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ABSTRACT: Methane (CH,) activation and conversion under mild 4 LenGTH SCALE :
reaction conditions are a great challenge for the chemical industry. ”
Photocatalysis is attractive for activating inert C—H bonds of CH, at room
temperature. Specifically, photocatalytic nonoxidative coupling of CH,
(NOCM) is a promising process to produce ethane (C,-hydrocarbon)
and H,. Different oxide-based photocatalysts have been used for room-
temperature NOCM, and TiO, is a potential photocatalyst with a bandgap
that can capture photons in the UV region. However, a fundamental
understanding of the NOCM mechanism on TiO, is still missing. Herein,
we apply multiscale modeling, combining density functional theory (DFT)
calculations with kinetic Monte Carlo (kMC) simulations to investigate the
photocatalytic NOCM on a rutile TiO,(110) surface. DFT calculations
revealed that the photogenerated holes mediate the homolytic activation of
CH, via the formation of methyl radicals with an activation barrier that is
70% lower than that of the conventional thermocatalytic route. The generated methyl radicals further recombine to form ethane.
The detailed reaction pathway energetics investigated with DFT-based kMC simulations revealed that ethane can be formed at
315.15 K, but the dissociated hydrogens poison the catalyst surface. Further thermocatalytic simulations revealed that increasing the
temperature by thermal heating (ca. 690.15 K) facilitated H, formation and catalyst regeneration. Importantly, we demonstrate how
photo- and thermocatalytic modes can be combined, facilitating NOCM on TiO, and a route to enable dynamic catalysis simulations
through multiscale modeling, opening alternative avenues in computational catalyst discovery.
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B INTRODUCTION

Technological advances in hydraulic fracking and increasing

However, oxidation of the C, products to CO and CO, is
unavoidable due to the high exothermicity of hydrocarbon

Downloaded via CHALMERS UNIV OF TECHNOLOGY on January 13, 2025 at 11:38:19 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

shale gas reserves make natural gas an attractive feedstock for
producing valuable chemicals.' > Methane (CH,) is the major
constituent of natural gas and its high H/C ratio makes CH, a
valuable fuel source due to its efficient combustion capacity.*
Additionally, CH, is a source of C,, hydrocarbons, as well as of
chemical reagents, such as carbon monoxide and hydrogen.”®
Conventionally, indirect CH, conversion to synthesis gas (CO
and H,), a feedstock for numerous value-added products,
requires high reaction temperatures (973—1373 K) and
pressures (10—40 atm).”® This is because CH, possesses
low electron affinity, low polarizability, and high C—H bond
enthalpy (439 kJ mol™).>” In contrast, direct conversion of
CH, to higher C,, hydrocarbons can be achieved via oxidative
and nonoxidative coupling of CH, (OCM: 2CH, + O, —
C,H, + H,0, NOCM: 2CH, — C,Hs + H,, respec-
tively)é,lo_14 however, both these routes are energy-inten-
1,6,15

Recent advances have been made in the thermocatalytic
OCM to C, hydrocarbons (e.g, ethane and ethylene).'>'"'

© XXXX The Authors. Published by
American Chemical Society
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combustion reactions, limiting the reaction selectivity.
Alternatively, NOCM is one of the most selective routes to
produce C, hydrocarbons. Nevertheless, NOCM is thermody-
namically limited, requiring extremely high temperatures
(>1273 K) to trigger CH, coupling, which leads to coke
formation and rapid catalyst deactivation.'>"? Different
catalysts have been used for NOCM to increase the C,
hydrocarbon yield and selectivity. For example, Xiao and
Varma utilized Pt—Bi bimetallic catalysts for NOCM to ethane
at high temperatures of 873—973 K, achieving a selectivity of
over 90%.'” Further, Guo et al. achieved a high CH,

Received: July 19, 2024
Revised:  December 19, 2024
Accepted: December 26, 2024

https://doi.org/10.1021/acscatal.4c04312
ACS Catal. 2025, 15, 1195—-1205


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juganta+K.+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mona+Abdelgaid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henrik+Gro%CC%88nbeck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giannis+Mpourmpakis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.4c04312&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04312?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04312?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04312?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04312?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c04312?fig=tgr1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.4c04312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

conversion of 48.1% and a total hydrocarbon selectivity of 99%
at a reaction temperature of 1363 K."

