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Mechanism of H adatoms improving the O,
reduction reaction on the Zn-modified anatase
TiO, (101) surface studied by first principles
calculationy

Liangliang Liu, © < Chongyang Li,> Man Jiang, Xiaodong Li,® Xiaowei Huang,*®
Zhu Wang & *€ and Yu Jia*?

First principles calculations were performed to cast insight into the mechanism of the improvement of O,
reduction reaction (ORR) activity by Zn and H interstitials on the anatase TiO, (101) surface. For the Zn-
modified anatase TiO, (101) surface, both surface and subsurface Zn interstitials could contribute to O,
adsorption and dissociation, but the dissociation barriers of O, molecules are still too high, which limits
the ORR activity. After a H adatom is introduced onto the Zn-modified anatase TiO, (101) surface, the
highest energy barriers are greatly reduced compared with those of the Zn-modified surface. Meanwhile,
it is observed that the dissociation barriers decrease almost linearly with the increase of the charge differ-
ence of adsorption O, between initial and transition state configurations. Specifically, subsurface Zn and
surface H interstitials facilitate O, dissociation and subsequent oxidation reactions, and further frequency
analysis shows that these dissociation processes are frequent even at the room temperature of 300 K. In a
word, this work provides a theoretical support to design a high ORR activity catalyst of the TiO, nanocrys-

rsc.li/dalton

1. Introduction

TiO,, in typical photocatalysis and as a heterogeneous catalyst,
has attracted a lot of attention because it exhibits high activity
for a variety of different reactions, such as hydrogen pro-
duction, organic pollutant degradation, and CO oxidation.'™
Surface adsorbed O, molecules can be used as electron scaven-
gers to enhance TiO, photocatalysis activity, and the oxygen
reduction reaction (ORR) plays a critical role in the rate-limit-
ing step in photocatalysis.”*® The catalytic activity for the ORR
strongly depends on O, adsorption energy, dissociation energy
barrier, and the binding energy of dissociation O adatoms.””® A
good ORR catalytic activity requires intermediate O, bonding
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tal comparable to precious Pt catalysts.

to the active site, facilitating both O-O bond breaking and sub-
sequent oxidation reactions of O adatoms. However, the slow
reaction kinetics of oxygen reduction stems from O,’s inability
to adsorb onto the clean anatase TiO, (A-TiO,) surface.”'’
Previous research studies show that O, could not be adsorbed
onto a clean A-TiO, surface, while the negatively charged
surface and defects are reported to facilitate O, adsorption.” >
Therefore, the influence of TiO, surface modification on O,
adsorption and dissociation is explored from the experimental
and theoretical research studies, and these modifications
include H adatoms, TiO, intrinsic defects, noble metal depo-
sition and so on."*™"

The main intrinsic defects in TiO, are Ti interstitials and O
vacancies,">'® and these two types of defects play a central role
in the surface physicochemical properties of TiO,; meanwhile,
these defects are reported to contribute to the reduction of O,
molecules."”'* Research by Setvin et al. shows that with the
help of the surface O, molecule, a subsurface O vacancy could
easily diffuse to the surface and react with the adsorbed O,
molecule to form a bridging (0,)o dimer, and the energy
barrier is much lower than that of the O vacancy diffusion
without the surface O, molecule.'” In a recent study, we found
that a subsurface Ti interstitial can enhance the ORR catalytic
activity of the A-TiO, (101) surface by reaction with two
adsorbed O, molecules.’”” Moreover, deposition of noble
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metal, Au or Pt on the TiO, surface is identified to be another
effective way to improve catalytic activity by modifying O,
reduction.'®***® However, for the above modified methods,
the high formation energies of the O vacancy and Ti interstitial
result in defect densities that are too low to significantly
increase the rate of the ORR,">'® and noble metals are quite
expensive, which is not beneficial for wide applications in
industry. Therefore, it is critical to develop an effective and
economical method to achieve TiO, catalysts with high ORR
catalytic activity.

