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ABSTRACT 

Hollow core–shell particles of a titania core and a silica shell, the latter of which was highly 

porous, water-swollen and not directly connected to the former, were synthesized by a 

multistep process including carbon and silica coatings followed by calcination of the 

carbon-layer combustion.  The core–shell particles suspended in aqueous solutions of 

L-lysine showed improved stereoselectivity in photocatalytic redox-combined synthesis of 

L-pipecolinic acid (L-PCA), maintaining L-lysine conversion and PCA selectivity, compared 

with that by bare titania particles, presumably due to the acidic microenvironment of the 

titania core to control the position of oxidation by positive holes as the first step of the 

redox-combined process.  Modification of the silica layers to acidify them was also 

beneficial for improvement of optical purity of the product, PCA. 

 

Keywords: hollow core–shell particle; titania core; silica shell; photocatalytic synthesis of 

L-pipecolinic acid; stereoselectivity 

 

1. Introduction 

 Much interest has been shown in photocatalytic reactions occurring on the surface of 
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photoirradiated titania (TiO2) due to the potential environmental applications [1,2].  An 

example of such applications is photoinduced decomposition, mineralization, of harmful 

chemical contaminants in both outdoor and indoor atmospheres.  It is believed that this is 

made possible by the ability of a TiO2 photocatalyst to cleave chemical bonds non-selectively 

for mineralizing organic compounds under atmospheric conditions, where molecular oxygen 

(O2) in air participates in the photocatalytic reaction to accept photoexcited electrons and to 

accelerate radical chain oxidation of organic compounds.  Despite that, a selective reaction 

of a targeted chemical, an organic synthesis, is also another extension of TiO2 photocatalysis.  

Although it has often been misunderstood that TiO2 photocatalysts have oxidation ability that 

is much greater than that of other metal oxide photocatalysts, the level of the valence band top 

seems to be not greatly different from those of others and the possible reason for the greater 

oxidation ability of TiO2 may be its ability for reducing O2.  Therefore, one of the most 

widely used approaches for selective photocatalytic synthesis is operation of a photocatalytic 

reaction under deaerated conditions where excessive oxidation through radical chain reaction 

with O2 is not included.  Under these conditions, an alternative electron acceptor should be 

used.  Proton (H
+
) or water is a possible candidate for the electron acceptor and works with 

the aid of a noble metal co-catalyst [3-8]. 

 Another approach for selective organic synthesis is structural modification of TiO2 

photocatalysts: use of photocatalysts of or in defined microstructures.  TiO2 particles or 

isolated titanium oxide species are dispersed onto or into inorganic supports [9-16].  These 

inorganic supports should possess pore systems and/or high surface areas. It must be 

preferable for the preparation of such TiO2-included photocatalysts to use a TiO2 

photocatalyst with higher activities as a base TiO2 source and modify it adequately, since 

there seems to be no guarantee to obtain TiO2-included photocatalysts with high 

photocatalytic activity when they are prepared using a titanium compound(s) as a TiO2 source.  

Therefore, commercially available TiO2 particles with reported sufficiently high activity are 

preferable compared with those synthesized in situ or ex situ.  According to previous works 

[17-20], one of the most widely used methods to provide commercial TiO2-selective 
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photocatalytic functions is encapsulation of TiO2 particles into porous substances.  Due to 

the surface coverage of these substances, however, the composites obtained through this 

approach have a tendency to decrease intrinsic photocatalytic activity of the medial TiO2.  

On the other hand, we have recently reported [21,22] the fabrication of a novel core–shell 

composite photocatalyst that consists of commercially available TiO2 particles incorporated in 

a hollow silica shell (SiO2/void/TiO2).  The composite hollow core–shell particles possessed 

size-selective properties in the photodecomposition of organic compounds; SiO2/void/TiO2 

showed photocatalytic activity for decomposition of small substrates such as acetic acid while 

retaining the activity of original bare TiO2, whereas negligible activity for polymers such as 

poly(vinyl alcohol) was observed; i.e., SiO2/void/TiO2 exhibited molecular size selectivity 

[23,24]. 

 Pipecolinic acid (PCA) is one of the most important intermediate compounds for the 

syntheses of a wide range of medicines and/or biologically active chemical compounds [25]; 

for example, a commercially available local anesthetic, L-N-propylpipecolinic acid 

2,6xylidide, is synthesized from L-(S)-PCA (L-PCA) [26].  The fact that the starting material 

is optically pure, cheap and readily available makes the deaminocyclization of L-(S)-lysine 

(L-Lys) a preferable chemistry process to obtain L-PCA [27].  In addition, only ammonia is 

released as a by-product in the reaction using L-Lys as a source.  Excellent examples of a 

photocatalytic one-step synthesis of L-PCA from L-Lys in which deaerated aqueous solutions 

of L-Lys with suspended particulate semiconductor photocatalysts (TiO2 or cadmium sulfide 

(CdS)) were subjected to photoirradiation have been reported [27–29].  The photocatalytic 

synthesis proceeds under atmospheric pressure at room temperature without the need to 

protect functional groups in L-Lys.  The proposed mechanism of the above-mentioned 

photocatalytic deaminocyclization of L-Lys involves successive oxidation of one of the amino 

groups in L-Lys into imines by two positive holes (h
+
s), hydrolysis of the imines into 

aldehyde or ketone, intramolecular condensation of them with the remaining amino group into 

a cyclic Schiff base (CSB), and reduction of CSB into PCA by two photoexcited electrons 

(e
-
s) [27,28], as shown in Scheme 1.  Such a combination of reduction and oxidation is one 
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of the characteristic features of photocatalytic PCA synthesis, since equimolar oxidation and 

reduction by h
+ 

and e
-
, respectively, proceed separately in ordinary photocatalytic reaction 

systems, giving different reduction and oxidation products.  Since h
+
 and e

−
 produced in a 

particle must be consumed on the surface of each particle in the photocatalytic reaction of 

semiconductor particles, the sites for oxidation and reduction might be located nearby, 

enabling induction of a redox-combined reaction. 

