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ELECTRON SPECTROSCOPY STUDIES OF THE CHEMISORPTION OF 02, H2 and H20 ON 

THE Ti02(100) SURFACES WITH VARIED STOICHIOMETRY: EVIDENCE FOR THE 

PHOTOGENERATION OF Ti+J AND FOR ITS IMPORTANCE IN CHEMISORPTION 

by 

Wei Jen Lo,* Yip Wah Chung* and G. Ao Somorjai 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
and Department of Chemistry, University of Ca 1 i forni a, 

Berkeley, California 94720 

Abstract 

Deposition of a monolayer of titanium on the Ti02(100)-(lx3) single 

crystal surface produces an oxygen deficient surface which has the same 

chemical composition, electronic structure and chemical reactivity as the 

Ar ion sputtered Ti02(100) surface. From correlations with studies of 

oxidation of the Ti(OOOl) single crystal surface, we provide firm evidence 

for the existence of Ti+3 species on the clean oxygen deficient Ti02 sur

face. The chemisorption of o2, H2 and H20 has been studied by ultraviolet 

photoemission spectroscopy {UPS), electron energy loss spectroscopy (ELS), 

Auger electron spectroscopy (AES), low-energy electron diffraction (LEED) 

and thermal desorption on the stoichiometric and Ti+3-rich Ti02(100) sur

faceso The presence of surface Ti+J species causes distinct differences 

in the nature of chemical bonding between the adsorbed molecule and the 

substrate surface. From the combination of these studies, we conclude 

that water is adsorbed associatively on the stoichiometric Ti02(100)-(lx3) 

* Also associated with Department of Physics, University of California, 

Berkeley, California 94720. 
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surface while it tends to dissociate into surface hydroxyl groups on the 

Ti+3 rich surfaceo UPS and ELS show that while adsorption of H20 changes 

the Ti+3 to a different oxidation state, illumination by band gap energy 

h T.+3 . b h . T"+4 - T"+3 A p otons can regenerate 1 spec1es y t e react1on 1 + e ~ 1 • n 

attempt has been made to correlate these reuslts on well characterized sur-

faces with studies using Ti02 as a photoanode in the photo-electrochemical 

cell. 

Introduction 

The dissociation of water vapor into hydrogen and oxygen (H2o ~ H2 + 

02/2) requires a large activation energy (6.5 eV)(la) and not thermodynam

ically favorable (~Go= +1o2 eV).(la) However, if the required energy can 

be efficiently provided by light through the introduction of a solid sur

face (eog., Ti02) that lowers the activation energy, we may produce hydro

gen and achieve efficient photochemical energy conversion. The feasibility 

of this approach has been demonstrated using a photo-electrochemical cell(lb) 

where a reduced Ti02 photoanode was employed. In these solution studies, 

however, surface characterization has not been carried out to determine 

the surface structure and chemical composition of the active Ti02 surface 

thereby elucidating the mechanism of the photocatalytic reaction. 

The catalytic properties of the surface can markedly depend on the 

surface chemical composition and electronic structure. From previous 

studies( 2•3) of the characterization of the clean titanium dioxide single 
it has been 

crystal surfaces in the ultrahigh vacuum chamber, 1 found that the sur-

face electronic structure changed due to the reduction of the oxygen sur

face concentration. In this study we report on the chemisorption of 02, 

H2 and H2o on Ti02(100) oxygen rich and oxygen deficient surfaces, using 

• 
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low-energy electron diffraction~(LEED), Auger electron spectroscopy (AES), 

low-energy electron loss spectroscopy (ELS), ultraviolet photoelectron 

spectroscopy (UPS) and thermal desorption studies. 

The electronic spectroscopy studies show that while Ti+4 species are 

predominant on ·the OXYgen rich surface, there appears to be an increasing 

concentration of Ti+3 species pres~nt on :the OXYgen deficient surface. 

The difference in the chemical reactivity for chemisorption of o2• H2 and 

H20 on these surfaces indicates that the nature of the surface chemical 

bond between the adsorbed molecule and the substrate changes with varia

tions of the formal oxidation states of titanium. The directions of el-

ectron transfer between the adsorbed molecules and the solid surface have 

been determined by measuring the work function change from the UPS spectra. 

Since photons of over 3 eV energy are involved in this light-assisted 

reaction. the effects of band gap illumination on the surface are studied 

by ELS and UPS. An attempt has been made to use the results obtained 

here on well characterized surfaces to elucidate the mechanism of photo

assisted dissociation of water which occurs in the electrochemical cell. (l) 

Experimental 

All the experiments were performed in an ultrahigh vacuum (UHV} chamber 

(~lo-10 torr) equipped with double pass cylindrical mirror analyzer (CMA) 

with internal gun, Hel (hv = 21.2 eV) cold cathod discharge lamp, LEED 

optics, sputtering ion gun, evaporator and quadrupole mass spectrometer. 
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In Auger electron analysis, the CMA was operated at a constant resolution 

of 1.5 eV to give the detailed structures of peaks in the~ Auger spectra 

and reliable estimates of oxygen to titanium ratios. A primary electron 

beam with 100 eV incident energy was used in electron energy loss experi-

ments. The electron energy loss spectra (ELS) were taken either by directly ~ 

measuring the electron energy distribution N(E) as a function of energy 

loss or its second derivative - ~~~. The CMA was operated in the retarded 

mode with pass energy set at 50 eV. However, since the primary electron 

beam was not energy analyzed, the ultimate resolution was limited by the 

thermal energy spread of the incident electrons which is about 0.5 eV. 

