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a b s t r a c t

The oxygen evolution reaction (OER) is the bottleneck in the overall photocatalytic splitting of water. The

active sites (terminal titanium or bridging oxygen) and active species (molecular or dissociative water)

of the initial step of the photocatalyzed OER on the prototypical photocatalyst TiO2, remain debatable.

Herein, the photocatalytic chemistry of monolayer water on oxygen-pretreated TiO2(110) (o-TiO2(110))

and reduced TiO2(110) (r-TiO2(110)) surfaces initiated by 400nm light illumination was investigated by

time-dependent two-photon photoemission spectroscopy (TD-2PPE). The photoinduced reduction of the

H2O/o-TiO2(110) interface rather than the H2O/r-TiO2(110) interface was detected by TD-2PPE. The differ-

ence in 2PPE originated from the presence of the terminal hydroxyl anions (OHt¯) on H2O/o-TiO2(110), as

identified by X-ray photoelectron spectroscopy and temperature-programmed desorption. Therefore, the

evolution of the electronic structure of H2O/o-TiO2(110) was attributed to the photocatalyzed oxidation

of the terminal hydroxyl anions, which most likely formed gaseous •OH radicals, reducing the interface.

This work suggested that the oxidation of hydroxyl anions on top of the terminal titanium ions on TiO2,

which were excluded previously in solution, need to be considered in the mechanistic studies of the

photocatalyzed OER.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Initiated by the seminal finding in 1972 [1], photocatalyzed

water splitting into H2 and O2 has become the center of solar-

to-chemical conversion because of the cleanness and high en-

ergy density of hydrogen fuel, which is expected to alleviate and

eventually solve the energy and environmental problems [2,3]. Al-

though various photocatalysts have been developed, TiO2 is still

widely used in both scientific and technological fields owing to

its stability, low cost, nontoxicity and relatively high activity [2–9].

Therefore, it has become a prototype for studying the fundamental

processes in photocatalysis.

The oxygen evolution reaction (OER) is the bottleneck in the

overall photocatalytic splitting of water because of the involvement

of multiple holes [10]. Despite its great significance, the molecular

mechanism for the photocatalyzed OER in solution is still under

intensive debate [11,12]. While the OER is suggested to be initi-
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ated by the photocatalyzed oxidation of bridging hydroxyls anions

(Figs. 1A and B) into adsorbed •OH radicals through interfacial hole

transfer [12], it is challenged by the mismatch between the high-

est occupied molecular orbital (HOMO) of the surface hydroxyl an-

ions and the valence band maximum (VBM) of the TiO2 substrate

(Fig. 2).

A Lewis acid–base mechanism has then been proposed where

nucleophilic attack of water on a trapped hole at the bridging oxy-

gen sites takes place [11,13,14]. Both the interfacial charge trans-

fer and Lewis acid–base mechanisms emphasize the importance of

the bridging sites on TiO2 in the photocatalyzed OER and indicate

the minimal role of terminal Ti ions (fivefold coordinated Ti, Ti5c)

[11,12] which are preferential adsorption sites [15]. In addition, no

consensus on the generation of free •OH radicals from irradiated

TiO2 suspensions has been reached [16–18].

Surface science studies, however, report the photocatalzyed ox-

idation of water at the Ti5c sites of TiO2 [19–22]. Although agree-

ment regarding the reaction sites has been reached, the active

species, i.e., molecular or dissociative water at the terminal sites

(H2Ot or OHt¯), are also debatable. In the theoretical field, Migani
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Fig. 1. (A) Structure of rutile TiO2(110). The gray, red and blue spheres represent

titanium, oxygen and hydrogen atoms, respectively. Terminal water (H2Ot), terminal

hydroxyl (OHt¯) and bridging hydroxyl (OHb¯) anions are indicated. Preferential ad-

sorption sites, i.e., the fivefold coordinated Ti (Ti5c) and the bridging oxygen vacancy

(Ov), are also shown. The bridging and terminal hydroxyl anions bind bidentately

and monodentately, respectively, to the TiO2 substrate. (B) Schematic illustration of

the photocatalyzed oxidation of the terminal hydroxyl anions into gaseous •OH rad-

icals by holes. Bridging hydroxyl anions can also be photocatalytically oxidized to
•OH radicals. However, bidentate coordination may cause them difficult to desorb.

