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ABSTRACT: CH;0H on a single-crystal rutile TiO,(110) 4 4 4 4
surface is a widely studied model system for heterogeneous V%o % ) % r
photocatalysis. Using spin-polarized density functional theory S

with a hybrid functional (HSE06), we study the photocatalytic
oxidation of CH;OH adsorbed at a coordinately unsaturated
Ti site as an excited-state process with triplet spin multiplicity.
The oxidation to CH,O is stepwise and involves a CH;0 ((:2}12(3\:' —»(5?633; —-((2:(!';38;—» ((:Eljé?v-)
intermediate. The first O—H dissociation step follows an ’ ) ) PT
excitonic interfacial proton-coupled electron transfer mecha- o{} ® ®—0
nism where the hole—electron (h—e) pair generated during the \; / g SRREIRIAL saparatad
excitation is bound, and the h is transferred to the adsorbate. (*—fJ@ Gj@ w%pa" patt
The O—H dissociation paths associated with other h—e pairs b:'a'i':d b;:i':d se":a':,ted e e
are unreactive, and the moderate experimental efficiency is due
to the different reactivity of the h—e pairs. The excited-state
CH;O intermediate further deactivates through a seam of intersection between the ground and excited states. It can follow three
different paths, regeneration of adsorbed CH;OH or formation of the ground-state CH;O anion or an adsorbed CH,O radical
anion. The third channel corresponds to photochemical CH,O formation from CH;OH, where a single photon induces one
electron oxidation and transfer of two protons. These results expand the current view on the photocatalysis of CH;OH on
TiO,(110) by highlighting the role of excitons and showing that adsorbed CH;OH may also be an active species in the
photocatalytic oxidation to CH,O.

SUBSTRATE ADSORBATE

1. INTRODUCTION enhancement of photoelectrocatalytic H, production,'® and
because of its relation with the selective photooxidation of

TiO, based heterogeneous photocatalysis and photoelectroca-
: 8 P V P alcohols by TiO, based photocatalysts.'”*’ Finally, CH;OH

talysis have a very important potential role for the production

of fuels and chemicals and environmental remediation.! photocatalysis provides an interesting contrast to H,O
Because of its stability, the rutile TiO,(110) surface is an ideal photocat.alys1s on titamia. )

substrate for model surface science studies where H,O or Scanning tunneling microscopy (STM) experiments havej
CH,OH are adsorbed under ultrahigh vacuum (UHV) sh9wn tl}at CH;OH adsorbed ona coc-)rdln.ately unsaturated Ti
conditions. A series of photochemical studies on these systems (.TICHS_) site can }')e photocatalytically dissociated unc.ler 4.00 nm
have been conducted using different techniques in combination light irradiation into a methoxy CH;O group at a Ti, site ancl
with laser UV irradiation.””"” These studies under well-defined a H atom at an adjacent bridging O (Obr)f ie, OyH group
reaction conditions aim at providing insight into the elementary (structures 1A and 1B, Figure 1). The light wavelength is
steps that compose the photochemical mechanism and conzslisztzelllt Wlth the bulk rutile Tipz o.pt'ical 'band gap of 3'93
understanding the fundamental principles of photocatalysis. eV, indicating that the photodissociation is a photocatalytic
This fundamental knowledge will benefit the improvement or process.

development of technologies based on heterogeneous photo- Photodissociation experiments ;:onducted for H,O adsorbed
catalysis and photoelectrocatalysis. at a Tig, site of rutile TiO,(110)° support the participation of

In particular, H,O photocatalysis on Ti0,(110)*° has been photogenerated holes in the photocatalytic O—H bond
studied because of its relation to photoelectrocatalytic H,O

splitting on titania.' CH,0H photocatalysis on TiO,( 110)"" Received: October 24, 2016
has been investigated because of its important role in the Published: November 17, 2016
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Figure 1. Schematics for the double, stepwise dissociation of 1/2 ML
CH;OH adsorbed at a Ti,, site of a TiO,(110) 2 X 1 supercell,
duplicated along the [001] direction (side and top views). 1A
represents adsorbed CH;OH, 1B and 1B’ adsorbed CH;O and an
O,H group, and 1C adsorbed CH,O and two Oy H groups. The H
atoms dissociated in the first and second steps are marked in magenta
and cyan, respectively. The dashed lines in 1A and 1B’ (top view)
connect the substrate’s Oy, and adsorbate’s H atoms involved in the
interfacial H transfers. The arrow in 1B (top view) indicates the
displacement of the H dissociated in the first step from the Oy,
adjacent to the occupied Tig, site to the Oy, adjacent to the empty
Tig, site. Subsurface 3-fold coordinated O (O$®), surface 3-fold
coordinated O (O%Y), Tiy and coordinately saturated Ti (Ti,) are
labeled.

dissociation, which suggests that the same mechanism may
apply for adsorbed CH;OH. Moreover, proton-coupled
electron transfer (PCET) has been shown to be of general
importance in heterogeneous photocatalysis.”*~>> For example,
ultrafast two-photon photoemission experiments on methanol
covered rutile TiO,(110) surfaces have shown that PCET is the
mechanism that stabilizes the negative charge induced on the
methanol overlayer by electron excitation to the so-called “wet
electron” state.”*~*" In this context, density functional theory
(DFT) calculations on the dissociation of water, organic
alcohols, formaldehyde, and formic acid on anatase TiO,(101)
suggest that the photocatalytic O—H bond dissociation may
also follow an interfacial PCET mechanism,” " mediated by
so-called “free hole” states,”® and “trapped hole” states.*!

