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Abstract

The photocatalytic reaction of nitric oxide (NO) on TiO2 and transition metal-loaded M (Cu, V, and Cr)/TiO2 catalysts was studied using in si
FTIR spectroscopy under UV irradiation. TiO2 and M/TiO2 catalysts were prepared by the sol–gel method via controlled hydrolysis of tita
(IV) butoxide. Copper, vanadium, or chromium was loaded onto TiO2 during the sol–gel procedure. After treatment at 500◦C under air flow,
a large amount of surface peroxo species and OH groups were detected on the TiO2 and M/TiO2 catalysts. Nitric oxide was adsorbed on TiO2 and
M/TiO2 in the form of bidentate nitrites and nitrates by reacting with OH groups, peroxo, or M=O species. In addition, NO can also be adsor
on Mn+ in the form of nitrosyls. Under UV irradiation, bidentate nitrite was oxidized to either monodentate or bidentate nitrate. Such o
was suggested to be induced by superoxo species generated by oxidizing peroxo species via photogenerated holes. The existence
deferred the oxidation of nitrites to nitrates due to the prior oxidation of nitrosyls by superoxo. The XRD and UV–vis spectra showed
structures and the abilities of absorbing UV light of all catalysts were not influenced by the photocatalytic NO reaction. Possible me
were proposed for the photocatalytic NO oxidation on TiO2 and M/TiO2 based on the intermediates found from the in situ FTIR study.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Titania (TiO2) has attracted much attention in photocataly
for more than 30 years. Scientists and engineers have de
themselves to studying and developing applications of T2.
Unlike traditional catalysts that drive chemical reactions
thermal energy, semiconducting photocatalysts induce ch
ical reactions by inexhaustible sunlight. Thus, photocatal
exhibit the potential for “green Earth” applications.

Nitric oxide (NO) is a major air pollutant generated fro
either the reaction of N2 and O2 or the oxidation of amine
compounds in gasoline at high-temperature conditions. Inte
combustion engines and boilers are two primary NO sour
The dissolution of NO in raindrops at the atmosphere and
reduction of NO in the ozonosphere result in acid rain and
destruction of the ozone layer, respectively. Nitric oxide
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also be oxidized to NO2 in the presence of peroxide radica
initiating the photochemical cycle to form smog. Even a re
tively small quantity of NO can produce large amounts of
pollutants. Thus, NO removal is an important issue in envir
mental protection.

Many technologies have been developed to remedy NO
lutants, including catalytic oxidation and selective cataly
reduction. Mechanisms of these thermal NO reactions (e.g.
idation, reduction, decomposition) have been extensively s
ied. Recently, a photocatalyst, TiO2, has been used to decom
pose NO because of its advantage in using photoenergy[1,2].
Unlike thermal NO reactions, the mechanism of photocatal
NO reaction under UV irradiation requires further investigat
to improve the photoefficiency of the photocatalyst.

In general, a photocatalytic reaction usually takes lon
(i.e., hours or days) than a thermal reaction, and thus
possible to observe the changes of intermediates during a
tocatalytic NO reaction[3]. In the present work we applie
highly sensitive spectral reflectance technique to study a
tocatalytic NO reaction on the TiO2 surface via in situ Fourie
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mailto:cswu@ntu.edu.tw
http://dx.doi.org/10.1016/j.jcat.2005.11.023


394 J.C.S. Wu, Y.-T. Cheng / Journal of Catalysis 237 (2006) 393–404

ran
to
iat
iO
als

s o

a-
ith
ol-

ace
as

ere
hu-
u,
so
et
fte
u-

ried

oto

th

pre-
light
tion
e-

nce
ir-
O

ee-
ow
stem.
ough
eac-
sed

r.
ap-

1)
n this
two
s-
but

he
and
ater
s lo-
sure
and a
uc-

o-
ture
ch
ay,
was
and
per-

wa-
as
e

by

the

f
ual
t

.
t

the
transform infrared (FTIR) spectroscopy in time sequence. T
sition metal-loaded TiO2 photocatalysts were also studied,
elucidate the metal effects. The focus was on the intermed
and products generated on the surface by photoexcited T2.
Possible mechanisms of the photocatalytic reaction were
explored.

2. Experimental

2.1. Preparation of photocatalysts

The catalysts were prepared via the controlled hydrolysi
titanium(IV) butoxide, as shown inFig. 1. Slow esterification
by the reaction ofn-butanol and acetic acid provided the w
ter source for hydrolysis[4]. These reagents were added w
stoichiometric molar ratio (1:4:4) in a conical flask in the f
lowing order: titanium(IV) butoxide (21 ml),n-butanol (22 ml),
and acetic acid (14 ml). The conical flask was sealed and pl
on a magnetic stirrer. Hydrolysis of the titanium butoxide w
completed by stirring for 8 h. All processes mentioned w
performed in a glove box under the condition of relative
midity <40%. TiO2 particles loaded with transition metals C
V, and Cr were prepared by a similar process. The precur
of the transition metals (copper acetate, vanadyl acetylac
nate, and chromium nitrate) were added to the solution a
hydrolyzation for 3 h, after which the solution was contin
ously stirred for another 5 h. The hydrolyzed solution was d
at 150◦C for 3 h and calcined at 500◦C for 0.5 h. The calcined
catalyst was pulverized to powder in an agate mortar. Ph
catalysts prepared for this study were assigned as TiO2, 2 wt%
Cu/TiO2, 1.9 wt% V/TiO2, and 0.65 wt% Cr/TiO2. The per-
centages of metal loadings were the optimal values to give

Fig. 1. Procedure of synthesizing pure TiO2 powders.
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highest photoactivities in the previous study[4,5]. The weight
percentages were calculated from the amounts of metal
cursors used in preparation. The crystalline phase and
absorption of catalysts were characterized by X-ray diffrac
(XRD) and ultraviolet–visible light (UV–vis) spectroscopy, r
spectively.