Fig. 2. Schematic illustration of the electronic structure at the H2O/TiO2(110) inter-

face and two-photon photoemission from the band gap states (BGS). Evac, EF, CBM

and VBM denote the vacuum level, the Fermi level, the conduction band minimum

and the valence band maximum, respectively. The blue vertical arrow represents

the absorption of one 400nm photon. There are two band gap excitation pathways

in this study: one-photon excitation (EX I) and two-photon excitation (EX II). The

orange arrows show the direction of charge diffusion in the depletion layer. The

olive- and violet-filled areas are the HOMOs of H2Ot and OHt¯, respectively. �G and

Uo represent the redox free energy and the equivalent redox potential, respectively.

�G is the energy difference between the initial and final states, i.e., the reaction

system with a completely free hole and a trapped hole, respectively. eUo is the free

energy level at which the hole is stabilized. The relative positions of the HOMO

and eUo are drawn according to references [16] and [13], respectively. Because of

the unavailability at the solid-vacuum interface, the equivalent redox potentials are

referred to as those at the solid–liquid interface. The filled golden area represents

the split Ti3+ 3d orbitals, which contain the BGS and the empty states below and

above the EF, respectively. The absorption of one 400nm photon excites the elec-

trons in the BGS to the empty Ti3+ 3d orbitals (intra-atomic d-d transition), and

the absorption of the second photon emits the excited electrons, giving rise to the

2PPE spectra.

et al. proposed that the oxidation of molecular water via a proton-

coupled electron transfer process produced terminal •OH radicals

[23], but Wang et al. suggested that holes became involved only

when water was converted into OHt¯ [24]. On the experimental

side, using scanning tunneling microscopy (STM), Tan et al. con-

cluded that water molecules at Ti5c sites could be photocatalyti-

cally oxidized upon ultraviolet (UV) light illumination, producing

neighboring bridging hydroxyl anions and gas phase •OH radicals

(Reaction 1) [19].

H2Ot + O
2−
b

+ h
+ → •OHg + OH−

b (1)

where the subscripts t, b and g denote the adsorption at termi-

nal Ti5c sites and bridging oxygen sites and gas phase species, re-

spectively, and h+ represents a hole. In contrast, Xu et al. inferred

that OHt¯ species were responsible for the oxidation reaction by

considering the HOMO level of molecular and dissociative water

relative to the VBM of TiO2 [21]. In addition, the reported wave-

length dependence of the photoactivity of water on TiO2(110) var-

ied from group to group. While Tan et al. suggested that H2Ot on

TiO2(110) was active toward exposure to 400nm, 355nm, 266nm

and 193nm light and that the oxidation efficiency was indepen-

dent on the photon energy [19], Xu et al. showed that H2Ot was

inert until the illuminating light was below 290nm and that the

photoactivity increased with photon energy, suggesting that hot

holes were needed to trigger the reaction [21].

Due to the existing controversies, the following questions need

to be addressed: What are the active sites and the active species

involved in the photocatalyzed oxidation of water on TiO2(110)?

And how does this reaction proceed? To answer these fun-

damental questions, the photocatalytic chemistry of the mono-

layer (ML; 1 ML=5.2×1014 molecules/cm2) water on oxygen-

pretreated rutile TiO2(110) (o-TiO2(110)) and reduced TiO2(110)

(r-TiO2(110)) triggered by 400nm light illumination was inves-

tigated. Time-dependent two-photon photoemission spectroscopy

(TD-2PPE) revealed the photoinduced reduction of the H2O/o-

TiO2(110) interface; however, this phenomenon was not observed

for H2O/r-TiO2(110). X-ray photoelectron spectroscopy (XPS) and

temperature-programmed desorption (TPD) revealed the presence

of the OHt¯ anions on H2O/o-TiO2(110) rather than on H2O/r-

TiO2(110). By a thorough analysis, we propose that the photoin-

duced reduction of the H2O/o-TiO2(110) interface originates from

the removal of OHt¯ anions on TiO2 via photocatalyzed oxidation

which likely produces gaseous •OH radicals. This work suggests

that Ti5c ions in addition to bridging oxygen sites on TiO2 and hy-

droxyl anions on top of them are active sites and active species in

the photocatalyzed oxidation of water. Our results are highly ben-

eficial to the study of the molecular mechanism of the generation

of •OH radicals and the photocatalyzed OER.