 The optical purity of the product PCA (OPPCA) depends on the type of photocatalyst 

used. TiO2 photocatalysts gave rise to L-excess, while its CdS counterpart gave almost 

racemic PCA [28].  This dependence can be attributed to the difference in position of attack 

by h
+
 generated with the photoexcitation of a photocatalyst.  This includes factors such as 

which amino group in L-Lys undergoes preferential oxidative attack by h
+
; as shown in 

Scheme 1, oxidation of an -amino group into -keto acid leads to the loss of chirality, 

whereas oxidation of an -amino group has no effect on optical activity.  Infrared 

spectroscopic analyses of the behavior of L-Lys adsorbed on thin-film photocatalysts 

suggested that h
+
 in CdS can oxidize only the -amino group, while TiO2 oxidizes the 

-amino group predominantly.  A TiO2-based photocatalyst is commonly used to achieve 

high OPPCA in the photocatalytic synthesis of PCA from L-Lys.  However, Pal et al. [27] 

reported that they were not able to obtain optically pure PCA by TiO2 photocatalysis with 

maintenance of relatively high conversion of L-Lys and selectivity of PCA (SPCA).  This is 

due to the inevitable -amino-group oxidation.  Such selectivity of the oxidation position in 

L-Lys may depend on the micro-environment for photocatalytic reaction, including surface 

properties of a photocatalyst, as well as the potential of h
+
 to oxidize amino groups.  

Therefore, modification of the surface and/or environment near the surface is a possible 

strategy for selective photocatalytic reaction with maintenance of a high rate. 

 In previous reports, the size-selectivity and adsorption effect obtained from a lateral 

SiO2 shell have been well covered and discussed.  Upon further examination of the 

composite, some remarkable photocatalytic characteristics were discovered, especially those 

related to the presence of a lateral SiO2 shell, which was briefly reported in our paper 
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published recently [30].  In this paper, detailed structural characteristics of this core–shell 

composite and photocatalytic activity in the synthesis of L-PCA from L-Lys are reported, 

another function of SiO2 shell, which is to improve molecular selectivity, instead of size 

selectivity, is reported.  In order to study those above-mentioned aspects, the main aim of 

this study was to fabricate SiO2/void/TiO2 composites with various shell thicknesses and also 

sizes of void spaces via modification of the previously reported procedure.  Modifications to 

the SiO2 shell to control the microenvironment of the TiO2 core are also discussed. 

 

2. Experimental 

2.1 Materials 

 Commercial anatase TiO2 supplied by Ishihara Sangyo (ST-41) was used mainly in 

this study.  Other commercial chemicals were used without further purification.  

Laboratory-grade water was prepared using a Millipore pure water system. 

 

2.2 Fabrication of titania coated with a hollow silica shell (SiO2/void/TiO2) 

 SiO2/void/TiO2 was prepared by coating of TiO2 with a carbon layer and then an 

SiO2 layer followed by heat treatment to remove the carbon layer by its combustion.  A 0.2-g 

portion of TiO2 powder was suspended in a methanolic solution (10 cm
3
) of 

3-aminopropyltrimethoxysilane (APS; 1.1 mmol).  After vigorous stirring of the suspension 

for 2 h at room temperature, the sample was washed with ethanol and dried overnight at 353 

K.  The APS-modified TiO2 was then suspended in 65 cm
3
 of aqueous glucose with different 

concentrations (0.25–1.0 mol dm
-3

), in order to vary the thickness of the void space, in a 

rotating Teflon-sealed autoclave at 453 K for 6 h.  Glucose solutions with concentrations of 

0.5 mol dm
-3

 were used unless stated otherwise.  The resulting polysaccharide (PS)-covered 

particles were filtered, washed with water several times and with ethanol, and heated at 873 K 

under vacuum for 2 h.  This procedure resulted in coating of the particle aggregates with a 

thick uniform layer of amorphous carbon (C/TiO2).  In the next step, 0.2 g of the obtained 

C/TiO2 was stirred in a methanolic solution (10 cm
3
) of 0.42 mmol 



6 

 

n-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPS) for 2 h at ambient temperature.  

The resulting AEAPS-treated sample was suspended in methanol (15 cm
3
) containing 2.2 

mmol tetraethyl orthosilicate (TEOS), 0.5 cm
3
 aqueous ammonia (28%) and 2 cm

3
 water and 

agitated for 0.5–3.0 h at room temperature.  TiO2 particles covered with carbon and SiO2 

layers (SiO2/C/TiO2) were obtained after heat treatment for dehydration polymerization of 

silicate under vacuum at 873 K.  Finally, the carbon layer was removed by calcination at 

873K for 2 h in air, thus successfully yielding TiO2 encapsulated in a hollow SiO2 shell 

(SiO2/void/TiO2).  SiO2/void/TiO2 samples obtained after different silylation periods with 

TEOS were labeled SiO2(silylation time)/void/TiO2 (e.g., SiO2(0.5)/void/TiO2 for a sample 

obtained after agitation with TEOS for 0.5 h). 

 As reference samples for comparison, TiO2 mechanically mixed with 

SiO2(mec-SiO2+TiO2) and TiO2 directly coated with SiO2 (dir-SiO2/TiO2) were also prepared.  

In the synthesis of mec-SiO2+TiO2, ST-41 TiO2 was mechanically stirred with SiO2 (Wako, 

ratio of TiO2:SiO2 = 3:2) in methanol for 24 h at room temperature, and then the mixture was 

calcined at 873 K for 2 h in air.  The dir-SiO2/TiO2 powder was prepared according to the 

procedures reported by Graf et al. [31] with slight modification.  A brief description is as 

follows: 0.2 g of TiO2 was suspended in an aqueous solution (18 cm
3
) of 

poly(vinylpyrrolidone) (PVP) (2.3 mmol dm
-3

) and the suspension was stirred for 12 h at 

ambient temperature.  PVP-adsorbed TiO2 powder was collected and then stirred for 1.5 h in 

an ethanolic solution (14 cm
3
) of 0.5 mmol tetraethyl orthosilicate (TEOS), 0.5 cm

3
 aqueous 

ammonia (28%) and 2 cm
3
 water.  The resulting powder was collected by centrifugation and 

then washed with water and heated at 873 K for 2 h in air. 