2.2. In situ FTIR

The photoreaction of NO was studied by diffuse reflecta
infrared Fourier transform (DRIFT) spectroscopy under UV
radiation. Zero-grade air, high-purity He, and 50 ppm of N
(in N2) mixture can be fed into the reaction system. A thr
way ball valve is used to switch either air or He. Gas fl
rate and pressure were adjusted by needle valves in the sy
To reduce water interference, air and He were passed thr
a moisture-adsorbing material before entering the photor
tor. Furthermore, all gas (air, He, and NO mixture) was pas
through a cold trap (−75 to −95◦C) to remove trace wate
A clear IR signal was obtained using this dehumidification
paratus.

A high-temperature chamber (HVC; Harrick HVC-DRP-
made of 316 stainless steel was used as the photoreactor i
study. The HVC dome contained three windows, including
KBr windows transparent to both IR and UV light for IR tran
mittance and a quartz window transparent in the UV range
only partly transparent in the IR range for UV irradiation. T
HVC was equipped with two gas ports, two coolant ports,
one vacuum port. A K-type thermocouple and an electric he
were connected on the sample cup. The photoreactor wa
cated inside the compartment of the FTIR instrument. Pres
and gas flow rate were measured by a pressure transducer
bubble flow meter, respectively. A vacuum pump provided s
tion force to tightly compact the catalyst powder.

A temperature controller directly connected to the therm
couple and heater of the HVC provided accurate tempera
control (±1 ◦C). A mesh was put in the sample cup, whi
could be filled with catalyst powder using an overflow tr
to prevent the sample powder from being blown out. Gas
introduced from one gas port, flowed through the reactor,
exited from another gas port. The HVC was designed for o
ation up to 600◦C, but operation at temperatures above 100◦C
required water-cooling via the coolant ports connected to a
ter chiller. The UV light source (EXFO; OmniCure 1000) w
supplied by a 100-W Hg lamp with filter (365 nm only). Th
UV light was transmitted to the quartz window of the HVC
an optical cable.

A catalyst sample of 140–170 mg was pretreated inside
photoreactor under air flow and UV irradiation at 500◦C to re-
move residual hydrocarbons.Fig. 2 shows the IR spectra o
TiO2 catalyst in air flow at different temperatures. Resid
hydrocarbons (1200–1800 cm−1) were effectively removed a
500◦C. The absorption bands at 2358 and 2343 cm−1 repre-
sented the asymmetric stretching of CO2 (g) in atmosphere
The catalyst was cooled to 25◦C with a He purge. (Note tha
the HVC can be accurately controlled at 25◦C by circulating
chilled water instead of a temperature controller.) Before
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Fig. 2. The IR spectra of TiO2 pretreated in air at (a) 25◦C, (b) 110◦C,
(c) 200◦C, (d) 300◦C, (e) 400◦C, (f) 500◦C.

adsorption of NO, an IR spectrum of each catalyst after 500◦C
pretreatment was taken as a background reference in H
mosphere at 25◦C. The spectrum of photocatalytic NO reacti
of each catalyst was subtracted from its own background.
adsorption of NO on the pretreated catalysts was carried o
25◦C for 30 min after additional He purging for 5 min. An I
spectrum was obtained without UV light and marked “UV o
in the spectrum; then a photoreaction was performed unde
irradiation in a closed system for 5 h, and the IR spectra w
obtained in time sequence. All spectra were recorded du
the UV-off period. The IR scanning range was 4000–650 cm−1

with 4 cm−1 resolution using a mercury-cadmium-telluride d
tector in a Nexus 470 IR spectrometer (Thermo Nicolet). E
IR spectrum was obtained by 64 scans.

3. Results

Fig. 3 shows the XRD patterns of sol–gel derived c
alysts, indicating that catalysts were all anatase-phase
talline. Transition metals Cu, V, and Cr were well dispersed
TiO2; no other discernible peaks were found relating to tra
tion metal oxides. The crystal sizes of TiO2, 2 wt% Cu/TiO2,
1.9 wt% V/TiO2, and 0.65 wt% Cr/TiO2 were 17, 17, 19, and
11 nm, respectively, estimated by Scherrer’s equation. The
pretreatment and photoreaction procedures caused no si
cant changes in crystalline size or phase.Fig. 4shows the UV–
vis diffuse reflectance spectra of the catalysts. Each spec
demonstrated absorption in the region of UV light (<380 nm).
Compared with pure TiO2 catalysts, M (Cu, V, Cr)/TiO2 ex-
hibited noticeable red shifts of the absorption shoulders
the visible light region, indicating the capability of visible lig
(420–600 nm) absorption[5].
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Fig. 3. XRD of the catalysts.

Fig. 4. UV–vis diffusive reflective spectra of the catalysts.