In ultraviolet photoemission experiments, 21.2 eV photons came with 

an incident angle of 75 degrees from the sample normal which is parallel 

to the axis of CMA. The emitted photoelectrons from the sample were 

collected at e = 42° over all azimuthal angles by CMA. The analyzer was 

operated with a constant resolution of 0.35 eV. Typically a spectrum was 

obtained in 5 minutes. 

The specimen . used were 99.99% single crystals of titanium and 

titanium dioxide with rutile structure. The Ti02{100) and Ti(OOOl) sur

faces, as determined by the Laue back reflection technique, were cut from 

these crystals and mechanically polished using 1.0 ~ Al 2o3 powders. The 

(100) surface of titanium dioxide was cleaned by 2 KV Ar ion bombardment 

and started to form ordered structure by annealing at 500°C. The heating 

set up for this high resistivity undoped Ti02 sample was described pre

viously. (2) The titanium sample was held in place by two spot-welded foil 

contacts through which current was passed to facilitate direct heating 

of the titanium crystal. Gross impurities on the surface were first 
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removed by Ar ion bombardment. Then the crystal was heated at 300-500°C 

in an oxygen flow mode, with local oxygen pressure ~10- 5 torr to remove 

residual carbon on the surface and sulfur segregating from the bulk to 

the surfaceo The oxide that formed on the surface could subsequently be 

flashed off at 600°C to produce a clean ordered (lxl) surface. 

Deposition of a monolayer of Ti metal on the Ti02(100) surface was car

ried out by evaporation of a titanium wire inside an evaporator which 

consisted of a tungsten spiral filament. A stainless steel shutter, 

placed in front of the evaporator and operated by a rotary feed-through, 

was used to control the Ti deposition. Auger signals from the deposited 

Ti layer and the Ti02 substrate could be monitored during evaporation. 

The average deposited Ti coverage was estimated from the attenuation of 
0 

oxygen Auger peaks at 510 eV assuming electron mean free path 8 A. 

Band gap (~ 3 eV) radiation was provided by a 500 watt high pressure 

mecury lamp, which was water and air cooled during operation. The UV 

light generated was transmitted to the specimen through a quartz window. 

A 20 em focal length quartz lens was used to focus the light onto the 

sample. An infrared filter, made from filling a quartz container with 

nickel sulfate solution, was placed between the mercury UV source and the 
· temperature 

focussing ·1 ens to absorb the heat and transmit UV. This 1 imi ts the/rise 

.. of the specimen due to radiation heating to less than +30°C and hence 

avoids any spurious thermal effects. The total photon flux on the sample 

was estimated to be 1017 photons (energy > 3 eV) per second as measured 

by a calibrated Eppley pyroheliometer. 

Thermal desorption measurements were carried out after room tempera

ture adsorption of 105 LH2o on Ti02(100) surfaces. The sample was 
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indirectly heated by passing a current of 20 amps through a Ta heater foil 

which holds the crystalo The heating rate of the sample was not a constant, 

it was 2.5°C/sec at 150°C and l°C/sec at 250°C. A quadrupole mass spectro

meter, directly facing the sample was set.at: = 18 to detect the H20 de

sorbed from the surfaces. Blank experiments showed that the amounts of 

H2o desorbed from the Ta foils were extremely small and could be differ

entiated easily. 

Results 

lAo Characterization of Oxygen Rich Ti02(100) Surfaces 

The (100) face( 2) of the titanium dioxide (rutile) single crystal 

showed a LEED pattern corresponding to a (lx3) reconstructed surface 

structure after Ar ion bombardment cleaning and subsequent ordering. The 

(lx3) structure was found to be insensitive to annealing temperature 

which ranged from 300 to 500°C. The Auger electron spectrum (AES), electron 

energy loss spectrum (ELS) and ultraviolet photoemission spectrum (UPS) 

for the clean Ti02(100)-(lx3) surface are shown in Fig. 1. The Auger 

~i 51~oe~V) ratio of this incrinsic oxygen rich surface was 1.7. 

lB. Preparation and Characterization of Oxygen-Deficient Ti02(100) Surfaces 

by Heating, Ar Ion Sputtering or Deposition of Titanium Metal 

LEED studies( 2) showed the (100) surface of no2 underwent successive 

structural transformation from (lx3) to (lx5) and (lx7) surface structures 

b~' raising the temperature from 500 to l200°C. Oxygen evol'Ution has been 

detected by the mass spectrometer during the phase transformation. The 
0 510 eV Auger electron spectrum for the {lx7) LEED pattern showed the Ti 380 eV) 