 

2.3 Modifications of particle surfaces with acid sources 

 Functionalization of external surfaces of SiO2/void/TiO2 with acid was carried out 

with sulfuric acid (H2SO4) or 3-mercaptopropyl trimethoxysilane (MPTS).  For 

modifications with H2SO4, treatments were done in the synthesis process of the hollow 

core–shell particles just before removal of the carbon layer.  After obtaining TiO2 particles 
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covered with carbon and SiO2 layers (SiO2/C/TiO2), 0.2 g of the sample was agitated in a 

methanolic solution (10 cm
3
) containing an equal molar amount of H2SO4 for 2 h, followed by 

drying and calcination at 873 K for 2 h in air.  The sample modified with H2SO4 is denoted 

as SiO2/void/TiO2+H2SO4.  For modification with MPTS, treatment was done during the 

silylation process in SiO2/void/TiO2 synthesis.  The AEAPS-treated C/TiO2 was suspended 

in a methanolic solution (15 cm
3
) containing 2.2 mmol TEOS, 0.5 cm

3
 aqueous ammonia 

(28%) and 2 cm
3
 water and agitated at room temperature.  Then an equimolar amount of 

MPTS was added and the mixture was again shaken for another 2 h.  Finally, the carbon 

layer was removed by calcinations at 873 K for 2h in air.  The thus-obtained sample is 

denoted as SiO2/void/TiO2+MPTS.   

 

2.4 Platinization of samples 

 Since platinum (Pt) deposits on the TiO2 surface, as a co-catalyst accelerating  

reduction by photoexcited electrons as discussed in Results and Discussion, are required for 

the photocatalytic synthesis of L-PCA [32], all samples were platinized (2wt% to TiO2) using 

a two-step photodeposition method.  First, a sample was suspended in water containing the 

required amount of hydrogen hexachloroplatinate(IV) (H2PtCl6·6H2O) and irradiated by a 

400-W mercury arc (Eiko-sha 400; ca. 25 mW cm
−2

 at 300–400 nm) for 1.5 h and then 

irradiated for an additional 1.5 h in the presence of 50vol% methanol at 298±0.5 K.  The 

process of Pt deposition was monitored by measuring the amount of hydrogen (H2) liberated 

by the photoirradiation using a gas chromatograph as was used in the photocatalytic reaction 

described below. 

 

2.5 Characterization of photocatalyst particles 

 Scanning electron microscopic (SEM) images were obtained by a JEOL JSM-7400F 

microscope equipped with a detector for transmission electron microscopic mode (TED).  

X-Ray diffraction (XRD) patterns were recorded on a Rigaku SmartLab X-ray diffractometer 

with Cu K radiation.  Specific surface area and pore-volume distribution were measured by 



8 

 

the Brunauer–Emmett–Teller (BET) method using nitrogen adsorption at 77 K on a 

Quantachrome Autosorb 6AG/HOB surface area and pore size analyzer.  Before surface area 

and pore volume distribution analyses, sample powders were heated at 473 K under vacuum 

for 2 h.  Surface acidity was measured by temperature-programmed desorption of ammonia 

(NH3-TPD) with a TPD Instrument (BEL JAPAN) equipped with a quadrupole mass 

spectrometer (M-100QA, ANELVA).  Prior to the adsorption of NH3, ca. 100 mg of a 

sample was heated under a helium (He) environment at 773 K for 2 h and then cooled to 373 

K.  Subsequently, the sample was exposed to an ammonia gas flow for 1 h and then purged 

by He gas for 40 min to remove excessive physically adsorbed ammonia.  All NH3-TPD 

profiles were obtained by elevating the sample temperature from 373 to 773 K at a rate of 10 

Kmin
-1

. 

 

2.6 Photocatalytic reaction 

 For the photocatalytic reaction of redox-combined stereoselective synthesis of 

L-pipecolinic acid (L-PCA) from L-lysine (L-Lys), a Pt-loaded photocatalyst (0.050 g as 

TiO2) was suspended in an aqueous solution (5.0 cm
3
) containing L-Lys (100 µmol) and 

photoirradiated by a high-pressure mercury arc (Eiko-sha, 400 W) under argon (Ar) with 

magnetic stirring (1000 rpm).  The photoirradiation was performed through a cylindrical 

Pyrex glass filter and a glass reaction tube (18 mm in diameter and 180 mm in length) so that 

light of wavelength >290 nm reached the suspension.  The temperature of the suspension 

during photoirradiation was maintained at 298±0.5 K by the use of a thermostated water bath.  

After irradiation for 2 h, a 0.2-cm
3
 portion of the gas phase of the sample tube was withdrawn 

with a gas-tight syringe and subjected to gas chromatographic analysis (GC, Shimadzu 

GC-8A with a molecular sieve 5A column and a TCD detector) for H2 analysis.  The yield of 

enantiomers of PCA, as well as the amount of unreacted L-Lys, was measured by HPLC 

(Shimadzu LC-6A equipped with a Daicel Chiral-Pak MA(+) column and an ultraviolet 

absorption detector) as reported previously [27]. 
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3. Results and Discussion 

3.1 Preparation and characterization of hollow core–shell structured particles 

An SEM image of TiO2 (Ishihara ST-41) as a starting material is shown in Fig. 1(a). 

A characteristic angular morphology of the sample was distinctly observed, with particle 

size in the range of 100–300 nm.  The TiO2 was then pretreated with a methanolic solution 

of APS in aqueous glucose at 453 K and subsequently subjected to hydrothermal treatment.  

