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Role of Platinum Deposits on Titanium(lV) Oxide Particles: Structural and Kinetic
Analyses of Photocatalytic Reaction in Aqueous Alcohol and Amino Acid Solutions

Bunsho Ohtani,*t# Kunihiro Iwai, T Sei-ichi Nishimoto;" and Shinri Sato®

Contribution from the Department of Energy and Hydrocarbon Chemistry, Graduate School of Engineering,
Kyoto Uniersity, Kyoto 606-01, Japan, and Catalysis Research Center, Hokkaidetdity,
Sapporo 060, Japan

Receied: July 10, 1996; In Final Form: December 4, 1996

Photocatalytic reaction at 298 K by platinum-loaded titanium(lV) oxide (FiPt) particles suspended in
deaerated aqueous solutions of 2-propanollysine (Lys) was investigated. The Ti@atalysts with

various amounts of Pt loadings were prepared by impregnation from aqueous chloroplatinic acid solution
onto a commercial Ti@(Degussa P-25) followed by hydrogen reduction at 753 K. The physical properties

of deposited Pt, e.g., particle size, surface area, and electronic state, were studied respectively by transmission
electron microscopy, volumetric gas adsorption measurement, and X-ray photoelectron spectroscopy as well
as infrared spectroscopy of adsorbed carbon monoxide. The increase in Pt amount mainly resulted in an
increase of the number of Pt deposits, not of their size. The catalysts were suspended in the aqueous solutions
and photoirradiated at a wavelengtti300 nm under an argon (Ar) atmosphere. The overall rate of
photocatalytic reactions for both 2-propanol and Lys, corresponding to the rate of consumption of these
substrates, was negligible without Pt loading, increased drastically with the loading up to ca. 0.3%, and was
almost constant or a little decreased by the further loadings. However, the rate of formation of pipecolinic
acid (PCA) from Lys was improved gradually with a increase of Pt loading up to ca. 2 wt %. These
dependences were discussed as a function of Pt surface area, which is employed as a measure that includes
the properties of both number and size of Pt deposits. For the photocatalytic dehydrogenation of 2-propanol,
the rate dependence could be interpreted semiquantitatively with the model that only thmaifi@es loaded

with at least one Pt deposit can photocatalyze, but the reaction rate is independent of the number of Pt deposits.
Therefore, the overall rate is proportional to the number of Pt-loaded daQicles. On the other hand, for

the interpretation of the rate of PCA and ptoductions, the number of Pt deposits on each, i@ticle had

to be taken into account. The efficient production of PCA at higher Pt loadings was attributed to the reduction
of a Schiff base intermediate produced via oxidation of Lys with positive holes and subsequent intramolecular
condensation at the Pt deposit that is close to the site for the oxidation. Otherwise, photoexcited electrons
are consumed for Hproduction and the intermediate remains unreduced or undergoes further oxidation. It
was suggested that the intermediate produced at thesTiace sites within a distance of several nanometers

from the Pt deposit undergoes efficient reduction to PCA. Thus, the importance of the distribution of Pt
deposits for the preparation of highly active and selective,Fi&X photocatalyst has been clearly demonstrated.

Introduction ca. 400 nm) of the whole solar radiation, it has been used and
investigated widely because of its high photostability and
relatively high activity. Several reaction systems employing
the TiO, photocatalysts have achieved water-splitting without
gradual loss of Ti@ catalytic activity?~12 These successful
gesults could be obtained by loading small amounts of pltinum
(Pt) and/or ruthenium(lV) oxide (Rufponto the TiQ particles.

Semiconductor photocatalytic reaction is initiated by oxidation
and reduction respectively with positive holes)land photo-
excited electrons (g both of which are produced by photoab-
sorption of semiconducting materidi3. Separation of these
charges can be expected when the semiconducting materials ar
in contact with the electrolyte solution. Formation of the space \ ’ ! i
charge layer at, for example, the n-type semicondectofution The noble metal (or its oxide) de_posr[s haye been interpreted
interface may promote transfer of ho the surface and-eto to act as a catalyst for thei¢volution by €, i.e., they reduce
the inner space, resulting in the efficient utilization of these the activation energy for water reduction. Isotope distribution
charges in chemical reaction with lesser mutual recombindtion. Studies for the photocatalytic splitting of water have proved the
Among the reactions occurring at the interface, photoinduced catalytic effect of Pt deposits:* Kraeutler and Bard have
splitting of water into hydrogen (8 and oxygen (@) has been repor_ted the photocata_llytlc preparation of T#Pt from aqueous
one of the most significant targets of the semiconductor Solution of chloroplatinic acid (bPtCk) and used for decar-
photocatalysis, since the system can be applied to conversionPOxylation of acetic acid, the photo-Kolbe reaction, producing
of solar energy into chemical energyAlthough titanium(IV) methane and carbon dioxide under deaerated conditdfBy

oxide (TiQy) can absorb only the ultraviolet region (less than Using platinized Ti@ photocatalysts in the absence of,O
generally, hydrogen evolution proceeds as a counter reaction
leoto University. ' _ of oxidation by H, e.g., primary and secondary alcohols are
Present address: Division of Chemistry, Graduate School of Science, cqnverted into aldehydes and ketones with the evolution of
Hokkaido University, Sapporo 060, Japan. : 17-25 - . .
§ Hokkaido University. equimolar amount of K Pt loading also gives a decisive
€ Abstract published ilAdvance ACS Abstractd\pril 1, 1997. effect for these reactions; a significant amount of the products
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was seen only when Pt was loaded effectively. Thus, an Experimental Section
extensive number of reactions by TPt under deaerated
conditions have been reported so #ahut the limited number

of investigations showed the mechanism and the relation
between properties of Pt deposits and photocatalytic activities.
A unique report, to the best of our knowledge, by Pichat and
co-workerd’ described the photocatalytic activity of a series

of TiO,—Pt photocatalysts and discussed the correlation with of TiO, (ca. 5 g), an aqueous solution of chloroplatinic acid

their phyS|caI_ prgpertles. . ) (H2PtClk+-6H,0, in most cases ca. 1 mmol df) was added
As an application of semiconductor photocatalysis, we have gy ise fo 1 h under magnetic stirring at room temperature.

