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Photocatalytic water splitting is regarded as an important route for generating renewable energy. Here,
charged-slab first principles calculations integrated with a periodic continuum solvation model is utilized
to analyze the initiating steps of water splitting on the two most common TiO, surfaces, namely, rutile
(110) and anatase (101), at the solid—water interface. It is found that the first proton removal of water
(H,O + hole™ — OH + H%) is sensitive to the crystalline phase and surface. The rutile (110) surface is
more active for water splitting, with the calculated barrier of O—H bond breaking being 0.2 eV lower
compared to that on anatase (101). The higher activity of rutile is not due to the redox level of the hole
(the position of the valence band maximum), but caused by the more favorable local bonding geometry
of the surface. Unexpectedly, the photogenerated hole does not promote O-H bond breaking, and the
charge transfer occurs after the H,O dissociation when the surface O nearby the dissociated OH anion

0 ) traps the hole. The solvation plays an important catalytic role to stabilize and remove protons from the
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Accepted 12th February 2014 reaction site, which effectively inhibits the charge-recombination of the dissociated OH anion with the
proton. The theory presented here shows that the chemical properties of the surface play a significant
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1. Introduction

Recent years have seen enormous research interest in direct
water splitting using solar light radiation." Among various pho-
toactive materials, titania-based composites are one of the most
promising catalysts for water splitting, not least because of the
high stability under (violet) radiation and the ability for water
oxidation even on bare TiO,. To date, one major concern for
water splitting on titania polymorphs, the practically utilized
photocatalysts, is to identify the active site.> Due to the lack of a
fundamental understanding of the elementary steps of water
splitting, how to design better photocatalyst for direct water
splitting remains largely elusive. A theory to clarify the roles of
the photo-generated holes, the catalyst surface and solvation in
relation to the water oxidation kinetics is thus urgently required.

Since the discovery of photocatalytic water splitting on TiO,,*
much effort has been devoted to search for the active site of
TiO,. The water oxidation reaction can be written as H,O + hole”
— 1/20, + 2H", which is an extremely difficult reaction under
heat-driven conditions and occurs only above +1.23 V vs. SHE
under electrochemical conditions. Matsumura et al.* showed
that water can be photocatalytically oxidized into oxygen on
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towards the design of new photocatalysts.

rutile powder with a fairly high efficiency of 9% (iron(u) ions as
the electron acceptor), and the quantum efficiency of oxygen
evolution is evaluated to be 17% on rutile particles.® They
attributed the high activity to the preferential adsorption of Fe™
ions on rutile. Although the rutile phase is believed to possess a
higher photoactivity for oxidation,® recent studies from well-
controlled nanoscience challenge this view, showing that the
presence of anatase would enhance the activity or even domi-
nate the oxidation reaction. For example, Ohno et al.” found a
clear synergistic effect of P25 TiO, powder (the proportion of the
crystalline phases anatase and rutile is about 4 : 1 (ref. 8)) for
the photocatalytic oxidation of naphthalene. Similarly, Zhang
et al.’ found that the presence of a phase junction between
anatase and rutile can greatly enhance the photocatalytic
activity of TiO, by up to four times, as evidenced by Raman
spectroscopy and high-resolution TEM. On the other hand,
Kavan et al.*® synthesized single crystals of TiO, anatase con-
taining 0.22% of Al and traces of V, Zr, Nb and La, and found
that the photoelectrochemical oxidation of water could occur
efficiently on both rutile and anatase (with the incident photons
at ~300 nm), but the reduction of water to H, (by photo-
generated electrons) only proceeded spontaneously on anatase.
Higher photo-oxidation ability of anatase (101) surfaces
compared to rutile has also been reported from methanol
photo-oxidation on well-defined single-crystal surfaces.'
Theoretical studies would be highly desirable to resolve the
kinetic data of water oxidation on various catalyst surfaces.
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However, such investigations on the solid-liquid interface
photocatalysis are rather limited,"” despite the fact that first
principles calculations have been much utilized for predicting
the thermodynamic'® and kinetic properties™ of heterogeneous
catalysis in the last twenty years. Obviously, this is due to
intrinsic complexity arising from the electrical double-layer at
the solid-liquid interface and the photo irradiation conditions.
There are two critical issues that are important to photocatalysis
but not well treated in the conventional density functional
theory (DFT) packages, namely, (i) the modelling of the solid-
liquid interface, essential for modelling the strong polarization
of the charged surfaces in solution; (ii) the inaccuracy of current
DFT functionals in describing the redox levels of oxides (e.g. the
band gap and the valence band position relative to the H,O/H,
and H,0/0, levels)."” These have led to great challenges to
compute the photocatalytic reaction kinetics as driven by the
excess holes/electrons accumulated on the catalyst surfaces.

Here we report the first theoretical analysis on the mecha-
nism and the possible active site for water oxidation on titania.
Large-scale calculations based on DFT integrated with a peri-
odic continuum solvation model (DFT/CM-MPB method) are
utilized for modeling the charge-driven photo-oxidation process
at the solid-liquid interface involving two common surfaces of
two typical TiO, phases, i.e. anatase (101) and rutile (110). We
demonstrate that the charged-slab DFI/CM-MPB method
allows us to evaluate in detail the water oxidation kinetics and
compare the activity across the surfaces within a unified theo-
retical framework, in which the electrical double-layer effect due
to the surface charging and the redox level of the oxide surfaces
can be properly treated simultaneously.

