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Hydrogen activation on Anatase TiOs: Effect of Surface
Termination

Baohuan Wei?*, Monica Calatayud®*

2Sorbonne Université, CNRS, Laboratoire de Chimie Théorique, 4 Place
Jussieu, Paris, France

Abstract

The mechanisms of Hy dissociation on three stoichiometric anatase TiO4 ter-
minations, (001), (100) and (101), have been studied by means of density
functional theory (PBE4U) calculations. A two-step process was consid-
ered: first, Hy dissociation into H™ and H™ pair, and second the H™ species
migrates to a neighboring O site, transferring the electrons to the substrate.
On (001), it shows the lowest activation barriers for hydrogen dissociation,
0.37 eV, whereas the highest value was found on (101), 0.98 eV. For hydrogen
transfer from Ti to near O, the activation barriers are higher (from 1.10 to
2.37 V), which indicates the dissociation step is kinetically more favorable
than the H transfer process, although the latter is thermodynamically more
favorable. Electronic structure, vibrational frequency analysis as well as tem-
perature effects are studied to characterize the reactivity. The relationship
between electronic structure, geometry and reactivity is analyzed by means
of reactivity descriptors, and the results are compared with ceria and rutile
TiO, facets.
Keywords: Titanium, Hydrogen dissociation, Hy

1. Introduction

Titanium dioxide (TiO,) is a technologically important material with a
wide variety of applications in fields like photocatalysis [1, 2|,solar cells [3],
catalysis [4, 5], gas sensors[6, 7], lithium-ion batteries 8], or photovoltaic cells
9, 10]. Rutile and anatase are typical polymorphs of TiOs. While rutile is
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the most stable form for larger particles, most nanomaterials are in anatase
phase due to the relatively lower surface energy of (101) and (100) [11, 12].
Of the anatase phase, (101) is the most stable and frequently exposed surface
[13, 14, 15, 16]. The (101) and (100) are found in solar cell devices [17, 18],
and the (001) and (100) are present in the P25 catalyst [19]. Although the
(001) is only a minority surface, experimental and theoretical studies indicate
that the anatase (001) surface is very reactive due to the low-coordination of
its surface atoms [20, 21, 22, 23, 24].

The presence of hydrogen in titania is not surprising. Frequently, ad-
sorbed hydrogen is commonly observed on TiO, surfaces due to the standard
surface science cleaning procedures [25], or is achieved by direct adsorption of
atomic atoms on single crystals[26]. Moreover, hydrogenated TiO, is found
to exhibit high photocatalytic activity [27, 28]. Hydrogen is found as a pro-
ton in surface hydroxyl groups. However, recent works on another reducible
oxide, ceria, show that hydride intermediates could play a major role in the
dissociation of Hy on the surface [29, 30, 31]. The stability of such hydride
species has been found for rutile surfaces [32, 33]. In this work we aim at
understanding the behavior of hydrogen on stoichiometric TiO, anatase sur-
faces, paying special attention to the role of surface topology.

For TiO,, it has been well established that the product of hydrogenation
leads to stable hydroxylated species [24, 26, 34, 35, 36]. Titanium hydride in-
termediate was studied theoretically[32, 33] and experimentally observed[37].
Based on these works, a two-step mechanism of hydrogen dissociation on
TiOy was proposed: Hs dissociates on the bare surface through a heterolytic
pathway (forming a hydride/proton pair), followed by H atom transferring
from Ti atom to nearby O, that finally yields the homolytic product (forming
two hydroxyl groups and reducing two Ti atoms).

Hydrogen dissociation on TiOs has attracted attention by recent theoret-
ical research studies [24, 32, 33]. Hu et al. studied Hy dissociation on three
TiOs polymorphs [33], which indicated that homolytic activation barriers
are high (1.48-1.68 eV), and the rutile phase showed the highest activity.
Recently, we reported the Hy activation on four rutile TiOs terminations,
indicating that the heterolytic dissociation pathway is kinetically more fa-
vorable than the H transfer process, although the product with only surface
hydroxyl groups, is thermodynamically more favorable. Irregular surfaces of
gas-phase clusters are also able to dissociate hydrogen [36, 38]. Although
the computational results indicated that hydride surfaces on TiO, surfaces
are metastable, few Ti-H hydride is observed experimentally. The conflicting
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reports of hydride on TiO, surfaces motivated us to address the role of the
hydride species during the dissociation process.

