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ABSTRACT

This study has been undertaken to investigate the roles of PtO and PtO, deposits in photocatalytic oxida-
tion of NO over Pt-modified TiO, catalysts. These photocatalysts were prepared by neutralization method
and characterized by XRD, BET, XPS, TEM and FTIR. It was found that Pt dopant existed as PtO and PtO,
particles in as-prepared photocatalysts. And these Pt dopants would change their oxidation states during
the photocatalytic oxidation reaction. An in situ XPS study indicated that a portion of PtO, on the surface
of Pt/TiO, was reduced to PtO under UV irradiation. The migration of electrons to PtO, particles could
separate the electrons and holes, resulting in the improvement of photocatalytic activity. And the deple-
tion of PtO; by electrons could lead to the deactivation of Pt/TiO, catalyst. Moreover, PtO particles could
be corroded to form Pt2* ions by HNO3, which was one of the products of photocatalytic oxidation of NO.
NO would adsorb on Pt?* related sites to form Pt™-NO nitrosyls, retarding photocatalytic oxidation of
NO to NO,.

Photocatalysis

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOx) emissions to atmosphere have direct
impacton the global environment and human health through ozone
depletion, photochemical smog and the acid deposition [1,2]. Wet
scrubbing method promises to an efficient and economical way to
remove soluble pollutants [3].In order to remove NOx by wet scrub-
bing method, it is necessary to oxidize nitric oxide (NO) to more
soluble nitrogen dioxide (NO,) or dinitrogen pentoxide (N,Os) in
either gas or liquid phase [4,5]. However, it is very difficult to
oxidize dilute NO except the addition of strong oxidants such as
methanol, ozone and hydrogen peroxide [5-7].

The photocatalytic oxidation using titanium dioxide (TiO;) as
photocatalyst has been shown to be a relatively cheap and effective
process to convert NO to NO; in gas phase [8-10]. When subjected
to irradiation of wavelength less than 380 nm, a valence band elec-
tron is excited to the conduction band, generating an electron-hole
pair that can recombine or initiate redox reactions [11,12]. The
recombination probability between photogenerated electrons and
holes is a major factor limiting the photocatalytic activity. Holes
are trapped by water (H,0) or hydroxyl groups (OH~) adsorbed on
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the surface to generate hydroxyl radicals (OH*). Electrons reduce
adsorbed oxygen (0, ) to yield superoxideions (0O,*~).OH®* and O,*~
groups are the main oxidants for NO oxidation [13]. It is reported
that there are three states during photocatalytic oxidation process
of NO [14-16]. At the initial state, the oxidation product is nitrous
acid (HNO;). And then in the transient state, oxidation of HNO, to
NO, and subsequent oxidation of NO; to nitric acid (HNO3) occur.
Once the catalyst is saturated with HNOs, the steady state reaches
and the oxidation reaction can only go as far as NO,. The nitrogen
mass balance about NO and NO; is established at the steady state.

Our recent study has found that platinum oxides (PtOx) modi-
fied TiO, (Degussa P25) can improve effectively the photocatalytic
oxidation activity of NO, while metallic platinum (Pt9) and chloro-
platinic ions (PtClg2~) deposits on TiO, do not facilitate the
photocatalytic activity [17]. Actually, PtOx could exist as PtO(Il)
and PtO,(IV) particles on TiO, surface. However, the roles of PtO
and PtO, dopants on photocatalytic oxidation of NO are still uncer-
tain. Meanwhile, the deactivation mechanism of PtOx/TiO, was not
clear. As an extension work of our previous study, we try to find
out the roles of the PtO and PtO, dopants on photocatalytic oxi-
dation of NO through investigating the photocatalytic behaviors.
The method for modification of TiO, with PtOx is neutralization
method. And the catalysts were characterized by X-ray diffraction
analysis (XRD), Brunauer-Emmett-Teller measurements (BET),
X-ray photoelectron spectrum analysis (XPS), transmission elec-
tron microscopy (TEM) and high-resolution-transmission electron
microscopy (HR-TEM). Finally, the deactivation mechanism of
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PtOx-modified TiO, towards photocatalytic oxidation of NO in gas
phase was discussed.