Alternatively, photocatalytic NOCM is a promising and
green approach (use of light as a source of energy compared to
thermal heating from combustion) for CH, activation and
conversion under mild conditions, driven by photonic
enen‘g}771819 Transition metal oxide (TMO) catalysts, with
inherent Lewis acid—base properties, are promising photo—
catalysts for NOCM with strong lattice oxygen reactivity.'” >
However, the lack of understanding of the NOCM mechanism
at the molecular level on TMO hinders the design of optimal
reaction systems for photocatalytic CH, conversion. CH, is a
fully reduced molecule, hence its activation is driven solely by
the oxidation reaction induced by the photogenerated
holes.”*” Few studies have investigated the detailed mecha-
nisms of photocatalytic NOCM to ethane.”"**** Zhang et al.
reported photocatalytic NOCM to ethane using heteroatom-
engineered TiO,, achieving 94.3% selectivity under mild
conditions.”* A photochemical looping strategy has been
used to obtain a higher selectivity of methane coupling at
ambient temperature with excellent stability.”® Despite these
significant findings, the activation of the C—H bond of CH,
under light irradiation is not fully understood at the atomic
level. It is important to note that photocatalytic CH,, activation
essentially differs from the common thermocatalytic activa-
tion.”>”® Wei et al.”’ proposed that the hole-trapped lattice
oxygen radical was responsible for CH, activation over the f-
Ga,0; photocatalyst under 254 nm light irradiation, which was
also suggested on different metal oxide catalysts such s Ag-
decorated ZnO® and SrCO;/ SrTiO;,>° and others.”® Most
importantly, there is a lack of multiscale simulation strategies
coupling fundamentally different activation processes, such as
photocatalytic with thermal, at different scales, integrating
molecular level mechanisms with overall kinetic behavior. Such
simulation strategies would enable the prediction of dynamic
catalytic behavior (i.e., catalytic events occurring under
periodic operation), where the energy source can alternate
(e.g., from light to thermal heating), enabling different catalytic
pathways.

In this work, we combined density functional theory (DFT)
calculations with kinetic Monte Carlo (kMC) simulations to
investigate photocatalytic CH, activation and NOCM to
ethane on rutile TiO,. The results suggest that the photonic
energy promotes CH, activation directly by the photo-
generated hole polaron and offers kinetically favored NOCM
to ethane at mild temperature, while an elevated temperature is
needed for H, production and catalyst regeneration. Most
importantly, our results underscore the importance of dynamic
catalysis on hydrocarbon conversion and provide a pathway for
such simulations.

B COMPUTATIONAL METHODS

DFT Details. Spin-polarized plane-wave DFT calculations
were performed using the projector augmented wave (PAW)*'
method, as implemented in the Vienna Ab initio Simulation
Package (VASP 5.4.4).>*~** The generalized gradient approx-
imation (GGA) of the Perdew—Burke—Ernzerhof (PBE)
functional was used.” van der Waals dispersion forces were
considered using Grimme’s D3 dlsperswn correction scheme™®
with Becke—Johnson damping.”” In all DFT calculations, PAW
pseudopotentials were used to model the interaction between
the valence electrons and the core, whereas plane-wave basis
sets with an energy cutoft of 400 eV were used to expand the

1196

Kohn—Sham orbitals. The valence electrons of the atoms were
described as Ti (3s?3p®4s?3d?), C (2s%2p?), O (2s%2p*), and H
(1s"). Due to the self-interaction error in DFT, photogenerated
holes are delocalized in GGA calculations. There are two main
methods to reduce the selfinteraction error,>®™*° namely,
hybrid functionals and DFT+U methods. As the hybrid
functional calculations are expensive and time-consuming, we
implemented the DFT+U method. In the DFT+U approach, a
Hubbard-type correction (U) term was applied on the 3d
orbitals of Ti and 2p orbitals of O. Specifically, U values of 6.3
and 8.5 eV were used for O 2p, whereas a U value of 5.0 eV
was used for Ti 3d orbitals based on literature* ™ and
benchmarking calculations (Figures S1 and S2) to describe the
hole polaronic states in TiO,. The two different U values for
the O 2p were used to stabilize two polarons on the surface by
reducing the polaron polaron interaction. We also performed
the HSE06** single-point calculations on some key elementary
steps to probe the accuracy of DFT+U (Table S1) and
observed similar activity trends.

The (110) surface of rutile TiO, was modeled with a (3 X
2) periodically repeated slab with four O—Ti—O layers,
consisting of 144 atoms. Additionally, an 18 A vacuum layer
between the slabs was utilized to reduce interaction between
slabs. The Brillouin zone integration was sampled with a T’
centered (3 X 2 X 1) Monkhorst—Pack k-mesh. Self-consistent
DFT energies were converged to 107> eV and all of the atoms
were allowed to relax until the forces were less than 0.05 eV/A
with Gaussian smearing (¢ = 0.2 eV). The chmbmg 1mage
nudged elastic band (CI- NEB)* and dimer methods™® were
used to optimize the transition state (TS) structures, with a
force criterion of at least 0.05 eV/A. All TSs were confirmed
with the existence of a single imaginary frequency along the
reaction coordinate.’