This resulted in the encapsulation of particle aggregates with a thick uniform layer of carbon 

(C/TiO2, Fig. 1(b)).  The thickness of the layer was 30–80 nm, which is in agreement with 

the results of a previous study showing that glucose undergoes conversion into carbonaceous 

polysaccharide (PS) spheres by hydrothermal treatment at the temperature range of 

433–453K [33].  Stirring the reaction mixture by rotating the autoclave was indispensable 

for the uniform coating of particles, presumably because the PS formation proceeds 

spontaneously and PS particles could be obtained in the absence of TiO2 particles.  The 

utilization of certain oxide particles during the hydrothermal reaction of glucose gave rise to 

a uniform layer of PS on the particles instead of formation of PS spheres [21-24].  Heat 

treatment at 873 K under vacuum resulted in conversion of the PS layer to an amorphous 

carbon layer [22].  Also an important point is the use of APS-treated TiO2; use of bare TiO2 

failed to produce surface-covered particles and resulted in the formation of PS spheres.  

The APS-treated TiO2 might improve preferable adsorption of the PS component via 

acid-base interactions between carboxyl and amino groups, since the PS component has a 

substantial amount of the former and the treated TiO2should have the latter on its surface 

[23].  Figure 1(c) shows the effect of consecutive treatments on C/TiO2 with AEAPS and 

TEOS in ethanol, whereby the coverage of an outer layer of the sample was observed.  

Another noteworthy observation was the absence of free SiO2 particles.  This indicates 

surface coverage with an SiO2 layer by exclusive progress in a polycondensation reaction at 

the surface of C/TiO2.  This in turn resulted in the formation of SiO2/C/TiO2 composite 

particles.  Heating of the sample in air at 873 K was subsequently performed to remove 

carbon components from SiO2/C/TiO2 by combustion of carbon.  
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 Other commercial TiO2 powders such as Evonik (Degussa) P25 were used for the 

core, but they failed; it seems difficult to obtain a uniform carbon layers on the TiO2 surface 

in hydrothermal reaction in an aqueous glucose solutions.  Although the reason is still 

unknown, a trial to obtain an SiO2/void/TiO2-type structure from those TiO2 powders is 

currently being performed by modifying the surface pretreatment processes. 

 SEM images of the thus-obtained white powders showed that they are comprised of 

TiO2 aggregates encapsulated in hollow SiO2 shells (i.e., SiO2(1.5)/void/TiO2), as shown in 

Fig. 2(b).  Control of the thickness of the lateral SiO2 shell was possible by changing the 

duration of the SiO2 growth process.  Extension of the reaction duration resulted in a thicker 

SiO2 layer (Fig. 2(c)) and vice versa (Fig 2(a)).  Control of the size of the void space was 

also possible by changing the concentration of aqueous glucose during the carbon coating step.  

A higher concentration of aqueous glucose resulted in a larger void space (Fig. 3(c); several 

tens of nanometers) and vice versa (Fig 3(a); ca. 10 nm) compared with that of the standard 

sample (Fig. 3(b)) prepared with glucose solution of 0.5 mol dm
-3

 (a few tens of nanometers).  

These hollow core–shell particles were prepared with a silylation period of 1.5 h, and the SiO2 

shell thicknesses therefore were almost the same in those samples. 

 An XRD pattern of SiO2(0.5)/void/TiO2 is shown in Fig. 4(b) with that of bare TiO2 

(ST-41) (Fig. 4(a)) for comparison.  By comparing these XRD patterns, it was concluded 

that there was no significant change after the formation of SiO2/void/TiO2; the preparation 

process for SiO2/void/TiO2 induces negligible change in anatase TiO2 crystal structure.  

Aside from having the same widths and intensities of all peaks as those of bare ST-41, no 

extra peaks were observed for SiO2/void/TiO2, indicating an amorphous nature of the lateral 

SiO2 shells. 

 Figure 5 shows the N2 adsorption–desorption isotherm of SiO2(0.5)/void/TiO2 

derived from ST-41 and that of bare ST-41.  Compared with the isotherm of the bare sample, 

the isotherm of SiO2(0.5)/void/TiO2 showed the presence of a substantial hysteresis loop that 

is closed by a drop of the desorption branch in the volume adsorbed at P/P0 of ca. 0.5.  This 

is attributable to the tensile strength effect (TSE), a phenomenon usually observed in samples 
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having a porous structure [34], suggesting that the lateral SiO2 shell has a porous structure.  

A method that is commonly used for SiO2-based microporous materials such as zeolites and 

SiO2 gels for determination of micropore size distribution is the Saito-Foley (SF) model.  In 

this study, application of the SF model to the adsorption branch resulted in specifying the pore 

system mainly ranging between ca. 0.4 and 1.2 nm.  As stated in the literature [35,36], the 

fabrication of hollow SiO2 spheres involved based-catalyzed hydrolysis and polycondensation 

of TEOS.  After applying similar method in our study, it was observed that SiO2 shells were 

composed of aggregates of SiO2 nanoparticles.  Therefore, the vacant spaces between these 

aggregates are the reason for the observed microporous structure on SiO2/void/TiO2.  Such a 

microporous structure of the lateral SiO2 shell contributed to the successful removal of the 

medial carbon shell in SiO2/C/TiO2.  On the other hand, the spaces between the TiO2 core 

and the SiO2 shell seemed sufficiently large for not being detected in the N2 adsorption 

measurement. 

 The presence of void spaces was also supported by the fact that the specific surface 

area, calculated from the above-mentioned N2 adsorption, of SiO2/void/TiO2 (29 m
2
 g

-1
) was 

more than two times larger than that of the original TiO2 (13 m
2
 g

-1
). 

 Figure 6 shows NH3-TPD patterns corresponding to the surface acidity of the original 

bare ST-41 (TiO2), TiO2 that had been modified with APS followed by heating at 873 K 

(APS-TiO2) and TiO2 that had been modified with APS followed by carbon coating and then 

calcination at 873 K to remove the carbon layer (C-TiO2).  The original ST-41 shows some 

acidic sites, presumably due to the remaining sulfuric acid from the starting material of this 

TiO2, titanium sulfate.  As seen in Fig. 6, the acidity decreased significantly for APS-TiO2, 

possibly due to neutralization of those acid sites by the amino groups in APS.  A smaller 

decrease in acidity was observed for C-TiO2, as compared to the acidity shown by APS-TiO2.  

