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The Importance of Accounting for Excited States in Ab
Initio Modeling of Photocatalytic Mechanism: Insights
from N, Reduction on a Ru-TiO, Cluster

Taja Zibert, BlaZ Likozar,” and Matej Hus*

Photocatalytic nitrogen reduction is a sustainable alternative to the Haber—Bosch
process, allowing ammonia production under mild conditions using light as the
driving force for nitrogen fixation. Despite several experimental studies on
photocatalytic ammonia synthesis, first-principles mechanistic studies are
lacking, and only the ground state is typically considered. Herein, a multiscale
model of photocatalytic ammonia synthesis is build, which is ab initio, explicitly
accounts for excited states, and feeds into a coupled microkinetic model. Time-
dependent density functional theory is employed to study the electronic prop-
erties of a Ruz—(TiO,)e cluster, its adsorption capabilities, and the reaction
kinetics of ammonia synthesis in the ground state and the first excited state. The
reaction parameters are then cast into a microkinetic model, which shows that
the catalyst is active and elucidates the effect of varying reaction conditions on
performance. Crucially, it is shown that without accounting for the excited states,
the kinetics of the reaction are erroneously described. The reaction proceeds via a
dissociative pathway, with N=N bond cleavage as the rate-determining step. The
apparent activation barrier in the excited state is decreased from 1.98 to 1.84 eV,
increasing the reaction rate. This computational approach is transferable to other

which has traditionally been achieved
via the thermocatalytic Haber-Bosch
(HB) process. This process remains the
dominant method for ammonia synthesis
despite concerns regarding its environ-
mental impact.!"? Ammonia is the sec-
ond most widely produced chemical and
is used as a fertilizer, an energy or hydro-
gen storage vector, and an intermediate
for nitrogen-containing chemicals, such
as platform chemicals, polymers, and
explosives. Its use has also recently been
recognized as a fuel in marine transporta-
tion.? During the HB process, consider-
able energy is required to achieve high
temperatures and pressures necessary for
nitrogen activation. Additionally, a notable
carbon footprint is generated during hydro-
gen production, which is derived from
methane via the methane steam reforming
process. Consequently, there is growing

photocatalytic reactions.

1. Introduction

Significant focus has been placed on the activation of a stable
and inert nitrogen molecule and its reduction to ammonia,
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interest in developing more environmentally
friendly methods for ammonia synthesis,
including photocatalysis.””!

Photocatalysis is a sustainable alterna-
tive to the HB process, using a range of photocatalysts that
have already been successfully deployed. These include titanium
dioxide (TiO,), metal oxides, graphitic carbon nitrides (g-C3Ny),
bismuth oxyhalides (BiOX, X = Cl, Br), sulfides, and other photo-
catalysts.) Among them, TiO, is considered a benchmark
catalyst due to its nontoxicity, high chemical stability, surface
area, and photocatalytic activity, enabling its use in a wide range
of applications in the cosmetic, pharmaceutical, and health
industries, as well as a photocatalytic material.>® It is used
not only for photocatalytic N, fixation but also for water split-
ting,[7‘8] CO, reduction,™? and several other industrial reactions.

However, recent advances have disproportionately focused on
experiments. Computational and theoretical work on modeling
photocatalysis typically settles for computing some catalyst prop-
erties in the excited state, yet more often than not, only ground-
state mechanisms are provided. In the latter case, calculations are
performed over a selected photocatalyst in its ground state, with-
out considering electron excitation. Few studies include time-
dependent density functional theory calculations (TD-DFT),”!
while others use ab initio nonadiabatic molecular dynamics sim-
ulations (NAMD).""2l Optical absorption of small (TiO,)y,
n=21-24 nanoparticles was studied in the framework of
TD-DFT, which showed strong recombination of electron-hole
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pairs obtained from the difference between the optical absorption
onset and quasiparticle gaps.'”! Existing studies of photocatalytic
ammonia production using first-principles modeling focused on
N, activation. NAMD calculations of the direct formation of the
*N,- species on metal-free boron-decorated diamond clusters
showed that the lifetime of the excited state of N, (10 ns) is long
enough to achieve the initial hydrogenation.'’ NAMD simula-
tions were also used to study the photoactivation of N, on a
BiOBr photocatalyst with oxygen vacancies (OV). The formation
of *N,- is stabilized by trapping the photogenerated electrons
around the conduction band of the OV-BiOBr photocatalyst.
Using the Hefei-NAMD approach, Niu et al.'” modeled faster
and lighter electrons with quantum mechanics and slower and
heavier nuclei classically with ab initio MD. This approach is use-
ful for performing ab initio NAMD.™*! Another approach is to
study the trajectories of surface hopping with time-dependent
Kohm-Sham equations.!*