2. Methodology and calculation detail

2.1 DFT/CM-MPB methods and surface models

¢ where

All DFT calculations were performed using SIESTA,
optimized double-{ plus polarization numerical atomic orbital
basis sets'” were utilized along with the Troullier-Martins
norm-conserving pseudopotentials.'® The exchange correlation
functional utilized is at the generalized gradient approximation
level proposed by Perdew, Burke and Ernzerhof (GGA-PBE)."
The semi-core 3s and 3p states of Ti were included in all
calculations. The cutoff for the real space grid was set as 250 Ry.
The L-BFGS method was employed for geometry relaxation
until the maximal forces on each relaxed atom were less than
0.1 eV A, The finite difference method is utilized to compute
the eigenvalues of Hessian and to correct the zero point energy
(ZPE) of the system. All transition states (TSs) of the reaction
were searched using Constrained Broyden Minimization and
Constrained Broyden Dimer methods designed for treating
complex reaction systems.*

The solid-liquid interface is modeled using a recently-
developed periodic CM-MPB method,* which can account for
the long-range electrostatic interaction due to solvation
between the surface and solution. Using this approach, the
surface can be charged to mimic the charged surface under
photocatalytic conditions, and the counter charge is distributed
as point charges outside the surface (the vacuum region) in the
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manner determined by the MPB equation. Such a distribution
mimics the realistic electrolyte distribution and is thus more
physically meaningful compared to the homogeneous back-
ground charge in standard periodic DFT calculations.?* We have
recently utilized this approach for modeling electrochemical
reactions on metal surfaces,” and a detailed description on the
methodology can be found in our recent work.> The dielectric
constant of the bulk water solution is set as 78.36 according to
the experimental value. Within the CM-MPB framework, it is
convenient to align the band position of the extended surfaces
with the same solution level (e.g., ~15 A away from the surface).

The rutile (110) and anatase (101) surfaces (Fig. 1) are both
modeled by a rectangular unit cell of six TiO, layer slabs with
the lattice parameters of (14.834 x 13.145 A, 360 atoms) and
(10.398 x 15.264 A, 288 atoms), respectively, and the vacuum
spacing is generally larger than 30 A. The DFT optimized lattice
parameters are (@ = b = 3.81, ¢ = 9.67 A) for anatase and (a = b
= 4.65, ¢ = 2.97 A) for rutile crystal, which agrees well with the
experimental lattice (anatase: a = b = 3.78, ¢ = 9.49 A; rutile: a =
b =4.59, c = 2.96 13). In all calculations, the central two TiO,
layers are fixed at bulk-truncated positions while the other
layers are allowed to relax. Due to the large unit cell, only the I'-
point was utilized. The convergence of the k-point mesh and
basis set in calculating the barrier has been checked for key
reactions in our recent work.”

It should be mentioned that the hydroxyl groups are present
under experimental conditions (aqueous solution).’* However,
the modelling of the likely composition of adsorbed hydroxyl
groups together with water molecules requires detailed knowl-
edge on the free energy equilibrium of the species on the surface
in contact with the aqueous environment, which is highly chal-
lenging for theoretical simulations. On the other hand, since the
chemical reactions are local, here we utilize the explicit solvation
by adding a few water molecules nearby the reactants, together
with the implicit CM-MPB model which takes into account the
long-range solvent polarization to simulate the reactions at the
solid-liquid interface. The same hybrid approach has been
utilized in the group for understanding a range of electrocatalytic
and photocatalytic reactions on surfaces.>*>® We believe that the
hybrid approach is able to provide insights into the photo-
catalytic water oxidation kinetics.

2.2 Charged-slab DFT/CM-MPB calculations for band level
correction

For photoreaction on semiconducting catalysts, the conduction-
band minimum (CBM) and valence-band maximum (VBM)

(a) Rutile(110)

(b) Anatase(101)

Fig.1 (a) The rutile (110) and (b) anatase (101) surfaces. Ti, gray; O, red.
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levels of the system are critical, which measure the chemical
potential of photo-generated holes/electrons and thus deter-
mine the thermodynamic tendency for a reaction to occur.
Hence, the accurate computation of the CBM and VBM levels
are the prerequisites for understanding the kinetics of photo-
catalytic reactions. However, due to the self-interaction
problem*” in density functionals, there is a tendency for the
delocalization of electrons using the local density approxima-
tion (LDA) and its generalized gradient extension (GGA), which
results in the underestimation of the band gap and the wrong
VBM and CBM levels.