. .._ 

-. 
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ratio decreased to la5o Thus the reduction of the surface oxygen 

concentration accompanied the surface structural transformationD 

Further reduction of surface oxygen concentration at room temperature 

has been obtained either by the preferential removal of oxygen from the 

surface during Ar ion sputtering as by deposition of a monolayer of titan

ium metal on the surface. In Fig. 1 we show the AES, ELS and UPS spectra 

obtained after a monolayer deposition of titanium metal on the Ti02(100)

(lx3) substrate surface. The same results of AES, ELS and UPS were ob

tained for the Ar ion sputtered Ti02(100)-(lx3) surface. 
Comparison 

1 of the AES, ELS and UPS spectra for the Ti02(100)-(lx3) sur-
deposited 

face and the surface with 1 Ti, shown in Figo 1, reveals several 
0 510 eV changes. In AES, the Ti 380 eV) ratio dropped from 1.7 to 1.3 after a 

monolayer deposition of titanium metal on the Ti02(100)-(lx3) surface 

while the Auger line shape forTi at 410 eV also changedn There was a 

new dominant energy loss peak at 1.6 eV in ELS and there appeared a new ( ) 
as also reported elsewhere. 2,3 

emission at -0.6 eV below the Fermi level, EF, in UPS/ The intensities 

of these two peaks are so closely correlated with each other that the 

-0.6 eV emission in UPS can be assigned to the initial state for the 1.6 

eV transition in ELSo( 2) The -0~6 emission in UPS and lo6 eV loss peak 

in ELS were also observed for the Ti02(100)-(lx7) surface with lower 

intensitieso 

lC. Evidence for the Presence of Ti+J Species on the Oxygen-Deficient 

Ti02(100) Surfaces. Studies of Oxidation of Titanium Metal by AES 

and ELSo 
The occurrence of lo6 eV tr~nsition in ELS and -Oo6 eV emission in 

UPS for o~gen-deficient surfaces were tentatively associated with the 
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existence of Ti+J ions which were produced by the reduction of Ti+4 by 

decreasing oxygen concentration at the surface. However, it is possible 

that other titanium species of lower formal oxidation states, such as Ti+2 

or Ti+, may also contribute to these emissions. In order to prove that 

Ti+J is the only species responsible for the appearance of these emissions 

we have studied the oxidation of titanium metal and monitored the intensity 

of the 1.6 eV transition in ELS as a function of the Ti oxidation state 

The oxidation was performed at a substrate temperature of 300°C and 

at oxygen pressures of 10-7 to 10-6 torr. The chemical compo5ition of 

oxides formed on the Ti metal surface was monitored by measuring the 1\uger 

~ 1 51~oe~J) peak ratio and studying the details of the Auger peak shape 
0 510 eV . changen The Ti 380 eV Auger peak rat1o reached a constant value of 1.1 

3 at an oxygen exposure of 10 L or greater. By comparing the AES peak 

shapes and ELS spectrum v.Jith those from the Ti02(100)-(lx3) oxygen rich 

surface, we concluded that the top layer of the titanium metal was oxi

dized all the way to titanium dioxide, no2, as has been found by previous 

photoemi ss i.on studi eso ( ll) The fact that the 0/Ti Auger ratio ( L 1) is 
I 

less than that on the Ti02(100)-(lx3) surface (lo7) indicate that not all 
ha~e been 

of the titanium atoms I oxidized within the electron mean free path 
0 0 

("VlO A)o We estimate that an oxide of thickness of about 6 A has formed, 

which then acts as a diffusion barrier against further reductiono This 
. 0 510 eV 1s supported by the constancy of Ti 380 eV) Auger peak ratio with further 

oxygen exposure up to 105L. 

In Fig. 2, we show the intensity of the 1.6 eV ELS transition as a 

function of 0/Ti atomic ratio, the latter being obtained directly from the 

• 



.... 

.. 
• 

. -

0 510 eV) 
Ti 380 eV) 

0 .. 0' u 0 4 7 2 7 6 

-9-

Auger peak 

ratio of 1.1 on the fully oxidized Ti metal surface corresponds to an 0/Ti 

atomic ratio of two. The lo6 eV ELS transition acquires a sharp maximum 

at an 0/Ti ratio of 1.5 and drops to zero rapidly on either side of the 

maximumo The 0/Ti atomic ratio of 1.5 corresponds to the chemical compo

sition of Ti 2o3• Because the -Oo6 emission in UPS is correlated so well 

with the appearance of the 1.6 eV transition in ELS,( 2) it appears that 

both emissions are due to the existence of a layer of Ti+3 species ori the 

oxygen-deficient surface. 