To the best of our knowledge, we perform the first full ab initio
mechanistic study of nitrogen reduction under photocatalytic
conditions in the excited state in this work. We combine TD-
DFT calculations with microkinetic modeling to investigate pho-
tocatalytic ammonia synthesis over a Ru;—(TiO,)s cluster photo-
catalyst, which is used due to the proven activity of Ru-doped
TiO, nanoparticles.’>*”) The initial determination of the
thermodynamically most feasible structure of the Ru;—(TiO,)s
cluster is followed by an exploration of the electronic and optical
properties that contribute to a better understanding of the behav-
ior of the selected cluster as a photocatalytic material. We com-
puted the band gap and projected densities of states. After
determining the adsorption modes of the nitrogen molecule
(N,), ammonia (NH3), and hydrogen (as H and Hj,), the overall
nitrogen reduction mechanism was first studied in the ground
state. Later, the reaction mechanism was studied in the first
excited state using the TD-DFT method to account for the photo-
catalytic process. The obtained kinetic parameters (stemming
from the adsorption energies and activation barriers for elemen-
tary reaction steps) were incorporated into a microkinetic model,
which describes the reaction kinetics of the photocatalytic reduc-
tion mechanism as a function of reaction conditions. Most cru-
cially, the approach is shown to be transferable to other
heterogeneous photocatalytic reactions, making it a versatile tool
for future theoretical photocatalysis research. In our study, we
emphasize the importance of incorporating excited-state calcula-
tions into kinetic models. Rather than focusing on developing
new formulations for photocatalysts, we aim to demonstrate that
accounting for excited-state excitations in mechanistic studies is
crucial, as it can significantly alter the reaction kinetics. To the
best of our knowledge, a comprehensive microkinetic model that
includes the excited-state surface has not yet been studied.

2. Methods

2.1. Ab Initio Calculations

Spin-polarized DFT and TD-DFT calculations were performed in
the GPAW®' environment and in the VASP software.2*!
GPAW was implemented to study the electronic properties
and charge transfer, while VASP was used to study the
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adsorption/desorption equilibria and the nitrogen reduction
mechanism in the ground and first excited states. To ensure con-
sistency between GPAW and VASP, the same basis set, func-
tional, convergence criteria, and other parameters were used.
A plane-wave basis set was employed to describe wave functions
within the projector augmented wave method as implemented in
GPAW and VASP, respectively. A cutoff energy of 500 eV proved
to be well converged for the system studied. The Perdew—Burke—
Ernzerhof (PBE) functional®” was used to obtain the adsorption
energies and mechanism kinetics. To calculate the electronic
properties more accurately, we applied the hybrid Heyd-
Scuseria-Ernzerhof functional (HSE06)**! as single-point
calculations in the spin-polarized regime due to its high compu-
tational cost. The convergence criterion was set to 0.0005 eV per
electron for energy and 0.01eV A" for the forces on each atom.
The Ru;—(TiO,)s cluster photocatalyst was placed in a simulation
cell large enough to ensure at least 10 A of vacuum in each
dimension. The simulation cell was sampled at a I" point only
to minimize spurious intercell interactions. All calculations were
conducted using Fermi-Dirac smearing of 0.001 eV. To account
for van der Waals interactions, the Grimme-D3 correction was
applied.* To consider the on-site Coulomb interactions, a
Hubbard-U correction of 4eV was applied to the Ti 3d
electrons!®?"! in the PBE approach.

2.1.1. Catalyst Model

TiO, is recognized as a promising catalyst in ammonia synthesis
due to its attractive properties, as outlined in the Introduction
section. It crystallizes in different polymorphs (anatase, rutile,
and brookite). Among them, rutile is thermodynamically the
most stable, while anatase has been demonstrated to be a supe-
rior photocatalyst.?®! Clusters have proven to be effective cata-
lysts for studying structure-related properties and determining
active sites with greater accuracy compared to crystalline cata-
lysts. This is due to the undercoordination of atoms in clus-
ters.”” In our previous study,™ we investigated the structure-
dependent properties of different pristine and ruthenium
(Ru)-doped TiO, clusters. Our findings revealed that smaller
clusters exhibited higher reactivity toward nitrogen, while the
presence of the Ru atom significantly improved electronic and
adsorption properties. Based on these observations, we selected
a medium-sized Ru—(TiO,), cluster, which is sufficiently large to
study the nitrogen reduction mechanism. To enhance nitrogen
activation, the number of Ru atoms was increased to three atoms
loaded on the (TiO,)s cluster. In this study, the Ru;—(TiO,)s
cluster is selected as a promising photocatalyst to investigate
the photocatalytic nitrogen reduction mechanism. The model
used is adapted from our previous work, " where the stability
of (TiOy),, clusters was ascertained using MD simulations.

