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Abstract

In this chapter, we intend to present a generic understanding of surface reactivity and

water dissociation on TiO, surfaces through a study of anatase TiQ, (211) surface—an

idea model surface containing both four-coordinated Ti atom (Ti ,01S—e<1 YZ,E"">*" —
Tiatom (Ti il z>1 >cee, ™>'—E ™eZR1ES EZz+Se'"—0oloe'” 1+'Sele
tivity surface and reveal that water molecule can be easily dissociated on a Ti, site while

it hardly dissociates on Ti, site. Furthermore, we introduce bond-charge counting model

to clarify the mechanism. More generally, after an intensive investigation of literature, we

found that the bond-charge counting model is applicable to all anatase and rutile TiO ,
surfaces including step edges and vacancies where the reactivity of surfaces enable to
e "E’'SeZ1 S+Z>1S4>'cz+71¢atoh¥dr EquisaleltFi(Bom:«1

Keywords: TiO, e2>*SEZed1ez>*SEZ1>ZSE"'Y'+¢81 SeZ>1«'ce”"E’
calculations, bond-charge counting model

1. Introduction

oS 717’0721 ' ®1S1eZ-"E"—e7Ee">,«SelZel ‘Zel>" 7 —7"
received more and more interest. In nature, TiO,1 E>¢ce*See'£Z2001 —1+'>2271
rutile, anatase, and brookite, all formed by TiO _ octahedra connected by shared edges and/o
corners; rutile is the thermodynamically most stable bulk phase, while anatase is very common
and stable in nanomaterials. As a major polymorph of TiO ,, anatase TiQ, is the most widely
®e7e'Zel ™' S®eZ1S—el' ®lZjeZ—®'YZe¢1lZ7®Ze1l —1-S—¢1 —

ImECH i 7KH $XWKRU V  /LFHQVHH ,Q7HFK 7KLV FKDSWHU LV GLVWULEXWHG XQGH!
S$WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E\ ZKLF

open science | open minds GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP ’_@ KH RULJLQD
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cells, photo and electrochromics, photocatalysis, photonic crystals, smart surface coatings, ant
sensors [L-9. In all applications, the surface structure plays a key role, as the surface reactiv
'eC1S—el ™G ETEZ-"ESe1™>" ™77 @1eZ™Z—0l s> —es
Therefore, the search for high reactivity TiO, surfaces is a topic of great interest and an area ¢
intense activity.

The rutile (110) surface has been investigated early 10-14. Anatase is less stable than rutile
<2e1-">217Z ®'Z—+*1'S—1>2+'¢Z1«H>1S™ ™ ES""— g lrfase-facls
on the (001) and (101) surfaces]3-2(Q. Theoretical studies [13—17 show that the (101) surface
is the thermodynamically most stable surface with a small surface energy of 0.49 J/n%, while
the (001) surface is the highest reactivity surface with a high surface energy of 0.98 J/rh More
»ZEZ—e+¢817@ —ele’ Z>Z—e1le" ™S —e®dlSece”>«S-Zoaddciysiats
Zi™ @' —e1YS> " ZelE>¢@eSee’ —Z1eSEZeel'SYZ1<ZZ—1™;>
(001) facets 18, 19, (100) [21-24, (010) |25, 24, (101) 27-33, (110) B3], and (111) [34], and
Vet ' —e7ileSEZel1eZzE'1Sel1IIWVYUdlaW\V R5E.0BANHES, dMaiy
»Z@ZS>E®'Z>e1'SYZ1-Se217ij¢Z2—®'YZ1' —YZ®e'+Se'"—1"—1
step edges 0—44 and O vacancy [43, 44 are intrinsic on the surfaces of crystalline materials,
CELee> T —eeCl'— ZZ—EZ1e'Z1075*SEZLEZ-"*>Ci

'— EZ1'Z1@E YZ>¢17e1 ™ Te"ESSe ¢ EElaxitvdedn 1972 14, the
interaction of TiO , surfaces with water is of special interest. The structure of the hydrated sur-
faces is important not only because water is always present on TiQ, surfaces, but also becaus
it can help understand and control the catalytic and (photo) electrochemical properties of this
—SeZ>'Seil —1eSE*d1le’ Z5Z—e1 SeZ51Se@™>™e’ " —1@eSeZel"
molecular adsorption on the anatase (101) surface and dissociative adsorption on the (001
surface [13].

There is still controversy for water adsorption on the TiO , surface based only on the DFT tota
energy calculations, e.g., on rutile (110). Despite numerous studies on this topic in literature,
the mechanism of water dissociationon TiO, 1 z>*SEZ0e1>Z2-S' —e1l*"1<Z1E
'oelee’ee1S1eSE"1701S1e7Z—7>" E1l7Z—eZ>0eS—e'—el1 ele’ 757 —
vacancies.

272171S15Z@Z—12{™Z>'—~7—e81S1eS>¢Z1™Z>EZ—+SeZ217+1
'el'@le”Z—e1'Sele'Z1UXWWUleZ>*SEZ1ES—1Z ZE+'YZ-¢;
for water dissociation reactions [45, 46pT1 '—EZ1+‘Z1 e 7>+ S E Jabd Til'alamg, the
anatase (211) surface is studied in this work as an ideal model surface to illustrate the mecha
nism of water dissociation on TiO , surface [47. The Ti,1 S« -1 ™ eS¢ 1S1E> ' E
water molecule. Furthermore, we introduce a bond-charge counting model according to TiO ,
structure and conclude that two unsaturated Ti bonds are the necessary conditions for split -
o'—el SeZ>1"—1+'2102>*SEZil ‘Z—81 Z17S-1-eezd 6IEAZEE
model is applicable to all surfaces.

