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Abstract: The generation of oxidants on illuminated photo-
catalysts and their participation in subsequent reactions are the
main basis of the widely investigated photocatalytic processes
for environmental remediation and selective oxidation. Here,
the generation and the subsequent diffusion of *OH from the
illuminated TiO, surface to the solution bulk were directly
observed using a single-molecule detection method and this
molecular phenomenon could explain the different macro-
scopic behavior of anatase and rutile in photocatalysis. The
mobile *OH is generated on anatase but not on rutile.
Therefore, the photocatalytic oxidation on rutile is limited to
adsorbed substrates whereas that on anatase is more facile and
versatile owing to the presence of mobile *OH. The ability of
anatase to generate mobile *OH is proposed as a previously
unrecognized key factor that explains the common observa-
tions that anatase has higher activity than rutile for many
photooxidative reactions.

Semiconductor photocatalysis is a key chemical process for
solar energy utilization. It is mediated by the photoinduced
charge transfers occurring on the semiconductor/water (or
air) interface, which is often accompanied by the generation
of reactive radical species such as the hydroxyl radical and
superoxides."! In particular, the generation of the OH radical
(‘OH) on UV-illuminated TiO, surface is a key step in the
intensively studied photocatalysis for the purification of
polluted water and air. Although the involvement of OH
radicals in the photocatalytic process is widely accepted, the
nature of the reaction mechanism is complex and not clearly
understood because the photocatalytic activities of TiO, are
often specific for the substrate and for the catalyst sample
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used.”! The photocatalytic degradation of pollutants using
UV-illuminated TiO, (one of the most frequently and
thoroughly studied photoactive materials) has been success-
fully demonstrated for an immense number of substrates,
which is largely ascribed to the strong oxidation potential of
the photogenerated valence band (VB) holes and OH radicals
(free, *OH;, or surface bound, *OH,).!"? The photochemical
generation and behavior of reactive oxygen species (ROS) is
vitally important in determining the photocatalytic activity of
TiO, but not much is known regarding this critical process at
the molecular level.

In photocatalytic oxidation processes, the hole and "OHj
react mainly with adsorbed substrates and the desorption of
intermediates from the surface should inhibit further miner-
alization. On the other hand, mobile “OH;, can react with both
surface-bound and unbound substrates/intermediates and is
a more versatile oxidant. Although "OH; is believed to be
generated in the TiO, photocatalytic reaction,”’) previous
studies addressed the desorption of ‘OH; at the TiO,/air
interface! and there has been no direct evidence supporting
the diffusion of ‘OH; from the illuminated TiO, surface in
water. This study demonstrated the existence of the diffusing
‘OH; in aqueous medium for the first time using a single-
molecule detection technique based on total internal reflec-
tion fluorescence microscopy (TIRFM).**! The observed
molecular behavior of OH radicals and their role in the
macroscopic photocatalysis were investigated for the model
photocatalysis system employing anatase and rutile nano-
particles in water. Why anatase and rutile forms of titania
exhibit different photocatalytic activities has been an impor-
tant and frequently raised question. Although it has been
frequently dealt with,*"! here we propose a new view based
on the molecular behavior of photogenerated OH radicals.
The "OH; diffusing from the irradiated anatase TiO, into the
aqueous bulk was observed, whereas this behavior was not
observed with rutile. The molecular events occurring on
irradiated TiO, nanoparticles (anatase and rutile) and the
macroscopic photocatalytic behavior in bulk slurry systems
can be successfully correlated.

It has been often reported that the activities of anatase
TiO, are higher than those of rutile TiO, for various
photocatalytic reactions.”! Although the higher photoactivity
of anatase has been ascribed to a wider band gap,/” slower
charge recombination kinetics,® higher charge carrier mobi-
lity,”! deeper excitation of charge carriers in bulk,'” and the
different kinds of photogenerated ROS,M there is lack of
clear understanding. In most of the previous photocatalytic
studies that compared anatase and rutile, their properties such
as the surface area, particle size, and the level of defects are
significantly different and therefore, the observed activity
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difference cannot be ascribed solely to the intrinsic difference
of the crystalline phase. To minimize the interferences from
other intrinsic properties, in this study, pure anatase and rutile
samples were obtained by the selective etching of P25 TiO,
(having mixed crystallinity).'"” Since both anatase and rutile
samples were derived from the same parent particles (P25),
their physicochemical properties are not very different as
apparent in Table 1. Powder X-ray diffractograms and diffuse

Table 1: Properties of anatase and rutile etched from P25 TiO,.