reported photocatalytic organic syntheSesspecially use of  The mixture was gently stirred for additional 2 h, evaporated
amino acid analogues as a starting material. For exaffiple, (5 gryness at 323 K, and then further dried at 383 K for 12 h in
a natural amino acid3g-lysine (Lys), undergoes photocatalytic 5, gven. The off-white (or slightly yellow, depending on the

deaminoN-cyclization into §)-pipecolinic acid (PCA), anatu-  gmount of loaded Pt) powder thus obtained was ground in an

rally occurring but nonproteinogenic amino Zacid, under deaer- 5gate mortar and placed in a Pyrex cylindrical vessel. The
ated conditions. These seriesicyclizatior?? andN-alkyla- vessel was heated in an electric furnace to 753 K at a rate of

tion333% or amines, in contrast to the other photocatalytic ¢4 20 K mir under a gas stream (35 &min—1), kept at that
reactions such as water splitting or dehydrogenation of alcoholsiemperature for 3 h, and then allowed to cool to ambient
described above, proceed via the combination of oxidation with emperature. Argon (Ar) up to an elevating temperature of 573
h™ and reduction with e The amines are first oxidized by'h K and H, were made to flow through a Pyrex tube inserted in
into the corresponding imines, hydrolyzed to aldehyde, and thenthe yessel. Mass-flow controllers were used for the adjustment
condensed with another molecule of the amine to form a Schiff of gas flow during the treatment. The vessel was inclined and
base intermediate undergoing reduction by(gee Scheme 1).  tymed at ca. 70 rpm throughout the reduction process to avoid
The combination of oxidation and reduction affords, in principle, heterogeneity. The photocatalyst powders were kept in air at
no byproducts and needs no electrolytes as used in electrolyses,oom temperature.
since both reactions occur in the neighborhood of the particle  Tansmission Electron Microscopy. The size and number
surface. For the photocatalyt-cyclization of Lys, the Pt of pt deposits loaded on TiQvere determined by transmission
loading is also indispensable; apparently, no consumption of gjectron microscopy (TEM). A few milligrams of finely ground
Lys and production of PCA could be seen with bare TiO  catalyst was mixed with a few drops of 2-propanol and brayed
powders?® Similar to the H evolution systems, Pt may act as petween two slide glass plates to form a uniform suspension.
a reduction site in this case also. For a better understanding ofpe glass plates with the suspension were carefully inserted
the reaction mechanism and role of the Pt deposit, as well asintg distilled water to float small agglomerates of catalyst on
successful preparation of the semiconductor photocatalyst forhe surface of water. They were collected on a copper microgrid
the PCA synthesis, clarification of the correlation between the cqyvered with collodion and carbon (Oken, type B) and dried in
physical properties of Pt and photocatalytic activity (or product ajr, The thus-obtained sample was observed with a transmission
selectivity) is required. electron microscope, Hitachi H-800, operated at 175 kV of
In a series of kinetic studies for photocatalytic reactions, we electron acceleration voltage. The micrographs were recorded
have demonstrated that a simple kinetic model can reproducewith magnification between 100 000 and 400 000.
the dependences of reaction rate on, for example, concentrations Volumetric Gas Adsorption. The surface area of loaded
of reaction substrates. Linear relations of reaction rates of silver Pt was evaluated by volumetric gas adsorption measurements,
metal depositiof?36 or acetone productidAwith the amount  which is based on the selective chemisorption efdto the
of adsorbed silver cation (Ag or 2-propanol from aqueous surface of noble metaf§-45 The measurements were per-
suspension of Ti@ have been interpreted with the model, formed with a glass vacuum line equipped with an oil diffusion
including reductive and oxidative trappings of excited electron- pump, capacitance manometers (MKS Baratron type 122A), and
positive hole pair (e—h*) with surface-adsorbed Agand Pyrex sample vessels. Pretreatment of the sample (ranging
2-propanol, respectively. This kinetic model was also applicable 100-600 mg, depending on the surface area of Pt) was based
to the photocatalytic reaction system in which both reductive on the reported proceddfavith a little modification as follows.
and oxidative trappings are presuntdit has been suggested The catalyst powder was evacuated (1.33 mPax 1075 Torr)
that actual photocatalytic reaction rates are interpreted without and heated at 473 K fdL h in anelectric furnace followed by
considering the effect of charge separation in the space-chargecooling to room temperature. The sample vessel was then kept
layer at solutior-semiconductor interface, i.e., the spontaneous at 473 K for 1 h under Ki(initial pressure was 13.3 kRa 100
charge separation is not a requisite for the explanation of kinetic Torr) and evacuated at room temperature for 10 min to obtain
data for the case where strong oxidant and/or reductant is presena clean surface. After this pretreatmens, Whs introduced in
(however, in the case of an uphill reaction, e.g., water splitting, the sample vessel and equilibrated for at least 20 min. The
certain charge separation mechanisms must be present, sinceneasurements were made at several equilibrium pressures of
the efficiency has been shown to be high endidh Our Hz up to ca. 5 kPa.
purpose is to extend the kinetic model to the photocatalytic ~ X-Ray Photoelectron Spectroscopy.X-ray photoelectron
reaction system with platinized Tiparticles and to clarify the  spectroscopic (XPS) measurements were carried out with a
role of Pt deposits. In this study, a series of TPt ULVAC PHI 5500 Multi Technique system with a dual anode
photocatalysts with varying Pt amounts were prepared and usedX-ray source (Mg Kx 15 kV, 400 W). The pass energy of the
for the photocatalytic reaction of 2-propanol dehydrogenation hemispherical capacitor analyzer was 29.350 eV. The photo-
and conversion of Lys into PCA. Their rates were compared catalyst powder was pressed in a die (ca. 1000 kg) into a self-
and analyzed as a function of physical property of Pt. The supporting disk of 2 cm diameter and introduced in the
different dependences could be interpreted by considering theinstrument. The angle between the sample surface and electron
distribution of Pt deposits. beam was 45 During the measurements, the analyzer chamber