Adsorption state is the prerequisite to investigate the follow-

ing surface chemistry. Thus, the adsorption of water on the r-

TiO2 and o-TiO2 surfaces was first investigated by XPS and TPD

(Fig. 3). For r-TiO2(110), the Ti 2p3/2 spectrum was fitted using a

main peak and a small shoulder centered at 459.5 eV and 457.3 eV

(Fig. 3A); these are assigned to Ti4+ and Ti3+, respectively [25].

The ratio between the peak areas of Ti3+ (STi
3+) and Ti4+ (STi

4+)
was 3.4%, indicating a slight reduction of TiO2(110). Upon anneal-

ing in oxygen, the binding energy of Ti4+ 2p3/2 decreased by 0.2 eV,

and that of STi
3+/STi4+ decreased substantially to 0.8% (Fig. 3B).

Both the upward band bending and the decrease in the Ti3+ den-

sity were indicative of the oxidation of the substrate. The effect

of the water adsorption on the Ti 2p XPS spectrum of both re-

duced and oxygen-pretreated TiO2(110) was not evident (Figs. S1A

and B in Supporting information). The O1s XPS spectrum of clean

r-TiO2(110) showed a main peak at 530.8 eV and a shoulder at

532.2 eV (Fig. S1C in Supporting information); these peaks are at-

tributed to lattice oxygen and bridging hydroxyls (from dissocia-
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Fig. 3. Adsorption of water on r-TiO2(110) and o-TiO2(110). Ti 2p XPS spectra of the bare r-TiO2(110) (A) and bare o-TiO2(110) (B) showing the Ti3+ defects. O 1s XPS spectra

of H2O/r-TiO2(110) (C) and H2O/o-TiO2(110) (D) showing the presence of the surface hydroxyl groups. All XPS spectra were acquired at a substrate temperature of 190K. The

XPS spectra were fitted by CasaXPS, and the center energy and peak area are shown in Tables S1 and S2 (Supporting information). (E) TPD spectra (m/z=18) of water-covered

o-TiO2(110) and r-TiO2(110). The water coverages in all XPS and TPD experiments are approximately 1.3 ML. (F) Illustration of the majority type of surface hydroxyls (bridging

and terminal) on r-TiO2(110) and o-TiO2(110).

tion of residual water at oxygen vacancies (Ovs)), respectively [26].

After oxygen treatment, the center for the lattice and hydroxyl oxy-

gen redshifted by 0.2 eV, consistent with that of Ti 2p. The ratios

of the signal between hydroxyl (SOH) and lattice oxygen (SOL) after

water adsorption were 4.0% and 7.2%, respectively, for r-TiO2(110)

and o-TiO2(110).

TPD was used to measure the species on the water-covered

TiO2(110) surfaces (Fig. 3E). No desorption products other than wa-

ter were detected. The TPD spectra of water from r-TiO2 displayed

two well-separated desorption features at 181K and 266K, and

these were assigned to the bridging water (H2Ob, bound to Ob

through hydrogen bonding) and the terminal water, respectively

[27]. The desorption of water between 400K and 550K indicated

the recombination of the OHb¯s [28]. Compared with water des-

orption from r-TiO2, prominent changes in the desorption temper-

ature and profile were observed for o-TiO2: (1) The overall desorp-

tion temperature blue shift. The desorption of the second layer and

the first layer shifted from 181K to 218K and from 266K to 275K,

respectively. The second layer and first layer desorption peaks be-

came much less resolved. (2) While the water desorption signals

between 300K and 400K became substantially stronger, those in

the region from 400K to 550K disappeared, which was consistent

with the nearly vanishing Ti3+ defects in the XPS results. More-

over, these results were consistent with those from a previous TPD

study [29].

The o-TiO2 substrate was prepared by annealing the r-TiO2(110)

in an oxygen atmosphere (1×10−7 mbar) at 850K followed by

cooling in the same oxygen background until 475K; afterward, the

oxygen was evacuated. Annealing in oxygen at 850K resulted in

regular TiO2(110)-(1×1) terraces with oxygen vacancies [29,30].

