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Abstract

Photocatalytic degradation reactions of methylene blue on nanocrystalline TiO2 (nc-TiO2) films were studied in situ by surface mass spec-
trometric techniques including secondary ion mass spectrometry, laser desorption direct ion mass spectrometry, and laser desorption/laser
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hotoion mass spectrometry. The parent ion of methylene blue and/or its reduced form leucomethylene blue was observed with litt
ation by all methods prior to ultraviolet exposure. The surface composition changed upon ultraviolet (UV) irradiation in air, an ob
scribed to photocatalytic reactions induced by UV photons: the parent molecule signal diminished and intermediate reaction pro
s sulfoxides and sulfones were detected from the TiO2 surface. After prolonged UV irradiation these species also vanished and the me
lue appeared to be almost completely mineralized.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Nanocrystalline TiO2 (nc-TiO2) has attracted great inter-
st in recent years due to its many potential applications

1–5]. Among these, the photocatalytic properties of nc-TiO2
learly stand out: to degrade organic or biological pollutants
n waste water or in the atmosphere constitutes a very promis-
ng application[6–8]. Numerous studies[9–13] have inves-
igated ultraviolet (UV) photocatalytic degradation reactions
mploying nc-TiO2 particles in aqueous suspensions. The
nderlying physico-chemical mechanisms appear to be clear
ut [14–16]: TiO2 in the anatase phase (which exhibits the
igher photocatalytic efficiency) is a semiconductor with a
and gap ofEg ∼ 3.2 eV. A UV photon with an energy greater
hanEg creates an electron–hole pair in a TiO2 nanocrystal-
ite. If these charge carriers diffuse to the crystallite surface
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before recombining, they may reduce or oxidize adso
molecular species. The ultimate goal would be the com
mineralization of any pollutants present. While many stu
have demonstrated the feasibility of that approach, det
reaction pathways could be established only in a very
ited number of cases. To some extent, this is due to the
that most of those investigations were carried out in solu
Under such conditions, the assessment of the reaction
cesses occurring on the surface of the nc-TiO2 particles is
rather restricted.

It is generally assumed that the absorption of photons
an energyhν ≥ Eg = 3.2 eV induces the following reactions
the surface of nc-TiO2:

Electron–hole pair formation:

TiO2 + hν → TiO2 (e− + h+) (1)

Oxidation of adsorbed water by holes:

(H2O)ads+ h+ → H+ + OH• (2)
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Ionosorption of adsorbed oxygen by electrons:

(O2)ads+ e− → O2
•− (3)

Oxidation of adsorbed hydroxide ions by holes:

2(OH−)ads+ h+ → OH− + OH• (4)

Transient formation of hydroperoxide radicals via Eq.(3)
and the further reactions:

O2
•− + H+ → HOO• (5)

2HOO• → H2O2 + O2 (6)

H2O2 + e− → OH− + OH• (7)

Oxidation of organics by OH• radicals, or directly by holes:

R H + OH• → R• + H2O (8)

R + h+ → R+• → degradation products (9)

The goal of this work was to use mass spectrometry of
desorbed surface species to monitor photocatalytic reactions
such as those initiated by Eqs.(8) and (9) and followed
by insertion of oxygen occurring on the surface of nc-TiO2
particles. Such reactions have been studied in suspensions
containing nc-TiO2 particles, but in many applications, nc-
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(120 mg/L) and a single drop was applied onto the surface
spreading over the∼30 mm2 nc-TiO2 films.

Both pristine and UV-exposed films were investigated by
mass spectrometry. The UV exposures were done in air by
means of a xenon–mercury arc lamp (λ =∼250–380 nm).