To the best of our knowledge, the orientation effect of anatase phase
TiO, for Hy dissociation has not been addressed in the literature, and is the
primary focus of the present work. In the present work we analyze three
relevant anatase TiOq surfaces: (001), (100), and (101), and their role in the
H, dissociation two-step process. Periodic PBE+U calculations were used
to obtain the energetics of the process. Vibrational frequencies for TiH and
OH are also reported as a guide to identify relevant species on the different
facets. Electronic structure analysis is carried out to fully characterize the
nature of the relevant structures. Finally, and based on our previous studies,
the comparison with the rutile phase and ceria is carried out.

2. Computational Method and Materials

2.1. Methods

We performed density functional theory (DFT) calculations using the Vi-
enna ab initio simulation package (VASP) version 5.4.4 [39]. Core electrons
are represented by the projector-augmented wave (PAW) pseudopotentials
with 1, 4, and 6 valence electrons for H, Ti, and O, respectively [40]. The
generalized gradient approximation (GGA) approach was applied for the ex-
change and correlation potential with the Perdew—Burke-Erzenhof (PBE)
functional [41], spin-polarized. The GGA+U approach of Dudarev et al.
was used to treat the 3d orbital electrons of Ti with the effective Hubbard
on-site Coulomb interaction parameter (U’ =U- J) [42]. We chose U’ = 4 ac-
cording to the proposed value from previous works [34, 43]. A 400 eV cutoff
energy for the plane-wave basis set was found to correctly treat the valence
electrons. The energies were converged to 10~* eV for the electronic loop,
and the forces acting on each atom were less than 0.03 eV /A. The Brillouin
zone was sampled with the Monkhorst Pack k-point mesh with the kpoints
spaced 0.05 A~' in the reciprocal space. The dispersion was not included
because in our previous work of H reaction with rutile surfaces, the effects
were considered negligible [32].

Transition states were located by a two step processes. First, the Climbing
Image Nudged Elastic Band(CI-NEB) [44, 45] was used to get a good guess,
which includes four images along the reaction coordination and get converged
with loose criteria. Then the Improved Dimer Method(IDIM) was applied
to find the stationary point [46, 47]. All the transition states were identified
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by performing the frequency analysis. Only one imaginary frequency was
obtained and was checked to connect to the initial and final states.

The zero point energy(ZPE) was computed as one-half of the sum of real
vibration frequencies[48]. The Gibbs free energy at room temperature (298K)
was also considered :

G(T)=H~TS =U +pV — TS ~ U(T) — TS(T) (1)

For the adsorption system, it is reasonable to consider only the vibrational
contributions:

U(T) = Eprr + Ezpe + Uyin(T) (2)

S(T) = Svin(T) (3)

3N—6

V) = S (— ) (4)

i=1 e XBT —1

hl/i hv;

Svib T :KB o —In(l —e BT 5
(T) ; (KBT(e‘KB? B 1)) ( ) (5)

3N—6 .
G(T) ~ F(T) = Eppr + Ezpp + KgT Y _[In(1— e ¥57)] (6)
i=1

The density-functional perturbation theory (DFPT) linear response ap-
proach was employed to obtain vibrational spectra and intensity[49]. Firstly,
the matrix of Born effective charges (BEC), which indicates the polariz-
abilities” change of involved atoms, is calculated. The infrared intensity is

computed based on the following formula:

Loy 1D Y Zisli)es(i)

=1 =1 B=1

(7)

Where a and 8 correspond to Cartesian polarization, Z}; is the effective
charge tensor. es(i) indicates normalized vibrational eigenvector.
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2.2. Models

The slab models were cut from the optimized structure of bulk anatase
(a=b=23.870 A and ¢ = 9.563 A, close to the experimental values [50] (a =
b =3.782 A, c=9.502 A). A vacuum layer of 15 A was employed to prevent
interaction between slabs. The lower-half layers of the slab were kept frozen
and the upper-half layers were allowed to relax.

