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The visible light active catalysts, PtOy-doped TiO, (PtOx-TiO,) and PtOy-loaded TiO, (PtOy/TiO3),
were successfully synthesized by the acid-catalyzed sol-gel process and the impregnation method.
Pt(NHs3)4(NOs3), or H,Pt(OH)s was employed as the PtO, precursor. By comparing the results of De-
NO,, the modified photocatalysts exhibited a higher visible-light-responsive activity, and a lower NO,

selectivity than the unmodified ones. The FE-SEM images suggested that the particle size was unchanged
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after modification. The XRD patterns showed that the crystal structure still remained as anatase phase.
Nitrogen adsorption revealed no significant change in surface areas for all samples. The UV-vis spectra
indicated that PtO, promoted the absorption of visible light. Furthermore, the XPS spectra evidenced
that the mixed valence states of PtO-PtO, coexisted on the surface of TiO,. The adding of PtO, on TiO,
not only promoted the visible-light-responsive activity of converting NO to NO, but also increased the
consecutive reaction rate of NO, to NO5~.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since Fujishima and Honda’s [1] discovery of the photo-induced
water splitting on TiO, electrodes, photocatalysis based on pow-
dered semiconductors has received much attention for the effective
utilization of solar energy. Among all semiconductors, TiO, is the
most widely studied photocatalyst, due to its strong redox abil-
ity, chemical stability, non-toxicity, and low cost. Recently, TiO,
is extensively applied to environmental pollutant control, such as
De-NOy, De-VOCs, and water purification [2-6]. Unfortunately, the
band gap of TiO, is 3.2 eV, corresponding to wavelengths of shorter
than 388 nm. This fatal drawback limits the photocatalytic practice
in the UV light region, which only counts for 4% of the solar spec-
trum, while the main part (45%) belongs to the visible light region.
To overcome this shortcoming, many researchers have made much
effort on the modification of TiO; to utilize sunlight more effectively
and to further expand the indoor applications.
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One approach to achieve the goal is non-metal doping. Sato [7]
discovered the red-shift phenomena of a N-promoted TiO,. After-
ward, Asahi et al. [8] reported that a small amount of substitutional
N atoms onto the TiO, structure by the sputtering method would
induce the Ti3* sites on the TiO, surface and significantly narrow
the band gap. Nakamura et al. [9] found that TiO, treated with
hydrogen plasma can generate oxygen vacancies and create sub-
band gap to promote visible light responses, despite the expensive
appliances. Organic dyes as the light sensitization agents were also
considered to be added on the TiO; surface to improve the light effi-
ciency [10,11]. However, the consumption of dye molecules during
the reaction process obstructed the application.

Another approach is doping transitional metals into TiO, struc-
ture, such as Cr, V, Mn, Fe, Cu, or others [3,12-15]. However,
the doping metal increases carrier-recombination rates on TiO,
and reduces the thermal stability. Thus, metal-doped TiO, usu-
ally shows an increased visible light activity at the expense of UV
activity. Recently, noble metals have been paid more attention as
dopants for TiO, modification. Ohno et al. [16] demonstrated that
the photo-oxidation of water takes place on the Ru-loaded TiO,
powder under visible light. The stronger ability of electron cap-
ture by noble metals is postulated to extend the lifetime of the
electron-hole pairs, hinder the recombination of them, and hence
indirectly enhance the photocatalytic activity. Thus, the metallic
Pt-loaded TiO, prepared by photodeposition has an improved UV
activity in spite of no visible response [17,18]. However, Vorontsov
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Fig. 1. Scheme of synthesis procedure.

et al. [19] reported that the photocatalytic activities depend on
Pt states. Kisch and Macyk [20] have also found that the Pt com-
plex doped TiO, promotes the visible activities. The oxidized state
of Pt was confirmed to facilitate visible response and was more
thermally stable during heat treatment process than metallic Pt.

