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Abstract: The hole-driving oxidation of titanium-coordinated
water molecules on the surface of TiO, is both thermodynami-
cally and kinetically unfavorable. By avoiding the direct
coordinative adsorption of water molecules to the surface Ti
sites, the water can be activated to realize its oxidation. When
TiO, surface is covered by the H-bonding acceptor E, the first-
layer water adsorption mode is switched from Ti coordination
to a dual H-bonding adsorption on adjacent surface F sites.
Detailed in situ IR spectroscopy and isotope-labeling studies
reveal that the adsorbed water molecules by dual H-bonding
can be oxidized to O, even in the absence of any electron
scavengers. Combined with theoretical calculations, it is
proposed that the formation of the dual H-bonding structure
can not only enable the hole transfer to the water molecules
thermodynamically, but also facilitate kinetically the cleavage
of O—H bonds by proton-coupled electron transfer process
during water oxidation.

P hotocatalytic water oxidation on TiO, or other metal oxide
surfaces has attracted intense interest in solar energy
conversion and storage!'! because the electrons and protons
[Eq. (1)] resulting from water oxidation can be used to evolve

H,0 —1/20, +2H" +2e" (1)

H, or reduce CO, for fuel production.*) However, the
oxidization of water to O, on TiO, surface has been proven to
be quite difficult, which leaves ample opportunity for
electron-hole recombination.’” Actually, almost all the
reported photocatalytic water oxidation reactions on the
TiO, surface required the assistance of positive bias voltage or
the consumption of electrons by oxidative sacrifice agents
(that is, Ag™, Fe*t, or Ce*").*1 Consequently, water oxida-
tion is regarded as the bottleneck for further improving the
efficiency of solar-fuel systems.
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Conventionally, the water oxidation on TiO, has been
considered to be initiated from trapping of the photogener-
ated holes by molecular water or OH™ adsorbed onto the
surface Ti sites (for example, the five-coordinated surface Ti
atoms, Tis.) to generate ‘OH radicals. The coupling of such
*OH radicals generates H,O,, which is further oxidized to O,
by holes.""'2 However, recent experimental and theoretical
studies suggest that the occupied states of the O 2p orbitals of
these adsorbed water species (both molecular water and
OH") are well below the top edge of the valence band of
TiO,; therefore, the transfer of the photogenerated holes to
these species is thermodynamically hindered.*%

In the coordinative absorption mode of water, the
donation of unpaired electrons from the oxygen atom of
water to the Ti atom would greatly decrease the electron
density of the oxygen atom. This should be the main reason
for the thermodynamic ineffectiveness of hole transfer toward
water species. Kinetically, recent theoretical calculations
predicted that the oxidative cleavage of the first O—H bond,
typically by the proton-coupled electron transfer process, is
the rate-limiting step for the whole four-hole water oxidation
reaction on TiO, surface.'®!” Inspired by these, herein we
developed a strategy to realize water oxidation through
controlling the interaction mode between water and the
photocatalyst surface sites by deliberate surface fluorination
of TiO,. Our insitu FTIR measurements and theoretical
calculations showed that, by avoiding the direct coordination
of water molecules on fluorinated surface and forming H-
bond between the first-layer water molecules and surface F,
the hole transfer to the water molecules became favorable
thermodynamically and kinetically. This study highlights the
essential role of the hydrogen-bond network in the photo-
catalytic water oxidation.

To change the interaction of water with TiO, surface, TiO,
(commercially available P25, containing about 80 % anatase
and 20 % rutile) was treated with NaF aqueous solutions with
different concentrations at pH 3.5. The combined analysis on
F1s XPS and FTIR spectra (Supporting Information, Fig-
ure S1 and the detailed discussion therein) shows that the
surface structure of fluorinated samples is dependent signifi-
cantly on the NaF concentrations. For the sample treated with
a low NaF concentration (0.02M, denoted as F0.02), most of
the surface fivefold-coordinated Ti atoms were covered by
terminal F,, but surface bridging oxygen (Oy,) left intact
(Scheme 1b)."¥ After treated with increased NaF concetra-
tions (0.1, 0.3, and 0.5M, denoted as F0.1, F0.3, and FO.5,
respectively), O, was also substituted gradually by F~ (F,, in
Scheme 1c). After F0.5 was washed with a dilute NaOH
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Scheme 1. The surface structures of a) pristine TiO, and b)-d) TiO,
with different fluorination configurations.

solution (sample F0.5b), the terminal F, was replaced by OH,,
while Fy, is resistant to the washing (Scheme 1d)."!