According to previous studies, a hydroxy group or a
fluorine (F) atom’® can be used as an electron-withdrawing
group to inject a hole polaron into the surface. Herein,
photogenerated hole olarons were modeled either by
removing an electron $4950L5% from the periodic system or
introducing a F atom™ as an electron acceptor at the bottom
of the slab. In the former approach, the charge is balanced by
introducing a neutralizing jellium background charge. The
bottommost two O—Ti—O layers were fixed for the positively
charged systems, whereas all four O—Ti—O layers were relaxed
for systems with the extra F atom. We compared the energetics
for all the elementary steps using the two different hole
polarons formation approaches and found that both methods
resulted in the same activity trend, as shown in Figures S3, SS,
and S6. The localization of the hole polaron was further
confirmed by plotting the spin density distribution and Bader
charges in the positively charged and F-added systems. For the
positively charged system, the stablhty of polaron is computed
according to the following relation:*"**

48,49

(NF1)
perfect

E(Nil) _

polaron

E bind —

where the plus in Ef,4 corresponds to electron removal (hole
polaron) and the minus sign corresponds to electron addition
(electron polaron). Epolaron a0d Epeet are the total energies of
the distorted system (polaron geometry) and undistorted
system, respectively. The number of electrons in the system is
given in parentheses, with N corresponding to the neutral
system. A negative Ef, 4 indicates an energy gain and a stable
(self-trapped) polaron. In our DFT+U calculations, the first
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and second hole polaron formation energies for the positively
charged TiO,(110) surface are —0.18 and —0.74 eV,
respectively. Both polarons are localized on the O,. of the
rutile (110) surface.

Gibbs free energies (G) are reported for thermocatalytic
NOCM pathways at 1240 K and calculated using statistical
thermodynamics as per the formula in the equation:>*

G=E+ZPE+/CPdT—TS

where ZPE is the zero-point energy, C, is the heat capacity, S is
the entropy, T is the temperature, and E is the total electronic
energy of each system. The vibrational modes of only the
adsorbates were factored into the free energy calculations.
Enthalpic and entropic contributions of gas phase CH, and H,
molecules were calculated with the ideal gas approximation,
whereas the enthalpy and entropy of adsorbed and transition
states were computed with the harmonic oscillator approx-
imation.*

kMC Details. The reaction mechanism and kinetic
parameters from the DFT calculations of the positively
charged TiO, system were fed into kMC simulations. This
pathway was chosen according to the favored reaction energy
(—0.42 eV) of the first methane dissociation step over the F-
added system (—0.03 eV). The applied kMC model is based
on the MonteCoffee software,”® which implements the first
reaction method (FRM).”” All possible reaction events are
defined and stored in an event list. This event list stores the
time of occurrence of each event and the site where the events
proceed. Given the current (a) and future (f8) states of the
system, the events in the FRM are executed chronologically
based on randomly generated time of occurrence as follows,
and the event list is updated after each simulation step:

‘ In(u)
W

tﬁ(x =

o

where t;, is the time when the event occurs, t is the current
simulation time, Wy, is the reaction rate constant for the
transition from state a to state 5, and u is a random uniform
number on the unit interval [0,1[. If an event is enabled, the
first process in the list with the lowest ¢4, is executed, and then
the event list and the simulation time are updated accordingly.
To enhance the performance and reduce the number of time
evaluations, it is assumed that the executed events modify the
lattice locally and only nearby events are affected. The TiO,
surface is modeled using periodic boundary conditions with a
2D (20 x 20) supercell composed of two types of active sites,
corresponding to Tis. and O, sites, for a total of 400 active
sites. A nearest neighbor list is also constructed, which defines
the sites’ connectivity and which events are possible. For
surface reactions, the forward and backward reaction rate
constants follow the Eyring equation:

TS
) kT —E
kg = —q"I‘f X —l; X exp[—f‘d]

qvib kBT
qullf kT ~Epwa
fona = 0 X T X T
qvib BT

where g, is the vibration partition function of the reactants
(forward reaction) or products (backward reaction) and the
transition state, kg is the Boltzmann constant, T is the

temperature, h is the Planck constant, Egy is the activation
barrier in the forward reaction step, and E, 4 is the activation
barrier in the backward reaction step. The identity Egq — Ep.q
= AE,, must hold. For surface reactions involving gaseous
species (Eley—Rideal reactions), the rotational and transla-
tional partition functions are accounted for using standard
statistical mechanics as follows:

TS
_ Div pA % ( Eq ]
exp o

ke, = X _
frd gas _gas _gas lzﬂkaT kBT

where p is the pressure, A the effective area of the reaction site,
and m is the mass of the gas species. It should be noted that
grs and gis. are assumed to be 1. The vibrational (g,;),
rotational (q,.,), and translational (gy,,) partition functions

are calculated from the harmonic approximation using

vib Zrot qtrans

exp(—5-)
- 24k, T
(T =[] ——5~
i 1= exP(_kBT)
87Tk, T

q :’:ear (T) = T for molecular H, (linear molecule)
o

/ 2
nonlinear 7, c 87 kT
Gy (T) = X (—5)"?
c h
for molecular CH, and C,H,

(nonlinear molecules)