2. Experimental
2.1. Catalysts preparation

Commercial TiO, Degussa P25 was used as the precursor.
Chloroplatinic acid (H,PtClg-6H,0) and sodium hydroxide (NaOH)
were analytical grade. PtOx-modified TiO, (Pt/TiO,) was prepared
by neutralization method. The samples were prepared by dis-
persal of 8.0g TiO, powder into 100 ml H,PtClg-6H,0 solution
(4-40mg/100ml) to obtain Pt loading of 0.05-0.5wt.%. The pH
value of the slurry was adjusted to pH 7 with 10% NaOH. Then the
resulting suspension was aged at room temperature for 6 h. After
aging, the samples were filtered, washed and dried at 100°C. Then
the samples were calcined at 400 °C for 2 h in air.

2.2. Catalysts characterization

XRD patterns were obtained by a Rigaku D/Max RA diffractome-
ter with Cu Ko radiation at 40kV and 150 mA, at an angle of 26
from 20° to 80°. The size of the crystallites was calculated with
the Scherrer equation [18]. The phase composition of the samples
was estimated with the following equation [19]: Fr=1/{1+0.79
[Ia (101)/Ig (110)]}. Here Fy is the mass fraction of rutile in the
samples,and I (101)and Ig (110) are the integrated 101 intensi-
ties of anatase and 110 of rutile, respectively. BET surface areas
(Sger) were determined using N, physisorption at 77K, with a
Micromeritics ASSP 2020 equipment. Surface element analysis was
carried out by XPS using a Thermo ESCALAB 250 instrument with Al
Ko radiation (hv=1486.6eV) at 150 W. The signal of adventitious
carbon (a binding energy of 284.8 eV) has been used to calibrate
the binding energy scale for XPS measurements. The morphology,
structure and grain size of Pt/TiO, were examined by TEM and
HR-TEM with a JEM-2010 instrument. In situ diffuse reflectance
infrared transform (DRIFT) spectroscopy were acquired with Nico-
let 6700 Fourier transform infrared (FTIR) spectrometer at 4 cm™!
resolution with 64 co-added scans. In DRIFT cell, the catalysts were
pretreated at 150 °C in He environment for 2 h, then cooled to room
temperature. The background spectra were recorded in flowing He
and were subtracted from the sample spectra.

2.3. Photocatalytic activity measurements

The method of photocatalyst immobilization was carried out by
the dip-coating method [15]. The experiment setup and operating
conditions for photocatalytic activity tests were the same as that in
our previous reports [20,21]. All the photocatalytic activity experi-
ments were carried out in a continuous setup. The setup consisted
of a gas supply, reactor and analytical system. An air compressor, a
NO gas cylinder (10,000 ppm, diluted by N, ) and a N, gas cylinder
(99.9%)were supplied as gas sources. By varying the flow rate of one
stream air bubbled through a gas wash bottle, the humidity could
be adjusted. The air, NO, and N, streams were mixed to obtain the
desired concentration (NO: 100 ppm, relative humidity: 75%). The
flow rate of the gas was 2.0 L/min and the residence time was 10s.
Photocatalytic experiments were carried out in a 340 ml cylindri-
cal Pyrex glass reactor. The immobilized catalyst was set into the
reactor with a “Z” type. The irradiation source was an Hg-arc lamp
(125 W, Philips) located outside the reactor. The wavelength of the
Hg-arc lamp varied in the range from 300 to 400 nm with the max-
imum light intensity at 365 nm. NO and NO, were analyzed with
a NOx analyzer (Thermo Scientific, Model 42i-HL NO-NO,-NOx
Analyzer High Level). The relative humidity was measured with
arelative humidity analyzer (Testo Co. Ltd., Model 605-H1).
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Fig. 1. XRD patters of catalysts with P25 (A) and different Pt dopant content of
0.05 wt.% (B), 0.5 wt.% (C).

Blank tests were conducted with the Hg-arc turned on but with-
out the photocatalyst using 100 ppm inlet NO. The variation of the
NO concentration couldn’t be observed within 120 min irradiation.
Furthermore, there was no change of the NO concentration when
the Hg-arc lamp was turned off and the catalyst was present in the
reactor.