2.1.2. Adsorption

The adsorption modes of H;, N;, and NH3 were calculated on the
optimized structure of the Rus—(TiO,)s cluster. The isolated adsor-
bates were enclosed and optimized in the simulation cell, which
provided at least 10 A of vacuum in each dimension. The adsorp-
tion energies (E,qs) were calculated using the following equation.
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E ads — E cluster + adsorbed species — (E cluster E isolated species) (1)

where Eugster 4 adsorbed species T€fers to the total energy of Hj, Ny, or
NH3; adsorbed on the cluster, respectively; E e, is the total energy
of the isolated cluster; and Eijslatedspecies 1S the total energy of
isolated H,, N,, or NH3. The adsorption of H was determined
relative to %Hz.

2.1.3. Reaction Mechanism

The nitrogen reduction mechanism was investigated in the
ground and first excited states. The nitrogen dissociation mech-
anism was studied in detail, with each elementary step in the
reaction pathway considered. All initial and final precursors,
as well as the intermediates adsorbed on the clusters, were opti-
mized individually. Transition states were determined using the
nudged elastic band method.*® After obtaining the optimized
structures for each step in the dissociative reaction pathway
and the corresponding transition states, the activation and reac-
tion energies were calculated, respectively. The activation energy
was calculated as

Epn = Ers — Er )

where E, denotes the activation energy, Eqg the energy of the
transition state, and Ey the energy of the initial state.

The reaction energy (AE) was calculated using the following
equation.

AE = Ep — Ey 3)

where Ep refers to the energy of the product state.

Vibrational analysis was employed to confirm that the
obtained transition states contained only one imaginary fre-
quency in the direction of the reaction, while stable intermedi-
ates contained none.

2.1.4. Excited State Calculations

Excited state calculations were performed using TD-DFT in the
linear-response regime.’**! The structures optimized at the
ground-state DFT level were used for the excited-state calcula-
tions without further geometry optimization. According to
Kasha’s rule, only the first excited state is prominent in photo-
emission processes.’”] Excited state calculations were carried
out in a single-point approach, as the structures of each elemen-
tary step were kept optimized at the ground-state geometry due to
computational constraints (TD-DFT is two to three orders of
magnitude more costly than conventional DFT).

2.2. Microkinetic Model

3. Microkinetic Model

The parameters obtained using (TD-)DFT were incorporated
into a microkinetic model to study the kinetics of nitrogen pho-
toreduction and compare the TD-DFT-derived results to the
ground-state ammonia synthesis, taking into account the time
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evolution of the photocatalytic process.**! The aim of this study
is to demonstrate the significance of incorporating excitation
effects (or executing the reaction on the excited plane) in com-
parison to performing DFT exclusively in the ground state, as
this approach yields divergent outcomes. In this regard, the
model functions as a proof of concept rather than as a represen-
tation of a specific experimental setup. In order to achieve clarity
regarding the effects, a simple and easily comprehensible micro-
kinetic model was selected.

A microkinetic model was set up with the following assump-
tions: 1) The reactor is considered an ideal batch reactor
(recalculation to plug flow reactor is trivial, as time is substituted
for position along the reactor). 2) Temperature and pressure are
constant (applicable due to low conversions). 3) Mass transfer is
neglected. 4) Mixing is considered ideal.

As the aim of this study is to demonstrate the differences in
kinetics, which stem from the inclusion or exclusion of the
excited states, a mock-up reactor was used. The factor of available
active sites for gas species (f) is calculated asi®*

NxRxT
Vcat

f= (4)
where N is the numerical density of active sites, R is the gas con-
stant, T is the temperature, and V., is the catalyst volume. As f
was varied at different temperatures, N: V,, was kept constant
with a ratio of 7.77:1mol L~ m~2. The photocatalytic process
was integrated into the microkinetic model using the parameters
derived from DFT calculations, where the system was already in a
photoactivated state. Photoactivation was therefore considered
implicitly, and its effects on the reaction kinetics were modeled
explicitly.