Further oxygen exposure at lower temperatures (from 850K to

475K in the present work) led to the titration of Ovs and the

formation of terminal oxygen adatoms and TiOx islands, gener-

ating an o-TiO2(110) surface [30,31]. Water reacted with oxygen

adatoms at Ti5c sites to produce terminal hydroxyl anions [32,33].

The OHt¯ ions recombined as water and left the oxygen adatoms

on TiO2(110) between 300K and 400K [28,34]. In addition, wa-

ter could be further stabilized on the roughened surface through

hydrogen bonding [29,33]. These factors could contribute to the

blueshift of the water desorption temperature on o-TiO2(110). The

inferior resolution between the TPD peaks from o-TiO2(110) to r-

TiO2(110) could be ascribed to surface roughening upon oxygen

treatment [29].

The adsorption states of water at the Ti5c sites of TiO2(110) are

coverage dependent. Partial dissociation occurred below 0.4 ML,

and molecular adsorption dominated above that point [35,36]. In

this study, water at the Ti5c sites of r-TiO2(110) was in its molecu-

lar form when the coverage was approximately 1.3 ML. The surface

hydroxyl species on H2O/r-TiO2(110), as detected by XPS, could be

attributed to the OHb¯s originating from the dissociation of water

at the bridging Ovs. This assignment was further confirmed by the

high-temperature (400–550K) desorption of water in TPD. In con-

trast, no high-temperature water was detected on H2O/o-TiO2(110),

indicating a negligible effect from the OHb¯ ions on this surface.

The surface hydroxyls on o-TiO2(110), which are present in XPS,

could then be ascribed to the OHt¯s. The OHt¯ ions recombined as

water and desorbed at higher temperatures than terminal molec-

ular water [28,34], in agreement with current TPD measurements.

Therefore, the type of the hydroxyl groups on the water-covered

r-TiO2(110) and o-TiO2(110) surfaces were predominantly bridging

and terminal hydroxyl anions, respectively (Fig. 3F).

2PPE, which pumps electrons to excited states and then ion-

izes them by the absorption of two photons (Fig. 2), is a powerful

tool to measure the electronic structure at surfaces and interfaces

[37]. The evolution of the electronic structure of light irradiated

H2O/o-TiO2 was monitored by TD-2PPE (Figs. 4A and B), while that

of H2O/r-TiO2 is displayed in Fig. S2 (Supporting information) for

comparison. In these experiments, the 400nm femtosecond laser

illuminated the H2O/TiO2 substrate continuously to trigger possi-

ble photochemical reactions and measured the electronic structure

via 2PPE at the same time. The 2PPE spectra of bare o-TiO2(110)

are shown in Fig. 4C. The lower cutoff of the spectra, i.e., the

work function (WF) of bare o-TiO2(110), is approximately 5.60 eV,

and the signals of both p-polarized and s-polarized (not shown)

light-excited 2PPE spectra, which are denoted as p-2PPE and s-

2PPE, respectively, are very low. The high work function and weak

2PPE intensity indicate that only a few Ti3+-related defects exist

within the probe depth in the bare o-TiO2 substrate [38]. The WF
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Fig. 4. (A) 2PPE spectra from the H2O/o-TiO2(110) interface as a function of il-

lumination by p-polarized 400nm probing light. (B) 2PPE spectra collected after

the H2O/o-TiO2(110) interface was exposed to p-polarized 400nm light for speci-

fied durations. (C) 2PPE spectra of bare and water covered o-TiO2(110). For H2O/o-

TiO2(110), the spectra were collected after 30min of illumination. P and S represent

the 2PPE spectra acquired with horizontally and vertically polarized light, respec-

tively. P-NS represents the pure excited resonance signal that is obtained by sub-

tracting the normalized S (NS) from P. (D) Integrated excited resonance signal (from

5.00 eV to 6.25 eV) as a function of irradiation time and a single exponential model

fitting. The 2PPE spectra were collected at 120K.

of bare r-TiO2(110) is approximately 5.02 eV, and the 2PPE inten-

sity (Fig. S2A) is approximately 67 times stronger than that of bare

o-TiO2(110).