2. Effects of Band Gap (3 eV} Illumination on Oxygen-Rich Ti02(100)-(lx3} 

Surface: Photon-Induced Generation of Ti+3 Species 

The Ti02(100)-(lx3) surface was prepared by Ar ion sputtering and sub

sequent annealing at 500°C. LEED observations showed well defined integral 

and fractional order diffraction spots. To make sure that the electron 

beam, used in our LEED studies, did not induce any significant reduction 

of th titanium dioxide surface,( 2} the crystal was annealed again at 500°C 

after taking the LEED pattern. An energy loss spectrum was then taken 

using a 20-40 eV electron beam to ensure that the 1.6 eV Ti+J induced 

energy loss transition did not appear. This procedure is sufficient to 

generate a well-ordered Ti02(100)-(lx3} surface with no detectable Ti+3 

present • 

After the surface was illuminated at room temperature with a focussed 

beam of UV light for periods ranging from 20 minutes to an hour, no 

changes could be observed in UPS and AES. However, after 25 minutes of 

exposure of the (lx3} surface to the UV light from a mercury lamp, a 

shoulder at 1.6 eV could be clearly seen in the ELS spectrum 
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(Fig. 3)n The possible reducing effect of the 20 eV electron beam can be 

ruled out.. In order to generate the 1.6 eV transition with the intensity 

shovm in Fig. 3 without UV light, requires at least 20 minutes of contin

uous electron beam exposure at 20 eV, ~tshile the total time required to take 

the two spectra shown in Fig. 3 is less than 30 seconds. 

The experiment was also carried out by exposing the Ti02(100)-(lx3) 

surface to UV light at crystal temperatures ranging from 50°C to 200°C~ 

No 1~6 eV transition could be observed in the ELS spectrum after one hour 

irradiationo This result excludes the possibility of thermal generation 

of Ti+3 during light illumination and can be explained in terms of an 

increase of the surface oxygen concentration with ~levated temperature by 

diffusion of bulk oxygen that removes the photogenerated Ti+3 species. 

3. UPS Studies of Chemisorption of 02 on Ti02(100) Oxygen-Rich and Ti+J 

Rich Surfaces 

The UPS spectra for the clean Ti02(100)-(lx3) surfaces and for the 

same surfaces after exposure to 105L oxygen at room temperature are shown 

in Figo 4. · The photo-emitted electron energies were measured relative to 

EF. Three new emissions appeared after oxygen adsorption which were lo

cated at -5.2 eV, -6.8 eV and -10.3 eV respectively. The work function, 

determined by measuring the width of the photoemission curves. was found 

to increase +Oo2 eV. We note in Fig. 4 that there is a parallel shift 

of valence band edge emission toward EFo This suggests that the work 

function increase induced by oxygen adsorption is accompanied by the change 

in _:t:_he posit)on __ of the Fermi l~v~_l with respect to the band g(lP edges. 

The UPS spectrum of Ar ion sputtered Tio2(100} surface is shown in 
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Fig. 5. The characteristic -Oo6 eV emission in UPS indicated that this 

was a Ti+3 rich surface. After exposing this surface to 105L oxygen, the 

same three oxygen-induced emissions appeared in the UPS spectrum as on the 

oxygen rich surface (Figo 5). The intensity of the -0.6 eV emission from 

the surface was reduced after oxygen adsorptiono The work function change, 

~~. in this case was +0.3 eV and the same shift of valence-band edge emis-
{ 3) 

sion toward EF has occurred. 

4. UPS Studies of Chemisorption of H2 on Ti02(lOO) Oxygen Rich and Ti+3 

Rich Surfaces 

The results of hydrogen adsorption on Ti02(100)-(lx3} surfaces and Ar 

ion sputtered surfaces are presented in terms of photoemission difference 

curves, ~N(E), and are shown in Fig. 6o These curves were obtained after 

subtraction of the UPS spectra N(E) for the clean substrate surface from 

those for the surface after hydrogen adsorption. The surfaces were 

exposed to 105L hydrogen at room temperature. The hydrogen adsorbed on 

the Ti02(100)-(lx3) surface induced three emission peaks that are detectable 

in ~N{E) located at -5.5 eV, -7.7 eV and -l0o8 eV respectively. The work 

function change was -0.4 eV. The adsorption of hydrogen on the Ar ion 

sputtered surface showed a different 6N(E} which had emission peaks at 

energies of -4.3 eV, -7o6 eV and -10.0 eV. The work function change was 

+0.1 eVo Thus, there is a reverse sign of work function change, 6~, for 

hydrogen adsorption on the oxygen rich surface and for the Ti+J rich surfaceo 

5. UPS Studies of Chemisorption of H20 on Ti02(100) Oxygen Rich and Ti+J 

Rich Surfaces 

Figure 7 shows the UPS spectra N(E) for the Ti02{lOO)-(lx3) surface 
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before and after exposure to 105L H2o at room temperat~re. The adsorbed 

H20 induced three distinct new emissions which were surperposed on the emissions 

from the clean Ti0 2(100)-(lx3) substrate surface. These three peaks were 

located at -6.1 eV, -7.8 eV and -11.2 ev~ 14the work function of the sample 

decreased from 5.7 eV to 4o9 eV after H20 adsorption. LEED showed that 

the {lx3) pattern became diffuse and the background intensity increased. 

This indicated that H2o adsorbed on the T102(1oo)-{lx3) surfaces in a 

disordered mannero 

After heating the Ti02(100)-{lx3) sample above 800°C for two hours, 

the {lx7) surface structure appeared and the 0/Ti Auger ratio drops from 

1.7 [on the {lx3) sample] to 1.4. The UPS spectra of the clean Ti02{100)

{lM7) surface and with chemisorbed H20 on this surface are shown in Fig. 8. 