Materials. Commercial TiQ (Degussa P-25) was used
throughout this study as one of the most active JIioto-
catalysts$’140 Loading of Pt onto the Ti@ powder was
accomplished by impregnation and subsequentdduction at
elevated temperatufé;?? following the method reported by
Pichat and co-worker. To an aqueous suspension (300°%tm
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Figure 1. Transmission electron micrographs of Fil@aded with various amounts of Pt: (a) 0.2, (b) 0.5, (c) 1, (d) 1.5, (e) 2, and (f) 2.5 wt %
of Pt.

was ketp at a pressure less than 133 mPHX(® Torr). Spectra reaction vessel. Gaseous products, such asamtl carbon
in C 1s, Ti 2p, O 1s, and Pt 4f regions were recorded, and all dioxide (CQ), were analyzed by gas chromatography (GC) and
the binding energy was corrected with reference to a containedliquid-phase product by high-performance liquid chromatogra-
C 1s core line (284.6 eV). phy (HPLC). The details of the procedures for photocatalytic
Infrared Spectroscopy. A TiO, sample (ca. 70 mg) was  reaction and product analyses (for 2-propaifdi*8and Ly£949.50
pressed in a die (12 mm in diameter, 5000 kg) into a systems) were described previously. Note that measurement
self-supporting pellet. The pellet was set in a Pyrex cell of small Lys consumption includes relatively large error, since
equipped with calcium fluoride windows for infrared (IR) it could be evaluated only by subtraction of the remaining
measurements and with a heater for degassing at higheramount of Lys from that in feed. The measurement of ammonia
temperaturé® The cell was evacuated<(.33 mPa), and the  (NH3) was also accompanied by larger errors because of the
pellet was heated at 523 K for 1 h. After it was cooled, carbon interference by contaminated peaks in HPLC analyses and
monoxide (CO) gas (Takachiho) was introduced (ca. 1.33 kPa) because of its volatility.
and equilibrated for ca. 15 min at ambient temperature. The . )
IR measurement was performed with a Perkin-Elmer 1720x Results and Discussion
FT-IR spectrometer in transmission mode. The resolution was Particle Size of Pt Deposits. Figure 1 is representative
4 cnr ! and spectra were recorded by accumulation of 100 scans.micrographs of the platinized Tiparticles. Pt particles were
IR absorption by CO remaining in the gas phase was negligible, identified as black dots of a few nanometers because of their
and therefore, spectra of adsorbed CO was obtained byhigher electron density, while Tiparticles of 26-60 nm in
subtraction of spectra after and before the introduction of CO. diameter were observed as grayish grains. For these samples,
Photoirradiation and Product Analyses. Bare and plati- a uniform distribution of the small Pt deposits could be observed;
nized TiQ catalyst (50 mg) was suspended in an aqueous several deposits were located on the surface of each TiO
solution containing 2-propanol (5Q@moal) or Lys (100xmol) particle. The well-dispersed Pt deposits could be seen in almost
and photoirradiated under Ar with magnetic stirring (1000 rpm). all TEM observation fields and for all the Pt-loaded samples.
The temperature of the suspension was kept at2985 K in As a general tendency, the number of Pt deposits, but not their
a thermostated water bath. Irradiation with light of wavelength size, increased with an increase in the amount of loaded Pt.
at >300 nm from a high-pressure mercury arc (Eiko-sha 400) This is consistent with the previous report by Pichat and co-
was performed through a cylindrical Pyrex glass filter and a workers who demonstrated this clearly by TEM pictutes.
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Figure 2. Distribution of size of Pt deposits where particle numbers
were normalized to same amount of FiQa) 1, (b) 1.5, (c) 2, and (d)
2.5wt % of Pt. The number in each square shows the volume-weighted
average diametedye).

Figure 2 shows the size-distribution of Pt deposits of part of

the samples. For this analysis, the Pt deposits on more than

200 TiO, particles of each sample were counted on the
assumptions that the Ti(articles are thin enough to transmit
the electron beam of TEM, and thereby the deposits located on
the back-side of TiQcan be seen in the pictures, and that there
are no Pt deposits smaller than the limit of discriminatie®.G

nm). Although the distribution pattern was somewhat different
from each other, it was commonly observed that almost all Pt
deposits were smaller than or equal to 3 nm and that a maximum
distribution was seen in the range-2 nm. Actually, volume-
weighted average diameted,(¢d obtained from the equation

Qave = zNidiS/(zNidiz) 1

whereN; is the number of particles of diametdy (0.5, 1.5,

2.5, and 3.5 nm), was ca. 2 nm regardless of Pt amount, as
depicted in Figure 2. These distribution patterns may especially
depend on the preparation conditions of the thermal decomposi-
tion under elevating temperature and hydrogen reduction; e.g.,
it has been seen that even a small change in the flow rate of H

during the treatment drastically affects the size distributfon.

Ohtani et al.
0-510.08 wi%e Pt (a)
041
c
L
S
Q.
o
<
0 1 2 3 4 5
number of Pt deposits (n)
0.5
0.5 wit% Pt (b)
0.4
c
2 03}
<]
Q.
o 02
a

number of Pt deposits (n)

° * ©
08}
]
g 06
o
o
S 04
[=3
0.2¢
C 1 | [ [ |
0 05 1 15 2 25 3
Pt/wt%

Figure 3. Estimated proportiof?(n) of TiO- particles with different
numbern of loaded Pt deposits for (a) 0.08 and (b) 0.5 wt % of Pt.
Part ¢ shows the proportion of Ti(articles loaded with at least one
Pt deposit (1P(0)).

shows, the proportion of Pt-loaded Ti(h > 0) increases with
the increase in Pt amount up to ca. 0.5 wt % and to almost 1
thereafter. This behavior may be closely related to the photo-
catalytic activity as described later.