While most theoretical studies have focused on the nature of
the & to understand the O—H dissociation,*”**>* the role of
exciton states in this essential step of the photocatalytic
mechanism has not been considered. Usually the photocatalytic
oxidation is described as an interfacial electron transfer between
the catalyst and the reactant involving valence band (VB) holes
that are “independent” of the conduction band (CB) electrons.”
In contrast, in the excitonic state the hole (k) and the electron
() are bound. In this work we address the role of exciton states
with a perspective similar to that of molecular photochemistry
and we consider the specific reactivity of different excitonic
configurations. Under this view, the trapping site of the h
depends on the configuration of the excitonic state during the
redox process, prior to the charge carrier separation, and this
plays a key role in the efliciency.

Photocatalytic O—H bond dissociation is also relevant in the
context of methanol oxidation to formaldehyde CH,0.%'*"*~"
This reaction involves the cleavage of the O—H bond

(structures 1A and 1B) and one C—H bond (structures 1B’
and 1C), resulting in the CH,O species adsorbed at a Ti, site
and two O, H groups. In the most widely accepted stepwise
mechanism the O—H bond dissociation precedes the C—H
bond dissociation. This mechanism goes through the ground-
state adsorbed CH;O intermediate, and both steps are
photoinitiated.” CH,O is also obtained from across band gap
photoexcitation of a pure layer of adsorbed CH;0 species,
which is formed by coadsorbing CH;0H with O atoms.'"*
These experiments provide evidence for the CH;0 adsorbate
being the active species for h mediated oxidation of CH;0 on
TiO,(110) forming CH,O. This mechanistic picture has been
confirmed theoretically in two different dynamics studies,
showing that the h can become localized only on adsorbed
CH;O species,” and that the excited CH;O radical undegoes
C—H bond dissociation to form formaldehyde.*

In contrast, in recent STM experiments combined with laser
irradiation at 355 nm only direct methanol dehydrogenation to
adsorbed formaldehyde was imaged, and no evidence for the
adsorbed CH,O intermediate was obtained.'® These results
have been interpreted as simultaneous rather than stepwise
bond cleavage of the O—H and C—H bonds, and suggest that
adsorbed CH;OH itself may be an active species in the
photocatalytic oxidation to CH,O. X-ray photoelectron spec-
troscopy experiments also provide direct evidence that the
photocatalytic dissociation of methanol contributes to the
photocatalytic oxidation of methanol on the TiO,(110)
surface.”” In these experiments the mechanism of formaldehyde
formation from methanol is relevant for the efficiency of
formation of methyl formate from the formaldehyde
intermediate. '

These two issues, the excitonic PCET mechanism of the O—
H bond dissociation and its relationship with the formation of
CH,0O, are the main focus of this paper. Our computational
model is 1/2 ML CH;OH adsorbed at a Tig, site of a
TiO,(110) slab treated with spin-polarized DFT with the
HSE06®” variant of the hybrid exchange-correlation functional
HSE.*® The hole—electron (h—e) pairs describing the excitonic
state are represented as a triplet spin multiplicity state, i.e, T
state, which allows to consider the synergistic catalytic role of
holes and electrons.

Our study addresses several open questions. The first
significant problem for the h mediated mechanism is
represented by the unfavorable interfacial level alignment of
the CH;OH highest occupied levels relative to the TiO,(110)
valence band maximum (VBM). Based on ultraviolet photo-
emission spectroscopy (UPS)* and many-body quasiparticle
(QP) GW calculations™ ™" the CH;OH highest occupied
levels are ~1.3 eV below the TiO,(110)’s VBM. Thus, the h
transfer from the TiO,(110) VBM to the CH;OH highest
occupied molecular orbital (HOMO) is thermodynamically
forbidden, as shown in Figure 2a. For methanol on anatase
Ti0,(101) it has been shown that concerted PCET results in
almost complete oxidation of the methanol molecule.”
However, this case is more favorable than the case of methanol
on rutile TiO,(110). This is because of the more favorable
interfacial level alignment in anatase TiO,(101) compared to
rutile TiO,(110) substrates, as indicated by the comparison of
the interfacial level alignment of water on rutile TiO,(110) and
anatase TiO,(101).* Still, we will show below that the
mechanism found for anatase TiO,(101) applies also for
methanol on rutile TiO,(110). The proton transfer provides
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Figure 2. Schematic interfacial level alignment of CH;OH HOMO
with respect to TiO,(110) VBM and CBM (a) before and (b) after
O—H bond dissociation.

the chemical energy needed to raise the HOMO above the
VBM (Figure 2b) and localize the & on methanol.

