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Preface

Photocatalysis has been investigated since thg part of 19th century. In the history of
photocatalysis, the most innovative work is thecokgery of water decomposition using EiO
electrodes under UV-light irradiation (Honda—Fuijjsh Effect) in 1972. The discovery accelerated
the researches on photocatalysis, and at presant; rasearchers are dealing with the photocatalysts
and the related phenomena. Water decompositioagisrly investigated not only to solve the energy
problem but also to imitate plant photosynthesis.,(iartificial photosynthesis). On the other hand,
one of the most promising fields on photocatalysisliecomposition of organic pollutants for air
purification. Many researches have been done is tbpic, and there are some examples
commercialized. However, up to date, water decomtipasusing photocatalysts has not been
commercialized, and the application range in deasiion of organic pollutants have been limited.
The essential and potential problem is the lowagt{low conversion and/or low apparent quantum
yield) of the photocatalysts, and the improvementthe most important theme to put the
photocatalytic system into practical use.

It is assumed that the cause of the low activityasthe same in these two systems. In water
decomposition, a large amount of substrate (i.gQ)Hexists in the system and is fully supplied to a
catalyst surface in the reaction condition. Thhbe,low activity is related to a material itself dses
a photocatalyst. In contrast, substrate conceatrsitare typically low in decomposition of organic
pollutants if the target is air purification. Incdua low concentration system, the catalytic aigtig
limited by diffusion and adsorption of substratédthough there were many investigations to
improve the adsorption of substrates, the kind uddstrate and environments of the target (e.g.,
temperature, concentration, and co-existential geslrict the activity ultimately. The limitation
would narrow the application range in photocatalystair purification.

Considering the concentration range of substrdtes,optimum concentration, at which
photocatalysts show high performance, should b&t éxaturally, it depends on the kind of substrate)
At a high concentration of substrates, the conwarsiecome low because it defined as a ratio of
products to substrates added into the system. liogvéine concentration of substrates leads to low
conversion because of the limitation of its diftusiand adsorption. Thus, the optimum target

concentration should be chosen to draw the maxirperformance of photocatalysts. In addition, a



clear advantage is required in economic and enwiemtal viewpoints for the practical use of
photocatalysts because light energy is not inexperc®mpared to thermal energy.

On the other hand, emission of nitrogen oxide {Nfauses serious environmental problems
such as acid rain and photochemical smog. In dpedlocountries, the acid rain and the
photochemical smog have been actualized and bewiide since the first part of 19th century.
The acid rain killed plants, polluted rivers anllds, and damaged stone figures and buildings. The
photochemical smog damaged eyes and skin of hundhoaused serious health problems. In Japan,
it was recognized that these environmental probl@maserious in both human health and ecological
system during the era of high-speed economic groWte first regulation of NQemission was
introduced based on the air pollution control &973) in Japan. The regulation accelerated the
research on the removal technology of N@e-NQ). At present, the regulation is becoming stricter
step by step, and the researchers in academiacanplaay are challenging the improvement of the
de-NQ, technology.

NOy exhausted from motor vehicles has been strictyleged in these years, and thereby
the novel and innovative approaches are strongjyired to control it. As a matter of course,
decomposition of NQis difficult once NQ is exhausted and diffused into the air becausthef
above-mentioned reason. Thus, N®removed in a concentrated condition prior sadiffusion into
the air. Even in such a concentrated condition,atieal concentration of NOs not high in the
exhaust gas from motor vehicles (< 1000ppm). Algtophotocatalysts would have a potential to
decompose it effectively in terms of its concemtratrange, the performance of photocatalysts has
not been evaluated adequately. Thus, in this thésés target was fixed in NOremoval in the
exhaust gas using photocatalysts. To meet theefgstuegulation of NQemission, the photocatalyst
is one of the candidates even though it has a pakelisadvantage of use of light energy.

The theme on this thesis is evaluation, applicateod developments of photocatalysts for
de-NQ, system under practical exhaust gas conditions,etuncddation of the working mechanism.
Two types of photocatalytic systems were investigah this viewpoint. One is selective catalytic
reduction of NO with NH over TiQ-based photocatalysts; in this study, the actiwifgs improved
into a satisfactory level at a practical gas houslyace velocity (GHSV) by means of the
improvement of both the system and the photocdtalysed on the reaction mechanism. Effects of

the reaction temperature were investigated in etad were clearly explained using kinetic and



thermodynamic parameters by the aid of kinetic y@isl This is a novel approach to interpret the
effect of the reaction temperature on photocatalysing kinetic analysis. Besides, the author
successfully developed visible-light-sensitive ghattalysts combining various dyes with Fi@n
both investigations, improvements of the activitgrevachieved and the reasonable mechanisms of
the activity improvements were proposed. In addijteffect of SQ gas, which is a poisoning gas for
the catalysts, was investigated, and the poisonmeghanism was proposed in the photocatalytic
system. Another approach for the N@moval at low temperatures is N&torage on Ti@based
photocatalysts. In this research, the author detrated the modification of Ti©with Ba species
greatly enhanced the performance of N(fbrage under UV-light irradiation. The role of Beas
investigated by means of various spectroscopic odsthand the Ba—-Ti mixed oxide phase was
proposed to be active components fordtrage. In the above two types of dexN§stems using
photocatalysts, the author demonstrated the effudiss of the photocatalysis for desNi@stem in
the exhaust gas by means of development of theopatatlytic system and the photocatalysts. The
author hopes that the photocatalytic dex§@stem is commercialized into practical use inagi
gas and contributes to the solution of the enviremial problems.
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General Introduction

De-NO technology in stationary emission sources

Nitrogen oxide (N@ x = 1, 2), which is one of the air pollutants, causeid rain and
photochemical smog. Emission of NQvas strictly regulated in terms of the environnaént
protection. Emission sources of N®@ere classified into two types: stationary emissources (e.g.,
thermal power plants and incinerators) and mohigssion sources (e.g., automobiles, ships, and
trucks). In both N@emission sources, catalytic technologies have bearstigated and developed
for NOy emission control. Reduction of N@o harmless W is intrinsically difficult because the
exhaust gas includes excess i@ the air; the reduction of NOshould be done under such a
oxidative condition. In the stationary emission rees, selective catalytic reduction with pNH
(NH3-SCR) is used to control the N®mission in the presence of excessThe NH-SCR systems
were at first installed in Japan in the late 19#d&| nowadays, are used worldwide for the control o
NO, emission from the stationary emission sourcestduge high efficiency and economit3 A
typical catalyst for the NHSCR is a supported vanadium oxide,@¥) catalysts promoted by
tungsten and molybdenum oxide. The operating teatpes is typically over 573 K, at which N@
efficiently decomposed to Mover the catalyst.* In the NH-SCR, NH functions as a reductant and
reacts with NO to form N The detail reaction mechanisms were reviewedhénprevious reports.
One of the problems in the NF¥SCR system is a deactivation of the catalyst hgqrong materials
such as S halogen compounds, and particulate matter (PMbhen exhaust gas. To avoid the
catalyst deactivation, the removal equipment fa plvisoning materials are installed prior to the
de-NQ, system (i.e., desulfurization, de-halogen, dudiection, and PM combustion). As a result,
the temperature of the exhaust gas decreased tmxappately 473 K, and below 473 K the
above-mentioned MDs catalysts do not work efficientR/Thus, undesired re-heating process in the

V.05 catalysts is necessary to obtain the high-effmyesf NGO, removal in the NBtSCR system.

De-NO technology in mobile emission sources

NOx emission from the mobile sources is a serious lpmebin Japan, the regulation in
mobile NQ, emission sources was introduced in 1973 basebeoait pollution control act, and have

become stricter step by step to date. In additiem emission standards are planned to be introduced



and the emission amount is restricted more strintihe near futuré The typical de-NQcatalyst is

a three-way catalyst and it is installed in motehicles with gasoline engines. The three way
catalyst, which is composed of Pt, Pd, and Rh, wefficiently around the stoichiometric air-to-fuel
(A/F) ratio of 14.7. A typical A/F dependence oéttonversion of NO, HC, and CO is shown in Fig.
1.” The removal efficiency of NQdrastically decreased with increasing the A/Foréitom 14.7. In
motor vehicles with gasoline engines, the A/F ragicontrolled by adjusting engine operation in

response to a signal output from a gas sensor,agiah oxygen sensor, to obtain the high efficiency
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Figure 1. Effect of air-to-fuel ratio on the conversion ofON CO, and HC. Reprinted with
modifications from ref. 7.

NO, emission in lean conditions

Diesel engines and lean-burn gasoline engines havadvantage in the fuel economy
compared to the gasoline engines operated at tiehstimetric point, and use of these engines
lowers the fuel consumption up to 36%n the near future, use of the diesel and leam-lemgines
will spread due to the fuel economy and low  Gfnission because the emission amount of CO
from motor vehicles is regulated as well as the Kfissior’. The diesel and lean-burn engines are

operated at a high A/F ratio of 25-60, where thnesy catalysts cannot decompose thexNO



efficiently. Mainly three technologies have beenaleped for NQ removal at high A/F ratio: direct
decomposition, NEtSCR, and N@storage and reduction (NSR).

Direct decomposition of NQis an ideal route for NOremoval without any reductant as
shown in eq. 1;

NO — 12N +1/12 G (1).
Several catalysts were reported for the direct apmsition such as Cu-zeolitd® perovskite-type
oxides™™ and Ag/La¢Ce4Co0:.** However, the reaction proceeded efficiently ontyhégh
temperatures, and the activity decreased drastizathe presence of HH,O, and S@? Although
many researches have been carried out, it is nicaple in the practical situations at least iis th
stage.

The NH:-SCR technology was developed for the stationarisgon sources at first, and
then was applied to the mobile emission sourcels asaiesel engines in ships, trucks, and buses. In
the NH-SCR, urea is typically used as a Nédurce (urea-SCR). Urea is introduced to the esthau
gas and the introduced urea decomposes top\idr to the catalyst bed. The urea-SCR was widely
commercialized in the mobile emission sources bee#ucan decompose the N N, selectively
with high activity under lean conditions. Howevir the mobile emission sources, a problem of the
urea-SCR is low activity below 473 K as well as thiationary emission sources. Recently,
International Council for Clean Transportation (lD(ointed out the impact of the N®mission in
the initial stage of start-up of engines on thaltemission amounts; in the cold start conditiolowe
473 K (approximately 800 s), urea cannot be injpdiecause of the low activity of the cataffst.
Thus, improving the activity at low temperatures iserious challenge in NFECR.

A concept of NSR technology was proposed by TOYOB&earchers in Japan in the
mid-1990s'*" The typical NSR catalyst is composed of three aamepts: precious metal (e.g., Pt),
basic materials such as alkali and alkali earthah@tides (e.g., BaO), and supports (e.ga04).
The mechanism of NSR was shown in Fig. 2 usingnasxample of a Pt/BaO/AD; catalyst. In the
exhaust gas, NO is a main component iny@en in the presence of excess Onder the lean
conditions, NO in the exhaust gas is oxidized to, @ Pt sites and then trapped onto BaO sites as
nitrate (NQ") forms. As the catalyst surface becomes saturaidd NO, species, it needs to be
regenerated. After the storage period under the ¢deaditions, fuels are added to the catalystafor

short period, and the injected fuels reduce theedtdlQ to N, (fuel-rich condition). The alternative
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operation of the lean and rich conditions leadsh effective removal of NOfrom lean-burn
engines. The problems in the NGtorage systems are the low tolerance tq &@l the use of
precious metals such as Pt and Rh. Typically, tkieaest gas includes $Oand it drastically
deactivates the catalyst performance. In the NS&ys, the use of precious metals is inevitable to

both oxidize NO into N@under lean conditions and reduce N© N, under the rich conditions.

Storage period Reduction period

Fuel-lean Fuel-rich
(oxidative condition) (Reductive condition)
N21OZ: HC,CO,HZ
NO,O2 NO2 _ _
N NOg || HO NO;
BaO BaO
Al,O; (Support) Al,O, (Support)

Figure 2. Schematic representation of N€orage and reduction in Pt/BaO/B% system .

Demand for low-temperature de-NQ system

The NH:-SCR technology is used in not only the stationamyssion sources but also the
mobile emission sources. In both of the emissiamreas, a common and fundamental problem of
V.05 catalysts is its high operating temperature (623-&)" as mentioned above, and
low-temperature catalysts for NN SCR are strongly desired. Several researchers insestigated
the low temperature catalyst for BISCR? Fe- and Cu-zeolite catalysts show high activity tfee
NH3-SCR at 473-573 k822 Although these catalysts are commercially useel atttivity decreased
below 473 K! Mn-based catalysts were reported for effective-lemperature catalysts below 473
K.?*?® The Mn-based catalysts were investigated in mdqgjyo oxidation state of active Mn sites,

loading of Mn on metal oxides, and addition of dhdtomponents into the cataly$t€® However,



problems of the Mn-based catalysts were generatiamdesired by-products of,® and the low
SO, tolerance”® The activity in Mn-based catalysts was drasticelgreased in the presence 0f,SO
poisoning gas due to the generation of MpSThe generated MnSGOs stable even at high
temperature (> 1000 K¥,which means that the re-activation of the catalystifficult at moderate

temperatures.

NH3-SCR systems using photocatalysts

Photocatalysts are one of the promising material¢erms of such a low temperature
operation in NB-SCR. In 1992, Cant et al. reported the photocsislyf the reaction between NH
and NO on a Ti@surface under UV-light irradiatiofl. In their isotopic experiment’N**N was
formed using°®NHsz and**NO over TiQ, which clearly shows thatNvas formed via the reaction
between NO and NH Although their work was pioneering, there wasreport about this reaction
for the 8 years after their report possibly becanfsthe following three reasons. The two reasons
were the fact that their reaction system was difierfrom the practical NHSCR system; they
carried out the reaction (i) in the absence of(i) using a closed reactor system. The reseascher
normally carried out the activity tests in the NEICR in the presence of excess @ing a
continuous flow reactor because their target iettieaust gas including.@as. The third reason was
(i) the low activity; N> produced for 30 min was 3i8nol, and N formation rate was calculated to
be 7.2umol h™* (catalyst: ca. 50 mg, light source: 100W mercumyp).

In 2000, Tanaka et al. reported the NBCR using photocatalysts (photo-SCR) in the
presence of € and in their research, they confirmed the fororatof N, over Rb-ion-modified
V,05/SiO, photocatalysts under UV-light irradiation. Thattle first report in NBSCR using
photocatalysts in the presence of*0In 2002 and 2003, the same group revealed/$i0,*? and
TiO,** photocatalysts showed high activity in photo-SEBpecially in the case of TiOthe high
activity was achieved using a continuous flow regdnlet NO (1000ppm) was converted to &t
the conversion of 80%. The,Xbrmation rate was calculated to be 2000l h*, which was 28 times
higher that by Cant et al. at the GHSV of 400bdithough a large amount of TiQL.2 g) was used
for the reaction. (light source: 300W ultra-higlegsure Xe lamp). Teramura et al. also investigated

the reaction mechanism using kin&tiand spectroscopic methods such as FT-IR specprpstand



ESR?® In this mechanism (Fig. 3), amide radicals (;NHenerated under light irradiation reacts
with NO in the gas phase to form, KEley—Rideal mechanism). The rate-determining stefhe
photo-SCR was decomposition of nitrosoamide {NE) intermediates (step %).

Yamazoe et al. investigated various kinds of sTighotocatalystd’ and metal oxide
promoted TiQ catalysts®® and successfully improved the activity of photoRS@mong the various
photocatalysts investigated, W®IO, photocatalysts showed the highest activity, and NO
conversion of 96% and MNselectivity to N of > 99% were obtained at a GHSV of 25,008 fihe
NH; adsorption experiments revealed that the loadingf©s; on TiO, increased the amount of weak
Lewis acid sites. The DFT calculations suggesteat the decomposition rate of the pNO
intermediates on weak Lewis acid sites was fabt#rdn strong Lewis acid sites. Thus, the increase
of weak Lewis acid sites by loading of Wromotes the decomposition of the MO
intermediates, and it leads to the high acti¥itfheir results give the important suggestion that t
promoting the decomposition of the BYD intermediates is effective to improve the atyivin
addition, it is worth mentioned that the photo-S@Rr TiO, proceeds under visible lighk£ 400—
450 nm) although Ti@itself does not absorb the visible light. The eg®e to visible light was
explained by a unique photo-activation mechanisnNidg: the direct electron transfer from N 2p
level of the adsorbed NHo the conduction band of TiQin situ dopingf®*! The concept would

contributed to the development of new type of \esiight-sensitive photocatalysts.
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Figure 3. Proposed reaction mechanism of photo-SCR over @, Ti
photocatalyst. Reprinted with modifications fronh 4.

Part I: Development of Photo-assisted Selective Calytic Reduction of NO with NH3; over

Photocatalysts

To put the photo-SCR into the practical desN@stem for diesel and lean-burn engines, the
following two problems should be considered:

(1) Improving the activity for the practical GHSV cotidns.

NO conversion > 90%, Nselectivity > 90%, GHSV = 100,000*h

(i) Evaluation of the tolerance to $@bisoning
To improve the activity, the author focused on &mre¢ion of elementary steps in the reaction
mechanism in Fig. 3. The previous kinetic analysiealed that the reaction order for Nidas
approximately zerd® which means that the reaction rate of Mdisorption (Step 1) is faster than
those of the other elementary steps. Thus, promaifathe other steps (Step 2—4) is necessary to
improve the activity. Generally, effective improven of the activity is achieved by accelerating a

relatively slow step that dominates the overalctiea rate. Thus, accelerating the rate-determining
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step (i.e., Step 4 in the case of photo-SER) considered to be the most effective to imprthe
activity. Moreover, in the case of photocataldig teaction rate of the photo-excitation step (2ep
is expected to have an great impact on the actiaitd the promotion of the Step 2 should be
effective to improve the activity. In addition, th@erance to SQpoisoning should be evaluated to

put photo-SCR into practical use.

Part Il: Low-temperature NO x Storage under Lean-conditions: Photo-assisted NOStorage

over Photocatalysts

In the exhaust gas from diesel and lean-burn esgiN&) removal technology at low
temperatures (< 473 K) is strongly desired to desmethe total NOemission amount in practical
driving conditions including a cold start during88 from the engine start-dpThe NSR catalysts
also do not work efficiently below 473 K. Thus, awntechnology must be developed to achieve
such a low temperature removal of NOn this standpoint, we focused on the concepthef
above-mentioned NSR catalysts. In NsDorage period in Fig. 2, Pt works as oxidatidassfor NO
into NO,, and the activity is low at low temperatufé8? Thus, one of the reasons of the low activity
in the NSR catalyst should be the low NO oxidatadsility of Pt. In contrast, it was previously
reported that the NO oxidation proceeded over, afibtocatalysts and Tibased photocatalysts at
room temperature under light irradiatittt° These reports indicate that the Tighotocatalysts have
a potential to replace the role of Pt (i.e., oximiabf NO) even at low temperatures. Thus, utilaat
of the photocatalysis has two advantages compareket typical NSR catalyst on N@torage; it
lead to not only lowering the operation temperatbrg also the replacement of Pt. On this
background, we investigated and evaluated the pedioce of photocatalysts under a practical
GHSV and NO concentration conditions to develop ltve temperature NQremoval technology

without using precious metals.
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Chapter 1

Effect of Reaction Temperature on Photocatalytic Ativity

for Photo-SCR of NO with NH; over a TiO, Photocatalyst

Abstract

Effects of reaction temperature on activity of phassisted selective catalytic reduction
(photo-SCR) of NO with Nklwere investigated at very high GHSV condition (D00 hY). The
reaction temperature had a significant effect an pghoto-SCR activity over a T¥photocatalyst.
Maximum NO conversion was achieved at 433 K (NOveosion = 84%, Bl selectivity = 100%).
The apparent activation energies in the low and Ignperature range were evaluated to be 9.0 kJ
mol™ (353-433 K) and —2.7 kJ mbI(493-593 K), respectively. Kinetic analysis reeeathat the
rate-determining step in the photo-SCR was decoitipo®f NH,NO intermediates in all the range
of the reaction temperature (353-593 K). The readiemperature affects not only the rate constant
of decomposition of NENO intermediates but also the total number of acsites [S]o) and the

equilibrium constant of Nkladsorption, resulting in the dynamic change ofrdaetion rate.
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Introduction

The removal of N from the exhaust gas of diesel engines has be@mmejor goal for the
automotive industry in the last few years. Among tteNQ technologies, the selective catalytic
reduction (SCR) is currently regarded as the momhfsing one for heawguty and lightduty diesel
engines. The SCR process is based on the reaction betw€gpiésent in the flue gases and NH
(produced from urea) in the presence ef The \,Os—WO3/TiO, catalyst, which is commonly used
for stationary SCR systems, shows a relative higiversion at 623 K723 K2 However, this type
of catalyst has insufficient performance for diesaegines because the exhaust gas from diesel
engines has wide temperature range (37928 K) depending on the engine Ioathn exchanged
zeolites, which are practically used in diesel camvert NQ to N, with high conversion and
selectivity over 433 K.’ However, the ion exchanged zeolites do not woficiefitly under 433 K
(Conversion of NO is below 40% at 423 K in the ca$eCuZSM-5 and FeZSM-5, GHSV =
100,000 RY).2 On the other hand, nesupported Mn¢J*° and supported MnCatalysts* show high
activity for the NH-SCR at low temperature, however, the selectivitijids low.

Photocatalyst, which works at ambient temperatisrene of promising candidates for the
de-NQ, process at low temperature. Pichat et al. injtiedported that NO produce,® and Nover
UV-irradiated TiQ at room temperaturé.We have reported that photo-assisted selectivadytiat
reduction of NO with NH (photo-SCR) in the presence of froceeds over a Tiphotocatalyst at
room temperatur€*® More than 90% of NO conversion and approximaté€l§ % of selectivity to
N, were achieved in our systems (GHSV = 8,008.¥i"® Approximately 10,000 1 is suitable
GHSV for use with typical stationary sources suslpawer plants, blast furnace, and incinerator. On
the other hand, in the case of diesel engineslystdaare required to work at a very high GHSV
region because of a limited installation area ef pinocess for the removal of N@nd a high flow
rate of the exhaust gas. Ultimately, the catalgdtime must be of the order of the engine cylinder

volume (typical GHSV in three-way catalyst amounabout 100,0001).2 This means that driving
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at much higher GHSV is absolutely imperative in ¢hse that the photo-SCR applies to the removal
of NOy from the exhaust gas of diesel engines. Fig. Wvshidependence of conversion of NO and
selectivity to N for the photo-SCR of NO with NHover TiQ, at room temperature on GHSV.
Unfortunately, the conversion of NO decreased witheasing the GHSV, although the selectivity to
N, (ca. 96 %) did not change. The conversion of Nécdrded to 40% at 100,00d.Hn order to
use this photocatalytic system for the industri@RSsystem, higher activity is required in the high
GHSV region.