Inducing heterogeneous atoms, as the most straightforward
way to modify TiO,, has been widely used in order to promote
TiO, catalytic activity, which is able to regulate the band struc-
ture of TiO, in order to extend the spectral response of TiO,."*
In fact, the dopants in TiO, could also increase the ORR of the
TiO, surface.'®>* For example, a theoretical study by Muhich
et al. indicates that B and C interstitials significantly improve
the TiO, photocatalytic reduction of 0,.'° Nb-Doped TiO, is
also identified to be an effective method to enhance the ORR,
and thus to be an alternative support for PEM fuel cells.?’"
Yet, to the best of our knowledge, although these research
studies have paid attention to the effect of dopants on the
reduction of O, molecules, the reaction process and the
mechanism are not all clear, and how the dopants specifically,
transition metals can promote the O, dissociation reaction is
still an open question. Since metal Zn is one of the typical 3d
transition metals and abundant on Earth, a lot of research
studies focus on the effect of Zn doping on TiO, photocatalytic
activity and show that Zn-doped TiO, could change the band
structure of TiO, and increase the range of light absorp-
tion,"?*** while no existing works attempt to examine the
ORR activity from the Zn doping perspective.

When a Zn atom is induced into the TiO, surface, it may
substitute Ti atoms or occupy the interstitial site in the TiO,
surface.'” For the case of a Zn substitution, a Zn atom
occupies a Ti atom site and provides two electrons for the TiO,
lattice, and thus it will give rise to p-type Ti0,.>*>* However,
p-type TiO, is not good for O, adsorption. In fact, the O, mole-
cule does not adsorb onto stoichiometric and p-type TiO, sur-
faces, and excess electrons are required."®'> The excess elec-
tron transfer from the surface to the oxygen molecule is essen-
tial for oxygen adsorption. For the case of Zn interstitials, a Zn
interstitial could provide two excess electrons to the TiO,
surface and enhance O, adsorption, which may be good for
the O, reduction reaction on the TiO, surface. Therefore, in
this article, the density functional theory is used to calculate
O, adsorption and dissociation to quantify the effect of Zn
interstitials.

After a Zn atom is introduced on and near the A-TiO, (101)
surface, both surface and subsurface Zn interstitials could con-
tribute to O, adsorption and dissociation, but the dissociation
barriers of the O, molecule are too high, which limits the ORR
activity. Since H adatoms could facilitate O, dissociation based
on previous studies,">*" in order to further reduce dissociation
barriers, a H adatom is introduced on the Zn-modified A-TiO,
(101) surface. The calculated results show that after a H atom
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is adsorbed onto the TiO, surface, at the transition state, more
excess electrons could transfer to two O adatoms, and two
adsorbed O adatoms form strong chemical bonds with surface
Ti atoms and H atoms. Therefore, the energy barriers of O, dis-
sociation are greatly reduced compared with those of the Zn-
modified A-TiO, surface. In particular, with the synergistic
effect of surface H and subsurface Zn interstitials, the
adsorbed O, is easy to dissociate and participate in the sub-
sequent oxygen reaction, and frequency analysis shows that
the O, dissociation processes frequently happen even at the
room temperature of 300 K.

2. Computational detail

First-principles calculations are used to study the O, adsorp-
tion and dissociation on an A-TiO, (101) surface, and the cal-
culations are performed using the Vienna Ab initio Simulation
Package (VASP).”°® In this article, the GGA-PBE exchange-
correlation functional®*=! coupled with projector augmented
wave (PAW) pseudopotentials is applied in the calculations.
The GGA + U method is used to calculate the charge distri-
bution of the excess electrons induced by the Zn and H inter-
stitial atoms, and the value of U for Ti 3d is 4.2 eV**?? while
0O, molecule adsorption and dissociation on the TiO, surface
are calculated with the GGA-PBE method. In previous research,
Du et al. show that energy barrier for O,q diffusion with GGA +
U differs slightly from that with GGA, and the reaction path of
0, using DFT + U agrees with that from DFT.** Meanwhile,
some research studies show that the GGA functional could cor-
rectly describe the effect of the surface or subsurface defects
on reaction processes of adsorbed O, molecules on the TiO,
surface,”>'"'*%> and the calculated results reasonably reveal
the experimental phenomenon. Therefore, the GGA functional
is used to study the surface O, reaction on TiO, surfaces in our
present and previous studies.'*!”