TiO, BETsur-  Crystallite Hydrodynamic Particle Zeta
phase face area  size [nm]® size [nm]®! size potential
[m*g™] [nm]d [mv]
anatase 62 22 236 21 35 (£5)
rutile 31 34 193 35 42 (£3)

[a] Calculated from XRD and the Debye—Scherrer equation. [b] Measured
by an electrophoretic light scattering spectrometer. [c] Measured by
TEM, averaging at least 500 particles. [d] Measured at pH 3.

reflectance spectra confirmed that each etched phase is pure
anatase and rutile (Figures S1 and S2). The distribution of
particle sizes was analyzed from transmission electron
microscopy (TEM) images (of up to 500 particles, Figure S3)
and the average size of particles observed by TEM closely
matches with that calculated from the Debye-Scherrer
equation (Table 1).

To directly monitor the behavior of "OH; diffusing from
the surface of anatase and rutile to water medium, the
previous experimental setup (TIRFM) for detecting air-born
OH radicals™! was modified as shown in Scheme 1. HPF (3'-
(p-hydroxyphenyl)fluorescein) selectively reacts with ‘OH
(but not with O,~, '0,, and H,O, generated on UV-irradiated
TiO,) and transforms into a strongly fluorescing product.’*!
Therefore, HPF was used for the selective single-molecule
detection of *OH; under experimental condition in which HPF
was not in direct contact with the TiO, surface. In this work, to
detect *OH; in water, HPF was modified with a silylated group
as an anchor that prevents detachment from a cover glass
(Figure S4). When the underivatized HPF coated on the cover
glass was used, most HPF molecules desorbed from the
surface and little fluorescence signal was observed (Fig-
ure S5). Figure 1a—d show the single-molecule fluorescence

TiO, (anatase or rutile) coating

*ﬂuorescein probe molecule
OH

O, o o
D0
.0
CONH—\_§i-0-]
g °-

Weak Fluorescence

Polyimide .
spacer Water (or air]

(7.5~ 12.5 ym) )]

fluorescein-coate
cover glass

CW laser uv

Scheme 1. lllustration of the experimental setup for the single molecule detection of
photogenerated "OH; in water. Anatase or rutile was coated on the upper cover glass and
the modified fluorescein (HPF) was anchored on the lower glass through a silanol
group. The intervening gap was controlled using polyimide films. The gap was filled with

air-saturated water.
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images observed before and after UV irradiation of the
anatase and rutile films for 5s in water and 2s in air,
respectively. After UV irradiation, bright fluorescent signals
clearly emerged over the irradiated region of the anatase film,
whereas the signals generated over rutile were negligible. The
fluorescent signals may not be directly comparable between
the water and air systems since the number of HPF molecules
on the cover glass (in air/TiO, case) might be different from
that of silylated HPF (in water/TiO,). However, the observa-
tion that the signals in anatase/water (Figure 1a) are localized
within the UV-irradiated region (yellow circles) compared
with those of the anatase/air system (Figure 1c) [despite the
longer UV-irradiation time (5s) and the shorter diffusion
distance (7.5 um) in the anatase/water system] indicates that
the water-born "OH; is much short-lived and less mobile than
air-born "OH;. All fluorescence experiments were repeated 3—
10 times over different regions to confirm the reproducibility
(Table S1). The fluorescence signals were completely
quenched in the presence of DMSO as an "OH scavenger,
which excludes the possibility that signals may originate from
any fluorescing impurities.