‘Z1™MS™Z51'017>eS—"£Z1S0ele"ee” Al IAK\IDEIHZ-¢FTE LI
'—1 ZET—1X01e'Z—81 Z1™> "™ " @Z1e'Z1< —e E'S>eZ1E"z—*"

"— 1 ZEe'"—1Y01l —Seetdl Z1™>7eZ—e1E —Ee2e'"—1>72-S"7
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2. The reactivity of anatase TiO , (211) surface

2.1. Surface structure and stability

Z1<Ze' —1 'e'1e'Z172{™Z>s'—~7Z—eSels7Z@7e2il ZEZ—++¢51S1S>e
(ZZ—1'eZ—e" Ze1ct1l >S¢1le’ >SE'"— 101 «G1+ZT "o W Zeell7 0" —
@ ™Z4Z45pillys"™Zel *—0el Z>Z1eZ™ 0e’eZ1"— 152 S XEchrx8 cenjeby

1>2ZSEe'YZ1-Se—Ze>"—10™Z247> —«il 'Z1E>¢0eSee’'—Z1cs,
e—1l Sel’eZ—e’ Ze1lct1l >SCleFigube® 4’11671 1™S47>—
TiO,1 =il ' >SE+'"—1™ZS” dBE262&,36061, 33.8%, 38.55°, 48.05°, 54.09°, 5
62.67°, and 68.76°correspond well with (101), (103), (004), (112), (200), (105), (211), (204),
(116) planes of anatase phase of TIQi1l 1 ES—1<Z10ZZ—1+'Sel ,e"™ ' —¢]
growth orientation of anatase TiO , particles. As shown in Figure 1, the intensities of the (004)
(112), (200), and especially (211) peaks become stronger, while (101) peak become weaker
©'Z1 ;e ™ZeN —3L1E-™S>Ze1 'e'le " 0Z170}3 ZAA—0T™ZELS ¢
Tel1Zi™ " @Ze1UXWWIUleSEZer1ES—1Z ZE-'YZ+¢1 — ™Mol Walet elisz

sociation reactions [46pd1oe‘~ '—ele‘Z1 e 1>7ZSE’'Y' e¢1 01 Zi™ " Z10

11)

TN-8 (N2 8.0sccm)
TN-5 (N2 5.0sccm)
TN-2 (N2 2.0sccm)
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" i
SUSPTET VRPN, WP SO Fo

(112)

(004)
(200)
(105)
(213)
(204)
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£
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Figurel. ‘Z1 ,>S¢le’ >SE+'"—10 U1l AleoT™Ze1 "’
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Te'YSeZel<C1lee'Z1S<TYZL1Z{™Z>'—Z—eSel —e' —eedllH WSHave
made a systematic study of the surface reactivity and water adsorption on anatase (211) using
ab initio calculations. Calculations have been performed by the Vienna ab initio simulation
package (VASP) B#8-5Q with all-electron projector augmented wave (PAW) method [ 51]. The
o7 —2758eE£701e>Se’7—e1S™M™," G331 bl LGNy Z17{E" S
functional. The valence states 3d4¢s for Ti, 2s?2p* for O, and 1s' for H are used with an energy
EZe” 17¢1[VV1Z 1751 Z1™eS_—_71 SYZ1<Se’'®®l®Zil ‘'Z1E
tase TiO, are used to construct the diverse facets listed inTable 1. The anatase (211) surfac

Scel-"eZeZe1c¢1S1®@eS<l ele’jleSC¢tZr0el '¢'1S17z—"*1i>e
0f1%1WVWiIiZZUUG1E " —™>’e’—e1S1e"¢Sel"e1[Z21Se"—l@Z™
Monkhorst-Pack scheme [53] was adopted for the Brillouin zone integration witha 6 x 6 x 1
LTMT el —Z 'l ee1Se"—e1S5Z15Z2S{Zelez>—eleZ " —Ze5¢1 ™
EZeoil "—YZ5eZ—EZ1E>'eZ>'S1Z-™e"¢Zele 51 0" 10721722
T @E1>Z2+SiSe " — 127718 Z1VIMWMLZ &#1e > 1e'Z1e"eSe17—7>
force, respectively.

Z1 >eeetle’e@E®EZeele'Z1e?2>*SEZ1eSc e’ etil ‘Z1o""E
(211) surface is shown inFigure 2(@)1 ‘Z>21S>21 YZ172—eZ>,E~">¢’'—Se7Z-
o' —Se7el1Se"—@l1Zj™ " Zele"1¢'2Z1YSE22-711 ‘'Z1 YZ172—e27
'—Z82'YSeZ—ele TeTee E"T>e'—SeZe17jC¢7Z0Q Said 0 la burfoldZ
coordinated Ti,1 S—+1 S1 YZ+ "+, & ] respeQively.1The four fully-coordinated
atoms are O,,, O,, O,, and Ti, [seeFigure 2(@)pil ' Z>Z—e1e>"-10aVVWUL1¢
[12], fourfold-coordinated Ti , atoms are present on the (211) surfaceFigure 2(b) shows
¢fZ1 ™o "£7e1S—SeSeZIUXWWiUl®z>¢SEZil «¢Z251525;S&
»7eSeZelee>7Ee2>7281 '+*1S1E'S>SE+Z> e+’ &1 teH] diretlion,
eelz—eZ>,E ">+’ —S+Zs)latqme dre-displaced outward, while the under-coor -
dinated Ti, and Ti,1 S*"-01S>Z21>Z2+SjZ+1'— S>Mjqd [ ‘1afd—TiLcg? |
(ZE " -7210-SeeZ>31WVViYUL1S—e1WZ]i]JUB1>Z™ZE"YZ+¢
cZeeC B>’ —SeZe]BC¢ZEL1>2S{Ze1 2 S>elc¢1S™M™," "
CE'1>ZeS{Zel’ — S>e1<C1lS™™LT " _SeZ7e¢1ViYZ1#il ZS—
membered-ring (O-Ti-O-Ti) structures on the surface. These O-Ti-O-Ti rings are slightly
079" >—701S—ele'Z1le'@eS—EZol<Ze ZZ—1"j¢eZ—1Se " —e1l’-
VSeZ2Z1 el XTZ[M1#1e"1XTZ X . Xi[W[L#i