The transition state (TS) search for the O, dissociation and
diffusion processes was performed with the climb image
nudged elastic band (CI-NEB) method.**® The cutoff of the
plane-wave kinetic energy is 400 eV, and the Monkhorst-Pack
k-point mesh is 2 x 2 x 1. The convergence criteria for the elec-
tronic and ionic relaxation are 107" eV and 0.05 eV A™Y,
respectively. Bader charge analysis is used to analyze the elec-
tronic transfer and distribution,® and in order to better
describe the electron distribution of the transition state, the
charge difference AN,- is calculated and defined as AN,- =
Nrs — Ninitial- Here, Ng is the electron charges on adsorbed O,
at the TS and Njpitial is the electron charges on adsorption O,
at the initial configuration.

The lattice parameters for stoichiometric anatase are a =
3.830 A and ¢ = 9.613 A with GGA, and they are a = 3.907 A and
¢ =9.757 A with GGA+U, which, respectively, correspond to the
most stable structure by fitting the lattice parameter. In these
calculations, a 3 x 2 surface supercell with 108 atoms is used
to study O, adsorption and dissociation. In the supercell, there
are three stoichiometric (TiO,) structure layers, in which the

This journal is © The Royal Society of Chemistry 2018
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bottom stoichiometric TiO, layer is fixed to simulate the bulk
structure, and the same supercell is used to study O, adsorp-
tion in other research groups.”'" The thickness of the vacuum
layer on the top of each supercell is 10 A, which is similar to
our previous calculation.™

The adsorption energy of an O, molecule (Eq 1q) Or per disso-
ciated O adatom (Ep,q) on an A-TiO, (101) surface is defined as:

EO;ad = Esurf+02 — Esurt — E02 (1)

1

EOad - Esurf+0 - Esurf - EEOZ (2)

Here, Egurri0, 1S the system energy of adsorbed O, molecules
on an A-TiO, (101) slab; Egyf.0 is the system energy of one dis-
sociated O adatom on an A-TiO, (101) slab; Egy,¢ is the system
energy without the adsorbed O, molecule or O adatoms and
Eo, is the energy of an O, molecule in the gas phase.

3. Results and discussion
3.1 Defects

If a Zn interstitial is deposited on an A-TiO, (101) surface,
there are several possible binding sites for the Zn atom on and
near the A-TiO, (101) surface and the formation energies for
these sites are calculated and listed in Table S1 (see the ESIT).
From the results, two relatively stable surface and subsurface
sites are identified, donated as S1 and S5 (see Fig. 1). For the
S1 interstitial, the Zn atom is in the middle between two adja-
cent O,. atoms of the surface while for the S5 interstitial, the
Zn atom is at the subsurface site and the formation energy of
S5 (3.49 eV) is almost identical to that of S1 (3.47 eV).
Meanwhile, in order to examine the stabilities of the S1 and S5
interstitials, the transformation from the interstitials S1 to S5
is calculated by the NEB method (see Fig. 2). During this trans-
formation process, there are two metastable interstitials S3

(a) S1 side view (c) S1 charge distribution

(d) S5 side view (e) S5 top view (f) S5 charge distribution

Fig. 1 S1 and S5 Zn interstitial configurations. The six Tisc atoms on the
surface are numbered from 1 to 6 which are the adsorption sites for the
adsorbed oxygen molecule or adatoms. c and f show the distribution of
two excess electrons induced by a Zn interstitial.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Potential-energy profile for the diffusion of a Zn interstitial on
the A-TiO, (101) surface and the energy is zero based on the initial
structure S1.

and S4 (see Fig. S1 in the ESIT). S1 first diffuses to S3 and the
energy barrier is 1.73 eV; subsequently, S3 instantaneously
transforms to S4 with a barrier of only 0.06 eV. Finally, for
S4 — S5, the barrier is 0.43 eV. Thus, in this path, the overall
highest barrier is 1.73 eV from interstitials S1 to S5. In con-
trast, for the reverse diffusion from the interstitials S5 to S1
S5 — S4 — S3 — S1, the highest barrier is 1.12 eV (step S5 — S4)
lower than that of path S1 to S5. The calculated results show
that although a Zn interstitial relatively easily transforms from
the subsurface to surface, the energy barrier for this process is
still very high >1.10 eV. Therefore these two diffusion processes
are difficult to occur and a Zn interstitial could stably stay on
the surface S1 or at the subsurface S5 sites.

