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Figure 1. EPR spectra of degassed aqueous colloidal TiO; prepared
under various conditions and irradiated at 77 K: (a) colloids (0.1 M
monomeric concentration, 100-A average diameter), pH 3, irradiated
with 308-nm excimer laser recorded at 30 K, X-band (300-G scan); (b)
same as in la after aging 3 months; (c) colloidal gel (0.07 M), pH 4,
irradiated at 77 K (308-nm excimer laser), t 13K, X-band (9.1
GHz); (d) same conditions as in Ic, Q-band (34 GHz).
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Figure 2. EPR spectra of the TiO; gel sample outgassed 1 h
at RT and (a) irradiated for 15 min at 77 K; H6 sample treated
inavacuum for 1 hat RT and (b) subsequently irradiated durln%
15 min at 77 K; and (c) contacted with O; at 77 K; T16 material
outgassed at RT for 1 h and (d) irradiated for 15 min and (e)
subsequently exposed to O; at 77 K.
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Fig. 4 A slice through a (001) plane of the Nb-doped anatase TiO, system. showing the charge density associated with the gap
- 0.80.7 06 0.5 04 030.20.1 00

state in Fig_3(b). The Nb dopant is shown in green. Ti atoms are grey and oxygen atoms are red. The charge isosurface is

shown at a density of 005 e A~
Figure 1. Relative energies (eV) for polaronic structures with an
H H ] H H H excess electron near a (110) surface for U = 4.1 eV. Red spheres
DFT+U work shows electron localisation but positive energy distribution skt Oriaimti sl e hesox reusont Th oot € oo
circles indicate sites where excess electrons were localized to form
Ti** centers, and the colors indicate their stability relative to the
most stable Ti site (marked by an asterisk). Tis. and Oy atoms are
also indicated. The inset shows the spin density at the most stable
site with a filled d,, orbital.
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Methodology

= Density functional theory in CP2K

= Hybrid functional PBE-tr

= HF exchange is determined by Koopmans Theorem
— 10.5% exact exchange obeys linearity by < 0.05

= Large TiO, bulk and surfaces, ranging from 400-700 atoms
= K-point sampling is at the Gamma point (1x1x1)
= Auxiliary density matrix method (ADMM)

— Basis set cut off is 60Ry (810 eV)

— Fine grid level density cut off is 600 Ry (8000 eV)
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Ti0, bulk and surfaces 7ok

Generate low and high index surfaces of anatase
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TiO, Anatase Unit cell

(001) (100) (010)

' Ti cations
‘ O anions (101) (110) (011)
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Anatase surfaces

(001) - reconstructed

Thickness (A '

Stoichiometry .

Ti1600320 224 0.99

'\ , 001-recon (4}{1) T12000400 33.6 0.59
100 (4x2) Ti2080416 23.1 0.56

110 (2x3) Ti298 0456 24.2 0.97

101 (4x2) Ti9240 445 23.9 0.46

112 (4x1) Ti17603350 25.6 0.58

103 (5x1) Ti1600399 20.1 0.97

105 (4x1) Ti1920384 19.6 1.07

107 (1x3) Ti1680336 20.5 1.01
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Anatase Nanoparticle

= A Wulff construction using the calculated surface energies
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Anatase Surfaces

-1 0 1 2 3 4 5

-1 0

1

————o
[55]
w
£
v
=1

(001) "™

|
|
1
|
|
1
|
1
|
|
!
: Ti 3d surface stay
|
h \JI 1 i 1 i "
-1 0 1 2 3 4 6
Energy (eV)

T T T T T T T

T
i
I
I
I

( 1 O 1) Ti 3d bulk states

I
1
I
I
I
!
'
I
I
I
I
'
I
1
i
I
1
I

Ti 3d surface sta

1 I I
-1 0 1 2 3 4
Energy (eV)
1 2 3 4 5

-1 0 1 2 3 4 5 6
T — T

(103) .