The total amount of ‘OH (without distinction between
"‘OH, and "OH;) was also monitored in steady-state photo-
catalysis of a TiO, slurry by three different methods (Fig-
ure 2a and Figure S6). Benzoic acid (BA),'¥ coumarin,! and
HPF"! were used as probe molecules for ‘OH detection and
their oxidized products (generated as a result of the reaction
with ‘OH) were quantified by HPLC chromatography (for p-
hydroxybenzoic acid, p-HBA) and fluorescence spectroscopy
(for 7-hydroxycoumarin and fluorescein). Regardless of the
test method, a similar trend of *OH production activity
(anatase > rutile) was observed, which supports the previous
reports.®¢ 1<l Ajthough the single molecule fluorescence
image analysis showed the absence of “OH; on rutile (Fig-
ure 1b), the production of "OH (i.e., p-HBA) on rutile was
observed with a reduced activity (Figure 2a) since p-HBA can
be generated from the reaction with "OH. To differentiate the
reaction of "OH, from that of "*OHj, the production of p-HBA
was compared between bare TiO, and Nafion-coated TiO,
slurry systems (Figure 2b). Nafion is frequently employed as
an inert support of photoactive catalysts, because the
perfluorinated polymer itself is stable against photocatalytic
oxidation and does not react with ROS." The Nafion layer
on anatase and rutile was analyzed to confirm the homoge-
neity of the surface coverage (Figures S7-S9).
When the surface of TiO, is coated with
Nafion,'” the direct contact between ‘OH;
and the substrate (BA) should be inhibited
by this barrier and the oxidation of BA should
be mediated preferentially by *OH; (Figure 2b
inset). Figure 2b shows that the hydroxylation
inhibition effects induced by the Nafion layer
are very different between the anatase and
rutile systems. With a thin Nafion layer (10-
20 mgg'-Ti0,), the activity of rutile was
significantly reduced (by ~40%) whereas
that of anatase was little affected. The Nafion
layer may not inhibit the reaction (BA + *OHy)
completely because some BA can be absorbed
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Figure 1. Fluorescence images of ‘OH; that migrated through a gap
from the UV-illuminated TiO, to HPF-coated cover glass. a-d) The
TiO,/water system with silanol-modified HPF [anatase (a) and rutile
(b)] and the TiO,/air system with HPF [anatase (c) and rutile (d)] were
compared before (left) and after (right) UV irradiation for 5's (water)
and 2 s (air). The diffusion gap is 7.5 pm (water) and 12.5 pm (air).
The UV irradiation region is inside the yellow circle in the images. N,
indicates the number of fluorescence signals. The size of the images is
50x 50 um. e) lllustration of OH-radical-mediated photocatalysis on
anatase (left) and rutile (right).

into the Nafion layer. Nevertheless, this indicates that the
hydroxylation on rutile is initiated mainly by ‘OH, whereas
that on anatase is achieved by "OH; that can diffuse out
through the Nafion layer. The fact that the hydroxylation
activity of rutile is more sensitively influenced by the presence
of the Nafion layer (in macroscopic photocatalysis in water) is
consistent with the lack of *OH; production on rutile (in
single-molecule detection).

14262

www.angewandte.de

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

-
=3
=3

| O oL

—&— Anatase
—O- Rutile

80 —A— Control wio catalyst
—7— Control wio light

40 —@— Anatase

—O- Rutile
20

=3

N A A
0 20 40 60 80 100 120 140
Irradiation time / min —

0 10 20 30 40 50 60
[Nafion] / (mg/g-TiO,) —

[(rgr)iro] (Inhibition effect) / % —= g

C)120| 4 W@ Anatase d) 120

’]\ 100 0O Rutile 1008

=

=~ 8 ™A 80

© —@— Anataseat pH3

2 o0 = e ~O- Rutile at pH 3

1] 4-CP £ —A— Anatase at pH 11

H = —v— Rutile atpH 11

g “ g 0 —B- Rutile with 2% anatase
2 2 -

= formate 20

z° 0

T o0 2 4 & 8 10 0 30 6 9 120 15 180

[TBA]/mM — Irradiation time / min —

Figure 2. The distinction between *OH, and ‘OH in the bulk-slurry
photocatalytic system. a) Time profiles for the photocatalytic produc-
tion of p-HBA from the oxidation of BA. b) Inhibition of p-HBA
production by Nafion coating on TiO, as a function of Nafion loading.
c) Inhibition of pollutant degradation (TMA, 4-CP, and formate) by
TBA addition in the suspension of anatase and rutile under UV
illumination. TMA on rutile was not degraded at all regardless of the
TBA concentration. r, and r represent the initial reaction rate
(tMminT") in the absence and presence of Nafion for (b) [or TBA for
(c)]. d) The time profiles of TMA degradation in the aqueous suspen-
sions of anatase and rutile are compared between pH 3 and 11. The
rutile sample containing 2% of unetched anatase phase is compared
as well. Experimental conditions were [TiO,]=0.5 gL', [4-CP],, [for-
mate]y, and [TMA],=100 pm, [BA],=10 mm, [TBA],=1, 5, and 10 mm,
pH,=3, air saturation, and 2> 300 nm (or >320 nm for 4-CP).