Furthermore, to describe the trapping states of electrons in
TiO,, we employ the GGA+U to calculate the excess charge dis-
tribution induced by a Zn interstitial and each defect gives rise
to two excess electrons. Fig. 1(c) and (f) show that two excess
electrons induced by the Zn interstitial transfer to the A-TiO,
surface and are mainly localized on 3d orbits of lattice Ti
atoms. For the S1 interstitial, most of the two excess electrons
in 3d orbits distribute on surface Ti lattices (sites 5 and 6)
while for the S5 interstitial, half of two excess electrons in 3d
orbits are on a subsurface Tig. atom. This charge localization
suggests a stronger influence of the S1 interstitial (see Fig. 1)
on the surface adsorption reactivity compared to that of the S5
interstitial.

3.2. One adsorbed O, molecule on a Zn-modified A-TiO,(101)
surface

The adsorption energies for an O, molecule at the various
inequivalent Tis. sites of S1 and S5 are calculated and the
results (see Table 1) show that a Zn interstitial makes the
adsorption process possible since an O, molecule is difficult
to adsorb onto a clean A-TiO, (101) surface.”'® For the S1
surface, the adsorbed O, molecule releases most thermal
energy at site 2 and the adsorption energy is —2.19 eV (see
structure A1 Fig. 3). In the structure A1, the O, molecule has
an 0-O bond length of 1.46 A close to the typical value for a

Dalton Trans., 2018, 47, 7541-7550 | 7543
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Table 1 The adsorption energy AE (eV) of an oxygen molecule on a
A-TiO, (101) surface

s1 AE S5 AE Sly AE S54 AE

1 -1.26 1 -1.19 1 -1.92 1 -1.53
2 (A1) -2.19 2 -1.19 2 -1.92 2 -1.79
3 -1.26 3 -1.00 3 -132 3 —1.41
4 -1.63 4 -1.06 4 -1.52 4 -1.65
5 -1.63 5(B1) -1.78 5(C1) -2.69 5(D1) —2.31
6 -113 6 -1.06 6 -152 6 -1.36

peroxide (1.49 A) which means that partial excess electrons
(1.19¢™ Bader charge analysis) from the A-TiO, (101) surface
transfer to the O, n* orbitals and a peroxide radical is formed.
The Ti-O(yy O bond lengths are 2.05 and 1.90 A, respectively,
and the bond length between the Zn and O atoms is 1.98 A
For the S5 surface, the most favorable adsorption is at site 5
and configuration B1 is obtained. In structure B1, two new
formed Ti-O bonds are both 1.86 A long and the O-O bond
length of the O, molecule is 1.44 A, slightly shorter than that
of Al. Meanwhile, the Bader analysis shows that electrons
transferred to the adsorbed O, molecule for structure B1 are

View Article Online
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0.13e” less than those of A1 which is consistent with the fact
that more excess electrons could transfer to the adsorption
molecule on the S1 surface. Accordingly, the released thermal
energy would be reduced during the adsorption process and
the O, adsorption energy is —1.78 eV.

3.3. Reaction channels for an adsorbed O, molecule on a Zn-
modified A-TiO, (101) surface

In this section, the calculations of O, dissociation were per-
formed on and near the surface containing a Zn interstitial. As
for these two adsorption configurations (A1 and B1), we first
consider the dissociation process of adsorbed O, in structure
Al. The schematic of this process is shown in path
Zng,s@TiO, (see Fig. 4) and the energy barrier is 1.50 eV. At
the transition state TS4, the distance between O(;) and O
atoms is 1.87 A which is much longer than the O-O bond
length of the initial configuration A1. It suggests that the O-O
bond has been broken. Bader charge analysis shows that the
number of electrons transferred to Oy and O atoms are
0.46e¢~ and 0.96e”, respectively. After the TS4 structure Al
transforms into A2. In structure A2, O() and surface O,. form

(a) Al side view (b) Al top view

0-0:1.46 Ti-Ow),0w: 1.90, 2.05 Zn-0: 1.98
charge: 1.19 e-

(c) B1 side view (d) BI top view

0-0:1.44 Ti-Oq), O: 1.86, 1.86
charge: 1.06 €

Fig. 3 The most stable configurations of an O, molecule on a Zn-modified A-TiO, (101) surface (S1 and S5). Oy and O, atoms are two adsorbed
O atoms of the O, molecule. The number of electrons transferred to the adsorbed O, is calculated by the Bader charge analysis. The unit of the

bond length is A.