The adsorption of hydrogen on TiO, surfaces was investigated in the
2*2 unit cell for (001) and 1*2 for (100) and (101). The slabs used can be
found in the supplementary information. The size, composition, coordination
number of surface sites for three anatase surfaces are shown in Figure 1 and
Table 1. Only the stoichiometric terminations are studied; the three facets are
roughly flat. On (001) and (100), there only exists five-fold Tis¢ coordinated
titanium sites, while (101) has Tisc and Tige. Regarding oxygen, (001) has
only surface Oy, while the other two exhibit Osc and Osc.

Table 1: Size, composition, coordination number for three anatase slabs.

Type (001) (100) (101)
Supercell 2%2 1*2 1*2
Composition(TiOy units) 24 32 32
Atomic layers(frozen/relaxed) 3/3 4/4 2/2
Coordination number of surface Ti(5) O(2) Ti(5) O(2,3)  Ti(5,6) O(2,3)
site

Surface Energy(J/m?) 1.06 0.90 0.81
Parameter a="7.740 a="7.740 a=10.317

b="7.740 b=9.563 b=7.740
a) (001) b) (100) c) (101)
02C Tisc OSC Tisc OZC O3C Tiec

. Osc ¢ /

Tige

Figure 1: The structures of anatase (001), (100) and (101) surfaces. The Ti atoms are
showed by blue balls and the O atoms by red balls.




The adsorption energy E,4s on the different substrates was calculated
taking as reference the physisorbed Hy* species on the bare slab, according
to the equation:

Eags = E(TIOQ/H2) — E(TIOQ — HQ*) (8)
The surface energies v were calculated according to:

1
2A

Where FEg,, is the energy of the bare slab, N is the number of bulk TiO,
in the slab, Ep,;. is the bulk energy, and A is the surface area of one side of
the slab depending on the terminations considered.

The considered mechanism is shown in Figure 2. Starting from a ph-
ysisorbed Hy molecule (Hy* species), the H-H bond breaks through the het-
erolytic pathway to form a hydride, bonding to the Ti site, and a proton binds
to one oxygen to form the (HT-H™) species. The transition state involved
in this process is labeled as TS1. In a second step, we studied the transfer
of the H™ on the Ti site to the nearby O site, resulting in homogeneous dis-
sociation leading to the 20-H hydroxyl groups, labeled (H"-H™). This step
is accompanied by a two-electrons transfer to surface titanium sites that be-

come reduced. The transition state associated with this step is labeled as
TS2.

v = —(Esab — N Epur) 9)

M- T+ "
H--- )
[—Tl O T| } [—TI -0— T| 0—}
5 / processl \ H H proceZ \
—Ti“*»o—Ti“*»o—} —_— P o Ti** o— —_— _-|-. _-|-. 4G —T| o T
slab H,* @ -H) -’

Figure 2: Schematic representations of the different steps considered in the present work.
The heterolytic dissociation pathway of Hs over anatase TiOs facet (process 1), followed
by sequential H transfer from Ti to near O (process 2). The species are labeled in the
scheme.



3. Results and discussion

3.1. Energy and Structure

We firstly investigated the heterolytic pathways for Hy dissociation, fol-
lowed by H transfer from Ti to nearby O on these three anatase TiO4 surfaces.
The energetic profile involving different steps is summarized in Table 2 and
Figure 3, where all adsorption energies are referenced to the energy of the ph-
ysisorbed TiOo-Hs system. The side views of the paths for the three surfaces
are provided in SI (See Figure S1 and Figure S2).

(001) (100) (101)
H,* 0.00(0.00,/0.00) 0.00(0.00,/0.00) 0.00(0.00,/0.00)
TS1 0.37(0.36/0.36) 0.88(0.91/0.88) 0.98(1.03/1.00)
(H*-H") -0.10(0.00/0.02)  0.07(0.18/0.16) 0.39(0.50,/0.47)
AE, -0.10(0.00/0.02)  0.07(0.18/0.16) 0.39(0.50,/0.47)
AFback 0.10(0.00/-0.02)  -0.07(-0.18/-0.16)  -0.39(-0.50,/-0.47)
Bl 0.37(0.36,/0.36) 0.88(0.91,/0.88) 0.98(1.03/1.00
fback 0.38(0.36/0.34) 0.81(0.73,/0.72) 0.59(0.53/0.53
TS2 1.10(1.15/1.16) 1.98(2.06/2.03) 2.37(2.41/2.37
Efere 1.20(1.15/1.14) 1.92(1.88/1.87) 1.98(1.91/1.90
(H,o-Hie) -0.23(0.01/-0.01)
TS3 1.37(1.44/1.42)
(H,o-Hi o) -1.27(-1.03/-1.01)  -1.27(-1.03/-1.04)  -0.77(-0.54/-0.56)
AE, -1.26(-1.03/-1.03)  -1.34(-1.21/-1.20)  -1.16(-1.04/-1.03)