One possible reason is that the carbon coating with calcination removes the amino groups that 

neutralized the acid sites, thus resulting in recovery of some of the original acid sites, though 

at present we have no experimental evidence supporting this. 



12 

 

 NH3-TPD patterns for dir-SiO2/TiO2, dir-SiO2/TiO2 heated at 973 K, which is 

slightly higher than the temperature for SiO2(1.5)/void/TiO2 preparation (873 K), and 

SiO2(1.5)/void/TiO2 are shown in Fig. 7.  SiO2 itself is known to have relatively weak acid 

sites [37], which presumably release NH3 at 423–573K.  For dir-SiO2/TiO2, after heating at 

873 K, acid sites on TiO2 were still observed due to the possible appreciable permeability of 

SiO2.  However, dir-SiO2/TiO2 heated at 973 K showed very weak acid sites on SiO2.  This 

is attributable to shrinkage of the SiO2 network, prohibiting NH3 permeation.  A plausible 

explanation is that the inner acid sites of SiO2 were also blocked and only surface acid sites 

were detected.  As for the NH3-TPD pattern for SiO2(1.5)/void/TiO2, though some shrinkage 

of SiO2 also occurred, the porosity still allowed some permeation of NH3.  Some of the acid 

sites on TiO2 seemed to be hidden by the shrunken SiO2 shell, and thus the peak 

corresponding to TiO2 acidity was observed with a decreased intensity. It is assumed that 

combustion of the carbon layer by calcination at 873 K induced raise of effective temperature 

due to heat of combustion to be between 873 K and 973 K.  The broad but small peak at 

423–573 K shows the SiO2 acidity.  It should be pointed out that the NH3-TPD analyses 

were carried out under vacuum in the absence of water.  The acidity measured in this study 

does not correspond directly to the acidity of the photocatalyst samples during the reaction, 

since photocatalytic reactions were carried out in aqueous solutions, as described later. 

 Attempts to prepare SiO2/void/TiO2 by using platinized TiO2 as the starting material 

were also made.  However, upon inspection with SEM, it was observed that a hollow 

core–shell structure, as was seen for SiO2/void/TiO2prepared by the standard procedure, was 

not formed.  It has already been reported [22] the TiO2 surface must be treated with APS 

before the carbon-layer coating for uniform coverage of carbon on the surface of TiO2.  

Since TiO2 already has Pt particles on its surface, this might have prevented the formation of 

a uniform layer of carbon on TiO2 to inhibit the formation of hollow core–shell particles.  

The experimental results discussed in the following section clearly showed that the SiO2 shell 

of SiO2/void/TiO2 was porous, at least suspended in water, enough to allow diffusion of the 

platinum source to be deposited on the inner TiO2-core surface. 
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3.2 Photocatalytic activity comparison between TiO2 and photocatalysts derived from TiO2 

 Figure 8 shows time-course curves of H2 liberation from aqueous methanol solutions 

in the second step of the platinization (see Experimental), as has been reported in the 

preliminary paper [30].  An almost linear increase in the amount of H2 was observed after an 

appreciable induction period for all of the samples except for dir-SiO2/TiO2.  This suggests 

that reduction of the platinum complex to metallic a state by photoexcited electrons in TiO2, 

to give photocatalytic activity for methanol dehydrogenation, required 5–10 min of irradiation.  

As shown in this figure, dir-SiO2/TiO2 was almost inactive with negligible H2 liberation, 

possibly due to retardation of the adsorption of substrates, methanol and H2PtCl6, 

participating in the reaction, onto the TiO2 surface by the covering SiO2 layer to result in 

practically no Pt deposition.  The activity of SiO2/void/TiO2 was almost the same as that of 

bare TiO2 despite the presence of an SiO2 shell and was even higher than that of 

mec-SiO2+TiO2.  These facts strongly suggest that the SiO2 layer of SiO2/void/TiO2 has no 

influence on the diffusion of substrates of photocatalytic reactions. 

 SEM images of the photocatalysts after the platinization process are shown in Fig. 9.  

For platinized TiO2 (Fig. 9 (a)), well-dispersed Pt particles on TiO2 could clearly be seen.  

As for platinized mec-SiO2+TiO2 (Fig. 9 (b)), Pt particles can be seen on some parts of the 

sample, presumably on the TiO2 component but not on the SiO2 component.  As expected, 

no Pt particles can be seen on dir-SiO2/TiO2 (Fig. 9 (c)), proving that deposition of Pt was 

unsuccessful for this sample.  The SEM image for SiO2(0.5)/void/TiO2 (Fig. 9 (d)) clearly 

indicated the deposition of fine Pt particles onto TiO2 without any collapse of the SiO2 shells 

during the platinization process.  Similar results were obtained in our previous study and can 

be attributed to the presence of pores in the SiO2 shell and void spaces between the shell and 

core TiO2 particles [22].  These structures led to efficient mass transfers through an SiO2 

shell to supply Pt particles to the naked active surface of the TiO2 core. 

 Another important feature suggested by the SEM images is the toughness of the SiO2 

layers for maintaining the core–shell structure even under the condition of vigorous magnetic 
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stirring during the platinization process.  This may be due to the plausible flexibility of 

morphology of the SiO2 shell in an aqueous suspension by swelling with water; the SiO2 shell 

may behave like a highly water-swollen transparent liquid glass in an aqueous suspension and 

this would induce high flexibility and permeability for the reaction substrates. 