Surface Areas of Pt. Volumetric Gas Adsorption Mea-
surements. Figure 4a shows the typical isotherms ot H
adsorption. Although no Hadsorption was observed for bare
TiO,, Pt-loaded samples adsorbed iH appreciable amounts,
indicating the adsorption is attributable to Pt deposits. As

In the present study, the procedure of catalyst preparation wasdescribed in the Experimental Section, the amount of adsorbed

unchanged, but undetected fluctuation of parameter(s) may
produce such a difference in size distribution.

H, was evaluated after heat treatment (at 473 K) undgr H
atmosphere followed by evacuation at room temperature.

The above-mentioned tendency that the number of Pt depositsT herefore, the adsorption was almost reversible; evacuation at

changes with total Pt amount allows us to expect that some
TiO, particles are loaded while the rest remain unloaded. In
fact, the unloaded Tigparticles were found in TEM observation
for samples with lower €0.2 wt %) Pt loading. Since it is
rather difficult to count the unloaded Ti(particles from the
TEM picture, the proportion R(n)) of TiO, particles with
different number1f) of Pt deposits was estimated, for conven-
ience, by assuming a Poisson distributién:

P(n) = M expm/n! (n=0,1,2,..) )
wherelh(s the average number of Pt deposits on aziérticle
and is evaluated with the approximation of spherical Pt particles
with an above-average particle diameter and with a density of
21.4 g cnt2 and TiQ, with 40 nm and 4.93 g cn¥. Some of
the results are shown in Figure 3. A large number of ;TiO
particles are unloaded with lower Pt loading. As Figure 3c

room temperature and reintroduction of léd to almost same
amount of adsorption. As clearly recognized from the fact that
pre-evacuation at a higher temperature, e.g., at 723 K, gave a
larger adsorption, it is necessary to define the pretreatment
conditions for such an adsorption measurement as discussed
later.

For each isotherm, a small but appreciable increase could be
obtained, indicating the deviation from Langmuirian adsorption
behavior in which adsorption should be saturated at higher
equilibrium pressure. This is attributable to spillover the
hydrogen atom from Pt deposits to Ti® dissociatively
adsorbed hydrogen travels to the neighboring ;T$Qrface at
higher equilibrium pressure. Because the spillover can be
neglected at lower pressure, the amount efddsorption on
the Pt surface was evaluated by linear extrapolation of the
isotherm to zero pressufeé“and converted into the surface area
of Pt. A 1:1 adsorption of the hydrogen atom to the surface-
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Figure 4. (a) Typical isotherms of Hadsorption on 1 wt %) and

2 wt % (@) Pt-loaded TiQ (1 Torr = 133.322 Pa). (b) Surface area
of Pt as a function of its amount. Numbers denote the dispersion of Pt
(see text). Figure 5. XPS spectra of Pt-loaded with various amount of Pt; (b)
deconvoluted spectra of 2 wt % Pt-loaded Ti@otted line show three
sets of peaks. Dashed and solid lines refer to the sum of the

exposed Pt atom and the exposed area of Pt atom of %6.66 €
deconvoluted spectra and observed spectrum, respectively.

10720 m? atont ! were assumed for the conversion, in which
the latter was estimated from the surface density of Pt in its TAgLE 1: Results of XPS Analyses of Deposited Pt on
(111) crystallographic plane. Figure 4b shows the results, asTiO, Particles?

well as the propor'Fion of Pt atom e_xposed to the surface peak position/eV full width at half maximum/eV
evaluated by assuming that an H atom is adsorbed on a Pt atom,
which is often called “dispersion”. Among the samples in this _S%&!€ 4 Afsr2 Atz Afsr2

study, the highest proportion (0.14) was obtainedaf@ wt % Pt 70.5(70.7)  73.9(74.0) 1.4(1.2) 15
loaded sample, but it was rather smaller than the reported value PtQus  71.8 (71.8)  75.2(75.1) 1.9 (1.9) 18

for a loaded Pt catalyst with similar preparation condititirs. Pto 73.3(73.4) 76.4(76.6) 1.7(13) L5

This may be due to the method of measurement employed in 2 Values in parentheses show previous results reported by Kim and
this study; we measured the reversible adsorption but not “total co-workers?

adsorption”. 12
As clearly seen in Figure 4b, the Pt surface area was not ' 2099

proportional to the amount of loaded Pt, reflecting the small tr

difference in size distribution (see Figures 1 and 2). In 3 08+

considering the effect of Pt deposits on the photocatalytic é 06 L 2132

reaction, but the size and the number of the deposits should be 3

taken in account. The Pt surface area corresponds to the part § 04r 189

of exposed Pt atoms and may be an adequate measure of Pt 02|

dispersion, which includes both the parameters as discussed later. 0 L ! L
Electronic State of Deposited Pt. XPS and IR Measure- 2250 2200 2150 2100 2050 2000

ments. Figure 5 shows the part of the XPS spectra of the Pt- wave number / cm-1

loaded TiQ in the region of Pt 4f. No appreciable difference Figure 6. Part of FT-IR spectrum of CO adsorbed on Tiaded

could be obtained for the other elements, titanium and oxygen. with 2 wt % of Pt.

Although the amount of loaded Pt was not enough (2.5 wt % at

most) to give highly resolved spectra, two specific peaks with the parameters listed in Table 1. They were assigned’tdPt

binding energy of ca. 70 and 74 eV were observed gs &fid with adsorbed oxygen (Pt@), and oxidized Pt (PtO). The last

4fs, electrons of the Pt metal @t respectively. These peaks two oxidized forms of Pt could be seen notably for the catalyst

were commonly observed for all the Pt samples, suggesting thatwith highly dispersed Pt, e.g., 0.5 or 2 wt % loaded Fi®t,

the H treatment step in the catalyst preparation procedure as shown in Figure 4.

effectively reduces the Pt source as in the electronic state of FT-IR spectroscopy of CO adsorbed on TPt also