Upon water adsorption, the WFs of r-TiO2 and o-TiO2 decrease

to 4.37 and 4.52 eV, respectively, due to the formation of dipole

layers [38]. While the p-2PPE spectrum of H2O/r-TiO2(110) shows a

pronounced resonance at 2.55 eV, this feature is much less promi-

nent in s-2PPE (Fig. S2A) and is consistent with the polarization

dependence of 2PPE reported previously for H2O/r-TiO2 [39]. The

2PPE spectra from H2O/r-TiO2 were continuously collected and

showed minimal changes (Fig. S2B). However, the evolution of the

2PPE spectra from the H2O/o-TiO2(110) interface was very different

from that in a previous study where no resonance was detected

[39]. A discussion regarding the origin of the difference is included

in Supporting information. By continuously acquiring p-2PPE spec-

tra of H2O/o-TiO2(110) immediately after the fresh interface was

exposed to 400nm probing light, changes in the electronic struc-

ture were captured and are shown in Figs. 4A and B. The reso-

nance at 2.55 eV was absent initially, developed with light illumi-

nation and saturated after 30min of irradiation; these results indi-

cated a photoinduced change at the interface, which was in sharp

contrast with that at the H2O/r-TiO2(110) interface. The integrated

resonance signal (Fig. 4D) showed the evolution of the photoin-

duced changes at the H2O/o-TiO2(110) interface with a rising time

constant of 381.2 s. The polarization dependence of the 2PPE spec-

tra of the irradiated H2O/o-TiO2(110) (Fig. 4C) agreed with that of

H2O/r-TiO2(110), indicating that the electronic structures of these

two systems were of the same origin.

The schematic energetics of H2O/TiO2(110) are shown in Fig. 2.

Because of the limited photon energy (3.10 eV), 2PPE is only able to

detect electrons from band gap states (not from the valence band)

whose density is proportional to the concentration of Ti3+ [40,41].

The intra-atomic d-d transition in Ti3+ of reduced TiO2 led to the

appearance of a resonance feature at 2.50±0.20 eV in the 2PPE

spectra [42,43]. This feature was absent at the beginning of the ex-

posure of the fresh H2O/o-TiO2(110) interface to 400nm light; this

result indicated that o-TiO2 had a very low Ti3+ density and was

consistent with the XPS measurements. As the light illumination

proceeded, the resonance signal became increasingly pronounced;

thus, the density of Ti3+ at the H2O/o-TiO2(110) interface became

increasingly higher, and the interface became increasingly reduced.

The reduction of TiO2 is related to the creation of defects such

as Ovs and Ti interstitials (Tiint) [44,45], the desorption of electron

acceptors [46] and the addition of electron donor atoms/molecules

[41]. Photoinduced Ovs and/or Tiints generation on o-TiO2(110)

were ruled out because no 2PPE signal enhancement on bare o-

TiO2(110) was detected (Fig. S3 in Supporting information). This

process on H2O/o-TiO2(110) was also unlikely since water could

protect the TiO2(110) surface from light-induced modification [47].

The inertness of the o-TiO2(110) substrate suggested that the pho-

toinduced change originated from the surface species. According

to XPS and TPD measurements, H2Ots, H2Obs and OHt¯s/OHb¯s
were present on the water covered o-TiO2(110)/r-TiO2(110) sur-

faces. The 2PPE spectra of H2O/r-TiO2(110) remained unchanged

after prolonged light illumination, indicating that either the high

coverage of H2O and the OHb¯ ions on TiO2(110) did not respond

to 400nm light or that their reaction-induced electronic structure

change could not be detected by TD-2PPE.

Excluding H2Ots, H2Obs and OHb¯s, the difference between

the TD-2PPE results on H2O/o-TiO2(110) and H2O/r-TiO2(110) could

only come from OHt¯s. Terminal hydroxyls abstract excess elec-

trons in the near-surface region of TiO2(110) [28]. The reduction

of OHt¯/TiO2(110) requires the deposition of electrons at the inter-

face. Thermal processes, such as the reactions between H2Ots and

OHt¯s [48] and the recombination of OHt¯ pairs as water and oxy-

gen adatoms [28,34], do not lead to net electron deposition/loss on

TiO2(110). In contrast, the oxidation of OHt¯ will leave electrons

on the TiO2(110) surface, causing the reduction of the substrate

(Fig. 1B) according to Reaction 2. The desorption of hydroxyl radi-

cals from UV-illuminated H2O/TiO2(110) was inferred in a previous

STM study [19] and confirmed by time-of-flight mass spectrometry

(TOF-MS) [20,21].