2.2. Mass spectrometry

Most of the mass spectra were obtained using the
CHARISMA time-of-flight mass spectrometer, which has
been described in detail elsewhere[38,39]. Two means of
desorbing and ionizing material from the nc-TiO2 surface
were used. A pulsed Nd:YAG laser operating in the third
harmonic mode (λ = 355 nm, pulse width = 8 ns) focused to a
∼90�m× 150�m elliptical spot (60◦ incidence) was used
to desorb and ionize material in what are referred to as direct
ion spectra. Secondary ion mass spectra (SIMS) were col-
lected by bombarding the surface with either a 5 kV Ar+ beam
(900 ns pulse, 250 nA,∼1 mm spot size, 60◦ incidence) or a
15 kV Ga+ beam (200 ns pulse, 20 nA, 10�m spot, 60◦ inci-
dence). Repetition rates were 500 Hz for the laser desorption
and 1 kHz for the ion beams.

In addition, mass spectra were obtained using the SPIRIT
instrument, which has been described in detail elsewhere
[40]. This instrument is similar to CHARISMA except that
the ion extraction optics are more efficient and the desorp-
t s,
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iO2 is used in the form of films supported on substrates[17].
ence, a direct probe of photocatalytic processes occu
n the nc-TiO2 via mass spectrometry of desorbed sur
pecies is desirable. In such techniques, atomic and mo
ar species are desorbed by means of ion or laser beam
etected either directly as ions or as neutrals upon a su
ost-ionization step[18]. Methylene blue (MB), a commo
rganic dye, was studied because of its ubiquitous use
ecause the removal of dyes from waste waters constitu
cute problem[19]. Furthermore, extensive research into
egradation of methylene blue[20–24] and of many othe
yes[25–35] in aqueous nc-TiO2 suspensions has alrea
een performed. In the present work, films treated with
ere analyzed before and after UV exposure, and inte
iate species in the photocatalytic reaction pathway
etected.

. Experimental

.1. Preparation of TiO2 films

Nanocrystalline TiO2 particles (anatase phase, of eithe
2, or 20 nm particles) were suspended in an ethanol/w
ixture and deposited on glass substrates by spin

ng. Calcination at 500◦C for 1 h resulted in stoichiometr
iO2 films composed of nanocrystallites with an aver
ize identical to the original powder material, as determ
y X-ray diffraction and transmission electron microsc

36,37]. Methylene blue (chloride) was dissolved in metha
ion laser is a nitrogen laser (λ = 337 nm, pulse width = 10 n
�m spot size, normal incidence). Owing to a lower pu
nergy, the N2 laser did not directly ionize the desorb
pecies as the Nd:YAG laser did, rather the desorbed ne
ere post-ionized with a F2 laser (λ = 157 nm, 10 ns puls
idth).

. Results and discussion

The objectives of the present work are: (i) to explore
ptimal mass spectrometric approach to study photocat
eactions on the surface of nanocrystalline TiO2 films, (ii)
o follow changes in the molecular composition on the T2
urface induced by UV irradiation and thereby derive in
ation about photocatalytic reactions, and (iii) to determ
hether the laser photons responsible for desorption i
ass spectrometer might affect the analysis by thems

nducing photodegradation reactions.

.1. Mass spectrometry of methylene blue on TiO2 films

The 5 kV Ar+ SIMS spectrum of MB on nc-TiO2 is shown
n Fig. 1. The 15 kV Ga+ SIMS spectrum was nearly identic
n addition to a large number of low-mass peaks due eith
ragmentation or organic contamination, we observe st
eaks corresponding to the MB cation atm/z = 284 (structur
in Fig. 2). However, the manifold of peaks in the par

on region shows excesses atm/z = 285 and 286 that are n
ttributable to the isotopomers of MB. Whereas the expe
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Fig. 1. Secondary ion mass spectrum (5 keV Ar+) of methylene blue on a
nc-TiO2 film.

ratio of intensities of the peaks at 284, 285, and 286 due
to MB alone is 1/0.2/0.06, the observed ratio is 1/0.83/0.22,
indicating that a significant amount of signal in them/z = 284
manifold (∼40%) is due to [MB + H]+. The structure of the
m/z = 285 ionic moiety is not known, however its neutral pre-
cursor is likely to be leucomethylene blue (LMB, structure b
in Fig. 2), the reduced form of methylene blue. Whether the
LMB was initially present on the surface or was formed as a
result of the Ar+ bombardment is not known.