The photochemical activities of pristine and fluorinated
samples were examined by insitu FTIR spectroscopy. As
shown in Figure 1a, in the absence of any redox species
except water, UV irradiation caused no obvious change in the
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Figure 1. a) Change in IR spectra of different TiO, samples (pretreated
by outgassing at 298 K, with similar amounts of surface adsorbed
water left; Supporting Information, Figure S2) after 20 min UV irradi-
ation under 1 atm Ar. Inset: linear relationship between the area of the
negative peak at about 1635 cm™"' (8(H,0)) and absorbance at

2000 cm™" (ly000) 0N the FO.5 surface. b) Time course of the generation
of "0, detected by mass spectra. The samples (F0.5 and TiO,) were
dispersed in H,'"®0.

IR spectra of the pristine TiO, and F0.02. Intriguingly, in the
cases of F0.1, F0.3, and F0.5, the UV irradiation induced an
evident increase in a monotonic IR absorption band ranging
from 3000 to 1000 cm™!, which is attributed to the accumu-
lated conduction-band electrons (e, ~).*"*!! Furthermore, this
featureless absorption band became more pronounced as the
extent of fluorination increased. Concomitant with the ey~
accumulation, considerable surface-adsorbed water mole-
cules were lost, as indicated by the appearance of the negative
broad absorption band ranging from 3700 to 3000 cm ™' and
the negative peak at about 1635 cm™', assigned to v(OH) and
O0(H,0), respectively. However, when F0.5 was washed with
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a dilute alkaline solution (sample F0.5b), neither the accu-
mulation of ey~ nor the loss of water molecules was observed
any more.

The increase of the e, accumulation (represented by the
IR intensity at 2000 cm ™', I,y,) exhibited an excellent linear
relationship with the loss of the adsorbed molecular water
(represented by the area of the negative peak at about
1635 cm ™) as shown in the inset of Figure 1a. Furthermore,
with the introduction of O, (Supporting Information, Fig-
ure S3b) and the stop of UV irradiation (Supporting Infor-
mation, Figure S3c), a dramatic decrease in e,,~ accumulation
occurred simultaneously with a recovery of water, owing to
the reaction between accumulated e, and O, regaining
water [Eq. (2)]. The almost identical variation trends of ey~

1/20,+2¢e, +2H' — H,0 2)

accumulation and the decrease of adsorbed water under all
tested conditions (Supporting Information, Figure S3d)
exclude the possibility that the loss of the adsorbed water
during the photoreaction was merely physical desorption and
confirm that the accumulation and depletion of ey~ are the
results of the water oxidation [Eq.(1)] and O, reduction
[Eq. (2)], respectively. Another strong support for the occur-
rence of water oxidation came from the observations that e~
accumulation was markedly increased in the water-saturated
atmosphere (Supporting Information, Figure S4).

The photoreactions were further monitored by isotope-
labeled mass spectrometry to verify the oxidation of water to
O, on F0.5. In this measurement, pristine TiO, and F0.5 were
dispersed in H,'*O to exclude the possible inference of 0, in
air. Under irradiation by a 300 W xenon lamp, as shown in
Figure 1b, the signal for *O, (m/z = 36) gradually increased in
the F0.5 dispersion, whereas the signal for '*O, in the pristine
TiO, system was not detectable, irrespective of the irradi-
ation. These experimental observations confirm that the
molecular oxygen, O,, on F0.5 evolves from water under UV
irradiation.

By exposing the dehydrated F0.5 to Ar flow saturated
with a H,O/D,O (1:1, v/v) mixture, three water species of
H,O, HDO, and D,O with bending absorption at 1635, 1445,
and 1212 cm™, respectively, were observed (Supporting
Information, Figure S5). During UV irradiation, as shown in
Figure 2, all the three bending absorption peaks underwent
a significant decrease, concomitant with ey~ accumulation.
When estimating the relative loss rates of the three bending
absorption peaks, pseudo-zero-order kinetics were observed
for all three peaks, with apparent rate constants of 0.046
(ki1,0), 0.025 (kupo), and 0.012 (kp,o). A deuterium kinetic
isotope effect (ky,o/kp,0) of 3.8 indicates that the breakage of
an O—H bond in the water molecules during the photo-
reaction is the rate-determining step for the loss of water,
which is in agreement with earlier theoretical predictions.!'*!"!
Therefore, the possibility of the oxidation of the lattice O of
TiO, to O, can be excluded because of the rate-determining
step of O—H bond cleavage rather than Ti—O bond. Thus,
considering all these results, we concluded that the dominant
contribution in ey~ accumulation on F(0.5 is from the
oxidation of water to O,.
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Figure 2. Change in IR spectra during the photocatalytic oxidation of
a 1:1 mixture of H,O and D,0 on F0.5 under UV irradiation. Inset:
kinetics of the decrease in the area of the 8(H,0), 6(HDO), and
9(D,0) bands upon UV irradiation under an Ar atmosphere.