Ti
4+ + OH−

t + h+ + e− −→ Ti3+ + •OHg (2)

Photocatalyzed production of gaseous •OH radicals from

OHt¯/TiO2(110) can only occur at the wavelength lower than

300nm [21]. According to theoretical calculations, near and supra

band gap excitation of water covered TiO2(110) produce adsorbed

and free •OH radicals, respectively [23]. Another work also shows

that the most stable structure of •OH radicals generated at Ti5c
sites by the transfer of thermalized holes is the adsorbed config-

uration [49]. In TD-2PPE, the 400nm femtosecond laser triggers

the changes at the H2O/o-TiO2(110) interface and probes the asso-

ciated evolution of the electronic structure via two-photon photoe-

mission. In addition to the near band gap excitation by absorbing

one 400nm photon (Excitation I in Fig. 2), another excitation path-

way, i.e., absorption of two 400nm photons (Excitation II in Fig. 2),

exists, because of the high peak power density of the femtosecond

laser. This process can be justified by the two-photon photoemis-

sion from the band gap states of TiO2, for which the density of

states are at least one order of magnitude lower than those of the

valence band. The result of Excitation II is like that of supra band

gap excitation by absorbing a frequency doubled photon (200nm),

generating hot charge carriers to produce desorbing •OH radicals.

Similar to OHt¯s, OHb¯ ions on TiO2 are also predicted to

capture holes [49,50], indicating that bridging hydroxyl radicals

were likely also produced in our experiments. However, biden-

tate adsorption of the bridging hydroxyls (terminal hydroxyls bind

monodentately) to the substrate likely prevented their desorption,

which was consistent with the findings from the STM [19] and

TPD [20] studies, where no change in the bridging hydroxyls on

UV-illuminated TiO2(110) was detected. Without desorption, bridg-

4
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ing hydroxyl radicals would recombine with photogenerated elec-

trons and decay back to hydroxyl anions on an ultrafast timescale.

The reactivity of the photocatalyzed oxidation of hydroxyl anions

was very low [24]. TD-2PPE could not detect the tiny transient

electronic structure changes because of its limited sensitivity. The

quantitative analysis is included in Supporting information. There-

fore, no changes were detected at the H2O/r-TiO2 surface where

the bridging hydroxyl anions existed.

Specifically, the easier desorption of terminal hydroxyl radicals

led to the cumulative reduction of the substrate, while the more

difficult desorption of the bridging hydroxyl radicals resulted in a

reversible reaction. An electronic structure change from the cumu-

lative reduction of the TiO2 substrate was detectable by TD-2PPE.

However, the tiny transient electronic structure change in a low

activity reversible reaction was beyond the detection limit of con-

ventional surface science techniques.

It has been reasoned that the terminal hydroxyl anions on TiO2

cannot be oxidized because the positively charged Ti ions prevent

holes from approaching the hydroxyl groups on top of the Ti ions,

and the surface •OH radicals can only be generated at the bridging

sites [18]. However, photocatalyzed oxidation reactions at the Ti5c
sites of TiO2(110), such as the splitting of water, the conversion of

methoxy anions into formaldehyde and the desorption of O2, have

been frequently reported [19–21,51–53]. Photocatalyzed oxidation

of the OHt¯ ions on TiO2(110) was observed in our study.

Based on these results, the assumption that Ti5c ions repel holes

is unreasonable. If the Ti5c ions repelled holes, the Ti6c ions un-

der the bridging oxygen should also repel hole since they are also

positively charged. The oxygen atoms of adsorbing OHt¯s on TiO2

are negatively charged [50]; thus, they can attract holes. In prin-

ciple, most negatively charged oxygen species in TiO2, for exam-

ple, bulk oxygen atoms, terminal hydroxyls, terminal oxygen atoms,

bridging oxygen atoms and bridging hydroxyls, can trap holes, and

these have been predicted [49,50] and even experimentally de-

tected [54–59]. Based on the site-specific photocatalyzed oxida-

tion of the surface hydroxyls, the results from this surface science

study indicates that the Ti5c sites of TiO2, which have been ex-

cluded from mechanistic studies of the photocatalyzed OER in so-

lution [11,12], may actually provide a contribution to this oxidation

[24,60].