Moreover, it is not clear how the participation of photo-
generated holes in the photocatalytic O—H bond dissociation
would result in the formation of an anionic methoxy species
that is not oxidized (structures 1B and 1B’). In this respect, we
will highlight the importance of distinguishing two electronic
configurations for the adsorbed CH;O species, a closed-shell
ground-state anion and an excited-state radical.

Another open question is whether CH;OH is also a reactive
species for h mediated oxidation to CH,O. In other words, it
remains unclear whether the photocatalytic conversion of
adsorbed CH;OH to adsorbed CH,O goes necessarily through
the ground-state adsorbed CH;O species (structures 1B and
1B’),® which would correspond to a two-photon process, or
whether it can occur as a one-photon process that does not
involve the ground-state adsorbed CH;O intermediate.'® We
will present a global mechanistic picture showing that our
excitonic PCET mechanism is connected to the one- and two-
photon pathways of CH,O formation, where the two adsorbed
CH;O electronic configurations have a key role.

2. COMPUTATIONAL DETAILS

All HSE06 DFT calculations are performed using VASP within the
projector augmented wave (PAW) scheme.** HSE06”” provides the
best absolute alignment of the conduction band minimum (CBM) and
VBM for the H,O on TiO,(110) interface®™ and the clean TiO,(110)
surface.*' Moreover, it provides accurate electronic band gaps for rutile
and anatase TiO,*"** and cathecol on TiO,(110) interfaces.**™** To
model the exciton state it is necessary to compute an excited state
where the e is promoted to the CB, leaving a h in the VB. The excited
state is modeled as the lowest triplet state T because the alternative of
optimizing the lowest singlet S, excited-state paths, for example using
the Bethe Salpeter method,**™*° is not feasible for our system. We
expect the T, and S, states will differ at most by a few tenths of eV and
that the mechanistic picture will not change. In order to achieve
localization of the h and e at different O and Ti sites, respectively, we
have modified the position of these atoms with respect to those of the
ground-state adsorbed intact and dissociated methanol minima.

The geometries are fully relaxed with all forces <0.02 eV/A. We
employ a plane-wave energy cutoff of 445 eV, an electronic
temperature kzT &~ 0.2 eV with all energies extrapolated to T — 0
K, and a PAW pseudopotential for Ti which includes the 3s* and 3p°
semicore levels. All unit cells contain a TiO,(110) slab made of five

triatomic thick layers, employ the experimental lattice parameters for
bulk rutile TiO, (a = 4.5941 A, ¢ = 2.958 A),*" and include at least 10
A of vacuum between repeated images. To model 1/2 ML coverage,
we repeat the TiO,(110) 1 X 1 unit cell along the [001] direction.
Since the slabs considered exhibit nonzero dipole moments along the
[110] direction, dipole corrections have been applied to the potential,
total energies and forces.

We use the climbing-image nudged elastic band (CI-NEB)**
method to compute the O—H bond and C—H bond dissociation
reaction coordinates and barriers with four intermediate images. The
starting geometries of the images are obtained interpolating the
geometries of reactant and product minima with the centers of mass
aligned with the “intpol” routine of the AFLOW program.” All
calculations are performed employing the I'-point only. All T,
calculations and the NEB calculation for the S, C—H bond
dissociation are performed spin polarized, while the NEB calculation
for the Sy O—H bond dissociation is performed spin unpolarized.

The T, excitation energy of the interface at the reactant geometry is
~3.18 eV, in agreement with the optical band gap of rutile
Ti0,>"?>*"* This T, excitation energy is used as the energy
reference to assess the feasibility of the different O—H dissociation
paths.

The adsorption energy E 4 is given by

E,4s & E[methanol + TiO,(110)] — E[TiO,(110)]
— E[methanol] (1)

where E[methanol + TiO,(110)], E[TiO,(110)], and E[methanol] are
the total energies of the covered and clean surfaces and gas phase
methanol molecule, respectively. The computed adsorption energy for
1/2 ML methanol adsorbed at a Ti_ site is ~ —0.95 eV. This value is
in very good agreement with previously reported values.****

On a real surface, the O—H and C—H dissociation steps involve the
two Oy, atoms marked with dashed lines in the top views of structures
1A and 1B’ (Figure 1), respectively.m’17 However, in our TiO,(110) 2
X 1 supercell these two atoms are equivalent and correspond to the
same site. As a result, transfer of both H atoms to this site is not
possible. This problem would be avoided by using a 2 X 2 supercell,
duplicated in the [110] direction. However, this is not affordable
computationally. Instead, after the O—H dissociation step we move the
dissociated H atom to the Oy, atom adjacent to the empty Ti site, to
allow for the second interfacial H transfer. This leads to structure 1B’
in Figure 1. Accordingly, the C—H bond dissociations in the ground
and excited states are studied using the 1B’ model. This is a good
approximation, because the energy of the ground- and excited-state
minima for adsorbed CH;O is almost independent of the position of
the dissociated H atom (Figure S1 in Supporting Information and
structures 1g and 1g’ below).