The SIMS spectrum also shows manifolds of peaks due
to [MB (CH2)n]+, corresponding to replacement of methyl
groups with protons. These are likely due to fragmentation of
the parent ion to produce the well-known homologues of MB
such as Azure B (270 amu), Azure A (256 amu), and Azure
C (240 amu). Unlike the parent, these species show strong
peaks at [M − 1]+ and [M − 2]+.

In contrast to the SIMS spectrum, the laser desorption
direct ion mass spectrum shows [LMB]+ as the dominant
peak, with only a very minor amount of [MB]+ present
(Fig. 3). Them/z = 285 peak manifold has the expected iso-
topomer distribution for LMB, and the ratio of LMB to MB
is ∼9:1. The homologue peaks (Azure A and Azure B) also
have the [M + H]+ ions as the dominant species. As in the
SIMS spectrum, the [M]+, [M − 1]+, and [M − 2]+ peaks of
Azure A and B are also present, but with much less intensity.
The dominance of the LMB peak in the direct ion spectrum
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was due merely to a lack of oxygen at the surface (typical
chamber pressure = 2× 10−9 mbar), the chamber was back-
filled with oxygen to a partial pressure of 2.5× 10−7 mbar
and the laser was left to irradiate the film for 60 min at
500 Hz at a power just below the desorption threshold
(∼5× 106 W/cm2). This corresponds to an oxygen arrival
rate of 0.25 monolayer/s, or 900 monolayers/h, and a UV dose
of ∼7× 104 J/cm2 over the course of the irradiation. The test
area of the film was analyzed via 15 kV Ga+ SIMS before and
after irradiation. No changes were observed even though the
integrated UV dose was several orders of magnitude higher
than that required to cause pronounced changes in the spec-
trum when the exposure was done with an arc lamp in air (see
below).

While direct ion mass spectra of MB on nc-TiO2 can be
obtained quite easily as shown inFig. 3, the spectra exhibit
a pronounced dependence on the power of the desorption
laser. Generally, increasing the laser power increases the sig-
nal levels, but above a certain level fragmentation dominates
to the extent that the MB parent ions all but vanish at high
laser powers. The intensities of Ti and of some typical surface
species (like Na and K) strongly increase and approach satu-
ration as the laser power is increased.Fig. 4shows the laser
power dependence for some selected atomic and molecular
ions desorbed from a MB-covered nc-TiO2 surface. To ensure
high and stable signals for the MB parent ion with as little
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r d
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s striking given that the organic portion of MB is catio
nd all that is required to obtain it in the mass spectrum
issociate it from the Cl− ion. LMB also dominates the dire

on spectra of MB on gold and titanium metal surfaces, i
ating that it is not the product of a surface reaction spe
o nc-TiO2. Whether LMB is present initially or is produc
uring the desorption event is unclear.

Comparison of the SIMS and laser desorption direc
pectra shows that the laser does not induce oxidation
ions on the surface even though the photon energy (3.4
s above the band gap of TiO2 (3.2 eV). To test whether th
ragmentation as possible, a laser power in an interme
ange (10–20�J/pulse,∼1–2× 107 W/cm2) was employe
or the laser desorption experiments.