The mechanism of photo-SCR of NO with Never TiG has already been reported by our
group as shown in Scheme'®1The process of decomposition of PMO intermediates is a
rate-determining step at room temperature in tleserce of excess,@as:’ This process will be
promoted by increasing the reaction temperaturealsse it proceeds without photoirradiation,
indicating that the reaction rate can be dramadyicakcelerated by increasing the reaction
temperature. Some researchers reported that inotemie reaction temperature successfully
improved activity for photocatalytic reactioff&®® However, the effects of the temperature on the
rate of photocatalytic reactions in the gas phase lrarely been studied. In the present study, we

investigated effects of the reaction temperaturéherphotocatalytic activity of the photo-SCR.
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Figure 1. Conversion of NO @) and N selectivity (o) in the photoSCR as a function of GHS
(catalyst amount: 110 mg, NO: 1000 ppm,NHIO0 ppm, @ 2 %)
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Experimental

TiO, (ST-01, Ishiharé&dangyo Kaisha, Ltd.,), which has an anatase phease hydrated in distilled
water for 2 h at 353 K and was dried at 353 K owmgy followed by calcination in dry air at 673 K
for 3 h. The specific surface area of the prepaf#d, was evaluated to be 93°ng™* by the
Brunauer—Emmett—Teller (BET) method usingadsorption isotherm at 77 K.

The photo-SCR was carried out in a conventionadiked flow system at an atmospheric pressure
at various temperatures. A 110 mg of catalyst weedfwith quartz wool and filled up in a quartz
reactor which has flat facets (12 mm x 10 mm x l)nBefore reactions, catalysts were pretreated
at 673 K by flowing 10% ©/ He gas at 50 mL mih for 60 min. The reaction gas composition was
as follows: NO 1000 ppm, NHLO00 ppm, @2%, He balance gas. A 200 W Hg—Xe lamp equipped
with fiber optics, collective lens, and a mirrora(8Ei Electric Co., Ltd., UVF-204S type B) was
used as a light source and the sample was irradieten one side of the flat facets of the reactor.
The measured light irradiance was 360 mW TniN, and NO products were analyzed by a
SHIMADSU GC-8A TCD gas chromatograph with MS-5A d@arapak Q columns, respectively.
Adsorption isotherms of NHvere measured by a volumetric method using a dlgaeuum system.

A 0.2 g of TIiQ were evacuated at 673 K for 30 min and then pattceby Q (80 Torr) at 673 K for

60 min. After evacuating at 673 K for 60 min, tretadyst was cooled down to a given temperature.
Before adsorption measurements, the dead volumengasured using Ar gas at each temperature.
In the first experiment, adsorption amounts ofsNtere measured at various equilibrium pressures
of NHs (physical adsorption and chemical adsorption).eAgvacuation for 90 min, the second
adsorption experiment was carried out (physicabguteon). The chemical adsorption amount of
NH; was calculated by subtracting the adsorption amotithe second experiment from the one of

the first experiment.

Results and discussion

Fig. 2 shows dependence of conversion of NO aretgeity to N, for the photo-SCR over

TiO, on reaction temperature. The selectivity tp dlghtly increased with increasing the reaction
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temperature and then kept up 100% above 453 K.coheersion of NO drastically increased with
increasing the reaction temperature. The maximunvexsion of NO (84%) was observed at 433 K.
However, it decreased with further increment of teaction temperature. Fig. 3 displays the time
course for the photo-SCR over Ti@ 433 K. The conversion of NO reached to 84%oas s the
TiO, photocatalyst was irradiated and was kept foreasstt 480 min, indicating that the TiO
photocatalyst used in this study was very stabtieuthe reaction condition. The conversion in the
photo-SCR system below 433 K is higher than thddeecand Cu zeolite catalysts (The conversion
of NO is below 40% in the case of Cu-ZSM-5 and BMZ5 at 423 K at GHSV = 100,000'h®
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Figure 2. Dependence of conversion of N@)(@and N selectivity (A) in the photoSCR on th
reaction temperature. (catalyst amount: 110 mg, NdDO ppm, NiB 1000 ppm, @ 2 %, GHSV
100,000 A"
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Figure 3. Time profile of conversion of NO in the photo—-SCR323 K (®) and 433 K 4).
(catalyst amount: 110 mg, NO: 1000 ppm, NHI00 ppm, @ 2 %, GHSV: 100,0001)

We carried out the photo-SCR at lower contact t{oealyst amounts: 16 mg) to evaluate
the initial rates. The selectivity to,as 100% at all the temperatures. Arrhenius plotr(v.s. 1/T)
of the initial rates is shown in Fig. 4. The NO eersion denoted the same tendency of Fig. 2. In the
low (353—433 K) and high (493-593 K) temperaturggsg the logarithm of Nformation rate shows
a good linear relation to the inverse number of rédction temperature. In these two temperature

ranges, following equations were obtaind usinghedr fitting:
Inr = 608-108x10°/T (353-433K) (2)
Inr = 298+ 326x10°/T (493-593K) (2)

where,r is the N formation rate (nmol™$) and T is the absolute reaction temperature (K)ng)the
slope of these equations, the activation energare wstimated to be 9.0 kJ m353-433 K) and

-2.7 kJ mot* (493-593 K).
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The first increase of the photocatalytic activitylee temperature range in 353-433 K would
be due to the acceleration of the rate-determirstegp, which is the decomposition of pND
intermediates at room temperatdf&.o determine the rate-determining step in the &raipre range
between room temperature and 553 K, the kinetidystvas carried out at various temperatures. The

reaction rate of the photo-SCR is expressed aboaving formula:
r=k RGP, Py I° (3)

wherePy is a partial pressure af(x = NH;, NO, and @) andl is irradiance. To obtain the
reaction order d, S, y, and ) at various temperatures, the photo-SCR was choig under the
condition of the various partial pressures of NQHsNor O,, or different light intensities. The

reaction orders at each temperature are listeclineTl.
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Table 1.Reaction orders at each temperature

T/K a™ L7 ye o
323 0.01 0.58 0.33 0.75
373 0.09 0.48 0.19 0.71
433 0.12 0.46 0.29 0.6
553 0.17 0.49 0.29 0.58

Reaction orders of Nit, NO?, 0,2, and irradiancé.

The rate constant and equilibrium constant of edementary step are defined on the basis

of proposed reaction mechanism as follows:

STEP1 NH3 + S2 NHz—S Ky = ki/ks (4)
STEP 2 NH;—S + v 2 ‘NH,—S* + H' Kz = ka/k 2 (5)
STEP3 NO + 'NH,—S* 2 NH,NO—S* Kz = ka/k 3 (6)
STEP 4 NH,NO—S* 2 N, + H,0 + S* Ks = kalk 4 (7)
STEP5 14 +S*+H 212H0 +S Ks = ke/k s (8)

We calculated the following rate equations by asegrthat each step is a rate-determining step:

r= kleH3 [S]o (9)
1+ (U KR
r= kZKleHal[S]O (10)
1+ KRy, + @/ K5P§2’4)
k3K1K2F)NH3 I:)Nol[S]O (11)

r=
1+ KRy, + KK Py, | + @+1/ KR
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k4KlK2K3PNH3 I:)NOI[S] 0

r=
KlPNH3 + KlKZPNH3| + KlKZKSPNH3 Puol + @/ Kspcim)

(12)

r =ksPs,*[S], (13)

where,[S]o is the total number of active sites. The reactiatters ofPyo in the Eqgs. 9, 10, 11, and

13 do not satisfy the experimental reaction orderall the temperatures in Table 1. Consequently,
Steps 1, 2, 3, and 5 are excluded from candidatethé rate-determining step. The Eq. 12 satisfies
the experimental reaction orders at all the tentpeza, which indicates that the rate-determining
step in the photo-SCR is step of decomposition Id§MO intermediates (Step 4) in the temperature
range studied. The conversion of NO increased wnittreasing the reaction temperature from 353 K
to 433 K because the decomposition process ofNMHintermediates was promoted by the thermal

effect k4 in EQ. 12 increased as the reaction temperatoreased).

The increase df; has only a positive effect on the activity. Acdagly, it is unaccountable
for the reason why the NO conversion decreaseleagetiction temperature increased from 433 K to
593 K. Two reasons have been proposed for the egpaaof negative apparent activation energies.
One is thermal deactivation of catalyé@nd the other is the case that an exothermic quidiium
reaction in elementary steps have an effect omvkeall reaction rat&’ To confirm whether thermal
deactivation of the catalysts occurs or not, weakxd the reaction temperature in the photo-SCR to
593 K at first, and then lowered it to 353 K (Ffg). If the thermal deactivation occurs, NO
conversion in the cooling procedure should be lotemn that in the heating procedure. The
hysteresis curve was not observed between thengeatid cooling procedures. This result clearly

indicated that the negative apparent activationggneras not due to the thermal deactivation of the

catalysts.
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In all the elementary steps (Step 1-5), adsorptioNH; (Step 1) is an exothermic and
equilibrium reaction. NEladsorption isotherm experiments were carried bMaaous temperatures
as shown in Fig. 6. Amount of NHhdsorption clearly decreased as the temperatareased. The

Langmuir adsorption isotherm was used to deschbé\t adsorption as follows:
Pa /qe = Pa/qm +1/qu1 (14)

wherege is the equilibrium adsorption amoumtngol g2), P, is the equilibrium partial pressure of
NHs (atm),qm is the maximum adsorption capacifymol g2), K1 is adsorption equilibrium constant
(atm™). Theqgn andK; at each temperature that are obtained using Eqrédisted in Table 2. The
increment of the temperature decreased not onlgdldibrium constant of NadsorptionK;) but
also the maximum adsorption capacity,)(of NHs. The gy is corresponding to the number of
ammonia adsorption sites, which is assumed to dééotal number of active sitelS{o in the Eq. 12).

From the Eq. 12, the decrease[8f, andK; leads to decline of the overall reaction rate. sTtwe
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concluded that the overall reaction rate decrebseduse both the total number of active sit8k)

and the value dK; decreased with increasing the temperature fromk4&8593 K.
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Figure 6. NH3 adsorption isotherms on the TiCatalyst at various temperatures: (a) 373 K, (b)

413 K, (c) 473 K, (d) 513 K, and (e) 553 K.

Table 2. Langmuir isotherm parameters for the \adisorption on

the TiG, at various temperatures.

T/K Om/ pmol g™ Ky / atm™
373 160.9 1.65x10
413 146.5 8.96x10
473 90.1 3.13x10
513 57.8 1.64x10
553 39.8 9.45x10

In summary, three kinetic and thermodynamic parameshould be considered as a

function of temperature to describe the reactiae @& the photo-SCR: (i) the rate constant of

decomposition of NENO intermediateskg), (i) the total number of active sitefS{p), and (iii) the
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equilibrium constant of Nkl adsorption Kj). In the low temperature range (353-433 K),
dominates the overall reaction rate, which regulthe straight and negative line in Arrhenius plot
In the middle temperature range (433-493 [K]o and/orK;, which decreases as the temperature
increases, starts to contribute to the reactios rahich results in the curved Arrhenius plotstHe
high temperature range (493-593 K), contribution[Qip and/orK; to the overall reaction rate
becomes more dominant than thakpfAs a result, the negative apparent activatiomgynappeared

in high temperature range.
Conclusions

We found the reaction temperature had a signifieffiect on the photo-SCR activity over a

TiO, photocatalyst. The photocatalytic activity wasre@asing with an increase of the reaction
temperature from 353 K to 433 K, however deceaBmm 433 to 593 K. Maximum conversion was
84% at the high GHSV of 100,000tat 433 K. The high efficiency of the NO removatlirates
that the photo-SCR system have a potential forptiaetical de-N@ system in deisel engines. The
kinetic analysis revealed that the rate-determinstgp in the photo-SCR is decomposition of
NH2NO intermediates in all the temperature range stlidihe calculated rate equation and the NH
adsorption experiment indicated that the absorpimount of NH at high temperature affords the
key to achieve the high NO conversion, becausetiade-off relationship between the absorption of
NH; and the decomposition of NNO intermediates. We believe that thermodynamiaklkanetics

is becoming more important in the field of photatygdis as well as catalysis.
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Chapter 2

Visible-Light-Assisted Selective Catalytic Reductio of NO with NH3

on Porphyrin Derivative-Modified TiO , Photocatalysts

Abstract

Porphyrin-derivative modified Ti©photocatalysts showed high photocatalytic actiay
the selective catalytic reduction of NO with Nid the presence of Qunder visible-light irradiation.
Tetra(p-carboxyphenyl)porphyrin (TCPP) was the mefé¢ctive photosensitizer among the five
porohyrin derivatives investigated. NO conversiond aN, selectivity of 79.0% and 100%
respectively, were achieved at a gas hourly spaelcity of 50,000 K. UV-Vis and
photoluminescence spectroscopies revealed the nuesef two species of TCPP on the TiO
surface; one was a TCPP monomer and the other Waaggregate of the TCPP molecules. It was
concluded that the TCPP monomer is an active spdoiethe photo-assisted selective catalytic
reduction (photo-SCR). Moreover, an increase infthetion of H-aggregates with the increasing
TCPP loading amount resulted in a decrease in #ueedse of the photocatalytic activity of the

photo-SCR.
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Introduction

NOy, which is present in the exhaust gas of statioeanssion sources, is removed by the
selective catalytic reduction with NHINH3-SCR) over vanadium oxide-based catalysts accotding
the following equation: (4NO + 4NH+ O, — 4N, + 6H;0).® The NH-SCR process is performed
at temperatures above 573 K. To save the energy foséheating the catalyst bed, novel catalysts
are required for performing the N#SCR at low temperaturéd. Photocatalysis is one of the
promising candidates for the M$CR because photocatalytic reactions proceed atnro
temperature. We have reported the photo-assistedtise catalytic reduction (photo-SCR) of NO
with NHs in the presence of Oover TiQ, photocatalysts under UV-light irradiatidii® In this
system, the NO conversion andsélectivity 0f90% and 99%, respectively, were achieved at a gas
hourly space velocity (GHSV) of 8,000*hwhich is sufficient for the deNOprocess in typical
stationary sources such as power plants, blastfes) and incinerators. However, a very high
GHSV was required in diesel engines owing to thatéd installation space of the deNf@rocess
and a high flow rate of the exhaust gas. The volofrtbe catalyst was required to be of the order of
the volume of the diesel engine cylinder (typicdi®3/ in a three-way catalyst is approximately
100,000 RY.** Unfortunately, the NO conversion decreased with ihcreasing GHSV in the
photo-SCR system and it decreased to 40% at a GB\W00,000 R} Therefore, the
photocatalytic activity of the photo-SCR has toitmproved at a high GHSV region in order to
remove the NQfrom the exhaust gas of diesel engines.

Expansion of the adsorption wavelength to the laslight region is an effective way of
improving the photocatalytic activity. Tgphotocatalysts do not absorb visible light becanigbeir
wide band gap (> 3.2 eV). Surprisingly, the photGRSproceeds to some extent under visible-light
irradiation over the Ti@photocatalysts. This is due to the direct electransfer from the electron
donor level of the N 2p orbital of the adsorbeds;Nél the conduction band of the Ti 3d orbital of
TiO- (in-situ doping) ****. However, the photocatalytic activity under visitight irradiation is not
sufficient for the application of the photo-SCRHhrology to the system at a high GHSV region.
Thus, the proposed study aims to increase the pdiatigtic efficiency under visibleght

irradiation.
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Porphyrin derivatives have absorption bands in visble region owing to ther—n*
transitions. Porphyrin derivatives are widely ussdsensitizers in dye-sensitized solar cells (D$SCs
1417 and dye-sensitized photocataly$¥&° under visible-light irradiation owing to the folling
properties: 1) they exhibit intense absorption Isama the visible-light region, and 2) their
photochemical and electrochemical properties catubed by the modification of the substituents
and selection of the central metal. In previouslists; the porphyrin-sensitized photocatalysts were
used for performing liquid phase reactions suchthes hydrogen production from wat@rand
degradation of organic compound@?® ?* However, there are only a few reports on the ieast
involving porphyrin-sensitized photocatalysts ie thas phase. Recently, Ismail et al. reported that
the porphyrin-sensitized mesoporous Fflins exhibited an improved photocatalytic actvior the
photodegradation of acetaldehyde in the gas phaderwisible-light irradiatio” The porphyrin
derivative-modified photocatalyst works efficientyg a visible-light response photocatalyst in the
gas phase. In this study, we used five types oplpains for the modification of the TiO

photocatalyst, and investigated their performannefe photo—SCR using a gas flow reactor at a

high GHSV of 50,000 H.

Experimental

Catalyst Preparation

A TiO, powder (ST-01, anatase, 273 gn") was purchased from IshihaSangyo Kaisha,
Ltd. A SiO, powder (630 rhg™) was prepared by hydrolysis of tetraethyl orthcate (TEOS) in a
water—ethanol mixture at boiling point, followed lmglcination in dry air at 773 K for 5 h.
Tetraphenylporphyrin (TPP), Tetmarboxyphenyl)porphyrin (TCPP), Tetpagulfonatephenyl)
porphyrin (TSPP), Tetrp{methoxyphenyl)porphyrin (TMPP), and Tepaminophenyl)porphyrin
(TAPP) were purchased from Tokyo Chemical Industy., Ltd. and used without further
purification (see Fig. 1). The porphyrin derivasweere impregnated over the TGiPowder and the
porphyrin-modified TiQ photocatalysts were abbreviated to porphyrinoT{®.g. TCPP-TiQ).
Various loading amount of TCPP-Ti@atalysts were prepared by an impregnation metisoty 1

M NHs aqueous solution as a solvent (TCPP-JKAP). A TCPP-modified Si@ catalyst was
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prepared by the impregnation method as shown alfd@P-SiQ-IMP). A physical mixture
catalyst of TCPP and the Ti@owder was prepared as a reference (TCPRB-ViX).

Photocatalytic reaction

The photo-SCR was carried out in a conventionadiked flow system at an atmospheric
pressure. The catalyst was fixed with quartz wowl &lled up in a quartz reactor with flat facets
(H12 mm x W10 mm x D1.0 mm). The reaction gas casitjgm was as follows: NO 1000 ppm,
NH3; 1000 ppm, @ 2-10%, He balance. 300 W Xe lamp (PERKIN-ELMER G®E3F) equipped
with a L-42 cut-off filter was used as a light soeih > 400 nm) and the sample was irradiated from
the one side of the flat facets of the reacterahd NO were analyzed by SHIMADZU GC-8A TCD

gas chromatographs equipped with MS-5A and Porgpak

Characterization

UV-Vis transmission adsorption and diffuse reflacea spectra were obtained with a UV—
Vis spectrometer (JASCO V-650). Transmission adsmrpspectra were measured using a 1 cm
quartz cell at room temperature in the scan rafid@®0-800 nm. Photoluminescence spectra were
recorded on a Hitachi F-7000 fluorospectrometethan scan range of 550—-760 nm at an excitation
wavelength of 410 nm. The concentrations of TCPR@hanol solution used in the adsorption and

emission spectroscopy were 3.45Mol L™ and 1.0 x1& mol L™, respectively.

Results and discussion

Effects of functional group in the porphyrins

Fig. 1 shows the conversion of NO during the pH®&R over the various porphyrin
derivative-modified TiQ photocatalysts at a GHSV of 50,000 &fter 6 h of visible-light irradiation.
The conversion of NO over the unmodified Fi@hotocatalyst was 13.4% under visible-light
irradiation. Modification of the Ti@photocatalyst with the porphyrin derivatives ghe@&nhanced
the photocatalytic conversion of NO under the Vesiight irradiation as shown in Fig. 1. Among the
five porphyrin derivative-modified Ti@photocatalysts, the TCPP-Ti(@hotocatalyst showed the

highest conversion of NO (71.4%). The conversionN& decreased in the following order:
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TCPP-TIiQ > TPPTIO, > TSPI-TiO, > TMPE-TiO, > TAPF-TiO, > TiO,. Hence, it can be se

that the porphyrin functional group used for thedifioation of TiC; had a significant effect on tt

photoSCR activity

Conversion of NO (%)

R R=
0]
TPP TCPP
O O,
TMPP ‘@OCHs TAPP ‘QNHZ
(0]
R TSPP @%}—OH
(0]
100
80
60
I
40+
20
L1l
TiO, TSPP TCPP TPP TMPP TAPP

Figure 1. Structures of porphyrin derivatives anonversion of NO in the phc—SCR overthe

various porphyri derivative—-modified TiC, photaatalysts after 6 h of visit-ight irradiatior

(loadingof porphyrinderivative 18 pmol g, catalystamount: 110 mg, NO: 1000 ppm, s 100(

ppm, Cz: 2 %, GHSV: 50,0007Y).

Fig. 2 shows the U-Vis DR spectra of the various porphyrin modifiedD, photocatalysts

The unmodified Ti(; photocatalyst did not absorb the vis-light above 400 nm. The modificatic

of the porphyrin derivatives increased the absonptn the visibl-light region. The absorption

420 nm (Soret band) decreased in the following ord€PF-TiO, > TPRTIO, = TSPF-TiO, >

TMPP-TiO, > TAPRTIO;, > TiO,. The order of the absorption is consistent witht thf the NC
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conversion. The photocatalytic activities of NO westrongly dependent on the absorbance ir
visibledight regior, which sugge:ed that the porphyin derivatives functioed as photosensitize

under visibl-light irradiation

Kubelka-Munk (a.u.)

0 s
200 300 400 500 600 700 800

Wavelength / nm

Figure 2. UV-Vis diffuse reflectance spectra (A) TiO,, (B) TCPFTIiO,, (C) TSPITIO,, (D)
TPP-TIQ, (E)TMPP-TIO,, and (F)TAPF-TIO,.