A set of differential equations was formulated and solved for
all the considered gas and surface reactions using the LSODA
solver®! as part of the SciPy package in Python. The LSODA
solver is situated between stiff and nonstiff methods, and thus,
proved to be an optimal choice for our system. Our model uses
the Langmuir-Hinshelwood kinetics,?® with all individual active
sites considered equal. Therefore, the average surface coverages
are taken into account, and no gaseous reactions are presumed to
take place.

Based on the already established mechanisms for ammonia
production,?”) we propose the following elementary reaction
equations, where asterisks denote active surface sites.

keor Hy
H, + * === H; (5)
kreyHy
N keor Ny N 6
+x&===>N}
g ko, 2 ©
kpor NH3
NH; + * €=== NH;j (7)
kreyNH3
ky
H; + % === 2H" (8)
1
k,
Nj 4% &===N"+ N 9)

2
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k
N* + H* ;é» NH* + * (10)
-3
ky
NH" 4 H* & NH; + * (11)
—4
ks
NH; + H' & NH; + (12)
—5

For our system, a general differential equation is written as®)
ac; "
] _ jads _ Ldes :
T =T (13)
=

where dC;j refers to the bulk concentration of species j, while r]?‘ds,

rides, and > 1T denote the reaction rates of adsorption, desorption,

and the sum of the elementary reaction steps for the species j,
respectively.

The rate equation for the adsorption of gaseous species is
expressed as

rids =k p .0 (14)

j empty

where k]?‘ds represents the forward rate coefficient, P; denotes the
partial pressure of species j, and @cpyy is the empty active site.
The forward rate coefficient is calculated as

kads = A (15)

\/2'7['m]"kB'T

where P denotes pressure (1 bar), A the surface area per active
site (0.1 nm™?), and m; the mass of the species j. kg is the
Boltzmann constant®® and T the temperature.

Similarly, a rate equation for the desorption of gaseous species
can be written as follows

pdes — k;ies . O,

] : (16)

where kjdes refers to the backward rate coefficient and 0 the sur-

face coverage of species j. The rate coefficient corresponds to sur-
face reactions.
kn - T
des __ B ;
k] e — T - ek T (17)

where h denotes Planck’s constant, and E!,_ is the adsorption
energy of species j (negative value for the adsorption energy
by definition).

For the reactions occurring on the surface, the activation bar-
riers occurring in the forward (Eg,) and backward (E,.,) direc-
tions are described as

Egyr = Erg — Eg (18)
Erey = Ers — Ep (19)

where Ers denotes the energy of the saddle point (transition state),
ER the energy of the initial state, and E} the energy of the final state.
Additionally, the reaction rates for surface reactions in the forward
(kfr) and backward (k) directions are described as
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kn T _Eor
kfor = Bh 2 ka'T (20)
Koy — kBP; T ot 21)

Our model considered nitrogen reduction, carried out at 775 K
and a total pressure of 1.2 bar. The temperature was chosen to
accurately compare the reaction in the first excited state with
the ground-state nitrogen reduction, which is typically run at
~500 °C!"? (conventional HB). The ratio of the initial reactants
was in the stoichiometric ratio of N,:H,=1:3. The chemical
potential of the H* /e~ pair (proton and electron activity) was
approximated as the chemical potential of 1H,, that is, at con-
stant T and p.’”) This was done in order to compare the
excited-state (photocatalytic) microkinetic model and the
ground-state (thermocatalytic) microkinetic model ceteris paribus.
In effect, only the photocathode part was investigated, as N,
reduction occurs there. We neglected the readsorption of ammo-
nia once formed, as it would poison the surface due to its strong
adsorption capacity, which is irrelevant for the surface
kinetics.!*%!

The turnover frequency (TOF)*! was analyzed when studying
the effects of temperature and different total pressures. TOF was
calculated as

p(NH;)

TOF = ——————
t x N(active sites)

(22)

where p(NH;) is the partial pressure of NHj, t is time, and
N(active sites) is the number of active sites, which is kept con-
stant. When calculating the TOF for the Arrhenius plot, the ratio
between p(H,) and p(N,) was kept at 3:1. The activation energy
obtained from the Arrhenius plot is given by the following
equation.

