Ol and O2) | 0.02 | 0.01 | 0.00 | 0.00 | 0.01 | 0.01 | 0.00 | 0.03 | 0.06 | 0.16
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Appendix A2: Supporting information for Chapter 3.2

Plasmonic Energetic Electrons Drive CO2 Reduction on Defected Cu.O
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Figure A2.1 Optical absorption coefficient of the (111-Ores) surface with and without oxygen

vacancy. Unit: cm™.
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Figure A2.2 Absorption coefficient of the (111-VCu) surface with and without oxygen vacancy.

Unit: cm™.
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Figure A2.3 Absorption coefficient of the (110-CuQO) surface with and without oxygen vacancy.

Unit: cm™.
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Figure A2.4 The model of the oxygen-deficient surfaces of Cuz0. The blue and red balls denote

for Cu and O atoms respectively.
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Figure A2.5 The ground- and excited-state energy profile of the oxygen vacancy formation step

when one electron is added into the LUMO of H>O by GPAW.
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Figure A2.6 Scheme to illustrate how photo-excited electron is modelled in our study. The model
is shown in the red rectangle. (A) The model of the neutral system. (B) The model of the charged
system (one additional electron is added into the neutral system) when an electron is added into
the project LUMO of the adsorbed molecule (green area). (C) The model of the charged system

when an electron is added into the lowest unoccupied states of the system (green area).
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of the charged system by VASP. (A) The intrinsic activation energy at the ground- and excited
state of the oxygen vacancy formation step. (B) The intrinsic activation energy at the ground- and
excited-state of the CO: dissociation step. (C) The charge density difference projected on CO; and
under-coordinate Cu atoms at the transition state between the ground- and excited-PES. (D) The

relationship between charge density localized on CO: at the initial state and the transition state,

and the C-O bond length at the transition state.

The CO; dissociation barrier reduces by 0.3 eV for the (111-Ores-Ovac) surface (Fig. S7B).
Decrease of this barrier for the (111-VCu-Ovac) surface is 0.2 eV, but a negligible change was
obtained for the (110-CuO-Ovac) surface. We find that there is a correlation between the reduction
of the activation energy with the charge localized at the adsorbed CO»; the higher the localized
charge is, the larger the gap between the intrinsic activation energy at the ground state and the

excited state (Figure S7C). The C-O bond length in CO; at the transition state, can also indicate

102



the effect of the photo-excited electron (Figure S7D). A longer C-O bond indicates a later transition

state and a more pronounced electron transfer from the vacancy to CO> at the transition state.

Therefore, a greater change for CO; dissociation was obtained on (111-Ores-Ovac) than the other

two facets. Meanwhile, the added electron is delocalized on the Cu2O surface, resulting in no

significant for vacancy formation (Figure S7A).
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Figure A2.8 The surface energy of Cu;0. The O-terminated Cu:xO (111) surface (111-Ores,

black), the O-terminated Cu>O (111) surface with Cu vacancy (111-VCu, red), the mixed CuO-

terminated (110) surface (110-CuO, blue) and the Cu-terminated (110) surface (110-Cu, orange).
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Appendix A3: Supporting information for Chapter 4.1

A first-principles study of the interaction between molecules and Lewis acid zeolites

manipulated by injection of energized charge

Amonia adsorption energy (eV)
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Figure A3.1 Relationship between NH; and pyridine adsorption energy on M-BEA.
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Figure A3.2 Relationship between NH; adsorption energy on M-BEA with the mean square
deviation from regular tetrahedron angle (O-M-O angle) (theta, 6), the volume of tetrahedral

(Vmo,) and the average bond M-O bond length with the four oxygen nearby metal center.
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Table A3.1 The mean square deviation from regular tetrahedron angle (O-M-O angle) of M-BEA
at the ground state, at excited states with an energized electron and excited states with an

energized hole.

M-BEA Excited state with Excited state with
Ground state
energized electron energized hole
Si 1.1 1.2 1.1
Ti 2.6 5.0 2.6
/r 4.1 4.4 4.2
Sn 4.4 13.8 4.4

Table A3.2 The adsorption energy of NHs on the open site of Sn-BEA ((0Si)3SnOH) under the

effect of the energized electron or hole.

(OS1);SnOH (0Si)3SnOH + e (OSi)3SnOH - h
Eads (eV) -0.9 -0.3 -1.0
N-Sn bond length (A) 2.38 2.71 2.35

Table A3.3 Bader charge analysis on Sn and OH groups of Sn-BEA shown in Figure 4.1.5 at the

ground state, at excited states with an energized electron and excited states with an energized hole.

Bader charge Excited state with Excited state with
Ground state
of M-BEA energized electron energized hole
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Sn 1.67 2.16 1.67
0O 7.42 7.38 7.42
O (Silanol) 7.33 7.33 7.30
H (Silanol) 0.26 0.34 0.25
H 0.30 0.36 0.25
Table A3.4 HSEOG calculation results (unit: eV)
HSE06 PBE
AEads AFEads
AFEads with AEads with
M-BEA with 1 with 1
IP EA | Bandgap 1 added 1 added
removed removed
electron electron
electron electron
Si-BEA | 4.1 3.4 7.4 0.0 -0.6 0.0 -0.5
Sn-BEA | 4.0 2.1 6.2 0.6 -0.1 0.6 -0.1
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Appendix A4: Supporting Information for Chapter S

Local enviroment effect induced by solvent on the plasmonic catalysis
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Figure A4.1 The changing of wavefunction and the energy difference between core level of Cu Is

with respect to Fermi level as the number of H>O/CsHsOH molecules increased

109



side-C6H50H

—HOMO-1 HOMO LUMO
3.0

=25
>

-3.97

215

4.05

205

0-0 L] L] L] L] L]
10 -8 6 4 2 0 2 4 6 8 10
E - Ef (eV)
2side-C6H50H
—HOMO-1 —HOMO —LUMO

T
—
—

)

215 -3.52

a 4.45

40 8 -6 4 2 0 2 4 6 8 10
E - Ef (eV)
3side-C6H50H

—HOMO-1 HOMO LUMO
3.0

=25}
w20

AR -3.14
0
10 |
&) 4.84
205 |
00 LI T ‘I T T
-10 -8 -6 -4 -2 0 2 4 6 8 10

Figure A4.2 Density of states projected on adsorbed NH3 when it is surrounding by CsHsOH. The
center of the HOMO and LUMO of NH3 are shown above the main peak.
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Table A4.1 The adsorption energy of NH; on the Ru-doped Cu surface (RuCuss) vs Cu surface

(Cusy). Unit: eV

NH; topH,O side-H,O 2side-H,0 3side-H,O
RuCus; -1.40 -1.61 -2.02 -2.59 -3.12
Cuss -0.88 -1.07 -1.51 -2.11 -2.68

Table A4.2 The excitation energy of an electron from Fermi level to LUMO of NH3 of the Cu

surface (Cusy). Unit: eV

Cusy

NH3

topH2O

side-H,O

2side-H20

3side-H>O

Fermi level to LUMO

3.21

3.29

3.57

3.93

4.33
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