Table 2: Energy profile for relevant structures, in eV. Inside the parentheses is the energy
with ZPE correction as well as at room temperature. All energies are referred to the
physisorbed TiOs-Hs system.

In the mechanism, the physisorbed species (Hy*), generated by the initial
interaction between H, and the bare surface, was found to be with slightly
elongated H-H bond.

Once physisorbed species (Ho*) is formed, the heterolytic dissociation
from Hy* occurs on adjacent Ti and O sites, generating the corresponding
Ti-H and O-H bonds. On three terminations, two H atoms preferentially
adsorb to atoms with lower coordination numbers Os- and Tiso, that is
(HZSQC — Hr =), rather than higher coordination numbers Tige or Osc. The
bond lengths of generated heterolytic products (Hj,o — Hyyso) are around
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Figure 3: The energy profile of hydrogen dissociation and H transfer from Ti to near O
on three anatase TiOs surfaces, namely (001), (100) and (101). Images show the pathway
(side and top view) for (001). Color code: oxygen atoms in red, Ti in cyan, H in dark
blue.

0.980 A for O-H on the three terminations and Ti-H 1.713 A on (001), 1.704
A on (100), 1.699 A on (101), respectively.

This step is slightly exothermic for the (001) facet (-0.10 eV), while on
(100) and (101) terminations, it is endothermic, by 0.07 eV, 0.39 eV respec-
tively. The activation barrier for this step follows the trend (001) 0.37 eV <
(100) 0.88 eV < (101) 0.98 eV.

Our results are consistent with previous studies. For the anatase (101)
surface, our activation energy barrier (0.98 eV) and reaction energy (0.39 eV)
are consistent with the one reported previously[33], 1.04 eV for activation
energy and 0.46 eV for reaction energy (See Table S1). The differences are
negligible due to slightly difference of calculation details.

For the backward activation (EX) it indicates the hydride TiH/OH
species recombination to regenerate and desorb H, on three terminations,



which require 0.38 eV for (001), 0.81 eV for (100) and 0.59 eV for the (101)
slabs. Besides, the desorption of Hy is slightly endothermic for the (001) ter-
minations (0.01 eV), while it is exothermic for the (110) and (101) by -0.07
eV, by -0.39 eV. Thus, on (001), the dissociation and reversibility recombina-
tion of hydrogen occur easily with lower activation barrier (0.37 eV and 0.38
eV, respectively). While on the (100) and (101) terminations, both processes
are more difficult to happen due to the higher kinetic energy barriers.

For the process of H transfer from Ti to O, it gives rise to the formation
of two OH groups (H"-HT). The (H, H') species are more exothermic,
with -1.27 eV on (001) and (100), -0.77 eV on (101). At the same time,
it causes the change in the oxidation state of two Ti cations from Ti** to
Ti®*. The activation barriers are significantly higher than the first process:
1.20 eV on (001), 1.92 eV on (100) and 1.98 eV on (101), indicating it is
a kinetically unfavorable process from the heterolytic intermediates to the
homolytic products.

For the heterolytic dissociation process on (100), the initial distance be-
tween the Ti and O sites is too long for a one-step H transfer so it is split
in two steps via an intermediate Oz site (barrier of 1.98 eV), followed by
the transfer to another 2-fold coordinated oxygen (barrier of 1.37 ¢V). As for
the other terminations, the high barriers would allow the stabilization of the
TiH species.

The most thermodynamically stable product for step 2 involves the pres-
ence of two hydroxyl groups and two Ti*T sites. The latter originates from
the electron transfer from the hydride to two titanium sites. This transfer
results in open-shell systems that can be characterized by the presence of
two unpaired electrons, as described below.