3.1. NO adsorption on TiO2

Fig. 5 shows the spectra of NO adsorbed on TiO2 catalyst.
In the region of 2300–650 cm−1, several absorption bands we
formed on contact of TiO2 with gaseous NO at 25◦C. A strong
absorption band at 1620 cm−1 developed progressively wit
time. In the first 5 min (Fig. 5), a prominent peak at 1576 cm−1

and a weak absorption band at 1192 cm−1 were observed, an
no other discernible peaks were found. As time passed, th
tensity of the signal peaked at 1576 cm−1 was almost the sam
as it was at 5 min. Absorption bands at the 1668–1620 c−1

shoulder and at 1540, 1525, 1508, and 1192 cm−1 developed
progressively, and two weak bands at 2239 and 1458 c−1
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Fig. 5. IR spectra of NO adsorption on TiO2.
a
-

d
in-

e-

m

nd

ult

aus

-

on

-

TiO

s

es-

and

n
ace
tion
sorp-
ere
also appeared in the spectra. Two negative bands at 963
767 cm−1, a sharp peak at 901 cm−1, and two weak, broad ab
sorption bands at around 825 and 725 cm−1 were observed in
the region of<1000 cm−1.

In the high-frequency region (4000–2700 cm−1), a strong
broad band at 2700–3900 cm−1 with its maximum at 3605 an
3456 cm−1 was observed in the first 5 min and gradually
creased over time. An obvious decrease at 3727 cm−1 and two
weak decreasing bands at 3690 and 3642 cm−1 were observed
in the spectrum at 5 min (Fig. 5). As time passed, a sharp d
crease at 3727 cm−1 and a weak absorption band at 3565 cm−1

appeared, while the intensities of peaks at 3690 and 3642 c−1

remained almost unchanged.
Table 1summaries the assignment of all absorption ba

on the TiO2 catalyst. A strong absorption band at 1620 cm−1

was assigned to adsorbed, undissociated H2O [6,7]. However,
this band might be also attributed to theδ (HOH) of OH groups
interacting with nitrates. The peak at 1576 cm−1 was assigned
to bidentate nitrate according to previously published res
[6,8,9]. In addition, the peak at 1458 cm−1 was assigned to
bidentate nitrate; however, its intensity was very weak bec
it was in almost a symmetric stretching mode[8]. The absorp-
tion bands at 1540, 1525, and 1508 cm−1 were assigned to mon
odentate nitrate[6,8,9]. The signal peak at 1192 cm−1 can be
assigned to nitrite, possibly in the bidentate state[10,11]. Ramis
et al. [8] reported that the intensities of 1545 and 1190 cm−1

were originally very low but grew later. These findings are c
sistent with our results.

As for the band of 1668–1620 cm−1, it can be attributed to
δ (HOH) of excess H2O or OH groups interacting with mon
odentate or bidentate nitrates. Kantcheva et al.[9] noted that
monodentate nitrate possibly coupled with adsorbed H2O and
caused bands at 1620 and 1630 cm−1; however, Hadjiivanov
and Knözinger[12] assigned the 1600–1650 cm−1 band to ni-
trates, not adsorbed H2O. The peak at 1620 cm−1 is adsorbed
nd

s

s

e

-

Table 1
Assignments of the FT-IR bands observed upon adsorption of NO on2
followed by UV irradiation

Wavenumbers (cm−1) Assignment Reference

901–680 Surface peroxo,ν(TiOO–) [14,17,18]
1000–900 ν(Ti(O2)) [14–16]
1060–1003 Nitrate, possibly in bidentate state,

ν(NO3)
[10,11]

1192 Bidentate nitrite,ν(NO2) [10,11]
1253–1241 Bidentate nitrate,ν(NO3) [8,10]
1291–1288 Monodentate nitrate,ν(NO3) [6,8,9,20]
1458 Almost symmetric stretching mode of

bidentate nitrate,ν(NO3)
[8]

1540–1506 Monodentate nitrate,ν(NO3) [6,8,9]
1605–1604, 1586–1576 Bidentate nitrate,ν(NO3) [6,8,9]
1620 Adsorbed, undissociated water,δ(H2O) [6,7]
1668–1620 δ(HOH) of H2O or OH groups

interacting with monodentate or
bidentate nitrate

[9]

1698 Contaminants on the TiO2 surface –
2239–2236 May beν(N2O) [8,12,13]
<3400, broad Undissociatedν(H2O) –
3456 Isolatedν(H2O) –
3565 ν(OH) of NO–H [6,20]
3700–3550 H-bonded OH groups [2]
3750–3700 Surface free OH groups [2]
3900–2500, extended Delocalized protons [19]

H2O, but may be overlapped with the band at 1668–1620 cm−1,
which is attributed to HOH coupled with nitrates. Some inv
tigators assigned the band of 2239 cm−1 to N2O [8,12,13]and
found that it increased at the beginning of NO adsorption
then decreased over time (in h).

In the region of 1000–650 cm−1, although the absorptio
bands were affiliated with the O–O stretching mode of surf
peroxo species, it was difficult to elucidate every absorp
band, because many different structures caused similar ab
tion bands in this region, and different absorption ranges w
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Fig. 6. IR spectra of photocatalytic reaction of NO on TiO2 under UV irradiation.
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sometimes assigned to the same peroxo species. For exa
titanium dioxygen adducts were reported in the O–O stretc
band for peroxide, Ti(O2), located at 950–890 cm−1 [14,15]or
932–800 cm−1 [15,16], with that for another kind of bridge
peroxide, TiOOTi or TiOOH (hydroperoxo), located at 77
700 cm−1 [9,11] or 790–840 cm−1 [17]. We suggested assign
ing the absorption bands formed on adsorption of NO to Ti(2)
at 1000–900 cm−1 [14–16]. In addition, different structures o
surface peroxides with O–O bonds were suggested to be i
form of TiOO– at absorption bands 901, 870–770, 767,
750–680 cm−1 [14,17,18].