The mass spectrum of MB laser desorbed from nc-T2
nd photoionized with a F2 laser (Fig. 5) was similar to the
irect ion spectrum shown inFig. 3. The base peak is aga

LMB] +, however the main fragment peak correspondin
zure B is found at [M − 1]+ rather than [M + 1]+. This is

ikely due to loss of a methyl group from MB, which resu
n a neutral molecule which is then ionized by the F2 laser
he mass spectrum of Ar+-sputtered neutrals photoioniz
ith the F2 laser is identical to the SIMS spectrum sho

n Fig. 1. Examining the neutral channel via post-ioniza
or both ion and laser desorption demonstrated that the d
on channel was an accurate reflection of the compos
f the surface constituents for the MB/nc-TiO2 system (a

east qualitatively). This is an important observation, sinc
onic and neutral channels of desorption are not often sim
ince neutral channel analysis is significantly more com
ated than measuring the direct ion channel and becau
dditional information was revealed from post-ionized n

ral analysis, the majority of the data was obtained with d
on measurements once the fact that the neutral and ion
els track each other was proven.

.2. TiO2 films with methylene blue upon UV irradiation

UV exposure of the MB-covered nc-TiO2 films in air pro-
uced distinct changes in the visual appearance and
pectra of the samples. The MB-treated films were init
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Fig. 2. Some of the molecules detected in the mass spectra: (a) methylene blue cation,m/z = 284 amu, (b) leucomethylene blue,m/z = 285 amu, (c) the
leucomethylene blue sulfoxide,m/z = 301 amu, (d) the leucomethylene blue sulfone,m/z = 317 amu, and proposed structures for ions atm/z = 157 amu (e) and
m/z = 141 amu (f).

dark blue or violet; upon brief UV exposure they turned to a
light blue and were almost white after long exposures. These
color changes correlate with changes in the mass spectra.
Fig. 6 shows direct ion spectrum of a specimen exposed to
UV light for 5 min at a power density of 6.4 mW/cm2. The
parent ion (LMB) and the Azure B fragment have nearly van-
ished, and the dominant high-mass peaks are atm/z = 301 and
317. These are likely due to oxidation of the parent molecule.
Similar species have been reported in recent work[23] on
photocatalytic degradation of MB in an aqueous suspension

of 30 nm TiO2 particles. There, it was proposed that OH rad-
icals attack the CS+ = C functional group of MB, which at
low pH is in direct Coulombic interaction with the anionic
TiO2 surface. It was further argued that the first step in MB
degradation is oxygen addition to the CS+ = C functional
group. The resulting sulfoxide, which had also undergone
a ring-opening reaction at the N heteroatom, was detected
at m/z = 303 amu by GC/MS. This ring-opening can occur
when the attack takes place on the MB cation with the charge
concentrated on the sulfur atom, however if neutral LMB
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Fig. 3. Laser desorption direct ion mass spectrum (λ = 355 nm) of methylene
blue on a nc-TiO2 film.

is attacked or if the cationic sulfur is coordinated by TiO2
surface oxygen, no such ring-opening is required and the sul-
foxide has structurec in Fig. 2and is detected atm/z = 301.

The sulfoxide group can react with a second OH radical
to produce a sulfone. This may proceed on LMB sulfoxide
without disrupting the ring structure as shown in structure d in
Fig. 2, which we detect atm/z = 317. Note that here the sulfur
atom is in the maximally stable +6 oxidation state. In addi-
tion, oxidative dissociation of the central ring as described in
ref. [23] can result in various sulfone-containing fragments.
The sulfones were not detected in[23], but it is well known
[41] that the sulfoxide is easily oxidized into the sulfone in
the presence of hydroperoxides. The latter are thought to be
formed, at least transiently, via the neutralization of O2

− by
protons, cf. Eqs.(5)–(7). Although these species cannot be
monitored in the present experiment, recent thermal desorp-
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Fig. 5. Mass spectrum obtained by laser desorption (λ = 337 nm) and photo-
ionization (λ = 157 nm) of neutral species from a nc-TiO2 film covered by
methylene blue.

tion mass spectrometry from pure TiO2 films showed[37]
the abundant desorption of O2 and OH molecules at low
temperature; that is, of weakly bound species. In the present
experiment, two fragments representing sulfones are detected
at m/z = 157 and 141, corresponding to structures e and f in
Fig. 2. These species derive from dissociation of the cen-
tral ring after sulfone formation, accompanied by loss of a
dimethylamino group. They may be fragments produced by
laser irradiation of the LMB sulfone, or may be the prod-
ucts of reactions on the nc-TiO2 surface. We favor the later
interpretation since we do not see laser-generated fragments
corresponding to LMB sulfone that has lost one or both of
its dimethylamino groups. These would have appeared at
m/z = 274 and 231 inFig. 3.

