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Xif T HL T RE G A e Y R S R
PRI, FEARSCIRB TR R p il T = 458
A S A TR SR FH 9% B Uz eR TS B Y A
Z B g L (HOMO) Al K 25 #13E (LUMO)
AE 2 (A SE PR 2SBS0 Bk BUR R AR
Ao IS 45 B #4fE (Hartree Potential,, Vo) 7E 8 2 8, A
AEAS 2K 2 B4 T (VBM) S48 JEE (CBM) A Xt
T L2 SUH bR o A Y LS RE G LA T A
T A A ZEN TiO, BURA Z s 4 B3 pE 7 1
HFRE I LS, B Ak i i
o R LB AR R B e R L ERE il Ak
A i RN S P W vk 1 iy = R e O
e O e A R RR TS S LD | N S e S e
o3 FLASJZ G FR BLSARE IR AS 2| IR Ot 7 % BUIAR
AP ESAE IS IRE, TEW A Y HOMO
M LUMO % 18 A8 £ 1 7 {H (-enowo, -€1umo) M 3X
oy Fae, 15 BAXT T HA R FRRRALE R
I, AR 4 v A (SHE ) AH X T 2023 A 4 Xof it %
ML AL E ,4.44 eVl A (1) F1(2), AT LLAS 2
VBM F1 CBM X T o S A A 07

VBMgi = -E1omo + Vo - 4.44 (1)

CBMgip = -&1mo + Vo - 4.44 (2)
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Fig. 1 The Hartree potential energy profile along the vertical

direction of surface in the TiO,/vac. model system
(The horizontal axis indicates that Z direction of the

model system is divided into 360 equal pieces)
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Fig. 2 Top views of different adsorption states for monolayer (ML) of H,O on anatase TiO, (101) surface: molecular adsorption

A; fully dissociative adsorption B; mixed adsorption state with half water molecular adsorption and half water dissociative

adsorption C. Adsorption is symmetric on both surfaces of the slab under full geometry relaxation. Ti, O, and H atoms are

distinguished in yellow, red, and white, respectively

W B RE Rt DLER 1, H ) (vdw) B A A
TYEAEAE T E . 38 O\ EE Y e T DL R
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Tab. 1 The adsorption energy (eV per molecule) of water on

anatase TiO,(101) in vacuum with the number of TiO, layers

No. of TiO, layer E\i/eV Ey/eV Ey/eV
3(+vdw)® 0.79 0.66 0.60
4(+vdw) 0.81 0.70 0.62
S5(+vdw) 0.81 0.70 0.61

3 0.56 0.44 0.38
4 0.57 0.47 0.41
5 0.58 0.49 0.39

a. B Ey. Ep Al Ex 53 5 3R 530 F RS A 55 RS R 43+
il B IR AR T W B0 IK 43 T B E. b (+vdw) R
R RN T SRR AR T ) B IE.

a. Ky, Ep and Ex denotes, respectively, the free energy of
molecular adsorption, fully dissociative adsorption, and mixed
adsorption of water monolayer. b. (+vdw) means that in the cal-

culations we used van der waals correction.

(L B AR RO R, HURTE O-Ti-O R Z4CH
6 BF ,HOMO FI1 LUMO [f] i} A — & i) L. 55 5,
W B 1 ML 7K 453F )5 , i HOMO F1 LUMO B iz
BR T RImA RN &8, A2 HOMO
LRI (25 0.6 V)Z L LUMO(Z 0.5 V) Fi§ kK
— 3 X ST R 1 ML K5 TS S B
JE T R /N T R2y 0.1 eV.
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Tab. 2 Results for the electronic band structure on the anatase TiO,(101) surface

3 layers/PBE 4 layers/PBE

5 layers/PBE

6 layers/PBE TiOy/dry  TiOywet

Anatase surface surface
Ti-OH, TiO, Ti-OH, TiO, Ti-OH, TiO, Ti-OH, TiO, (Exp.) (Exp.)
Band-gap 242 2.60 2.34 2.47 2.31 2.38 2.28 2.34 3.20 3.20
LUMO 0.05 0.48 0.08 0.59 0.08 0.65 -0.08 0.70 0.66 -0.55
HOMO 2.47 3.08 2.43 3.06 2.39 3.03 2.20 3.04 3.86 2.65

IE : TiOH, FI TiO, 435 # 78 1 ML 7K 43 T W% BE R A 7K 43 7 W Bk i e 17, 115597 JH 32 86 PBE, 3 .45 R O-Ti-O [ 4

JZ)2 %0, HOMO Hl LUMO H.0 2 V, A5 58 B B4 2 eV, 2 [ i 35 4 o %0 L A L 35 (SHE).
Note: Surfaces with and without one monolayer water molecules are distinguished in TiOH, and TiO,. The used functional is
PBE. 3,4,5 layers correspond to the number of O-Ti-O slabs. HOMO and LUMO are in unit of V, while band-gap is in

eV. All numbers are vs. SHE.

e LUMO IML water
= HOMO 1ML water
| e—UMC

e HOMC
—LUMO wet
HOMO wet surface

Electronic energy/V(vs.SHE)

3L 4L 5L 6L Exp.

3 BLAKH TiO,(101) & I 4 & HL 7 R 45 # HE 81, Xt
N 2 N g
Fig. 3 Level alignment of electronic band structure on the
anatase TiO,(101) surface
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IR A3 1 W 5 % T 2 A AR RN ERE A T DT [
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214 Ti0, (110) Fir MWK 1 ML K35, R
HOMO F1 LUMO A9z 8 5 AN W Bk K 43 1Y - 3k
T AF b, 359 0 e A% .