Based on the economic consideration, our previous research [21]
demonstrated that the visible-responsive photocatalyst, Pt/TiO,,
can be easily synthesized by sol-gel process or by impregnation
method to load PtOx on TiO,. In this study, we planned to further
improve the visible activities of photocatalysts and to investigate
the relationship of the chemical states of PtOx and the photo-
activities.

2. Experimental
2.1. Preparation of photocatalysts

Two kinds of titania (TiO;) were used as the raw materials
for modification. One was commercially available TiO,, Hombikat
UV100 (Sachtleben Chemie, 100% anatase), and the other was syn-
thesized by acid-catalyzed sol-gel process as described elsewhere
[21]. Two types of platinum-containing compounds, tetra-amine
platinum nitrate (Pt(NH3)4(NO3),, symbolized by Pt2) and hydro-
gen hexa-hydroxy platinate (H,Pt(OH)g, symbolized by Pt4), were
used to prepare 1% PtOx/TiO5.

Air
cylinder

UV or LED light

U

For the purpose of doping Pt complex into the TiO, matrix, Pt2
or Pt4 with a desired atomic ratio of Pt/Ti=1/100 was added during
the acid-catalyzed sol-gel process. The synthesized photocatalysts
were labeled as Pt2-TiO, and Pt4-TiO,. On the other hand, impreg-
nation method was employed to load PtOyx on the surface of TiO,.
TiO, powder (either UV100 or home made TiO,) was added into
a Pt2 or Pt4 solution with an atomic ratio of Pt/Ti=1/100. After
stirring for 1h, all the samples were dried at 110°C for 4h and
then calcined at 200°C for 5h. Four modified photocatalysts by
the impregnation method were labeled as Pt2/UV100, Pt4/UV100,
Pt2/TiO; and Pt4/TiO,. In addition, the Pt2/UV100 was reduced in a
hydrogen flow with a flow rate of 50 mL/min at 200 °C for 3 h, and
the resulting catalyst was labeled as Pt0/UV100.

The above-mentioned procedures are depicted in Fig. 1. Samples
were divided into two groups, the UV100 series (UV100, Pt2/UV100,
Pt4/UV100 and Pt0/UV100) and the TiO, series (TiO,, Pt2-TiO,,
Pt2/TiO;, Pt4-TiO;, and Pt4/TiO ). The symbols of “-” and “/” repre-
sent the modification via the sol-gel method and the impregnation
method.

2.2. Degradation of NOx on photocatalyst
Photocatalytic degradation of nitrogen oxides (De-NOy) was

carried out by the setup consisting of a continuous flow reactor
connected to the gas suppliers and the analytic system, as shown

Vent

Pyrex glass reactor

NO/N,

analyzer

Cylinder

Frosted glass coated with photocatalyst

Fig. 2. Schematic diagram of De-NOy system.
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Fig. 3. Photon energy distribution of UV lamp and LEDs.

in Fig. 2. To simulate atmospheric environment and reach the opti-
mal value, the relative humidity was fixed at 50% by adjusting
a humidified air stream and a dry air stream [2]. Then, a nitric
oxide (NO) gas stream, provided by a cylinder containing 100 ppmv
NO (N, balance), was added to the air stream to reach a desired
NO concentration of 1 ppmv and a total volumetric flow rate of
1L/min. The photocatalyst (0.5g) was added into an appropriate
amount of D.I. water contained in a 50 mL flask, followed by well
stirring. The mixed slurry was then slowly spread on a disk-like
frosted glass (diameter =12 cm). After drying at 110°C for 30 min
to remove water and remain sample powder on, the frosted glass
coated with the photocatalyst was loaded into the reactor. A black
light lamp over the reactor provided the ultraviolet illumination in
the wavelength range of 330-420 nm. Light-emitting diodes (LEDs)
provided the visible light illumination including blue LEDs (BLED,
430-530 nm), green LEDs (GLED, 470-570 nm), and red LEDs (RLED,
590-680 nm). The photon energy distribution profiles of the four
irradiation sources are shown in Fig. 3. The intensity of the light
was kept at 1 mW/cm?2, measured by a spectrophotometer (Ocean
Optics, USB2000). Blank test was carried out under the same condi-
tion excluding the photocatalyst powder adding. The result ensured
all the materials being inactive on photocatalytic De-NOx.
Photocatalytic oxidation of NO on TiO, was investigated and
a reaction pathway based on consecutive reactions with hydroxyl
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radicals, was proposed as follows [2]:

NO + OH* = HNO,(H™ +NO3) (M
HNO; + OH* = NO; + H,0 (2)
NO, + OH®* = HNO3(H' + NO3) (3)

In which, HNO, is a minor species and can be reversed to NO or
oxidized to NO,. Consequently, NO oxidation can be simplified in a
serial mechanism of NO — NO, — NO3~ over photocatalyst under
illumination. The effluent concentrations of NO and NO, from the
reactor were measured by a NOy analyzer (Eco Physics, CLD 700AL).
The NO5;~ ion was adsorbed on the photocatalyst surface, and could
be washed out by water. In data analysis, the total NOy concentra-
tion ([NOy]), the NO conversion, the NO, selectivity, and the total
NO, removal are defined as follows:

[NOx] = [NOJ + [NO>] (4)
NO conversion = W (5)
NO, selectivity = % (6)
total NOy removal = W (7)

Since NO, is more toxic than NO [22,23], the photocatalyst per-
formance should be evaluated by the total NO, removal, or the NO
conversion conjunctive with the NO, selectivity.

2.3. Characterization and analysis

The particle sizes and the morphology of the synthesized
samples were determined by a field-emission scanning electron
microscopy (FE-SEM, Hitachi S4800-1).

The crystal structures were analyzed by an X-ray powder diffrac-
tometry (XRD, Rigaku RU-H3R) in the reflection mode with Cu K
radiation. The angular domain was 20-80° (26). In addition, the
grain sizes (d) were calculated by Scherrer’s equation, as follows:

0.94
- B cost (8)

where A is the X-ray source wavelength of 1.5405 A and S is the full
width at half maximum of main peak.

Fig. 4. FE-SEM images of the photocatalysts with (a) UV100, (b) Pt2/UV100, (c) Pt4/UV100, (d) TiOy, (e) Pt2-TiO,, and (f) Pt2/TiO,.
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Fig. 5. XRD patterns of the photocatalysts.

The specific surface areas were measured by nitrogen adsorp-
tion at 77 K using a Micrometrics model ASAP 2000 instrument. All
the samples were outgassed to a vacuum of <10~4 Torr at 200 °C for
2 h to remove any adsorbed impurities prior to each measurement.
Surface areas were calculated by BET method.

The UV-vis absorption spectra of all samples were measured by
apowder UV-vis spectrophotometer (UV-VIS, Shimadzu UV-2450).
The obtained reflectance data (R) were converted to the absorbance
values, F(R), based on the Kubelka—-Munk theory, as follows:
(1-R)

3R 9

The surface atomic composition of the catalysts and the
chemical states of Pt were examined by an X-ray photoelectron
spectroscopy (XPS, Physical Electronics ESCA PHI 1600) with Mg
K, radiation. The charging effects were corrected by adjusting the
C 1s peak to a position of 284.5eV.

F(R) =

3. Results and discussion
3.1. Characterization

3.1.1. Morphology

Fig. 4 shows the FE-SEM images of various photocatalysts. The
particle sizes of UV100 series (UV100, Pt2/UV100 and Pt4/UV100)
were similar, around 7-12 nm. It suggested that the primary par-
ticle sizes were unchanged after impregnating PtOy. The particle
sizes of TiO, series (TiO,, Pt2-TiO, and Pt2/TiO,) were smaller
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Table 1
The surface areas, atomic compositions and calculated atomic ratios for all samples.?.