The appearance of the -0.6 eV eurission in the UPS spectrum of the clean 

Ti02{100)-{lx7) surfaces indicated the presence of detectable amounts of 

Ti+J species on this surface. After exposing the (lx7) surface to 105L 

H2o at room temperature, the UPS spectrum for this surface showed the 

appearance of four new emissions which are located at -4.8 eV, -6o3 eV, 

-7.9 eV and -10o8 eV respectively, relative to EF. The intensity of the 

-0.6 eV emission in the UPS spectrum of the (lx7) surface after H2o ad-

sorption was found to be reduced. The accompanying work function change 
was -0.6 eV. 

After chemisorption ofH2o on a ·manolayer of Ti film-covered no2{100) 

surface using 105L exposute at room tempera·ture, we obtained an adsorbed 

water UPS spectrum which was different from those obtained for the (lx3) and 

{lx7) surfaces. Part {c) arid (d) in Fig. 9 show the photoemission distri

bution curve N(E) after H20 chemisorption on the Ti metal covered surface 

and its difference curve ~N(E) after subtracting the emission from the sub-

--
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strate surface. Three new emissions appear as a result of H2o chemisorption 

on this Ti+J rich surface. The positions of these three peaks 

are -4o2 eV, -7.5 eV and -10.4 eV respectively. In part (c) of Fig. 9, 

·we found that the intensity of -0.6 eV emission in the UPS spectrumwas 

smaller compared to that in part (b). The work function change after H20 

adsorption in this case was -0.1 eV. The identical UPS spectra was ob

tained for H2o adsorption on Ar ion sputtered surface as shown in Fig. 10! 14 ) 

In Fig. 11, we plot the photoemission difference curves for chemi

sorption of H20 on Ti02(100)-(lx3), -(lx7) and Ti metal covered (or Ar ion 

sputtered) surfaces. By changing the surface chemical composition which 

was indicated from the decrease of values of Auger 0/Ti ratio, we observe 

changes in the shape and energy positions of water-induced emissions in 

the difference curves 6N(E)o The gas phase H2o photoemission spectrum< 4> 

was also included as curve (a) of Fig. 11. 

6. Thermal Desorption Studies of H20 from Tio2• 

Oxygen•rich and oxygen-deficient surfaces. 

We have performed thermal desorption studies of water adsorbed on 

titanium oxide surfaces of varying stoichiometryo The adsorption was 

carried out at room temperature and with the exposure of 1o5L. The oxygen 

to titanium ratio was varied by Ar ion sputtering and annealing in vacuum 

or in an oxygen atmosphere, typically of 10-5 torr. Figure 12 shows a 

series of such thermal desorption profiles of water (m/e = 18). On the 

oxygen-rich titanium oxide surface (topmost curve in Figo 12), there are 

two distinct peaks at ~150°C and 230°C. As the 0/Ti ratio is decreased, 

which means simultaneous increase in the surface Ti+J concentration as 

evidenced by ELS and UPS, the 230°C peak shifts slightly to higher temper-
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atures and dominat~over 150°C peak. At an Auger ratio of 

lo3. the thermal desorption profile shows a dominant peak at 250°C and a 

weak shoulder at 150°C. 

7A. Effects of Light on Water Adsorbed on the Ti02(100)-(lx3) Surface. 

The Ti02(100)-(lx3) surface was first prepared as described on lA and 

the photoemission spectrum obtained. The surface was then exposed to 

3000 L of water at room temperature. The difference curve between the 

clean surface and the same surface with adsorbed water is shown in Fig. 11. 

The surface was subsequently exposed to UV illumination for 104 seconds. 

The difference curve taken after UV illumination in reference to the clean 

(lx3) surface is very similar to the difference curve before light illum

ination., No work function change was found after light illumination. 

7B. Effects of Light on Water Adsorbed on Ar Sputtered Ti+3 Rich Surfaces. 

The n+3 rich ti tani urn oxide surface was prepared by Ar ion bombard

ment of Ti02(100)-(lx3) surface with a 2 keV. 10 ~ argon ion beam for 

103 second~. The presence of Ti+3 species wasdetected by UPS, which showed 

the Fermi-edge emission at -0.6 eV. 

The pho.toemission curves for the surface with adsorbed water and their 

difference curves referenced to the clean Ar sputtered surface before and 

after UV light illumination are shown in Figo 13 and Fig. 14. Besides the 

overall increase in the secondary electron background and an increase in 

the intensity of -7o3 eV peak, there are two additional distinct features 

in Fig. 14 as a result of illumination. First, · in contrast 

to the case of water adsorption in the dark which shows the reduction 

of the -0.6 eV emission in UPS, there is almost no decrease of the -0 .. 6 

.... 
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eV emission from the same surface with adsorbed water layer after UV light 

illuminat1ono Second, there is a work function increase from 4.4 eV to 

4.8 eV during illumination of the surface with water adsorption, while the 

water adsorption in dark on the same surface causes a work function de

crease of A~= -9.1 eV as shown in Fig. 10. After turning off the light, 

the work function of the same surface decreased gradually to its initial 

4.4 eV value. 