Among the attempts devoted to tackle the gap problem of
DFT, the recently-developed A-sol method® is an attractive
approach, which utilizes the total energy of the charged system
to deduce the gap (Egap = Ecgm — Evem), as written in eqn (1)~
(3), without recourse to heavy-demanding high-level quantum
mechanics calculations. Analogous to the A-SCF method for
finite systems that shows improvements for the HOMO-LUMO
gap prediction,***® the A-sol method can reasonably avoid the
delocalization error by confining the added charge to a volume
that is commensurate with the range of the screening effects.
The A-sol method involves fitted parameters on the system size
that were optimized for a set of bulk materials, and it cannot be
straightforwardly applied to the surface system.

Egp = [E(No + n) + E(No — n) — 2E(No)l/n &Y
Evem = [E(Ny — n) — E(No)l/n (2)
Ecpm = [E(No + n) — E(No)lln 3)

We have extended the idea to surface systems where the
photocatalytic reactions occur.>® Here we briefly introduce the
approach and utilize this method for the rutile and anatase
surfaces. To extend the A-sol method to surface systems, two
key issues inherent to the charged-cell calculations must be
properly addressed: (1) the image-charge interaction error due
to the neutralizing counter-charge required in periodic system
calculations; (2) the optimum surface cell size for the added

STE)
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5] - EHM)
617 7T T T 7335 T 350 T T 1:;"(0—25{2-0-)
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Fig. 2 The variation of the gap (Egap). the level of VBM (Eygnm) and the
level of CBM (Ecgm) With the added charge per surface area for anatase
and rutile, as calculated from the charged-slab DFT/CM-MPB method.
The standard equilibrium potential of H*/H, and O,/H,O are also
shown for the guide of eye (the absolute potential of SHE is taken as
4.6V (ref. 30)).
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charge on the surface. In fact, the first problem can be largely
avoided by using the DFT-CM/MPB approach, because the
neutralizing counter charge is distributed outside the surface
region, following the MPB equation, and the large dielectric
constant of water can effectively screen the image-charge
interaction. To search for the optimum unit cell size for the
surface system, we can calculate the band structure of a bare
oxide surface at different surface charge conditions. Fig. 2
shows that with the increase of the surface charge, the band
gaps of the rutile and anatase surfaces increase, which is similar
to those in finite systems.??

As shown in Fig. 2, for both rutile and anatase, a window of
the surface charge, ie. 0.45-0.65 e nm >, can reproduce
reasonably the experimental values (rutile: Eg,, ~ 3.0 €V, Eypy ~
3.0 Vvs. SHE and Ecgym ~ 0 V vs. SHE;* anatase: Eg,p ~ 3.2 €V,
Eypm ~ 3.0 Vvs. SHE and Ecpy ~ —0.2 V vs. SHE'). For pho-
tocatalytic reactions, the local surface charge has to be one
(either +1 or —1 of the hole/electron). In view of the 0.45-0.65 e
nm~ > window, it is indicated that only a certain size of the unit
cell is allowed in order to reproduce the experimental values. In
this work, the large rectangle unit cells are selected for anatase
(10.398 x 15.264 A) with a surface charge density of 0.63 e nm 2
and rutile (14.834 x 13.145 A) with a surface charge density of
0.51 e nm ™. These slabs can be explicitly charged by +2 or —2
(two symmetrical surfaces per slab*), and the predicted Ei,j,
Eypm and Ecgy, for anatase are 3.50 €V, 3.20 Vvs. SHE and —0.30
V vs. SHE, and those for rutile are 3.35 eV, 3.11 V vs. SHE and
—0.25 Vvs. SHE, respectively. These values are generally close to
the experimental data. The charged-slab approach allows the
quantitative evaluation of the charge-driven reaction kinetics
with reasonable VBM and CBM levels.

To further verify the results from the charged DFT/CM-MPB
calculations for reaction kinetics, we also utilized the hybrid
functionals as implemented in the CP2K/QUICKSTEP** package
for computing the barrier to the key reactions. In CP2K, the
hybrid functionals, such as HSE06, are available for treating
large oxide surface systems thanks to the auxiliary density
matrix method* for computing the Hartree-Fock exchange. The
calculated band gap using the above setups for rutile and
anatase are 3.12 and 3.62 eV from the HSEO06 functional,
respectively, which are consistent with previous work®* and are
also compatible with those (3.35 and 3.50 eV) from the charged-
slab DFT/CM-MPB calculations shown above. In this work, we
found that the difference between charged-slab PBE and the
HSEO06 functional in the calculated barrier is generally small
(e.g. the barriers of the O-H cleavage differ by ~0.1 eV using the
two functionals; see Section 3.2).

2.3 Theoretical approach for calculating the kinetics of
photocatalytic reactions

To investigate the photocatalytic kinetics on solid surfaces, the
most practical approach is to focus on the electron/hole-driven
redox chemistry, assuming that the intra-band de-excitation has
taken place after the separation of the photo-generated exciton.
This is reasonable as the temporal scale for electron relaxation is
~ps, being much shorter than that for charge recombination.*
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With this assumption, the surface redox chemistry can be
considered as the surface reaction occurring in the presence of an
excess electron or hole at the solid-liquid interface. This reduces
the computational task to model appropriately the charged (not
“excited-state”) systems. In this work, the DFT/CM-MPB method is
used to calculate the charged surface systems.