Samples SBET Atomic composition (%) Atomic ratio
(m?/g)

Ti 0] C N Pt O/Ti Pt/Ti
Uv100 249 157 589 240 14 - 375 -
PtO/UV100 250 16.3 559 256 20 02 342 0.01
Pt2/UV100 260 170 578 224 26 02 340 0.01
Pt4/UV100 272 17.1 546  26.5 1.5 03 319 0.02
TiO, 254 129 547 310 14 - 424 -
Pt2-TiO, 244 150 523 310 14 03 349 0.02
Pt2/TiO, 256 16.3 526 299 09 03 323 0.02
Pt4-TiO, 226 17.0 491 335 02 02 289 001
Pt4/TiO; 217 202 471 319 04 04 233 0.02

2 All samples were calcined at 200°C.

(around 3-10 nm) and more dispersive, except for Pt2-TiO,, which
implied the morphology tended to be more agglomerative by
sol-gel method than that by impregnation method. This could be
rationalized that the platinic precursor was added during hydrol-
ysis of titanium alkoxide prior to crystalline phase formation. On
the other hand, the impregnation method, platinic precursor was
loaded on the well-formed crystalline TiO, particles.

3.1.2. Crystal structure

The XRD patterns are shown in Fig. 5. All the crystal structures
of samples were almost anatase, attributed to several main peaks
(26=25.3° with [101], 37.8° with [004], 48.1° with [200], 54.0°
with [105], 62.7° with [204]). Since all samples were calcined at
a relatively low temperature of 200 °C and only a small amount of
PtOy (1%) was added in, there was no significant difference among
the samples. The PtOx was interpreted as well-dispersed by the
evidence of the absence of Pt signal.

According to Scherrer’s equation by introducing the full width at
half maximum of main peak with 26 =25.3° for anatase phase, the
grainsize is larger with the sharper main peak. The calculated result
revealed that the grain size of UV100 series was around 9-12 nm,
and that of TiO; series around 5-6 nm. The results were consistent
with the FE-SEM images. Besides, the FE-SEM results also suggested
that there is no significant change in particle size before and after
PtOy loading.

3.1.3. Surface area

The surface areas of all samples, around 217-272m?/g, are
listed in Table 1. For UV100 series, the three modified samples
of PtO/UV100, Pt2/UV100 and Pt4/UV100 showed no significant
change or only a slight increase with 250, 260 and 272 m? /g, respec-

(fRV'E,)" (a.u)

2.0

3.0
Epg (eV)

4.0

Fig. 6. (A) UV-vis absorption spectra and (B) plot of transformed Kubelka-Munk function versus the energy of the light absorbed for (a) UV100, (b) Pt0/UV100, (c) Pt2/UV100,
(d) Pt4/UV100, (e) TiO, (f) Pt2-TiO,, (g)Pt2/TiO,, (h)Pt4-TiO,, and (i)Pt4/TiO,, with the direct band gap of (a) 3.26, (b) 3.18, (c) 3.20, (d) 3.15, (e) 2.65, (f) 2.87, (g) 2.82, (h)

2.75,and (i) 2.70eV.
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tively, compared to the sample of UV100 (249 m?/g). This was
reasonable that the small amount metallic Pt or PtOy could be well-
dispersive on crystalline TiO, powder by impregnation method.
The home made TiO, possessed the surface area of 254 m?/g, similar
to UV100. This result was also corresponding to their similar parti-
cle sizes. After modification, the four samples of Pt2-TiO,, Pt2/TiO,,
Pt4-TiO, and Pt4/TiO, showed unchanged or some decrease in sur-
face areas with 244, 256, 226 and 217 m?/g, respectively.

3.1.4. UV-vis absorption

The UV-vis absorbance spectra are presented in Fig. 6A, used to
determine the light absorption initially. For UV100 series ((a)-(d)),
UV100 displayed no visible absorption due to its single and wide
band gap. After the treatment of loading metallic Pt or PtOy, each
of Pt0/UV100, Pt2/UV100 and Pt4/UV100 exhibited small raise of
the visible absorption. On the other hand, the home made TiO, had
evident absorption in the visible light region, which was attributed
to the carbonaceous residues during sol-gel process [24]. After
PtOx modification either by sol-gel process or by impregnation
method, the four PtOx-modified TiO, (Pt2-TiO,, Pt2/TiO,, Pt4-TiO,
and Pt4/TiO,) showed decrease in visible absorption band. It is pos-
sible that some carbonaceous species in the PtOx-modified TiO,
samples were decomposed again during secondary calcination.
Despite of that, all the modified samples and the home made TiO,
showed significant visible light absorbance.