The role of "OH; and "OH; in the photocatalytic oxidation
in water was further investigated by monitoring the effect of
addition of tert-butyl alcohol (TBA ; scavenger of “*OH) on the
photocatalytic degradation of organic substrates in the
suspension of anatase and rutile. Three substrates (formatel!”)
as an anionic substrate, 4-chlorophenol (4-CP)!"® as a neutral
substrate, and tetramethylammonium (TMA)?¢3 as a cat-
ionic substrate) were selected because they have different
electrostatic interactions with the positively charged TiO,
surface (at pH3; Figure 2c¢). Formate anions should be
attracted onto the surface'”’ whereas TMA cations are
repelled from the surface.”***! Under such condition, for-
mate is degraded mainly by *OH, and TMA by ‘OH,.?*<3 4.
CP which is not adsorbed on nor repelled from the TiO,
surface should be degraded by both ‘OH; and "OH;. Since
TBA little adsorbs on TiO, surface, TBA should scavenge
‘OH; preferentially. Therefore, the presence of TBA signifi-
cantly retards the degradation of nonadsorbing substrates,
while it has only little effect on the degradation of surface-
adsorbed substrates."”! Figure 2c shows that the TBA-
induced inhibition effect is markedly high with TMA and
insignificant with formate, which supports that TMA degra-
dation is mediated mainly by ‘OH; (in the solution bulk) and
formate degradation by "‘OHj (on the surface). The TBA
inhibition effect was more prominent with anatase than rutile
in the cases of TMA and 4-CP degradation, which means that
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the contribution from *OH;-mediated oxidation is higher with
anatase than rutile. This is also consistent with the fact that
rutile shows no activity for the photocatalytic degradation of
TMA at pH 3 (degraded by "OH;) (Figure 2 d) but measurable
activities for 4-CP and formate (degraded by 'OH;). The
inability of generating *OH; on rutile, which was confirmed by
the single-molecule fluorescence image analysis, explains why
rutile cannot degrade TMA at all and why the photocatalytic
oxidation on rutile is less affected by the presence of hydroxyl
radical scavengers (TBA). It can be concluded that the
photocatalytic oxidation is initiated by both *OH; and "OH; on
anatase (both surface and bulk reactions) whereas it is done
mainly by ‘OHj, on rutile (surface reaction only) (Figure 1¢).
The pH-dependent photocatalytic activities of TMA degra-
dation with anatase and rutile, which are shown in Figure 2d,
are consistent with this conclusion. Although rutile is
completely inactive for TMA degradation at pH 3 (at which
the electrostatic interaction is repulsive), it shows a non-
negligible activity at pH 11 (at which the electrostatic
interaction is attractive) because "OH, generated on rutile
can attack TMA molecules. It is interesting to note that even
a small fraction of anatase remaining in the etched rutile
(rutile with 2% anatase in Figure 2d) induced a measurable
degradation of TMA at pH 3. This indicates that the presence
of anatase is essential for the photocatalytic degradation of
TMA at pH 3, which implies that the diffusing *OH; generated
on anatase are needed to reach the TMA molecules that are
repelled from the TiO, surface at pH 3. Therefore, the
photocatalytic degradation of TMA on anatase at pH 3 was
greatly enhanced compared with that on rutile. TMA
degradation for anatase at pH 11 was highly enhanced,
because the oxidation of TMA was initiated by both "OHj
and "OH; (both surface and bulk reactions).