Ep

In(TOF) = In(A) — T

(23)

where A represents the pre-exponential factor, E, the activation
energy, R is the gas constant, and T is the temperature.[*>**

4, Results and Discussion

To understand the catalyst’s electronic properties, static calcula-
tions on the optimized Ru;—(TiO,)s cluster were performed. The
density of states (DOS) and the projected DOS (PDOS) were
calculated, followed by a detailed study of the adsorption modes
of nitrogen (N,) and ammonia (NH3), as well as the charge trans-
fer upon adsorption. Subsequently, the reaction mechanism
was studied in the ground state (DFT) and the first excited state
(TD-DFT). The obtained parameters (adsorption energies,
activation barriers, and reaction energies) were cast into a
first-principles-based microkinetic model, which included two
scenarios: ground state and first excited state.
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4.1. First-Principles Calculations

4.1.1. Electronic Properties of the Rus—(TiO,)s Cluster
Photocatalyst

Good catalysts for nitrogen reduction bind nitrogen moderately
strongly, which allows for the dissociation of N, on one hand,
but not too strongly as to impede the formation of NH, species.
The dissociation of N, is facilitated by a large charge transfer from
the catalyst to the antibonding orbitals of N,. In photocatalysis, the
energy difference between the valence and conduction bands,
known as the band gap, is also crucial, as it must correspond to
the energy of the incident photons we want to use. In molecules
and small clusters, these bands can be thought of as the equivalents
of highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) orbitals.** The HOMO and LUMO
are useful for identifying the nucleophilic and electrophilic regions
of a Ru;—(TiO,)s cluster. As a fully occupied molecular orbital, the
HOMO acts as a nucleophile, while the LUMO, being the LUMO,
accepts electrons, and thus, acts as an electrophile, interacting with

A H
SPIN-UP |

PDOS

Energy [eV]
= TDO0S = dTi = sRu
— sTi =0 — pRu
e pT1 p0 = dRu

www.small-structures.com

nucleophilic regions. For our case of Ru;—(TiO,)s, we visualized
them in Figure 1.

We observe that they mostly spread over the Ru atoms, which are
the catalytically active part of the catalyst. To understand the contri-
bution of individual atoms to the overall charge density, we plot a
spin-polarized PDOS relative to the Fermi level set at 0.0 eV (see
Figure 2), calculated at the hybrid level due to known deficiencies
of generalized gradient approximation (GGA) methods in describ-
ing semiconductors. We observe that Ti d orbitals make up the bulk
of the lower conduction band, which is the photoactive part of the
catalyst. Ruthenium d orbitals are located between oxygen p orbitals
at ~—2.2 eV and titanium d orbitals at ~+1.5 eV. Our results are
consistent with Zhang et al.l** who have shown that with Ruy20.22
clusters on a TiO, (101) surface, the Ru d orbitals are also spread
between the O p and Ti d orbitals.

We calculated the charge distribution in the Rus—(TiO,)e clus-
ter using Bader charge analysis. The results indicate a total
charge transfer of +0.48 ¢, from the three Ru atoms to the
TiO, cluster (0.22, 0.09, and 0.17 e, per Ru atom, respectively).
The observed charge transfer is consistent with the formation of

(b)

.............

PDOS
=
=)

EF

|
|
i
|
i
i
|
|
1

-2.0 -15 -1.0 -0.5 0.0 0.5 10 15 20
Energy [eV]

Figure 2. DOS and PDOS, showing the projected atomic orbital distribution per energy level, for the Rus—(TiO,)¢ cluster calculated using the HSEO6
functional. A magnified section between —2 and 2 eV is provided for clarity. The Fermi level is set to 0.0 eV.
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Ru d midgap states between the O p and Ti d orbitals, as revealed
by the PDOS analysis in Figure 2.

4.1.2. Adsorption of Initial and Final Precursors of Nitrogen
Reduction Mechanism

Adsorption of all participating species was assessed, as too
strongly adsorbed reactants or products poison the catalyst,**!
while too weakly interacting species do not get activated. The
most favorable adsorption modes, charge transfer, Bader
charges, and bond length with bond order were calculated.

The nitrogen molecule can adsorb in either an end-on or side-
on configuration, occupying one or two adsorption sites, respec-
tively."**”] As shown in Figure 3, the Ru atom acts as an active site
for the adsorption of N, and NH3, while the PDOS plots for the
end-on and side-on adsorption of N, and NHj are given in the
Supporting Information.