Facet N,, E (J/nd) n(Ti) (100A°}  n(Ti,) (10A°)  n(0,) (10°A ")
(101) 24 0.52 5.1 5.1

(001) 18 1.08 6.9 6.9

(211) 54 0.97 2.4 2.4 7.2

(103) 48 0.99 3.5

(110y4 42 1.15 3.8

Table 1. Se®Z7eSeZ<1a?>+SEZ1Zdand-<uffaed derbities T{ &M+ 81 S —+ 17 ¢ aomsIn(Ti,), n(Ti,), and
n(O, U p i lis the total number of atoms in the slab.
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Figure 2. ¢>72@Ee7>Z2001 01 2172—>72SjZ10S11S

— 2°S5i7°10¢c01S—S8¢S0eZ10XWW
™ Z>7@81>Z00e™MZE'YZe¢td1l —e' ESeZel "o‘le’ 7>

Z—el1E ">’ —8e'"—1—7-<Z>0

To investigate the surface stability, we calculated the electronic density of states (DOS) fol
<S$>7218S—S+eSeZ10XWWilez>*SEZL1Se+7>1 FukiSn tompatisbd Wity
the bulk TiO ,. There is a big gap, as large as in bulk, inthe DOSL~*1>Z+S{Z*1<S>Z1!
surface, which indicates the chemical stability of the (211) surface.

2.2. Surface energetics

‘212> SE®Z12—27>+'Z0 1« >10WVWUSL1AVVWUSLS—e1HXEWE]EA,
where E_, is the total energy of the slab andE,, is the energy of TiO, unit in the bulk, n is the num-
ber of TiO, units in the slab, A is the total surface area of the slab, including both sides of the slab
The calculated surface energies are listed inTable 1. The surface energy of the (001) surface is es
mated to be 1.08 J/M, which is nearly twice that of the most stable anatase (101) surface (0.52 J/fj)
in agreement with previous theoretical studies [ 14]. Similarly, the (211) surface has a high surfact
energy of 0.97 J/n, close to that of the (001) surface.

The value of the surface energy is known to be strongly correlated to the presence of under-
coordinated Ti atoms on the surface [14]. The (001) surface energy is large because of the hic
surface density of Ti_ (seeTable 1). However, the surface energy of anatase (211) is large eve
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Figure3. «Z@Ee> " — E1leZ—0e’'+¢1 *1ce* I FeelS1Z2U9«/S¢$Z10XWWilez>+SEZL
setat 0 eV.

though the total density of under-coordinated Ti , and Ti_ atoms is smaller than that on the
(001) surface [even smaller than on (101)]. This result already suggests that Tiatoms, with
two unsaturated bonds, have a higher reactivity than Ti _ atoms with one unsaturated bond. A
similar behavior was found also for the anatase (110) and (103) surfaces [14].

From the above calculation results in subsections 2.1 and 2.2, we can see that the (211) surfe
has a large electronic band gap and high surface energy. It shows those two surface proper
ties, stability and reactivity, seem contradictory, could uniformly hold on the (211) surface.
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2.3. Water adsorption

Z1—Zjel™>720@Z—+1S1Z+S eZe1™ Eez>Z1°">1¢'Z](8klesufice b
considering one, two and three adsorbed water molecules corresponding to various coverages
E1%IWE&YILIX&YL1S—e1W1 1™Z51@2>SEZ1z2—'"21EZ+*81>Zce

">1S1e'—eeZ1l SeZ>1 -"eZE2Z1UW&Y1 (b1 e'Z>Z21S>21" %
™ —e'—ele 1o’ Z>7Z—e1Se™BrTi 4L el "Etal'0-"ZE
tive) adsorption conformations. For molecular water adsorption on_&ite [seeFigure 4(a)], the
TiCeZ—17e1l SeZ>1 ¢ Ereedellk h el e Z—ee 17 I XTIXX\1#81S—ele "1

Figure 4. Side (left) and top (right) views of the structures for water adsorption on the anatase TiO ,(211) surface. (a
Molecular water on a Ti, site. (b) Dissociative waterona Ti,1ce’*Zi10E U1l 'jZ*1lce+S*Z1 '+QA6nTand one
molecularH OonTijloe’'«Ze1S1X&Y1l ill-lhntU llar=FoZlS-AW1 1E"YZ>S-Zil 'Z1 1
in orange, the H atom is in blue, and the H-bond is indicated by a dashed line.
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Ti, form two bond angles O, ° .° ,,=99.85°and O ° .,° , = 77.18° close to th
bulk angles of 101.90° and 78.10°, respectively. Upon water adsorption, the Tj site become:
®'je e, E"">e’—SeZefile'Z1 '1Se"-1'Scelce’il ', 1< —e0el "'l
the bulk. At the same time, the two hydrogen atoms of water form H-bonds (HBs) with two