For semiconductor materials, the direct band gap can be
obtained by constructing Tauc Plot—(F(R) x hv)'/2 versus hv [25].
As shown in Fig. 6B, the interception (represented by the dotted
lines), which is the extension of the linear region until the base
line, gives the so-called Tauc optical band gap. It was obtained
that the band gap of UV100 (3.26eV) was corresponding to the
wavelengths shorter than 380 nm with only UV light absorbance.
The modified samples of Pt0/UV100, Pt2/UV100 and Pt4/UV100
showed some red shift to 3.18, 3.20 and 3.15eV, respectively.
The red shift qualitatively qualified the catalyst to be activated
under visible light illumination. For the TiO, series, unmodified
TiO; had the relatively lowest band gap of 2.65 eV. PtOx-modified
TiO, showed a slight blue shift, but still located in the visible
light region. To summarize, the direct band gaps of all samples
were in the order of TiO, <Pt4/TiO, < Pt4-TiO, < Pt2/TiO, < Pt2-
TiO, <Pt4/UV100 < Pt0/UV100 < Pt2/UV100 < UV100.

3.2. XPS analysis of chemical elements and electronic structure

3.2.1. Atomic composition

XPS analysis revealed the surface constitution of the samples.
The atomic compositions and calculated atomic ratios of O/Ti and
Pt/Ti for all samples are listed in Table 1. The carbon content was
unexpectedly high, about 24-33.5%. It was confirmed that the most
carbon arose from adventitious element carbon corresponding to
the peak at 284.5eV [26]. Noteworthily, the carbon percentages
of TiO, series were all higher than those of UV100 series. The exis-
tence of carbonaceous species of home made TiO, might be derived
from alkyl groups during sol-gel process and were not completely
removed out at a calcining temperature of 200°C.

The small amount of nitrogen might come from the residual
impurity of UV100, the nitric acid for sol-gel process, and the Pt2
precursor (Pt(NH3)4(NO3),) for modification. As the data revealed,
the samples modified by Pt4 had lower nitrogen amounts than
those modified by Pt2. Moreover, samples using home made TiO,
as raw materials also showed less nitrogen than those using UV100.
The atomic ratios of O to Ti for all samples were higher than
2, attributed by the hydrophilic property of TiO,, causing H,O
molecules to be chemisorbed on. It was also found that all the O/Ti
values of the modified samples were lower than those of the bare

Pt4/TiO

Pt4/0v100
Pt2/UV100
PtO/UV100
Uv100

Intensity (cps)

292 200 288 286 284 282 280
Binding Energy (eV)

Fig. 7. C 1s XPS spectra of all samples.

titania. The decreasing hydrophilic property was referred to the
existence of PtOy on the surface.

The ratios of Pt to Ti were higher than or equal to the antici-
pated ratio (1%). It was due to the surface sensitive property of XPS.
The result also implied that most PtOy tended to be on the titania
surface rather than in structure, whether synthesized by sol-gel or
impregnation method.

3.2.2. Analysis of chemical states

The chemical states of elements in materials could be provided
by XPS spectra. The Ti 2p XPS spectra of all samples represented
insignificant variation (almost Ti** signal), and the Ti3* signal was
not found. The C 1s XPS spectra of all samples are demonstrated in
Fig. 7. It can be seen that UV100 series had only one carbon state
with the peak located at 284.5eV corresponding to adventitious
carbon, while TiO, series had two more shoulder peaks located at
287 and 288.5 eV, corresponding to C=0 and 0=C-0, respectively.
Sakthivel and Kisch [27] reported that the two kinds of carbonate
species could be observed via hydrolysis process followed by cal-
cinations. Li et al. [28] also mentioned that the carbon, in the form
of carbonate instead of substituting form, may narrow the band
gap and induce visible response to oxidation of gaseous benzene.
This also provides an explanation why the visible light absorbance
of TiO, series was higher than that of UV100 series. And it could
be anticipated that home made TiO, would exhibit more visible
activity than UV100 due to the carbonate residues.