Discussion 

Annealing the titanium dioxide crystal with (100) orientation at high 

temperature {1200°C) causes loss of oxygen from the surface. LEED ob

servations show that the changes of surface structure accompany the 

changes of surface chemical compositiono Further reduction of the oxygen 

concentrations of the Ti02(100) surface ·is obtained either by deposition 

of a monolayer of titanium metal or by Ar ion sputtering of the surface 

at room temperature. The drop in the Auger 0 i 51goe~V) ratio shown in 

Fig. 1 in~icates that the surface is. oxygen deficient after these sur

face treatments. The corresponding changes in the electronic structure 

which are due to the variations in surface stoichiometry are reflected in 

the appearances of a new energy loss peak at 1.6 eV in ELS and a -0.6 eV 

emission near Fermi edge in UPS. 

Studies of the oxidation of Ti single crystals with (0001) orientation 

at 300°C reveal that the 1.6 eV transition in ELS occurs only at a 

particular chemical composition of the titanium oxide system which is 

characterized by AES. Figure 2 shows that the intensity of the 1.6 eV 

transition reaches a sharp maximum where the chemical composition of 
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oxidized surface is Ti 2o3 {atomic ratio 0/Ti = 3/2}. This unique feature 

of the 1.6 eV transition can· be correlated with previous studies of 

Ti02(2' 3} and justifies its use as a fingerprint for the existence of sur

face Ti+3 specieso Since the -0.6 eV emission in UPS is assigned to be 

the initial state for the 1.6 eV transition in ELS, it appears that both 

techniques can be used to monitor the appearance of surface Ti+3 species~ 2 ' 3 ) 
The UPS spectrum of Ti0~{100)-(lx3) surface after oxygen adsorption 

shows three new emissions with energies of -5.2 eV, -6o8 eV and -10.3 eV. 

Since the previous studies{ 2} shows the -lo.3i~mission peak only occurs 

for a disordered Ti02 surface, the appearance of this emission after oxy

gen adsorption on the Ti02{100}-(lx2} surface indicates the adsorbed oxy

gen forms a, disordered overlayer. This is consistent with LEED obser

vations which show the (lx3) pattern degraded after oxygen adsorption. 

The adsorption of oxygen on the Ar sputtered oxygen-deficient surface 

gives rise to the same three oxygen-induced emissions in the UPS spectrum. 

The decrease of intensity of the -0.6 eV emission near the Fermi edge 

shown in Figo 5 indicates the removal of surface Ti+3 species by adsorbed 

oxygen at the surface. Both work function increase and shift of valence 

band edge emission toward EF in UPS are found for Ti02{100)-(lx3) and Ar 

sputtered Ti02(100) surfaces after oxygen adsorption. Since adsorbed ox

ygen is an electron acceptor it increases the upward band bending in the 

space charge region near the Ti02(100) surface, thus, causing this effect. 

In contrast to oxygen adsorption, UPS studies shows· that the adsorption 

of hydrogen on the Ti02{JOO)-{lx3) surface is different from that on the 

Ar ion bombarded surface. The ~N{E} spectra shown in Fig. 6have emissions 

with different energy positions for hydrogen adsorption on these two sur-

c-
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faces having different chemical compositions. The work function change 

after hydrogen adsorption reverses sign for these two surfaceso These 

results indicate that the adsorbed hydrogen forms surface chemical bonds 

to the Ti02(100)-(lx3) surface which are different from that on the Ar 

ion sputtered surfaceo On the clean Ti02(100)-(lx3) oxygen rich surface, 

there are only Ti+4 ions. The adsorbed hydrogen behaves like an electron 

donor. By preferential removal of surface oxygen during Ar ion bombard

ment, there is a large increase in the surface concentration of Ti+Jo 
this 

Adsorbed hydrogen becomes an electron acceptor on I surface. The 

appearance of Ti+J species causes ;najor changes in the bonding of adsorbed 

hydrogen molecules which are reflected in the variation of UPS llN(E) 

spectra and the reversal of the sign of the work function changeo 

Chemisorption of water has been studied by UPS on three different 

types of clean titanium oxide (100) surfaces: (1) the (l00)-(lx3) sur

face, which has no detectable concentration of Ti+3; (2) the (100)-(lx7) 

surface, which has a small concentration of surface Ti+3 present; (3) Ti

deposited _(or ion sputtered) Ti02(100) surfaces which have large amounts 

of Ti+J present. The photoemission difference curves for each titanium 

oxide surface were shown in Fig. llo The difference curve of adsorbed 

water on Ti02(100)-(lx3} surface is similar to the photo

emission spectrum of gas phase molecular water. By aligning the 11.2 eV 

emission in the difference curve with the lb2 molecular orbital of water, 

we obtain a relaxation shift of 2.1 eVo The energy separation between 

-11.2 eV and -7.8 eV emissions in llN(E) is identical to the energy differ

ence between lb2 and 3al orbitals of molecular water. The -6.1 eV emission 

is assigned to the lbl orbital which suffers additional shift of -Oo5 eV 
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toward larger binding energy, probably as a result of chemical bonding to 

the substrate surface. The similarity of this difference curve with the 

UPS spectrum of gas phase water is a strong evidence that water is ad

sorbed as an intact molecule on the stoichiometric (lx3) Ti02 surface. 