Effect of TCPP loading on theactivity of photo-SCR

Fig. 3 shows the UV/Vis DR spectra of the different logdamounts of the TCI-TiO,
photocatalysts. One major peak and four minor peak® observed in the visible region in e
sample. The major peak is the Soret bar, — & transition) and the four minor peaks are th
bands (9 — & transition). The Q bands are attributed to tH0 and 61 components of th
non-degenerated x and (, bands (etio typt, 2% as expected for the,, symmetry. The increase in t

TCPP loading amount enhanced the capability oblg-light absorptior
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Figure 3. UV-Vis diffuse reflectance spectra various loading of TCPLTiO,. (A) 0 umol ¢, (B)
1.3pmol g7, (C) 6.3umol g+, (D) 12.5umol ¢, (E) 37.5umol g™, and (F) 62.tumol g™

The peak positions of the Soret band and Q bandsfasction of TCPP loading are sho
in Table 1. The peak position of the Soret bandl®& pmol (! TCPF-TiOx-IMP (417 nm)
corresponded to those of the TP molecules dissolved in GOH (418 nm). The TCPP molecul
existed as a monomer in the ;0H solution and the peak position of the TCPP magrocoincidec
with that reported previous.?* Thus, the TCPP molecules existed as monomers ohi@, surface
atthe low loading amount of 1.3 pmc™. The peak position of the Soret band was shiftechf417
nm to 407 nm (blL-shift) when the loading amount of TCPP was incrédsem 1.3 pmol ~ to
62.5 pmol . The origin of the blL-shift can be explained on the basis of a “faceat®’ stacking
pattern of TCPP (-aggregate) according to Kasha’s exciton th.?®> Thus, the blu-shifted peal
observed at 407 nm can be attributed to the Seo#io@ band in th H-aggregates of the TCPP. T
gradual spectral shift can be explained as thdtrekthe relative contribution of the monomers
H-aggregates. The -aggregates were generated with the increase inT@RP loading. Th
contribution of the laggregatesbecame dominant for the Soret band of adsorptiectsp of

various loading amount of TC-TiO2, which results in the gradual blue shift of theedanc
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On the other hand, the peak positions of the Q and.3 pmol g TCPP-TiQ-IMP (519,

555, 592, 649 nm) were slightly shifted to longeavelengths compared to those of the TCPP
monomer in CHOH (515, 549, 590, 646 nm). The slight red-shift be ascribed to the aggregation
of TCPP?* and/or the interactions between the TCPP andi@ saiface’® The peak positions of the
four Q bands of the TCPP-T}OMP were shifted to longer wavelengths with anr@ase in the
TCPP loading amount. The peak position of the Qdbanf the H-aggregates of the TCPP is larger
than that of the TCPP monoméfsThus, the red-shift of the Q bands is due to #megation of the
H-aggregates. Consequently, both the monomers aaggregates of TCPP are generated on, TiO

and the fraction of the H-aggregates increased théhncreasing TCPP loading amount.

Table 1.Peak positions of the soret band and Q bands.

Loading of TCPP  Soret  Qyo,1y Qyo,00 Qx0 1 Qx0 0

Sample / umol g* / nm / nm / nm / nm / nm
TCPP-TIGQ-IMP 1.3 417 519 555 592 649
TCPP-TiGQ-IMP 6.3 416 520 557 592 651
TCPP-TIGQ-IMP 12.5 411 521 559 593 652
TCPP-TiGQ-IMP 37.5 411 522 562 595 654
TCPP-TIGQ-IMP 62.5 407 522 560 594 653
TCPP-TIiQ-MIX 12.5 419 529 565 600 658
TCPP-SIiQ-IMP 12.5 422 521 556 593 649
TCPP in MeOH - 418 515 549 590 646

Fig. 4 shows the effect of various loading amowit$ CPP-TiQ-IMP on the photo-SCR.
The conversion of NO increased with the increadi6@P loading amount up to 12.5 umot.ghe
surface density of TCPP molecules on 12.5 pmbIT¢PP-TiQ-IMP is estimated to be 2.8x%0
molecule nri. As shown in Fig. 3, increasing the loading amafiftCPP enhanced the capability

of the visible-light absorption, which leads to thigher conversion of NO. On the other hand, the
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conversion of NO decreased when the TCPIding was higher than 12.5 umc™. The U\-Vis
spectroscopy revealed that th-aggregates of TCPP were generated with the incifabe TCPF
loading amount. The excited state lifetime of tt-aggregates was slightly shorter than those o
monomers* ?’ The generation of -aggregates with a short excited state lifetime efsed th
electron transfer efficiency from the excited stateTCPP to the conduction band of , due to

non+adiative deactivation, which possibly resultedha decrease of the ph-SCR activity

801

60

s @

Conversion of NO (%)

20re@

0 1 1 1 1 1 1 1
0 10 20 30 40 50 60

TCPP Loading / umol g'1

Figure 4. Dependence of conversion of NO on TCPP loading i@, (catalyst amount: 110 n

NO: 1000 ppm, Nis: 1000 ppm, &: 2 %,GHSV: 50,000 I™%).

Photo-SCR undervarious reaction conditions

Table 2 summarizes the concentrations r, in the outlet gas for the ph-SCR under variou
reaction conditions. The conversion of NO in theotg-SCR over TCP-TiO,-IMP was 79.0%
(Entry 1). Fig. 5 shows th time profile of the conversion of NO in the ph-SCR over Ti(,
TCPP-TIQ, and TCP-SIO,. The photocatalytic conversion of NO over T(-TiO, maintained fol

6 h without marked deactivati. N, was the only product observed an,O was not detected in al
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of the reactions. The utilization of visible-ligivas advantageous for the high selectivity to $ihce
N.O was generated as a by-product of the photo-SGR @0, photocatalyst under UV-light
irradiation. Turnover number (TON) of TCPP was oldted to be 810 after 6 h of visible-light
irradiation. Thus, the total Nin the outlet gas was originated from the nitroggoms of NO and
NH3; molecules in the gas phase and not from the TC8Bames. The reaction hardly proceeded
over the TCPP-Ti@photocatalyst without a substrate such as NOs,[dHd Q (Entry 2, 3, and 4).
The G concentrations did not affect the generation cit®&l, over 2% (Entry 1, 5, and 6). The
TCPP-SiQ-IMP showed much lower activity under the same tieacconditions than that of the
TCPP-TiQ-IMP (Entry 7), although the TCPP on Si@bsorbed visible-light as well as that on 710
as shown in Fig. 6. In addition, the activity obtphoto-SCR over the TCPP-TLi@hotocatalyst
prepared by a physical mixture method (TCPPAMDX) was similar to that of the unmodified

TiO,, although the TCPP-Ti2MIX absorbed in the visible region as shown in.Fég

Table 2. Results of photo—SCR under various reaction coordit

Entry Catalyst Inlet gas conc. (ppm) N, conc?

NO (ppm)  NH (ppm) O (%) (ppm)

1 TCPP-TiQ-IMP® 1000 1000 2 790

2 TCPP-TiQ-IMP" 0 1000 2 57

3 TCPP-TiQ-IMP" 1000 0 2 24

4 TCPP-TiQ-IMP" 1000 1000 0 42

5 TCPP-TiQ-IMP" 1000 1000 5 780

6 TCPP-TiQ-IMP® 1000 1000 10 771

7 TCPP-SiG-IMP" 1000 1000 2 63

8 TCPP-TiQ-MIX" 1000 1000 2 140

& Concentration of Nin the outlet gas. Catalyst amount: 110 mg ¢JiDCPP-TiQ), 50 mg
(TCPP-SiQ), °TCPP loading: 12.5mol g™
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Figure 5. Time profile of conversion cNO in the phot-SCR over TiG; (A), TCPPTiO; (e), anc
TCPP-SiO; (m). (TCPP loading: 12.fumol ¢, catalyst amount: 110 mg, NO: 1000 ppm, 3:
1000 ppm, &: 2%, GHSV: 50,000 7Y).
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Figure 6. UV—-Vis diffuse reflectance spectra (A) TCPF-TIOy(IMP), (B) TCPISIC,, and (C
TCPPIiO,(MIX), and adsorption spectra of x10° mol L™ TCPP in methanol (C

37



Fig. 7 shows the photoluminescence spectra of TUPRHMP, TCPP-SiG-IMP, TCPP-TiQ-MIX,
and TCPP monomer in GBH. Two emission bands were observed in the TCPRomer in
CH3sOH solution (650 and 714 nm), which coincided wiitle previously reported valuésThe
emission bands at 650 nm and 714 nm can be a#dhotthe transition from the vibrational ground
state of $to the vibrational ground state of &X(,0) transition) and to the vibrational excited state
of S (Qx,ptransition) of the TCPP monomer, respectivél{® The peak positions of the emission
bands in the TCPP-TH©E&MP (654 and 715 nm) were almost similar to thoéhe TCPP monomer
in CHzOH. It is reported that the emission bands of thaggregates of TCPP have lower intensity
and are shifted to longer wavelengths than thosemonomer$’ which is totally different from
the emission spectrum of the TCPP-FM®P. Accordingly, the emission bands of TCPP-Fi®IP
were mainly composed of the TCPP monomer emissions.

Two emission bands were observed at 658 and 71&ndthe peak positions were similar to those
of the TCPP in CEDH (650 and 714 nm) and TCPP-HMP (654 and 715 nm) (Fig. 7). Thus, the
TCPP species on Sj(possesses a monomeric state, which is similahab @an TiQ. The low
activity of TCPP-SI@IMP can be explained by an electron transfer meish@ which is the key
step in the DSSCs and dye-sensitized photocatalysthe first step of the photo-SCR over the
TCPP-TiQ-IMP, the TCPP is excited by the visible-light oiration. In the next step, the electron
transfer occurs from the photo-excited TCPP tocthreduction band of Ti@ However, the electron
transfer cannot occur from the photo-excited TC®Rhe conduction band of Si(because the
energy level of the Si©Oconduction band is much higher than that of theekt unoccupied
molecular orbital (LUMO) of TCPP, which resultsthre low activity of the TCPP-Si&IMP. Hence,
the photo-SCR over TCPP-TiIMP under visible-light irradiation proceeds vigetelectron transfer
from the photo-excited TCPP to the conduction bantO..

No emission peak was observed for the TCPP-NIX and TCPP powder (Fig. 7). The interaction
between the TCPP molecules might lead to the ndiatree deactivation of the photo-excited states

of TCPP, resulting in the luminescence quenchimdglfe TCPP-Ti@-MIX and TCPP powder. These
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results explain the low activity of the TC-TiO,-MIX, i.e. though the TCPP molecules on
TCPP-TiQ-MIX absorb visibl-light, they do not function as a photosensitizedamvisiblelight
irradiation because of the fast -radiative quenchin
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Figure 7.FPhotoluminescenc spectra of (A TCPPTiO-IMP, (B) TCPP in methanol, ((TCPP-
SIO—MP, (D) TCPR-TIO—MIX, and (E) TCPP powder. Ttexcitatior wavelengt/ was 410 nm
The spectra of (A), (C), (D), and (E) were measwatithe voltage cphotomultipliertube of 700 V
and spectrum (B) was of 45C Loading of TCPP was 12pmol ¢*, and the concentration of TC

in methanol was 1x10° mol L™.

On-off response tests of visible light irradiatiol

Fig. 8 shows the c—off response for the ph-SCR under visib-light irradiation over thq
TCPP-TiQ photocatalyst at a GHSV of 50,007 The conversion of NO was about 6% with
visibledight irradiation. The conversion of NO significinincreased to 86% under visibl-light
irradiation, indicating the function of the TC-TiO, photocatalyst as a visit-light-driven
photocatalyst for the phc-SCR. The conversion of NO gradually decreased t@%1with the

increasing irradiation time, although the coision was restored to the original level (85.5%@rk
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the on-eff action. The decrease in the conversion of N@he irradiation time was not due to-
decomposition of TCPP. If the TCPP on the , surface was decomposed under vislight
irradiation the initial conversion of NO was expected to dase gradually in the second, third, .
fourth times. However, we did not observe a de@@ashe initial conversion of NO. The recov

of the initial conversion of NO took place revergi
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Figure 8. Conversion of NO during seve on/off cycles ofvisible-light irradiatior overthe
TCPP/TIG photocatalyst: each cycle consisted of-hours light on and oi(TCPP loaing: 12.5

umol g2, catalyst amount: 110 mg, NO: 1000 ppm, 5: 1000 ppm, &: 2%, GHSV: 50,000 7).

Conclusions

We found that porphyrin derivati-modified TiO, functions as a visibl-light-driver
photocatalyst for the phc-SCR.The TCPPmodified TiC, photocatalyst showed the highest acti'
of the phot-SCR amongthe TiO, photocatalysts modified with the five porphyrin idatives

investigated. Weelucidatd the state of TCPP on T, affect the photocatalytic conversion of I
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and the active species is a TCPP monomer adsorb&iOp due to efficient electron transfer from

the photo-excited TCPP monomer to the conductionl lud TiO,.
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Chapter 3

Visible-Light-Assisted Selective Catalytic Reductio of NO with NH3

over Dye-Maodified TiO, Photocatalysts

Abstract

Dye-modified TiQ photocatalysts showed high photocatalytic actividy the selective
catalytic reduction of NO with Nkiin the presence of Qunder visible-light irradiation. Among the
15 dyes investigated, the maximum  conversion was hieaed using a
Ru(2,2'-bipyridyl-4,4'-dicarboxylic acidNCS) complex (N3-dye) for the modification of TiO
(NO conversion > 99%, Nselectivity > 99%). Diffuse reflectance infraredufier transform
(DRIFT) investigation showed that nitrite (NP and nitrate (N@) species were generated on the
N3-TiO; surface under visible-light irradiation. In gasitelv reactions, N@ on the N3-TiQ surface
became M by a reaction with adsorbed MNinder visible-light irradiation, although NOreacted
with NH3 to form N, and NO. Based on the relativity with NHwe concluded that the NOspecies
is an intermediate in photo-SCR and reacts withs ldeisorbed on the surface of N3-%iGnder

visible-light irradiation to selectively formN

43



Introduction

Nitrogen oxides (NQ are air pollutants and cause serious environrhgoablems,
including acid rain and town smog. In N@mission from heavy-duty diesel engines for truakd
buses, selective catalytic reduction (SCR) tectmohlvith urea is used to remove the Ni@ the
exhaust gaSin the SCR system, the injected urea decomposisii@nd CQ, and the formed N
reduces NO to harmless Bccording to eq. 1.

ANO + 4NH + O, — 4N, + 6H,0 (2)

V,0s-based catalystd and Fe- or Cu-zeolite catalystsare used for the SCR process and
these catalysts effectively decomposes the. NO

Regulations in NQemission have become stricter step by step, atioefumprovements of
the de-NQ systems are required to meet the future regulgfiarhe world harmonized transient
cycle (WHTC) tests were introduced in Euro VI regidn (2014) for the heavy-duty diesel engines
to simulate in-use driving conditions; in the WHT@ie NQ emission is monitored in transident
situations including a cold stdftHowever, in the SCR system, urea cannot be injelsézause of
the low activity of the catalysts during the cotdrscondition (< 473 K}° Thus, novel technology is
strongly desired to remove the N@at low temperatures.

Utilizing photocatalysis is an effective way inrtes of such a low temperature operation.
We have reported photocatalysts that show actigitifNHs-SCR at low temperatures in the presence
of excess @ (referred to as photo-SCRY'* The reaction mechanism of photo-SCR has been
investigated by us and other groups using speapist’°kinetic!? *"*%and theoretical methods.
Over TiOG, photocatalyst, the conversion of NO and the swigctto N, becomes 90% and 99%,
respectively, at a gas hourly space velocity (GH8V3000 h*, which is sufficient for the De-NO
process in typical stationary sources such as pplaets, blast furnaces, and incinerators. However,
higher GHSV values (>50,000% are required in engines owing to the limited afistion space of
the De-NQ process and a high flow rate of the exhaust gas.

Recently, we reported that porphyrin-sensitized ;Tihctions as a visible-light-sensitive
photocatalyst for NetSCR? In the porphyrin-sensitized TiGystem, maximum conversion of NO

was 79% at a GHSV of 50,000 tunder visible-light irradiation. However, the inopement of the
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activity at the higher GHSV of 100,000'is essential from the practical application viewmpoThis
reaction proceeds via electron injection from pkexoited dyes into the conduction band of 71O
(dye-sensitization mechanisfl) although a detailed mechanism of the reactionnslaar. The
electron injection process from photo-excited dyés the conduction band of a semiconductor is an
important step in dye-sensitized solar cells (D938CG3and dye-sensitized photocataly<té’ and
has been previously investigatéd’ Many researchers have tested various dyes, imgugiu

complexes>* porphyrins®>**

phthalocyanine$** and other organic dyé$,%® “°*to improve the
performance of DSSCs and dye-sensitized photocisalyhe type of dye used for the modification
of semiconductors has a great impact on the pedocen of DSSCs and dye-sensitized
photocatalysts, and thus, should have a significdfdéct on the activity in photo-SCR under
visible-light irradiation. A major problem of theye-sensitization system is the stability of thesjye
moreover, optimization of the dye is essential t@lgate and improve the performance of
photo-SCR over dye-modified TiOphotocatalysts. Herein, we investigated photo-S@iler
visible-light irradiation using Ti@photocatalysts modified with 15 different dyesy(FL) to improve
the activity of this photocatalytic system. Theateaty of the adsorbed intermediates generated ove
the dye-modified Ti@ photocatalyst were also investigated by means aftu diffuse reflectance

infrared Fourier transform (DRIFT) and UV-Vis difiel reflectance (DR) spectroscopies to elucidate

the reaction mechanism.

Experimental

Catalyst Preparation

All dyes were used without further purificationdetieir structures are shown in Fig. 1. The
dyes were impregnated on a FiPowder (ST-01, anatase, 273 gi'), purchased from Ishihara
Sangyo Kaisha, Ltd., using appropriate solventsbl@d). Sodium nitrite (NaN§&) and sodium
nitrate (NaNQ) were impregnated on the N3-dye-modified photdgataising water as the solvent

(loading of NaN@ or NaNQ: 1000umol gb).

Photocatalytic reaction
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Photo-SCR was carried out in a conventional fixed-tlow system at atmospheric pressure,
the details of which we have previously reported’ In brief, two types of a quartz reactor were
used in this research: reactor 1 (12 mm x 10 mnO>rin, catalyst amount: 110 mg) for a GHSV of
100,000 and 250,000% and reactor 2 (50 mm x 15 mm x 1.0 mm, catalysiwnt: 420 mg) for a
GHSV of 8000 K. The reaction gas (NO 1000 ppm, NHOOO ppm, @ 2%, He balance) was
introduced to the reactors at a flow rate of 1005 min~. A 300 W Xe lamp (PERKIN-ELMER
PE300BF) equipped with an L42 cut-off filter wasedsas a light sourcé. (> 400 nm). N and
nitrous oxide (NO) were analyzed using two SHIMADZU GC-8A TCD gasamatographs.

Characterization

In situ DRIFT measurements were performed with 838Q ISDR-600 FTIR spectrometer
equipped with a mercury-cadmium-tellurium (MCT) efgtbr cooled by liquid Nat a resolution of 4
cm* and with 16 co-added scans. The sample powdem@Owas placed in a DR cell, which was
fitted with a KBr window at the top. The catalysasvpretreated at 353 K under a He gas flow (100
mL min™) for 1 h, and was then cooled to room temperatDomcentrations of gases were the same
as in the reaction. The background spectrum wasuned after the pretreatment in a He gas flow at
room temperature. A 200 W Hg—Xe lamp equipped wittollective lens (San-Ei Electric Co. Ltd.,
UVF-204S type C) was used as a light source, ajid Was irradiated through an L42 cut-off filter.
UV-Vis DR spectra were measured using a UV-Vis spawter (JASCO V-650) with an
integrating sphere. A BaS@late was used as a reference. A sample powdereded to a quartz
cell with flat facets and evacuated at 373 K fdr thefore the measurement,@hd NH gas were

added to the cell using a vacuum line.
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Figure 1. Schematic representation of dyes
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Table 1 Solvents used for the impregnation

Entry Dye Solvent used for the impregnation
1 N3-dye” Methanol

2 Rose bengal Methanol

3 EosinY Methanol

4 Ru(bpy}Cl, Methanol

5 Rhodamine B Methanol

6 Coumarin 343 Methanol

7 TCPP Methanol

8 Methylene blue Methanol

9 Zn phthalocyanine Trifluoroacetic acid
10 Congo red Water

11 Phthalocyanine Trifluoroacetic acid
12 RhC} Water

13 Indigo carmine Water

14 Cu phthalocyanine Trifluoroacetic acid
15 Carmine 10 mmol T NaOH agq.

& Ru(4,4'-dicarboxy-2,2’-bipyriding]NCS),

P Tetrakis(4-carboxyphenyl)porphyrin

Results and discussion

Screening of dyes
Fig. 2 shows the results of photo-SCR over dye-fretliTiO, photocatalysts. The reaction
proceeded to some extent (ca. 5%) over a bare finOtocatalyst under visible-light irradiation, as

reported in the previous papé&r.Modification of TiQ with various dyes greatly enhanced
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photo-SCR activities. The maximum conversion of (#09%) was obtained using an N3-dyleirg
Fig. 1)-modified TiQ photocatalyst (N3-Tig) after 30 min. The conversion of NO was signifityan
higher than those of other photocatalysts (e.g./light irradiated TiQ)** ?° and conventional
catalysts (e.g., Fe- and Cu-zeolite catal§3ta} low temperatures. & was not detected in all
reactions shown in Fig. 2. The high selectivelyNg is consistent with our previous reports of

photo-SCR over porphyrin-modified Ti®hotocatalysts under visible-light irradiatifhThe order

of activities is discussed in the last section.
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\

Figure 2. Conversion of NO in photo-SCR over the dye-modifiei®, photocatalysts und
visible-light irradiation. Dye loading: 12.5mol g*. GHSV: 100,000 H. The numbers in tt

bottom axis correspond to those in Fig.1.