 

3.3 Redox-combined stereo-selective synthesis of L-pipecolinic acid from L-lysine 

 Photocatalytic activities of the prepared samples were examined using 

redox-combined stereo-selective synthesis of L-PCA from L-Lys.  Table 1 summarizes the 

results for synthesis of L-PCA from L-Lys after 2-h photoirradiation using various TiO2 

photocatalysts loaded with 2wt% Pt.  Photoirradiation of the TiO2 photocatalysts suspended 

in aqueous solutions of L-Lys under Ar led to the formation of PCA, as reported previously 

[27,38].  Complete consumption of L-Lys was achieved using platinized bare TiO2 (entry 1) 

and also mec-SiO2+TiO2 (entry 2).  These photocatalysts showed almost the same results in 

terms of selectivity based on amount of consumed L-Lys (SPCA), optical purity (OPPCA; 

([L-Lys] – [D-Lys])/([L-Lys] + [D-Lys])) and rate of PCA formation in the unit of μmol h
-1

 

(RPCA), suggesting that the mechanical mixing of SiO2 with TiO2 does not have any effect on 

this reaction as only the TiO2 part was responsible for the photocatalytic reaction.  As 

expected, dir-SiO2/TiO2 (entry 3) showed poor photocatalytic activity with conversion of only 

14% of L-Lys (and only 2 µmol of H2), suggesting that direct coverage of the TiO2 surface 

with SiO2 hinders the activity of TiO2 by prohibiting Pt deposition as well as L-Lys 

adsorption onto the bare TiO2 surface.  

 The performance of SiO2(0.5)/void/TiO2 particles (entry 4)  prepared with a 0.5-h 

silylation period was almost the same as that of bare TiO2 (entry 1).  Although the selectivity 

was only slightly lower than that of bare TiO2, SiO2/void/TiO2 exhibited the highest OPPCA, 

13% more than that of platinized bare TiO2, among all of the samples.  In order to further 

prove the effectiveness of the hollow core–shell structure, the photocatalytic performance of 

SiO2(1.5)/void/TiO2 (entry 5) and that of SiO2(3.0)/void/TiO2 (entry 8) are also shown in 

Table 1.  While SiO2(1.5)/void/TiO2, having a slightly thicker SiO2 layer, exhibited the best 
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performance among the tested samples, it seemed that the photocatalytic performance 

(conversion, SPCA, OPPCA and RPCA) was not greatly changed by the SiO2 shell thickness.  

This is consistent with the possible high permeability of the SiO2 shell. 

 In order to further investigate the effect of the hollow core– shell structure, 

SiO2/void/TiO2 samples with different void space sizes were also prepared and their 

photocatalytic performances for synthesis of L-PCA from L-Lys were examined, as shown in 

Table 1.  With smaller void space (SiO2(1.5)/0.5void/TiO2 prepared with a lower glucose 

concentration (0.25 mol dm
-3

; entry 6), RPCA was decreased by 4% (2% decrease in 

conversion) and OPPCA was increased by 2% compared with those of the sample prepared 

with the standard glucose concentration (0.5 mol dm
-3

; entry 5).  Although the improvement 

of OPPCA was not so obvious, rate reduction was distinct.  On the other hand, when the void 

space was increased by using a higher glucose concentration (1.0 mol dm
-3

; entry 7), L-Lys 

conversion was improved to 100% with only a small decrease in OPPCA.  This behavior, 

influence of void-space thickness, can be explained by water-induced swelling of the SiO2 

shell; the swelling by water, i.e., expansion of shell thickness, may reduce the void-space size, 

and for the sample of SiO2(1.5)/0.5void/TiO2, the void space reduction might cause contact of 

SiO2 with the TiO2 surface to interfere with the approach of the substrate L-Lys, while for the 

sample of SiO2(1.5)/2.0void/TiO2 with a larger void space, such direct contact of swollen 

SiO2 and TiO2is neglected to obtain higher L-Lys conversion.  Thus, a larger void space 

seems preferable for higher L-Lys conversion, i.e., reaction rate, but it is expected that a 

sample with a larger void space than that of SiO2(1.5)/2.0void/TiO2 will show lower OPPCA 

because of the improbable effect of SiO2 acidity, as will be discussed in the following section.  

Considering that the bare TiO2, which can be an utmost limit of larger void space, showed a 

higher rate and lower OPPCA, a swollen SiO2 shell close to, but not in contact with, the TiO2 

surface, where the photocatalytic reaction proceeds, is a key for higher L-Lys conversion and 

higher OPPCA. 

 As mentioned in the preceding section, PCA production from L-Lys proceeds 

through a redox-combined mechanism as shown in Scheme 1 [28].  According to this 
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mechanism, OPPCA is regulated by (1) selectivity in the position in the first step of 

amino-group oxidation and (2) difference in efficiency in the following second step of 

Schiff-base reduction into PCA between  and -routes; SPCA corresponds to the average 

efficiency of the second process.  Assuming the same efficiency of the second reduction step 

for  and -routes, OPPCA shows the proportion of the -route, since  and -routes yield L 

and racemic PCA, respectively.  This has been proved in a previous study [28] by the fact 

that OPPCA was almost the same as the proportion of 
15

N inclusion in PCA from -
15

N-labeled 

L-Lys.  A possible reason for improved OPPCA, with almost the same SPCA, by the use of 

SiO2/void/TiO2 is increase in proportion of the -route, presumably due to the acidic character 

of SiO2 [39] being close to the core TiO2 surface. 

 It has been observed that reaction at lower pH improved OPPCA and decreased RPCA 

when platinized (bare) TiO2 particles were used as the photocatalyst [41].  Because of the 

higher basicity of the -amino group than that of -amino group, the -amino group is 

protonated to be an ammonium group (–NH3
+
), compensating the negative charge of 

carboxylate and leaving the -amino group in neutral form under the conditions employed in 

this study.  Taking into account the higher (more anodic) oxidation potential of an 

ammonium form than that of a natural amino form into, preferential oxidation of the -amino 

group cannot be expected with ordinary aqueous solutions.  At lower pH, both  and 

-amino groups are protonated and thereby the reaction rate is decreased, while relative 

reactivity of the -amino group to undergo oxidation by positive holes is enhanced.  This is 

the most probable interpretation of improved OPPCA at lower pH.  However, as the 

stoichiometry of the reaction shows, PCA production accompanies NH3 release and even 

when a suspension is acidified before reaction, the released NH3 may be neutralized; OPPCA 

becomes low unless buffer solutions, which may reduce the photocatalytic reaction rate 

further, are used [41].  As reported previously [38], blocking of the -amino group by 

carbamoyl derivatization not to be protonated and thereby preferential protonation of the 

-amino group in Lys led to the production of optically pure L-PCA.  It is clear that this is a 

good strategy for pure L-PCA synthesis, but selective carbamoyl derivatization is needed; use 
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of bare L-Lys, a cheap starting material, without derivatization is preferable.  In this sense, 

higher OPPCA by SiO2/void/TiO2 in the present study might be a breakthrough for selective 

synthesis.  Since it has been observed that crystallization of PCA of higher OPPCA gave 

almost pure L-PCA due to exclusion of D-PCA from L-PCA crystallites [38], higher OPPCA, 

even lower than 100%, is beneficial for practical application to L-PCA synthesis. 