Specifically, for a photocatalytic reaction, such as HA disso-
ciation into A and H', we can always decompose the reaction
into a number of elementary steps and then calculate the free
energy change of the elementary steps. For example, for the
charging of an adsorbed HA molecule on a surface (HA/sur) by a
photo-generated hole, HA/sur + h* — [HA/sur]", the free energy
change AG can be calculated by

AG, = G([HA/sur]") + G(sur) — G(sur") — G(HA/sur)  (4)

where the term (G(sur') — G(sur)) divided by the Faraday
constant, i.e. (G(sur') — G(sur))/F, should be the absolute elec-
trostatic potential of the hole (Uy) at the VBM of the surface,
which can be obtained from the charged-slab DFT/CM-MPB
calculations, as detailed above. In this work, Uy, is determined to
be 2.80 V for rutile (110) and 3.20 V for anatase (101) vs. SHE
according to G(sur) — G(sur'), where the surface structural
relaxation in the presence of holes is also considered. Obvi-
ously, a realistic estimation of VBM and thus Uy, is a must for
evaluating the activity of the photocatalytic oxidation (otherwise
the computed reaction barrier will be incorrect due to the wrong
chemical potential of the holes).

For the reactions involving H', e.g. [H/sur]" — sur + H'(aq),
the free energy change AG can be calculated by

AGy = G(Hyg") + G(sur) — G(A + Hisur]") = 12G(H,) + 4.6 eV
+ G(sur) — G([A + H/sur]") (5)

where the free energy change in the SHE reference electrode is
utilized:

AGsyp = 1/2G(Hy) — G(Hyg") + 4.6 eV = 0. (6)

3. Results

For water oxidation, the first proton removal (H,O* + hole" —
OH* + H'(aq); hereafter the superscript * indicates the adsorbed
state) is known to be the key kinetic step (see our previous work*®
where the overall mechanism of water oxidation is computed
from thermodynamics and compared with experimental obser-
vations®?), which involves both O-H bond breaking and the hole
transfer. In this work, we will quantify the kinetics of this step on
two TiO, surfaces and compare the activity difference between
the two surfaces. There are three likely routes for the first proton
removal, which differs in the sequence of the O-H bond breaking
and the charge transfer, as outlined below.

(i) Hole-promoted water dissociation: the charge (hole)
transfers from bulk to adsorbed water, leading to its subsequent
dissociation, i.e. H,O* + hole" — H,0™* — OH* + H"*; in this
route, the hole promotes the water dissociation.
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(ii) Homolytic water splitting: water dissociates homolyti-
cally, followed by charge transfer from bulk to the adsorbed H,
ie. H,0* — OH* + H*; H* + hole® — H™*.

(iii) Heterolytic water splitting: water dissociates heterolyti-
cally, followed by charge transfer from bulk to adsorbed OH, i.e.
H,0* — OH * + H™; OH * + hole" — OH*.

3.1 The adsorbed species and their relative band position

To provide insights into the mechanism and the kinetics, we
have first calculated the geometrical and electronic structure of
the initial state (IS) and the possible final states (FS) of the first
proton removal reaction, namely, the adsorbed H,O and the
coadsorbed OH and H (dissociated H,O) at the solid-liquid
interface. Due to the three possible reaction routes as
mentioned above, the surfaces considered for the IS and FSs are
either neutral or positively-charged (with hole). The optimized
structures of the adsorbed H,O (state 1) and the dissociated
H,O (state 2) in aqueous solution (with both explicit and
implicit H,O solvation) are shown in Fig. 3.

For H,O adsorption, water adsorbs perpendicularly on a
surface five-coordinated Ti (Tis.) site via its O end forming a
O-Tis. bond, consistent with the previous calculations.?”**
The other water molecules near to the adsorbed H,O interact
with the adsorbed H,O and the lattice O through hydrogen
bonding, which are ~2.50 A above the surface forming the
weakly-bound water layer. Compared to on the neutral
surface, the O-Tis. distance is shortened slightly on the
positively-charged surface, indicating increased O-Ti
bonding due to the electrostatic interaction. Next, we calcu-
lated the adsorption free energy of the H,O on the surface,

1 rutile (110) || 2

rutile (110)

Fig. 3 Optimized structures of the adsorbed (state 1) and the disso-
ciated (state 2) H,O states on rutile (110) and anatase (101) surfaces in
aqueous solution. Three water molecules are included as the explicit
first shell solvation, and the rest of the solution is represented using the
CM-MPB method. The key structural parameters (A) are labelled. Ti,
gray; O, red; H, white.

This journal is © The Royal Society of Chemistry 2014
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which is defined by AG = G(X/sur) — G(X) — G(sur), where G is
the free energy of the system based on DFT/CM-MPB calcu-
lations under the conditions of interest (e.g. vacuum, solution
or charged surface). In accordance with the structural
change, we found that the adsorption free energy of water
without and with the surface hole are —0.86 and —1.01 eV,
respectively. The results for H,O on anatase (101) are quite
similar to those on rutile (110), both in structure and in
energetics, as summarized in Table 1.