— 727 <y —elez>SEZL1Zz—2>,E"" > —Sand A, with bend I8ngthso2 339
S—e1lWIiN]Y1#01>Ze™ZE'YZ+Cil ®®1S1>ZeZ++01'Z1E -™7Z¢
site is 0.784 eV. For dissociative water adsorption on Tj site, the water molecule is dissociatec
'—eT1'Ce>7iCel0 ULlS—el 1e>Se—7Z—e0eil ‘Z11 LeSIEVIA acth!
and then further bonds to O ,, with a weak HB. The H fragment forms a new OH moiety with

a nearby O,,. As a result, the adsorption energy for a dissociated water on Ti_ site is 0.77 eV
which is slightly smaller than that of molecular adsorption. Thus, molecular adsorption is

preferred on Ti, site.

On the other hand, for molecular waterona Ti,1ce’'+Z81«‘Z17j¢+Z—1S+"- 1"« WitB
S1c —eleZ—ee'17e1XiXNMJdated htShe pasition of one of the bulk Ti-O bonds indi -
cating that there is one Ti bond left. The Ti, 1 Sece™ ™e¢' " —10e'«Z1<«ZE " -Zcel Y.
the adsorption energy for molecular water on Ti , site is estimated to be 0.99 eV. Finallyfor dis
sociative water on Tsite[seeFigure 4(b)], the O atom of the OH group is strongly bonded to the
Ti,1S+"—1 "e*1S1ce " relc —eleZ—ee'17e1WirZ]1#10S1E-™S>.
in the molecular adsorption case) so thatthe Ti,1Sece™> ™'~ —10e’'«Z1«ZE " -Zcel
It is worthwhile to point out that the adsorption position of the O atom of the OH group does
not correspond to the position of a bulk Ti-O bond, but is in the middle of the two missing
bulk Ti-O bonds, and the orientation of Ti ,-O_,, bond clearly deviates from its direction in the
bulk, as shown by the two bond angles O_, ° ,° .. =130.86°and O_,° ° ., = 119.91°
This adsorption geometry with short bond length and a middle position indicates that the dis -
sociated water interacts with two unsaturated Ti , bonds indeed. Furthermore, the hydrogen
atom of OH forms a weak HB with a neighboring O ,,1Se"—1"e1eZ—ee 1 XT[Y Z 1 #i

1571 SeZ51'—+Z>SE-0e1l =13 Taering SIEZQH ntoiety-with a bond length
TelIWIVWY1#1S—elez>e'Z>1e">—0elS ;-As alrésult\ttid adsbrption ehgrgy for
dissociated water on Ti,1 ce’*Z1'celZces'—=SeZ*1+"1<Z1WiX"1Z 81 €'l
value of 0.99 eV obtained for molecular adsorption.

To obtain further insight, we show the projected densities of states of the surface with a disso-
ciative water on a Ti, site and molecular water on Ti_ site in Figure 5. We can see that the O-2|
"y¢’eSel’ —1e'Z1 1e>"2Z™I1S>Z1ZjeZL—eZe1le"1S1 'eZ1>S—e7Z1
that the O atom of OH is strongly interacting with the substrate. On the other hand, for the
case with a molecular water adsorption on a Ti, site, all peaks from the water molecule are
sharp and are simply superimposed on those of the bare surface, indicating that they interact
weakly with the surface.

T ZeleeZe' 751218 YZ1"7>1 Elee&HsOFHiON enetgy/ lwerith leagth,
bond angle, and DOS, we can conclude that dissociative adsorption caneasilyhappen at the
Ti, site while hardly happens on Ti,il —1«S@Ee81'ZeZle’ Z>Z—+1<Z'SY’
terms of a simple model based on the bond-charge distribution, which is the key issue in this
™MEST™MZ751S—e] 'eelcZle’e@E®2eeZel —1e¢'Z1—7ZjoleZEs ~"—i
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Figure 5. Projected electronic density of states on anatase (211) surface (a) for Os2pin the OH group on Ti , site; (b) for
O-2s, pin water on Ti  site; The Fermi level is set at O eV.

T 8leZel71E " —@'*Z>1-">21 SeZ>1See™H> ™" 1 ECHEIIZ ]
E"Y Z>S+7181:0pteferste Adsorb at a Ti site in dissociative form according to the single
SeZ>,See™> ™" —157002200001—2i*81S—"<"2Z>1 SeZ0tF siteEdr4ix
structure with one dissociated,& on a Tj site and one molecular,8 on a Tj site[seeFigure 4(c)],
the O-Ti,1<"—1'1IXTXYV1I#811¢ eZdRsZt-+"1'@1-ZE 10 " >+Z>81W
H combines with an O, atom forming a new OH moiety and further forms a strong HB (1.590
#U1 ’«'1S atdm. An additional HB between two water molecules forms with a bond length
e 1WIi]][1#01 "E'1-S"Zaele "1 SeZ>1-"e7ZE7Z1E"®e7Z>1S—-]
—le’1-"jZ21®@e>2E*2>Z10E1H1'Z1See™>™e'"—17—75+¢1"0C
the averaged value of 1.034 eV [(1.284 + 0.784)/2] for the single water adsorption on Tand Ti,
sites due to the contribution of the new HB. On the contrary, for the structure with two dis -
sociated H,O on Ti, and Ti; sites, the adsorption energy is estimated to be 0.991 eV/mol, whicl
is about 0.036 eV smaller than the averaged value of 1.027 eV [(1.284 + 0.770)/2] for the sin
SeZ51Se@™ H>™e' " 1S —e1See™1ViV[Z1Z 1~ 7Z>1¢'S—1+'Se1"e1
E"— >—1e'Sel-"eZE2+551Sc0™> ™' "1 Ml ZM>ZZ> 100252 M2>27
structure with one dissociated H ,O and one associated HO on Ti, sites and structure with two
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dissociated H,O on Ti, sites, the adsorption energy is estimated to be 0.960 and 0.916 eV/mc
»yZ@™ZEe'YZe¢il ‘"eZ1S>Z1EZS>e¢1e” Z>1'S—1WIiVZ[1Z &-~
'—E>Z2S@’'—<1E"VZ>5+2081 SeZ>1-"eZE2eZ01™>2+251+71<Z1S-
ated H,O on a Ti, site and one molecular H,0 on a Ti, site.