In high-frequency region, five kinds ofν(OH) were clas-
sified: extremely extended bands at 3900–2500 cm−1, 3750–
3700 cm−1, 3700–3550 cm−1, and 3500–3400 cm−1 and a
broad band at below 3400 cm−1. These were assigned to d
localized protons[19], surface free OH groups[2], H-bonded
OH groups[2], isolated H2O, and undissociated H2O, respec-
tively. Some investigators assigned peaks at 3750–3550 c−1

to “isolated OH groups”[6,9,19]; however, we assigned them
“splitting OH groups,” which were not in the form of H2O [2].
Under water-poor condition, like our reaction system, the p
at 3456 cm−1 became clearly observable and was not as br
as the band at below 3400 cm−1. Thus we regarded the fo
mer (3456 cm−1) as aν(OH) mode of isolated H2O and the
latter (below 3400 cm−1) as undissociated H2O. The band of
3565 cm−1 that increased over time was assigned toν(OH) of
NO–H[6,20].

3.2. Photocatalytic NO reaction on TiO2

Fig. 6shows the spectra of NO adsorbed on TiO2 during UV
irradiation in time sequence. The spectrum of “UV off” is t
same as that of “30 min” inFig. 5, at which NO adsorption
reached equilibrium close to 30 min after introducing NO
the absence of UV light. In the high-frequency region there
le,
g

e
d

k
d

s

no change on 1-min of UV irradiation. In contrast, only 3-s
UV irradiation caused significant changes in the low-freque
region of 1700–650 cm−1. A peak at 1192 cm−1 decreased, an
new absorption bands at 1582, 1290, and 1253 cm−1 appeared
Further UV irradiation resulted in increasing absorption ba
at 1698, 1604, 1582, 1290, and 1253 cm−1 and a disappearin
peak at 1192 cm−1. No intensity changes were observed at
peaks of 1620 and 1540–1506 cm−1. Only negligible change
of spectra were observed for the surface peroxo region (10
650 cm−1).

At 1–30 min, a strong peak at 3605 cm−1 decreased signif
icantly and the absorption band at 3600–3565 cm−1 increased.
The other OH stretching bands still showed no changes.
peaks at 1604, 1582, 1290, and 1253 cm−1 exhibited signif-
icantly increased intensity, and the peak at 1506 cm−1 also
became more intense. The peak at 1604 cm−1 became stronge
than that at 1620 cm−1 after ∼8 min under UV irradiation.
A slightly decreasing band at 1000–930 cm−1 was also ob-
served in the spectrum of 30 min.

After 5 h of UV irradiation, the absorption bands at 372
3605, and 1000–900 cm−1 decreased, whereas those at 35
1582, 1506, 1290, 1253, and 1060–1003 cm−1 increased. The
peak at 1582 cm−1 became more intense than the peak
1604 cm−1. The intensity of the peak at 1620 cm−1 remained
unchanged.

Table 1also lists the assignment of absorption bands on T2

catalyst after UV was turned on. After UV irradiation, seve
new absorption bands appearing at 1604, 1582, and 1253 c−1

were assigned to bidentate nitrate[6,8,9,20], and the peak a
1290 cm−1 was assigned to monodentate nitrate[6,8,9,20]. The
absorption band at 1060–1003 cm−1 was assigned to nitrate
possibly in the bidentate state[10,11]. The absorption band a
1698 cm−1 after UV irradiation might be caused by residu
contaminants on the TiO2 surface activated by UV light.
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Fig. 7. IR spectra of photocatalytic reaction of NO on Cu/TiO2 under UV irradiation.
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3.3. Photocatalytic NO reaction on Cu/TiO2

Fig. 7shows the spectra of NO adsorbed on the Cu/TiO2 in
time sequences within 5 h under UV irradiation. The spect
of “UV off” (i.e., before UV was turned on) was similar to th
spectra of NO adsorbed on TiO2 (Fig. 5), except for the appea
ance of sharp, strong absorption bands at 1928 and 1884−1

and weak absorption bands at 2121, 1326, and 1218 c−1.
Careful inspection of the band at 1928 cm−1 revealed that it
was overlapped by a shoulder at 1919 cm−1. After UV was
turned on, in the high-frequency region, a peak at 3565 c−1

increased in intensity, whereas a peak at 3640 cm−1 decreased
in intensity after 10 min. In the low-frequency region, the pe
at 1928 and 1884 cm−1 decreased significantly and the band
1580–1558 cm−1 increased gradually over 10 min.

Over the subsequent 30 min, the peaks at 3727 and 3597−1

decreased slightly, and two very weak new bands at 2959
2875 cm−1 were detected. In the range of 650–2300 cm−1,
absorption bands at 1928, 1884, 1000–900, and 767 cm−1 de-
creased gradually, and new bands at 1583, 1541–1506, 1
1289, and 1249 cm−1 developed progressively. In contrast, t
intensity of absorption bands at 1218 and 1192 cm−1 remained
unchanged. After 5 h of UV irradiation, the peaks at 1928, 18
and 1192 cm−1 diminished completely; those at 3727, 359
1000–900, and 840–720 cm−1 decreased; and those at 160
1583, 1541–1506, 1289, 1249, and 1050–1004 cm−1 evolved.
The peak at 1609 cm−1 was more intense than the peaks at 16
and 1583 cm−1. A peak at 1326 cm−1 was possibly overlappe
by the peaks at 1289 cm−1. The band at 3565 cm−1 was over-
lapped by a very broad band from 3900 cm−1 to below than
2700 cm−1.