3. Results and discussion
3.1. Characterization of Pt/TiO,

The XRD patterns of P25 and Pt/TiO, photocatalysts are shown
in Fig. 1. Peaks marked “A” and “R” correspond to anatase and rutile
phases, respectively. The modification of Pt little changed the phys-
ical and morphological properties of the TiO;, as listed in Table 1.
Minor reductions in the specific area were found after Pt addition.
These changes could be explained by the fact that the size of the
crystallites of anatase and rutile increased on Pt-modified TiO,.
Furthermore, a small increment in the anatase fraction was also
observed on Pt/TiO,. These results indicated that there was little
crystal transformation and crystal growth occurring in Pt modify-
ing procedures. From the XRD patterns, all photocatalysts displayed
a mixture of anatase and rutile, and no Pt-related compounds were
detected, which indicated that Pt was loaded in the state of unde-
tectably small particles.

The element composition was determined by XPS high-
resolution scans over C 1s,0 1s,Cl 2p, Ti 2P and Pt 4f spectraregions.
The atomic ratio of Pt on the surface of Pt/TiO, is shown in Table 1.
Fig. 2 shows the Pt 4f peaks of 0.5 wt.% Pt/TiO, photocatalyst. The
Pt 4f;), peak consisted of two individual peaks, corresponding to
PtO and PtO,. The peak at 72.2 eV can be attributed to PtO, and the
peak at 74.05 was peculiar to PtO; [22-25]. The fraction of PtO on
the surface was about 79.3% in the as-prepared sample. Vorontsov
et al. [26] reported that different Pt deposits formed during the
photocatalytic deposition and the Pt 4f;;, binding energy of Pt
metal, Pt(OH),, PtO; and PtClg%~ was 70.5,72.4-73.2,73.3-74.1and
75.2-75.6 respectively. In this study, the peak at 72.2 eV was con-
sidered as PtO instead of Pt(OH),, owing to the calcination process
of the catalysts preparation.

The morphology of Pt/TiO, powders was further investigated
by TEM images as shown in Fig. 3. The diameter of TiO, parti-
cles (Degussa P25) ranged from 20 to 50 nm, consistent with the
value of the crystallite size determined by XRD spectra. From the
HR-TEM image illustrated in Fig. 3b, it was confirmed that PtOx
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Table 1
Physical and morphological properties of the photocatalysts.

Catalyst Sper(m?/g) Pt atomic concentration? (%) Diameter® of TiO, (nm) Rutile fraction® (%)
P25 52.3 - 20.3 (A); 30.3 (R) 10.06

0.05 wt.% Pt/TiO, 494 0.078 21.0 (A); 29.5 (R) 9.58

0.5wt.% Pt/TiO, 48.7 0.59 21.2 (A); 30.8 (R) 8.87

2 Pt atomic concentration is determined by XPS for the surface content of Pt on the Pt/TiO, photocatalysts.

b (A) stands for anatase and (R) for rutile.
¢ Rutile fraction means the fractions of rutile in TiO; (rutile and anatase).
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Fig. 2. XPS high-resolution scan over Pt 4f peaks on 0.5 wt.% Pt/TiO, photocatalyst.

particles were deposited on the surface of TiO,, and their diameter
predominantly ranged from 1 to 3 nm. However, it seemed difficult
to determine from Fig. 3 whether PtO and PtO, constituted with a
separate state in different particles or formed in a mixed state in
the same particles.

3.2. Behaviors of photocatalytic oxidation

In the oxidation of NO over the studied photocatalysts, small
amounts of HNO, and HNO3 are produced at the initial and tran-
sient states of the reaction. NO, was the main product detected
when the reaction approached the steady state. The NO conversion
efficiency is estimated according to:

Noin — NOout
NO;,

where NO;, and NOyy; are the inlet and outlet NO concentrations
of photocatalytic reactor, respectively.

NO conversion = 100% (1)
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Fig.4. Variations of NO conversion efficiency with irradiation time for P25, 0.05 wt.%
Pt/TiO, and 0.5 wt.% Pt/TiO,. Operating conditions: 125 W Hg-arc, 75% RH, 10 s res-
idence time, 21% O, concentration and 100 ppm initial NO concentration.