3. RESULTS AND DISCUSSION

3.1. Excited-State O—H Bond Dissociation Mecha-
nism. Electronic excitation near the band gap energy of
CH,0H adsorbed at a Ti, site of TiO,(110) results in the
formation of bulk delocalized excitons. Nuclear relaxation after
excitation results in different minima with different electronic
configurations, corresponding to different locations of the h and
e. To identify the electronic configuration responsible for the
photocatalytic activity, we computed various O—H bond
dissociation paths associated with different electronic config-
urations. These correspond to h localization at four different O
sites and e localization at two different Ti sites. The first two O
sites are the two bridging O atoms (Oy,) with and without H
bond with the CH;0H adsorbate, which are adjacent to the
occupied and empty Ti, sites, respectively. The other two O
sites are a subsurface 3-fold coordinated O (O5*"), and a surface
3-fold coordinated O (O3%¥) (Figure 1). To understand the
effect of the h and e separation distance on the O—H
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Figure 3. Energy profiles of O—H dissociation paths for different excited-state T configurations of 1/2 ML CH;OH adsorbed at a Ti, site. Energies
in eV relative to the S, energy of the intact CH;OH minimum. The color code indicates & localization. Purple: h at bridging O (O,,) atom without H
bond with the CH;OH adsorbate; blue: h at subsurface 3-fold coordinated O (O$) atom; green: h at Oy, with H-bond with the CH;OH adsorbate;
orange: h at surface 3-fold coordinated O (O3Y) for intact CH;OH, and h shared between the O3 atom and the terminal methoxy O atom for
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respectively. The orange and red paths follow the exothermic PCET mechanism, while the other paths follow an endothermic PT mechanism. Spin
densities are shown for selected h—e pairs indicating the / and e localization site. The 1 X 2 unit cell is duplicated along the [110] direction in the T,

spin densities’ representation.

dissociation energetics, we considered e localization at two
different Ti sites, a coordinately unsaturated one, Ti_, and a
saturated one in the second layer, Ti, (Figure 1).

For the interface with adsorbed intact CH;OH, we located
the relaxed minima for seven possible electronic configurations
and computed the photodissociation coordinate for four of
them. The energies of reactants, transition states and products
are presented together with the most relevant spin densities in
Figure 3. Different colors correspond to different / locations,
and solid and dashed frames and lines correspond to e
localization at the Ti,, and Tig, sites, respectively. The
preferred T, configurations by ~0.1-0.2 eV occur for the
charge carriers’ largest separation. Thus, the most stable
configuration with the & at non H-bonded or H-bonded O,
atom has the e at the Tiy, site (solid purple and green,
respectively), and the most stable configuration with the h at
the O3 atom has the ¢ at the Ti_, site (dashed blue). These
data indicate a weak interaction between the h and the e for the
electronic configurations with the h at the Oy, and O3 sites
and the propensity for the h at these sites to separate from the
e

The OS5 site is the most relevant one for the oxidation of
adsorbed CH;OH because the h is close to the CH;OH

adsorbate, which is a necessary condition for h transfer. h
localization at this site could only be achieved localizing the e at
the Ti.,, site (dashed orange). This indicates a strong
interaction between the & and e and shows that the transfer
of the h to the photocatalyst surface goes through a bound
exciton.

The paths are obtained connecting reactant and product
minima with the same excitonic configuration. With this
approach we avoid discontinuities along the paths due to
sudden changes of electronic configuration. For the product
minimum with Ti./methoxy configuration (dashed red
Dissociated M in Figure 3) there is no counterpart with the
same configuration on the reactant side. In this case we start the
path from the Ti.,,/O3 reactant configuration (dashed orange
Intact M in Figure 3) because for this minimum we already
observe the incipient interaction between the methanol O and
the O3 site which is preparatory for the h transfer to the
methoxy group.

All the relaxed T, electronic configurations for the interface
with adsorbed intact CH;OH as well as the dissociation paths
are below the vertical excited-state energy of ~3.18 eV,
represented as a horizontal line in Figure 3. This implies that all
excited-state paths are accessible energetically.

16168 DOI: 10.1021/jacs.6b11067
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bound T, h—e pair (orange) or S, closed-shell configuration (gray); solid lines indicate separated T (red, green) or S, (black) h—e pairs.