In the ground state, N, adsorbs more strongly in the end-on
adsorption configuration (—1.45 vs. —1.02 eV for the side-on con-
figuration). A similar effect is observed in the excited state, with
the adsorption energy of —1.37 eV in the end-on configuration

(@)

(c)
2.164 Ag 5
(®

www.small-structures.com

and —1.05eV in the side-on configuration. However, only the
side-on configuration is conducive to activation and subsequent
dissociation, as reflected by a larger elongation of its triple bond
(to 1.137 A for end-on vs. 1.191 A for side-on) and higher charge
transfer from Ru atoms to the adsorbed N, (0.30 e, for end-on
and 0.59¢, for side-on configurations, respectively). In the
side-on configuration, both nitrogen atoms are equally activated
(charge transfer of 0.33 and 0.26 e, due to the asymmetry of the
cluster model), while in the end-on configuration, only the nitro-
gen atom in contact with the surface is strongly activated (charge
transfer of 0.76 ey).

Ammonia is adsorbed on top of a Ru atom at a distance of
2.16 A with an interaction of —1.16 eV in the ground state and
—1.30eV in the first excited state. The adsorption energy of
an H atom was calculated relative to H, and was found to be
—0.08 eV in the ground state and —0.13 eV in the first excited
state. It adsorbs on the Ru atom at a distance of 0.96 A. We list
the adsorption energies along with the literature data for
Ru(0001) and Bader charges in Table 1 and 2, respectively.

Excitation also brings about a charge redistribution within the
species. In Figure 4, we show the charge density difference

(b) 11914

3
(@ 3 :
(0
@

Figure 3. Adsorption modes of a) N, (end-on configuration), b) N, (side-on configuration), c) NHs, d) Hj, e) N, and f) H on the Ru;—(TiO,)e cluster.
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Table 1. Adsorption energies (E.4s0f N, (end-on and side-on adsorption
configurations), NH3, Hy, and H on the cluster.

Adsorbates E,4s [eV] (ground E.q [eV] (excited  Literature data on Ru(0001)
state) state) (ground state)

end-on N, —1.45 -137 —0.745%

side-on N, -1.02 —1.05 NaN

NH; —-1.16 -1.30 —1.3250

H, —0.05 —0.05 —0.21 (top site), —0.05
(fec and hcp sites)

H -0.08 -0.13 —0.5289

Table 2. Charge transfer calculated by the Bader charge analysis for the
adsorption of N, (end-on and side-on), N, NH3, and H,.

Adsorbed species Aq [eo]
end-on N, —0.30
side-on N, —0.59
N —0.76
NH; +0.14
H, 0.0

between the first excited state and the ground state for the end-on
and side-on adsorption of N,, and the adsorption of NH;.

4.1.3. Reaction Mechanism

Although being a small molecule, N, can undergo several path-
ways during its transformation to ammonia. In general, we speak
of the dissociative or associative mechanisms, the latter being fur-
ther divided into distal, alternating, and enzymatic pathways. On
ruthenium-based catalysts, N, first dissociates, followed by succes-
sive hydrogenation steps,**”! which is also the pathway used in
this work.

The focus of our research was to study the photocatalytic nitro-
gen reduction reaction and compare the results with thermoca-
talytic ammonia synthesis.

www.small-structures.com

Herein, we wish to compare the effect that accounting for or
neglecting excitations has on the mechanistic description of
kinetics itself. To compare these effects in the photocatalytic reac-
tion, where hydrogen is supplied by water splitting, and to the
thermocatalytic reaction, where active hydrogen stems from
H, dissociation, we focused only on the nitrogen hydrogenation
part. Water splitting on TiO, photocatalysts, however, is already a
well-studied reaction.[**4%

Each elementary step in the photocatalytic dissociation was
considered individually in a way that maintains thermodynamic
consistency. To account for the photocatalytic process, the mech-
anism was studied in the first excited state to keep the system
manageable, backed up by Kasha’s rule.*”! We show the potential
energy surface in Figure 5 and list the activation barriers and
reaction energies in Table 3.

Dissociation of N, is, alongside NH, hydrogenation, the limit-
ing step in ammonia production. On the Ru;—(TiO,)¢ cluster, N,
dissociation is an exothermic process with a high barrier of 1.98 eV
in the ground state, which is reduced to 1.85 eV in the excited state.
Moreover, this step becomes more exothermic in the excited state,
with reaction energies of —0.62 and —0.99 eV for the ground state
and excited state, respectively. The dissociated nitrogen atoms are
then progressively hydrogenated.