Energy (eV)

Al0eV

02, 91
1.77
TS41.50 eV
Reaction Coordinate A2-0.43 eV

Fig. 4 Calculated reaction path of O, dissociation from the structure Al to A2 in path Zng,@TiO,. There is a Zn interstitial on the surface and the

adsorption configuration Al is taken as the initial reference point.
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new chemical bonds and both of them occupy the lattice O,
site. In this Zng,@TiO, path, the reaction energy for this
exothermic process is 0.43 eV and the system significantly
becomes more stable.

In the following, schematics of the dissociation of an O,
molecule on the S5 surface are calculated and shown in Fig. 5
and two possible dissociation paths (Zng,,@TiO, and
Zng,,@TiO,) are searched since there are two final configur-
ations (B2 and B3). For the first reaction path from structures
B1 to B2 (Zng,p @TiO,), the energy barrier is 1.32 eV, which is
slightly lower than the barrier of the path in Fig. 4. At the tran-
sition state TS5, O(y) transforms onto a neighboring Tie. and
Oyy) is still on the Tis. atom. The Bader analysis shows that O,
and Op, obtain 1.39¢” and the charge difference ANe™ is
0.33¢”. The distance of the two O adatoms is 1.97 A and the
charge distribution is low between them, which means the O-
O bond has been broken. The distance between O(;) and O, is
1.71 A and weak interaction may be produced between Ow
and O,. atoms since a few electrons transfer into the space
between them (see Fig. 5(a)). Accordingly, the dissociation
barrier slightly reduces by 0.18 eV compared with that of TS4.
However, the reaction is endothermic and the system energy
increases by 0.42 eV after dissociation. Thus this dissociation
process is not energetically preferable to happen and two dis-
sociated O,q atoms may again recombine to an O, molecule.

Suppose that structure B3 is in final configuration; the dis-
sociation barrier is 1.13 eV from B1 to B3 which is lower than
the barrier of the above two paths (TS4 and TS5). This process
is also an endothermic reaction and the reaction energy is 0.26
eV. In the transition state TS6, the two adsorbed O atoms have
been broken and the distance is 2.37 A. Yet the O, atom again
forms a new chemical bond with a surface O,. atom and the
bond length is 1.42 A. Meanwhile, the charge distribution
between Oy and O, is high which suggests that the O,
atoms are strongly bonded with the surface during TS6. Bader
analysis shows that Oy and O obtain 0.5 and 1.06 e,
respectively, and the charge difference ANe™ is 0.17e” higher
than that of the path Zng,,@TiO,. Therefore, if the adsorbed
O atoms are bounded with the surface at the TS, more electron

Energy (eV)

TS51.32 eV

B10eV

Reaction Coordinate

B2 0.42 eV
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charges transfer to the O adatoms and thus the dissociation
barrier would be reduced.

For the above three dissociation paths it can be seen that
no matter if a Zn interstitial is on the surface or at the subsur-
face sites, all the O, molecules could be stably adsorbed onto
the A-TiO, (101) surface and the Zn interstitial also contributes
to O, dissociation especially a subsurface Zn interstitial;
however, the dissociation barriers are still too high, >1.1 eV,
and the O, dissociation is difficult to occur at room tempera-
ture. So if the O, dissociation barrier can be reduced, it will be
more efficient to generate the O adatoms to oxidize adsorbed
toxic gases on the A-TiO, surface. Based on our previous calcu-
lation,*” surface H atoms could change the O, adsorption and
dissociation on an A-TiO, surface. Therefore, it is interesting
to study the synergistic effect of the Zn and H interstitials on
0, adsorption and dissociation on an A-TiO, surface.

3.4. Effect of H on O, adsorption on a Zn-modified A-TiO,
(101) surface

On a clean A-TiO, (101) surface, a H atom is preferable to
adsorb onto the surface O,. atom.*® For S1 and S5 surfaces,
since a Zn interstitial is introduced into the clean TiO,
surface, the different H adsorption sites around the Zn inter-
stitial are considered and the adsorption energies are listed in
Table S2 (see the ESIf). The calculated results show that the
most stable sites of H atoms on the S1 and S5 surfaces are at
sites 1 and 5, respectively, which are S1y and S5y configur-
ations (see Fig. 6).