The calculated paths show two alternative proton transfer
(PT) mechanisms, one where the h participates in the
photodissociation and one where it does not. Remarkably,
only the path that involves the h in the dissociation is
exothermic by ~0.4—0.5 eV (dashed orange and red paths in
Figure 3), and it is only slightly activated (~0.11 eV). This path
can lead to two different minima, one with the hole shared
between the adsorbate and the substrate (dashed orange
Dissociated M), which has the same electronic configuration as
the reactant minimum, and another one with the hole fully
localized on the adsorbate (dashed red Dissociated M). In this
latter case, the h is transferred from the O5Y of the substrate to
the adsorbate, inducing the oxidation of the adsorbate. At the
same time a proton is transferred from the CH;OH adsorbate
to the Oy, of the TiO,(110) substrate. This results in a decrease
in the activation barrier and stabilization of the product
minimum relative to the reactant minimum. This mechanism
corresponds to a concerted PCET process,”® which is also well-
known from molecular photochemistry.”” " The ET step can
be regarded as the opposite of the h transfer step, ie., from the
adsorbate to the substrate. The h-shared configuration can be
considered a precursor for h localization at the adsorbate. All
the other T, photodissociation paths (blue and purple paths in
Figure 3) have a larger activation barrier (~0.2-0.3 eV) and are
endothermic (~0.1—0.3 eV). These paths are not relevant for
the CH;OH oxidation as the h remains on the TiO, substrate.
This mechanism can be described as a PT process. While the
PT endothermic paths are reversible, the exothermic PCET

path is irreversible and is the one ultimately responsible for the
photooxidation of adsorbed methanol.

A stabilization by ~0.2—0.3 eV of the shared- and localized-h
configurations is computed upon e migration from the bare
Tig, site to the Tig, site (solid orange and red dissociated M in
Figure 3, respectively), which results into separated h—e pairs.
These structures correspond to the lowest-energy minima on
the product side of the diagram. The charge-separated structure
with the & fully localized at the adsorbate, corresponds to an
excited-state adsorbed methoxy radical minimum. Overall,
Figure 3 shows that this species is formed via the PCET
coordinate followed by h—e pair separation. In contrast, the
endothermic O—H dissociation paths are likely to revert under
UHV conditions. They may result in the regeneration of the
reactant minimum with the h localized on the Oy, site adjacent
to the empty Ti, site (solid purple Intact M in Figure 3),
which has the largest relaxation energy (~1.22 eV with respect
to the vertical excitation energy). This minimum is catalytically
inert under UHV and will undergo charge carrier recombina-
tion to return to ground-state adsorbed CH;OH.

The configurations which are photocatalytically inactive here
may become relevant under different conditions. For higher
coverage under UHV, adsorption of a second methanol layer
coordinated to the Oy, sites will block the O—H dissociation of
adsorbed CH;OH, as suggested by a combined experimental
and theoretical study.”” Under these conditions, the second
methanol layer may be photocatalytically oxidized by the
excitons with the h located at the Oy, sites (framed green and

16169 DOI: 10.1021/jacs.6b11067
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purple in Figure 3).>"** These configurations may be also

important in the photooxidation of organic pollutants in
solvated media™ because they have a reactive O, radical
species at the surface.

Figure 4 shows the details of the exothermic PCET O—H
photodissociation path in the context of CH,O formation. It
starts from the minimum with the h located at the O3 atom
(1a in Figure 4 and dashed orange Intact M in Figure 3). Due
to the unfavorable level alignment, the h transfer from the
TiO,(110) substrate to the CH;OH adsorbate needs the
chemical energy originating from the proton transfer. The h
transfer is gradual and is mediated by a three-electron two-atom
hemibond between the OS5 2p orbital and the methoxy O 2p
orbital.*® In structures la—1c the & density dominantly resides
at O3, In structure 1d the h density is mostly at the methoxy
O, the CH;0 group is tilted toward the O3;" atom and the O—
O distance is ~2.45 A.

Once the proton transfer is completed, the methoxy group is
lifted to a more upright position and the hemibond breaks. In
structures le and 1f the h is fully on the adsorbate and is
delocalized between the methoxy O 2p and the C—H o orbitals.
The PT and h localization cause a decrease of the CH;0’s
charge by ~1.0 electron relative to the ground-state adsorbed
CH;O0H species, weakening the interfacial dative bond. As a
result, the adsorbate O atom distance to the Tig, site, O—Ti.,,
increases from ~2.03 A to ~2.27 A from structure 1c to 1f
Therefore, a stretched Ti,, bond is a fingerprint for h
localization onto the adsorbate. In contrast, along the
endothermic O—H dissociation paths (blue and purple paths
in Figure 3), the O—Ti,, distance progressively contracts from
~2.1-22 to ~1.8—1.9 A, similar to what happens in the
ground-state (Figure S2a). We also find a smaller decrease of
the CH;0’s charge by ~0.4 electron relative to the ground-state
adsorbed CH;OH species compared to that of the PCET
coordinate.

The evolution of the spin densities and structures along the
PCET path also shows that the h-shared configuration (1d) is a
precursor for the h-localized configuration (1f). The
interconversion between the two configurations is almost
barrierless, as confirmed by computing the energy profile along
an interpolated coordinate between the corresponding minima
(Figure S3).