Table 2summarizes the assignment of all absorption ba
on Cu/TiO2 except those given inTable 1. Hadjiivanov[21] pro-
posed that adsorption of NO on Cu2+ would form nitrosyls and
produce different absorption bands in the IR spectra, ran
d

8,

,

s

g

Table 2
Assignments of the FT-IR bands observed upon adsorption of NO on 2
Cu/TiO2 followed by UV irradiation

Wavenumbers (cm−1) Assignment Reference

1218 Nitrite adsorbed on Cu2+, possibly in
the bidentate state,ν(NO2)

[21,24]

1326 Adsorbed nitro compounds,ν(–NO2) [21,23]
1884 NO adsorbed on strong associated

Cu2+ (Cu–O–Cu, or CuO-like
structure),ν(NO)

[19,21,22]

1919 shoulder NO adsorbed on isolated Cu2+, ν(NO) [19,21,22]
1928 NO adsorbed on weak associated

Cu2+, ν(NO)
[19,21,22]

2121 NO2
+, NO+, NOδ+ on Cu2+, ν(NO2) [21,23,25]

2875 νs(CH) [26–28]
2959 νas(CH) [26–28]

from 1964 to 1845 cm−1. Davydov[19] and Lokhov and Davy
dov [22] also proposed that with Cu2+ supported on zeolites o
metal oxides, such as Al2O3, three absorption bands at arou
1950, 1920, and 1885 cm−1 may be detected by IR spectrom
try. In particular, the peaks at 1920, 1900, and 1875 cm−1 were
assigned to NO adsorbed on weakly associated Cu2+ (Cu–O–
Al), isolated Cu2+, and strongly associated Cu2+ (Cu–O–Cu, or
CuO-like structure), respectively, on Cu/Al2O3. Accordingly,
a peak at 1928 cm−1, a shoulder at 1919 cm−1, and a peak a
1884 cm−1 can be roughly assigned to NO adsorbed on w
associated Cu2+, isolated Cu2+, and strongly associated Cu2+,
respectively.

The absorption bands at 1400–1300 cm−1 were assigned to
nitro compounds (–NO2) adsorbed on various metal oxides,
cluding Cu2+ [21,23]. Therefore, the peak of 1326 cm−1 was
assigned to nitro compounds. An absorption peak at 1218 c−1

was assigned to nitrite adsorbed on Cu2+ [21,24], possibly in
the bidentate state (similar to the peak at 1192 cm−1 on TiO2

in Table 1). A peak at 2121 cm−1 was still uncertain; som
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Fig. 8. IR spectra of photocatalytic reaction of NO on V/TiO2 under UV irradiation.
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researchers suggested assigning it to NO2
δ+, NO+, or NO2

+
adsorbed on Cu2+ [21,23,25]. The absorption band at 1580
1558 cm−1, which increased within the first minute under U
irradiation, was assigned to bidentate nitrate adsorbed on
TiO2 surface[6]. The bands at 2959 and 2875 cm−1 were as-
signed toνas(CH) andνs(CH) modes, respectively[26–28]. The
appearance of CH bonds may be due to the photocatalyti
duction of trace amounts of CO2 in the atmosphere[29].

3.4. Photocatalytic NO reaction on V/TiO2 and Cr/TiO2

Fig. 8shows the spectra of NO adsorbed on 1.9 wt% V/T2
over 5 h under UV irradiation. Before UV was turned on,
spectra were different than those of TiO2 and Cu/TiO2 cat-
alysts in the OH-stretching region (4000–3000 cm−1). Only
small decreases at 3738 and 3727 cm−1 and a weak absorp
tion band at 3608 cm−1 were observed on V/TiO2. The peaks
at 3566 cm−1 and a broad band at below 3550 cm−1 exhibited
the same behavior as TiO2 and Cu/TiO2. The spectra in the re
gion of 2300–650 cm−1 were mostly similar to those of TiO2
and Cu/TiO2, but additional absorption bands at 1698, 10
and 1000–900 cm−1 (negative) and two sharp negative band
2050 and 1034 cm−1 were observed.

Virtually no changes in the spectra were observed du
30 min of UV irradiation, particularly in the OH-stretching r
gion. New absorption bands at 1378, 1360, 1288, and 1241−1

appeared in the 2300–650 cm−1 region, but these were of ver
weak intensity. The surface-contaminated peak at 1698 c−1

exhibited a slight progressive decrease. Finally, after 5 h of
irradiation, a slightly more intense peak at 3566 cm−1 occurred,
possibly caused by extended bands of delocalized proton
3900–2500 cm−1). In the 2300–650 cm−1 region, small de-
creases at 2050, 1034, and 1192 cm−1 and increasing bands
1378, 1360, 1288, and 1241 cm−1 were observed, as were mo
e

e-

,
t

g

at

Table 3
Assignments of the FTIR bands observed upon adsorption of NO on 1.9
V/TiO2 and 0.65 wt% Cr/TiO2 followed by UV irradiation

Wavenumbers (cm−1) Assignment Reference

1017 Coordinatively unsaturated Cr=O [33,34]
1034 Coordinatively unsaturated V=O [7,31,32]
1381–1378, 1361–1360 Adsorbed nitro compounds,ν(–NO2) [21]
1923 Nitrosyl adsorbed on Cr ions having the

oxidation state higher than+3,
ν(–NO)

[21]

2020 Coordinatively unsaturated Cr=O, first
overtone

[33,34]

2050 Coordinatively unsaturated V=O, first
overtone

[7,31,32]

2200–1800, broad Nitrosyl NOδ+ on V, ν(–NO) [31]
3641 OH groups adsorbed on Cr atoms [33]
3662 Surface OH groups adsorbed on V5+

cations
[30]

negative bands at 1000–900 cm−1 characteristic of surface pe
oxo species.