For an O, molecule on the S1y and S5 surfaces, there are
six Tis. adsorption sites on each surface and the calculated O,
adsorption energies at different Tis. sites are listed in Table 1.
Compared with an O, molecule adsorbed on the S1 or S5
surface, it can be seen that the H atom further enhances O,
adsorption at different sites of the S1y or S5y surface and
more thermal energy is released during the adsorption
process. On the S1y; surface, C1 is the most stable adsorption
configuration and the adsorption energy is —2.69 eV. For
another most stable adsorption structure D1, the adsorption
configuration and bond lengths are similar to those of B1 but

=
00.00
mo.00
001} 45 O O 7
M0.43 O, .67 1
W19.55 1
=
)
% / 1.9.
]
= . 2
= TS6 1.13 eV
i r.v B30.26 eV
B10eV Reaction Coordinate

(a) Oaqdissociation in path Zns1@TiO2

(b) Oz dissociation in path Znsun@TiO2

Fig. 5 The two dissociation processes of an adsorbed O, molecule on the S5 surface are calculated by the NEB method. The structure B1 is the
initial configuration and there are two final configurations B2 and B3. (a) O, dissociation in path Zng,,;@TiO, and (b) O, dissociation in path

Znsubz@TiOZ.
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(a) Slu side view

(¢) S5u side view

(e) Cl side view (f) C1 top view
0-0:1.46 Ti-Ow, Oe): 1.90, 2.07 Zn-0: 1.90
charge: 1.20 €

(g) DI side view (h) DI top view
0-0: 1.45 Ti-Ow), O 1.87, 1.86
charge: 1.12 ¢~

Fig. 6 The most stable configurations of a H atom adsorbed onto theS1 and S5 surfaces are structures S1y and S5y, respectively, and accordingly,
O, adsorbed onto S1;; and S5y are configurations C1 and D1. Blue balls are two adsorbed O atoms.

the number of electrons transferred to the adsorbed O, mole-
cule is 0.06e™ higher than that of B1; accordingly, the value of
the adsorption energy for the O, molecule (-2.31 eV) is
lowered compared with that of B1 (—1.78 eV). Since the initial
adsorption configurations C1 and D1 are achieved (see Fig. 6),
how an adsorbed O, molecule dissociates on the S1y and S5y
surface is calculated and discussed in the next part.

3.5. Synergistic effect of the Zn and H interstitials on O, dis-
sociation on an A-TiO, (101) surface

3.5.1. O, dissociation in path Zng,@H-TiO,. For the
initial structure C1, the adsorbed O, molecule dissociates and
the reaction schematic is shown in Fig. 7. When an O, mole-
cule is adsorbed at site 5 of the S1 surface (structure C1), the
H adatom on O,. could diffuse to the Oy adatom and the
Ti-O(y bond is broken forming an OOH radical. The barrier is

1.46
Owlon 203
= Oy O
2
&
.
=
TS70.47 ¢V
Cl0eV

C2-0.12 eV

Reaction Coordiante

0.47 eV and the system becomes more stable after H diffusion.
In the subsequent step C2 — TS8 — C3 (the barrier: 0.38 eV),
the O(;) atom rotates a little and forms a new bond with the Zn
interstitial while the Zn-O,) bond is broken during the tran-
sition state TS8. After this transformation, the system energy
slightly increases by 0.33 eV compared with that of C2. For the
last reaction step, C3 — C4, C3 is the initial configuration and
the O, molecule dissociates. The dissociation barrier is 0.52 eV
which is much lower than those of the above three paths (TS4,
TS5 and TS6, see Fig. 4 and 5). In this step, the configurations
of two O adatoms of TS9 are similar to those of TS4, that is the
0O-O bond has been broken and no chemical bond forms
between O(;) and O,. atoms which can be seen from the
charge distribution of TS9. Yet the differences are that in TS9,
the calculated ANe™ is 0.67¢~ which is 0.44¢™ higher than that
of TS4; meanwhile, the H atom stabilizes the O() adatom and

TS9 0.73 eV

C30.21eV

C4-0.56 eV

Fig. 7 Calculation of the reaction process of O, dissociation on the S1y surface (Path Zng,@H-TiO,). C1 is the initial configuration and the highest
energy barrier is 0.56 eV for this reaction process. The side view of the charge density of TS9 along the dashed line is shown in the figure.
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Fig. 8 The H diffusion in the configuration D1. The system energy of D1
is set to zero. After the diffusion, the H atom transforms from the
surface O, to the adsorbed O, molecule forming an OOH radical on
the Ssy surface.

thus it makes the dissociation barrier lower compared with
that of TS4. For the whole reaction process C1 — C4, the total
reaction energy for this exothermic process is 0.56 eV and the
highest energy barrier is 0.52 eV which corresponds to the
transformation from C3 to C4. This calculated result shows
that although the adsorbed H atom makes the dissociation
step more complex, it significantly lowers the O, dissociation
barrier which would contribute to producing more active O
adatoms on the surface and improving the oxidation activity of
the A-TiO, surface.