The UV dose required to bring about these changes was
∼2 J/cm2, or roughly a factor of 104 lower than the dose deliv-
ered by the laser in the earlier experiment in which the mass

F e
b

ig. 4. Intensity of various atomic and molecular ions laser desorbed
nc-TiO2 film covered by methylene blue as a function of the laser p

nergy. Apart from K+ (©) and Ti+ (�), the methylene blue parent io
MB + 1]+ (�) and two fragment species atm/z = 242 (♦) and 271 (�) are
hown.
ig. 6. Laser desorption direct ion mass spectrum (λ = 355 nm) of methylen
lue on a nc-TiO2 film after UV irradiation for 5 min at 6.4 mW/cm2.
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Fig. 7. Laser desorption direct ion mass spectrum (λ = 355 nm) of methylene
blue on a nc-TiO2 film after UV irradiation for 1 min at 1 W/cm2.

spectrometer chamber was backfilled with oxygen. Given that
no reaction was observed under high vacuum conditions or
with only oxygen present, this implicates the water-derived
OH radical in the reaction mechanism (e.g., reactions(2), (4),
and(8)) rather than molecular oxygen or direct oxidation by
holes (reactions(3) and(9)).

For more intense UV exposures the MB parent ion and
the Azure B fragment vanish completely. The spectrum of
Fig. 7 was taken from a specimen irradiated for 1 min at a
power density of 1 W/cm2 (integrated UV dose∼60 J/cm2),
and shows the LMB sulfoxide and sulfone peaks, though
their relative intensities are reversed. Most of the other peaks
originate from the underlying TiO2 film, as can be inferred
from a comparison withFig. 8, which is a spectrum of an
untreated nc-TiO2 film taken under the same conditions as
Fig. 7but without the UV exposure. In particular, the peaks
at them/z = 81, 105, 125, 139, 153, 165, 181, and 198 amu are

F e
n

observed in both spectra. The relative peak heights between
Figs. 7 and 8are not indicative of the relative amounts of
material present because the laser intensities were not the
same (12�J forFig. 7versus 26�J forFig. 8). Nevertheless
it is clear that there is much less organic material present
on the sample after the high-intensity UV exposure. This
is corroborated by a visual inspection of the sample, which
shows it to be essentially white. We may conclude, there-
fore, that an appreciable amount of the methylene blue has
been mineralized at the nc-TiO2 surface upon UV irradiation.
Because of their volatile nature, the final mineralization prod-
ucts (e.g., CO2, SO4, NH4, and NO3) could not be detected
in this experiment; however, the identification of some reac-
tion intermediates by surface mass spectrometry appears to
open an interesting avenue for further studies of photocat-
alytic reactions on nc-TiO2 films.

4. Conclusions

Photodegradation reactions of methylene blue on
nanocrystalline TiO2 films can be studied in situ using mass
spectrometric techniques that analyze material desorbed from
the sample surface. Among the methods studied here, laser
desorption direct ion mass spectrometry proved to be a facile
technique that reveals several reaction intermediates with lit-
t ting
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ig. 8. Laser desorption direct ion mass spectrum (λ = 355 nm) of a pristin

c-TiO2 film.
le fragmentation, and without the laser probe itself affec
he reaction. It was shown for the MB/nc-TiO2 system tha
he neutral and ion species observed are qualitatively
lar. The first products in the oxidation process induced
V exposure in air revealed by this method are the su

de and sulfone of leucomethylene blue, the reduced for
ethylene blue.
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