In conclusion, the heterolytic dissociation process is kinetically more fa-
vorable than the H transfer process, although the latter is thermodynamically
more favorable.

The structures of the transition states (TS1 and TS2) of the three facets
as well as the value of the imaginary frequency are provided in SI (Figure
S3, S4 and S5).

3.1.1. Zero Point Energy and Gibbs energy correction

The energy with Zero Point Energy (ZPE) correction and at room temper-
ature are studied to provide more accurate interaction energies. The values
are shown in Table 2. In Figure 4 the red line indicates the energy profile
with ZPE correction, and the Gibbs energy (T=298 K) is shown with the



blue line for the (001) surface.

With ZPE correction and at room temperature, the thermodynamic en-
ergy for these two steps increased slightly, while there is no effect on the ac-
tivation barriers. The same behavior is observed for the other two surfaces,

the details for (100) and (101) are provided in SI (Figure S6 and Figure S7).

15
1 — (01 )-0K
1.0 4 ——(001) ZPE-0K

% —(001)-ZPE-298K
2 054
aﬂ -
5 0.0-
S 4
2 -05-
E 4
2 -1.0-

154 ¥ TS1 H'-H TS2 (-1

Reaction Coordinate

Figure 4: The energetic profile for the two-step dissociation process on anatase(001) sur-
faces. ZPE zero point energy correction (red lines) and Gibbs free energy T=298 K (blue
lines) For (100) and (101) surfaces, it is provided in SI (Figure S6 and Figure S7).

3.2. Electronic Structure

From an electronic point of view, the different steps involved in Hy disso-
ciation on three anatase facets were clearly identified in the projected density
of states (PDOS)(See Figure 5, Figure S8 and Figure S9), where only the
projections of related Ti, O and H atoms were depicted for the sake of clarity.

The PDOS is independent of the orientation, and all the surfaces studied
show a similar behavior. First, the appearance of a narrow band around
6.0 eV to -4 eV shows the physisadsorption of molecular Hy. For the product
of heterolytic dissociation (H*-H™), two sharp peaks appear around 6.0 eV
associated to proton (HT) and the Fermi level associated to the hydride
species (H™). Finally, with the formation of the homolytic product (H"-H™),
the two protons states coming from H, molecule are well localized in the
narrow band around -6.3 eV. Also, Ti states appear at the Fermi level, indi-
cating the reduction of the Ti sites, which is also consistent with the picture
of the spin density of (H-H™") in Figure 6 and Table 7?7, which indicates the
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Figure 5: Total and projected density of states (PDOS) of the anatase TiO2 slab, Hs,
TS1, (HT-H™), and (H*-H™") for the (001) surfaces. For the PDOS, only the TiO and H
involved in the two processes are projected. Positive density of states (DOS) correspond
to spin up and negative to spin down.
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existence of unpaired electrons. Two Ti ions are reduced, generating Ti*"
sites.

Bader charges analysis reported in Table 3 shows the electronic charges
during the dissociation processes: first, the species Hy* was pre-activated
with a slight polarization of H-H bond. For the TS species, the polarization
of the H-H bond increases, forming an ion pair. And then, a hydride and
proton were formed, which are identified with their Bader charges: (H™-H)
where the hydride species carries -0.3|e|. Besides, the oxygen involving the
hydrogen transfer process generating hydroxyl group indicates an electron
gain: approximately +0.3]e| compared to the same oxygen in the slab. The
homolytic product containing two reduced titanium sites exhibits spin den-
sity in those sites, as shown in Figure 6. The integrated Bader spin shows
the unpaired electrons for homolytic product (H*-H+)are located in the Ti
atoms (Figure 4.

The charge density difference of (H*-H) compared to bare surface was
investigated (Figure S10), indicating the electron gain and depletion during
the heterolytic process.