As discussed, there is a strong interaction between the h at

¢ and e at the Ti.,, underneath the adsorbate in 1a. Figure 4
(top view of spin densities and structures) shows the ¢ density
is shifted from the Tig, site underneath the CH;OH adsorbate
(la—1b) to the neighboring, bare Tiy, site (1c—1d) as the
proton is transferred from the adsorbate to the substrate. At the
dissociated h-shared and h-localized configurations the spatial
separation between the h and e is larger, and the interaction
between them is weaker. This indicates the e has the tendency
to separate from the h once the h has been transferred to the
adsorbate. Overall, these data establish the key role of the h in
the photodissociation of CH;OH on the TiO,(110) surface and
the importance of the synergy between the / and e in the early
stage of this process. Once the O—H dissociation is completed
the h—e pair separates. Initially a moderate separation is
manifested in a polarization of the surface Ti atoms’ 3d orbital
toward the empty surface Ti,, site. Afterward, a clear
separation is accomplished by e migration to a Tig, site
underneath the surface, which effectively corresponds to an
electronic state change due to the occupation of a different Ti
3d orbital, shown by a change of the energy profile from dashed

to solid. This results in the T, excited-state adsorbed methoxy
radical intermediate 1g.

From a global perspective, 1g is the hub between three
pathways leading to different primary products, namely
adsorbed methanol, adsorbed methoxy anion and adsorbed
formaldehyde radical anion (Figure 4). The competition
between these paths is discussed in the next section.

3.2. Excited-State C—H Bond Dissociation Mechanism.
Figure 4 shows that C—H dissociation converts the adsorbed
methoxy radical 1g’ into an adsorbed formaldehyde radical
anion Im. In 1g’, the H has been moved to the Oy, site
adjacent to the empty Ti, site (see Computational Details).
Top view of structures 1g'—11 shows that the C—H dissociation
coordinate involves a rotation of the CH;O adsorbate around
the [110] direction that brings the methyl H to an optimal
position for interfacial H transfer to the Oy, atom adjacent to
the occupied Ti. site (~1.55 A interfacial distance). The
reaction coordinate is exothermic (~0.64 eV) and barrierless.
This is consistent with the observation that the adsorbed
methoxy radical electronic configuration is converted into the
adsorbed formaldehyde radical anion electronic configuration
via PT. Thus, this reaction corresponds to an acidic C—H
dissociation.*®

The PT leaves a negative charge on the formaldehyde
adsorbate, which is stabilized by delocalization onto the
substrate via the interaction of the CH,O 7 and #* levels
with the Ti., d,, level, with the & located in the nonbonding 7
orbital (structures 1k and 11). As a result of the formation of
the interfacial 7 bond, the O—Ti_,, distance between the CH,O
adsorbate and the Ti, site underneath decreases from ~2.17
to ~1.89 A from 1j to 1k (Figure S2b). The rather abrupt
energy change (~0.6 eV) between 1j and 1k is related to the
reordering of electronic levels, which accompanies the C—H
bond breaking and results in the interaction of the 7 and #*
and d,, levels. This indicates that the interfacial acidic
dissociation of the C—H bond from the adsorbate to the
substrate is coupled to partial electron transfer in the same
direction, ie., from the adsorbate to the substrate. In other
words, this process can also be classified as a concerted
interfacial PCET mechanism, though a complete e transfer is
not achieved.

The adsorbed formaldehyde radical anion 11 formed after
sequential O—H and C—H bond dissociations further relaxes
into a more stable adsorbed formaldehyde radical anion 1m
located at ~1.28 eV. In this relaxation the CH,O group rotates
around the [110] direction backward to a position where the
CH,O molecular plane is essentially aligned along a surface
0;.—Ti,, bond, so as to maximize the interaction between the
formaldehyde H and the surface O;. atom. This specific
adsorption configuration of CH,O at a Ti, site on TiO,(110)
with Oy, H groups is evidenced in the STM experiments' 7
used to follow the photodissociation of adsorbed CH;OH on
TiO,(110).

The acidic C—H dissociation was also shown to take place in
an almost barrierless way when an adsorbed methoxy radical is
photochemically generated on the S, excited state upon light
irradiation of a TiO,(110) interface with CH,O adsorbed at a
Tiy site.”® This species is experimentally formed from thermal
dissociation of adsorbed CH;OH induced by coadsorbtion of O
atoms.'***° Here, we show that the adsorbed methoxy radical
(1g, 1g’) may be also generated following excitation of a
Ti0,(110) interface with intact CH;OH adsorbed at a Ti site
via a PCET process. Therefore, a single photon may be
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sufficient to form adsorbed formaldehyde radical anion 1m
from photoexcited adsorbed CH;0H in a stepwise mechanism
on the T, excited state, without going through the S, adsorbed
CH;O0 intermediate, via an only slightly activated (~0.1 V)
path. This result shows that adsorbed CH;OH is directly
connected to the adsorbed formaldehyde radical anion, and
therefore is also, besides adsorbed CH;O, an active species in
the photooxidation to formaldehyde. The interaction of the
excited-state adsorbed methanol with the & is possible thanks to
the chemical energy coming from the proton transfer (see
Figure 2).