Table 3summarizes the assignments of absorption band
V/TiO2 and Cr/TiO2 (except for those given inTable 1). An ab-
sorption band at 3662 cm−1 was assigned to hydroxyl group
adsorbed on V5+, a more highly electropositive surface me
cation than Ti4+ [30]. The sharp negative band at 1034 cm−1

was attributed to the disappearance of V=O, and another de
crease at 2050 cm−1 was its first overtone[7,31,32]. The results
of absorption bands at 2200–1800 cm−1 were consistent with
the findings of Ramis et al.[31] and were assigned to surfa
nitrosyl species in the form of NOδ+. The peak at 1698 cm−1

might be caused by surface contaminants. The peaks at
and 1360 cm−1 were assigned to nitro compounds[21].

Fig. 9 shows the spectra of NO adsorbed on 0.65 w
Cr/TiO2 catalyst over time under UV irradiation. Almost n
changes in spectra were observed during the first minute, s
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Fig. 9. IR spectra of photocatalytic reaction of NO on Cr/TiO2 under UV irradiation.
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lar to V/TiO2. Only a slight decrease in the peak at 1192 cm−1

was detected. After UV irradiation for 30 min, the peak
3565 cm−1 almost vanished, and new bands at 1381
1360 cm−1 appeared progressively. The peak at 1192 cm−1 de-
creased slightly. After 5 h of UV irradiation, the bands at 37
3725, and 3590–3565 cm−1 decreased further. In the 2300
650 cm−1 region, new absorption bands at 1605, 1583–15
1291 and 1251 cm−1 developed. The signal peak at 1192 cm−1

diminished but did not vanished completely. Moreover,
creases at the surface peroxo region (1000–900 cm−1) were also
observed. Note that the intensity of the peak at 1620 cm−1 did
not change under UV irradiation.

The distinctive absorption bands of Cr/TiO2 are also listed in
Table 3. Before UV was turned on, the spectrum (UV off) w
similar to that of V/TiO2. In the 2300–650 cm−1, region, a sharp
decrease at 1017 cm−1 was attributed to the disappearance
Cr=O; a peak at 2020 cm−1 was its first overtone[33,34]. The
weak negative band at 3641 cm−1 was assigned to OH group
adsorbed on Cr atoms[33]. Considering theπ back-donation
effect, a signal peaking at 1923 cm−1 was assigned to nitrosy
adsorbed on chromium ions (<2200 cm−1 for NO+ free ion).

4. Discussion

4.1. NO adsorption on TiO2

After thermal pretreatment in air, hydrocarbon contamina
on TiO2 were mostly removed (1800–1200 cm−1) except for
the readsorbed H2O and splitting OH groups. Zhang et al.[2]
reported that H-bonded OH groups become free OH group
high-temperature treatment. A large amount of H-bonded
groups originally existed on the surface of sol–gel derived Ti2,
and thermal treatment made these OH groups dissociated.
the pretreated TiO2 surface was clean, and only OH groups a
very few H2O existed under our experimental conditions.
d

,

,

-

s

n

us

Surface OH groups are known to play an important r
when charged ions such as ammonium, alkoxide, or nitrate
are adsorbed on TiO2. Investigators have found that surfa
OH groups can act as Brönsted acid sites to donate pro
when NH3 is adsorbed on TiO2, resulting in the consumptio
of OH groups and the formation of NH4+ ions[35,36]. Hadji-
ivanov[21] reported that adsorption of negatively charged i
on metal oxides, causes replacement of another negative
ment, such as the OH group. Similarly, Kantcheva[20] reported
that the formation of nitrite or nitrate adsorbed on TiO2 caused
the consumption of OH groups, resulting in NOH.

The adsorption of NO on TiO2 resulted in the formation
of NOH, bidentate and monodentate nitrates, bidentate
trite, TiOO– and other surface peroxides (750–680 cm−1), as
shown in Fig. 5. Surface free OH groups and surface p
oxo species were consumed and transformed to another
oxo species in the structures of TiOO–. Hydroperoxo, TiOO
was generated during NO adsorption, causing absorption b
at 870–770 cm−1 [14,17]. Protons in TiOOH may be from
NOH species formed by the interaction of NO and free
groups.

Lattice oxygen atoms also may be involved in the NO
sorption process. Our experimental results on thermal stab
indicated that some surface peroxo species were removed
not completely restored after thermal pretreatment of TiO2 un-
der He flow. It is well known that metal oxide surfaces exh
the defect of unsaturated coordination[19]. Accordingly, the
surface of pretreated TiO2 had large amounts of active oxyge
atoms and oxygen vacancies, which were involved in the
mation of bidentate nitrite when NO was adsorbed on TiO2.