The adsorption structure is the starting point for discussing sur-

face chemistry. Our study confirmed that dissociative water, i.e.,

terminal hydroxyls, are the active species in the photocatalyzed ox-

idation of water on TiO2. Controversy regarding this issue in pre-

vious surface science studies [19,21] can now be rationalized by

the coverage and external stimulus-dependent adsorption state of

water on this surface.

The adsorption of water at Ti5c of TiO2(110) is sensitive to the

surface structure, defects, impurities, coverages, temperature and

the detection itself [26,27,32,35,61–63]. We focus on the liquid ni-

trogen temperature region at which our experiments were carried

out. In this temperature range, molecular adsorption is generally

preferred at monolayer coverages due to the formation of hydro-

gen bond networks [27,64]. At lower coverages, for example, below

0.05 ML, STM provides atomic resolved imaging of water adsorp-

tion. However, the relatively high voltages applied to bulk metal

oxides can disturb the intrinsic adsorption. At a bias voltage of

1.2–1.6V, the molecular adsorption of water at the Ti5c sites of

TiO2(110) is likely preferred [62]. Another study using a bias volt-

age below 0.60V showed that the dissociative adsorption was fa-

vored, producing terminal and bridging hydroxyl anions [63]. Core-

level spectroscopy studies indicated mixed molecular and dissocia-

tive adsorption of water on TiO2(110) at coverages below 0.4 ML

[35].

In reference [19], the H2O coverage was <0.05 ML, and disso-

ciative adsorption was favored [63], so the photocatalyzed oxida-

tion reaction was detected under UV light illumination. In refer-

ence [20,21], H2O coverage was in the 0.10–1.00 ML range. Mixed

adsorption occurred in the lower coverage region (<0.4 ML), and

molecular adsorption dominated at higher coverages (>0.4 ML)

[35]. Because the adsorption energy difference between the molec-

ular and dissociative adsorption of H2O on TiO2(110) is small (sev-

eral tens of meV) and the thermal activation barrier is in the 100-

400 meV region [32,35,36,62,63,65–67], conversion between these

two adsorption states in the presence of an external stimulus is

possible. Femtosecond/picosecond lasers were used in reference

[20,21]. Local heating by absorbing ultrashort pulses could provide

energy for the molecular-to-dissociative water conversion. In addi-

tion, the peak electric field of the laser arriving at the surface was

on the order of 107–8 V/m, which was close to the electric field in

the STM experiments. The electric field between the STM tip and

the substrate was reported to cause a reduction in the thermal

activation barrier of the reactions [63,68]. The high peak electric

field potentially work together with local heating to affect the ad-

sorption of water on TiO2(110), resulting in the generation of ter-

minal hydroxyl anions. Photothermal heating is dependent on the

optical absorption [69]; this can lead to the wavelength-dependent

generation of terminal hydroxyl anions and finally the wavelength-

dependent photocatalyzed oxidation of water on TiO2(110) [21].

The reason for inferred generation of gaseous •OH radicals from

H2O/TiO2(110) under the irradiation of 355nm and 400nm light

and the independence of the quantum yield on photon energy

based on STM measurements [19], however, is not immediately

clear. Maybe there is some possibility to produced gaseous •OH

radicals under near band gap excitation. Because of the single

molecule sensitivity, STM can detect it. But the negligible change is

below the detection limit of other techniques such as TOF-MS and

2PPE. The extremely low quantum yield and the limited statistic

sample may result in large error, leading to the independence of

the quantum yield on photon energy.
•OH radicals are strong oxidative reagents in photocatalytic wa-

ter purification and pollutant decomposition [70]. The produc-

tion of •OH radicals in the gas phase [71–73] and solution bulk

[54,55,74] from UV-illuminated TiO2 has long been reported. The

proposed mechanisms for •OH radical generation include direct

oxidation of surface hydroxyl anions [25], reaction of water with

trapped holes at bridging sites [74], reduction of H2O2 or O2 [75]

and photolysis of H2O2 and H2O [71,76]. The current and previous

studies [20,21] indicate that photocatalyzed oxidation of OHt¯s on

TiO2 may provide a method for producing free •OH radicals.

Although desorption of •OH radicals from the photocatalyzed

oxidation of OHt¯s on TiO2(110) has been detected [20,21], we can-

not exclude the possibility of the generation of adsorbed •OH radi-

cals at the terminal and bridging sites which have been theoret-

ically predicted [49,50] and experimentally detected before [59].