To reveal the relationship between the activity and
adsorption modes of water molecules, we compared the IR
spectra of pristine TiO, and F0.5 when being dehydrated at
different temperatures (298-623 K, Figure 3a). IR absorp-
tions of water molecules on pristine TiO, completely dis-
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Figure 3. a) IR spectra (v(OH) and d(H,0) regions) of TiO, and FO0.5

under conditions of water saturation (s=«+¢) or dehydration at different
temperatures (TiO,: 298-623 K, F0.5: 298-473 K, 50 K interval for the

adjacent dehydration temperatures). The background was collected on
dry KBr. b) The wavenumbers at peak maxima of 8(H,O) as a function
of the outgassing temperature (298-473 K) for TiO, and FO0.5.

appeared at 623 K, whereas that on F0.5 was achieved at
merely 473 K, suggesting a much weaker interaction of water
molecules with F0.5 surface. Interestingly, the change trend in
IR absorption of 8(H,O) region for F0.5 was entirely different
from that for pristine TiO,. In the case of pristine TiO,, the
peak maxima of this vibration were remarkably shifted to
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a lower wavenumber (from ca. 1635 to ca. 1613 cm™") during
the dehydration, whereas the wavenumbers in the spectrum
of F0.5 increased slightly from about 1635 to about 1644 cm ™
(Figure 3b). Furthermore, the absorption maxima of v(OH)
vibration exhibited a significant red-shift with the increased
water adsorption on pristine TiO,. However, on F0.5,
absorption maxima were located around 3500 cm ™' and did
not undergo obvious shift with the increase of water coverage.
In the rehydration processes of the dehydrated TiO, samples,
similar IR behaviors with respect to the extent of hydration
were observed (Supporting Information, Figure S6). All these
indicate the unique hydrogen-bonding network of FO.5-
adsorbed water molecules.

For TiO,, it is generally accepted that the water molecules
are adsorbed molecularly on the Tis, sites in the first layer,
and the outer layer of water molecules are then attached to
the inner layer by H-bonds to form a network structure
around the TiO, surface.”>*! The cross-linking H-bond
structure was reported to blue-shift the bending vibration of
H,O, and the extent of this shift increase with increasing
numbers of H-bonds.?! Accordingly, the shifts in the IR
absorption of the 8(H,O) and v(OH) regions during the
hydration and dehydration (Figure 3; Supporting Informa-
tion, Figure S6) reflect the gradual formation and cleavage of
the H-bond network, respectively. Unlike the case of pristine
TiO,, the vibration of (H,O) for F0.5 emerges at a relatively
large wavenumber (1644 cm™') and a remarkably red-shifted
v(OH) absorption band at 3234 cm™' was observed, even
when the amount of adsorbed water is very low, which
suggests that the H-bond is formed in the first-layer adsorp-
tion of H,O onto F0.5. Fluoride ions are known to form strong
H-bonds with molecular H,O. Our XPS and IR results
(Supporting Information, Figure S1) demonstrate convinc-
ingly that fluorides F; and F, in F0.5 tend to exist in pairs and
coordinate to the same Ti sites (Scheme 1c). Therefore, the
two H atoms of water likely interact simultaneously with the
adjacent F, and F,, through dual H-bonds (Scheme 2b). The

H\? _H
) ) hv Thermodynamically
) fi—o—i hindered
F/H‘E -
| hv | H . |
b) —Ti—F—Ti— —— —Ti—F—Ti— + 50,
| l 2eq

Scheme 2. Pathways of water oxidation under different water adsorp-
tion configurations.

formation of dual H-bonds would reinforce the intrinsic
bending force constant, subsequently leading to a higher
vibration frequency of 8(H,0).** This supposition is also
supported by fact that the change tendencies in both the
v(OH) and 0(H,0O) regions on either F0.02 or F0.5b are
similar with those on pristine TiO, (Supporting Information,
Figure S7).