In TCPP-TIQ (7), conversion of NO was 50% at 30 min of the rematand the decrease of
the conversion was hardly observed during 180 mig. 3). The high stability of TCPP agreed with

the previous report®. When xanthene dyes were used, relatively high emions of NO were
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obtained after 30 min: rose beng@a81%), eosin Y3 (80%), and rhodamine B (63%). However,
the conversions gradually decreased during 180ofine reaction (Fig. 3). Bleaching of the catalyst
colors was observed after the reaction, which sstggethat the decrease of the activity was due to
dye decomposition. The low stability of xantheneslyvas consistent with the previously reported
DSSCs?* *°Thus, the xanthene dyes were deemed unsuitabjghfiio-SCR. In Ru(bpy{l- 4, and
phthalocyanines9( 11, and14), the conversions of NO at 180 min were higher tiiase at 30 min
although the color bleaching was observed in tllges after the reaction. A relatively high stapilit
was observed in N3-dyg despite the presence oh,Gand the N3-TiQ photocatalyst showed the
highest conversion of NO even at 180 min (95%)hasvé in Fig. 3. Although the breaching of the
catalyst color was also observed in N3-Ti@iter the reaction, the total amount of generded
reached to 1.4 mmol for 3 h, and the turnover nunfb®N) of N3-dye was calculated to be 1000
after 3 h of the reaction. As a result of the seireg of dyes, N3-dye showed the highest activitg an

relatively high stability in photo-SCR under a pgreal GHSV condition.
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Figure 3. Time course of the conversion of NO in photo-SCRrothe dye-modified Ti@
photocatalysts under visit-light irradiation. Dye loading: 12.smol g*. GHSV: 100,000 .
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Optimization of the catalyst preparation conditions

Effect of loading of N3-dye on the activity was @stigated at a GHSV of 250,000 kFig.
4). The conversion of NO drastically increaseda.5umol g, and then slightly decreased. The
maximum conversion of NO was 63% after 30 min & thaction. The tendency of the activity to
the dye loading was similar to the porphyrin-Ti€ystem in our previous reports although the
optimized loading of N3-dye was larger than thaT6PP-TiQ (12.5umol ¢%).% Fig. 5 shows the
effect of the solvent used in the impregnation be tonversion of NO. As a result of the
optimization, methanol was found to be the mostative solvent for the impregnation. Ru-K edge
XANES spectra were measured using 3@rBol g* N3-TiO, catalysts prepared using various
solvents. The edge energies of all the spectra3et i, catalysts (a—d) were the same as that of the
reference pellet of N3-dye (e), and were completéiferent from that of Ru foil. This result
indicates the valence of Ru in all the N3-Ti€atalysts was +2. There was no change in the stape
the spectra of N3-Ti@catalysts and N3-dye (a—e). In our previous resedhe aggregation of dyes
drastically decreased the activifiThe solvents used in the impregnation may affeetggregation

state of N3-dye and change the photocatalytic iagtbserved in Fig. 5.
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Figure 4. Effect of loading of N3-dye on the acivity. GHS250,000 . The data were obtained

after 30 min of the reaction.
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Figure 5. Effect of the solvents used in the impregnatiorirenactivity. N3-dye loading: 37,amol
g%, GHSV: 250,000 H. The data were obtained after 30 min of the reacti
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Figure 6. Rh-K edge XANES spectra of 37ufnol g* N3-TiO, prepared by impregnatiarsing (a)
methanol, (b) ethanol, (c) 2-propanol, and (d) NM; aqg., and reference samples. (e): dN@; ani
(f) Ru foil.
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Reactivity of adsorbed species of NfHand NO

Table 2 lists the results of reactions under varioanditions. Efficient B formation was
observed over N3-Ti@in the presence of NO, NHand Q under visible-light irradiation (640 ppm,
Entry 2). The activity of N3-Ti@Qwas significantly higher than that of the pifhotocatalyst under
UV and visible light irradiation (290 ppm, Entry.1Product formation was greatly diminished
without NO, NH;, or O, (Entries 3, 4, and 5), which indicated that a# thases are involved in the
formation of N. Furthermore, visible-light irradiation drastigairomoted photo-SCR over N3-TiO
(Entry 6).

Table 2. Results of photo—SCR under various reaction caodit

Entry Catalyst O Inlel\:é:/())a o Lamp’ N:)utlet (ppn:\io
1 TiO, 01 01 2 UV+Vis. 290 4
2 N3-TiO, ¢ 01 01 2 Vis. 640 n.d.
3 N3-TiO,* o 01 2 Vis. 14 n.d.®
4 N3-TiO,* 01 0 2 Vis. 10 n.d.®
5 N3-TiO,* 01 0.1 0 Vis. 35 7
6 N3-TiO,* 01 0.1 2 OFF 15 n.d.
7 N3-SiQ* 01 01 2 Vis. 16 n.d.

2 Concentration of BMand NO in the inlet gas® Light source, UV+Vis: 300 W Xe lamp
without cut-off filter, Vis: 300 W Xe lamp with Lz cut-off filter.  Concentration of Mand
N,O in the outlet gas. GHSV: 250,000 htotal flow rate: 500 ml mir, catalyst amount: 110
mg.“Loading of N3-dye: 37.5mol g . © Not detected.
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A couple of gas switch experiments were carried touinvestigate the reactivity of the
adsorbed species of Nind NO on the N3-Ti@surface. In the first experiment, NHe gas was
flowed in the first 120 min in the dark (Fig. 7A4nd no product was observed. Subsequently, the
feed gas was switched to NQ/Be gas and visible-light irradiation was start®dlective formation
of N2 (910 ppm, selectivity to N> 99%) was observed after 5 min of visible-ligitadiation. The
concentration of Bin the outlet gas gradually decreased with inengagsible-light irradiation time
and dropped to 24 ppm after 270 min. This formatdm, presumably derived from the reaction
between the initially adsorbed Nidnd NO in the gas phase, because low amount ofelke formed
via a reaction of NO and Qunder visible-light irradiation (Table 2, Entry.d)he above gas switch
reaction clearly showed the adsorbedsNitas involved in the reaction.

In the second experiment, NQJ8e gas was flowed under visible-light irradiatifum 90
min, and then the feed gas was switched ta/Nel gas in the dark (Fig. 7B). During this periad,
small amount of Mwas formed and O was not detected. After 120 min of the JHte gas flow in
the dark, visible-light irradiation was started axg(780 ppm) and pD (130 ppm) were observed
(selectivity to N: 86%) after 5 min; the concentrations graduallgrdased as the irradiation time
was increased. The blank test results showed tHatdil not decompose toNver N3-TiGQ under
visible-light irradiation (Table 2, Entry 3). Thuthe generation of Nand NO was due to the
reaction between NGspecies generated on a N3-T&dirface and Nkimolecules.

The couple of gas switch experiments revealedttieatdsorbed two species (i.e., Ndhd
NO,) were involved in the reaction. In addition, tleaction did not proceed without visible-light
irradiation, which indicated that visible-light wassential for this surface reaction between; Hitl
NOy species. Accordingly, we concluded that the adsbidel; and surface NOspeices reacted

under visible-light irradiation to form Nand NO.
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Figure 7. Time course of concentration of ldnd NO in the outlet gas in the gas switch react
Catalyst: 37.5umol g* N3-TiO,, NO: 1000 ppm, Ngl 1000 ppm, @ 2 %, He: balance. GHS
8000 h?, Light source: 300 W Xe lump equipped with a L4@-off filter.

DRIFT investigations of surface NQ species

Fig. 8 represents the DRIFT spectra before and #fte addition of NO/@He gas in the
dark. The spectrum before the addition was useéteabaseline. Two peaks, at 1478 and 1198,cm
gradually increased with increasing the exposume {iFig. 8A). The peak at 1478 thwas assigned
to av; vibration of monodentate NOadsorbed on the surface of N3-FiCrhis species is also
expected to havea vibration band between 1065 and 1050°cth* In the DRIFT experiment, a
shoulder band was observed around that region hwhipports its proposed generation. The peak at
1198 cm®* was assigned to a bridged bidentate;N®a previous papér:>> Three negative peaks at
3697, 3659, and 3631 cmand a broad positive peak around 3500 @ppeared after the addition
of NO/O,)/He gas (Fig. 8B). The negative peaks were assigmeasolated OH groups in different
surroundings (e.g., number of coordinated Ti ateatence of coordinated Ti atom, surface sites of

TiO,)>** and the broad positive peak was attributed todrdgen-bonded OH group. We did not
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observe a characteristic band of deformation vibmabf water molecules around 1640 ¢nwhich
indicated that the amount of adsorbed water dicchahge by the co-adsorption of NO and Thus,
the increase of the band intensity centered at 3580 is not due to the adsorption of water
molecules generated. The change in the OH regigyests that the adsorbed NGspecies
interacted with the isolated OH groups through bgeén bonding, thus reducing the band intensities
of the isolated OH groups and increasing the hyehegond-related band intensity. Both NO
species (monodentate and bridged bidentate) wemergied on the surface of N3-Lid@y the
co-adsorption of NO and0n the dark.

After 30 min of NO/Q gas flow, Q/He gas was introduced to the DRIFT cell, and then
visible-light irradiation was started across therkindow. As shown in Fig. 9A, the band at 1478
cm* decreased with visible-light irradiation, whictdicated that the N© species were consumed
by the reaction with @under visible-light irradation. New bands at 16583, 1297, and 1253
cm ! increased with increasing irradiation time. Baatl4605 and 1253 cthwere attributed to &
vibration of the bridging bidentate nitrate (NDand a set of bands at 1583 and 1297'anas
assigned to the chelating bidentate ;N©™? Thus, the N@ species was oxidized into the KO
species under visible-light irradiation. In the @&gion (Fig. 9B), the isolated OH bands at 3697,
3659, and 3631 cthdecreased with visible-light irradiation, suggegtthat the surface OH groups
reacted with the adsorbed N@o form NQ~. The DRIFT investigation revealed that the NO
species appeared after the co-adsorption of NOCamal the dark, and were oxidized into NGpy

Oz under visible-light irradiation (Scheme 1).
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Figure 8. DRIFT spectra of N3-Ti@in the dark before addition of NO4®le gas (dottetine), anc
after 5, 10, 15, 20, 25 (grey lines), and 30 miack line).
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Figure 9. DRIFT spectra of N3-Ti@in O,/He gas before visible-light irradiation (dottedd), anc

after 20 min, 40 min (grey lines), and 60 min (kléine) from the start of visible-light irradiation
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Reactivity of the NO,” and NO;™ species with NH under visible-light irradiation.

Either NaNQ or NaNQ was impregnated over N3-TiOn order to investigate the
reactivity of NQ™ and NQ™ on the surface of N3-T¥DNH3z was flowed into the reactor filled with
the NaNQ- or NaNQ-impregnated catalysts (Fig. 10). In the darkaRd NO were not detected in
an NH/He gas flow for both catalysts. For the NajN@pregnated N3-TigQ N, (2020 ppm) and
N2O (1420 ppm) were observed after 5 min of visiléH irradiation. Not much Nwas observed in
the NHy/He gas flow under visible-light irradiation in thdank tests (Table 2, Entry 3). Thus, the
generated plshown in Fig. 10A is derived from a reaction beswé\H; in the gas phase and NO
species on the surface of N3-TLiCSurprisingly, a large amount of,@ was detected in this
experiment (selectivity to N= 59%). In contrast, selective formation of Was observed from the
NaNO,-impregnated N3-Ti@ under visible-light irradiation (Fig. 10B, seledty to N, = 94%),
which suggested that NObecame B on reacting with N5l As shown above, the reactivity of NO
with NH3 was significantly different from that of NOin terms of selectivity to N(Scheme 1),
which could explain the relatively low selectivity N, (selectivity to N = 86%) in the gas switch
reaction shown in Fig. 7B; both the NGand NQ™ species were formed in NO/Ble gas under
visible-light irradiation on the surface of N3-Ti@nd reacted with N High selectivity to N
(>99%) in photo-SCR in the presence of NO,sN&hd Q (Table 2, Entry 2) over N3-Tistrongly
indicated that an intermediate in photo-SCR was NGas adsorbed on the surface of N3-JdD

the basis of the difference in their reactivity.
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Figure 10. Time course of concentration of ,Nand NO in the outlet gas over (

NaNCs-imprignated N3-TiQ and (B) NaNG-imprignated N3-TiQ. Loading of NaN@ or NaNQ:

1000pmol g™ Loading of N3-dye: 37.xmol g*, Reaction gas: 1000 ppm NHe. GHSV: 800

h™, light source: 300 W Xe lump equipped with a L4@-off filter.
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Role of dyes.

As shown in Table 2, the activity of N3-Si@atalyst was very low (conversion of NO:
1.6%, entry 7), which indicated that the N3-dye dat function independently of the support (i.e.,
TiO,). Thus, the reaction over N3-Ti(proceeds via a dye-sensitization mechanism: edight
irradiation induces the electron injection from ftexcited dyes to the conduction band of 1i®
similar result was obtained in porphyrin-modifietD¥ photocatalyst8® After the electron injection,
the oxidation product of N3-dye and an electrothin conduction band of Tig&hould be generated
as shown in eq. 2:

N3-dye + lv — N3-dy€ + € (2)

Based on eq. #ye investigated the reactivity of the oxidationguot of N3-dye with NH
In a previous report, the one-electron oxidation product of &bpy)s (i.e., Ri*(bpy)) in zeolite
was prepared using £as an oxidant, and we attempted the correspormiitiztion of N3-dye. Fig.
11 shows the UV-Vis DR spectra of N3-dye. After @yation, the catalyst color was the dark purple,
and an absorption band at 515 nm was observedlfa)band is assigned to a MLCT band of the
grand state N3-dye (RY. After addition of CJ, the catalyst color changed from dark purple into
ocher, and the absorption peak was shifted to #2Qk). The band at 420 nm is not attributed to the
one electron oxidation products (Ruof N3-dye because the one electron oxidation yebHave an
adsorption band around 740 nm, which was obsenves\veral transient adsorption experiméhits.
56

S. Das and P. V. Kanmitinvestigated the oxidized form of N3-dye by usimgnsient
absorption spectroscopy using azide (N3e) radiesdegated by-Radiolysis as an oxidant. Their
results provided the spectral evidence for the &tiom of two different species that follow the
oxidation of N3-dye. One oxidized product (speclesabs. max: 740 nm) was attributed to the
one-electron oxidation product of N3-dye, and islengone further transformations to the other
oxidized form (species 2, abs. max: 440 nm) at reemperature. The identification of species 2 was
not made in their report. The ocher products (abax: 420 nm) observed in our UV-Vis DR

experiments can be assigned to the species 2 gidigim the position of adsorption maximum. To
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examine the reactivity of species 2, NiWas introduced to the cell. After addition of jHhe
catalyst color changed into the initial dark purpteshown in Fig. 11c. This result clearly indicate
that species 2 can react with pNENd returned to the initial ground state of N3-dgkhough the
identification is not made and which oxidation pwots (species 1 or 2) activate N the in situ
reaction condition is unclear, the UV-Vis DR spestiopy revealed that oxidized products (at least,
species 2) of N3-dye have a potential to activatg.N

As discussed above, N3-dyeould not be prepared because of its instabiliherefore, we
used the Ti@ photocatalyst modified with Ri(bpy)sCl> (4 in Fig. 1) in the UV-Vis spectroscopic
study and investigated the reactivity of one-ettinxidation products of Ri(bpy)s with NHs (Fig.
12). After the evacuation of Ru(bp@l./TiO,, an adsorption band at 455 nm was observed
(spectrum (a) in Fig. 12) and attributed to an MLEaAnd of RG*(bpy). After the addition of Gl
the catalyst color changed from light orange tghdly greyish orange and the adsorption at 600-800
nm increased (spectra (b)), which was assignedhtbMCT band of REi'(bpy).>® As previously
mentioned, Rt (bpy) was successfully prepared on the T&Dirface by using €las an oxidant.
Subsequent introduction of NHo the cell resulted in a decrease in the adswormt 600-800 nm
(spectra (c)), which clearly showed the reactiofRaf (bpy)s with NHs and reduction to the initial
R (bpy) species. The UV-Vis spectroscopic result shows Ed'(bpy) has the potential to
oxidize NHs. We concluded that Ri(bpy)s, generated after the electron injection, activates to
an NH; radical (eq. 32 which reacts with N@ to form N, selectively** *®

RU*(bpy) + NHs — RU (bpy)s + NH; radical + H (3)

On the other hand, the electron injected to thedaotion band of Ti@Qis consumed by the
reaction with @ and H (surface OH group) to form48 according to egs. 4 and%>*°

Ti*"+ep— Ti* (4)

Ti** + 1/4Q + H" - Ti*" + 1/2H0 (5)
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Figrue 11. UV-Vis DR spectra and photographs of 37uHol g N3-TiO, photocatalyst aft
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Figure 12. UV-Vis DR spectra of the Ti© photocatalyst modified with Ru(bpgl. aftel

evacuation (a), after addition ofChnd after addition of N&i Dye loading: 37.5umol ¢ ™.
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Proposed reaction mechanism and effects of dyes thre activity.

Based on the results obtained thus far, we prapthsereaction mechanism of photo-SCR
over Ru-dye-modified Ti@ photocatalysts under visible-light irradiation (®me 2). The
mechanism is composed of five steps: (1) adsorpiioNO and NH on the catalyst surface, (2)
electron injection from photo-excited Ru dyes ithe conduction band of T¥)(3) activation of
NH; by oxidized Ru dyes, (4) surface reaction betwaenNH radical and N@, and (5)
re-oxidation of T{" sites by G.

In DSSCs, Ru complexes have shown the best phdtawgbroperties among a huge
number of dyeé? and N3-dye was known to be an effective Ru dyeDX86Cs due to 1) the wide
adsorption range to 800 nm, 2) strong adsorptiothersemiconductor surface due to binding with
up to four carboxyl groups, and 3) sufficiently loexgited state life-time-@0 ns)?? In our research,
N3-dye showed the highest activity in photo-SCRarndsible-light irradiation among the 15 dyes
studied. The adsorption of N3-dye was not largantbther dyes as shown in Fig. 13. This result
indicated that the highest activity was not duettte adsorption amount in the visible region,
although this should be a significant factor. la tase of DSSCs, carboxylic groups were necessary
in terms of the strong adsorption of dyes on thmeisenductor surface, and the strong adsorption led
to strong photovoltaic properties. In this reseam(bpy}Cl, dye, which does not possess a
carboxylic group, also showed high activity (corsien of NO = 70.5%). A similar result for
photo-SCR was obtained in our previous reportsguiie porphyrin-modified Ti@photocatalysts
with different functional group® Therefore, carboxylic groups were not importantmprove the
activity, unlike the DSSCs system. Thus, the lifieet of the photo-excited state and the reactivity o
the oxidized product of dyes with NHwhich should affect reaction steps 2 and 3 ine§uh 2,

would have a significant effect on the photo-SCRvéy.
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Conclusions

We demonstrated high-performance photocatalysts Nét;-SCR under visible-light
irradiation by combining popular dyes with TiPhotocatalysts. The screening of 15 dyes displayed
that N3-dye was most effective for the modificatioh TiO,. Complete conversion of NO and
selectivity to N were achieved over N3-TiOat a high GHSV of 100,000 hafter 30 min of
visible-light irradiation. We proposed a reasonat#action mechanism of the photo-SCR over
dye-modified TiQ photocatalysts under visible light irradiation singin situ DRIFT and UV-Vis
DR spectroscopies. The reaction proceeds via eledtjection from dyes excited by visible-light
irradiation into the conduction band of Ti({dye-sensitization). The dye oxidation product,
generated after the electron injection, oxidativayivates NH, which then reacts with surface NO

to provide selective formation of;N
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Chapter 4

Effects of SQ on Selective Catalytic Reduction of NO with NH

over a TiO, Photocatalyst

Abstract

The effect of S@ gas was investigated on the activity of the pladsisted selective
catalytic reduction of nitrogen monoxide (NO) wémmonia (NH) over a TiQ photocatalyst in the
presence of excess oxygen (photo-SCR). Introductic®@( (300ppm) greatly decreased the activity
of the photo-SCR at 373 K. Increment of the reactemperature enhanced the resistance toga8®
and, at 553 K, the conversion of NO was stableatdeast 300 min of the reaction. X-ray diffraction
Fourier transform infrared spectroscopy, thermognatry and differential thermal analysis, X-ray
photoelectron spectroscopy, elemental analysis, Ninddsorption measurement revealed that the
ammonium sulfate species were generated afteeetietion. There was a strong negative correlation
between the deposition amount of the ammonium tsu#fipecies and the specific surface area. Based
on the above relationship, we concluded that thgosidon of the ammonium sulfate species
decreased the specific surface area by pluggingdhe structure of the catalyst and the decrease of

the specific surface area resulted in the deaaivatf the catalyst.
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Introduction

The emission of nitrogen oxides (lWQ@auses air pollution problems such as acid rath a
photochemical smog. Selective catalytic reducti®@CR) of NQ with ammonia (NH) is a
commercial de-NQprocess in the stationary and mobile Nission sources. The main reaction is
as follows:

ANO + 4NH + O, — 4N, + 6H,0 (2)

In the stationary emission sources, the industaaalyst for the process is vanadium oxide based
catalysts, such as;@s—WO3/TiO, 2. The catalysts show the high activity and higtestlity to N,

in the temperature window of 523-673 K. This tygecatalyst has to be installed upstream the
particulate collector and the flue-gas desulfuraratunit in order to meet the optimum working
temperature. However, the catalysts are not aJailab the diesel engine because of the wide
temperature window (423-773 K) of the exhaust gagromising catalyst which shows high
activity at low temperatures is strongly desiredtf@ diesel engine.

Mn based catalysts were eagerly investigated difeetbigh activity at low temperatur&d
The Mn based catalysts show almost 100% of thearsion in the temperature range of 373-473 K
although the selectivity to Ns slightly low in some reaction conditiofié. The problem of the Mn
based catalysts is low resistance to, POisoning. Kijlstra et al’ proposed that the formation of
MnSQ, is the main reason for the deactivation of the MAQO; catalysts. The formed sulfates
decomposed at 1020 K, which means regeneratioheotatalysts is only possible at much higher
temperatures than the reaction temperature. Orpthig, the simultaneous pursuit of the operation
at low temperatures and the high resistance tp g9 is a challenging and important topic in the
de-NQ, technology.

We have previously reported the photo-assisted SERNO with NH; over TiQ
photocatalysts in the presence of excess oxygehdCambient temperature. In the photocatalytic
system, high conversion and high selectivity wereieved at the gas hourly space velocity (GHSV)
of 25,000 h* (conversion of NO > 90%, selectivity to, ¥ 95%)*°. We have carried out various
investigations: the elucidation of the reaction haism using spectroscopic methdtand kinetic

analysis™, the improvement of the activity by metal dopiignd combining the temperature effect
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with the photo-SCR', and the development of visible-light-sensitive ofgitatalyst with
dye-sensitizatior®. Other research groups also carried out a theatettudy*®, which verified the
proposed reaction mechanism by our grétig’, and a kinetic study using an annular fixed-film
photoreactof®. However, the potential of the photocatalyst fe tesistance to S@as has not been
investigated yet although the resistance is esddntmake the photo-SCR system practicable. Thus,
our objective is to investigate the effect of .S§as on the performance of the photo-SCR over the
TiO, photocatalyst. In addition, the systematic chamézation of the catalyst after the reaction was

carried out to elucidate the deactivation mechambthe TiQ photocatalyst.