Pt4/UV100

Intensity (cps)

Pt0/UV100

80 78 76 74 72 70 68
Binding Energy (eV)

Fig. 8. Pt 4f XPS spectra of various Pt loaded onto UV100.
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Fig. 9. The deconvolution of Pt 4f XPS spectra for Pt4/UV100.

The Pt 4f XPS spectra of Pt0/UV100, Pt2/UV100 and Pt4/UV100
are shown in Fig. 8. The binding energy at 71.2 eV indicated the
reduced state of Pt9 of Pt0O/UV100. The nearly single Pt0 state was
only found on Pt0/UV100, attributed to the treatment of hydro-
gen reduction. For a single oxide valence state of Pt, the integral
intensity ratio of 4f, to 4fs;, should be 4:3 in theory. However,
our results showed mixed valence states of Pt on Pt2/UV100 and
Pt4/UV100 evidenced by the discordant ratio of integral intensity.
To determine them, peak deconvolution was employed by using
the binding energy of 4f;, for Pt%, Pt?* and Pt** as 71.2, 72.5 and
74.8 eV, respectively. The deconvolution of Pt 4f XPS spectra for
Pt4/UV100 is presented as a representative example in Fig. 9, and
the results for the three samples are listed in Table 2. Pt0O/UV100
contained mainly Pt9 (94.4%) and some Pt2* (5.6%), indicating a
mainly metallic state. The Pt states of Pt2/UV100 were similar to
those of Pt4/UV100, major Pt2* and minor Pt**. It inferred that
PtOy was in the form of coexistent PtO-PtO, on the TiO, surface,
either using Pt2* (from Pt(NH3)4(NOs3),) or Pt** (from H,Pt(OH)g)
ion as the precursor. It was reasonable as both of them were cal-
cined at the same temperature. Kisch and Macyk [20] reported
the behavior of TiO, modified with PtCl, in the bulk or on the
surface. The excited platinum complex underwent bond cleav-
age to afford electron transfer to TiO, and resulted in the shift of
flatband potential. It also increases the driving force of electron
transfer from Pt3* intermediate and therefore improves the activity
[20]. Consequently, the mixed valence states of PtOy at the sur-
face of TiO, were regarded as a sensitizer responding to the visible
light.

The N 1s XPS spectra of Pt2/UV100, not shown here, presented
two types of peaks. The major peak located at 400.5 eV was consid-
ered as nitrogen impurity originated from the bulk, and the minor
peaklocated at 407.4 eV was considered as nitrates attributed to the
Pt2 precursor (Pt2(NH3)4(NO3),). It was reasonable that nitrates
could not be totally removed out after low temperature calcination.
Some research groups reported that the peak at 396 eV, derived
from the substitutional N (3-N), was considered as the visible light
source [8]. However, [3-N peak was not found in our all samples.

Table 2
The results of deconvolution from various Pt loaded onto UV100.

(%) Pt 4f;

Pt°% (71.2€V) Pt2* % (72.5eV) Pt* % (74.8 V)

PtO/UV100 94.4 5.6 =
Pt2/UV100 - 82.7 17.3
Pt4/UV100 - 88.2 11.8
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Fig.10. Time dependency profile of NO, NO, and NOy concentrations as a function of
illumination time on Pt4/TiO, under UV, BLED, GLED and RLED illumination: catalyst
loading, 0.5 g; irradiation intensity, 1 mW/cm?; feed concentration of NO, 1 ppmv;
inlet flow rate, 1 L/min; relative humidity, 50%; and reaction temperature, 25°C.

This also implied that the residual species from Pt(NH3)4(NO3),
did not form the substitutional N in the TiO, structure as expected
and could not further cause visible light response.