 The possible acidic microenvironment of the core TiO2 surface induced by the 

water-swollen SiO2 shell might lead to protonation of the -amino group to result in 

retardation of -route due to higher (more anodic) oxidation potential of the ammonium form 

of amino groups in Lys.  As was discussed in the preceding section, though the acid strength 

and amount of acidic sites in the SiO2 shell seem not to be high and large, respectively, when 

measured under dried conditions, the appreciable acidity of the SiO2 shell close to, but not in 

contact with, the core TiO2 surface can account for the improved OPPCA by promoting 

protonation of an -amino group in L-Lys. 

 Since the acidity provided by the SiO2 shell may have been the factor in the 

improvement of optical purity of PCA, modifications with H2SO4 or MPTS to introduce 

sulfonic acid groups to the surface of SiO2 in SiO2/void/TiO2 were attempted in order to 

increase the acidity.  For the MPTS-modified sample, SiO2/void/TiO2+MPTS, it was 

expected that the MPTS moiety introduced presumably in the SiO2 shell was oxidized into a 

sulfonic acid group in the calcination process in air.  We tried to measure the content of 

sulfur in these modified SiO2/void/TiO2samples and to clarify its chemical form, but we failed 

presumably due to the low concentration and the limit of samples prepared for one autoclave 

operation. 

 The modified SiO2/void/TiO2 particles were then used as photocatalysts in the 

synthesis of PCA from L-Lys, and the results are summarized in Table 2.  The conversions 

for all three of these photocatalysts were relatively high, indicating that these modifications 

did not hinder the activity of the photocatalyst.  For the hollow core–shell particles modified 

with H2SO4, slight increases in OPPCA and RPCA were observed.  However, the SPCA 

decreased to less than 50% with this modification.  As for SiO2/void/TiO2+MPTS, SPCA 
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recorded exceeded 50% and OPPCA was also the highest among these modified photocatalysts, 

though the conversion was only 85%.  In order to increase L-Lys conversion using 

SiO2/void/TiO2+MPTS as the photocatalyst, the reaction was prolonged for another 0.5 h to 

2.5 h.  As shown in Table 2, the reactant was almost fully converted with the maintenance of 

high values of SPCA and OPPCA.  Based on these results, the modifications gave a positive 

effect to the photocatalytic ability of SiO2/void/TiO2 in this reaction, with modifications with 

MPTS being more beneficial.  This further proved the possibility of an acidic 

microenvironment of the core TiO2 surface induced by the SiO2 shell and also the MPTS that 

led to protonation of the -amino group to result in retardation of the -route, as mentioned 

earlier, being the possible reason for the production of optically pure L-PCA. 

 

4. Conclusions 

 In this study, we have shown that platinized SiO2/void/TiO2, composed of 

commercially available TiO2 photocatalyst particles encapsulated in hollow SiO2 shells, 

shows high photocatalytic performance for inducing selective production of L-PCA from 

L-Lys while maintaining a level of activity, i.e., rate of Lys conversion, comparable to that of 

original bare TiO2, presumably due to the slightly acidic microenvironment of the core TiO2 

surface induced by the SiO2 shells.  The higher PCA selectivity (SPCA) and optical purity 

(OPPCA) of SiO2/void/TiO2 were almost independent of thickness of the SiO2 shell, suggesting 

that the SiO2 shell was greatly swollen by water and was permeable for the substrates and 

products of the photocatalytic reaction.  On the other hand, the size of void space between 

the SiO2 shell and the TiO2 core had an appreciable influence on performance, i.e., the smaller 

void space induced a slower rate and higher OPPCA and a larger void space induced a higher 

rate and lower OPPCA.  These facts suggest that the best performance is obtained when the 

water-swollen SiO2 shell is almost in contact with the TiO2 surface without covering the 

surface based on the assumption that the SiO2 shell in an aqueous suspension behaves as a 

highly porous, flexible and swollen liquid medium having appreciable, but not strong, acidity 

to control the protonation-deprotonation equilibria of  and -amino groups in L-Lys.  Thus, 
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SiO2/void/TiO2 provides an advantageous microenvironment for selective L-PCA synthesis 

without addition of any chemicals such as an acid or a buffer solution, which must be 

separated in the post reaction procedure.  Further improvement of photocatalytic 

performance of SiO2/void/TiO2 was achieved by modification of the SiO2 shell with a 

possibly sulfonic acid moiety; the highest OPPCA of 75% was obtained, though further 

improvement of OPPCA is still needed.  It is expected that more precise control of the 

appropriate size of the void space between the core and shell and design of silica-shell 

structures will also improve the performance of photocatalysts for stereoselective synthesis of 

L-PCA, and study along this line is now in progress.  The present results may open a new 

field of material chemistry for designing the microenvironment of a photocatalyst surface to 

control reaction selectivity. 
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Table 1 Synthesis of PCA from L-Lys using various platinized TiO2 photocatalysts 

suspended in a deaerated solution by 2-h irradiation with a mercury arc. 