2amky T
qtrans(T) =A hZB

where v; is the vibrational frequency, I (I,, I, I.) are principal
moments of inertia of the molecule in vacuum, and o is the
symmetry number of the molecule. For nonactivated

adsorption where Egqy = 0, the forward rate constant is
obtained from collision theory:
pA

k., = — 2+t
s A 2mmkg T

Desorption rate constant is computed considering the
equilibrium constant (K,,):

k
kdes = —ads
K,
ads
q; AE
I<eq = gas gals) gas X EXP(— ]
qvib rot 1trans kBT

where AE is the energy of adsorption.
The catalyst light irradiation event is modeled as a first-order

. 58,59
reaction:

k
TiO, + hv —> ¢~ + h" + TiO,

where the rate is governed by the intensity of the UV light
beam, which is assumed to remain constant throughout the
kMC simulation. The rate constant, k, for the light irradiation
event, was calculated to be 1.24 X 1073 s}, based on the work
of Thampi et al,** who studied the photoactivation of CH, at
room temperature on TiO, supported on MoO;, using an
incident light flux of 5.3 X 10~ Einstein/h.

https://doi.org/10.1021/acscatal.4c04312
ACS Catal. 2025, 15, 1195-1205


pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c04312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

To perform the simulations under experimental reaction
conditions, the temperature was set to 315.15 K. The kinetics
of the photocatalytic NOCM reaction were explored under
0.25 ML CH, coverage according to Thampi et al.”’ The
turnover frequency (TOF) for C,Hy formation is calculated as
the number of formed C,Hg molecules divided by the total

number of Ti and O surface sites (Ny,,) and simulation run-

time (tkMC),
C,H,
TOF(C,H,) = form
( g 6) ‘Z\Tsites X tkMC

The convergence of surface species coverage with respect to
time is monitored to ensure that steady-state conditions have
been reached.

Bl RESULTS AND DISCUSSION

Activation of the First CH, Molecule. As noted, the
NOCM involves the adsorption and activation of two CH,
molecules, followed by C—C coupling to produce ethane. We
started our investigation with the thermocatalytic adsorption
and activation of the first CH, molecule on a rutile TiO, (110)
surface. Though the anatase polymorph of TiO, exhibits higher
photocatalytic activity compared to rutile, the abundance and
well-established surface science protocol of rutile (110) along
with the thermodynamic stability of the facet made it a
preferred option for fundamental photocatalysis studies.”’
Additionally, the bandgap of rutile (3.0 eV) is lower than that
of anatase (3.2 eV), enabling rutile to be effective in visible
light.”>** In general, CH, weakly adsorbs on metal oxides and
its activation is mainly governed by the inherent Lewis acid—
base properties of the active, metal—oxygen site pair.”*"° On
the TiO,(110) facet, the active Lewis acid—base sites are the
two-coordinated bridge oxygen and five-coordinated Ti atom,
highlighted in Figure S1 as O,. and Tis, respectively. We
investigated all the possible sites on the pristine TiO, surface
for thermocatalytic CH, adsorption and dissociation to CH¥
and H*. However, the lowest C—H bond activation barrier
(1.01 eV) was obtained on the “Tis.—0, site pair. Hence, we
adopted “Ti;.—"O,. site pairs as the active sites for the
photocatalytic activation. Our DFT calculations showed that
CH, adsorption on the (110) surface of TiO, is weakly
exothermic with an adsorption energy of —0.30 eV, wherein
CH, interacts mainly with d orbitals of surface Tis. atoms.
Generally, CH, activation on oxide catalysts occurs through
two potential mechanisms: polar (heterolytic) or radical
(homolytic) pathways. The former mechanism involves
heterolytic dissociation of CH, to methyl and hydrogen
surface species (CH3* and H™*), whereas the latter entails the
abstraction of a hydrogen radical by surface oxygen, leaving
behind a methyl radical in the gas phase.”””® The energy
barrier for the first CH, dissociation was found to be 1.01 eV
(Figure la), following the heterolytic methane dissociation
mechanism (CH, + Ti¥ + O3 — Ti¥f + CH; + O, H").
Spin-charge distribution of the transition state (TS1%)
demonstrated that the O, site captures the dissociated H'¥,
whereas Tis. stabilizes the CH3* group (dihapto config-
uration). The Bader charges for the adsorbed hydrogen and
methyl anion were found to be +0.56 and —0.26 lel,
respectively (Figure 1b). Additionally, the bond lengths of
0,.—H and C—Tis, at TS1" were 1.22 and 2.33 A, respectively.
Due to the high CH, activation barrier, NOCM is unlikely at
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Figure 1. (a) Energy profile of the first CH, molecule activation by
thermo- and photocatalytic pathways, depicted in blue and green,
respectively. (b) Spin density distribution, bond lengths, and Bader
charge population of the species involved in the elementary steps.
Numerical values highlighted in blue and black indicate the Bader
charge in lel and bond length in A, respectively. These notations are
used throughout the article. The Gibbs free energy for C—H bond
activation of the first CH, molecule is 1.42 eV at 1240 K in the case of
thermocatalysis.

room temperature, and high temperatures are required for CH,
activation and conversion.”’