Experimental

Materials

TiO, (ST-01) powder was purchased from Ishidaagyo Kaisha, Ltd. Before use, the JiO
power was hydrated in distilled water for 2 h a8 3§ and then evaporated to dryness at 353 K. The
powder after the hydration was tableted (diamefem2n) and calcined at 673 K for 3 h in a furnace
under a dry air flow. The tablet was granulatechgt5 and 50 mesh sieves to obtain the granules
with a diameter of 300—-60@m. Ammonium sulfate (wako), and sodium sulfate (@)akere used as

reference samples without further purification.

Photocatalytic reaction

Photo-SCR was carried out using a convention&dfiked flow reactor at an atmospheric
pressure in the same way as in our previous refbrsquarts reactor was used for the reaction and
the reactor volume was 0.12 mL (12x10x1 mm). 110ain@iO, granules with a diameter of 300—
600 um were introduced to the reactor and pretreat&¥atk in a 10% @He gas at a flow rate of
50 mL min® for 60 min. The reaction gas composition was dovis: NO (1000ppm), Nl
(1000ppm), @ (2%), SQ (300ppm, if present), He balance. A 200 W Hg—Xapdaequipped with
fiber optics, collective lens, and a mirror (Saneectric Co., Ltd., UVF-204S type B) was used as a
light source. The measured light irradiance was 8@ cm. N, and NO products were analyzed
by a SHIMADSU GC-8A TCD gas chromatograph with M&-&and Porapak Q columns,

respectively.
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Characterization

Crystalline phase of the Tixowder was determined by X-ray diffraction (XREBEhnique
using a Rigaku Ultima IV X-ray diffractometer wi@u-Ka radiation j = 1.5406 A). The crystallite
size was determined from the full width at half mmaxm (FWHM) of the diffraction peak of the
anatase Ti@ (101) plane (2=25.2°) using the Scherrer's equation. Fouriersfam infrared
(FTIR) transmission spectra were recorded on a JASET/IR-4200 spectrometer at room
temperature at a spectral resolution of 4'caccumulating 16 scans. The background spectrum was
measured without any sample in air and was suletldobm the sample spectra. The catalysts before
and after the reaction and the reference samptesi¢aium sulfate and sodium sulfate) were diluted
with KBr by the sample-to-KBr ratio of 1.5:98.5 a@d:99.8 (w/w), respectively, and then pressed
into pellets. Thermo-gravimetric analysis (TG) addferential thermal analysis (DTA) were
performed on a Rigaku Thermo plus TG 8120 appawttasheating rate of 5 K mithunder a dry air
flow condition at a flow rate of 80 mL mnithin the range of 298-1173 K using,@k pans. X-ray
photoelectron spectroscopy (XPS) measurement waslucted on a Shimadzu ESCA-3400
spectrometer. Samples were mounted on a silverlsangider by using a conductive carbon tape
and analyzed using Mg Kradiation in a vacuum chamber in 0.1 eV steps. pbgtion of the
carbon peak (284.6 eV) for Cls was used to cakbifae binding energy for all the samples. The
surface composition was estimated from the bandsané XP spectrum of S2p, N1s, Ti2p, and Ols
and the corresponding relative sensitivity factdr&lemental analyses (EA) were performed on two
CHN analyzers (MT-5, Yanaco Co. Ltd. and JM10, ik Lab Co. Ltd.) to analyze the contents
of C, H, and N and a combustion ion chromatograibppnex ICS-1500, Mitsubishi Chemical
Analytech AQF-2100H) to analyze the S content.adsorption/desorption isotherm was measured
at 77 K using liquid nitrogen. The Brunauer—Emmigttier (BET) method was utilized to calculate
the specific surface areadS£r). The total specific surface arég.{) and the external specific surface
area &) were calculated from the linear fitting of thet plots (fitting range: 0-0.6 nm for tI&,
and 3.6—4.6 nm for th&.,. The internal specific surfac&{) area for the mesoporous materials was
obtained by subtracting th&,: from the So.. The pore-size distribution was calculated frora th

Barrett—Joyner—Halenda (BJH) plots.
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Results and discussion

Effect of SO, addition on the activity of the photo-SCR

Fig. 1 shows the time course of the photo-SCR oWer TiO, photocatalyst under
illumination in the presence or absence o @D0ppm) gas at various temperatures. The conversio
of NO was stable for 300 min at 433 K in the absenfcSQ gas as we reported previousfyIn the
presence of SQat 433 K, the conversion of NO decreased withrdaetion time, which indicates
that the SQ@ poisoned the catalyst, as in the case of the Msedaatalysts. The reaction
temperature had a significant effect on the deatitm rate of the Ti9photocatalyst. At 373 K, the
conversion decreased more rapidly than at 433 Kthadonversion was almost stable for at least
300 min at 553 K. For simplification, the samplddve the reaction was abbreviated as BR, and the

samples after the reactions at 373 K, 433 K, a8l K5as AR-373K, AR-433K, and AR-553K,

respectively.
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Figure 1. Time course of the photo-SCR in the presence oerales of S@ gas at variot
temperatures. €) SQ: Oppm, 433 K, &) SOy 300ppm, 373 K, M) SO 300ppm, 433 K, @)
SOy 300ppm, 553 K. NO: 1000 ppm, NHLO0OO ppm, @ 2 %, He: balance gas, flow rate: 200
min, GHSV: 100,000 H, Light source: 200 W Hg—Xe lamp.
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XRD patterns

XRD patterns of the catalysts are shown in Fign2all the catalysts, only the diffraction
pattern of anatase T¥vas observed. Crystalline sizes of anatase W€re estimated from Scherrer
equation using the diffraction peaks of (101) amelresults are listed in Table 1. The crystallize s
did not change (ca. 15 nm) after the reaction,alvg that the aggregation of Ti@articles did not

occur under the reaction conditions at the alltieademperatures.
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Figure 2. XRD patterns of the catalysts before and afterdaetion. (a) BR, (b) AR73K,
(c) AR-433K, and (d) AR-533K. Patterns are offsetdlarity.
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Table 1.Crystalline size and specific surface area oflgsis

Sample d*(m)  Seer®(Mg?h) St (M ghH Sk gh Skt (Mg

BR 15.2 121 123 10.6 112
AR-373K 15.0 84.3 87.0 10.8 76.2
AR-433K 15.2 96.6 99.6 9.0 90.6
AR-553K 15.3 115 118 9.0 109

4Crystalline size calculated from the FWHM of théfrdiction peak of the anatase Ti(101)
plane.” Specific surface area determined by adsorption isotherm at 77 K using the BET
method.° Total specific surface area calculated fromhe plots.? External specific surface
area calculated from thé-t plots. ® Internal specific surface area calculated by satitng

the external specific surface area from the tqiatsic surface area.

N, adsorption/desorption experiments

In N, adsorption/desorption experiments at 77 K (FigaB)the samples exhibited a typical
IV-type isotherm and had a vertically long hystesdeop in the relative pressur/Py) range of
0.8-1.0, suggesting that all the samples had aupostructure. The pore-size distribution of the
catalyst before the reaction had a sharp peak atriQFig. 4A) and the size was the same order of
the crystalline size of Ti©(15 nm). These results indicate that the mesopeers formed by the
gaps between primary Ti(particles. The peak became smaller after the iraot the presence of
SO, gas. The specific surface area calculated fromvthelots (Fig. 4B) is summarized in Table 1.
The So: calculated from th&'—t plots was in good agreement in thet. The S of all the samples
were estimated from thé-t plots as 9.0-10.8 g™>. The S was calculated by subtracting tBg;
from theSe.. The St was 76.2-112 g™, which shows that the most part of tBg was derived

from the mesopores.
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plots of the catalysta: BR, A: AR-373 K, l: AR-433 K,®: AR-553 K.
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FTIR spectra

Fig. 5A shows the FTIR spectra of the catalysttha region of 900-1806m™. In all the
catalysts, a band at 1633 ©rwas observed and was attributed to the deformaitmation of water
molecules adsorbed on the FiGurface. New bands at 1401, 1242, 1116, 1054, 9d8dcm™
appeared after the reaction in the presence of 8@73 K. The sharp band at 1401 tmwas
assigned to the bending vibration of ammonium {Jibns? and was also observed in the case of
the reference (NE,SO, powder. Free sulfate ions ($Q Tq symmetry) show two infrared peaks at
1104 ¢s) and 613 V,) cm* ?°. The band at 1116 ¢hmwas due tas vibration of free sulfate ions,
and was also observed in both the cases of, 488, and NaSO,. When a SGion is bound to the
TiO, surface, the symmetry can be lowered to ei@gror C,,. The lowering symmetry causes the
split of thevs vibration band into two peaks forG, symmetry and splits into three peaks fdt,a
symmetry®. Thus, the bands at 1242, 1054, and 978'am assigned to the surface coordinated
SO ions. The surface coordinated $0ons could have th€,, symmetry based on the number of
bands. The Sg ion with aC,, configuration is either chelating bidentate odgsg bidentaté®. In
AR-433K, the shape of the spectrum was similah&t of AR-373K although the absorbance of the
bands at 1401 and 1116 rwere slightly weaker than those of AR-373K. In AR3K, the band at
1116 cm* disappeared, which means that the depositioreefsulfates was inhibited in the reaction
at 553 K although the other bands at 1401, 105¢938 cm"* remained. In the region of 2400-4000
cm* (Fig. 5B), three adsorption bands at 3425, 318833%m*were observed after the reaction at
373 K. The broad band between 3600-2800"dsthe stretching vibration of OH groups derived
from surface hydroxyl groups and adsorbed wateremés, which also appeared in the sample
before the reaction. The other two bands were obdan the catalysts after the reaction. The bands
at 3136 and 3023 cthare attributed to the asymmetric stretching vibratvs) and symmetric
stretching vibration (1) of NH;" ions, respectively. The two bands also appearethéncase of
(NH4)>SQy, which strongly advocated the generation of ;Nkbns after the reaction. The peak
intensity at 3136 and 3023 chndecreased as the reaction temperature increadsidh was
consistent with the decrease of the band at 1401 ionfrig. 5A. The FTIR results clearly revealed
generation of the free and surface coordinategf 3@ns and NH' ions on the Ti@surface after the

reaction. The conversion of NO after 300 min of teaction decreased in the following order:
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AR-553K (80.1%) > AR-433K (37.2%) > AR-373K (12.9%)he order was consistent with that of
the peak intensities of the free $0ions and NH' ions, which suggests that generation of

ammonium sulfate species.g.(NH4).SO, and (NH)HSQO,) induced the deactivation of the catalyst.
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Figure 5. FTIR spectra of the catalysts and the referencelesnn the region of (A) 900-1800 tm
! and (B) 2400-4000 crh (a) BR, (b) AR-373K, (c) AR-433K, (d) AR-533K,)(€NH,)2S0s, anc
() NaxSOy. Spectra are offset for clarity.

TG-DTA analysis

TG profiles of the catalysts are shown in Fig. &veral steps of the weight loss were
observed in all the catalysts after the reactitthpagh the TiQ has only one step of the weight loss
around 330 K. From room temperature to 1173 K, wleéghts of BR, AR-373K, AR-433Kand
AR-553K decreased by 3.9, 16.1, 12.5, 8.1%, regmdgt Fig. 6B shows the DTA profiles of the
catalysts. All the profiles had a strong exotherbaad around 1150 K without a weight loss, which
was derived from the phase transition of 7f®m anatase to rutile. In the DTA profile of BBeg
inset of Fig. 6B), a broad exothermic band was ndeskaround 820 K without the weight loss. The

peak was observed in all the catalysts before dtedl the reaction and was possibly due to the
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crystallization of TiQ ?*. Besides, other exothermic bands were observathdr600 and 700 K in
the case of the catalysts after the reaction.

Fig. 6C shows the first derivatives of the TG pedi(DTG) in Fig. 6A. The negative band
around 330 K was observed in all the catalystsamsijned to desorption of molecular water. Other
weight loss peaks were observed around 496 K, 6484R K, and 940 K. DTG profiles of the
(NH4)2SO, powder and a physical mixture sample of the {N&O, powder and the TiQpowder are
also shown in Fig. 6C. In the (NSO, powder, two peaks were observed at 530 K and 620 K

which were attributed to the following reaction$ &&d (3), respectivef.
2(NH4)2804 — (NH4)25207 + 2NH; + H,O (2)
3(NH;)2S,07; — 6SQ + 2NH; + 2N, + 9H,0 3)

In the physical mixture sample of the (6O, powder and the Ti©powder, the weight loss
profile had negative peaks around 313 K, 508 K, B4860 K, and 940 K and the peak positions
were in good agreement with those of the profildBf373K. The analogy of the profiles strongly
supports the generation of (WSO, species on the Tisurface after the reaction at 373 K. The
bands around 500, and 650 K decreased as theaaethperature increased from 373 K to 553 K,
which suggests that the increase of the reactimpéeature inhibits the deposition of the (N3O,

species on the Tisurface.
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Figure 6. (A) TG profiles, (B) DTA profiles, and (C) derivag thermogravimetry (DT(
profiles of the catalysts and the reference samples. ()(BRAR-373K, (c) AR433K, (d
AR-533K, (e) (NH)2SOy, and (f) physical mixture of (NPLSO, and TiQ ((NH4)2SO4: 10 %

by weight).

XPS
In the S 2p XP spectra of BR (Fig. 7A), no band whserved in the range of 165-175 eV.

In all the catalysts after the reaction, asymmedands were observed at the peak position of 168.6—
168.8 eV. The asymmetry of the bands is becauskeobverlap of the split sublevels ofs;2mnd
2py» states of S atoms (separation of bands: 1.2 e\§piy-orbit coupling?®. The spectra of the
catalysts after the reaction were reasonably fitlgdg two Gaussian functions (Fig. 8 and Table 2).

In all the catalysts after the reaction, the peakitmns were 168.5-168.6 and 169.7-169.9 eV,
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which corresponded to the peak positions of $,2and S 2p. of sulfate (S&) species,
respectively’’. The ratios of the peak areas of $,2fp those of S 2pp were 1.96-1.99 in all the
catalysts after the reaction and the values wegead agreement with the theoretical value of 2 Th
FWHM of the each peak was the same in all the ysttalca. 1.6 eV), which suggests that the S 2p
XP spectra of the catalysts are derived from alsisglfur species of S& (). N 1s XP spectra
are shown in Fig. 7B. The peak positions of N basfddO,” and NQ™ species on the Tigsurface
were reported to be 403.5 eV and 407.0 eV, resmagtf*® There was no band in the region of
403.5-407.0 eV, indicating that the WN@nd NQ™ species did not exist in all the catalysts afer t
reaction. In AR-373K, there were two bands with geak positions at 399.9 and 401.8 eV. The
shoulder band at 399.9 eV was attributed to N atofri$H; adsorbed on Lewis acid sites of }jO
and the band at 401.8eV was N atoms of;NBpecie adsorbed on Brgnsted acid sites and/or
ammonium salt$’. The band at 401.8 eV decreased with increasiagehction temperature and
disappeared in the spectrum of AR-533 K. In Ti Zp spectra (Fig. 7C), the binding energies of the
band of Ti 2p,, and 2p,, were 458.6-458.8 and 464.4-464.6 eV in all thalgsiis before and after
the reaction (Table 3). The values were consistithtthose reported in the literatuie

Table 4 shows the surface composition estimatenh fitte XPS analysis. The ratio of S
atoms to Ti atoms (S/Ti) decreased in the ordekR#373K > AR-433K > AR-553K. The N atoms
to Ti atoms (N/Ti) ratio also decreased with insiag the reaction temperature. The decreases of
S/Ti and N/Ti ratio should be mainly due to the aleposition of (NH).SO, species based on the
FTIR and TG-DTA analyses. The ratio of N atoms tat&ns (N/S) decreased from 0.41 (373K) to
0.10 (553K) with the reaction temperature. The Mafies of the catalysts were lower than that of
(NH4)2SO, powder (0.85). The low N/S values of the catalymiggests the existence of sulfur
species other than (NHSO.. From the XPS analysis, $O species were not detected and the
valence of all the sulfur species was +6. The F$fectroscopy revealed the generation of the
surface coordinated SO species with theS,, and/orCs, symmetries. Thus, the low N/S values
were due to the generation of the surface cooreh8Q> species. Based on the above discussion,
the decease of the N/S values with the increastheofreaction temperature is interpreted by the
preferential decrease of the (bSO, species compared to the surface coordinated Species

with increasing the reaction temperature.
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Table 2. Results of the peak fitting of S 2p XP spectra.

Position (eV) Area (cpS-eV) FWHM (eV)

Sample "
2p3p2 2p12 22 2Pz Ratio 22 2P
AR-373 K 168.5 169.8 1180 599 1.97 1.6 1.59
AR-433 K 168.5 169.7 937 478 1.96 1.61 1.64
AR-553 K 168.6 169.9 780 391 1.99 1.61 1.60

& Counts per second

b Ratio of the peak area of Sz2to that of S 2p,.

Table 3.Peak positions of XP spectra of Tisg@nd Ti 2p/.

Peak position (eV)

Sample

Ti 2pg2 Ti 2P
BR 458.6 464.4
AR-373 K 458.8 464.5
AR-433 K 458.7 464.5
AR-553 K 458.8 464.6

Table 4. Surface composition estimated from XPS.

Sample SITi N/Ti N/S
BR 0 0 -
AR-373K 0.28 0.11 0.41
AR-433K 0.27 0.07 0.26
AR-553K 0.14 0.01 0.10
(NH4)2SO, - - 0.85

84



Elemental analysis (EA)

Concentrations of sulfur atoms and nitrogen atarese estimated from EA (Table 5). The
concentration of S atoms and N atoms increased thtereaction and decreased with increasing the
reaction temperature. The tendency corresponddteteesults of XPS analysis. Surface densities of
each atom were calculated by dividing the concéntra by the BET specific surface area of BR
(Table 1). The surface density of Ti atoms was wlated to be 7.0 ntfiusing a (100) plane of
anatase Ti@?® and the BET specific surface area of BR. In AR#37Be surface densities of sulfur
atoms and nitrogen atoms were 5.5 and 9.3 mmspectively, and the sum of the values were simo
twice as much as that of Ti atoms. The result ssiggde generation of a bulk (WSO, species.
The N/S ratio estimated from EA (Table 5) had aes#&emdency as that evaluated by XPS: the N/S
ratio decrease with increasing the reaction tentpexaln AR-373K, the N/S ratio was 1.7 and was
close to 2, which was the theoretical value of deahtomposition of (NH),SO,. Thus, most part
of SO species is present as a (WSO, salt in AR-373K. However, the N/S ratio by the XPS
analysis is 0.41, which was almost half of the expental value of the reference (Wp5O, powder
(Table 4). The discrepancy between N/S ratios eséichfrom EA and XPS could be interpreted by
considering the generation of the bulk (N3O, species. XPS analysis is more sensitive to
surface-coordinated S© species than bulk (NSO, species. The N/S ratio estimated from XPS
should be lower than the real amount of the {N&O, species, which was estimated from the EA,
when the (NH),SO, species has a bulk structure. Thus, the lowerrBlii§ by XPS than that by EA

also implies the generation of the bulk (N4$O;, species.

Table 5.Results of elemental analysis

Sample Concentration (Wt%)  Surface density (nfA) N/S

S N S N (atom/atom)
BR 0.06 0 0.09 0 0
AR-373K 3.5 2.6 55 9.3 1.7
AR-433K 2.6 1.6 4.1 5.6 14
AR-553K 1.7 0.64 2.7 2.3 0.85
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Structure of the ammonium sulfate species and deagation mechanism

N, adsorption/desorption experiments revealed theedse of the&,; after the reaction, which
was mainly due to the decrease of #ae The decrease of tt&; is not due to the aggregation of the
TiO, particles during the reaction because the crystallize of the TiQ particles did not change
after the reaction (Table 1). FTIR, TG-DTA, XPS,daBA revealed the generation of the bulk
(NH,4).SO, species on the TiOsurface after the reaction. The amount of NSO, in AR-373K,
which contains the largest amount of S and N atameng the three catalyst after the reaction, is
calculated to be 12wt% assuming that the all thadns, which were estimated from EA, exist in
the (NH,).SO, form. However, the XRD diffraction peak of the buyNH,).SO, species was not
observed in AR-373K, which implies that the genedabulk (NH),SO, species has amorphous
structure. Thus, the generated bulk @¥SO, species plugged the pores of the catalysts, which

resulted in the decrease of tBg (Fig. 9).