Figure 6: Spin density of (H-H™") species, indicating the distribution of unpaired electrons
on three anatase facets(001)(left), (100)(middle) and (100)(right)

3.3. IR Spectra

The infrared (IR) spectra were computed for all the (H"-H™) species
on three anatase facets and are reported in Table 5 and Figure 7. The
low-frequency modes of Ti-H and O-H are in the region of 500-900 cm™1);
O-H stretching modes show higher frequencies in the region of 16801700
ecm~! and 3570-3805 cm~!. The frequencies of Ti-H stretching modes on
three facets are very similar, around 1700 cm™!, which correspond to the

Ti-H IR spectral region (around 1600 cm™') found for rutile in our previous
work[32, 51].
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Table 3: Bader charge of involved H, Ti and O in the Hs dissociation process.

slab | slab Hox | TS1 | (HT-H") [ TS2 | (HT-HT)
dri/qo qH/qH qri/q0

(001) 2.00/-1.01 | 0.00/0.00 |-0.29/0.31 |-0.33/0.62 | -0.22/0.63 | 0.65/0.62
2.01/—1.01 2.00/—0.98 1.96/-0.97 1.93/—0.94 1.81/—1.27

(100} 1.98/-1.10 | 0.16/0.29 | -0.32/0.37 |-0.33/0.69 | 0.19/0.67 | 0.65/0.70
1.96/—1.12 1.99/—1.10 1.94/—1.()7 1.64/—1.07 1.84/—1.29

(101 2.02/—1.05 0.42/0.34 —0.34/0.41 —0.31/0.63 0.04/0.73 0.74/0.65
1.93/—1.07 2.00/—1.04 1.96/—1.04 1.81/—1.06 2.02/—1.31

Table 4: the integrated Bader spin for all the involved species in the process
(001) (100) (110)

species TS2 (Ht-H*)  TS2 (Ht-H*)  TS2 (H*-H™)

Ti 0.97 0.98 0.98 0.99 0.98 0.98

Ti 0.93 0.99 0.94 0.99 0.96 0.99

O 0.00 0.00 0.00 0.00 0.00 0.00

O 0.03 0.00 0.00 0.00 0.00 0.00

H 0.00 0.00 0.00 0.00 0.00 0.00

Table 5: Wave-numbers (in cm™1) and Their Relative Intensities (in brackets) of Ti-H~
and OH™T Stretching Modes of (HT-H™) Species for three anatase facets.

stretch

Hri—g

stretch
Ho—H

(001)
(100)
(101)

1685.2(0.06)
1685.3(0.91)
1700.4(0.34)

3578.8(0.03)
3770.6(0.20)
3804.1(0.17)

13



Ti-H stretching

|
|
- i
= :
_g \ Anatase(101)
E 0.8 4 :2 O-H stretching
> Vi i
‘@ \
c y
2 b
£ 064 ;
044 Anatase(100) i
\
[}
[l
02— ——__ u— —
1 Anatase(001)
00 [\ 1 \
) \J \J \J \J L !
0 500 1000 1500 2000 ~ 2500 3000 3500 4000

slem”

Figure 7: Computed IR spectra of the (H"-H™) species for Anatase (001),(100) and (101)
surfaces

Experimentally, the OH stretching vibrations from water adsorption are
observed at 3680 and 3610 cm™!, most likely assigned to terminal hydroxyl
groups[52], which is consistent with our values (3579-3804 cm™'). TiH stretch-
ing modes of the species are seen in the calculated spectrum at 1685 cm™!
(001), 1685 cm™* (100), and 1700 cm™! (101), corresponding to the expected
TiH IR spectral region (around 1600 cm™!)[53].

3.4. Descriptors of Reactivity

As regards the electronic structure, we found that the heterolytic acti-
vation barrier is linearly related to the Fermi energy difference between the
heterolytic product (H"-H™) and the bare slab (Figure 8). The activation
barriers are lower when the Fermi energy of hydride species (HT-H™) is closer
to the one of the corresponding bare slab. This behavior was also found in the
H, dissociation on ceria [29] as well as in metals with the hydrogen evolution
reactions[54].

The relationship between structure and the reactivity is also studied. In-
terestingly, the analysis of the transition structures (T'S1) indicates that sev-
eral bond distances correlate with the barrier of the heterolytic dissociation
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Figure 8: The heterolytic activation barrier as a function of the Fermi level difference
between (HT-H~) and bare slab for different CeOs (blue point line), rutile (pink point

line) and anatase TiOq facets (black point line).
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of Hy. In TS1, the Hs is polarized, pointing to a Ti and an O on the surface.
The distances of Ti-H, H-H, and O-H in TSI are between the adsorbed Hy*
and hydride (HT, H™): on these three anatase facets, the distances of H-H
span from 0.901 A to 1.100 A; Ti-H values span from 1.921 A to 1.979 A,
and O-H distances span from 1.244 A to 1.368 A. More precisely, TS with
lower energy barrier is associated to a structure close to the absorbed Hy*
state (shorter H-H bonds and larger Ti-H and O-H distances) (see Table 6
and Figure 9). Such behavior is also found for ceria [29].