Pt (H,PtCk or thermally decomposed form of Pi{(to Pf. supports this phenomenon. As Figure 6 shows, two sharp peaks
A characteristic phenomenon was seen for the catalyst loadedand one broadened peaks were seen in the CO stretching region

at 0.5 and 2 wt % of Pt; shoulders appeared with binding energy for the highly dispersed Pt sample (2 wt %). The higher

higher than those of the two peaks of°,Psuggesting the  wavenumber peak (2189 cr) was commonly observed

presence of a positively charged form of Pt. On the assumption regardless of the Pt amount and assigned to CO adsorbed weakly

that the ratio of the peak area of4fand 4§, is constant (1.33)  on the TiQ surface?*5® The lower wavenumber peak (2099

for each platinum speciég, the apparent spectra could be c¢m™1) may consist mainly of CO adsorbed on metallic PEYPt

deconvoluted into three sets of peaks as shown Figure 5 withand be also observed for Pt-loaded 7iGDn the other hand,
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80— SCHEME 1
_ Lys DL-Lys
- COoH COOH
° H,N NH,
€ HoN NH,
2 sof |2h’,»2H‘ .
= L, 26, 2H"
o . ) ) . . COOH cooH .’
0 01 02 03 04 05 06 HNA/\/'\NHZ HZN/\MNH
Pt surface area (Spy) / m2gcy -1
. . i H,0, -NH3 H,0, -NH3
Figure 7. Rate of photocatalytic Hevolution from aqueous 2-propanol COoH COOH
solution as a function of Pt surface are) A~
o”? NH, H,N 0 €O, HINT"¢
the middle wavenumber peak (2132 tihappeared only for Ho ho ho
. . . . -2 - -2
the highly dispersed P{TiO, samples. Because this peak has ’
been assigned to CO adsorbed on oxygen-coveréd the
partial oxidation of the Pt surface was also recognized. Q Q o, O
Since it is rather difficult to imagine that platinum species N“7cooH  CSB N” “cooH N
on these catalysts were reduced only partly during the H 1263 ot 26, 24" 26, 2H"
reduction treatment at 753 K, the formation of such oxidized

species is attributed to gradual oxidation of the once formed
PP surface during storage under ambient conditions. The larger Q
the surface area of Pt, the faster it should be oxidized. N
Therefore, we regarded the presence of oxidized species as a PCA PDN
result of high dispersion of Pt on the TiGurface.

During the photocatalytic reaction, the species may be reduced
to PP. That even Pt@has been reduced to the metalli® Pt this will be discussed in the next section.

sate in the photoirradiated alcoholic susperisapports this Photocatalytic Activity of TiO ,—Pt for Conversion of Lys.
assumption. This leads to the idea that the more the Pt surfacq, yhis photocatalytic reaction system, along with the consump-
is oxidized, the more fresh Pt surface is exposed during {ion of Lys, (S,R-pipecolinic acid (6,R-PCA) and ammonia
photocatalytic reaction, and therefore, the actual surface of Pt(NH3) were produced as main products as well as piperidine
may be larger than that measured by absorption. (PDN), H,, and carbon dioxide (C{as byproducts. Analyses
Photocatalytic Activity of TiO o—Pt for 2-Propanol Reac- of material balances suggested that unidentified product(s)

tion. Photoirradiation onto the suspension of Ti#Pt in should be formed and may be amcarboxy Schiff base
agueous 2-propanol under Ar atmosphere leads to the equimolat, ;o mediate (CSB) and/or its hydrolyzed foroe-keto acid or

pro_duption of acetone andzHas reported previousR?. The o-aldehyde; see Scheme *£). The nominal stoichiometries
stoichiometry, as follows producing PCA, PDN, and Hare as follows:

C ()

COOH u COOH N

saturated) rate was obtained at the-05 wt % region, and

CH;CH(OH)CH; = CH,COCH; + H, (3  H,N(CH,),CH(NH,)COOH= HN(CH,) ,CHCOOH+ NH,

was also confirmed to be within experimental error for the (main) (4)

catalysts used in this study. Negligible byproducts other than

acetone and pHwere detected. Under this circumstance, we H,N(CH,),CH(NH,)COOH= HN(CH,),CH, +

could evaluate the overall rate of reaction 3 by measuring the NH, + CO, (minor) (5)

rate of H production. For all the catalysts, almost linear 3 2

production of H was observed in the time-course curve unless - .

the consumption of 2-propanol was so marked. Consequently,H2N(CH2)4CH(NH2)COOH: oxidized intermedate-

we determined the rate of photocatalytic dehydrogenation NH; + H, (minor) (6)

(reaction 3) from the initial slope of #&volution and plotted it

in Figure 7 as a function of Pt surface area evaluated from where oxidized intermediate represents the unidentified product-

volumetric gas adsorption measurements. Apparently no reac-(s). The balance of product yields, except for, WWas almost

tion proceeded in the absence of loaded Pt. The maximum rateconsistent with these stoichiometries.

was obtained with a Pt surface area of G-0205 n? Qgear 1, The proposed reaction process of photocatalytic formation

corresponding to 0.2 and 0.5 wt % Pt-loaded ZiQWVith the of optically active and/or racemic PCA from Lys was shown

further increase in Pt surface area, i.e., amount of loaded Pt,in Scheme #2230 It has been proved that either the or

the rate was constant or rather reduced. A similar dependences-amino group in Lys is oxidized by*hto the corresponding

of the photocatalytic reaction rate on the amount of loaded Pt imines, which are then hydrolyzed inteketo acid ord-alde-

was reported previousf/:56-5° hyde, respectively. Intramolecular condensation of the carbonyl
All the catalysts in the series were well suspended in aqueousgroup with the residual amino group provides cyclic Schiff base

solution under vigorous magnetic stirring, and the photon flux (CSB) intermediates to undergo reduction by iato PCA.

incident upon the suspensions can be considered to be constanlthough cadmium sulfide (CdS)-based photocatalysts favor the

regardless of the amount of loaded Pt. The above-mentionedo-keto acid pathway giving racemic PCA from optically active

dependence is, therefore, attributed only to an effect of Pt on alysine, TiO,-based catalyst predominantly (560% enantio

mechanism that includes'tand € generated by photoabsorp- excess of $-isomer (%ee$)) produces §-PCA via the

tion of TiO,. A noticeable fact is that the maximum (or d-aldehyde pathwa3® The reason for such different reaction
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Figure 8. Time dependence of Lys consumption and production of Figure 9. Rates of Lys consumption and production of PCA, PDN,