Finally, we discuss the monolayer coverage where three water molecules are adsorbed per sur
*SEZ17—"*1EZeeil "e¢” "—e1e'Z1X&Y1 1>Z0wheeTsite afid-odelnmotecee
lar H O on a Ti, site, the third molecule would adsorb molecularly on a Ti , site [seeFigure 4(d)].
ltisan O atom thatbindsto Ti,1 "e*1S 1< —eleZ—ee 1 e IXIX[_1#81 ‘'eZ1e"]
with nearby O atoms, where H-O ,, 1’ e IXTW[\1#]15-edW,i _V]1#11 ‘Z1< —e1le:
lar wateron a Ti,1 Se™ -1’1 XIXXW1#81 “'eZle >1le’cee”E'SeZ+1 SZ
angles O_,° ,° ,,and O _° ' ° . are 100.69° and 79.00°, respectively. Thus, all Ti aton
SsZ1ce’'js ee,E""re'—SeZel "¢'1"5'7—eSe’ " —eloe’'—"¢S>1e 1 "’
is captured by an O,, atom to form an OH moiety and further interacts with an O , atom form-
'—e1S—1 17e¢1WirY[1#71 —1See’e’"—Sel 17 «1Wil\[X1#1S-0e"1Q.
All surface atoms become saturated. The adsorption energy has a larger value of 0.946 eV/m«
e H>le@l-"{ZlET— 2y 2 E®THI>1IE -™S> " —81 Z1Se0e"1(
two dissociated water molecules on Ti, sites and one molecular H,O on Ti_. Though all surface
atoms are also saturated, its adsorption energy is 0.909 eV/mol, which is lower than that of the
—{Ze1E"— *2>Se’"—1 'e'17—Z1e'@0e"E’ 'S’ YZ1S—-17-Fhls nioleE
lar adsorption is favored on Ti , for the second water molecule. Meanwhile, for structure with

one intact water on Ti, and two dissociated water molecules on Ti, and Ti, sites, the computed
adsorption energy is 0.902 eV/mol; for structure with three dissociated water molecules on Ti ,
Ti,, and Ti_ sites, the adsorption energy is 0.833 eV/mol (sedable 2). These results suggest that
—'jZe1 SeZ>1E"— ¢2>Se’ " —1'01+">-2181-"—"+S¢Z>1E"YZ>S;
one molecular water on Ti,, and one molecular water on Ti_.

Our results show that Ti , is an only active site which can dissociate water. Once Tj is saturated
with a water, there will be no more water can be dissociated. It corresponds well with the
Zi™Z>' -7 —eSe1”ceZ>YSe'"—@l1e'Sele'Z1e’'ee " E'Se'"—1e"Zx1}
ability of H ,O dissociation is decreased with increasing surface coverage. That is the purpos
that we describe adsorption in detail from low water coverage to full coverage in this section.

3. The bond-charge counting model for TiO , surfaces

3.1. The mechanism and a simple phenomenological model

According to the above results, the adsorption energies of water on a Ti, site are always larger
than those on a Ti, site (seeTable 2). Moreover, a water molecule can be easily dissociated on
Ti, site while it hardly dissociates on Ti.. We use a word “hardly” here because there is still con-
troversy for the adsorption of H ,O on Ti; site. In our case, the adsorption energy for a moleculal
adsorption on Ti, site is only slightly higher than the dissociated one, which is not adequately to
convince that water cannot be dissociated on Ti. Actually, there are a lot of arguments on this
"ee2Z1'— 1’755 7> 17 buggested-tbydidsSeiative adsorption happened on the rutile
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E1la 0 Structure H,O H, OH 10Z u
1/3 Figure 4(a) Ti, 0.784
Ti, 0.770
Ti, 0.994
Figure 4(b) Ti, 1.284
2/3 Figure 4(c) Ti, Ti, 1.045
Ti, i, 0.991
Ti, Ti, 0.960
Ti, Ti, 0.916
3/3 Figure 4(d) Ti, Ti, Ti, 0.946
Ti, Ti, Ti, 0.909
Ti, i, Tig 0.902
Ti, Ti,Ti, 0.883

The adsorption states are shown as HO = molecular and H, OH = dissociative on a Ti, or Ti, site.