A proposed possible mechanism of NO adsorption is sh
in Scheme 1. NO preferentially attacks surface free OH grou
and is oxidized to monodentate nitrite by surface active o
gen (i.e., coordination unsaturated oxygen). Then the oxy
vacancy and surface peroxo species induce the transform
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Scheme 1. A possible mechanism of NO adsorption on TiO2.
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Fig. 5also shows some weak peaks at 1508–1576 cm−1 in-
dicating formation of monodentate and bidentate nitrates,
these nitrates were coupled with OH groups (1668–1620 cm−1)
for extended periods (>20–30 min). These nitrates may b
formed by further oxidation of monodentate and bidentate
trites by surface peroxo species or active oxygen atoms. H
ever, monodentate nitrite was not detected, because its life
was short with the NOH bond, which was quickly transform
to bidentate nitrite, monodentate, or bidentate nitrates.

4.2. Photocatalytic NO reaction on TiO2

As shown inFig. 6, UV irradiation for 3–10 s resulted i
a rapid decrease in bidentate nitrite (1192 cm−1) and an in-
crease in monodentate and bidentate nitrates. The 1- to
min UV irradiation resulted in the absence of bidentate nit
and a decrease in surface peroxo species in the structu
Ti(O2) (at 1000–900 cm−1) and H-bonded OH groups peak
at 3605 cm−1. Finally the 5 h of UV irradiation further in
creased nitrates and decreased Ti(O2) and free OH groups (a
3727 cm−1). In addition, the peak at 3565 cm−1 became more
intense after 5 h of UV irradiation, indicating an increas
number of OH groups coupled by nitrates. It is noteworthy t
the increase in nitrates and decrease in surface peroxo sp
occurred simultaneously.

In general, electron–hole pairs are photogenerated in a s
conductor such as TiO2 under UV irradiation, after which a
s

d

-
-
e

0-

of

t
ies

i-

photocatalytic reaction can be initiated. Nakamura et al.[14,17]
suggested that surface superoxo species, TiOO•, were photo-
generated under UV irradiation. However, because the su
oxo species are extremely active and have short lifetimes,
cannot be detected due to the limitation of IR measurem
An intermediate, superoxo, photogenerated from Ti(O2) is sug-
gested to dominate photocatalytic NO oxidation. The pho
catalytic oxidation of nitrites to nitrates is attributed mostly
photogenerated surface superoxo species.

The formation of oxygen vacancies plays an important
in photocatalysis. Fujishima et al.[37] reported that under UV
irradiation, surface oxygen atoms are oxidized to oxygen m
cules by photogenerated holes, leaving oxygen vacancies.2O
molecules can then be adsorbed on oxygen vacancies and
into OH groups. Oxygen vacancies or other active species,
as oxygen molecules, may be photogenerated during UV irr
ation, but H2O molecules were scarce under our experime
conditions. Although the oxidation of monodentate or biden
nitrite by oxygen molecules may be possible, its rate would
much slower than that by superoxo.

A proposed photocatalytic mechanism of NO oxidation
shown in Scheme 2. Electron–hole pairs are photogenera
under UV irradiation; then the holes are trapped by surface
oxo species, which in turn are transformed to superoxo spe
Adsorbed bidentate nitrite is oxidized to either monodentat
bidentate nitrate by reaction with superoxo species. If the su
oxo species do not contact with nitrites, then they are fur
photo-oxidized to oxygen molecules, leaving oxygen vac
cies.
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Scheme 2. A possible mechanism of photocatalytic NO oxidation on TiO2.

Scheme 4. A possible mechanism of photocatalytic NO oxidation on 2 wt% Cu/TiO2.
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4.3. Photocatalytic NO reaction on 2 wt% Cu/TiO2

Before UV irradiation, bidentate nitrite and monodentate
trate adsorbed on Cu/TiO2 were observed as shown inFig. 7,
similar to the spectra of NO adsorption on TiO2. The same
mechanism outlined inScheme 1was also applied to Cu/TiO2.
However, significant differences were found; bidentate nit
(at 1218 cm−1) and nitrosyls (at 1928 and 1884 cm−1) ad-
sorbed on Cu2+ and adsorbed nitro compounds (at 1326 cm−1)
were also detected. NO molecules were also adsorbed on2+
ions, forming nitrosyls, as shown inScheme 3. The vibration
frequencies of nitrosyls were higher than those of NO m
cules (1876 cm−1) but lower than those of NO+ free ions
(∼2200 cm−1), suggesting that the electrons of NO were dra
to Cu2+. But the electrons were not completely transferred
Cu2+, because of theπ back-donation effect; thus the Cu2+
ions were not reduced to Cu+. Adsorbed nitrosyls may be fu
ther oxidized to nitro compounds by active oxygen or per
species.

As shown inFig. 7, 30 min of UV irradiation caused a de
crease in all nitrosyl bands and surface peroxo species an
increase in monodentate and bidentate nitrates (at 1583, 1
1500, and 1458 cm−1). The absorption bands characteris
of bidentate nitrites and nitro compounds showed no chan
Thus nitrate formation was attributed to the oxidation of
trosyls. The oxidation reaction was induced by photogener
superoxo species, TiOO•, similar to those on TiO2.