Before reaction After reaction

TiO2 TiO:

L

/
Gap between TiO, particles Amorphous (NH,),SO, species

Effective for the photo-SCR  Ineffective for the photo-SCR

Figure 9. Deposition model of sulfate species of the catalyst

The amount of the (NDLSO, species decreased with increasing the reactiopdmature. Fig.
10 shows a correlation between tBg and the contents of N and S estimated from the H#e

increment of the contents of S and N drasticallgréased th&,:. FTIR analysis revealed two $0
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species: one is the (NHSO, species and the other is the surface coordina@gd Species. The
negative linear correlation for N contents strongigigests that the decrease of$ges because of
the generation of not the surface coordinated®S€pecies but the bulk (NJ3SO; species. The
conversion of NO after 300 min of the reaction \whsted vs. the&S; (Fig. 11). The strong positive
and linear correlation was obtained, which indisatileat the decrease of tl&: results in the
decrease of the conversion of NO. Based on theeai®eussion, we concluded that the generation
of the (NH,),SO, species plugged a part of the mesopores derived the gap between the HO

particles, which resulted in the decrease ofShe@nd the deactivation of the catalyst.
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Figure 10.Effect of the contents of N atoms (A) and S atoB)son theS,; estimated

from theV-t plots.
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Conclusions

In this study, tolerance to $S@as was investigated in the photo-SCR of with;ldMer the
TiO, photocatalyst. Introduction of S@rastically decreased the conversion of NO at B73he
increment of the reaction temperature drasticatigroved the stability of the catalyst and, at 553 K
the deactivation was not observed for 300 min efréraction. FTIR and XPS results suggest that two
SO species exist on the TiGurface: the surface coordinated,$Gpecies and the free $O
species as a bulk (NHSO, formed after the photocatalytic reaction. The tigatton occurs due to
a pore plugging by the deposition of (6O, species on the TiOsurface on the basis of the
correlation among the contents of N and S atones adfaction, th&,; estimated fronv—t plots, and

the photocatalytic activity.
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Chapter 5

Noble-metal-free NQ, Storage over Ba-modified TiQ Photocatalysts

under UV-light Irradiation at Low Temperatures

Abstract

Photo-assisted nitrogen oxides (§@torage was investigated over the barium-modified
titanium dioxide (Ba/TiQ) photocatalysts under UV-light irradiation at agtniconcentration of
nitrogen monoxide (NO) of 200 ppm and a high gasrlyospace velocity (GHSV) of 50,000"h
The NO removal efficiency was kept > 99% during 1820 s interval from the start of the reaction
over the Ba/TiQ photocatalyst. The temperature-programed desorgdfi®’D) measurement and
X-ray diffraction (XRD) technique revealed that ioan oxide (BaO) species functioned as axNO
storage material even at low temperatures, whishlren improvement of the performance of the

photo-assisted NGstorage.
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Introduction

Lean-burn and diesel engines are one of the mgsirtant technologies to improve the fuel
efficiency of internal combustion engines and redaarbon dioxide (C£) emissions. Significant
fuel economy can be achieved when the engines tepenaer lean conditions of an air-to-fuel (A/F)
ratio of approximately 20-65The conventional three-way catalyst is not capafflefficiently
decomposing N in the exhaust gas from the engines, althoughait ceduce NQin the
stoichiometric condition at an A/F ratio of 147.The NQ removal at high A/F ratios was
performed using catalytic processes such as saseciitalytic reduction (SCRY and NQ storage
and reduction (NSR)®

In the SCR system, urea is injected into the exhgas and decomposes into ammonia
(NH3) and CQ. The NH; reacts with NQin the exhaust gas to form harmless nitrogey) (Mder
the lean condition. This technology is widely usedliesel engines and motor vehicles using Fe- or
Cu-zeolite catalyst$>® Alternatively, the NSR catalyst (typically, Pt/B&D,Os) operates under
lean and rich conditions. NQvas oxidised over Pt and stored as nitrite {N@r nitrate (NQ")
species under the lean condition, where bariumeo(®hO) functions as a N@torage materidf:
After the NQ storage period under the lean condition (approteipa60—90 s), the engines are
switched to the fuel-rich condition for a shortipdr(approximately 3-5 s) by injecting fuels, where
the stored NQis released and reduced into harmlesswér Pt The cycling operation of the lean
and rich conditions provides high N@&moval efficiency®> However, these SCR and NSR catalysts
cannot reduce NQefficiently below 423 K:®*®|n the urea-SCR system, according to the repdrts o
the International Council for Clean Transportatid@CT), urea injection could not start for
approximately 800 s during the cold start testha world harmonized transient cycle (WHTC)
because the temperature of the exhaust gas wdewd8 Controlling the N@ emission under the
cold start condition is a key and urgent task teebthe total emission of NO

We have focused on Ti(hotocatalysts as N@torage materials to reduce Némissions
in the cold start condition from the viewpoint admtoxicity, low operating temperature, and rapid

response to light. Under the cold start conditionlising the photocatalysts enable the dezxNO

system to work at the same time that the engingsst@ihere are many reports concerning the
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oxidation of NO over Ti@based photocatalysts under light irradiafioff In these reports, NO in
the gas phase was oxidised to NDd surface NQ species and stored on the Ti€urface. Most of
the researchers investigated the oxidation of N& avO, photocatalysts at very low concentrations
of NO (less than 10 ppm) and/or at low gas houpigce velocity (GHSV) of 10-1000"hbecause

2229 and elucidation of the reaction mechanism of NO

their objective was the removal of N air
oxidation?*?> 332 These conditions were quite different from tho$eprctical exhaust gas in
lean-burn engines (typically, concentration of N30 ppm and GHSV > 50,000 Thus, the
potential of the TiQ photocatalyst for NQstorage materials in the cold start condition maisbeen
investigated. In this research, we investigatedglagsisted NQstorage at a high concentration of
NO and high GHSV to assess the potential of the, itkibtocatalyst. In addition, the role of Ba

modification was examined in the performance ofggheto-assisted NGstorage.

Experimental

Catalyst preparation

TiO, powder (ST-01, anatase) was purchased from IshBangyo Kaisha, Ltd. Ba(N{R
(wako, 99.9%) was used without further purificati8a(NQs), was impregnated on the Ti@owder
using a 20 mL of water as a solvent. The catalgstder was tabletted and grinded into granules

with a diameter of 300—6Q@m using 25 and 50 mesh sieves.

Photocatalytic reaction

Photo-assisted NGstorage was carried out using a conventional fbedi flow system at an
atmospheric pressure. A quarts reactor (H12 mm ® Wifin x D1.0 mm, the reactor volume: 0.12
mL) was used for the reaction. 0.13 g of the catajyanules were introduced to the reactor and then
pretreated at various temperatures (298—-873 K)1ii% Q/He gas mixture at a flow rate of 50 mL
min~* for 1 h. The reaction gas composition was as fatdNO (200ppm), ©(3%), He (balance). A
300 W Xe lamp (Perkin-EImer PE300BF) was used &gha source. The outlet concentration of
NOy (NO+NQO;) was measured using a portable gas analyzer (&l&-335). Mand NO products
were analyzed by Shimadzu GC-8A TCD gas chromaptgraThe dead time was obtained as the

time at which the concentration of WNé&xceeded 2 ppm (99% of the conversion of NO) endtitlet
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gas. NQ storage capability (NSC) was calculated as thed sohount of the NQOstored for 1 h from

the start of the reaction.

Characterization

The specific surface areas (SSA) was obtained lopd&rer—Emmett—Teller (BET) method
using N adsorption isotherm measured at 77 K. X-ray difftm (XRD) measurement was
performed on a Rigaku Ultima IV X-ray diffractometgith Cu-Ka radiation A = 1.5418 A). The
crystallite size was determined by the Scherrepsagon using the diffraction peak of anatase,TiO

(101) plane (2= 25.2°) by the Scherrer equation:

_ K
[ cosd

whered is the crystallite size\ is the wavelength of the X-ray radiation (Cukd = 1.5406
A), K is the taken as 0.89, agtis the full width at half maximum (FWHM) of thefffaction peak.
A diffraction peak of single-crystal silicon (1136 = 28.4°) was used as the standard material to
estimate instrumental peak broadening. Tempergitogramed desorption (TPD) experiments were
performed using the same experimental set-up asetwion in a 10% £He gas mixture at a flow
rate of 50 mL mift. After the temperature was kept at 373 K for 3@,rtfie TPD measurement was

started at a heating rate of 5 K mliop to 923 K.

Results and discussion

Fig. 1 shows the time course of the outlet conegioins of NQ (= NO + NQ) for NO
storage under various reaction conditions afteptietéreatment at 773 K in a 10%/Be gas mixture.
Without a catalyst, the concentration of N@creased with the introduction of NO and immeeliat
became 200 ppm. However, the concentration of N©® less than 2 ppm during the initial 530 s of
the reaction (conversion of NO > 99%) over Ti@fter the dead time for the breakthrough of NO
the concentration of NO gradually increased with teaction time and became 175 ppm after 3 h
(not saturated), where,Nind NO products were not detected by the TCD-GCs. Tineamaration
of NO became 200 ppm after 20 h of the reactioneratthe inlet NO gas slipped through the

catalyst possibly because of the saturation offtlde surface by the adsorbed N€pecies. The total
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amount of the stored NGpecies after 20 h was calculated to be 4®6! g*. The surface density
of NO, species was calculated to be 1.4 hiwhen the TiQ@ (100) surface is considered, the density
of the surface Ti atoms was 7.0 Hrand 20% of the surface Ti sites are occupiechbyarsorbed
NOy species assuming a one-to-one relationship bettheestored NQspecies and surface Ti sites.

The addition of Ba drastically enhanced the demé of the NQ slip to 1020 s, which was
almost twice as long as that of the Ti@hotocatalyst. The dead time value meets the derf&d0 s)
for the cold start condition reported by the ICEThe NQ storage capability (NSC) is defined as
the amount of stored NGfter 1 h from the start of the reaction and walsudated to be 25gmol
g . For the typical NSR catalyst, Pt/Ba@k, the NSC at 473 and 573 K was reported to be hd7 a
581 pmol g, respectively. The NSC of the Ba/TiPhotocatalyst was comparable to that of the
typical NSR catalyst containing precious noble rise{®t). Thus, the utilisation of photocatalysts
enables us to eliminate the use of expensive aedoracious metals from the de-N€atalyst.

The NQ storage was hardly observed without UV-light iregidn (Fig. 1, no dead time),
and the NSC was calculated to be 8Bmol g The result clearly indicates that the UV-light
irradiation accelerated the activity of the N&lorage. In the absence of, @he reaction hardly
proceeded, as observed in Fig. 1. In previous tepactive oxygen radicals derived from molecular
O, (e.g.,0,, O, and OHradicals) reacted with the NO gas to form ,N§pecies on the TiO
surface’?> # The significant impact of UV-light and JOgas on the activity suggests that the
reaction proceeded viay@adicals generated under UV-light irradiationdesplayed in the previous

reports**
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Figure 1. Time course of the NGstorage under various reaction conditiafter the pretreatment
773 K. (a): over 50umol g* Ba/TiO, catalyst under UV-light irradiation, (b): over Ti@atalys
under UV-light irradiation, (c): over 500mol g Ba/TiO, catalyst in the dark, (d): over 5@@nol

g ' Ba/TiO; catalyst under UV-light irradiation without,@as, and (e): without catalyst.

Fig. 2 shows the time course of the N&Dorage at various pretreatment temperatures over
the TiG, and Ba/TiQ catalysts. The NSC and dead time drastically @ése@ with the pretreatment
temperature using the Ti@hotocatalyst. Only the diffraction pattern of &as@ TiQ was observed
in the XRD patterns of all the T&&samples before and after the reaction (the datetishown). As
observed in Table 1 (Entries 1-3), the crystaliize of TiQ increased from 8.9 to 28 nm, and the
specific surface area (SSA) of the catalysts desegérom 292 to 50.7 Tj* after the pretreatment
at 873 K. The positive correlation of the NSC ar8ASstrongly indicates that the SSA has a
significant effect on the NSC for the Ti@hotocatalyst.

Ba/TiO, exhibits high resistance to the high-temperatustr@atment; the decrease in the
activity of the Ba/TiQ catalysts by elevating the pretreatment tempezatvas smaller than that

observed for the Ti@catalyst (Fig. 2 and Entry 8, 10, and 11 in TableThe SSA of the Ba/Ti©
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catalyst was almost stable up to 773 K and themedsed at 873 K. The pretreatment at 873 K
slightly decreased the crystalline size of 7i@ the Ba/TiQ photocatalyst from 7.7 to 12 nm,
although this value largely decreased for the,p@otocatalyst. This result clearly indicates tinat

Ba modification suppressed the growth of Tffarticles. Similar effects were previously repdrter
metal doping into Ti@(e.qg.,Si, Zr2® La>** and AF°). The Ba loading enhanced the thermal stability
of the catalyst, which should be one of the reasonghe higher NSC of the Ba/TiZatalyst than

that of the TiQ catalyst. The thermal stability is an advantagehm practical use of lean-burn

engines.
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Figure 2. Time course of the NCstorage at the pretreatment temperatures of 6{&3,K773 K (b}
and 873 K (c). NO: 200ppm, 3%, He balance.
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Table 1. The result of the NQOstorage, the BET specific surface area, and tystalline size of
the TiQ, patrticle.

a SSA /nf gt d®/nm NSC' Dead timé
Entry  Catalyst Temp:
as-syr’  AR®  as-syrf AR® / umol g™ /s

1 TiO, 673 292 235 7.7 8.9 203 573
2 TiO, 773 292 185 7.7 11 177 530
3 TiO, 873 292 50.7 7.7 28 83.6 58
4 Ba/TiGy" 298 180 188 7.7 7.9 156 97
5 Ba/TiQ," 473 180 188 7.7 7.8 124 33
6 Ba/TiGy" 573 180 187 7.7 8.0 108 100
7 Ba/TiGy" 623 180 166 7.7 7.9 125 170
8 Ba/TiQ," 673 180 155 7.7 8.3 230 727
9 Ba/TiQ," 723 180 166 7.7 8.3 228 629
10 Ba/TiQ" 773 180 154 7.7 8.8 225 650
11 Ba/TiQ" 873 180 108 7.7 12 175 306

aPretreatment temperatufSpecific surface area determined by the BET metH@iystalline
size of the TiQ particles.? As-synthesized® After the NQ storage reaction'. NO, storage
capacity after 1 h of the reactidtReaction time after which the outlet concentratdNO, was

less than 2 ppni.Ba loading: 100@mol g™.

The effect of the pretreatment temperature on fttievity of the Ba/TiQ catalyst is
summarised in Table 1. In the pretreatment temperatinge of 298-573 K, the NSC of the BaATiO
catalyst (Entries 4-6 in Table 1) was lower thaat tf the bare Ti@catalyst after the pretreatment

at 773 K (Entry 2) even though the crystalline 2§10, in the Ba/TiQ catalyst was smaller than
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that in the TiQ catalyst. The generation of crystalline Ba@{Owvas observed in the as-prepared
Ba/TiO, catalyst using XRD (Fig. 3), which suggests thatdecrease in the NSC occurs because the
TiO, surface is covered with the impregnated BagN®pecies. The NSC increased drastically upon
increasing the pretreatment temperature from 5&78K. The increase in the NSC was not due to
the change in the SSA because the SSA decreasadlB@ to 155 rhg™. The crystalline size of
TiO, did not change in the pretreatment temperaturemegf 573—673 K, which indicates that the
growth of TiG, particles did not occur during the pretreatmentthis temperature region. To
investigate the effect of the pretreatment tempeeattemperature programed desorption (TPD)
experiments were performed using the same expetanget-up as the reaction in a 10%H2 gas
mixture, and the result of the as-prepared BajTe&talysts is presented in Fig. 4 (experimental
detail in the ESI). By integrating the TPD profilese total desorption amount of NONO+NGO,)
was calculated to be 24#nol, which was consistent with the loading amounN®s~ ions in the
Ba/TiO, catalyst (260umol). The TPD spectrum was reasonably fitted udimge Gaussian
functions with peaks at 694, 806, and 840 K (tkten§ result is presented in Fig. 5). The intensity
crystalline Ba(NQ); in Fig. 3 decreased after the pretreatment atk7aB8d completely disappeared
at 873 K. The XRD results reveal that the TPD pestkihie higher temperatures of 806 and 840 K
were due to the decomposition of crystalline BagN@bserved in the XRD patterns. The peak at
temperatures below 694 K can possibly be attributedBa(NQ), on the TiQ surface. The
desorption of NO started at approximately 600 Kjcltcorresponded to the uptake temperature of
the NSC of 623 K. The generation of NO was obsemelPD experiments, as shown in Fig. 4. In
addition, the concentration of NO in thermal eduilim was calculated using the concentration of
NOx and Q (3%) (TPD experimental condition) and thermodyramparameters of the following
equation from the NIST Chemistry WebBdbk

NO + 1/2Q 2 NO;, K = Pnoa/PrnoPos? (1)

where,Px is the partial pressure of speciesThe concentration of NO detected was much
lower than that calculated especially at tempeestivelow 760 K, which indicates that N@as first
generated at temperatures below 850 K. Thus, tbentlgosition of Ba(Ng), proceeds as described
in the following reaction (27

Ba(NOs), — BaO + 2NQ + 1/2Q )
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Thus, we concluded that the increase of the NS@dwst 623 and 673 K was due to the
generation of BaO, as observed in Eq. (2), andgireerated BaO functions as a N€orage
material in the photo-assisted N€orage as well as the typical NSR catalyst. TBE Mecreased at
the pretreatment temperature of 873 K. At this terafure, the SSA decreased, and the crystalline
size of TiQ increased. In addition, the diffraction peakshaf BaTiQ mixed oxide appeared (Fig.
3). Thus, the decrease in the NSC at 873 K coulduseto the decrease in the SSA of the catalyst

and/or the generation of the BaTi@ixed oxide.

10k cps ® Ba(NO3); M TiO2 A BaTiOs
. |10k cps |2k cps 2k cps
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Figure 3. XRD patterns of the catalysts before and after rémection at various pretreatm
temperatures. TiPbefore the reaction (a), Ba/Tiefore the reaction (b), and Ba/ti@fter the
reaction at pretreatment temperatures of 298 K5(3,K (d), 623 K (e), 673 K (f), 723 ), 773 k
(h), and 873 K (i).
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Conclusions

In summary, we have developed an effective, M@rage method at a low temperature
using TiQ-based photocatalysts under UV-light irradiatione \bbserved that the Ba modification
on a TiQ surface drastically improved the performance ef ¢atalyst. The Ba/TiOphotocatalyst
exhibited 1020 s of dead time, which is sufficitmtthe desired value (800 s) reported by the ICCT.
The effect of the pretreatment temperature was atsdied, and two positive effects of Ba
modification on the NSC were proposed: (i) the Badification inhibits the densification of T{O
particles, which helped to maintain the high SSAT®D, and (ii) the BaO species, which was
generated from the decomposition of Ba@¥O works as a NQ storage material over the
photocatalysts at low temperatures. We concludatl ThO, and Ba/TiQ are promising for NQ
storage materials at low temperatures and havpdtential to reduce NCemissions in the cold start

condition.
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Chapter 6

NO, Storage over Ba-modified TiQ Photocatalysts under
UV-light Irradiation: Effect of Ba Loading and Stru cture of Ba

Oxide Species

Abstract

Effect of Ba loading in photo-assisted N§€orage over Ba-modified Ti(photocatalysts
under UV-light irradiation was investigated by tesmgiure programed desorption (TPD), X-ray
diffraction (XRD), X-ray photoelectron spectroscof}PS), transmission electron microscopy
(TEM), and diffuse reflectance infrared Fouriemstorm spectroscopy (DRIFT). The Ba loading
had a significant effect on the activity of N&torage; the activity increased with increasing Ba
loading up to 50@umol g, and the further increase of the Ba loading dee®ahe activity. Based
on the TPD results, there were at least two BafN€pecies in the as-synthesized catalysts: surface
and bulk Ba(N@),. The surface Ba(N§)» was decomposed to Ba oxide species during the
pretreatment at 773 K, and the generated Ba oxideiass improved the activity. On the other hand,
the amount of the bulk Ba(N{R increased with the Ba loading over 5080l g, which caused the
decrease of the activity. DRIFT investigations eded that bulk BaO was not generated on a TiO
surface because nitrate species adsorbed on Bangate not observed in NO/Qas under UV-light
irradiation. DRIFT, XRD, XPS, and TEM results sugtgel that the surface Ba—Ti mixed oxides with
an amorphous structure was generated during theeptment. Combined with the results of NO
storage, the formed Ba—Ti mixed oxides functionsdaa effective N¢Qstorage material, which

improved the N@Qstorage capacity.
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Introduction

Control of NQ emission in exhaust gas from engines is strongdyuired in terms of air
purification. Many researchers and engineers haen Ixhallenged to develop efficient desNO
technologies. At the stoichiometric air-to-fuel (A/F) ratio of417, three way catalysts are used for
the NQ, removal*® However, under lean conditions (air-rich, A/F 0at20-65), typical three way
catalysts cannot efficiently decompose thexN®harmless Malthough the lean operation of the
engines leads to fuel economy and decreases of @d@ssior:> Two technologies have been
developed for the removal of N@nder the lean condition: selective catalytic i (SCR) and
NOy storage and reduction (NSR). In the SCRsNW¥hich is produced by decomposition of urea, is
introduced into the exhaust gas, and the introdidiggireduces the NQo Np. The SCR have been
investigated by many researchers since 19708sWased catalyst§ and Fe- or Cu- zeolite
catalystd show high activity over 473 K. This technologyvisdely used in stationary emission
sources and mobile emission sources including dessgines in vehicles and trucks. However, the
NOy removal efficiency is low below 473 K.

Low-temperature removal of NQs highly desired in exhaust gas from vehicle pagi
Regulation of NQ emission has become severe year by {eand a recent report by the
International Council for Clean Transportation (lD(ointed out the impact of the N®mission in
the initial stage of engine start-up on the totaission amounts; in the cold start condition below
473 K (approximately 800 s), urea cannot be infedtecause of the low activity of the catalyst to
avoid ammonia slip* Thus, development of low temperature technologyNi®, removal is urgent
task to improve the total removal efficiency of N® the cold start condition.

On the other hand, the NSR technology was firgfyorted by Toyota researchers in 1895.
12 The NSR catalyst is composed of three componenésious metals, alkali or alkali earth oxides,
and supports (e.g., Pt/BaO8k).* In the lean condition, NO is oxidized on Pt sigesl stored as
nitrite (NO,) or nitrate (NQ") species. At that time, BaO functions as a;N@rage material. After
the NQ storage in the lean condition, the engine is dwitlcto the fuel-rich condition for a short

time by injecting the fuels, and the stored,Ni® reduced by the injected fuels intadver Pt site$.
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The lean and rich cycle operation provides the gl removal efficiency®> However, the NSR
catalysts also cannot reduce the,@iciently at low temperatures below 473'K.

Photocatalysts are promising materials in termsugh a low temperature operation. Until
now, several photocatalysts have been reportechéenNO oxidation: Ti@'® N-doped TiQ,*°
metal-modified TiQ,*"*® TiOAl,Os binary oxide’>?° The reaction mechanism of NO oxidation
was also investigated over the Fiphotocatalysts:?® Recently, we demonstrated the Ba-modified
TiO, photocatalysts showed high activity at a practazaidition (gas hourly space velocity: 50,000
h™%, NO concentration: 200 ppm) under UV-light irra@ba, and Ba modification of TiDgreatly
enhanced the activity of NGstorage at low temperatufeThe activity was improved after the
pretreatment in @He gas over 673 K, and the temperature correspgbmalehe decomposition
temperature of Ba(N£) used as a Ba precursor. Thus, the activated Bdeogpecies were
generated during the pretreatment. The structudetfaa role of Ba oxide species is still unclear as
the case now stands.