In Fig. 4, we show the calculated total and projected density
of states (DOS) of the adsorbed H,O on the rutile (110) surface
in the presence of the hole. We found that the VBM of rutile
(110) (~—7.5 eV) is mainly contributed from the lattice O atoms
on the surface, and not from the adsorbed H,O molecules. The
major occupied O,, states of the adsorbed H,O molecule
(~—8.8 eV) are ~1.3 eV lower compared to the VBM level of TiO,
(also listed in Table 1). This indicates that the hole transfer from
the surface (lattice O) to the adsorbed H,0 molecules is highly
activated and is thus unlikely. For the weakly-bound water layer,
their O atom 2p states (~—7.8 eV) are closer but still below the
VBM.

For the dissociated H,O and the coadsorbed OH and H, we
found that the OH also prefers to adsorb at the Tis. and the H
will first attach to the two-coordinated bridging O (O,.) on both
the rutile and anatase surfaces. However, once introducing the
explicit water molecules above the H (e.g. with three water
molecules above), the formation of a solvated proton (e.g
(H,0),-H;30) is spontaneous from the energy minimization. The
formation of the solvated proton occurs on both rutile and
anatase, and is also independent of the surface charge condi-
tions. The solvated proton has one H interacting with the
bridging O,. (see Fig. 3). This is consistent with the strong
acidity of the TiO,~H" species (the calculated pK, of TiO,-H" —
TiO, + H' is —1 for rutile*®®). Our electronic structure analysis
confirms that the (H,0),~-H3;0 accumulates one positive charge,
indicating the formation of the solvated proton and thus the

Table 1 The calculated free energy G of the key states in the first
proton removal reaction of H,O oxidation on rutile and anatase in
aqueous solution. All free energies are with reference to the clean
surface and the water in aqueous solution

State® G (eV) do-ti (f&) Aépand’ (eV)
Rutile (110)

1 —0.86 2.05 -1.3
1" —1.01 2.04 -1.2
2 —1.03 1.81 —-0.8
2" —1.36 1.79 —0.8
Anatase (101)

1 —0.60 2.18 -1.3
1" —0.75 2.15 -1.3
2 —0.73 1.84 —0.5
2" —0.90 1.81 —0.5

@ 1: adsorbed H,0; 1': adsorbed H,O on positively-charged surface; 2:
adsorbed OH and H; 2": adsorbed OH and H on positively-charged
surface. ? Aepana: band position of the O, of the adsorbed H,0 or OH
with respect to the TiO, VBM (see Fig. 4).
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() Total [HyO/rutile] ™
Oy of 1% H,0 (20)
03 of 2" H,0 layer (20)

(b) Total [OH+H30/rutile]*
t
Ogp of I° 060
of 2™ HZO layer (x20)

DOS(arb. unit)

OZp

-3 12 11 -10 9 -8 -7
Energy (eV)

Fig. 4 The total (TDOSs, black curve) and the projected density of
states (PDOSs) for (a) the adsorbed H,O, and (b) the dissociated H,O
on the charged rutile (110) surface in aqueous solution (via CM-MPB).
15' H,0: adsorbed H,O on the surface; 2" H,O: H,O molecules at the
second layer. Green: O 2p states of the adsorbed H,O; blue: O 2p
states of the OH anion from the dissociated H,O; pink: O 2p states of
the H,O molecules nearby the dissociating H,O. The dotted lines
indicate the major occupied O 2p states of the adsorbed H,O or OH
that are just below the VBM.

tendency of the immediate charge separation after water
dissociation at the oxide/water interface. Since the state of OH*
+H" is the only possible FS for the first proton removal reaction,
we can therefore rule out the homolytic water splitting channel,
route (ii), proposed above.

In Fig. 4b, we also compare the calculated total and projected
DOS of dissociated H,O on the rutile (110) surface in the pres-
ence of the hole, where the OH adsorbs on the surface and the H
is present as a solvated proton in the water layer. The total DOS
of the OH* + H' state is quite similar to that of the H,O
adsorbed state, except that the O, state of the adsorbed OH
species is obviously more active than that of the adsorbed water
molecule. The O, position of the adsorbed OH is ~0.8 eV below
the VBM of rutile, and thus ~0.5 eV above that of the adsorbed
water molecule (cf. Fig. 4a and b). The O, states of H;O" are
much lower in energy, ~1.5 eV below the VBM in rutile, indi-
cating that the solvated proton is already very stable and should
not accept a hole from the surface.

We now summarize the calculated results for adsorbed H,O
and the OH + H' states on rutile and anatase in Table 1. We
found that rutile generally binds more strongly for the ISs and
the FSs. This can be attributed to the stronger Ti-O bond, as
indicated by the shorter Ti-O bond distance on rutile. For the
electronic structure, the relative band positions of the species
on rutile and anatase are quite similar. It is noted that the OH
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species has more active O,, states (their band positions are
closer to the VBM) compared to the adsorbed H,0O molecule.
Nevertheless, neither the adsorbed OH anions nor the adsorbed
H,O0 are likely to act as a hole trapper. Instead, the lattice Os on
the surface near the adsorbed H,O or OH anion could be the
potential hole trapper due to the enhanced electrostatic inter-
action between the trapped hole and the adsorbed H,O or OH.