The photocatalytic CH, activation was studied by
introducing a photogenerated hole into the (110) surface of
TiO, using DFT+U with U,, = 6.3 eV. The photogenerated
carriers such as electrons and holes, which occur at different
time scales, have the possibility of having a conduction band
(CB) and valence band (VB) of the oxide, respectively. The
carriers can be generated by introducing a photon with a
specific wavelength, corresponding to the bandgap of the
oxide. The photogenerated hole is trapped by the O,, atom to
generate the O3 radical (O3 + h* — Oj.). The green spin-
density isosurface depicted in Figure 1b indicates the
distribution of the hole on the slab. In the presence of the
O;. radical, CH, is activated homolytically to form 'CHj
radical centered on the Lewis acid site, Tis,, and the H radical
bounded to O5;. (CH, + O3 — ‘CH; + HO3,). Importantly,
the C—H bond activation barrier drastically decreased to 0.30
eV compared to 1.01 eV of the thermocatalytic route in terms
of electronic energies. Upon comparison of the TS geometries
of the thermo- and photocatalytic CH, activation pathways, it
was noticed that TSI’ changes from the original dihapto
configuration to a monohapto configuration (TSIP). In the
TS1P, the CH;—H and H—O,, bond lengths were found to be
1.28 and 1.26 A, respectively. Bader charge population and
magnetic moment of ‘CHj species in TS1P were +0.07 lel and
0.41 g, respectively. Importantly, the reaction energy of the
heterolytic and homolytic modes of CH, dissociation was 0.42
and —0.43 eV, respectively. Therefore, light-induced CH,
activation on TiO,, facilitated by the photogenerated hole, is
kinetically and thermodynamically favored over the thermoca-
talytic activation of CH,.

Zhou et al.*’ proposed that O, formed from the
photogenerated hole, carries fewer electrons than the O3,
hence it is easier for Oy, (open-shell configuration) to capture
more electrons from the dissociated hydrogen compared to
03: (closed-shell configuration). Our analysis demonstrated
that the Bader population on O3. and O5_ is —1.08 and —0.60 |
el, respectively. Therefore, the Oj_ site with fewer electrons acts
as a strong oxidative site with an unoccupied 2p orbital which
can be associated with feasible CH, activation under mild
reaction conditions.

The activity of the photogenerated electron—hole pairs
depends on their presence on the catalyst surface. Using time-
resolved absorption spectroscopy, Yamakata et al.”"’*
discovered that the most photogenerated electrons in rutile

https://doi.org/10.1021/acscatal.4c04312
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TiO, are deeply trapped and cannot be thermally excited to the
CB or shallow states of the CB, hence exhibiting low or no
reactivity toward surface reactions.”” Additionally, it has been
reported that the photogenerated electron trapped at Ti¢!
forms the Ti!, which can activate methane and result in a
significant reduction of the methane activation energy barrier
compared to the Ti!!.*” Notably, defect sites, such as oxygen
vacancies, have been observed on the TiO, surface, which
inherently shows an n-type behavior due to the presence of
defects. Understanding the photocatalytic mechanism of
oxygen-deficient TiO, is important and will be addressed in
future studies.”*

Activation of the Second CH, Molecule. Encouraged by
the promising results of the photocatalytic activation of the
first CH, molecule on the pristine TiO, (110) surface, we
implemented a similar approach to activate a second CH,
molecule with another photogenerated hole. Our calculations
found that creating a second hole adjacent to the first hole,
with the U,, = 6.3 €V, is impossible due to the repulsion
between the two hole-polarons. A similar observation was
reported by Reticcioli et al.*' for the formation of two-electron
polarons on adjacent Ti atoms within 2.97 A on the rutile TiO,
(110) surface. Therefore, for the second CH, activation, we
adopted U,, = 8.5 eV to create the second hole, where the
distance between the two hole-polarons is ~7.2 A. The PDOS
and hole polaron formation energies are presented in Figure S1
and Table S2.

Initially, a second hole was created by removing another
electron from the system or attaching another F atom on the
bottom of the slab, followed by the adsorption of a second
CH, molecule on another Tis, site that is adjacent to the first
‘CH; radical. Figure 2 shows the energetics of the second CH,
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Figure 2. (a) Energy profile of the second CH, molecule activation by
thermo- and photocatalytic pathways, where holes are formed by
removing electrons from the system. Blue and green lines depict the
thermocatalytic and photocatalytic pathways, respectively. (b) Spin
density distribution, bond lengths, and Bader charge population of the
species involved in the elementary steps. The Gibbs free energy for
C—H bond activation of second CH, molecule is 1.73 eV at 1240 K in
the case of thermocatalysis.

