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Abstract

A method to prevent sintering of photocatalytic particles in a calcination process is developed to allow their crystallization without a significant decrease in their specific surface area. A sacrificial layer of polymer to
prevent the particle from sintering was employed for the crystallization of amorphous titania particles in the heat treatment at 500 °C. The heat treatment simultaneously removed the polymer layer by pyrolysis. The heat
treatment using a sacrificial layer of polymer could suppress a decrease in the specific surface area of titania particles and also maintain colloidal stability in water, attaining a photocatalytic activity higher than that without

using a sacrificial layer. These results indicate that the polymer-coating technique is effective for crystallization of photocatalytic particles without a loss of both colloidal stability and photocatalytic activity of the particles.

Abbreviations: TiO,, titanium dioxide; PSt, polystyrene; TiO,@PSt, titanium dioxide particles coated with polystyrene shells; TG, thermogravimetric; XRD, X-ray diffraction; MB, methylene blue; DLS, dynamic light scattering; BET,

Brunauer-Emmett-Teller

Keywords: Photocatalyst; Titanium dioxide; Polymer coating; Sintering; Aggregation; Colloidal stability

1 Introduction

Photocatalysts exhibiting catalytic activities under light irradiation have received attention as materials to meet modern needs such as water purification and hydrogen production [1-3]. Crystalline titanium dioxide (titania,
TiO,), which has a wide band gap (3.2 eV for anatase, 3.0 eV for rutile [4]), has been a common semiconductor photocatalyst since Fujishima and Honda [5] demonstrated electrochemical photolysis of water using TiO, electrodes under
ultraviolet light. Because their specific surface areas are much larger than bulk TiO,, colloidal TiO, particles are a promising photocatalyst. TiO, photocatalysts have been immobilized on solid stationary supports or dispersed in
aqueous solution [6-8]. The former, TiO, immobilized on/in a chemically inert layer such as silica gels [9,10] and porous silica [11], has an advantage of easy recovery after photocatalytic reactions. However, photocatalysts immobilized
have lower specific surface area exposed to a solution compared to the latter of particulate TiO, dispersed in a solution [12]. The high specific surface area of dispersed TiO, particles exposed to a solution is expecting to exhibit high

rates of photocatalytic reactions [13].

Crystallinity of TiO, particles is important for their photocatalytic activities because catalytic activities depend on the degree of the crystallization and the percentage of anatase and rutile phases of TiO, particles [14,15].
Recombination of electron-hole sites on atomic defects of TiO, particles is restricted by the crystallization, which leads to improvement of their photocatalytic characteristics [16]. Crystallization of amorphous TiO, to anatase or rutile
can be induced by various methods such as hydrothermal methods [17,18], microwave-assisted hydrothermal methods [19,20] and calcination [21,22]. In particular, calcination is a simple way to crystalize TiO, particles at
temperatures higher than 300 °C for anatase and 900 °C for rutile, respectively [23]. However, TiO, surfaces make contact with each other during the heat treatment, leading to a decrease in the surface areas of the particles due to

their aggregation [24,25].

Coating crystalline TiO, particles with a layer chemically inert at high temperatures is a possible way to avoid the aggregation of particles in the heat treatment. However, the active sites for photocatalysis on the particles are

covered with the inert layer. Porous materials such as zeolite [26] and mesoporous silica [27] are promising layers to cover the particles because the reactants are allowed to be in contact with the catalytic particles through the porous



layers.

An alternative coating of particles has been reported. Okada et al. [28,29] demonstrated that coating particles with thermally stable materials prevented their sintering by calcination. They employed calcium salt as the
thermally stable material to prevent direct contact between hydroxyapatite particles. Because the calcium salt layers on the particles were removed by washing with water after the calcination process, the surface of nanoparticles had

the composition of crystalline hydroxyapatite.