PCA, PDN, B, and NH; in the photocatalytic reaction of 20 mmol  and H as a function of Pt surface areS{.
dm~3 aqueous Lys solution with 0.2 wt % Pt-loaded 7iO

- SCHEME 2

pathways has been partly clarified to be accounted for by the

difference in oxidation ability between CdS and i@ CdS, | en Ko e-h*X
having a shallower valence band positidre., lesser oxidation (irradiation) (hole trapping)

ability, can oxidize the deprotonated form of the amino group (recom- (transfer (reversed
but not the protonated (ammonium form of) one. Judging from " |bination) 0Py | reaction)
the K, of the two kinds of amino group of Lys, the-amino _ _
moiety is depronated while theone is protonated under the ”"rgggﬁ':a' e (PY) ”"r:::t’ig'nca'
photocatalytic reaction conditions employed in our studies.

Thereby, the CdS-induced photocatalytic reaction proceeds only

via the a-keto acid pathway. On the other hand, TiWith a

relatively high oxidation potential may oxidize both amino

groups in Lys to form $-excess product. Under these PCA Ha

circumstances, the stereoselectivity of product PCA, i.e., %ee-
(9, should depend only on the oxidation ability of photocatalyst;
neither recognition nor stereo control works in the reduction and H yields correspond to reactions-8, respectively. On
step with €. Actually the %ee$ was almost constant (ca. the assumption that the overall reaction consists of reactions
60%) for all the present Ti©-Pt photocatalysts with different ~ 4—6 only, the sum of these three products should be equal to
Pt loadings, indicating both the Pt deposits affected the reductionLys consumption but was much larger than expected. This
predominantly and that the oxidation ability of Ti@as not could be interpreted by undetected reactions that produced
modified by Pt loading. excess H, e.g., oxidation of NH or oxidized intermediate
Scheme 1 also shows a presumed mechanism of PDNaccompanying kevolution; H formation has been commonly
formation, which has been one of the characteristics for the 0bserved for aqueous solutions of such organic mateéxiaiée
TiO,-based photocatalyst. An-amino aldehyde intermediate ~ estimated, therefore, for convenience, the rate of reaction 6 (H
may be formed via decarboxylation of teketo acid and/or ~ formation) by subtracting the sum of the yields of PCA and
a-imino intermediate and undergo intramolecular cyclization PDN from the Lys consumption, and the corrected rate pf H
into a cyclic Schiff base. Decarboxylation of CSB may also formation was used hereafter.
produce the same intermediate, but we have not yet distinguished The dependence of the overall rate on the Pt loading was
these pathways. Another possible reaction scheme producingquite similar to that in the 2-propanol solution,; the rate increased
PDN is decarboxylation of the final product PCA. However, a drastically at lower (less than ca. 0.5 wt %) loadings and became
control experiment using PCA as a starting material showed constant or a little decreased by the further higher loadings.
that the rate of PDN formation was markedly slower than that Also, the yields of PCA and PDN increased with Pt loading,
observed in the present experime#it&. Furthermore, as shown  but their slope is rather smaller than that of the overall rate. On
in Figure 8, the time course of PDN production, as well as the the other hand, the rate of,Hvolution showed its maximum
other reaction products, was almost linear without appreciable at the lower Pt loading of 0.02 gey* and decreased in
induction period. If PCA is a precursor for PDN, an appreciable contrast to the PCA and PDN yields, suggesting a competitive
induction period is expected to appear. The latter mechanismuse of € on the Pt surface by H(as a precursor of ) and
via PCA could be excluded from these findings. Harada and cyclic Schiff base intermediates (for PCA and PDN).

co-workers reported the photocatalytic reactioroefiydroxy- Simulation of Dependence on Pt Loadings in 2-Propanol
carboxylic acid, lactic acid, and showed the difference in the System. In previous paper& 38 we have shown that a simple
products between the systems including 7&dd CdS263The kinetic model can interpret the behavior of photocatalytic

TiO,—Pt mainly gives the decarboxylated and dehydrogenated reaction in aqueous TiJsuspensions containing Agand/or
product, acetaldehyde, while CdS gives the simple dehydroge-2-propanol. The model consists of recombination and trapping
nated product, pyruvic acid. The tendency of the JiO of an e —h" pair (6-—h") generated in the Ti@particle by
photocatalyst to favor the formation of decarboxylated product photoirradiation and was modified for the present photocatalytic
resembles the photocatalytic reaction of Lys. At any rate, PDN reaction system containing Pt deposits, as shown in Scheme 2.
is produced via combination of oxidation witH land reduction In the previous reports, the trapping of-eh™ by both electron
with e, similar to PCA (Scheme 1). donor (" trapping) and electron acceptor (érapping) was
From the linear time course of formation of all the detected presumed and consistent with the results. However, in the
products and consumption of Lys (see Experimental Section absence of strong electron acceptors such a3, Alge €
for Lys and NH), the initial rate was evaluated and shown in trapping may be neglected, and the photocatalytic reactions
Figure 9 as a function of the Pt surface area. The Lys shown here proceed via“htrapping by a surface-adsorbed
consumption corresponds to the overall reaction, and PCA, PDN, reductant (X), 2-propanol or Lys, to form a complex {eht—
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X). The complex is nominal, i.e., introduced for the interpreta-

tion of results, and its physical meaning is not discussed here.
It was presumed that in the absence of Pt deposits the complex parameter

undergoes deactivation (with a rate constajti.e., recombina-
tion of the pair to yield no appreciable chemical reaction, while
the Pt deposits would promote separation of the complex into
e~ on the Pt surface and oxidized substrate on the Si®face.
This mechanism is consistent with the fact that bare, Ti&hnot
produce appreciable amounts of productsaHd acetone, from

aqueous 2-propanol solution, while appreciable amounts of

acetone are obtained in the presence of an electron donfgr Ag
showing that Ti@ has enough ability to oxidize 2-propanol even
without Pt deposits and that the negligible eld is due to
the lesser ability of the Ti@surface to reduce Hwith €. In

another representation, photoexcited electrons are accumulate

in the TiO, particles without Pt and they enhance the recom-

bination of e—h*. Dunn and co-workers have shown the

evidence of e accumulation by the slurry electrode metiéd.
Under these conditions, rate of formation of-en' is

expressed to be zero by the steady-state approximation as(

follows:
dle —h"J/dt=1¢ — kle —h"] —kCJle —h"]=0 (7)

wherel is flux of incident photonsCy is surface concentration
of reductant,¢ is the efficiency of e—h' generation in
photoabsorbing Ti@ andk; andk, are the rate constants for
recombination and *htrapping by surface-adsorbed species,
respectively. The steady-state concentratione"] is obtained
from eq 7 as follows:

[e —h"T=14/(k + kCp) )

The rate of H formation corresponding to the overall rate of
photocatalytic dehydrogenation of 2-propanol (reaction 3) is
derived as

R(H,) = 0k",C", [e"—h"] = oK, C" (18/(K”, + K°.C")))
©)

whered is the probability of the trapped hole{eht—X) to
be utilized for chemical reaction, being in a range10 If kP,
CP,, and kP are independent of the degree of platinization,
RP(H2) should be proportional té and the ratio of charge
separation of e=h*—X, and the curve in Figure 7 corresponds
to the dependence @f on the Pt surface area.

Here, we attributed thé dependence to the proportion of
TiO, particles loaded with at least one Pt deposi; P 1 —

Ohtani et al.

TABLE 2: Parameters for the TiO ,—Pt Photocatalytic
Reaction on 2-Propanol and Lys
physical meaning 2-propanol Lys
a |pknCi/ (K + KnCh) 144 99
b deactivation of trapped 0.0016 0.0070
pair (e —h*—X)
d negative effect by 0.87 0.85

excessive Pt loading

experimental evidence, four possible reasons are presumed for
such negative effect. First, we consider the effect of interference
of incident light by the loaded Pt that causes the decrease in
photon fluxl. Similarly, the loaded Pt may interefere with the
adsorption of the reductant 2-propanol on the J$0rface and
modify the apparent surface concentrati@y. The third

?)ossible reason is the increase in the probability of recombina-

tion of e—h* by loaded Pt. Itis plausible that the Pt deposits
act as a recombination center for the p&%%. As for eq 9,k
should be increased by excessive Pt loading. The fourth reason
is the increase in the re-reduction of the oxidized intermediate
e —h*t—X) at Pt. This closely resembles the recombination
and can be inferred qualitatively by the increasekgflong

with the increase in Pt. However, other interpretations are
possible.

As discussed above, the parameter determining the overall
rate, 6, might reflect the distribution of Pt deposits on TiO
particles and may not be related directly to the Pt surface area
S+ However, for convenience, we tried to reproduce the rate
dependence as a function & by assuming that the saturation
of the rate and the negative effect are introducedshifb +
S and 1/(1+ dSyy), respectivelylf andd are constants). Thus,
an empirical formula is derived:

R(Hp) = a’S/((0" + S (1 + d'Syy)

The procedure for the determination of three parametéts,
bP, andd®, was as follows. Since we could neglect the negative
effect of Ss;in the lowerSyc region, the data points &; < 0.5

m? geat * Were fitted to eq 10 (withl® = 0) by the least-squares
method as a broken line in Figure 7. Comparison of eq 10
with and withoutd® led to a linear equation of a ratio of apparent
(RP(H2)) and ideal R°(Hz), shown in Figure 7) rates as a
function of Spy;

(10)

R'(H,)/R, (Hy) =1+ d’S,, (11)
In practice, the corresponding plot was almost linear and gave
d” as 0.87. Thisd” was used for feedback calculation of
Ro°(Hz) from the observed values at lower Pt loading, and

P(0)). Since the rate expression (eq 9) is the sum of the ratesr,P(H,) was fitted again to eq 10, but almost the same saturation

of the photocatalytic reaction that occurred on each, pidticle,

curve was obtained. The ideal saturation liraft, the constant

0, as well as other constants, should be treated by consideringrelating to the deactivation of reductively trapped-ér (e"—

the distribution of TiQ particles of different physical properties.
For examplep might be zero for the Ti@particle without Pt

h*—X), bP, and the coefficient for the negative effect of the Pt
deposit,d”, have been obtained as listed in Table 2. The

deposits, while it might be an appreciable value between zero simulated dependence of the overall rate is shown by a solid

and unity for Pt-loaded Ti® As shown in Figure 3Pp; is
estimated to be nearly unity with Pt loadings=0.3 wt % at
which the rate of Hevolution (Figure 7) was saturated. Since
the precise evaluation d&p; from TEM observation might be
difficult, the present interpretation remains a qualitative one.

However, it seems rather reasonable to recognize from the
results that only one Pt deposit can act as a reduction site in

such a small Ti@ particle of a few dozen nanometers, i.e., e
could move in the whole range of the TiQarticle.
Another characteristic af dependence is the negative effect

line in Figure 7.

Simulation of Dependence on Pt Loadings in Lys System.
In the reaction of Lys, essentially the same equation is derived
by using superscript L, by analogy with the above-mentioned
2-propanol system.