Fig. 4 shows the variations of NO conversion with irradiation
time over P25 and Pt/TiO; catalysts under conditions of 75% relative
humidity. The results obtained with P25 were displayed for com-
parison. A high conversion of NO (57.5%) was observed initially over
P25. Then, the NO conversion decreased and approached a steady
state (45.6%) after around 300 min of irradiation. Similar results
could be found in literatures [14,15]. The curves in Fig. 4 reveal
an evident difference in the performance of Pt/TiO,. For 0.5 wt.%
Pt/TiO, catalyst, the maximum conversion (100%) was observed at
the beginning of reaction. And after 360 min of irradiation, the con-
version decreased to 57.4%, which was only 25.9% higher than that
with P25. And, it was also found that the main product of photocat-
alytic oxidation of NO was NO,. Pt/TiO, catalyst showed a superior
photocatalyst activity during the whole reaction process. However,
the NO conversion decreased with irradiation time without a steady
sate, which indicated that the deactivation process occurred in
Pt/TiO, photocatalyst. These results indicated that the deposits of

Fig. 3. TEM (a) and HR-TEM (b) images of 0.05 wt.% Pt/TiO,.
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Fig. 5. XPS high-resolution scan over Pt 4f peaks on used 0.5 wt.% Pt/TiO, photocat-
alyst (A), and after regeneration (B).

Pt played key roles in the beneficial effect of photocatalytic activity
and disadvantageous effect of catalyst durability.

Fig. 5A shows the XPS scan over Pt 4f peaks over 0.5 wt.% Pt/TiO,
samples that was deactivated after photocatalytic oxidation of NO.
From this figure, it could be seen that Pt 4f peaks were broadened
in contrast to that before photocatalytic reaction (Fig. 2). The broad
Pt 4f;/, was well fitted as a combination of PtO (peak at 72.2 eV),
Pt2* (peak at 73.4 eV) and PtO, (peak at 74 eV). The fractions of PtO,
Pt2* and PtO, were about 63.7%, 20.9% and 15.4% in the deactivated
sample, as shown in Table 2. In contrast to the sample before pho-
tocatalytic reaction (see Fig. 2 and Table 2), it is indicated that the
fractions of PtO and PtO, both declined, and Pt?* ions was formed
during the photocatalytic oxidation process.

The regeneration test of deactivated PtOx-modified TiO, pho-
tocatalysts was also conducted to investigate the changes in the
oxidation states of Pt under the deactivation and regeneration pro-
cess. As shown in Fig. 6, the oxidation efficiency declined with the
irradiation time, and the activity of catalyst recovered after the
heat treatment at 400 °C. Similar results were reported in previ-
ous literatures [17]. Fig. 5B shows the XPS scan over Pt 4f peaks
on 0.5wt.% Pt/TiO, samples that was regenerated by calcination
for 1 h. From Table 2, it could be seen that the fractions of PtO and
PtO, increased, which suggested that Pt>* ions on the deactivated
catalyst was transferred to PtO and PtO, particles during the heat
treatment process. The fraction of PtO, on regenerated sample was
higher than that on fresh sample, leading to the higher activity after
regeneration.

3.3. Deactivation mechanisms of Pt/TiO, catalyst

For Pt/TiO,, the changes in the oxidation sates of Pt have been
observed in the XPS scans over used samples as shown in Fig. 5,
which could result in the deactivation of Pt/TiO, [20,21,27].

Table 2
Results of curve fitting of high-resolution XPS spectra for the Pt 4f;, peaks of 0.5 wt.%
Pt/TiO, with fresh sample, deactivated sample and regenerated sample.

Sample Pt 4f), (atomic fraction?, %)

PtO Pt PtO,
Fresh sample 79.3 - 20.7
Deactivated sample 63.7 20.9 154
Regenerated sample 75.1 - 249

2 Atomic fraction means the fractions of PtO, Pt?*, or PtO; in the total Pt element
on the surface of Pt/TiO,.
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Fig. 6. The deactivation and regeneration test of 0.5 wt.% PtOx-TiO, with 60 h irra-
diation time. Operating conditions: 125 W Hg-arc, 75% RH, 10 s residence time, 21%
0, concentration and 100 ppm initial NO concentration.