activation via thermo- and photocatalytic routes. The spin
density and Bader charge on O, confirmed the generation of
the photogenerated hole with a —0.3 lel charge gain (—0.60 vs
—0.90 lel). Similar to the first CH, activation, the barrier for
photocatalytic activation of the second CH, molecule is
significantly lower by 40% compared to that of the
thermocatalysis route. We note, however, that the photo-
catalytic activation of the second CH, molecule is more
energy-demanding (0.30 eV vs 0.78 eV) than that of the first
CH, molecule (Figure 2a). This is due to the steric hindrance
between the second adsorbed CH, and the previously
dissociated one, necessitating a substantially higher energy
barrier to activate the second CH, molecule. It was found that
the first ‘'CH; becomes the surface-mediated species with a
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Bader population of —0.23 lel due to the above-mentioned
steric hindrance effect, as depicted in Figure 2b. Additionally,
TS1P geometry confirmed homolytic dissociation of the second
CH, molecule to the 'CHj; radical, with a Bader charge of
+0.07 lel. The magnetic moment on the two ‘CHj radicals was
the same (0.41 pg) in opposite directions. Together, the
dissociation of two CH, molecules resulted in two 'CH;
radicals, key intermediates for mild temperature NOCM to
C, hydrocarbons.”'***

Nonoxidative Coupling of CH, to Ethane. So far, our
calculations demonstrate the superior performance of the
photogenerated holes on TiO, for CH, activation through the
formation of gas-phase 'CHj; radicals. The generated 'CHj
radicals can further couple to form ethane. Figure 3 depicts the
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Figure 3. (a) Energy profile of the C—C coupling reaction by thermo-
and photocatalytic pathways, where holes are formed by removing
electrons from the system. Blue and green line depict the
thermocatalytic and photocatalytic pathways, respectively. (b) Spin
density distribution, bond lengths, and Bader charge population of the
species involved in the elementary steps. The Gibbs free energy for
C—C coupling reaction is 2.93 eV at 1240 K in case of
thermocatalysis.

energetics of the thermo- and photocatalytic NOCM to ethane
in addition to the spin density distribution of the initial and
transition states. Thermocatalytic ethane formation through
the coupling of two surface CHI* species was kinetically
hindered with a high barrier of 2.83 eV. Additionally, ethane
desorption was found to be endothermic, with a desorption
reaction energy of 0.44 eV. Conversely, the energy barrier for
photocatalytic C—C coupling of two ‘CHj radicals was 0.28
eV, which is 90% lower than that of the theromocatalytic
mode. The Bader charge on ‘CHj radicals at the TS was +0.12
and +0.07 lel, confirming their radical nature. The dramatic
decrease in the C—C coupling energy barrier, from 2.83 to 0.28
eV, confirms that the photogenerated holes play a vital role in
overcoming the uphill kinetic barrier in thermocatalytic
NOCM. Notably, the photocatalytic C—C coupling reaction
was found to be highly exothermic (—0.46 vs —4.52 eV)
compared to the thermocatalytic mode. It should be noted that
the distinct lifetimes of 'CHj radicals and photogenerated
holes under reaction conditions may reduce the probability of
sequential CH,, activation events and limit the formation of C,
products.”>’® Depending on the source of formation, the
lifetime of ‘CH; radicals can be varied from milliseconds to
seconds, whereas surface-trapped holes are trapped in VB of
rutile in less than 80 us and the reaction with CH, can occur in
the ps—ns range.””~"”

Molecular Hydrogen Formation. Figure 4 shows the H,
formation pathways on positively charged TiO,(110).
Generally, molecular H, can be formed by the comblnatlon
of two dissociated hydrogens bound to O,. and Oj, sites.®
However, hydrogen diffusion steps are necessary for the
formation of molecular H, because the dissociated hydrogens
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Figure 4. Energy profile of hydrogen diffusion and molecular H,
formation on the positively charged (110) TiO, system, where d
indicates a diffused atom. H, formation mechanisms from O, and O,
are colored orange and red, respectively.

are far from each other, as depicted in Figures 1 and 2.
Regarding the hydrogen bound to O, the diffusion barrier to
the Tis. site was found to be 4.62 eV. The hydrogen further
diffuses from Tig, to the O, site that is adjacent to the second
dissociated hydrogen, with a barrier of 1.28 eV. Finally, H,
formation occurs via recombination of the two hydrogens
bound to O, sites through a high energy barrier of 4.20 eV.
Additionally, we investigated another route for H, formation
which includes diffusion of one hydrogen from O,  to a
neighboring O;.. This diffusion event occurs through a barrier
of 1.62 eV. Then, the second dissociated hydrogen diffuses
from O, to a nearby Oj_ site, with a barrier of 3.25 eV. Finally,
H, formation from these dissociated hydrogens involves a high
energy barrier of 2.19 eV. We noted that hydrogen formation
on TiO, is the most energetically demanding step in the
NOCM reaction network. Yuliti et al. also suggested that after
the formation of ethane by NOCM, the catalyst surface is

poisoned, and hydrogen species were found to reduce the
surface under UV radiation."*