3.5.2. O, dissociation in path Zng,,@H-TiO,. After an O,
molecule is adsorbed at site 5 of the S5y surface, a stable
adsorption configuration D1 is obtained. In D1, the surface H
atom is attracted by the adsorbed O, molecule and the energy
barrier for this transformation from D1 to D2 is 0.27 eV (see
Fig. 8). As a result, an OOH radical is formed on the surface
and the system energy is slightly reduced by 0.05 eV.
Subsequently, the OOH radical in D2 can rotate counterclock-
wise by 90° and the system continues to release thermal
energy. From structures D1 to D3, the total system energy

Energy (eV)

TS12 0.47 eV

D40.02 eV
Reaction Coordi

View Article Online
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reduces by 0.11 eV and the O, molecule becomes more stably
adsorbed (see Fig. 8).

In the following, D3 is the initial configuration and the dis-
sociation process of the O, molecule is calculated as shown in
Fig. 9. Initially, the adsorbed OOH radical happens to dis-
sociate and the energy barrier for this dissociation is 0.47 eV.
In TS12, the distance between two O adatoms is 1.78 A and
there is less charge density between Oy and O, atoms. This
suggests that the O-O bond of the O, molecule is broken. For
this dissociation step, since subsurface Oz, atoms form stable
Zn-0 bonds with the subsurface Zn interstitial, the subsurface
O3, atoms are passivated and their interaction with the surface
Tis. is weakened. As a result, the surface Tis. can easily move
outward to bind with two O adatoms during TS9 and the
Bader charge analysis shows that Og) and O adatoms,
respectively, obtain 0.68 and 1.19¢” electron charges and the
charge difference ANe™ is 0.76e”. Accordingly, the dissociation
barrier is further reduced compared with that of TS6 in Fig. 5.
After dissociation, a dangling O atom and an OH radical are
produced on the Tis. atom (see D4). Yet D4 is a metastable
configuration and there will be an energetic driving force for
the O,. atom to diffuse to a more stable site. Via the diffusion
structure, D4 transforms to D5 and the protuberant Tis. atom
in structure D4 moves back to the original position. The
energy barrier for this diffusion is 0.45 eV and this process is
easy to happen. For the whole reaction path (Fig. 8 and 9)
D1 —» D2 - D3 — D4 — D5, the highest energy barrier is
0.47 eV, much lower than those of TS5 and TS6 (TS5 and TS6:
1.32 and 1.13 eV, respectively, see Fig. 5) and the system
energy drops by 0.37 eV. It shows that with the help of a
surface H atom, the process of O, dissociation becomes much
easier on a subsurface Zn interstitial modified A-TiO, (101)
surface and the system also becomes more stable after the dis-
sociation reaction.

3.6. The analysis of ORR activity

On a Zn-modified A-TiO, (101) surface, regardless of whether
the Zn atom is on the surface or at the subsurface site two

TS130.47 eV

t D5 -0.26 eV

Fig. 9 Calculation of the reaction process of O, dissociation on the S5y surface (path Zng,,@H-TiO,). D3 is the initial configuration and the highest
energy barrier is 0.47 eV for this reaction process. The side view of the charge density of TS12 along the dashed line is shown in the figure.
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Table 2 The highest reaction barrier (AE,) for the dissociation of an O,
molecule on an A-TiO, (101) surface. In order to examine the possibility
of the reaction process, the attempt frequency v for the O, dissociation
at the room temperature of 300 K is calculated by the equation: vg ~

voe BE/KD ysing the typical value v ~ 10% st for the attempt
frequency

Initial Final AE, (eV) v
Al A2 1.50 0
B1 B2 1.32 0
B1 B3 1.13 0
C1 C4 0.52 10*
D1 D5 0.47 10°