3.3. Photocatalytic activity

Toillustrate the behavior of photocatalytic De-NOy, 0.5 g powder
photocatalyst was used under 1 mW/cm? intensity of various light
illumination (UV, BLED, GLED and RLED). The typical time depen-
dency profile of NO, NO, and NOy concentrations is shown in Fig. 10.
NO with a concentration of 1 ppmv was introduced into the reac-
tor under dark condition. After a few minutes, as the adsorption
was reached to equilibrium, the light was turned on. The durability
of the catalyst was confirmed by repeating above procedures with
different light source as shown in Fig. 10.

It was reported that the oxidation reaction can only go as
far as NO, once the catalyst is saturated with NO3~ [2]. Ohko
et al. [29] studied the reaction of NO on a HNO3 pre-deposited
TiO, under UV light illumination and proposed a side reaction of
NO +NO3 — 2NO,. However, this side reaction may only occur as
the support was saturated with NO3~. This phenomenon was not
found in our case due to the NO, concentration approximately
maintained a stable value, and the large surface area of the cat-
alyst (217-272 m2/g) was unable to be saturated with NO3~ during
a few hours operation.

By Eqgs. (5)-(7), the NO conversion (NOC), NO; selectivity (NO,S)
and total NOy removal (NOxR) over various photocatalysts are
shown in Figs. 11 and 12. The NO conversion represents the oxi-
dation percentage of NO to NO, and NO5~. The total NOx removal
expresses the total reaction percentage of producing NO3~, con-
sidered as the total oxidation ability. A well-active photocatalyst
should basically provide a high NO conversion as well as a low NO,
selectivity, resulting in a high total NOyx removal. In other words,
with the same NO conversion, the one with lower NO, selectivity
could catalyze the oxidation of NO, to NO3~ more completely.

The performances of the two bare TiO, (UV100 (Fig. 11A) and
home made TiO; (Fig. 12A)) were compared with each other under
UV light illumination. Although UV100 exhibited a higher NO con-
version (UV100=71%; TiO, =61%), the total NOy removal was less
than home made TiO, (UV100=51%; TiO, =57%) due to the varia-
tions in NO, selectivity. It implied the latter one had better ability
of total oxidation. For visible light activity, the home made TiO,
showed not only a higher NO conversion but also a higher total
NO, removal than UV100, especially in GLED and RLED. The better
visible activity of home made TiO, was attributed to the carbonate
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Fig. 11. De-NOj activities on UV100 series consisting of (A) NO conversion, (B) NO,
selectivity and (C) total NO, removal for (a) UV100, (b) Pt0/UV100, (c) Pt2/UV100
and (d) Pt4/UV100 under different light illumination.

species residual from the alkyl oxide precursor and alcohol in the
sol-gel process, as evidenced in XPS result.

Fig. 11 gives the results of De-NOy over various photocata-
lysts with UV100 as the modifiable material. Pt0/UV100 (b), with
metallic Pt0 state, exhibited a higher UV total NOy removal than
UV100, but no significant improvement under visible light illumi-
nation. However, the low NO, selectivity confirmed that PtO/UV100
improved the total oxidation of NO to NO3~. Vorontsov et al. [19]
also reported that the photocatalytic activity of Pt/TiO, depends
on the Pt states. Deconvolution of the XPS spectrum for Pt0/UV100
showed of the occurrence of mainly Pt0 state. The reduced state
of Pt functioned not only as the electron trap center but also as
the adsorption center of O, to facilitate the total oxidation [30,31].
However, Pt% state was helpless to visible light activity. On the
other hand, evident improvement of visible light activity on both
Pt2/UV100 and Pt4/UV100 (c and d) was observed. Additionally,