Table2. ece™>™e¢'"—17—75>+¢10 1'+I177207¥Z31—1S—S+SeZ10XWWilS+1YS> "7ce
W1 i

(110) surface, while Schaub’s result[43 is in contrast to that. However, there is an important
case that water is indeed dissociated on anatase (001) surface with only Tiatom [13]. Therefore,
whether Ti, 1S -1 ES—1¢'ce " E’'S*Z1 SeZ>1'celces'++1SlraBesZ>1">1

Many research works are only concentrated on the total energy calculations in literature.

1070Se17Z—750C1ESeEZ7eSe’"—®@1S>Z21S1eZ —'eZe¢C1™" 7547
that total energy calculations just tell the total energy of the system, not the local interaction
Z—27>0¢i1 ">172iS—™e781 —1e’'cee " E'Se’'YZ1Se@™>™e'"_§1e‘7
“ele'Zle'ee@ " E’SeZel 1Sel Ze+21Sel ,«"—e1Z—7Z5>0¢1Se1" e";
Zi*>SEele'Z1"—'¢eZ1 —eZ7>SEe'"—17Z—7>2¢1S—e1'¢1'01"'S>e
total energy. All those controversies come from the information of total energy and less con-
siderations for the reaction mechanism. Therefore, it is necessary to think it over from the
origin of physics and chemistry beyond total energy calculation.

The water dissociation on surface is a chemical adsorption, which can be regarded as a chem
cal reaction analogue1 +"1S1E ' Z-"ESele'®@™SEZ-Z—] > I6HE'S—8]
In this displacement reaction, the necessary condition is that more active metal atom can sub
stitute the less active metal atom or hydrogen. Also, from a physical point of view, the O atom

in water must gain more electrons that H atom provided so that such a dissociation process
happens by losing an H atom. From these considerations, we propose a simple bond-charge
counting model based on the charge distribution on Ti bond in TiO ..

INbulk TIO,81ZSE*'L '1S+"-1'Scele’il—2S>Zceel—2'«' <> —e1 1S-
electrons, i.e.,eachT#1'"—1'celaeZ>> " 7Z—e+Z1<¢ 1S — I¥i@A3.Thide,On-ar dvetage
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ZSE'l "1Se"-1ES—1" Z>1Z&\1ZZE*>"—1E'S»>*Z1S*1ZSE"'1 ’,
since they have the same TiQ octahedra structure. Therefore, we could make a simple bond-
charge counting for this system. When a Ti,1 S¢™—=1'—<Z>SEe+cel '«‘1+'Z1 Qftwd
unsaturated Ti 1< —e@1™S>e’E " ™SeZ1’' —1¢'21" —eZ>SEs""—1S—+1"
atom by forming a strong bond [see Figure 4(b) pil ‘Zoedl’'eloeSe';e Zaele'Z157¢
Ti, is more active than H atom. Then, one H atom can be released from the water molecule on
Ti, site. In fact, one H atom dissociates spontaneously from the water molecule as this adsorb
on a Ti, atom. On the other hand, Ti, can only provide about 2/3 electron charge to the water O
atom, less than the charge contribution from an H atom. Therefore, Ti, is less active than H atorr
S—e1'Ssee¢1ESzeZele’®Ee E'Se’"—17¢1S—1 1Se"—il ee'"7e'1
(0.014 eV) between molecular and dissociated structures, we can clearly judge that water favor:
molecular adsorption and is unfavorable on Ti _ site.

The essence of the model is qualitatively taking account of average charge on each Ti bon
in TiO, material. The model is phenomenological and does not intend to provide the precise
YSe7Z1 7 e1E'S>eZ1e>S—eel>>Zelez> —el'—eZ>SEe'"—1e727Z1"
TIO, 1" ES‘Ze>Sil ZYZ>e'ZeZeedle'Z1< —e E'S>eZ1E " Z—e" —-
«' Z>Z—&Z1 «Zpaldd/Fidtoins on surfaces where Tj can provide more than one elec
tronand Ti,1-ZE'lZel ™ —Z1Z+ZE*>"—il ‘Z1—72EZ0e®S>¢t1E
surface Ti atoms must provide more than one electron to O atom of water. The charge contrib-
Z7eZele>"—1S1e —eeZ1 1< —el’®@1—"el®Zz ' Z—e1le"51 SeZ>1e
Ti bonds satisfy the condition corresponding to the four-coordinated Ti , atom that has chemi
cal reactivity, while Ti ., atom not.

3.2. Typical examples

In order to verify this model, we have made an intensive investigation for TiO , surface as
—Z2E'1Sel Z1E " Z2eel —el'—1e'e/>Se7>571 ' —(EeZe'—elreZ™el
®z>SEZele ™4 —1 S+7>15t0ids eguvald@nt Sis 782" +11"¢ "2+ 1S —
o'"—11 Z1S>Z1—"1S<eZ1"1Zi'SzZze*1Seelez>SEZ®x1'Z>Z01>
o Z>Z—eleZ"—Ze>>ELESZ">'Z01S0ele" " @i

3.2.1. Surfaces with Iiatom

We start the survey from the TiO, surfaces with Ti, atoms. At anatase surfaces, the (110) an
(103)s contain Ti, atoms. Therefore, their surface energies are 1.15 and 0.99 Jmrespectively
[14]. Those rather high values indicate that the surfaces have a very high reactivity contrib-
uted from Ti , atoms.