Anatase and rutile can be different in their charge
recombination dynamics, which may contribute to the differ-
ent activities. The recombination kinetics in anatase and rutile
were compared using time-resolved diffuse reflectance
(TDR) spectroscopy. TDR spectra of anatase and rutile
show the typical broad absorption band of the trapped holes
and electrons in TiO, (Figure S7).*"! Figure 3 compares the
normalized time traces of absorption at 550 nm (mainly
derived from trapped hole) during the 355 nm laser photolysis
of anatase and rutile in water. The time-resolved decay at
550 nm was slower in anatase than rutile, which implies
a longer lifetime of photogenerated charge carriers and
a higher efficiency of ROS generation in anatase.”®l However,
the difference in recombination dynamics between anatase
and rutile cannot fully explain the difference in their photo-
catalytic activities as discussed below.

Table 2 compares the initial photocatalytic degradation
rates of six test substrates with anatase and rutile at pH 3.
Although the activity of anatase is higher than rutile for most
cases, the discoloration of AO7 is faster with rutile. Azo dyes
can be discolored through various mechanisms (e.g., reaction
with various ROS, dye-sensitization path)?! even in the
absence of *OH; and therefore, AO7 can be discolored on
rutile that does not generate “OH;. The activity ratios (A/R)
between anatase and rutile are highly substrate-specific,
which cannot be simply ascribed to the difference in intrinsic

Angew. Chem. 2014, 126, 14260 -14265

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

-
N

o
©

Anatase

e
o

i)

o,
Yoabs @ssonm(normalized) —
(=]
w

| ‘ Rutile . . )
0 1 2 3
Time /pus —

Figure 3. Time-resolved diffuse reflectance spectroscopy measure-
ments. Normalized time traces of absorbance at 550 nm during the
355 nm laser photolysis (1.5 m) pulse™) of aqueous suspensions of
anatase and rutile TiO, nanoparticles in water. The % absorption
(%abs) is given by the equation %abs = (R,—R)/R,x 100, where R and
R, represent the intensities of the diffuse reflected monitor light with
and without excitation, respectively.

Table 2: Photocatalytic activities of anatase (A) and rutile (R) samples
determined with various test substrates.”

TiO, phase TMA DCA 4CP EDTA AO7
A 1.0 23 4.4 15.6 5.9 1.7
(ads %) (<) (<) (<)  (20) (22)  (41)
R 0 0.78 0.94 5.6 3.5 3.9
(ads %) (<) (<1 (<)  (18) (14) (1)
activity ratio (A/R) >1 29 4.7 2.8 1.7 0.44

[a] The listed numbers represent the initial removal rate (UM min~'). The
experimental uncertainty was within +10%. The most active TiO,
sample for a given substrate is in bold numbers. The numbers in
parenthesis indicate the adsorbed fraction (ads %) of each substrate on
anatase and rutile at equilibrium prior to UV irradiation. The exper-
imental conditions were [TiO,]=0.5 gL', [TMA],=[DCA],=[4-CP],=
[AO7],=100 pum, [EDTA],= 500 pm, [Cr'],=200 pm, 300 nm (or
A>320 nm for 4-CP), pH;=3 and air-saturated.

properties of two polymorphs (e.g., bandgap, recombination
dynamics, mobility of charge carriers). It is interesting to note
that the activity ratios (A/R) are high with nonadsorbing
substrates (TMA, DCA, 4-CP) whereas they are generally
low with adsorbing substrates (AO7, Cr'', EDTA). This
supports that the photocatalysis of anatase (producing ‘*OH;)
is more efficient in oxidizing nonadsorbing substrates than
that of rutile (not producing *OH;). Rutile reacts preferen-
tially with adsorbed substrates because its inability to produce
*OH; mainly limits its reaction on the surface region.

The relative roles of "OH,, "OH;, and VB hole can be
different in the degradation of each substrate, which may be
related to the substrate-specific activity of anatase and rutile.
For example, although rutile shows the higher color removal
rate (2.3 times), the mineralization process is more efficient
with anatase: the total organic carbon (TOC) removal of AO7
in anatase suspension was 84 % after 1 h irradiation, whereas
that for rutile was 28%. This implies that the initial
destruction of the chromophoric group in AO7 can be
mediated by VB holes or "OHj, but the further degradation
and mineralization require the action of "OH; that is absent in
the rutile system. If the oxidation activity difference between
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anatase and rutile is largely ascribed to the behavior of OH
radicals, the photocatalytic reduction activity of anatase and
rutile might be different from the oxidation counterpart. As
for the reductive conversion of hexavalent chromium (Cr¥'—
Cr'; Table 2), the activity ratio (A/R) is 1.7. Considering that
the specific surface area of anatase is twice as large as that of
rutile (Table 1), there is little difference between anatase and
rutile in the intrinsic photocatalytic activity (normalized by
surface area) for the reductive conversion. A previous
study®! also reported that the photocatalytic reduction
activity of rutile is comparable or even higher than that of
anatase for the reduction of Ag" on TiO,. The faster
recombination in rutile cannot provide an explanation for
this. The common belief that anatase is more active than rutile
is not valid for photocatalytic reduction reactions.