The first two hydrogenation steps (to NH and NH,) are exo-
thermic and occur rapidly. The reaction energies are —0.72 eV
(—0.47 eV in the excited state) and —0.62eV (—0.98eV in
the excited state), respectively, and the reaction barriers are
1.26eV (1.48 eV in the excited state) and 1.14eV (0.84eV in
the excited state), respectively. It is well known®**! that hydro-
genation of NH, to ammonia is endothermic on ruthenium-
based catalysts, which bind hydrogen very strongly. We calculate
the reaction energy of 0.39 eV (0.25 eV in the excited state) and an
activation barrier of 1.37 eV (1.45 eV in the excited state).

Comparable results for the ground state mechanism have
been reported for Ru(0001), for example by Logad ottir et al.
who found the highest activation barrier of 1.9 eV over the ter-
races of Ru(0001) for nitrogen dissociation.%

During photocatalysis, the reaction predominantly occurs on
the excited-state electronic plane. In addition to the conventional
view that incident light excites the electrons in the catalyst with
the adsorbed nitrogen molecule, which activates it, we show that

Figure 4. Charge density difference between the first excited state and the ground state adsorption of a) N, (end-on), b) N, (side-on), and c) NH; on the
Rus—(TiO,) cluster at an isovalue of +0.001 e A~* (yellow color) and —0.001 eqA~* (blue color).
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Figure 5. Nitrogen dissociative reduction mechanism in the ground state and the first excited state over Ru;—(TiO,)e.

Table 3. The activation (E,) and reaction energies (AE) of elementary steps for the ground state and the first excited state ammonia synthesis.*”

Individual step E, [eV] (the ground state) E, [eV] on Ru(0001)"%

E, [eV] (excited state) AE [eV] ground state AE [eV] (excited state)

H+H =H, 0.64 nja
N, 52N 1.98 1.9
N+H =NH 1.26 1.2
NH+H = NH, 1.14 13
NH; +H — NH; 1.37 1.4

0.65 0.1 0.21
1.85 —0.62 —0.99
1.48 —0.72 —0.47
0.84 —0.62 —0.98
1.45 0.39 0.25

the entire reaction mechanism exhibits altered kinetics. In addi-
tion to the decrease in the barrier for N, dissociation, other steps
are also generally accelerated due to lower barriers and improved
exothermicity.

The barrier for the dissociation of a nitrogen molecule is
found to be 0.14 eV lower, and the reaction energy is 0.37 eV
more exothermic in the excited state than in the ground state.
The first hydrogenation is slightly slower than in the ground
state, with a 0.25eV higher energy barrier, while the second
hydrogenation has a 0.3 eV lower activation energy in the excited
state. None of these steps are rate-limiting. The last hydrogena-
tion has only a slightly higher activation barrier (0.08 eV).

Based on the excitation energy of the Ru;—(TiO,)e cluster, the
corresponding absorption wavelength falls within the infrared
region, ~2.12 pm. This low-energy absorption limits the cluster’s
ability to effectively utilize visible light, contributing to increased
charge carrier recombination and reduced photocatalytic effi-
ciency. To overcome this limitation, we suggest maintaining
the number of Ru atoms while increasing the size of the TiOg
cluster. This approach is expected to enable absorption at shorter
wavelengths, enhancing light utilization and potentially improv-
ing catalytic performance. However, these modifications are
beyond the scope of the present study, as our primary aim
was to demonstrate the beneficial effect of excited-state calcula-
tions on the nitrogen reduction mechanism.

Small Struct. 2025, 2500221 2500221 (8 of 11)

4.2. Microkinetic Modeling

To study the kinetics of photocatalytic ammonia synthesis, a first-
principles microkinetic model was constructed using the param-
eters obtained from our DFT calculations. As discussed earlier,
we focused on studying nitrogen reduction, while active hydro-
gen is assumed to form from water splitting, which was not mod-
eled explicitly. In all instances, we compare the ground-state and
excited-state regimes under the same conditions.

In Figure 6, we show the results of a microkinetic model for
ground-state and excited-state ammonia production. Upon cursory
inspection, we observe very little difference, and the reaction
seems to follow the same mechanism. A closer look, however,
reveals a quantitative difference. In the excited state, the reaction
is faster, and surface coverages are thus different. There is virtually
no NH and NH, present, as they react more quickly. Due to facili-
tated N, dissociation, the surface concentration of N is increased.