unpaired electrons induced by the Zn atom mainly transfer to
Ti lattices. If an O, molecule is approached and adsorbed onto
the A-TiO, (101) surface, partial excess charges would transfer
to the adsorbed O, molecule from the surface. For the O, reac-
tion process on a Zn-modified A-TiO, surface, although the Zn
interstitial makes O, adsorption and dissociation possible, the
energy barriers are so high (>1.10 eV, see Table 2) that the O,
molecule is difficult to dissociate to produce the O adatoms.
Our further research studies show that if a H atom is intro-
duced on the Zn-modified A-TiO, (101) surface, it could signifi-
cantly enhance O, adsorption and greatly reduce the energy
barriers of O, dissociation. The highest dissociation barriers
for two paths are, respectively, 0.52 and 0.47 eV lower than the
0, dissociation barrier on a Pt (111) surface (0.86 eV)."" A
simple estimate is that these two processes are rather frequent
(0.52 eV: 10" s7" 0.47 eV: 10° s7) at the temperature of 300 K.
Meanwhile, in order to better understand mechanisms of O,
dissociation, we further analyzed the calculated dissociation
processes and found that the dissociation barriers decrease
almost linearly with the increase of the ANe™ as shown in
Fig. 10, which are not directly related with the strength of O,
adsorption. This suggests that the charge difference ANe™ is
one of the important parameters determining the activity of
the supported Zn single atom toward O, dissociation on the
A-TiO, (101) surface.

In fact a good ORR catalytic activity requires intermediate
oxygen bonding to the active site facilitating both O-O bond

154455

1.0+ 7

Energy Barrier (eV)

0.5

0.23 033 0.50 0.67 0.76
The charge density difference ANe

Fig. 10 The relationship between O, dissociation barrier and the
charge density difference ANe™.
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breaking and subsequent oxidation reactions of O atoms. If an
adsorbed O, molecule is easy to dissociate on the surface of a
catalyst and the dissociated oxygen atoms can be relatively
easily desorbed from the surface, this catalyst has good activity
for oxidizing adsorbed toxic gases. To examine the ability of
dissociated O atoms for the subsequent oxidation reaction, we
calculate the adsorption energies of two O adatoms in paths
Zng, f@H-TiO, and Zng,,@H-TiO,. For C4 in Fig. 7, the O
atom in the OH radical forms a bond with the Zn interstitial
and the calculated adsorption energy of this O adatom is
—3.12 eV, which means that OH is strongly bonded with the
TiO, surface and difficult to release from the surface, losing
the oxidation activity. The adsorption energy of the other
adatom, Oy, is 0.30 eV, similar to that of previous results'’
and thus this O adatom could be easy to desorb from the
surface. For the final structure D5 in Fig. 9, the adsorption
energy of the O atom in the OH radical is —1.53 eV, which can
nearly match that on the Pt (111) surface (-1.26 eV)**** and
the O(,) adsorption energy is 0.25 eV. That is, two dissociated
O atoms could desorb relatively easily from the S5y surfaces
for the subsequent oxidation reaction. Therefore, our DFT
results show that the surface H atom and the subsurface Zn
interstitial could facilitate both O-O bond breaking and the
subsequent oxidation reaction of O atoms.

Conclusions

The first-principles calculation coupled with the nudged
elastic band method is used to investigate how zinc and hydro-
gen interstitials affect the energetics and mechanisms of the
O, reduction reaction (ORR) on an A-TiO, (101) surface. In this
work, we found that when a Zn atom is introduced on and
near the surface and subsurface Zn interstitials, all could con-
tribute to O, adsorption and dissociation; yet the dissociation
barriers are too high. Further study shows that the surface H
adatom could significantly change O, adsorption and dis-
sociation on the Zn-modified surface. Specially with the syner-
gistic effect of subsurface Zn and surface H interstitials, the
adsorbed O, is easy to dissociate and the highest reaction
barrier is only 0.47 eV suggesting that the reaction process
could frequently happen even at the room temperature of
300 K; meanwhile, the dissociated O adatoms are also easy to
desorb from the surface for the subsequent oxidation reaction.
Consequently, our theoretical study shows that after the sub-
surface Zn modified anatase TiO, particles are hydrogenated,
they would become efficient catalysts for O, adsorption and
dissociation, which provides a theoretical support to design
high ORR activity catalysts of TiO,.
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