Unfortunately, STM, TD-2PPE and TOF-MS cannot measure the sur-

face radicals. Consequently, the transient surface species are miss-

ing from the analysis. However, X-ray free electron laser-based

time-resolved X-ray spectroscopy can be used to monitor the tran-

sient low-concentration species [77].

Adsorption energy affects the release of •OH radicals from the

surface. The OHt¯ and OHb¯ ions adsorb monodentately and biden-

tately at the Ti sites of TiO2, respectively. Generally, bidentate ad-

sorption is stronger than monodentate adsorption. The bonding

configuration of the OHt¯ and OHb¯ ions to the Ti sites of TiO2(110)

potentially result in differences in the desorption of the terminal

and bridging •OH radicals. The easier release of •OH radicals from

anatase TiO2 than from rutile TiO2 is suggested to be responsible

for the superior photocatalytic activity of the former [78].

OER in the photocatalyzed overall water splitting requires the

coupling of two oxygen containing radicals to form O–O bond. Pre-

vious work [11,12] suggests the involvement of bridging oxygen
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in O–O bond formation and excludes terminal hydroxyls by think-

ing that terminal hydroxyl anions on TiO2 cannot be photocatalyti-

cally oxidized because of the level mismatch. This viewpoint, how-

ever, has been proven to be invalid by our results in the current

work. So far, no consensus on the formation of O–O bond, i.e.,

the origin of the oxygen atoms (Ob-Ob, Ot-Ot or Ob-Ot), has been

reached. Theoretical calculations suggest that both Ot-Ot and Ob-

Ot are possible [24,60,79]. Future direct site-specific measurements

using STM are needed.

The HOMO of water and the hydroxyl groups on the TiO2 sur-

face are much lower than the substrate VBM (Fig. 2) [13,16,80].

The oxidization of these surface species by interfacial trans-

fer of thermalized holes is conventionally considered to be un-

favorable [13,14,16]. The CH3OH/TiO2(110) system has a simi-

lar interfacial electronic structure to that of H2O/TiO2(110), and

the HOMOs of both CH3OHts and CH3Ot¯s are far below, and

eUo
CH3O

−/CH3O
• /eU

o
CH3OH/CH3OH

+ is located higher/lower than the

VBM of TiO2; however, in the CH3OH/TiO2(110) system, the photo-

catalyzed oxidation of CH3Ot¯s has been detected under near band

gap excitation (hv=3.06 eV) and CH3OHts show no photoactivity

[51].

Notably, Gibbs free energy �G is the criterion for determin-

ing whether a reaction can occur spontaneously, which is defined

as the energy difference between the initial and final states. The

reagent/substrate system and a complete free hole/electron can

be regarded as the initial state of the reaction, which is obvi-

ously not the final state after capturing a hole/electron. The eUo

is the level at which the hole/electron is stabilized (Fig. 2), rep-

resents the final state of the reaction. Therefore, the eUo rather

than the HOMO/lowest unoccupied molecular orbital (LUMO) of

the reagent should be taken to judge whether the reaction can

thermodynamically occur [49,51]. According to reference [13],

eUo
OH−/•OH/eU

o
H2O/H2O

+ lies above/below the TiO2 VBM (Fig. 2), indi-

cating that the transfer of thermalized holes to OHt¯/H2Ot is ther-

modynamically favorable/unfavorable. The wavelength dependent

production of gaseous •OH radicals [21] likely comes from the pho-

ton energy dependent desorption of surface •OHt radicals which

adsorb tightly on TiO2 [23].

In summary, the photocatalytic chemistry of water on o-

TiO2(110) and r-TiO2(110) initiated by 400nm light illumination

was investigated and compared to understand the mechanism of

water oxidation. Through the combined TD-2PPE, XPS and TPD

measurements, we suggested the photocatalyzed oxidation of wa-

ter on TiO2(110) and identified the terminal Ti5c sites and the OHt¯
ions as the active sites and active species, respectively. Based on

our results, the terminal Ti5c sites and the oxidation of the hy-

droxyl groups on top of them on TiO2, which were previously dis-

regarded in solution, needed to be considered in the exploration of

the mechanism of the photocatalyzed OER.
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