The excited-state adsorbed CH3;OH to adsorbed form-
aldehyde radical anion transformation is exothermic (1.47 eV),
while the corresponding ground-state reaction is endothermic
(1.27 eV, Figure S1). Moreover, the S, C—H dissociation
coordinate is characterized by an electronic configuration
change from closed shell to open shell together with a small
increase of the interfacial O—Ti, distance (Figure S2b). The
singlet open-shell minimum for the adsorbed formaldehyde
radical anion is degenerate with the T state structure 1m. This
indicates that the transition state for the S, C—H dissociation
coordinate is associated with an avoided crossing between the
closed-shell configuration of the adsorbed methoxy anion and
the open-shell configuration of the adsorbed formaldehyde
radical anion. Our estimated energy barrier is 1.85 eV, which
compares well with the previous estimate of 1.6 eV.” However,
an accurate determination of the barrier height would require
the use of multireference methods to account for the
multiconfigurational character of the S, C—H dissociation
coordinate.

3.3. Competing Pathways and Efficiency Consider-
ations. The nature of the species responsible for the
photocatalytic oxidation mediated by O—H dissociation on
TiO, surfaces has been extensively discussed (see for instance
refs 65—67). Previous theoretical studies have proposed
different mechanisms for H transfer to the surface from water
and organic molecules adsorbed at a Ti_ site’”*? or from water
electrostatically coordinated to the surface,*"** or for H transfer
to the solvent from water adsorbed at a Ti,, site.”> In the
specific case of interfacial H transfer to the substrate, it has been
discussed whether the oxidizing species corresponds to so-
called “free hole” states where the h is delocalized over the
substrate, or “trapped hole” states with the h localized on the
surface, which occurs preferentially at an Oy, site. The first
possibility has been proposed for adsorbed molecules,’””* and
the second one for electrostatically coordinated molecules.”**
The free hole mechanism has a lower energy barrier than the
one involving trapped states,” but it is problematic from the
point of view of kinetics because O—H dissociation has to take
place before the h gets trapped. Our results solve this apparent
controversy by showing that the species responsible for the
oxidation is an exciton where the h is localized at the surface
O, site thanks to e localization at the Tig, site. Thus, there is
no competition between h trapping and O—H dissociation, but
rather a sequential process consisting of localization of the
photogenerated exciton and subsequent O—H dissociation. In
addition, by considering the exciton the barrier is substantially
lowered (by ~0.24 eV) with respect to the one calculated for
the free hole state.”

From this perspective, the limiting factor for the photo-
catalytic efficiency of the first step, which is ?robably
responsible for the low experimental yields,”'*" is the
localization of the photogenerated exciton to give this particular

species and not the remaining, unreactive excitons. In contrast,
charge carrier recombination of this exciton before O—H
dissociation does not appear to be so critical in spite of the
short distance between the h and e, since the probability of
nonradiative recombination is low given the high energy gap
between the exciton state and the neutral ground state. Charge
carrier recombination via luminescence should also have a
longer time scale than the O—H dissociation, which has a
barrier of only ~0.11 eV. The relatively high energy of the
reactive excitonic configuration for intact M may also be related
to the higher yields obtained with shorter excitation wave-
length."""’

The formation of adsorbed formaldehyde radical anion 1m
from the 1g' intermediate competes with formation of
adsorbed methanol and adsorbed methoxy anion (Figure 4).
A quantitative assessment of the product yields would require
dynamics calculations which are beyond the scope of our work,
but we have identified the main factor that affects the efficiency
of formaldehyde formation by considering the potential energy
surface topology along the reaction coordinate. In this respect,
Figure 4 shows that the energy separation between the T and
So states decreases along the PCET coordinate until they
become almost degenerate at the excited-state adsorbed
methoxy radical minimum (1g, 1g’). Consistent with this, at
1f the separation between the CH;O highest occupied levels
and the CBM, estimated with a 4 X 4 X 1 k-point mesh, is only
~0.7 eV (Figure 2b). As discussed, the adsorbate O atom
distance to the Ti, site increases along the PCET coordinate
(Figure S2a). The stretching of the O-Tig, distance
destabilizes the S, state with closed-shell electronic config-
uration (solid gray) and stabilizes the open-shell singlet and
triplet configurations. Therefore, it induces a change of the
ground-state electronic configuration from closed to open shell,
similar to the one described above for the ground-state C—H
dissociation coordinate, and it contributes to reach the
degeneracy with T,.