In Pt/BaO/ALO; system of a typical NSR catalyst, classically, Ba@ BaCQ@ species were
assumed to be NGtorage materiafs'® On the other hand, BaO and»@ react at high temperature
(>1073 K) to form an aluminate phase, Ba®43°>? It was previously reported that the Ba®J}
was a better NQstorage material than BaO and/or BaC®O" although other groups reported that
the generation of BasD, decreased the performantdn addition, TiQ was added to the NSR
catalyst to improve the dispersion of Ba speciasgua strong interaction between Ba and Ti
atoms>® and the tolerance to sulfur poisonifig’ where the high temperature operations resulted in
the generation of mix-oxide phase of Ti and*8% (e.g., BaTi@) In our photocatalytic system,
BaTiOs phase was observed after the pretreatmentfideOat 873 K, and the generation caused the
decrease of NQOstorage activity® Thus, the generation of mixed oxide phase ancetfeet on the
activity should be considered to explain the rofeBa oxide species. In the present paper, the
structure and role of Ba oxide species were ingastd in the photo-assisted N&orage at low

temperature to elucidate the Ba oxide speciesafiivthe NQ storage.
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Experimental

Materials

TiO, (ST-01, Ishiharé&gangyo Kaisha, Ltd) powder was used as purchasailrB nitrate
(Ba(NGs)2, 99.9%) and barium titanate (BaE)Qwvere purchased from Wako co. Itd. (japan). 100—
1000 umol g* Ba/TiO, catalysts were prepared by impregnation using @®8g-. precursor and a

water (20 mL) as a solvent.

Activity tests

Photo-assisted NGstorage was carried out using a fixed bed flowtesys The detail was
shown elsewher®. Briefly, 0.13 g catalyst granules (diameter: 3003-6m) were added to a quarts
reactor (12 mm x 10 mm x 1 mm, volume: 0.12 mLy #ren pretreated at 773 K in 10%/i@e gas
at 50 mL min* for 1 h. The reaction gas (NO: 200ppm; 8%, He: balance) was flowed at 100 mL
min*. A 300 W Xe lamp (Perkin-Elmer PE300BF) was usga dight source. The NGNO+NGOy)
in the outlet gas was analyzed using a portableagak/zer (HORIBA PG-335). Dead time for NO
breakthrough, which was defined as a time wherothket concentration of NOreached to 2 ppm

(conversion of NO: 99%), was used for N@eakthrough in the present research.

Characterization

N, adsorption measurement was performed on a Betsoript (BEL, Japan) at 77 K. The
specific surface are&{gt) was estimated from the,Mdsorption isotherm using Brunauer—-Emmett—
Teller (BET) method. X-ray diffraction (XRD) measunent was carried out using a Rigaku Ultima
IV X-ray diffractometer with Cu-I& radiation £ = 1.5406 A). The crystallite size was determingd b
the Scherrer equation using the full width at hatliximum (FWHM) of the diffraction peak of
anatase Ti@(101) plane. Temperature-programed desorption JTédperiment was performed on
the same experimental set-up as the activity ©st0% Q/He gas at 50 mL min After the
temperature was kept at 373 K for 30 min, the TREsarement was started at a heating rate of 5 K
min up to 973 K. The increase of temperature was @isnitored using a thermocouple and an

integrator. In situ diffuse reflectance infrareduFier transform (DRIFT) spectra were measured
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using an ISDR-600 FTIR spectrometer (JASCO, Japguipped with a mercury-cadmium-tellurium
(MCT) detector cooled by liquid nitrogen at a resimn of 4 cm® with 16 co-added scans. The
sample powder (50 mg) was placed in a diffuse ctdlece cell, which was fitted by a potassium
bromide (KBr) window at the top. The gas compossioof the pretreatment and the DRIFT
experiment were the same as the activity tests.catayst was pretreated at 773 K, and then cooled
to 373 K. A 200 W Hg—Xe lamp equipped with a cdilee lens (San-Ei Electric Co. Ltd.,
UVF-204S type C) was used as a light source. Thekdraund spectrum was measured after the
pretreatment under a He gas flow at the 373 K. K-photoelectron spectroscopy (XPS)
measurement was conducted on an ESCA-3400 spec#mor(fehimadzu, Japan). Sample was
mounted on a silver sample holder by using a camgcarbon tape, and analyzed using Mg K
radiation in a vacuum chamber in 0.1 eV steps. gdwtion of the carbon peak (284.6 eV) for Cls
was used to calibrate the binding energy for alshmples. The surface atomic ratio was estimated
from the band areas of XPS of Ba 3d, and Ti 2p,thrctorresponding relative sensitivity factdts.
Transmission electron microscopy (TEM) observati@s carried out with JEOL-1400 TEM (JEOL,

Japan)

Result and discussions

Effect of Ba loading

Fig. 1A represents the time course of \§forage over Ba/Ti©catalysts with various Ba
loadings. Without a catalyst, N@oncentration increased to 200 ppm immediatethatsame time
as NO/Q gas was introduced to the reactor. 78Dowed activity for NQstorage under UV-light
irradiation, and the dead time for the N©@reakthrough was 530 s. Loading of Ba drastically
extended the dead time for N@reakthrough for all the Ba loadings investigaésdcompared to
TiO,. Fig. 1B shows the dead time in Fig. 1A as a fiomcof Ba loading. The dead time increased
with increasing the Ba loading up to 500l g, and deceased over 5060l g*. The dead time in
500 umol g* Ba/TiO, was 1020 s, which was longer than the period dutire cold start condition
(800 s) reported by ICCT After the reaction after 12 h, the rates of Mfrage were saturated, and
the total amounts of stored N@r 12 h of 500umol g*Ba/TiO; and TiQ were 560 and 388mol
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g, respectively. The modification of TiQuith Ba oxides species improved both the dead anu

the total adsorption amount of NO
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Figure 1. (A) Time course of the photo-assisted \§Dorage over Ba/Tifcatalysts. Pretreatme
temperature: 773 K, NO: 200 ppm;:Q%, He: balance. The numbers represent Ba loadjimgol
g ™). (B) Effect of Ba loading on the dead time foe t8Q, breakthrough.

In the XRD patterns of TiQand as-synthesized Ba/Ti@ith various Ba loading showed
diffraction peaks of anatase Ti@Fig. 2). Diffraction peaks of cubic Ba(NJQ appeared in the
as-synthesized Ba/TiOcatalysts over 25@mol g~ of Ba loading, which indicates that the Ba
species are loaded on Ti@s a nitrate form after the impregnation. Tabtedresents the crystalline
size of TiQ andSser of the catalysts with various Ba loading. In tlsesginthesized catalystSzer
decreased with increasing the Ba loading althobighctystalline size of Ti©did not change after
the Ba loading. The decrease of the surface angasisibly due to a plugging of pores derived from
gaps of TiQ particles’® Without Ba loading (bare Ti§), the pretreatment at 773 K and the
following reaction drastically decreas&ger from 292 to 185 mg™ and increased the crystalline
sizes of TiQ from 7.7 to 10.9 nm, which was due to sintering 8, particles after the pretreatment

at 773 K. The crystalline sizes of TA(8.5-9.3 nm) in Ba/Ti@after the reaction were smaller than
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that of TiQ, after the reaction (10.9 nm). Thus, the Ba loadilegrly suppressed the sintering of
TiO; particles. To investigate of the effect®kr, the dead time was plotted as a functio®gh as
shown in Fig. 3. The dead time increased with iasireg Sser in the case of Ti@ after the
pretreatment at 673, 773, and 873 K (blue trianglesthe several photocatalytic reactiGhs? the
activity strongly depends on the surface area®fptiotocatalyst especially when the adsorption step
of substrates is relatively slow. In this reactitire strong positive correlation between the dead t
and Sger was clearly observed, which suggests that thee@s®m ofSer would be effective to
improve the activity. On the other hand, Ba/T{ihotocatalyst (red circles) showed the signifigant
higher activity than those of TiOwith similar Sser. The activity improvement by the Ba loading
cannot be explained by the surface area (i.e ersgt of TiQ, particles). In addition, there was no
correlation between the dead time &agr in Ba/TiO, with various Ba loading, which suggests that
the dead time is dependent on the amount anddt8a species. The total amount of stored, N

12 h of 500umol g*Ba/TiO, was 1.4 times higher than that of Fi@lthoughSser was almost the
same as shown in Table 1. The results suggesteédhbaBa oxide species generated after the

pretreatment at 773 K functioned as an effective BtGrage material.
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(d)

Intensity (a.u.)

20/ degree
Figure 2. XRD patterns of the as-synthesized Ba/J@atalysts with various Ba loading. (a) O,
100, (c) 250, (d) 500, (e) 750, and (f) 1q0fol g™
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Figure 3. Correlation betweersser and the dead time for the N®reakthrough. Pretreatm:

temperatures were shown next to the symbols.
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Table 1. Crystalline size of Ti@ and BET specific surface area before and after the

pretreatment and reaction.

Ba loading d?/ nm Seer? /M gt
/ umol g™ As-syn® AR As-syn. AR
0 7.7 10.9 292 185
100 7.6 9.3 272 202
250 7.6 9.2 254 189
500 7.5 8.8 228 181
750 7.7 8.5 204 161
1000 7.7 8.5 181 151

3 Crystalline size of Ti@ P Specific surface area estimated from the BET mettfod

As-synthesized! After the pretreatment at 773 K and the followin@storage reaction.

Correlation between the activity and TPD peak areas

TPD experiments were carried out using the as-sgitbd Ba/TiQ catalysts to identify the
active Ba precursors (Fig. 4A). Three desorptioakgenere observed around 710, 800, and 850 K
(referred to as peaks 1, 2, and 3, respectivelgg peak 1 was assigned to the decomposition of
Ba(NG;), in contact with a Ti@ surface, and the peaks 2 and 3 were due to thegesition of
bulk Ba(NQ)..*® Two desorption peaks were observed in the TPD rérpet using a Ba(NE),
reference powder at 840 and 910 K, and the desorgémperatures were higher than those of
Ba/TiO,. The low desorption temperatures in the Ba-moditiatalysts were due to the interaction
between Ti@ and Ba specie$. The peaks 2 and 3 were possibly due to the decsitigro of the
surface and inner part of bulk Ba(3@?° The areas of peaks 1, 2, and 3, which were esthfadm
a peak fitting using three Gaussians, were plaitginst the Ba loading (Fig. 4B). The area of peak
1 increased with the Ba loading up to 50@0l g*, and was saturated over 5@6ol g*. On the
other hands, the areas of peaks 2 and 3 showeshthe tendency; the areas of two peaks were low
below 250umol g, and the further increase of the Ba loading rapiitreased the areas of the two

peaks. The same tendency supports the above assigtimat peaks 2 and 3 were derived from the
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bulk Ba(NQ).. As shown above, there are at least two Bafp®pecies in the as-synthesized
Ba/TiO,; one is the surface Ba(NJR in contact with a Ti@ surface, and the other one is the bulk
Ba(NGs), without a contact with a Tigsurface.

The effect of the Ba loading on the activity waplaeined by the amount of two Ba(NR
species estimated from the TPD spectra. The deagditi Fig. 1 increased with increasing the area of
peak 1 derived from the surface Ba@®OThe correspondence between activity and the atrafun
surface Ba(N@), indicated that the surface Ba(k)eon a TiQ is a precursor of active Ba oxide
species for the NOstorage. On the other hand, over 5@l g*, the activity decreased in spite of
the fact that the amount of the surface BafN@.e., area of peak 1) did not change. The bulk
Ba(NGs),, which was inactive for the reactiGhwas generated, and the amount increased with the
Ba loading. The increase of the Ba loading from &00000umol g decreased the TiGontent in
the catalyst by 13 wt% because the 500 and 10@6l g* corresponded to 13 and 26 wt%,
respectively. The decrease of Bi€hould decrease the activity because, MOrks as an oxidation
site in the reaction. Thus, amounts of the surBa@NO;), and the inactive bulk Ba(N{ affected

the activity, which resulted in the non-correlatlmetweerSser and the activity in Ba/Ti@in Fig. 3.
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Figure 4. (A) TPD profiles of as-synthesized Ba/TLiCatalyst with various Ba loadings of (a) 1
(b) 250, (c) 500, (d) 750, and (e) 1000l g*. (B) Desorption amounts of N@stimated from tt

peaks 1, 2, and 3 as a function of Ba loac
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DRIFT investigation

DRIFT spectra were recorded at various exposurestiof NO/Q gas in the dark. In the
case of TiQ (Fig. 5A), the peaks at 1622, 1480, 1322, and 184 increased with the exposure
time of NO/Q gas. The peaks at 1480, 1322, and 1194 erare assignable to NOspecies, and
the peak at 1622 cthto NO;~ specie$? The co-adsorption of NO and, @roduced N@ and NQ~
species via adsorption and oxidation, which wagmwith previous reports using several transition
metals including Ti@**“*® After the irradiation, the peak intensity at 116di* monotonically
decreased with the irradiation time, which indisatbat the N@ species are consumed under
irradiation. On the other hand, the intensities®fv peaks at 1603, 1582, 1496, 1302, and 1249 cm
increase and are saturated after 20 min of irradhiatvhich is due to the generation of N@pecies
with bridging (1603, 1249 cr), chelating (1582, 1302 ¢, and monodentate (1496 Tinforms?*
4243 Thus, the N@ species are an intermediate in N€orage, and are oxidized into the NO

species under irradiation (egs. 1 and 2).
NO O B¥f -~ NO;, NO; )

NO; O Baft - NO; @

DRIFT spectra in 50Qmol g Ba/TiO, were shown in Fig. 5B. In the dark, peaks at 1620,
1477, 1379, and 1210 appeared after 30 min of afOh@as flow, and attribute to NOand NQ~
species adsorbed on Ti sites because the peaksobeeeved in the case of TAQDther peaks was
also observed at 1379 chand around 1200 cth(shoulder peaks) in Ba/TiQwhich is possibly due
to the NQ~ species based on the wavenunieXlthough a small difference was observed in the
DRIFT spectra between Ti@and Ba/TiQ in the dark, the difference was not a direct evgeof the
improvement of the activity by Ba loading underdiation because the activity of N€torage was
quite low (no dead time) in the dark over Ba/Zif®The DRIFT spectra of Ba/Titafter irradiation
in NO/Q, gas were similar to that in the case of Zi@dsorption peaks at 1601, 1580, 1502, 1295,
and 1254 cnt increase with increasing the irradiation time ®t. The previous reports using
BaO/AlLO; catalyst showed that N@dsorbed on a BaO surface as ionic and bideniate $pecies
and the adsorbed NOshow the IR peaks at 1550 @m{bidentate), and 1320 and 1410 ¢m
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(ionic).>* **In our DRIFT investigations, the bands were natesbed under irradiation. The results
clearly indicates that the bulk BaO is not generatéer the pretreatment. Absence of bulk BaO

species suggests that Ba species are stronglpdatéerwith TiQ as reported previousfy.

15|82 (A) TiO, 1580 (B) Ba/TiO,
_ 1603T . 1601\|| 1502
. 1496 .
= |0_1 |, 1302 1249 =
) A 7 8,
o ; ()
&) : (&)
C ! c
o . ©
o] : o]
o : e
o ; (@]
(7p] ; (72]
2 (b) | 14|8° 1322 1194 2
s 2 i\-wl\‘ | /"‘
: - '\--‘-”\,\,'1
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Figure 5. DRIFT spectra of (A) Ti@and (B) 500umol g Ba/TiOs. (a): after the pretreatment
773 K, (b): after addition of NO/{gas for 30 min in the dark, (c): after irradiatimn 3 h in NO/Q

gas.

XRD pattern and TEM image

Fig. 6 shows the XRD patterns of Ti@nd 500umol g Ba/TiO,. In all the catalysts, the
diffraction peaks of anatase Ti@ere observed. In as-synthesized BajJiDe diffraction patterns
of Ba(NGs), was observed, and the pretreatment at 773 K deedathe peak intensities. The
decrease of the peak intensities is due to thendeasition of Ba(N@), on a TiQ surface based on
the TPD results. No other peak was observed dfeeptetreatment at 773 K, which suggests the Ba

oxide species had an amorphous structure. AfteNtBestorage, the peaks derived from BaghO
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did not change compared to Ba/%iéfter the pretreatment. From TEM images (Figti@, particle
size of TiQ in the as-synthesized Ba/TiQvas approximately 7-9 nm, which accorded to the
crystalline size estimated from XRD (Table 1). Tparticle size hardly changed after the

pretreatment at 773 K, and the following reaction.

(A) TiO, (B) Ba/TiO,

| 4 keps 4 keps

(c)

(b) (b)

L L

Intensity (a.u.)

(a) (@)

lIlI|IIII|l|l||l|ll|l|||||||| lIIlIIIII|IIlI|lIlI|1IIl|IIII

10 20 30 40 350 60 10 20 30 40 50 60 70

260/ degree 20/ degree

Figure 6. XRD patterns of (A) Ti@and (B) 50Qumol g Ba/TiO,. (a): assynthesized, (b): after t

pretreatment at 773 K, (c): after the reac
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B)

D)

Figure 7. TEM images of (A) TiQ, (B) as-synthesized Ba/T¥J(C) Ba/TiQ after the pretreatment
and (D) Ba/TiQ after the reaction. Ba loading: 5afhol g™.

XPS measurement

Fig. 8A shows Ba 3¢ XPS of the Ba-modified catalysts. The peak positbBa 3d,, XPS
of the as-synthesized Ba/Ti@vas 779.9 eV. The peak positions in Ba/J&dter the pretreatment
and the following reaction were 780.2 and 780.1 ed&pectively, and peak shift was hardly
observed. The positons in the Ba-modified cataly&ie different from that in the BaTi®@eference
sample (778.8 eV). In all the Ba-modified catalysite peak positions of Ti gpwere 458.4-458.5
eV (Fig. 8B), which were equal to that in Ti(158.4 eV). In the case of BaT4Qhe peak position
was 458.1 eV and was higher by 0.3-0.4 eV comptodtie Ba-modified catalysts. The results
indicate that the BaTiQphase do not generated both after the pretreatangshtthe following
reaction. The Ba/Ti surface atomic ratio was caltad from XPS. The pretreatment drastically
increased the Ba/Ti ratio from 0.03 to 0.19, ancrel@sed to 0.12 after the reaction. The increase in

the Ba/Ti ratio clearly evidenced the structurarye of Ba oxide species after the pretreatmedt, an
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can be explained by a 2D layer structure of Ba @xsgecies. The 2D structure of Ba species
accorded with a model proposed by Ozensoy et dhgus substrat®® and suggested the

above-mentioned strong interaction between Ba csjigeies and Ti9

| 500 cps (A) Ba 3d.,, | 2 keps (B) Ti 2p
4640 4584 .. 4581
: (e)

Intensity (a.u.)

(a)

784 780 776 468 464 460 456
Binding energy / eV Binding energy / eV

Figure 8. XPS of (A) Ba 3¢, and (B) Ti 2p. (a): asynthesized, (b): after the pretreatment at
K, (c): after the reaction, (d): BaTiO(e): TiO..

Active Ba species in photo-assisted NGQtorage

NOy storage model is shown in Scheme 1. Ba{h@ loaded on a Ti®surface after
impregnation. The @He pretreatment at 773 K decomposes the surfa@eé@g to active Ba oxide
species with releasing the NO'he active Ba oxide species has an amorphoug@nayer structure
based on the XRD and XPS analysis. The DRIFT redethlat the N©@ species were adsorbed on Ti
sites after N@storage over Ba/Ti§)which suggests that the generated, Nfecies do not adsorb to
Ba atoms directly. In the previous report, bariurthatitanate (BaliO4) was observed during the
reaction between BaO/BaG@nd TiQ (110) rutile single crystal by XRD technique, gmmdposed
that BaTiO, was an intermediate phase for BaJi@rmation?’ In addition, generation of
perovskite-type Ba—Ti surface species (e.g., BaTad BaTiO,4) was reported after Ba deposition
over TiG/Pt(111) and following oxidation with £at 573-973 K by XPS, and their LEED images

showed that the Ba—Ti surface species has an amosgtructuré® In our previous reports, BaTiO
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was observed by increasing the pretreatment temypertom 773 to 873 K and at the temperature,
the activity of NQ storage decreased becaSser decreased at the same time of the generation.
Accordingly, Ba—Ti surface species can be genermtdtie Q/He pretreatment at 773 K with an
amorphous structure in our photocatalytic systerasides, adsorption of NOon perovskite
compounds including BaTiwas investigated, and these perovskites showadga NQ storage
capacity in spite of lovser, (i.e., surface density of NOspecies was high on BaTjJ® Based on
the relationship between the N@Gtorage capacity an8ser, they proposed that the perovskite
structure was partially decomposed during,N@sorption process and releasing the storeg|&&dl

to the recovery of the perovskite structure, whiebulted in the high NOstorage capacity. In our
experiments, 50Qmol g Ba/TiO, showed 1.4 times higher N@Gtorage capacity than that of BiO
despite similarSer (Table 1). Thus, the amorphous Ba-Ti mixed oxides formed on a Ti©
surface after the pretreatment and stored, N@ore densely than T#OWe concluded that the

generation of Ba—Ti mixed oxides leads to the hggbrage capacity of NOunder UV-light

irradiation.

Ba(NO,),

\ ¢ ) p"er

. e
223 4 g Ba-T d oxid

_ k e a-Ti mixed oxide
TiOz surface \O? (amorphous)
NO;- species xOF '

Scheme 1Surface model of Ba oxide species.
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Conclusions

We investigated the effect of Ba loading and acBeeoxide species in photo-assistedy,NO

storage over Ba-modified Ti(hotocatalyst under UV-light irradiation. The Beadling affected the

amounts of the surface and bulk Ba@{Ospecies in the as-synthesized catalysts with vari®a

loadings, and the amounts predominated the actiVitye surface Ba(N§), was decomposed after

the pretreatment at 773 K into an active Ba-Ti mix&ides with an amorphous structure. It was

firstly proposed that the surface amorphous Ba—iketh oxides functioned as an effective NO

storage material.
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Summary

In this thesis, the author investigated the twa$ypf photocatalytic de-NQeactions at low
temperature over Tigbased photocatalysts; part | is concerned withtghgsisted selective
catalytic reduction (photo-SCR), and part Il deaith photo-assisted NGstorage. In both of these
photocatalytic reactions, NO was removed efficienthder UV and/or visible light irradiation. the
author successfully improved the photocatalytiaviaets by surface modification of Ti¥with
organic and inorganic materials to put these pladtdgtic systems into practical use. Besides, the
nature of the high activity and the working meckaniwere stated on the basis of the mechanistic

and structural analyses using the various spedpiscnethods.