Here, we propose an alternative method to prevent photocatalytic particles from aggregating during high-temperature calcination. TiO, particles coated with a sacrificial layer are crystallized by calcination at 500 °C.
Polystyrene (PSt) is chosen as a sacrificial layer because it is thermally decomposed at 350-480 °C [30].The heat treatment in the present method can simultaneously induce crystallization of TiO, and remove PSt layers, omitting the
washing process for the sacrificial layers. In the present study, the effect of PSt coating of TiO, particles on their photocatalytic activities is evaluated. Additionally, the relationship between crystallinity and dispersibility of the calcined

particles with PSt layers of different thicknesses is investigated.

2 Experimental section
2.1 Materials

Titanium tetraisopropoxide (TTIP, 95_%), acetonitrile (99.5_%), methylamine aqueous solution (40 wt%), ethanol (99.5_%), dehydrated ethanol (water content <50 ppm), styrene (St 99_%), p-styrenesulfonic acid sodium salt
(NaSS, 80_%), and potassium persulfate (KPS, 95 %) were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). 3-Methacryloxypropyltrimethoxysilane (MPTMS, 95_%) was obtained from Shin-Etsu Chemical

(Tokyo, Japan). The inhibitor for St monomer was removed by an inhibitor removal column. Water was deionized in advance (>18.2-M- MQ cm).

2.2 TiO, particles coated with thin polymer shells

Submicron-sized TiO, particles were synthesized using a sol-gel method with a mixed solvent of ethanol and acetonitrile [23]. Polystyrene (PSt) coating of TiO, particles was conducted according to our previous reports [31,32].
TiO, particles and a silane coupling agent (MPTMS) were added in a mixed solvent of ethanol and water. After stirring for 1h at 35 °C, St and NaSS were added to the mixture, and it was stirred for 2 h. The polymerization initiator,
KPS, was added to the mixture at 65 °C. TiO, particles coated with thin PSt shells (approximately 60 nm) were obtained 12h after initiation of the polymerization. The PSt-coated particles (TiO,@PSt-60) were centrifuged at 6000 rpm
for 8 min with the reaction mixture. They were subsequently washed twice with water with the same centrifuge conditions. The volume fraction of TiO, particles in the mixture was 0.065 vol%. The concentrations of MPTMS, St, NaSS,

and KPS were 2.5 mM, 50mM, 0.25mM, and 2 mM, respectively.
Increasing polymer shell thickness and calcination of the polymer-coated particles

In order to increase the PSt shell thickness, St monomer was added to the aqueous suspension of the TiO,@PSt-60 particles (0.05vol%). After stirring for 2h at 35°C, an aqueous solution of KPS was injected into the
suspension. The polymerization of St was conducted at 65 °C for 12 h, after which the obtained particles were centrifuged several times with water and ethanol. The concentrations of St and KPS in the process were 100 mM and 2 mM,
respectively. TiO, particles coated with PSt shells with the other two thicknesses of 180 nm and 270 nm were prepared by repeating the polymerization process. These TiO,@PSt particles are described as TiO,@PSt-180 and TiO,@PSt-

270, respectively. The PSt-coated TiO, particles were dried under vacuum overnight and calcined at 500 °C for 4 h.

2.3 Evaluation of photocatalytic activities

The photocatalytic activities of TiO, particles were evaluated by decomposition of an organic dye (methylene blue, MB) [16]. A suspension of TiO, particles was sonicated more than 15 minutes and subsequently mixed with MB
aqueous solution. The total volume of the solution was 35 mL, and the concentration of MB added to the aqueous suspension was 16-uM. The solution was stirred for 1 h in the dark (without irradiating UV light) to attain equilibrium of
MB adsorption on the surface of TiO, particles. After attaining the equilibrium, the initial concentration of MB (C,) was examined using a calibration curve before light irradiation. UV light (4==365nm, 1.2 mW/cm?) irradiated the
suspension under the continuous stirring for 2h. Part of the solution (1.5mL) was taken every 30 min. After centrifuging the suspension in order to separate TiO, particles and supernatant solution, absorption spectra of the
supernatant were measured with UVa/_vis spectrometer (Hitachi, U-3900). From the spectra, the residual MB concentrations were determined. A Xe lamp (Asahi Spectra, MAX-303) was employed as the UV source with a band-pass

filter (Asahi Spectra, HQBP365-UV ¢25) to shield the visible light. The concentrations of TiO, particles was 5.0 x 10%~2g/L.