On the (lx7)-surface, which is still ordered, there appears a de

tectable amount of Ti+J species shown in Fig. 8. The photoemission dif

ference curve for adsorbed water on the (lx7) surface shows distinctly 

different feat~res from the adsorbed water on Ti02(100)-(lx3) surface. 

There are four peaks in 6N(E) rather than three for molecular water. The 

three lower lying peaks are shifted slightly (0.1- 0.4 eV) with respect 

to the corresponding peaks on the (lx3) surface. A new peak develops at 

4.8 eV. This suggests that if not all, part of the adsorbed water is 

either decomposed or bound to surface differently in the presence of Ti+3 

at the surface. 

Futher reduction of the surface o~ygen concentration by Ar ion 

sputtering (or Ti-deposition) of the surface results in a Ti+3 rich sur

face as in~icated by the dominant 1.6 eV transition in the ELS spectrum 

in Fig. 1 and the enhancement of the Fermi-edge -0.6 eV emission in UPS. 

(See Figs. 10 and 11.) While the adsorbed water on this oxygen-deficient 

surface shows a three-peak UPS 6N(E) spectrum, this 6N(E) spectrum is 

completely different from the photoemission difference curve of adsorbed 

water on the (lx3) oxygen rich surface. The -4.8 eV peak continues 

shifting to -4.2 eV, the -6.1 eV peak disappears and the -11.2 eV peak 

moves up to -10.1 eV with less binding energy. 

Due to the distinct differences between this 6N(E) spectrum and the 

gas phase water UPS spectrum, we propose a model that the adsorbate is not 
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molecular water but a different chemical species such as a hydroxyl group. 

This is supported by the observation that the adsorbed hydrogen and water 

on Ti+3 rich surfaces both have very similar photoemission difference curves 

as shown in Fig. 6 and Fig. llo If we assume that the hydrogen molecule 

is adsorbed dissdciatively on the Ti+J rich surface, then due to the pre

sence of oxygen in the titanium oxide lattice, the hydrogen atoms will 

form surface hydroxyl groups which have a photoemission spectrum in Fig. 

6. This UPS spectrum is consistent with the gas phase photoemission 

spectrum(l 2) of OH which shows two ionization potentials {relative to 

vacuum level} of 13.1 eV and 15.20 eV respectively. The additional -4.3 

eV emission in Fig. 11 suggests that the surface hydroxyl group on the 

surface may be (OH}- due to the charge transfer between the adsorbate and 

the substrate surface. 

The results of flash desorption show the corresponding changes in 

the thermal desorption curves of water which were adsorbed on the different 

surfaces with varying chemical compositions. For Ti+3 rich surfaces, the 

desorption_ peak of water dominates at 250°C while the 150° peak is developing 

with increasing oxygen concentration at the surface. These results which 

were obtained on well characterized surfaces in the UHV chamber are con

sist1ent with the infrared speCtroscopy studies(S-9) of water adsorption on 

Ti02 powders, which show that the lower temperature desorption peak 

(at 150°C} is due to chemisorbed molecular water and that the higher tem

perature peak (at 250°C) corresponds to water resulting from the conden

sation of surface hydroxyl groups. Results of electron simulated de-

. sorption measurements(lJ} also suggest that water is either dissociated 

when adsorbed on the Ar sputtered Ti02 surface into hydroxyl groups or is 
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in a metastable state which easily dissociates. 

Combining all the results from UPS thermal desorption, electron beam 

stimulated desorption and infrared studies, we conclude that on the oxygen 

rich Ti02(100)-(lx3) surface water adsorbs associatively whereas on the 

Ti+3 rich Ar sputtered (Ti-deposition) surface the adsorbed water is-

largely dissociated into surface hydroxyl groups due to the strong inter

action with surface Ti+3 species which is- reflected by the l00°C differ

ence in the thermal desorption temperatures. The corresponding phenomena(lO) 

were seen in solution where Ti+3 ions were shown to be strong reducing 

agents to react with H20 to form Ti(OH) 2+~ The progressive changes 

of UPS spectra in Fig. 11 indicate the degree of dissociation of adsorbed 

water depends on the concentration of Ti+3 species on the surface. 

The decrease of intensity of -0.6 eV emission in UPS after H20 adsorption 

in the dark on the Ti+3 rich surface shown in Fig. 9 indicates the removal 

of surface Ti+3 species which result : from the interaction between the 

adsorbed species and the substrate surface. The results of ELS studies 

during band_ gap (~3 eV) illuminations of the clean Ti02(1oO}-(lx3) surface demon

strate that one possible effect of light in photoassisted decomposition 

of water is to regenerate these Ti+3 active sites after water adsorption. 

This is consistent with the UPS result shown in Fig. 13 that the intensity 

of -0.6 emission does not decrease after UV light illumination on the water

adsorbed Ti+3 rich surface. The difference in the work function change 

before and after light Hlumination on the Ti+3 rich titanium oxide sur-

face with an adsorbed water layer implies light may change the nature of 

adsorbed chemical species. 