R-(—Lys) = a'Sp/((0" + S (1 + d'S))

Fitting of the observed dependence (Figure 9) was operated in
a similar manner as that for the 2-propanol system to obtain

(12)

by high Pt loading, i.e., the increase in the number of Pt depositsthe parameters (Table 2) and the simulation curve (solid line in

per TiO;, particle may reduce the rate. Although we have no

Figure 9).
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Comparison of the parameters with those for 2-propanol gave 1 °
some information on the difference in the mechanism and £ os L
reactivity of these substrates. First, concerning the coefficient 51 ' .
of negative effect of excess Pt, an almost identical value S o6 e
0.85 (though its physical meaning of absolute value could not & 04 L
be discussed) was obtained in both systems. This allows us to E
imagine that the inhibitory effect by excess Pt is attributable to Q 0.2@
the change in the intrinsic properties of photocatalyst particles, T ‘ . ‘ . .
e.g., the decrease in incident photons or accelerated recombina- 0 0 01 02 03 04 05 06
tion of e —h* may account for that. Pt surface area / m2gqy -
On the other hand, the parameggrorresponding topknCr/ Figure 10. Selectivity of PCA production as a function of Pt surface

(k- + knCy) in eq 9, for the two reactions was a little different; area &0
a” was ca. 1.5 times larger thah. Since the photoirradiation
conditions affectingl and ¢ were constant ané: should be  product, PCA, can be obtained only when the intermediate
common, the difference iCy should account for it. The initial  reaches the Pt site within its lifetime. Otherwise,should be
concentration of 2-propanol, 100 mmol dfa was 5 times  consumed by the side reaction, lvolution. As for the
greater than that of Lys (20 mmol d¥), but under the present  intermediate, we could detect a small amount of CSB in the
conditions the amount of both substrates adsork&jidn the reaction mixture as a mixture of CSB, its ring-opened (hydro-
catalyst surface might be in the saturated region of Langmuirian |yzed) keto acid form, and enamine foffh.The concentration
isotherm?® and thereby, the difference i@, should not be as  might be low and changed during the photoirradiation; at least
pronounced between the two substrates. It seems that the abilityit should be zero at the commencement of photoirradiation but
of reductive trapping of e-h* by the surface-adsorbed reduc- an appreciable amount was there in the reaction mixture. This
tants k) is of the same order. leads to the time course of PCA production, which appears after
In contrast to the above two parameters, parantes&iowed some induction period due to the accumulation of the source,
a remarkable difference between 2-propanol and Lys. This CSB. However, in practice, PCA was observed without
parameter should reflect the efficiency of charge separation of appreciable delay and increased linearly with time, as shown
e —h*t—X and therefore depends on the property of X. If the in Figure 8. This suggests that an alternative fate of CSB,
complex undergoes efficient deactivation with relatively larger reduction to PCA or further (oxidative) decomposition, leaving
k4, b becomes larger to result in a decrease in the overall rate.a negligible amount of CSB scarcely detected by-®€S.5°
Thus, b shows the fate of oxidized intermediate-eht—X In other words, CSB once liberated and desorbed from the TiO
whether it gives chemical products or not. The observed value surface is not reduced into the final product.
of Lys was more than 4 times greater than that for 2-propanol,  The selectivity of PCA (along with the similar redox product,
indicating that the pair trapped by Lys tends to undergo ppN; R{(PCA)/(R-(PCA) + R-(Hy))) is plotted as a function
deactivation to release unreacted Lys. Recently, we haveof S, in Figure 10. On the basis of these considerations, the
reported that Lys, as well as the other typical amino acids, dependence of products from Lys is interpreted as follows. At
underwent racemization by photocatalytic reaction on‘€dsd low Pt loading, where the overall rate is increased \@ithCSB
TiOy0 particles. This racemization reaction involved oxidation zs well as the other intermediate undergoes predominantly
of Lys to lose its optical activity followed by reduction to  fyrther oxidation into unidentified product, and i4 liberated
reproduce racemic Lys. Pt loading inhibited the racemization as a main reduction product. With the increaseSi the
by acting as a reduction site with” éo result in a charge  intermediate(s) tends to undergo reduction to PCA at the Pt
separation of e-h*. At present we have no structural deposits. The most efficient catalyst (2 wt %) induced almost
information on the intermediate for the Lys racemization and quantitative ¢95%) reduction of the oxidation product from
whether the intermediate is identical to that in this paper, X, or Lys,
not. Actually, no appreciable amount d¥)lysine, however, Thus, the importance of control of distance between the
could be detected with the+ TSPt catalysts. This SUgQests g rtace sites for oxidation and reduction is expected.  In relation
that the intermediate "e-h™—X does not account for the 4 this it is possible to evaluate the distance of Pt deposits by
racemization at least for the TiGystem. assuming that the deposits are dispersed uniformly on the TiO
Dependence of Product Distribution in Lys System on Pt gyrface and located at the center of a shared circle with radius,
Loadings. As Figure 9 shows, the dependence of each product r(Py/TiO,) (average distance between two Pt deposits twice as
from Lys onSerwas markedly different from that of the overall  |arge asr(Pt/TiO,)). This estimation should be valid only for
reaction rate, indicating that Pt loadings influence the product the Pt loading, which gives at least two Pt deposits on each
distribution as well as the overall rate. This is reasonable TjQ, particle; the calculation was limited to Pt loadird. wt
because the products, PCA (PDN) ang bhould appear via 9. Figure 11 shows the selectivity as a function @ft/TiO,).
reduction by &, most likely on Pt deposits, of CSB and kor Obviously, the selectivity was improved with reducin@t/
H20). TiOy). Extrapolation of the line suggests that stoichiometric
It is quite natural to imagine that oxidation by may occur production of PCA (with PDN), without Hliberation, may be
on the whole TiQ surface, not limited to the sites neighboring achieved ar(Pt/TiO;) of ca. 5 nm. This tells us that the Pt
the Pt deposit(s) as discussed in the preceding section. Hencedeposit can reduce all the intermediate species produced on the
for the intermediate species, such as CSB, it is necessary toTiO, surface sites located within 5 nm. Thus, for the selective
move along the Ti@surface to the deposited Pt to be reduced. production of PCA from Lys, but not for the faster Lys
This is in contrast to the 2-propanol system where the oxidation consumption, highly dispersed Pt deposits are required, although
product, acetone, liberated by oxidation with s then allowed the overal rate is a little reduced by the excessively higher Pt
to be desorbed from the surface, while protons may accept e loading. We have found a similar dependence of PCA selectiv-
on the Pt to liberate i1 Assuming that the intermediate(s) in ity on S for different Pt-loaded Ti@ powders, and this will
the Lys system undergoes further decomposition, the final be reported elsewhere.
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