From the calculated energetics and band position of the
adsorbed O-containing species, we can rule out the homolytic
H,0 dissociation mechanism since the solvated proton is the
only possible final product from the first proton removal reac-
tion. In the following, the kinetics analysis on routes (i) and (iii)
are performed to identify the most favorable pathway.

3.2 Water dissociation with and without the hole

Since route (i) and route (iii) differ mainly in the mechanism of
H,O dissociation, i.e. whether the hole directly participates in
the O-H bond breaking of the adsorbed H,O, we have utilized
the charged-slab DFT/CM-MPB method to investigate the water
dissociation kinetics in the presence and absence of the hole. In
the above section, we showed that the hole transfer is thermo-
dynamically unfavorable since the VBM of TiO, is far above the
O,,, level of the adsorbed H,O molecule (the IS). It is thus
expected that the electronic structure of the TS of the O-H bond
breaking should determine largely whether the presence of the
hole can assist the H,O dissociation.

On the rutile (110) and anatase (101) surfaces, we first
searched for the TS of the O-H bond breaking of one H,O
molecule in vacuum conditions on the charged surface, which
serves as the benchmark to compare the energetics using
different DFT functionals. We found that using the PBE func-
tional, the dissociation barrier is 0.22 eV and 0.60 eV (without
ZPE correction) on rutile and anatase, respectively. The correc-
tions to the barriers are +0.13 eV and +0.08 eV respectively for
the reaction on the two surfaces, by switching the functional
from PBE to the hybrid HSE06 functional. This is reasonable as
the pure DFT functional tends to underestimate the reaction
barrier.” Since the error introduced by the functional is not
large, i.e. ~0.1 eV within the typical systematic error of DFT
calculations, it indicates that the O-H bond breaking kinetics
concerned here are in fact not sensitive to the DFT functional,
and below we will use the PBE functional mainly in combina-
tion with the charged-slab DFT/CM-MPB method for investi-
gating the H,O dissociation on different surfaces.

Next, we examined the influence of the surface hole on the
barrier of the H,O dissociation in aqueous solution via the CM-
MPB model. On the neutral surface, the H,O dissociation free
energy barrier is calculated to be 0.19 eV on rutile and 0.39 eV
on anatase in aqueous solution. The barrier remains essentially
the same when the surface is positively charged (with hole), i.e.
0.19 eV and 0.38 eV on the two surfaces. These calculated TSs on
rutile are shown in Fig. 5a and b. Obviously, the presence of the
surface hole does not influence much on the O-H breaking
barrier. Instead, the surface structure is critical to the O-H bond
breaking. Using microkinetics and assuming the same pre-
exponential factor, it can be estimated that the water splitting
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(©)
AG,=021eV

Fig. 5 The calculated TS and barrier (AG,, eV) for H,O dissociation on
the rutile (110) surface under different conditions. (a) On the charged
surface (with hole) in aqueous solution (CM-MPB); (b) on the neutral
surface (without hole) in aqueous solution (CM-MPB). (c) On the
neutral surface (without hole) in aqueous solution (with both implicit
and explicit solvation). (d) 3D isosurface contour plots of the HOMO
for the TS of H,O splitting (both the hybrid HSEO6 and PBE functionals
provide a consistent picture). The isosurface value is set as +£0.02 e
A= The key structural parameters (A) are labelled. Ti, gray; O, red; H,
white.

on rutile is 3 orders of magnitude faster than on anatase at
ambient conditions (300 K).

To further examine the possible contribution of the short-
range polarization due to the explicit solvation, we also added
three explicit H,O molecules nearby the dissociating H,O
molecule and re-searched the IS and the TS for the H,O disso-
ciation reaction on the neutral surfaces. The calculated TS is
shown in Fig. 5¢, and the barrier is found to be 0.21 eV on rutile,
which is also similar to their counterparts without the explicit
H,O solvation. This indicates that the CM-MPB model can
describe well the kinetics of the O-H bond breaking of adsorbed
H,0, where the oxide surface with positive Ti and negative O
atoms interacts strongly with the dissociating TS complex.

It is important to ask why the presence of the surface hole
does not promote the O-H bond breaking of H,O molecules. To
this end, we have analyzed the electronic structure of the O-H
bond breaking TS. Shown in Fig. 5d is the 3D isosurface contour
plots of the VMB (HOMO) for the TS (PBE and HSE06 func-
tionals provide a consistent picture). On both rutile (110) and
anatase (101), we found that the spatial distributions of the hole
are located mainly on the surface (lattice O), not on the TS
complex. This explains qualitatively why the presence of the
hole does not promote the O-H bond breaking.