Insight into the Photocatalytic NOCM to Ethane and
H, Molecules. As noted, the photocatalytic performance of
TiO, evaluated by DFT calculations does not consider
experimental reaction conditions, including temperature,
partial pressure of gas phase species, and the global effect of
elementary reactions, such as forward and reverse reaction
rates. Based on our DFT results, we performed kMC
simulations to evaluate the kinetics of the photocatalytic
NOCM to ethane and H, molecules on rutile TiO, under
experimental reaction conditions of T = 315.15 K and p(CH,)
= 1.0 bar. The convergence of the kMC simulations with
respect to the size of the kMC lattice was tested by performing
the same kMC simulations using a 2D (40 X 40) kMC
supercell (a total of 1600 sites, four times the size of the 2D 20
X 20 supercell). The calculated kinetic parameters, including
surface coverage, were not affected by the size of the lattice or
by the random seed, as shown in Figure S7. Based on the
convergence test, we chose the 20 X 20 kMC supercell for our
investigation. Adsorbate—adsorbate interactions can substan-
tially affect the adsorption energy and activation energy
barriers. The estimates of the adsorbate—adsorbate interactions
have been tested by comparing the binding energy of
dissociated CH3* and H'* surface species and the sum of
binding energies of the isolated surface with CH3* and
another isolated surface with H** on different active site pairs
of TiO, surface, as depicted in Table S4. For the dissociated
CH;* and H'* species, the calculated DFT binding energies
were found to be 1.33—3.96 eV higher than the sum of isolated
surface species, which reveals a significant repulsion between
dissociated CH3* and H** species on the (110) TiO, surface.
Due to substantial repulsive forces between surface species in
the DFT energetics forming the basis of the kMC simulations,
additional lateral interaction models were not incorporated in
the simulations.

The kMC simulations included five elementary steps: light
irradiation, CH, photoactivation, C—C coupling to ethane,
hydrogen diffusion, and H, formation events. CH, adsorption
and desorption events were not included in the kMC
simulations. Instead, we assumed an initial preadsorbed CH,
coverage based on experimental saturation data to focus on
surface reactions driven by photoexcitation. In the kMC
simulations, TiO, is first illuminated by UV light, leading to
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Figure 6. (a) Net H, formation event frequency at different temperatures. Fractional coverages of H* species as a function of time at (b) 615.15,

(c) 640.15, (d) 690.15, and (e) 715.15 K.

the formation of electron—hole pairs where the photo-
generated hole is trapped by the surface O3; to generate O3
(hole polaron). The photoirradiation reaction was assumed to
occur instantly upon exposure of TiO, to a UV light beam.
Hence, the irradiation reaction rate was governed mainly by
the intensity of the UV light beam, which was assumed to be
constant during the reaction. Additionally, the initial coverage
of CH, was set to 0.25 ML, as calculated from the
experimental saturation of CH, on TiO, P25 catalyst
(containing a mixture of both anatase and rutile phases of
TiO,) under light in the absence of O, at 315.15 K.%° It is
assumed that upon light excitation of the catalyst, CH,
molecules dissociate immediately to form ‘CHj radicals and
H* species. Figure Sa highlights the frequency of the events of
each elementary reaction. As noted earlier, the photogenerated
holes in the valence band are essential for the activation of
CH,. Hence, once the hole polaron is formed, CH, is
photoactivated to the ‘CHj; intermediate and H* adsorbed on
the O3.. We note that CH, photoactivation occurs significantly
faster than the remaining processes under the reaction
conditions, with a net forward rate. After the formation of
'CHj; radicals, ethane was formed via the coupling of two 'CH;
radicals, where the amount of formed ethane depends on the
frequency of CH, dissociation to 'CHj radicals. Given a net of
99 CH, dissociation events, 33 ethane molecules were formed
and desorbed to the gas phase, with a net TOF of 9 X 1076 57",
Under the reaction conditions of 313.15 K, the kMC
simulation did not perform any hydrogen diffusion or H,
formation events. This result is obvious based on the DFT
energetics where hydrogen diffusion and H, formation are
associated with significantly higher barriers than CH,
activation and C—C coupling elementary reaction steps (as
shown in Figures 3 and 4).

To determine the reaction time to reach a steady state, the
fractional coverages were simulated as a function of time, as
demonstrated in Figure Sb. The reaction reached a steady state
after 60 min when all CH,, species were photoactivated to 'CH;
radicals. Importantly, surface hydrogen was found to be the
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most abundant surface species with 0.25 ML fractional
coverage at steady state, gradually blocking the O,  active
sites. This is due to the high energy barriers for H, formation
of 42 eV. Based on the above analysis, photoactivated TiO,
has a high event frequency of ethane formation; however, the
catalyst is poisoned with hydrogen species under room-
temperature reaction conditions.