Scheme 3. Formation of nitrosyls adsorbed on Cu2+ ions.
-

an
0–
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d

The spectrum of long-term (5 h) UV irradiation on Cu/TiO2
was very similar to that on TiO2. The adsorbed nitrosyls van
ished, and the significant signals characteristic of monode
and bidentate nitrates were fully developed. The oxidation f
nitrites to nitrates can also be carried out under UV irradia
on the Cu/TiO2 catalysts; however such an oxidation react
was not observed in the first 30 min. This suggests that the
peroxo species preferentially oxidize adsorbed nitrosyls o
other words, that the oxidation of nitrites to nitrates is defer
by adsorbed nitrosyls. Because the nitrosyls are partially
itively charged compounds and the bidentate nitrites are
atively charged compounds, it is reasonable to expect tha
extremely negatively charged superoxo species will prefe
tially attack the adsorbed nitrosyls.Scheme 4briefly shows a
possible mechanism of nitrosyl oxidation on 2 wt% Cu/Ti2
catalyst.

Although isolated weakly associated and strongly associ
Cu2+ existed on the catalyst surface, there was no evide
indicating which species caused the formation of bidentate
trite adsorbed on Cu2+. This may be caused by Cu2+ ions in
different structures (at 1928, 1919, and 1884 cm−1) or by sur-
face peroxo species, such as Ti(O2). Distinguishing whether o
not nitro compounds were decreased under UV irradiation
difficult, because the absorption band of these compound
1326 cm−1 was overlapped by the peak at 1289 cm−1.

4.4. Photocatalytic NO reactions on 1.9 wt% V/TiO2 and
0.65 wt% Cr/TiO2

Photocatalytic NO oxidation on V/TiO2 and Cr/TiO2 exhib-
ited similar behavior. The adsorption of NO on V/TiO2 and
Cr/TiO2 caused sharp decreases in the bands characteris
coordination-unsaturated V=O and Cr=O bonds, respectively
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Scheme 5. A possible mechanism of NO adsorption on 1.9 wt% V/TiO2 or
0.65 wt% Cr/TiO2 (M = V or Cr).

Scheme 6. A possible mechanism of photocatalytic oxidation from nitrosy
nitro compounds.

The intensity of absorption bands characteristic of bidentat
trites peaking at around 1192 cm−1 was higher than that o
TiO2, especially for Cr/TiO2. Moreover, on TiO2, NO was also
trapped on V=O or Cr=O and was then oxidized to nitrite
A proposed mechanism for the adsorption of NO on V/Ti2
or Cr/TiO2 is shown inScheme 5. NO is adsorbed on V=O
or Cr=O, then transformed to bidentate nitrite via oxygen
cancy.

The ability of photocatalytic NO oxidation on these two c
alysts was very poor under UV irradiation. In the first minu
only a decrease in the hydroxyl groups adsorbed on Cr was
served; the nitrosyls and bidentate nitrites showed no chan
After 30 min of UV irradiation, only a slight decrease in bide
tate nitrites and a slight increase in nitro compounds and nitr
were detected. These changes were very small compared
those on TiO2 and Cu/TiO2 catalysts during 30 min of UV irra
diation. After 5 h of UV irradiation, monodentate and bident
nitrates were observed, and trace amounts of bidentate ni
remained. Careful inspection of the absorption bands cha
teristic of peroxo species and nitro compounds revealed
these decreased continuously under UV irradiation, but at m
slower rates of change than those for TiO2 and Cu/TiO2 cata-
lysts. The adsorbed nitrosyls showed very little decrease in
first 30 min, but this region (2200–1800 cm−1) was perturbed
by the baseline shifts in the 5-h UV irradiation spectrum (Figs. 8
and 9) and so was unclear in the long term.

As shown inScheme 6, the formation of nitro compounds
caused by oxidation of nitrosyls. The superoxo species pr
entially oxidize compounds adsorbed on doping V or Cr io
similar to photocatalytic NO oxidation on Cu/TiO2 but in only
small amounts. The weak decreases in the bands characte
of peroxo species, Ti(O2), under UV irradiation indicated tha
only a portion of the photogenerated holes converted pe
species to superoxo species. Hole scavengers, such as
sites, may exist on the surface of V/TiO2 and Cr/TiO2, draining
photogenerated holes.
o
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5. Conclusion

All of the catalysts studied (TiO2, 2 wt% Cu/TiO2, 1.9 wt%
V/TiO2, and 0.65 wt% Cr/TiO2) exhibited the capability fo
photocatalytic NO oxidation. Various intermediate species w
observed from this in situ FTIR study. The adsorption and p
tocatalytic reaction of NO on catalysts involved various type
active intermediates formed by surface active species and
togenerated holes. Nitric oxide could be adsorbed in the f
of bidentate nitrites by reacting with surface free OH grou
Nitrates were produced with consumption of peroxo spec
During UV irradiation, surface peroxo species were oxidize
superoxo species by photogenerated holes, and then bide
nitrites were oxidized to nitrates by superoxo species.

Pure TiO2 demonstrated the most powerful activity for ph
tocatalytic NO oxidation. Under UV irradiation, most adsorb
nitrites were transformed to nitrates within seconds, and
other species were found. For Cu/TiO2, adsorption of NO
caused not only the formation of nitrites adsorbed on TiO2 and
Cu2+, but also the formation of nitrosyls adsorbed on Cu2+.
Under UV irradiation, photogenerated superoxo species p
erentially oxidized nitrosyls, thereby deferring the oxidation
nitrites to nitrates. For V/TiO2 and Cr/TiO2, the photocatalytic
oxidation of nitrites was strongly inhibited because the su
oxo species preferentially oxidize nitrosyls or hydroxyl grou
adsorbed on V or Cr ions. Hole scavengers may exist in th
two catalysts, resulting in less peroxo species oxidized to
peroxo species. Consequently, the oxidation rate of nitrite
nitrates was significantly decreased on V/TiO2 and Cr/TiO2.
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