In this respect, the electron transfer to O, (as an electron
acceptor) on anatase and rutile should also be considered.
This O, reduction part is slow and often limits the overall
kinetics of photocatalysis. The efficiency of OH radical
photogeneration in the suspension of anatase and rutile was
compared (by using the coumarin method) in air and O,-
saturated condition (Figure S11). Higher O, concentration
(under O, saturation) enhanced the hydroxylation of cou-
marin on rutile more than on anatase (the enhancement
factor (O, versus air saturation) is 1.96 and 1.25 for rutile and
anatase, respectively), which indicates that the OH radical
production on rutile is more limited by the O, reduction part
than that on anatase. The conduction band (CB) edge
potential of rutile is slightly more positive (by 0.1-0.2 V)
than that of anatase. Therefore, the hindered formation of
‘OH; on rutile might be related to the inefficiency of the
reductive pathway of OH radical generation (i.e., the path
of 0,—H,0,—'OH). According to our preliminary test, the
formation of *OH; is negligible in the presence of Ag"
(stronger CB electron scavenger than O,) that should
hinder the reduction of O,, implying that the reductive
pathway can be responsible for *OH; formation. That is, not
only the VB hole-mediated path but also the CB electron-
mediated path may contribute to the generation of "OH;. A
more detailed study of the mechanism of *OH; formation on
anatase and rutile is under investigation. Although the
photocatalytic activities of anatase and rutile can be influ-
enced by many parameters such as the width and position of
the band gap,’-?! and the charge recombination dynamics and
mobility of charge carriers,®'% this study newly proposes, on
the basis of the molecular level observation and its relation
with the slurry-phase photocatalysis, that the photogeneration
of *OH; is preferred on anatase, not rutile and that the action
of "OH; is critical in determining the overall photocatalytic
oxidation activity. Considering that the majority of photo-
catalytic applications are related to the oxidative conversion,
the present finding provides new insight for understanding
photocatalysis behaviors and mechanisms.

In summary, the diffusion of "OH; from the illuminated
TiO, surface into the aqueous solution was for the first time
directly observed using a single-molecule detection system.
The generation of diffusing *OH; was clearly observed on
anatase but not on rutile. The diffusion of "OH; from the
surface into the aqueous bulk greatly extends the reaction

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

zone and makes the photocatalytic oxidation reaction not
only heterogeneous (occurring only on the surface) but also
homogeneous (occurring in the solution bulk) in its nature.
However, the photocatalytic reaction zone on rutile that
cannot generate "OH; is limited mainly to the surface, which
makes the oxidation and mineralization of nonadsorbing
substrates and intermediates less efficient. The fact that the
photocatalytic activities of anatase and rutile are highly
substrate-specific, which cannot be explained in terms of the
different properties of the titanium material itself (e.g.,
different band gap, band edge position, and charge recombi-
nation dynamics), can be understood on the basis of the
different behavior of OH radicals generated on anatase and
rutile and the different adsorption properties of substrates
(and their degradation intermediates) on anatase and rutile.
In particular, the photogeneration of *‘OH; is critical in
achieving the mineralization of nonadsorbing substrates.
The common observation that an anatase photocatalyst is
more active than rutile is now attributed to the facile
generation of *OH; on anatase. Although the photocatalytic
activity difference between anatase and rutile cannot be
ascribed solely to the molecular behavior of "OH;, it is an
important factor which has not been recognized before.
However, the fundamental question of why anatase allows the
desorption of “OH; and rutile does not remain unanswered.
Further experimental and theoretical studies are underway to
gain a molecular-level understanding of this phenomenon.
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