NO, selectivity was also abated by the two samples compared to
bare UV100, even though the lowest NO, selectivity was found on
Pt0/UV100. Overall, the result proved that PtO-PtO, loaded TiO,
not only exhibited the ability of NO, abatement, but also pro-
vided sufficient visible light activity. Pt2/UV100 and Pt4/UV100
possessed the similar Pt states (PtO-PtO,), but the former was less
active under visible light, caused by the different Pt precursors.
XPS spectra revealed that no any (-N peak was found. In other
words, the residual nitrates from Pt(NH3)4(NO3), precursor could
not be totally removed out and did not form the substitutional N in
the TiO, structure as expected after low temperature calcination.
Therefore, the nitrates were helpless to visible light activity and
just acted as impurities. Compared to this, HPt(OH)g was used as
the Pt precursor to prepare Pt4/UV100 and subsequently formed
PtO-PtOy on TiO, surface without any other impurities. It may be
the reason why Pt4/UV100 showed the best De-NOy activity among
UV100 series whether under UV or visible illumination.

When using the home made TiO, as raw material, as shown
in Fig. 12, the four modified samples (Pt2-TiO, (b), Pt4-TiO, (c),
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Pt2/TiO; and (e) Pt4/TiO, under different light illumination.
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Pt2/TiO, (d) and Pt4/TiO, (e)) offered around the same UV activ-
ity as the bare TiO, (a). Under the illumination of visible light,
four modified samples seemed not to present noticeably higher
NO conversion than bare TiO,. It was reasonable that the home
made TiO, performed well visible light activity resulted from the
carbonate species residual, as described in XPS result. However, the
four modified samples, except for Pt2-TiO, under RLED, performed
higher total NOy removal under visible light illumination, due to
the decrease of NO, selectivity. The results confirmed again that
the existence of PtOy would promote the total oxidation of NO to
NO;3~. For Pt2-TiO,, even in the presence of PtOy, hydrolysis process
may cause the PtOy and unnecessary nitrate residues to be doped
in TiO, matrix, and therefore reduce the visible efficiency.

In addition, Pt2/TiO, and Pt4/TiO, showed more activity than
Pt2-TiO, and Pt4-TiO, in visible region, suggesting that PtOy on the
TiO, surface was more beneficial for visible response than in the
matrix. On the other hand, by using either UV100 or home made
TiO, as the raw material, the relative conversion increased in the
order of unmodified one < Pt2 < Pt4. It suggested the platinic precur-
sor of H,Pt(OH)g was more useful than Pt(NH3)4(NOs ), because of
the latter would arise some nitrate impurities. It could be conclude
that the visible sensitizer of mixed PtO-PtO, would function better
on TiO, surface via impregnation method than in TiO, matrix via
sol-gel method. And using H,Pt(OH)g as the precursor was benefi-
cial to form PtO-PtO, without other impurities.

To summarize, for UV100 series, photocatalytic activities
were in the order of UV100<Pt2/UV100<Pt4/UV100. For
TiO, series, they were in the order of TiO; <Pt2-TiO, <Pt4-
TiO, <Pt2/TiO, < Pt4/TiO,. The Pt4/TiO,, prepared by the sol-gel
process and followed by impregnation with H,Pt(OH)g as a PtOy
dopant, exhibited the highest visible activity among all. Even under
red light illumination, the total NO, removal could reach a level of
33%. The visible sensitizer of PtOy loaded on the TiO, surface was
better than that doped in TiO,. Moreover, the particle size, surface
area and the crystal structure remained roughly unchanged with
adding only 1% PtOy.

4. Conclusions

In this study, the Pt4/TiO, photocatalyst, which was synthe-
sized by sol-gel process followed by impregnation with H, Pt(OH)g,
exhibited a notable visible activity for NOy degradation, compared
to bare TiO;. The results of characterization revealed that the parti-
cle size, the crystal structure and the surface area were unchanged
after modification with 1% PtOx and undergoing 200 °C calcination.
The chemical state of platinum species played an important role

in photocatalysis. It was evidenced that the mixed valence states
of PtO-PtO, coexisted on the surface of TiO,. The PtO-PtO, was
regarded not only as a sensitizer responding to the visible light but
also to facilitate the oxidation of NO, to NO3~ by suppression the
NO, selectivity.
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