To estimate the energetics for the oxidation of water with
different adsorption modes by the hole, the density of states
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and the hole-distribution were examined by density func-
tional theory (DFT) calculations on the anatase (101) slab.
We considered two adsorption modes of water: 1) a water
molecule adsorbed onto F sites by dual H-bonding to adjacent
F, and F,,, and 2) water adsorbed onto five-fold-coordinated
Ti (Tis.) sites of TiO, through its oxygen atom in the first
layer, as shown in Figure 4a. The DFT study with hybrid
functional (PBEO) showed that the partial density of states

According to the theoretical calculation results, in the
cases of samples containing both F, and F,, such as F0.1, F0.3,
and F0.5, the water was bonded to the surface via dual H-
bonding with neighboring F, and F,, (Scheme 2b). First,
through dual H-bonding, the proton transfer between the
catalyst and adsorbed water molecules will be strengthened.
According to the observed remarkable KIE (Figure 2) and
recent reports,1®7>) this facilitation in proton transfer will

significantly enhance the water oxidation.
Second, The presence of F~ in TiO, aqueous

Figure 4. a) Spin-density contour (blue dots) for the fluorinated (101) slab of anatase
TiO, with one extra hole. Two adsorption modes for water molecules, (H,0): and
(H,0)+;, are compared on the same surface. b) The total density of states (TDOS) and
partial density of states (PDOS) on different oxygen atoms. Ti gray, O red, F cyan,

H white.

(PDOS) of (H,O)y; was deeply embedded in the valence band
by approximately 2 eV, which is consistent with previous
reports that the occupied states of O2p orbitals of Ti-
adsorbed water species are well below the top edge of the
valence band of TiO,."*"! Notably, the PDOS on the H-
bonding adsorbed water (H,O)r was located just above the
top of the valence band, which is mainly derived from the
O2p orbital of the O atom in TiO, (Figure 4b), indicating that
it is energetically favorable for the hole trapping by the water
molecules adsorbed onto F by H-bonds. In good agreement
with the DOS results, the spin distribution analysis of the slab
with an extra hole reveals that large spin densities (blue dots)
are localized on the oxygen atom of the H-binding adsorbed
water molecule, (H,O)g whereas no hole-distribution is
observed on the Ti-coordinated water, (H,O); (Figure 4a).
The presence of second layer water molecules to form
hydrogen bonds with (H,0)y does not change the relative
energy profiles of the first-layer water molecules (Supporting
Information, Figure S8).

Evidently, the alteration of the water adsorption mode on
TiO, by surface fluorination can significantly influence the
thermodynamics and kinetics of water oxidation by the hole.
In the case of pristine TiO,, the Mulliken charge on the O
atom in water coordinated to the Tis, sites is —0.94. However,
the charge on the O atom of water that adsorbs by H-bonding
to surface F atoms is —1.06, which is much more negative than
that of water coordinated to Tis, sites. Plausibly, the hydrogen
in water as an H-bond donor will weaken its H-O bonds and
leave a more negative charge on the O atom. As a result, the
formation of this H-bond will make the hole trapping by the
O atom energetically more favorable.
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—TDOS suspensions, where only surface Ti sites was

:Eggg g: 5:28; covered by terminal I.:" has been.reported to

—— Obr promote the degradation of organic pollutants

and to enhance the formation of "OH radi-

cals.'>221 Under our experimental conditions,

neither electron accumulation nor water oxi-

dation was observed for the sample covered

only by F,, as in F0.02, probably because of the

prevalence of recombination between the *OH

N radicals and e, in the absence of scavenger.

4 2 0 2 4 6 The lack of photocatalytic activity of F0.02
Energy /eV——>

suggests the multi-hole oxidation character-
istics of the dual H-bonding absorbed water
molecules on F0.5. It is proposed that with both
H atoms of water molecule H-bonding with
surface F sites, the formed radical intermedi-
ates by hole transfer are restricted on the
surface through H-bonds, which enables multi-
hole oxidation of water oxidize into O,; this process should be
accompanied by the breakage of O—H and the nucleophilic
attack of water in the outer layer or the coupling of two
oxidized water molecules.

In conclusion, on the basis of a detailed insitu IR
investigation, we show that, through the alteration of the
water adsorption mode on TiO, by surface fluorination,
photocatalytic water oxidation to dioxygen by photogener-
ated holes was achieved in the absence of any electron
scavengers, which is attributed to the assistance of surface H-
bonding formed between the water molecules and two
adjacent surface F sites. Such a H-bonding water adsorption
configuration can not only facilitate proton transfer and
cleavage of O—H bonds in water molecules but also enable
the hole transfer from the valence band to the water
molecules, which is energetically unfavorable in the case of
Tis.-adsorbed water molecules.

Keywords: hydrogen bonds - IR spectroscopy - photocatalysis -
titanium dioxide - water oxidation
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