State degeneracies are photochemically relevant as they
mediate the radiationless transition between states and drive
the formation of primary products.”®” The quasi-degeneracy is
preserved along the C—H dissociation coordinate, where both
the ground and excited states have an open-shell electronic
configuration, with the unpaired electrons residing at the
adsorbate and the substrate (see the triplet spin densities for
1g'—1m in Figure 4). The quasi-degeneracy spans an extended
section of the potential energy surface and is reminiscent of
surface crossing hyperlines, i.e., seams, extensively documented
in molecules.”™”"~"* A seam is composed of different segments
lying along a reaction coordinate. Each segment is associated
with a different primary photoproduct, and the outcome of the
reaction depends on which part of seam is accessed for the
deactivation.’®”°"* Here, there is a difference between the
products formed from the initial and final parts of the seam.

The initial part of the seam near the excited-state adsorbed
methoxy radical is associated with the formation of S adsorbed
methoxy anion and adsorbed methanol, with a detrimental
effect on the efficiency of formation of the adsorbed
formaldehyde radical anion. This is similar to the crossing
between T, and S, described for the related methanol oxidation
reaction to formaldehyde on silica and titania supported
vanadate sites, which also involves a methoxy-like species.”” In
that case it was demonstrated that the nonadiabatic transition
plays a role in the catalytic mechanism, similar to what we
propose here. In our case, the relaxation path to adsorbed
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methanol corresponds to charge carrier recombination
accompanied by back PT. This path corresponds to the dashed
gray energy profile in Figure 4, which is the ground-state energy
along the T reaction path and provides a good approximation
to the minimum energy path connecting the methoxy radical
and methanol species. The relaxation path to the adsorbed
methoxy anion also corresponds to charge carrier recombina-
tion. Thus, charge carrier recombination explains the formation
of the not-oxidized species corresponding to adsorbed methoxy
anion and adsorbed methanol after photocatalytic oxidation of
adsorbed CH,OH to the adsorbed methoxy radical (1g, 1g’)
followed by decay to S,. The adsorbed methoxy anion may
revert to the starting methanol species on the ground-state,
thus reducing the efficiency of the first dissociation. This is
consistent with the low probability of photodissociation of
adsorbed CH;0H into adsorbed CH;0 and O,H reported
experimentally.”

The final part of the seam is associated with the formation of
adsorbed formaldehyde radical anion 1m. This species is a
stable ground-state minimum because the last structure of the
seam coincides with the degenerate minima of the ground and
excited states. In contrast to the other decay paths, at this
structure the h—e pair is stabilized into a charge-separated
species as a result of the O—H and C—H cleavage reactions.

The adsorbed formaldehyde radical anion 1m is the
precursor of neutral adsorbed CH,O, reported in some
experiments.'®’® However, the neutral adsorbed formaldehyde
species is not stable in our stoichiometric model. This is due to
the fact that the two Oy, atoms carry the transferred hydrogen
atoms, which implies that two electrons are injected in the 3d
band of the TiO,(110) surface. The CH,O species acts as a
sink for one of the electrons, reducing the e—e repulsion in the
3d band. This is in contrast to a formally stoichiometric
TiO,(110) surface without O, H groups, where it is possible to
locate a neutral adsorbed formaldehyde species.”* Therefore, to
complete the formation of neutral formaldehyde from 1m a
further photochemical step may be necessary consisting of the
excitation of the CH,O excess electron, as found in some
experiments.'® Alternatively, the process may be completed
thermally through CH,O or H, desorption.'”"” In any case, the
transformation of adsorbed methanol to adsorbed form-
aldehyde radical anion (la—1m) corresponds to transfer of
two protons and one electron to the substrate induced by one
photon.

4. CONCLUSIONS

Our study provides two main significant and novel insights into
the photocatalytic oxidation of methanol on rutile TiO,(110).
First, we show the role of excitonic states in the initial PCET
step and their importance for the efficiency. This goes beyond
the generally accepted photocatalytic model which invokes
charge carrier separation prior to the oxidation or reduction at
the interface between the substrate and the adsorbate.” Second,
we present a novel one-photon mechanism for the direct
formation of formaldehyde from adsorbed methanol. Photo-
induced excitonic interfacial PCET is synonymous with the
formation of the excited-state adsorbed methoxy radical
intermediate, which is directly connected to the adsorbed
formaldehyde radical anion. This unambiguously identifies
methanol as an active species in this process, as suggested by
some experimental studies.”'® The lack of h trapping at
adsorbed CH;0H is often used to support the claim that
methanol is not an active species for formaldehyde formation,*

but our mechanism shows that CH;OH is in fact an active
species for formaldehyde formation.

Our results have revealed that excitons play a fundamental
role in the photocatalytic oxidation of organic adsorbates on
TiO,, a process relevant in energy, environmental and synthetic
technologies based on heterogeneous photocatalysis. Although
the calculations consider CH;OH adsorbed under UHV
conditions, the excitonic mechanism may also explain the
photooxidation of other organic protic adsorbates under UHV
conditions or in solution. In future work we will also investigate
its validity for the first step of photocatalytic water oxidation.
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