Ti 3d surface states

Ti 3d bulk states

Ti 3d surface states

A~~~
S Y
4 o |
o1
~—~

|

2 3 4 5 6
Energy (eV)

-1

2 3
Energy (eV)

= (001)

O 2p surfate states

1
1
1
!
1
1
1
1
1
|
!
L

[
e =

=

O 2p bulk states

irface states

(. S,

2 1 ‘ 0 i 2 i ' 0
Energy (eV) Energy (eV)
-1 0 1 -2 -1 0
T T T T T T T
1 !
1 I
<! 9 I
O 2p bulk '*?“ '“] y ] 0 2p bulk states
1 I
1 I
1 1
1 I
1 I
1 I
1 I
1 1
i o] Eiw surface states
1 I
‘[
I
surface states I
1 1
-1 0 1 2 )

-2

Energy (eV)

-1 (
Energy (eV)

Examined the surface and bulk partial decomposed electron density of states



"-',Q UNIVERSITY

Electron Trapping: Anatase & ok

YAY of
O
= Similar to bulk anatase TiO,, there is no trapping of electrons at the surface
facets

— A delocalised solution is preferred on all low index surfaces

Formation of Ti(4-y)+
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Electron Trapping: Anatase & TSk

= Similar to bulk anatase TiO,, there is no trapping of electrons at the surface
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Electron Trapping: Anatase & ok

= Similar to bulk anatase TiO,, there is no trapping of electrons at the surface
facets
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Electron Trapping: Anatase & ok

= Similar to bulk anatase TiO,, there is no trapping of electrons at the surface
facets
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Ti 3d Ti 3d :
Ti, PDOS x40 A Ti, PDOS x40 Ti,, PDOS x40 i
st i Ji‘ﬁn === Facet | E[trap] (eV) | E[level] (eV) | Strain (eV) | Spin (up)
) 103 +0.07 0.70 1.05 0.73
O PDOR i OPDN 105 +0.17 0.97 0.97 0.61
mo—:—o 107 +0.58 0.96 1.25 0.89
2p I - — - ;
L | L | L | L | ! L | L L 1 1 1 L | 1 |; L 1 L ‘ I L v[ L | v| | L | ! L | ! I
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Hole Trapping
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Facet 1 2 3 4 5 6 7 8 9
001 0.00 | 0.00 | 0.00 | 0.01 | 0.06 - - - -1.13
001-recon | 0.00 | 0.00 | 0.00 | 0.01 | 0.09 - - -0.16 | -1.17
100 0.00 | 0.00 | 0.05 | 0.03 | 0.19 | -0.05 | 0.02 | -0.12 | 0.07
101 0.00 { -0.09 | 0.05 | -0.06 | 0.17 | -0.15 | -0.06 | -0.06 | 0.30
110 0.00 | -0.08 | -0.08 | -0.08 | 0.07 | -0.11 | 0.20 | -0.18 | -0.02
112 0.00 { 0.00 | 0.00 | 0.00 | 0.04 |-0.06 | 0.06 | 0.06 | 0.13
103 0.00 { 0.00 | 0.00 | 0.08 | 0.07 | -0.04 | 0.26 | 0.10 | 0.21
105 0.00 | 0.00 | 0.03 | -0.09 | -0.11 - - - -1.37
107 0.00 | 0.00 | 0.00 | 0.03 | -0.09 | 0.13 | -0.75 | -0.83 | -0.75

* Hole trapping energies calculated by the bulk like atom

in the slab center

* Energies around slab center are similar
e (001), (001)-recon, (100), (105) and (107) prefer surface

sites

* (101), (110) prefer sub-surface sites
* Hole trapping on (112) and (103) surfaces unlikely occur
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Surface hole traps

(001) Surfaces have
deep hole traps around
2eV

(100) Has shallower trap

1

1

I

1

I

I

i

! 0 PDOS
i

E 02p
I

|

1 p I zp

I I

: :
i OPDOSXx300 i 0,PDOSx100 i 0, PDOS x100
i | i | L |
i 02p i [ 02p 02p

| I

| B R

L . . . . L L
-6 -4 0 2 4 6 -6 -4 0 2 4 6 -6 -4 0 2 4 6

2 2 9
Energy (eV) Energy (eV) Energy (eV)



Hole Trapping

Sub Surface hole traps

(112) Surface has a deep hole trap
around 2.8 eV

(110) And (101) Have shallower
traps
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Hole Trapping

Sub Surface hole traps

All around 2eV
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= There is no electron trapping in low index surfaces

— Point and structural defects trapping electrons??
= Structural defects play a role in electron self trapping

— Low lying Ti 3d states are accessible by low coordinated Ti cations
= Holes trap in all surfaces of anatase TiO,

— Different facets have various hole trapping locations
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