Quantitatively, we can also interpret the influence of the hole
on the reaction barrier of O-H bond breaking according to the
partial derivative, 0E,/0n, where n is the number of electrons in
the system. 0E,/0n can be expressed as a function of the
eigenvalue of the HOMO (eyomo) at the IS and the TS, as derived
in eqn (7) and (8):
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AE, E,(N) — E,(N — An)
An An

)
_ ETS(N) — ETS(N — Al’l) . Els(N) — Els(N — An)
- An An
E,
’ = enomo(TS) — enomo(IS) = Aenomo (8)

where An is the change of the number of electrons in the
E—E(N —An)
An
theorem, which states that the HOMO is the derivative of the free
energy of the electrons (G) to the number of electrons (N).* Eqn (8)
shows that the smaller the change for the HOMO level from the IS
to the TS (Aegomo) at the charge-neutral conditions (i.e. n = 0), the
smoother the slope of the barrier against the number of electrons.
From our calculations, we found that Aeyomo for rutile and
anatase is rather small, only —0.05 and 0.03 eV, respectively. This
indicates that the barrier is not sensitive to the change of the
number of electrons in the system, as indeed found from the
calculated barriers with and without the hole.

system, and = egyomo iS based on the DFT

3.3 The overall mechanism

The above results show that the H,O dissociation is activated on
TiO, surfaces and cannot be promoted by the surface hole. It is
therefore reasonable that the capture of the hole occurs after
the dissociation of H,O. It is the final state of the H,O disso-
ciation, i.e. the OH anion and the solvated proton, state 2, that
captures a hole to form the state 2". In the state 2", the hole may
be transferred to the OH anion to form an OH radical or be
trapped on the lattice O nearby the OH anion. According to the
electronic structure shown in Fig. 4b, the latter picture could be
thermodynamically more likely.

The overall mechanism of the first proton removal of water
on TiO, can thus be described by two elementary steps: (1)
heterolytic H,O dissociation, H,O/sur — [H---OH]/sur — OH"/
sur + H;0"(aq); and (2) the hole transfers to the surface O nearby
the adsorbed OH anion, OH™ */sur + hole" — [OH/sur]. Based
on the charged-slab DFT/CM-MPB calculations, we have
obtained the free energy profile of the reaction on rutile (110)
and anatase (101), as shown in Fig. 6.

Fig. 6 shows that the first proton removal reaction occurs
more favorably on the rutile surface compared to that on the

0.0
J1ss TS
-02—_ \\\\ ’T\

[ -0'4— \\\\ "’ 50.3;\

@, -0.6 a.. ....... _{_

2 081 .‘..1_—.:.'_’.1_;0.‘19\\ P
107 rutite =
129 anatase B
-1.4 s

Fig. 6 Free energy profiles for the first proton removal reaction in
photocatalytic H,O splitting on rutile (110) and anatase (101) surfaces.
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anatase surface. The overall energetics can be summarized as
follows. The adsorption of H,O on rutile (110) (state 1) is
exothermic by 0.86 eV, which is 0.26 eV lower than that on
anatase (101) with respect to H,O in solution. The free energy
barrier of H,O dissociation is 0.19 eV on rutile and 0.39 eV on
anatase. The charge transfer occurs after the H,O dissociation,
i.e. 2 +hole” — 2", with the free energy change being —0.33 eV
and —0.17 eV on rutile and anatase, respectively. Compared
with anatase, the final state 2* on rutile is better stabilized.
Overall, this photocatalytic deprotonation reaction, i.e. H,O* +
hole” — OH* + H'(aq), is exothermic by 0.50 ¢V on rutile (110)
and 0.30 eV on anatase (101). It is clear that the photocatalytic
water splitting occurs preferentially on rutile, compared with
anatase.

4. Discussion

Our results show that the key elementary step of the first proton
removal for water oxidation is the O-H bond breaking, which is
an activated process even at the high overpotential conditions
of TiO, (i.e. with the ultraviolet radiation). Importantly, the
reaction is surface structure-sensitive and the activity of rutile is
much higher. The calculated results support the conventional
view that the rutile phase is more active than anatase for water
oxidation.

From the electronic structure, we can rule out that the
position of the VBM is the cause for the enhanced photoactivity
of the rutile surface compared to that of the anatase surface. By
adding/subtracting the hole in the reaction, we found that the
presence of the hole that is present at the VBM of the oxide
surfaces at the ISs in fact does not promote the O-H bond
breaking. The hole does not have a significant spatial distri-
bution on the O-H bond breaking TS complex. This finding is
important, implying that the current DFT functionals could
provide good energetics for the water oxidation reaction, as also
confirmed from the barriers using the PBE functional and the
HSEO06 functional.

It is natural to ask what causes the surface structure sensi-
tivity for the O-H bond breaking. We first evaluated the stability
of the adsorbed H on the bridging O,. on rutile (110) and on
anatase (101), considering that the bridging O accepts the H
during the O-H bond breaking. By using the charged-slab DFT/
CM-MPB calculations, we found that the adsorption free energy
of H' on both surfaces is almost identical, i.e., ~0.15 eV. This
indicates that the Lewis basicity of the oxide lattice O,. are
similar and should not be the cause for the activity difference
between the surfaces.