FFE, 7E32 3 A0 X8 T 4406 Tio,
(110) 1 I 0y H - Re 250 1 SE 00, 38 2o 55 52
B E A X LG, AT AR B, 58U Ti0,(101) 3R 1
&, Ml PBE THEAS 2R T R A9 LUMO {E
AR O He AR & T GGA U5 ik
P E T SR 25 1 (] Y L HOMO 1 47 & 8 4
T2 1.2 V. 58T Tio,(101) 2 i A [A] #4 /2 |
THAAF R 1 ML /K 53 F WA 2 180 LUMO {5 5
TR L, A BT —EiER, mHS
F K TiOL(110) [ /9% 5 10 ) 52 36 A8 L 45 F |, ifi
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Tab. 3 Results for the electronic band structure on the rutile TiO,(110) surface™

TiOy/dry  TiOy/wet

Rutile 3 layers/PBE 4 layers/PBE 5 layers/PBE surface surface
Ti-OH, TiO, Ti-OH, TiO, Ti-OH, TiO, (Exp.) (Exp.)
Band-Gap 1.76 1.48 1.99 2.13 1.90 1.80 3.00 3.00
LUMO -0.14 1.42 -0.43 0.76 -0.44 1.06 1.10 -0.35
HOMO 1.62 2.90 1.56 2.89 1.46 2.86 4.10 2.65

{E : TiOH, Fl TiO, 43 # 78 1 ML /K 73 W% BE R AT 7K 23 7 0% B 69 1, 7155 97 132 o6y PBE, 3 .4.5.6 %71 O-Ti-O [l

12 240, HOMO Fl LUMO 072 VA8 58 B2 B eV, 2 B 34 bR i S Al B 94 (SHE).
Note : Surfaces with and without one monolayer water molecules are distinguished in TiOH, and TiO,. The used functional is
PBE. 3, 4, 5, 6 layers correspond to the number of O-Ti-O slabs, HOMO and LUMO are in unit of V, while band-gap is

in eV. All numbers are vs. SHE.

«===LUMO IML water
== HOMO IML water
=== LUMO no water
====HOMO no water
= LUMO wet surface
HOMO wet surface

Electronic energy/V(vs.SHE)

3L 4L SL Exp.

Bl 4 £2047 TiO,(110) & 1A R 7 B F BB A 45 # HEF , X
TP FE 3 v &5 SR

Fig. 4 Level alignment of electronic band structure on the
rutile TiO,(110) surface™

LUMO {H 55 [/ 5 181 19 52 8 (B AT A — i 1Y 25 05
P AEH R B T MR R AR Y LIS,
R IL 4 2141 TiO,(110) 2% A AH X F-30 | Z 1 1| ML
K G F- W B AR G 3557 Sk AN 3R T A B AT 0 B
XA BE S BT M B G 1 ML K 4r F T A K
VESVRORT 2 TR 1) ¥ R AR A I AH LE 56— )2 K A /BT
ALK TiO,(101) e T2 F8 R 1%, 72 R i | BR
TH—2KaFUWMAE S BALH Ti BT B2 4,
W AT REA 45 2 A = 2K 0 T B W FEEY |
K & AT BE S 2 T AAL 1 ML K 43 7 i W B 5 A fig
5E AL BLER T TiO,(101)/H,O [/ 5 1 /K 19
S A FACAE R 1 4 0 i DR A e 2k b Y [/
TR S TH RS RLA R i — 2D AR

34 it

& 5 44041 TiO,(110) K ifi (A) Rk TiO,(101) %
T (B) A A4 1. Ti AT O 43531 JT o € 0 41 ¢ Bk A 3R

IR
Fig. 5 Side views of the rutile TiO,(110) surface (A) and the
anatase TiO,(101) surface (B). Ti and O atoms are

distinguished in yellow and red, respectively
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HOMO #1 LUMO v & ] I % 8% 8l , FG A1
Fi FE W KN I /N RN, TE4A 40 A Tio,
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Aligning Electronic Energy Levels on the Anatase TiO,(101) Surface

ZHAO Jun-jie, CHENG Jun’
(Department of Chemistry,College of Chemisiry and Chemical Engineering, Xiamen University,
Xiamen 361005, Fujian, China.)

Abstract: As one of the most commonly-used materials for photocatalysis and solar energy conversion, titanium dioxide (TiO,)
has been extensively studied for more than 40 years. Its photoelectrochemical activity crucially depends on the band positions at the
interface. In this work, the valence band maximum (VBM) and conduction band minimum (CBM) of a model TiO, surface are com
puted using the standard work function method at the level of Perdew-Burke-Emzerhof (PBE) density functional, which are then
converted to the scale of the standard hydrogen electrode (SHE) by subtracting the absolute SHE potential. Comparing with the rutile
TiO, (110) surface, we find a similar upshift in the VBM and CBM upon the adsorption of water molecules on the anatase TiO,(101)
surface, and the band gap error intrinsic to the PBE functional can be mainly attributable to mis-positioning of the VBM. In addi-
tion, in contrast to the finding on the rutile TiO,(110) surface that the adsorption of 1 monolayer water largely recovers the band
alignment of the aqueous interface, our preliminary calculations indicate that on the anatase TiO,(101) surface there is a consider-
able difference between the simplified model with the adsorption of 1 monolayer water and the fully solvated interface, suggesting
the necessity to include the water molecules beyond the first adsorption layer in order to realistically represent the anatase TiO, wa-

ter interface.

Key words: anatase; valence band maximum ; conduction band minimum ; band alignment ; density functional theory
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