After water adsorption in the dark, the change of work function~ 6~, 
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is -0.8 eV for the Ti02(100)-(lx3) surface and -0.1 eV for the Ar sputtered 

surface. This indicates adsorbed water is an electron donor and causes a 

large change in the surface dipole potential. This decrease of surface di-

pole and its associated electric field may cause the increase of electron

hole recombination rate in the space charge region near the surface during 

light illumination and hence reduce the number of energetic free charge carriers 

to reach the surface to contribute to the reactiono This might explain 

than an additional external voltage, which increase the surface electric 

field, is necessary to start the water dissociation reaction in the electro-

chemical cell. From the studies of oxygen adsorption, we know that the chem

isorption of gases with large electronegativity results in an increase of 

surface electric field. This suggests the coadsorption of this kind of gas 

with H20 vapor during light illumination might also increase the reaction 

rates. 

Conclusion 

In this study we found that a monolayer of Ti 203 (Ti+J ions) was present 

on the Ti02(100) surface after reduction by the deposition of titanium metal 

or by Arion sputtering.{ 2,J) The Ti+J surface concentration is reduced by 

adsorption of o2 and H20 or by heating in the range of 50- 200°C, while it 

can be regenerated by photons of band gap energy. 

Water adsorbs associatively on the oxygen rich Ti02 surface while it 

appears to dissociate and form: OH- on the Ti+J rich Ti02 surface. The thermal 

desorption spectra indicate that in the presence of Ti+3, the adsorbed 

water is bound stronger. 
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From these observations a physical picture of the photon-assisted 

dissociation of water begins to emerge. It appears that a reduced Ti+J 

rich monolayer forms on top of Ti02 surface that is stable under illumi

nation (in fact, it can be photogenerated) and plays an important role in 

the dissociation-of water molecules. We may view the active surface as a 

surface compound since further reduction of the Ti02 bulk is controlled 

by slow ion diffusion processes. Ti 2o3 has metallic conductivity and in 

the absence of a stable surface space charge it is not active in the 

photon-assisted reaction (since it may provide rapid recombination paths 

for photogenerated electrons and holes). Stoichiometric Ti02 is not 

active in decomposing water since it adsorbs water only poorly and lacks 

the sites for the initial dissociative adsorption process. In combination, 

however, of an active monolayer on top of a substrate of. high dielectric 

constant provides a suitable catalyst for this photon-assisted reaction. 
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Figure Captions 

Fig. 1 A comparison of the Auger, electron loss and photoemission spectra 

of the Ti02(100)-(lx3) surface before and after the deposition of 

one monolayer of titanium at room temperature. The spectra after 

Ti deposi·tion resemble those of.the Ar ion bombarded (100) surface. 

Fig. 2 The intensity of 1.6 eV ELS transition as a function of the 0/Ti 

atomic ratio. 

Fig. 3 The energy loss spectrum of the Ti02(100)-(lx3) surface {a) before, 

(b) after 25 minutes of UV light illumination. Light intensity 

(hv ~ 3 eV) is lo17cm-2sec-1• Electron beam energy used is 20 eV. 

Fig. 4 Photoemission distribution curves N(E) of the Ti02(100)-(lx3) sur

faces before and after 1o5L oxygen exposure at room temperature. 

Fig. 5 Photoemission distribution curves N{E) of the Ar ion bombarded 

Ti02(100) surfaces before and after 105L oxygen exposure at room 

temperature. 

Figo 6 Photoemission difference curves ~N(E) of Ti02-(100)-(lx3) surface 

and Ar ion bombarded surface after 105L hydrogen exposure at room 

temperature. 

Figo 7 Photoemission distribution curves N(E) of Ti02(100)-(lx3) surfaces 

before and after 105L H2o exposure at room temperature in dark. 

Fig. 8 Photoemission distribution curves N(E) of Ti02(100)-(lx7) surfaces 

before and after 105L H20 exposure at room temperature in dark. 

Fig. 9 UPS spectra of (a) clean no2(1oo)-(lx3) surface, (b) Ti-deposited 

surface and (c) the surface with adsorbed water layer; (d) shows 

the photoemission difference curve aN(E) (c)-(b). 
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Figo 10 UPS spectra of Ar sputtered Ti02(100) surface before and after 

105L H20 exposure at room temperature in dark. The close resem

blances between spectra in Fig. 9 and 10 indicates these two sur-

faces have similar electronic structure and chemical reactivity. 

The work function change, 6¢, is -0.1 eV. 

Figo 11 Photoemission difference curves of water adsorbed on three differ

ent titanium oxide surfaceso The chemical composition of each 

surface is indicated by the Auger 0.510 eV) ratio. The dotted T1 380 eV) 
line curve is UPS spectrum of the gas phase of water. 

Figo 12 Thermal desorption profiles of water adsorbed on titanium oxide 

surfaces of different stoichiometries. 

Figo 13 UPS spectra of the clea~ Ar ion bombarded Ti02 (~00) surface and 
3xlo3L 4 

the same surface after 1 H2o exposure and 10 seconds UV light 

illumination at room temperature. The work function change, 6¢, 

is +0.4 eVo 

Fig. 14 Effects of light on the difference spectra of water adsorbed on 

the Ar ion sputtered Ti02(100) surfacee 
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