3.3.1. Effect of UV irradiation

To investigate the changes in the valence state of Pt on TiO,
under UV irradiation, an in situ XPS study was conducted. 0.5 wt.%
Pt/TiO, was first placed in the dark under the ultrahigh vacuum
condition of XPS system overnight to make absorbed H,O on the
surface desorbed before XPS scans. Then, these samples were irra-
diated by UV light. XPS scans were performed after 0.5 and 3h
irradiation. Fig. 7 shows the Pt 4f peaks of Pt/TiO in the dark, after
0.5 and 3 h irradiation, respectively. The fractions of PtO and PtO,
on the surface were about 61.7% and 38.3% in the dark. After 3 hirra-
diation, the fractions of PtO and PtO, changed to 69.9% and 30.1%,
which clearly suggested that a portion of PtO, on the surface of
Pt/TiO, was reduced to PtO under the UV irradiation. When irradi-
ated by UV light with wavelength less than 380 nm, electron-hole
pairs on TiO, were generated [11,12]. PtO, particles dispersed on
TiO, surface were populated with the generated electrons, leading
to the transformation of PtO, to PtO (see Eq. (2)). And O*~ groups
could be oxidized to oxygen molecules by holes, as shown in Eq. (3)
[28].

PtO, +ecg~ — PtO + O°*~ (2)
20°~ +2hVB+—> 0, (3)

Intensity (a. u.)
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Fig. 7. Comparison of XPS high-resolution scans over Pt 4f peaks on 0.5 wt.% Pt/TiO,
in the dark (A), after 0.5 (B) and 3 h (C) irradiation. UV irradiation source: He I
(hv=21.2eV), vacuum: 2-3 x 107 Pa.
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Fig. 8. Comparison of the conversion of NO with irradiation time over fresh sample
(A), the sample treated with UV irradiation for 3 h (B) and the sample treated with
HNO; by 3 h (C). Operating conditions: 125W Hg-arc, 75% RH, 10 s residence time,
21% 0O, concentration and 100 ppm initial NO concentration.

For the photocatalytic oxidation of NO over Pt/TiO,, photogen-
erated electrons were transferred from TiO, conduction band to
the PtO, particles and a portion of PtO, particles would be reduced
to PtO (see Eq. (2)). When the photogenerated electrons migrated
to PtO,, electrons and holes were efficiently separated, leading to
the improvement of photocatalytic activity. With the depletion of
PtO, particles, the conversion of NO decreased. Fig. 8 shows the
comparison of the conversion of NO with irradiation time over
fresh sample (A), the sample treated with UV irradiation for 3h
(B) and the sample treated with HNO3 by 3 h (C). The catalyst was
set into the reactor, and then turned on the UV light. The stream
flowed through the reactor without NO. After 3 h, the NO stream
was blended into the stream and the activity test started. As shown
in Fig. 8, the conversion over the samples irradiated by UV light for
3 h was 12% lower than fresh sample. This test was directly indi-
cated that the PtO, particles on TiO, provided a key contribution
to the improvement of photocatalytic activity, while PtO deposits
had no positive effect or played only a small part in NO oxidation.

3.3.2. Effect of HNO3

Previous work has reported that HNO3, HNO, and NO, were the
products of NO oxidation [14,15]. It could be assumed that Pt?* ions
on the catalyst surface were formed through the following routes:

PtO, + 2Ht — Pt2t + H,0, (4)

1057
Table 3
Assignments of FTIR bands observed upon adsorption of NO on used 0.5 wt.% Pt/TiO.
Wavenumbers Assignment References
(em™1)
1326 Adsorbed nitro compounds, v(-NO;) [36]
1461 Almost symmetric stretching mode of [31]
bidentate nitrate, v(NO3)
1508 Monodentate nitrate, v(NO3) [31,33]
1645 Pt°-NO nitrosyls [37]
1697 A weakly held form of adsorbed NO on [38]
Pt
1743 Pt"™-NO species [36]

Fig. 8C shows the photocatalytic activity of Pt/TiO, sample
treated by HNOs3. The catalyst was set into the reactor. A stream
including HNO3 vapor was blended into the reactor. After 3 h, the
photocatalytic activity test started. As shown in Fig. 8, the conver-
sion was 5% lower than fresh sample. To investigate the effect of
Pt2* on TiO3, an in situ FTIR study was conducted to investigate the
NO adsorption over fresh and used photocatalysts.