Possible changes in the mechanism and exact kinetic effects
were evaluated via the TOF and its dependance on temperature.
In Figure 7, we show the Arrhenius plot for the ground-state and
excited-state scenarios. The calculated apparent activation barrier
for NH; production is 0.14 eV lower (1.84 vs. 1.98eV) in the
excited state, which corresponds to approximately an order of
magnitude increase in the reaction rate. Dahl et al. also reported
high activation energy determined from TOF when ammonia

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH
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Figure 6. The temporal evolution in a) (left) the ground state and b) (left) the first excited state nitrogen reduction over Rus—(TiO,)e cluster at a tempera-
ture of 775 K. Zoomed pressure range and coverage of the temporal evolution in a) (right) the ground state and b) (right) the first excited state nitrogen

reduction over Rus—(TiO,)¢ cluster.

synthesis was studied over the Ru(0001) catalyst.*? They sug-
gested that the activation energy for nitrogen dissociation be
decreased, as it was found to be the rate-determining step.

Furthermore, we studied the reaction order with respect to
varying reactant composition (p[H,] and p[N,]). In Figure 8,
we show the dependance on the composition at a constant total
pressure of 1.2 bar. The maximum TOF in the ground state is
observed at an N,:H, ratio of 1:2.64, while in the excited state,
the peak shifts to 1:3.80.

5. Conclusion
Photocatalytic ammonia synthesis has garnered considerable

attention in the attempt to overcome the shortcomings of the

Small Struct. 2025, 2500221 2500221 (9 of 11)

conventional HB process. While there have been several success-
ful experimental implementations, theoretical modeling lags
behind. Excited states are only accounted for in the calculations
of electronic properties, while mechanisms and kinetics are usu-
ally studied at the ground state level with conventional DFT.
Herein, we show that this is insufficient, as demonstrated by
the example of the Ru;—(TiO,)s photocatalyst. We modeled the
reaction using abinitio TD-DFT, and the results were subse-
quently used in a microkinetic model.

First, we investigated the electronic properties of the
Rus—(TiO,)e cluster. The band gap was approximated as the
energy difference between the HOMO and LUMO orbitals,
which is strongly dependent on the number of Ru atoms and
ranged from 2.38 eV for the Ru—(TiO,)s cluster™ to 0.81eV
for the Rus—(TiO,)¢ cluster. The DOS analysis demonstrated that
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Figure 8. TOF for the ground state and excited state NH; production over
Ru3—(TiO,)e cluster calculated at a temperature of 775 K for varying pH,.

Ru d-orbitals fit between O p-orbitals located below the Fermi
level and Ti d-orbitals located above the Fermi level.

Subsequently, the adsorption and reaction mechanisms were
studied. While N, adsorption is strongest in the end-on orienta-
tion, it requires the side-on orientation for dissociation to pro-
ceed. There, a larger charge transfer activates the molecule.
The reaction mechanism, which consists of N, dissociation
and subsequent stepwise hydrogenations of N, NH, and NH,,
remains the same in the excited state, but the barriers and ener-
getics change. In all instances, N, dissociation remains the rate-
determining step. Its activation barrier is decreased from 1.98 to
1.85 eV upon excitation.

Microkinetic modeling provided a quantitative measure of the
difference between the excited-state and ground-state scenarios.
At all temperatures, the reaction rate is faster under photocata-
Iytic conditions. The apparent activation barrier, as obtained from
the Arrhenius plot, is E, =1.84€eV in the excited state and
1.98 eV in the ground state calculation. Lastly, the effect of the
reactant ratio was investigated. In the ground state, the maxi-
mum reaction rate is observed at an N,:H, ratio of 1:2.64. In
the excited state, this changes to 1:3.80.
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Since GGA functionals poorly describe electronic properties of
semiconductors, such as TiO,, electronic properties were com-
puted using a hybrid functional (HSE06). However, for structural
optimizations and TD-DFT calculations, only a GGA approach
was computationally feasible. To compensate for its known pit-
falls, the D3 empirical dispersion and Hubbard U correction
were included.

To the best of our knowledge, this is the first study to model
ammonia synthesis in the photocatalytic regime. We have shown
that the reaction rate is changed not only due to the promotion of
the catalyst, but that all the reaction steps have different kinetic
parameters. Furthermore, linking TD-DFT calculations with
microkinetic modeling extends the understanding of photocata-
lytic ammonia synthesis to the macroscale. This computational
approach is transferable to other photocatalytic reactions, making
it a versatile tool for future theoretical photocatalysis research.
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