3.2.2. Surface with only Tatom

The surfaces with only Ti5 atom are more interesting. Whether the surfaces can dissociate wate
is controversy. We will see it strongly depends on its surface energy. As anatase (001) surface
the surface energy has a rather high value of 0.98 J/rhindicating a high reactivity. Thus, it is

EZS>e¢1 ™™ .7« N3 %hdt the Btridctiirk Yf the dissociated state (in Figure 6(a) same
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Figure 6. (Figure 31 '— 1 3piAtgmic structure (side view) for adsorbed water molecule(s) on anatase (001). (a
‘e " E'SeZe1eeSeZillcul "eZE2+S510SZi10EUL 'jZ+1e*SZil >S¢ls'—Zce
S>Z1 —1#i

as in Figure 3(a) 1 '— 1 184 gharacterized by the breaking of the bond between the bridg-
'—e1XEL1"j¢eZ— lfome hvoliad in the adsorption, i.e., the Ti, atom actually becomes
fourfold-coordinated after breaking its bond to a bridging O atom. Therefore, the dissociative
water is absorbed on an equivalent Ti,1 ce’*Zi1l *1'01Z{™ZE+Z*1+"Se1 gedtd
GZS" —elT—el Tet1—7"e"' " — 17 ¢ e Z— 1< Z @i Eiiel Would bk [l for
the anatase (103)surface with the high surface energy of 0.9 J/nt.

However, for the other surfaces only containing Ti , atoms, their surface energies are ven
small. The values are 0.49 and 0.58, and 0.35 J/for anatase (101) and (100), and rutile (110
>Z0™Z@Ee’YZeCil “eZ1e'Sele 7157’ Z10WWViUleZ>+SEZ1'Sc
(101) [13] and rutile (110) [11] are thermodynamically most stable structures. We can rule out
the possibility of water dissociation on those surfaces [10].

Combined with the surface energy, we may estimate which surface with only Ti . atom can
dissociate water by breaking a Ti bond. According to calculations, the surface energy should
approach to ~1 J/nt. For the high reactive surfaces with only Ti_, the Ti, atoms eventually
<ZE"-Z1""1Z z@om¥dlfing the interaction.
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3.2.3. Surfaces with steps

Step edges are the most common intrinsic defects on the surface. In this subsection, we giv
e T1ZiS-™eZ@el vl Z™®el " —1s "1-"®el®eSceZlez>*SEZ®?

~—e1 7+ 2 kéadeymade an intensive investigation on anatase (101) surface. The structur
models of step edges they studied are shown in Figure 7. We can divide those surface stef
structures into two categories with Ti , (in Figure 7(a), (d), (e), (f), and (h)) and without Ti , atoms
(in Figure 7(b), (c),and (@) 1711 ‘Z—081 Z1>Z@ES™'e7eSeZ1e 72’51 ®@2>+SEZ]
in unit 1027 &%and rearrange in an order of containing Ti,and Ti,1Se"-ce1Scele"e«"

Al(Figure 7(a)) 5.36 4.68 4.34 T
CI(Figure 7(e)) 5.49 4.81 4.46 i
ClI(Figure 7(f)) 6.22 5.22 4.78 T

tFigure 7(h)) 6.82 5.86 5.34 Ti
All( Figure 7(b)) 4.60 4.24 4.06 Ti
BI(Figure 7(c)) 3.66 3.59 Ti
D(Figure 7(g)) 4.52 411 3.94 Ti

We omit the labels of vicinal surfaces here for simplicity. The surface energies with Ti, are
larger than that with Ti (1’ —1ZSE'1E “«z-—1i1 "—e1Z+1Seilez>*'Z>1ce
Bl,and Allwith Ti (1 Se"~100ZZ1 2™ ™eZ-7—«S> ¢ 140): On B§pEstefl edgd,
both molecular and dissociative H, 1 Sece™> ™+'" —1 ES—1"EEZ>01«Z21Z-
®-Se+Z>1+'S—17(301). BorBl'step, the adsorption energies are smaller than that on th

Figure 7. e>7E72>721—-"9Zee1 vloeeZ™1Z7¢+7 ceBigurd?2 1+ 1+ S1-4Bidge Z10WVWG1ld
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OWVWUloeZz>eSEZiIl "¢Z1 1'Scele'Z1le—-—SeeZreelri>*SEZ1Z-
stable All with the highest surface energy among steps containing Ti_ atom, the water adsorp-
tion is found to be similar to the anatase (001) surface where water is dissociatively adsorbec
with adsorption energy 1.28 eV. Again, here surface Ti, atom becomes Tj by breaking a bond

Tefl— 7' <"y —elTjCeZ—]

Hong et al. [41] investigated water adsorption behavior step edges on rutile TiO , (110) surface
Ze'—el 1ES E7+Se’"—@il ‘ZC1le"7—ele'Sel+'Z1A1W,WV1
water adsorption, especially dissociative adsorption, as compared to the pristine (110) surface
S—el1A1VVWI1AleeZ™1ZeeZ12Z1+"1+'21Z7j ceqatemEat the-4d 2-1D>
eZ™17ee781 “"E'1e72Se1e"1E 'S>e7Z1¢>S—eeZ>51"1Se@™><¢Se7Z
Ti, atoms on the (110) surface and < 001 > step edge.

S«7>81 '7Z— 4PAwdiBd tHeyassociative and dissociative adsorption of water molecules
on rutile TiO , (110) surface with step defects by DFT calculations. The step structures wer
created by removing the TiO, 1z —"e1Se"—e1+'Z1A1W , WW 1A 1+’ > Z @enis{tet-
minating the Ti rows of the upper terrace) and the Ti atoms (seeFigure 1(a), (b) 1'—1 420.
They only considered the case of Ti bonds fully saturated. Their results show that the molecu-
lar and dissociative adsorptions of H O can both be observed on Tj sites and the molecularly
absorbed water is more favorable on the Ti, sites. The lowest energy corresponds to the con

©2>Se’"—1 'Z>721 SeZ>1-"%t&andHAE distociated and one molecular water or
Ti, site, same as our result for anatase (211) surface [47].