In situ DRIFT spectra of the fresh and used Pt/TiO, during
exposure to NO/He at room temperature are shown in Fig. 9.
The spectra covering the range 900-1800cm~! were recorded
to elucidate the chemical structure of NOx species adsorbed on
0.5wt.% Pt/TiO, before and after photocatalytic oxidation. Bands
at 1027, 1257, 1296, 1481, 1538, 1583, 1612 and 1650cm~! were
detected on fresh Pt/TiO,, as shown in Fig. 9a. The adsorption bands
observed can be attributed to bidentate and monodentate nitrates
[13,29-34]. The formation of surface nitrates on TiO, could be pro-
posed as the following reactions (see Egs. (5) and (6)) [32].

3NO + OH™ — NO, +NO~ + NOH (5)
3NO, +20H™ - 2NO3~ +NO + H,0 (6)

On used Pt/TiO, catalyst, the bands at 1326, 1461, 1508, 1583,
1612,1645,1697 and 1743 cm~! were detected, as shown in Fig. 9b.
Bands at 1583 and 1612 cm~! were weaker than on fresh catalyst.
The new bands at 1326 cm~! due to adsorbed nitro compounds, and
at 1645, 1697 and 1743 cm~! due to Pt-related species appeared.
Table 3 summaries the assignment of all bands on the used pho-
tocatalyst except those observed in Fig. 9a. Ivanova et al. [35]
proposed that adsorption of NO on Pt would form Pt®-NO and
Pt"™-NO nitrosyls. Hadjiivanov [36] reported that the frequency of
Pt™*—~NO mononitrosyls was above at 1710cm~! and these species
were stable. Here, it is considered that the Pt-related species were
formed by the adsorption of NO on PtZ* ions.

XPS study over used sample indicated that a portion of PtO par-
ticles were corroded by HNOj3 to form Pt?* ions (see Eq. (4)). The

1583
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Fig. 9. In situ DRIFT spectra of fresh (a) and used (b) 0.5 wt.% Pt/TiO, during exposure to 400 ppm NO (balanced by He) at room temperature for 10, 30, 60 and 90 min.
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adsorption sites of NO were different on the used photocatalysts,
resulting in the formation of nitro compounds, Pt°-NO nitrosyls,
and Pt"™-NO mononitrosyls. When irradiated by UV lights, OH*
and O,*~ groups preferentially oxidized nitrosyls to form nitro
compounds, thereby deferring the oxidation of NO [13]. With the
consumption of OH® and O,*~ groups, the photocatalytic activity
decreased. A proposed mechanism for the adsorption of NO on used
Pt/TiO, and the formation of nitro compounds by photocatalytic
oxidation is shown as the following route.

dsorpti TiO .
Pttt  NO 0P MO2pen+ _ NO Nitrosyls
OH.and 0,°~ .
e 22, E%Nitro compounds (7)

4. Conclusions

In this study, PtOx-modified TiO, photocatalysts were prepared
by neutralization method and used for the photocatalytic oxidiza-
tion of NO. The experimental results showed that the effective
oxidation state of Pt on TiO, surface was PtO,. PtO, particles
deposited on TiO, could accept the photogenerated electrons to
form PtO, and then electrons and holes were efficiently separated,
leading to the improvement of photocatalytic activity. With the
depletion of PtO,, the conversion declined gradually. Furthermore,
the corrosion of PtO to form Pt2* by HNO;5 could change the adsorp-
tion sites of NO on TiO, surface. Pt"*-NO nitrosyls could retard
photocatalytic oxidation of NO to NO,, resulting in another possible
reason for the deactivation of Pt/TiO, photocatalysts.
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