Next, we compared the adsorption of H,O and OH on the
rutile (110) and anatase (101) surfaces. From Table 1, we can see
that the H,O states and the dissociated OH/H' states are
generally more stable on rutile compared to on anatase. Overall,
the dissociation of H,O on rutile (i.e. 1 — 2) is only slightly
more favorable (0.17 eV on rutile vs. 0.13 eV on anatase).
Considering the much larger barrier difference (~0.2 eV) for the
O-H bonding breaking between on rutile and anatase, the
thermodynamics alone cannot fully explain the activity
difference.
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By closely inspecting the calculated TS of H,O dissociation,
we can finally attribute the higher activity of rutile to the more
favorable local geometrical structure, which can better stabilize
the TS of the O-H bond breaking. On rutile (110), we found that
the distance between the exposed Tis. and the O, is 3.53 A,
whilst it is 3.92 A on anatase (101) (also see Fig. 1). As a result,
the distance between the O (in H,0) and the lattice O,. on rutile
(110) is 2.46 A at the TS, which is 0.05 A shorter than that on
anatase (101). Consistently, the distance between the O (in H,0)
and the Tis,. is 1.93 A at the TS (Fig. 5a), which is 0.16 A shorter
than that on anatase (101). Therefore, the water molecule can
dissociate with a more favorable geometry on rutile, in which
the TS complex has a better contact with both the Tis. (bonding
with OH) and the O,. (bonding with H). We suggest that the
surface structure sensitivity of water oxidation can be correlated
to the geometrical separation between the exposed Tis. cation
and its nearest O, anion, drjsc_o2c, ON the surface.

drisc-02¢, S @ simple geometrical descriptor, may be utilized
to rationalize the experimental debate on the activity of water
oxidation on TiO,. Using the bulk-truncated structure, we have
measured drisc_ozc for a series of common low-Miller TiO,
surfaces, including those from rutile,* anatase,* brookite** and
TiO,(un) phases,” as shown in Table 2. Interestingly, we found
that in addition to rutile (110), the rutile (101) (equivalent (011))
and (001) surfaces also exhibit a short drisc-ozc, indicating that
these surfaces could be good candidates as the active site for
water splitting. Indeed, Ohno et al.,*® with scanning electron
microscopy, observed that rutile (011) shows high activity for
water oxidation (PtClg>~ as the electron acceptor).

It should be pointed out that the other phases of TiO, may
possess even higher photoactivity for water splitting based on
the structural parameter, drisc-o2c. From Table 2, we found that
among the surfaces/phases investigated, the TiO,(u) phase has
the shortest drisc_ozc On its (110) and (111) surfaces. In partic-
ular, the (111) surface is known to be the most stable surface of
TiO,(u) according to experiments and also our own calculations.
This finding may help to understand the experimental findings
on the enhanced photoactivity on TiO, composites containing
multiple phases. For example, Zhang et al.® have found that the
photocatalytic activity of TiO, can be enhanced up to four times
with respect to the pure phase. The composite catalyst could
contain a variety of active sites with different local geometries,
which could provide a more favorable local bonding

Table 2 The distance (A) between the Tis. cation and its nearest O,
anion on the TiO, surfaces. The data is taken from the surfaces that
can expose only the Tisc cations and O, anions

Rutile Anatase Brookite TiO,(11)

(110) 3.53 — 3.45 3.21
(101) 3.52 3.92 — —
(111) 4.13 — 3.45 3.21
(100) 413 4.34 3.67 3.50
(010) 4.13 4.33 — —
(011) 3.52 3.92 — —
(001) — 4.31 3.72 3.64
(112) — 4.32 — —
Chem. Sci.
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environment for H,O adsorption and splitting. Further studies
along this line are needed to resolve the active site from the
atomic level in TiO, composite catalysts.

5. Conclusions

This work represents the first theoretical attempt to resolve the
kinetics of the key step of photocatalytic water oxidation, H,O +
hole” — OH + H', on two important TiO, surfaces, rutile and
anatase. To correctly compute the kinetics of the H,O dissoci-
ation under photocatalytic conditions in the aqueous solution,
the charged-slab DFT/CM-MPB method is developed and
utilized to correct the band levels of the oxide and simulta-
neously take into account the electrical double-layer effect at the
solid-liquid interface. The theoretical results have been thor-
oughly compared with experimental results and high-level
hybrid functional HSE06 calculations. The theory shows that
the photocatalytic water splitting on TiO, is both surface- and
phase-sensitive, and the design of new catalysts towards effi-
cient photocatalytic water splitting can be facilitated by
focusing on the catalytic ability of the surface for water O-H
bond breaking. Our main results are outlined as follows.

(i) The rutile (110) surface is more active for water splitting
kinetically compared to anatase (101), with the calculated
barrier of O-H bond breaking on rutile being ~0.2 eV lower
than on anatase. The higher activity of rutile is not due to the
redox level of the hole (the position of the valence band
maximum), but caused by the more favorable local bonding
geometry of the surface, which reduces the barrier of the O-H
bond breaking.

(ii) The photogenerated hole cannot promote the O-H bond
breaking, and the O-H bond splitting of water is basically a
surface—catalytic reaction driven only by heat. The hole transfer
occurs after the H,O dissociation when the surface O nearby the
dissociated OH anion traps the hole.

(iii) The solid-liquid interface plays an important catalytic
role to stabilize and remove protons from the reaction site,
which effectively avoids the charge-recombination of the
dissociated OH anion with the nascent proton.
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