In Chapter 1, the author found the reaction tentpegahad a significant effect on the
photo-SCR activity of a Ti® photocatalyst under irradiation. Optimization dfet reaction
temperature significantly increased the conversjpmo 84% with selectivity to Nof 100% at a high
GHSV of 100,000 H (at 433 K). Kinetic analysis revealed that theedétermining step of the
photo-SCR was decomposition of surface,NB intermediates in all the range of the reaction
temperature investigated (353-593 K). The authackmled that the activity improvement was due
to the acceleration of the rate determining stepetbaon the kinetic analysis. The above result

suggests the utilization of residual heat from pagiis effective to obtain high activity.

In Chapter 2, the author established that modiboadf a TiQ photocatalyst with porphyrin
dyes was effective for the development of visilbdgd-sensitive photocatalysts.
Tetra(p-carboxyphenyl)porphyrin (TCPP) was the mef$¢ctive photosensitizer among the five
porphyrin derivatives investigated. NO conversiaod &b selectivity of 79% and 100% respectively,
were achieved at a GHSV of 50,000 hunder visible-light irradiation. UV-Vis and
photoluminescence spectroscopies showed that tipegagion of TCPP drastically decreased the
activity. Thus, suppression of the aggregation ne of the methods to improve the photo-SCR

activity of the dye-sensitized Tiphotocatalysts.

In Chapter 3, the screening of dyes significantiifanced the photocatalytic activity in the

photo-SCR over the dye-sensitized Ti@hotocatalysts under visible-light irradiation. Ang the 15
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dyes investigated, the maximum conversion was geHbiesing a Ru(2,2'-bipyridyl-4,4'-dicarboxylic
acidp(NCS), complex (N3-dye) for the modification of TH@QNO conversion > 99%, Nselectivity

> 99%). The reasonable reaction mechanism was peopasing several spectroscopic methods;
surface nitrite (N@) intermediates was found to be responsible forhilgl selectivity to M The
conversion obtained was enough for practical usaabile NQ emission sources such as buses and

trucks.

In Chapter 4, the effect of S@as was investigated on the activity in the pH®&R over a
TiO, photocatalyst in the presence of excess oxygdroduction of SQ (300ppm) decreased the
activity at 373 K. Increment of the reaction tengtare enhanced the tolerance to,$@s, and a
stable conversion of NO was obtained at 553 K. Basethe characterization of the catalysts after
reactions, we concluded that the deposition of amam sulfate species decreased the specific
surface area by plugging the pore structure ofctitalysts and the decrease of the specific surface
area resulted in the deactivation of the catalyStgpression of the generation of the ammonium

sulfate species is a strategy to improve the totdo SQin photo-SCR.

In Chapter 5, the photo-assisted NGtorage was investigated over the BakliO
photocatalysts under UV-light irradiation at a hi@HSV of 50,000 H. The author clearly
demonstrated that the Ba loading enhanced theitsctifter the Q pretreatment at 673 K. The NO
removal efficiency was kept > 99% during the 1026terval from the start of the reaction over the
Ba/TiO, photocatalyst. The TPD and XRD measurement rede#il@at barium oxide species
functioned as a NOstorage material even at low temperatures, whashlted in the improvement of

the performance of the photo-assistediNtorage.

In Chapter 6, the author investigated the strectiirBa species active for the N&orage
under UV-light irradiation. The DRIFT investigatioavealed that bulk BaO was not generated on a
TiO, surface because nitrate (BlDspecies adsorbed on Ba sites were not observBiDI, gas
under UV-light irradiation. Considering the DRIFKRD, XPS, and TEM results, the author
proposed that the surface Ba—Ti mixed oxides witlmorphous structure was generated during the

O, pretreatment and the formed Ba—Ti mixed oxidestioned as an effective N@torage material.
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In summary, Ti@based photocatalysts exhibited high activity fbe photo-SCR and
photo-assisted NQstorage under high GHSV conditions. The authoartfedemonstrated the
effectiveness of photocatalysts for the N€ission control at low temperature in the exhgast
The reasonable working mechanisms were proposedghout the researches. These findings are
believe to be contribute to the development of temperature de-NOsystems for the exhaust gas

in the future.
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Appendix

Effect of a Crystalline Phase of TiQ Photocatalysts

on the Photodeposition of Rh Metal Nanoparticles

Abstract
Effect of a crystalline phase of Tis investigated in the photodeposition proces$dsho

metal nanoparticles on Tiphotocatalysts having anatase and rutile phasedans of in—situ time—
resolved energy dispersive X—ray absorption fineicstire spectroscopy (DXAFS), transmission
electron microscopy (TEM), and X—ray photoelectspectroscopy (XPS). The important factor was
neither its crystallite size nor its specific sedaarea, and was the crystalline phase. In sitatim
resolved DXAFS analysis clarified that the Rh metahoparticles with a uniform size appear on
both anatase and rutile phases of JJi@hereas the appearance rate of Rh metal nandpatrti
decreases with the photoirradiation time only aanltile phase of Ti@) The TEM observation and
XPS depth analysis revealed that the bare surfapbaiodeposited Rh metal nanoparticles on the
rutile is exposed, although that on the anatagmisally covered with Ti@ due to strong metal—

support interaction (SMSI) between Rh metal nanaoparand TiQ.
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Introduction

It has widely been recognized that the photodejpositvhich Bard et al. have reported in
1978 is a very valuable method to recover of noble teéthto remove metal cations from aqueous
effluent>” and to prepare metal-supported catafy’stand metal-promoted photocatalySts®
Photoexcited electrons in a photocatalyst reductalnoations that have more positive reduction
potential than the conduction—band level of thetptatalyst. The simultaneously generated holes in
the valence band are consumed with oxidation @aatant such as alcohol, aldehyde, or carboxylic
acid’ > In the several studies, it is found that the mspeicies were photodeposited on specific sites
on a photocatalyst, for example, an edge or plérephotocatalyst crystallité:*® Interestingly, the
morphology of the resulting metal nanoparticlesagyevaries among the kinds of photocatalyst.
These phenomena inspire us to study the systeikiagtics and mechanism for the formation of
nanoparticles as well as the structure of resultmgjal species. X—ray absorption fine structure
(XAFS) spectroscopy is a powerful method to elumdéhe formation process of the metal
nanoparticles and reactivity of surface speti@é. Fernandez et al. have observed the
photodeposition of Au nanoparticles by an in sithAES measurement, where the suspension
composed of an Au precursor and Ti®as pumped out from the photochemical reactorh® t
XAFS measurement cell under photoirradiaGdf’ We have also successfully observed the
photodeposition process of Rh metal nanoparticlesTi®, using in situ time-resolved energy
dispersive X-ray absorption fine structure spectnpyg (DXAFS), and proposed unique particle—
formation mechanism that Rh metal nanoparticle$ w&ituniform size constantly appear one after
another on the surface of Ti®?° We have also successfully observed the formationgss of Rh
and Au nanoparticles by means of time—resolved IQEFS experiment§’ !

Recently, we reported that photodeposited Rh anchétal nanoparticles on T}JJRC-
TIO-8, anatase) were modified with Ti@which is well-known as a key species in the strong
metal-support interaction (SMSH >3 Generally, the SMSI can be observed when groupndble
metals (e.g., Pt, Rh, Pd, and Ir) on reducible @4dpports (e.g., TKkand NbOs) are treated with
H, at high temperature and causes the modificatiometial nanoparticles with reduced supports
(e.g., TiQ) generated by Htreatment. It is both interesting and incredidtattthe SMSI take

places by photoirradiation at room temperature @l & by H treatment at high temperature. Most

130



probably, TiQ generated by the photoirradiation of Fi@ause the modification and the
disorganized structure of Rh and Pt metal nanapesti Amount, type and property of Ti§)
therefore, may have an effect on the SMSI in thetquteposition process. Li et al. reported that the
SMSI occurs by Kreduction at lower temperature on anatase, Ti@n on rutilé’ suggesting that
the crystalline phase of T¥photocatalysts affects the interaction of Rh nsetaild TiQ. In this
study, we investigated the photodeposition prosessé Rh metal nanoparticles on TiO
photocatalysts having anatase and rutile phasdghair structure by means of in situ time-resolved

DXAFS spectroscopy, XPS with sputtering, TEM obs#ion.

Experimental

Materials

TiO, samples used in this study (JRC-TIO-1, 3, 6, 8,14)) were kindly supplied from the
Japan Catalysis Society. All the samples were madtin air at 673 K for 3 h before use. Crystalline
phase of each TiDwas determined by X—ray diffraction technique (XYRDhe crystallite size was
estimated from the use of the Scherrer's equatidme specific surface area of sample was
determined using Nadsorption isotherm at 77 K. Crystalline phasesiase areas, and crystallite
sizes of TiQ used in this study were listed in Table 1. In théper, for simplicity, we denote the
phase and the catalyst like-X whereN is the catalyst name JRC-TIN-andX is A or R meaning

anatase or rutile, respectively; i.e., JRC-TIO+&fase) t@&-A andJRC-TIO-3 (rutile) t8-R.

Photodeposition

The photodeposition of Rh nanoparticles on lW@s carried out in a closed batch system.
As a typical photodeposition method, 500 mg of JJias suspended in 3.2 mL of methanol in a
batch reactor made of Pyrex glass with a flat mgiwindow for irradiation, followed by the addition
of 0.8 mL of an aqueous solution of RpQWako Pure Chemical Industries, Ltd., 0.076 mmfol o
Rh). The suspension was irradiated with a 200 W X¢gtamp equipped with fiber optics, a
collective lens, and a mirror (San—Ei Electric Qdd., UVF-204S type C) after Noubbling for 10
min. Then the suspension was filtered, and theluasipowder was washed with 100 mL of purified

water and was placed in an oven at 353 K.
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Time-resolved dispersive XAFS measurements

In situ time—resolved DXAFS measurements at thekRédge (~23.2 keV) were performed
at the BL28B2 beamline of the SPring—8. The DXAF®asurement system consists of a
polychromator set to a Laue configuration with §422) net plane and a position—sensitive detector
(PSD) mounted on é-20 diffractometer™ 2’ The X—ray energy was calibrated by the spectrum of
Rh foil. The above—mentioned Pyrex reactor with shispension was set at the X—ray focal spot.
Light irradiation of the reactor was synchronizeithvexposure to X—rays. The exposure time of the
PSD was 249 ms. Fifty shots were accumulated; 18.4®r a spectrum. We programmed the
collection of 500 snapshot spectra (124.5 s) indak and then 7000 snapshot spectra (1743 s)
under photoirradiation consecutively. The measurgmeogram was repeated four times to obtain
the spectral change at 116.2 min under photoirtiadiaAnalysis of XAFS spectra was performed
using the REX2000 program (version 2.5.9, RigakupQo Thek®~weighted EXAFS oscillation in

the range of 2.78-10X was Fourier—transformed.

Characterization

XPS spectra were acquired using an ULVAC PHI 55008§%tem. Samples mounted on
indium foil were analyzed using MgoK , radiation (15 kV, 400 W) in a vacuum chamber X<10™®
Torr). The electron takeoff angle was set at 45AdBig energies were referenced to C 1s peak of
residual carbon at 284.6 eV. Sputtering was perarioy a Xe ion beam (3.0 kV) with raster size
1.1 mmx2.1 mm. TEM, STM, and EDX mapping images were otgdiwith a JEOL JEM—2100F
transmission electron microscope operating at aeleating voltage of 200 kV. TEMsamples
were prepared by depositing drops of a methangbenugon containing small amounts of the

powders onto a carbon—coated copper grid (Oken€lwojLtd.) .
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Table 1.Properties of various Tiphotocatalysts.

Crystalline phase  Crystallite size (nm) Specific surface area (g

JRC-TIO-8 Anatase 15.5 91.0
JRC-TIO-1 Anatase 18.7 75.1
JRC-TIO-10 Anatase 16.9 128
JRC-TIO-3 Rutile 21.9 47.1
JRC-TIO-6 Rutile 24.0 50.5

Results and Discussion

XANES spectra

Fig. 1 shows a series of Rh—K edge XANES spectrghefsuspension comprised of a
methanol aqueous solution of RR@nNd3-R under photoirradiation. The edge energy of XANES
shifted to lower photon energy with the elongatadrphotoirradiation time. The XANES spectrum
after 116 min of photoirradiation was almost ideatito that of the Rh foil. This result indicatésit
Rh** ions are reduced to Rimetals by photoirradiation. There is no changéhi spectrum from
RhCk without TiG, or photoirradiation. The XANES spectral changaesponding to the reduction
of Rh** ions to RA metals exhibits the isosbestic points, which iatés that R ions are reduced
to RH metals without any intermediates within the meabler time. All the Rh—K edge XANES
spectra can be represented with the linear combmaif the two XANES spectra; one is that of
Rh** ions in the initial state and the other is thaR&f metals in the final state. The least—squares
fitting of each XANES spectrum with the linear camdtion allowed us to obtain the fractions of the
Rh’ metals and R¥ ions using3-R and 8-A as shown in Fig. 2. The fraction of Rmetals
increased with the photoirradiation time in both dases. In the case R, the rate of an increase
in Rh’ metals decelerated with the photoirradiation tand the fraction of Rhmetals was saturated

after 90 min. The deceleration of the increasirig o R metals means that the rate of reduction of
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Rh** ions to RA metals was lowered with photoirradiation time ttie case 08-A, the Rf metal
fraction linearly increased with photoirradiatiomé and became constant at 75 Mimhich means
that the Rf" ions are reduced to Rimetals at a constant rate. On the other handpehavior of
reduction of RA" ions to RA metals on3-R is different from that or8-A. When the other rutile
phase of TiQ was used, the reduction rate of®Ripns decreased with photoirradiation time as
represented by the case®R, whereas, the reduction rate of'Rlons on the anatase phase of iO
were constant with photoirradiation time as repnésg by the case &-A (Fig. 3). The behavior of
reduction of Rfi" ions to RA metals on the rutile is different from that on dretase. These results
strongly suggest that the crystalline phase of, Tiés an effect on the formation rate of Rietals

for the photodeposition.

Normalized absorption (arb. unit)

23.20 23.25 23.30 23.35
Photon energy / keV

Figure 1. XANES spectra at the Rh—K edge of reference sasapld the suspension consisting
methanol aqueous solution of RB@nd 3—-R: (a) before irradiation, (b) under irréidia, (0 afte

irradiation for 116 min, and (d) Rh foil.
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and (b) TiQ (anatase), 1-As«(), 8-A (A), 10-A ().

EXAFS spectra

Figs. 4 and 5 show a series of Rh—K edge EXAFStspet Rh species for photodeposition
on 3-R and Fourier transforms (FTs) of them. In Fig.He peak located at 1.73 A is assignable to

the mixture of Rh—Cl and Rh—O scattering of Rhi@lsolution and adsorbed on i The height
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of the peak at 1.73 A decreased with increasingtgiftadiation time, and an alternative peak
appeared at 2.45 A. The peak at 2.45 A is assignethe Rh—-Rh scattering of Rhmetal
nanoparticles generated by photoirradiation. Thakgeeight at 2.45 A rose with photoirradiation
time and saturated at 90 min. The structural parersécoordination number, interatomic distance,
energy shift, and Debye-Waller factor) were obtdidgy a curve-fitting analysis. The structural
parameters at the selected photoirradiation times ligted in Table 2. Fig. 6 demonstrates
dependence of the C.N.(Rh—Rh) estimated from aecfitting analysis of EXAFS spectra in the case
of 3-R and 8-A on the photoirradiation time. In the case3eR, the increase in the amount of
change of C.N.(Rh—Rh) value was getting sluggisi wie photoirradiation time and the value was
saturated after 90 min of photoirradiation. In thase of 8-A, the C.N.(Rh—Rh) increased
proportionally to the photoirradiation time, andairted to 10 after 75 min of photoirradiationin
both the cases, the behaviors of the C.N.(Rh—Rbhhgh perfectly corresponded to those of the

fraction of R metals estimated from analyses of XANES spectra.
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Figure 4. Series of k>-weighted Rh-K edge EXAFS spectra of Rh specikging th

photodepositio on 3-R.Before irradiation: a dotted line, and after iratdn for 116 min: a bla

solid line.
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Table 2. Curve-Fitting Results of the Rh-Rh Scattering of #iT of EXAFS Spectra at Selected

Photoirradiation Timés

photoirradiation time

TiO, ' min C.N.(Rh-Rh}  r/A®  AEf/eV®  o/A® R

3-R 29.1 4.5 2.69 0.3 0.061 0.47
3-R 58.1 7.1 2.68 0 0.060 0.18
3-R 87.2 9.3 2.69 0.5 0.062 0.05
3-R 116.2 9.6 2.69 0.4 0.063 0.07
8-A 29.1 4.5 2.70 0.8 0.062 0.19
8-A 58.1 8.4 2.69 1.3 0.062 0.03
8-A 87.2 10.6 2.69 0.7 0.062 0.02
8-A 116.2 10.4 2.69 0.5 0.061 0.02

A Rh foil is used as a reference. The R fittinggeuis 2.07-3.66 A°C.N.(Rh-Rh): coordination
number of Rh-Rh’r: interatomic distancé.AE,: energy shifc: Debye-Waller factor’. So-called R
factor.
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Figure 6. Photoirradiation time dependence of the C.N.(Rh-Rhhe case of 3—Roj and 8A
(A).
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Generation model of Rh nanoparticles

The C.N.(Rh-Rh) estimated from EXAFS analysis heeaverage for all the existing Rh
ions and Rh atoms. Only Rhatoms have Rh-Rh bonds and®Rfons do not have. Thus, the
C.N.(Rh—Rh) is given by

C.N.(RA-Rh)=C.Ng X rro (1)

where the C.Nuois the coordination number of Rim the nanoparticles and the$is the fraction

of RH’ in the suspension. By using Eg. 1, the photoiataii time dependence of the GsN.in the
case of3-R and8-A is calculated from the Rimetal fraction and the C.N.(Rh—Rh) shown in Fig. 2
and Fig. 6. As a result, the Ca\b on 3-R and8-A were constant with photoirradiation time (Fig. 7).
This result indicates that Rh metal nanoparticlgl & uniform size appear one after another on both
kinds of TiQ, during the photodeposition and the sizes nevewagup. It is concluded that the
difference in variation of C.N.(Rh—Rh) betwe8AR and8-A resulted from the difference in the
appearance rate of Rh metal nanoparticles. In etbeds, the Rh metal nanoparticles with a uniform
size appear both on the anatase and rutile, wheteasappearance rate decreases with the

photoirradiation time only on the rutile.
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Figure 7. Photoirradiation time dependence of the C.N.(Rh-8HRH metal in the case of &(0)
and 8-A @&).
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TEM, STEM and EDS analysit

Fig. 8¢ shows a TEM image of [-8A. Rh particles with a spherical shape were
observed.The particle boundaries of the Rh metal sp¢ are not identified in the TEM ima
although theexistence of an Rh metal species is identifiedragrgdot in the overlay ofan EDS
mapping image ¢ a STEM imag: (Fig. 8k). Thus, weconclude: that the Rh species on anat
phase of Ti(; had adisordered structu, which would be due to the SM*? On the other hanc
aggregated Rlspecie were observe on 3-R as shown in Figs. 8c and . The aggregated F
species were composed of primary Rh nanoparticlde particle size of the primary F
nanoparticles was smaller than 5 nm, which corneded to thediameterestimated fror EXAFS
spectra. In addition, the secondary Rh mspecieswere not decorated kTiO,, suggesting th

interaction between Rh metal and rutile phase @, was lower than that between Rh metal

anatase phase of T,.

Figure 8.(a) TEM image and (b) overlay of EDS mapping imag STEM image of R—8-A, (c,d)
TEM image of R—3-R.

XPS andsputtering by Xe ions
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Fig. 9 shows the Rh 3d XPS of Rh metal nanopastipleotodeposited o8A (Rh—-8-A)
and3-R (Rh-3-R). The peak of Rh 3@ XPS ofRh—8-A appeared at 306.6 eV, which was lower
energy than that of the Rh foil at 307.0 ®The lower energy position of the peak indicates th
more electron-rich surface of metal nanopartidiesias reported that the peak of Rhs3@XKPS of
Rh metal nanoparticles modified by Ti©Qwas found to be located at lower energy than ah&he
Rh foil.3? 3" Rh-8-A is reasonably assumed to be in the SMSI stateh®mwther hand, the peak of
Rh-3-R appeared at 307.2 eV, which is approximately etmuahe peak energy of Rh foil (307.0
eV).* The Rh metal nanoparticles Bh—3-R would more weakly interact with TiGhan those of
Rh-8-A. XPS measurements were carried out at a givertesmg time by Xe ion in these two
samples. The composition ratio between Rh and T/TRratio) at a given sputtering time was
evaluated from those peak areas divided by resgeatbmic sensitivity factorS. The variation in
Rh/Ti ratio with sputtering time dRh—3-R and Rh—-8-A is shown in Fig. 10. The Rh/Ti ratio of
Rh-3-R was constant with the sputtering time, whereag tfaRh-8-A increased with the
sputtering time and approached to 1.3% after 14 ofisputtering. This change in Rh/Ti ratio
indicates that the photodeposited Rh metal nanicfeston3-R are not decorated, although Bi©
generated by the photoirradiation of Fi@odifies the Rh metal nanoparticles A due to the

SMSI between the Rh metal nanoparticles ancdFiO

' | 306.6

Intensity / kcps

:[1 (b)

-——7— —
320 315 310 305
Binding energy / eV

(@)

Figure 9. Rh 3d XPS of (a) Rh—3-R and (b) Rh—8-A.
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Conclusion

In the photodeposition process, the Rh metal natiofes with a uniform size appear on
both anatase and rutile phase of ZiDhe appearance rate of Rh metal nanoparticlesristant on
the anatase while it decreases with the photoateh time on the rutile. The Rh metal species on
the anatase is covered with BjGilthough the aggregated Rh species, which is osetpof the
primary Rh nanoparticles on rutile phase of Ji@e not decorated. The crystalline phase of, TiO
has a significant effect on both the formation ps¥x of Rh metal particles and the structure of

photodeposited Rh species.
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