Entry. Photocatalyst 
Conversion 

(%) 

SPCA
a 

(%) 

OPPCA
b 

(%) 
RPCA

 c
 

YH2
d
 

(μmol) 

1 TiO2 100 51 57 27 75 

2 mec-SiO2+TiO2 100 52 59 27 63 

3 dir-SiO2/TiO2
e
 14 26 —

f
 0.2 2 

4 SiO2(0.5)/void/TiO2 98 43 70 22 72 

5 SiO2(1.5)/void/TiO2 96 50 70 25 50 

6 SiO2(1.5)/0.5void/TiO2 94 44 72 21 55 

7 SiO2(1.5)/2.0void/TiO2 100 51 69 25 82 

8 SiO2(3.0)/void/TiO2 96 46 70 23 57 

a
Selectivity of PCA production based on amount of consumed L-Lys.  

b
Optical purity of 

L-PCA.  
c
Rate of PCA formation in the unit of μmol h

-1
.  

d
Yield of H2.  

e
Platinization via 

photodeposition was unsuccessful (see text).  
f
Not determined. 
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Table 2 Synthesis of PCA from L-Lys using various platinized SiO2/void/TiO2 (2-h 

photoirradiation). 

Catalyst 
Conversion 

(%) 

SPCA
a 

(%) 

OPPCA
b 

(%) 
RPCA

 c
 

YH2
d
 

(μmol) 

SiO2(1.5)/void/TiO2 96 50 70 25 50 

SiO2/void/TiO2+H2SO4 99 46 73 23 67 

SiO2/void/TiO2+MPTS 85 53 75 24 32 

SiO2/void/TiO2+MPTS
f
 98 53 75 22 49 

a
Selectivity of PCA production based on amount of consumed L-Lys.  

b
Optical purity of 

L-PCA.  
c
Rate of PCA formation in the unit of μmol h

-1
.  

d
Yield of H2.  

f
Photoirradiation time was extended to 2.5 h 
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Figure captions 

 

Scheme 1 Proposed mechanism of the photocatalytic N-cyclization of L-Lys on platinized 

TiO2 particles. 

Fig. 1 SEM images taken in transmission mode of (a) TiO2 (ST-41), (b) TiO2 after 

hydrothermal treatment with an aqueous glucose solution and (c) C/TiO2 after 

successive treatment with AEAPS and TEOS.  Scale bars correspond to 100 

nm. 

Fig. 2 SEM images taken in transmission mode of (a) SiO2(0.5)/void/TiO2, (b) 

SiO2(1.5)/void/TiO2 and (c) SiO2(3.0)/void/TiO2.  Scale bars correspond to 100 

nm. 

Fig.3 SEM images taken in transmission mode of SiO2(1.5)/void/TiO2 prepared with 

different glucose concentrations of (a) 0.25 mol dm
-3

, (b) 0.5 mol dm
-3

 and (c) 

2.0 mol dm
-3

.  Scale bars correspond to 100 nm. 

Fig. 4 XRD patterns of (a) TiO2 (ST-41) and (b) SiO2(0.5)/void/TiO2. 

Fig. 5 N2 adsorption-desorption isotherms of (a) TiO2 (ST-41) and (b) SiO2/void/TiO2. 

Filled and open circles denote adsorption and desorption branches, respectively. 

Fig. 6 NH3-TPD patterns for TiO2, APS-TiO2 and C-TiO2. 

Fig. 7 NH3-TPD patterns for dir-SiO2/TiO2, dir-SiO2/TiO2 heated at 973 K 

(*dir-SiO2/TiO2) and SiO2(1.5)/void/TiO2. 

Fig. 8 Time course curves of liberated H2 on TiO2 (filled circles), SiO2/void/TiO2 

(filled squares), mec-SiO2+TiO2 (open circles) and dir-SiO2/TiO2 (open squares) 

from an aqueous methanol solution in the presence of H2PtCl6. 

Fig. 9 SEM images taken in transmission mode of platinized (a) TiO2, (b) 

mec-SiO2+TiO2,(c) dir-SiO2/TiO2 and (d) SiO2(0.5)/void/TiO2.  Scale bars 

correspond to 100 nm. 
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Scheme 1 Proposed mechanism of the photocatalytic N-cyclization of L-Lys on 

platinized TiO2 particles. 
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Fig. 1 SEM images taken in transmission mode of (a) TiO2 (ST-41), (b) TiO2 after 

hydrothermal treatment with an aqueous glucose solution and (c) C/TiO2 after successive 

treatment with AEAPS and TEOS.  Scale bars correspond to 100 nm. 
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Fig. 2 SEM images taken in transmission mode of (a) SiO2(0.5)/void/TiO2, (b) 

SiO2(1.5)/void/TiO2 and (c) SiO2(3.0)/void/TiO2.  Scale bars correspond to 100 nm. 
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Fig.3 SEM images taken in transmission mode of SiO2(1.5)/void/TiO2 prepared with 

different glucose concentrations of (a) 0.25 mol dm
-3

, (b) 0.5 mol dm
-3

 and (c) 2.0 mol 

dm
-3

.  Scale bars correspond to 100 nm. 
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Fig. 4 XRD patterns of (a) TiO2 (ST-41) and (b) SiO2(0.5)/void/TiO2. 

 

(a) 

(b) 
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Fig. 5 N2 adsorption-desorption isotherms of (a) TiO2 (ST-41) and (b) 

SiO2/void/TiO2.  Filled and open circles denote adsorption and desorption branches, 

respectively. 

 

(a) 

(b) 
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Fig. 6 NH3-TPD patterns for TiO2, APS-TiO2 and C-TiO2. 
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Fig. 7 NH3-TPD patterns for dir-SiO2/TiO2, dir-SiO2/TiO2 heated at 973 K 

(*dir-SiO2/TiO2) and SiO2(1.5)/void/TiO2. 



35 

 

 

 

  

Fig. 8 Time course curves of liberated H2 on TiO2 (filled circles), SiO2/void/TiO2 (filled 

squares), mec-SiO2+TiO2 (open circles) and dir-SiO2/TiO2 (open squares) from an aqueous 

methanol solution in the presence of H2PtCl6. 
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Fig. 9 SEM images taken in transmission mode of platinized (a) TiO2, (b) 

mec-SiO2+TiO2,(c) dir-SiO2/TiO2 and (d) SiO2(0.5)/void/TiO2.  Scale bars correspond to 

100 nm. 

 