‘Zedle'e®e " E'Se'YZ1See™> ™" — 1" 1S ce” |&dms and/drequivalert
Ti,1Se"—01Zj™ @ —+1SeleeZ™1Z+¢Z201 —1S—S+SeZ10IWVW

3.2.4. Surfaces with O vacancy

iCeZ—1YSES—EC1' ®@1See ™1™ —Z1"ele'Z1-"@e1E ——"—1e7+Z
o' — 381 Z1e'YZ1e "172iS-™eZ0e1%¢1 1YSES—E¢C1"—1le "1-"e-1
(101).

Schaubetal. B3p1’'—VYZ e’ eSeZel1e'Z1 1YSES—ECL1 " — 157’710\
DFT calculation and determined the O vacancies as active sites responsible for the dis
sociation of water molecules. Their DFT calculation results show that the dissociation of

SeZ>1'001"—¢1Se17j¢eZ—1YSES—E'Zel '«+*1S—1See™>™
(100) surface, water molecule binds to the surface by 0.56 eV and the dissociation of wate
is even endothermic by 0.23 eV. The dissociative adsorption is unfavorable on the perfec
OWVVU10eZ>*SEZil ‘Z¢1Z{™eS —Z7e1e'Sele'71S>¢721>2ZSE-
otZ1' et Z—275001e2¢ZEe1S—el SeZ>le’ee " E'Se’"—1'elce’

'172—72>—272S'1«'Z1YSES—ECil ~ ZYZ>81'Z>721 "selcZ1lce
the two Ti, atoms underneath the vacancy become Ti atoms when O leaves the surface

‘281 ‘Z—1 1S+e"-17+1 SeZ>1'cele+"1> ZtwoTisatorhs InfetalE With- GEof
water simultaneously. Then, in this case, we should count two Ti bonds participating in
interaction. Therefore, the dissociation of water is due to the combined contribution of two
unsaturated Ti atoms.
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—1¢Z1S—SeS®eZ10WVWilez>SEZOle'cece"E'Se’'"—1"1-
getically favored compared to molecular adsorption. Tilocca and Selloni [ 44] have done a
detailed calculation of energy barrier between the molecular and dissociated states. When
a surface O atom is removed, the T| and Ti, atoms bridging this O atom tune into Ti , and
Ti,01>Ze™ZE+'YZ¢il S<Z>1"jandthen disseeiates ¢firbugh a dissociation
™Set S¢il ‘Zedle'Z1le'ee"E'Se’"—17¢1 SeZ51"—1 1YSES—
that Ti, atom.

3.2.5. Surfaces with Tatom

ZEZ—e+CBd1'21'>22,E "> yaefdumt orltBe (111)@natase TQ e z>+SE
et al [34] reported that they prepared anatase TiO,1 @’ —e<*Z1E>C®*Se@1Zi™"
DFT calculations showed that the (111) facet has a much higher surface energy of 1.61 J/&

CE'1'e1S4> 707010 10 7108571 ™ZyEZ—eSeZ17e1l7—e7> E"
this material has much higher photocatalytic activity than other surfaces. Here, there are Ti,
and Ti,1Se"—cel '+'1+'Z1>S«’"1WAY1 " —1«'Z1UOWWWU1lcez>e§aohi
E"ZeelE —e>'<Z2eZ1le "1ZeZE*>"—@1™S>e’E"™Se’—el1’'—e7>S(
molecules could be dissociated on asingleTi,10e’«Zil ¢1E " Zzee1Zj™S'—1+‘'7Z1
higher photocatalytic activity than other surfaces.

4. Conclusions

In conclusion, we use the anatase (211) surface as an idea model surface, containing one ,
and one Ti; under-coordinated atoms in unit cell, to investigate their distinct properties. Our
ab initio calculations show that the (211) surface is indeed a high reactivity surface with a high
surface energy of 0.97 J/m In addition, the four-coordinated Ti , atoms with two unsaturated
bonds have a stronger chemical reactivity in comparison to the Ti, atoms with one unsatu-
rated bond. Studies of water adsorption suggest two distinct states of adsorbed water on the
(211) surface, one related to molecular water on Tj sites and the other to dissociated water or
Ti, sites. These results indicate that the Tj atoms will play a critical role in water decomposi -
tion. According to TiO , structure, we propose a simple bond-charge counting model where
each unsaturated Ti bond contributes 2/3 charge in average. As a necessary requirement (
chemical reaction, the dissociation of water only occurs when Ti atoms provide more elec-
>"—@le"17j¢eZ—1"—1 SeZ>1+'S—1 1S"-il ‘Z—81 Z1>A80r
equivalent Ti, can dissociate water. The controversy about whether Ti, can dissociate watel
is resolved that Ti_ atom will eventually become Ti , by breaking bond to neighboring O atom
at surface with high surface energy while the dissociation will not happen for surface with
low surface energy. Besides traditional DFT total energy calculation, this model is considered
'—1S1e7—+eS—-7—Sel S¢il Z1ES—1See " 1eZE*S>Z21+'Sels'Z1
is the mechanism for water dissociation on TiO, surface. Furthermore, the model is generic
and applicable to both rutile and anatase surfaces including defects, e.g., step edges an
vacancies.
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