It is noted that traditional static catalytic sites attempt to
balance multiple elementary reaction steps within the surface
reaction network. However, an optimal site for product
desorption may not necessarily be ideal for reactant adsorption
and the following surface reactions. On the other side, dynamic
catalysis, which involves modulating adsorbate binding
energies, offers a transformative approach to overcomin:
these limitations.*” For instance, Christopher and co-workers®
regulated the binding energy of surface intermediates on Pt
nanoparticle catalysts using pulsed illumination, leading to an
improved activity of H, production compared to static
illumination. Additionally, Baldi and Askes” revealed that
pulsed photothermal catalysis can control surface coverages,
increase robustness against catalyst poisons, and achieve higher
turnover per site compared to steady-state heating methods.
Besides, Sordello et al.*’ showcased that controlled periodic
illumination (i.e., alternating between light and dark periods)
improves the efficiency of the hydrogen evolution reaction over
metals photodeposited on TiO, nanoparticles compared to
continuous illumination. In the context of photocatalytic
NOCM on TiO,, the photogenerated holes facilitated CH,
dissociation and C—C coupling to ethane, however, H,
formation was kinetically hindered, necessitating a dynamic
approach to regenerate catalytic activity. Through synergetic
catalytic processes leveraging both thermal and photo energies,
the dynamic active sites of TiO, can adapt over the catalytic
cycle, providing an optimal energetic environment for each
elementary step in the NOCM reaction network.®'

Temporarily rising the simulation temperature can facilitate
H, formation and regenerate the O,  active sites. For this
scenario, we used thermocatalytic H, formation energetics of a
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neutral TiO,(110) surface (Figure S8) in the kMC
simulations. Accordingly, UV-light irradiation was turned off
in the kMC simulations after all CH, species were photo-
activated and converted to ethane (and the surface was
dominated by H* species with a steady state surface coverage
of 0.25 ML), and then the reaction temperature was raised
gradually from 315.15 to 1215.15 K (typical temperature of
thermal NOCM reaction). As shown in Figure 6, hydrogen
species started desorbing as molecular hydrogen at 615.15 K,
with a net H, formation reaction frequency of 33 events
(Figure 6a) and steady-state surface hydrogen coverage of
0.085 ML (Figure 6b). However, the rate of hydrogen
production at 615.15 was substantially slow. Raising the
temperature to 690.15 K resulted in significantly faster
hydrogen production, with complete surface regeneration
within less than 1 h, as illustrated in Figure 6d. The gradual
increase of the reaction temperature above 690.15 K had a
minimal influence on the hydrogen coverage and the net H,
formation reaction frequency. Therefore, it is deemed
unnecessary since the catalytic surface was regenerated at
690.15 K, a temperature that is significantly lower than the
typical thermocatalytic NOCM reaction temperature."

In summary, kMC simulations reveal that NOCM to ethane
and hydrogen on rutile TiO, is feasible through a combined
photo- and thermocatalysis process. However, it is important
to highlight that there is a significant disparity in the time
scales between thermal and photoinduced processes, which can
present technical challenges in practical applications. For
instance, photocatalytic processes generally occur on short
time scales, with photon absorption occurring on the order of
femtoseconds (107" seconds). In contrast, thermochemical
reactions typically unfold over longer time scales, often ranging
from minutes to hours, depending on the specific thermal
treatment conditions applied. This difference in time scales can
complicate the integration of thermal and photocatalytic
processes, as it may be challenging to synchronize the two
mechanisms effectively. To achieve the effectiveness of
photothermal approaches in real-world applications, it is
crucial to develop strategies that account for the sequential
nature of these processes. Optimizing the timing and
conditions for thermal treatments in conjunction with
photocatalytic reactions could enhance the overall system
performance and efficiency.***

B CONCLUSIONS

In this contribution, we combined periodic DFT and kMC
simulations to provide a comprehensive understanding of the
NOCM reaction on pristine TiO, through synergistic photo-
and thermo-catalytic production of ethane and H,, respec-
tively. DFT calculations illustrated the importance of the
photogenerated holes for facile CH, dissociation and C—C
coupling to ethane compared to the thermocatalytic route.
Further, kMC simulations revealed that the formation of
ethane product via the recombination of ‘CHj radicals can
occur at mild temperatures of 315.15 K. However, the active
sites are poisoned by adsorbed hydrogen. To facilitate H,
formation and catalyst regeneration after photocatalytic ethane
formation, the reaction temperature was raised to 690.15 K,
which is significantly lower than the typical NOCM temper-
atures. Thus, we propose that NOCM to ethane and hydrogen
on pristine TiO, can occur with dynamic catalysis, where
photo- and thermocatalytic modes are combined. In addition
to providing mechanistic insights into the photocatalytic
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NOCM on TiO,, this work demonstrates novel routes for
dynamic catalysis simulations through multiscale modeling,
opening new paths for discovering highly selective and active
catalysts.
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