Table 6: Distance (A) of H-H, Ti-H and O-H for Transition State Structure in heterolytic
dissociation process.

d(H-H) d(Ti-H) d(0-H)
(001) 1.719 1.746 0.982
(100) 1.062 1.907 1.201
(101) 1.095 1.878 1.174

The activation barrier as a function of the reaction energy of this het-
erolytic dissociation process is provided in SI (Table S2 and Figure S11 (black
line)). It is indicated that, on these three anatase terminations, the ther-
modynamic reaction energies and the kinetic barriers follows a trend: the
termination with the most exothermic reaction energy exhibits the highest
reactivity. The termination with more endothermic reaction energy exhibits
the poorest reactivity. The linear correlation is found on CeO, surfaces, see
SI (Figure S10 (green line)), while it is not found for rutile phase.

Besides, in ceria, the shorter the Ce-O distance of bare slab, the smaller
energy barrier [29], while no similar behavior was found for the anatase or
rutile surfaces [32]. Two main factors can be at the origin of this effect.
First, the topology of the surface plays a key role in stabilizing intermediates
and TS. Second, the ionicity of the M-O bond in the substrate may help
stabilizing polarized systems such as TS1 and (HT-H™). In the case of ceria,
an ionic oxide, a clear linear correlation is observed whereas in titania, with
more covalent character, orbital effects could be more important.

Moreover, to understand the trend of activation barriers of hydrogen
transfer from Ti to O on the three terminations, we analysed the transi-
tion state (T'S2) associated with this process. The higher barriers for (100)
and (101) come from the long distance in space (over 3A) of H transfer from
Ti to nearby O (See Figure 10, middle and right). While the distance for
H transfer from Ti to nearby 2-fold coordinated O on termination (001) is
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Figure 9: The distance of H-H, Ti-H and O-H bonds of TS1 as a function of heterolytic
activation barrier for these three facets (001), (100) and (101), which are shown with red,
black and blue line respectively.
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much shorter, 2.471A(see Figure 10, left), leading to a lower transfer barrier.
We also check the reaction energy and H transfer barrier on three anatase
facets (Table S2 and Figure S10 (black line)), no correlations between them
were found. Neither for rutile surfaces.

Figure 10: The distance of H transfer from Ti to O on (001) (left),(100) (middle) and
(101) (right) facets.

4. Conclusion

A systematic study for adsorption and dissociation of Hy on three anatase
surfaces (001), (100), and (101) has been carried out employing DFT calcu-
lations. In summary, our study points out that dissociative Hy adsorption
on anatase TiO, takes place through a heterolytic pathway followed by the
transfer of an H atom from a Ti atom to a nearby O atom that finally yields
the homolytic product. The topology of the surface plays a crucial role in
H, dissociation on titanium dioxide. On anatase (001), the two pathways
are more favorable thermodynamically and kinetically than the other two
surfaces. In addition, we have shown that Fermi energy can be used as the
predictive descriptors of reactivity. Finally, the bond lengths of Ti-O, H-
H and O-H in TS1 are associated with heterolytic dissociation activation
barrier. The lower energy barrier is associated to a TS structure close to
the absorbed Hy* state with shorter H-H bonds and larger Ti-H and O-H
distances.

IR vibrational spectra of the homolytic product were also calculated in-
dicating the expected vibrational region of hydride species on anatase TiOq
surfaces is around 1700 cm™!.

Some common features were found between titania and ceria, namely the
heterolytic product and the hydride M-H species seems to play a role in the
dissociation mechanism. Also, the homolytic product is thermodynamically
stable. However, quantitative correlations between geometry (especially for
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bare slab) and activation barriers were found to be apparent for ceria and
not in titania. The nature of the M-O bond, mainly ionic in ceria and with
a covalent characteri in titania, could be at the origin of the differences
observed.
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