2.4 Characterization

Synthesized particles were observed with a FE-TEM (Hitachi, HD-2700). Size distributions of dispersed particles and zeta potentials were measured with dynamic light scattering (Otsuka Electronics, ELSZ-2). Crystallinity of



the calcined TiO, particles was examined with X-ray diffraction (Rigaku, RINT-2200VHF+/PC or Ultima IV). Nitrogen adsorption-desorption isotherms were recorded at —196 °C with BELSORP-mini II (Bel Japan Inc.). The surface areas
of the particles were calculated from the adsorption-desorption isotherms with Brunauer-Emmett-Teller (BET) analysis. The volume-averaged diameter (d,) and the coefficient of variation of particle size distribution (C,) were

determined using the following equations:

dy=(Zma?s Fn)"
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where n; is the number of particles with diameter d; . The diameters were determined by measuring more than 200 particle diameters in TEM images. Thermal gravimetric analysis (TGA) was used to examine pyrolysis of

x 100

polystyrene layers on TiO, surfaces. The compositions of the TiO, particle surfaces were measured with X-ray photoelectron spectroscopy (XPS).

3 Results and discussion
3.1 Photocatalytic activity of calcined TiO, particles pre-coated with polystyrene

A TEM image of amorphous TiO, particles synthesized by our previous method is presented in Fig. 1(a). The volume average diameter (d;) and the polydispersity (C;) for the particles were 310 nm and 7.9_%, respectively. As
shown in Fig. 1(b), spherical particles coated with PSt shells were formed by iterative polymerization of St. Averaged shell thicknesses were estimated by calculating the difference in sizes between TiO, cores and PSt-coated particles.
In order to crystallize the particles in Fig. 1(a) and (b), they were calcined at 500 °C for 4 h. The calcined TiO, particles without PSt layers were non-spherical and the volume of the particles was reduced to approximately 40_.% of the
volume of the particles before the calcination (see Fig. 1(c)), suggesting that the particles could be densified by the heat treatment. Fig. 1(d) shows the TEM image of TiO, particles obtained by calcination of TiO,@PSt-180. The PSt
shells were sufficiently decomposed by heating at around 400 °C according to the TG curve of TiO,@PSt-180 particles shown in Fig. S1. The calcined TiO,@PSt-180 particles were as spherical as pristine TiO, particles in Fig. 1(a).

Based on the TEM images of Fig. 1(b) and (d), the volume of TiO, particles obtained by the calcination was 32_% smaller than that without calcination.

Fig. 1 TEM images of TiO, (a) and TiO,@PSt-180 (b). TEM images of (c) and (d) were particles obtained by calcination of particles (a) and (b), respectively. All scale bars are 500 nm.

alt-text: Fig. 1

Crystallinity of TiO, particles is an important factor for discussing the catalytic activities. Fig. 2 presents the X-ray diffraction (XRD) patterns of the calcined TiO, particles and TiO,@PSt-180 particles. According to the XRD
patterns, both calcined particles were attributable to anatase phases. The crystallite sizes estimated using Scherrer equation were 28 nm for the calcined TiO, and 6.3 nm for the calcined TiO,@PSt-180, respectively. These results

indicate that the crystallization of TiO, particles was restrained by the PSt coating.
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Fig. 2 XRD patterns of the TiO, particles (a) and (b) obtained by calcination of TiO, and TiO,@PSt-180, respectively.

alt-text: Fig. 2

Photocatalytic activities of each type of calcined particle presented in Fig. 1(c) and (d) were evaluated using methylene blue (MB). Fig. 3 shows MB concentrations measured in the presence of the calcined TiO, or calcined
TiO,@PSt-180 at different irradiation times by UV light. The calcined TiO,@PSt-180 decomposed MB molecules more rapidly than the calcined TiO, particles.
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Fig. 3 Photocatalytic activities of the calcined TiO, particles (black dots) and the calcined TiO,@PSt particles (blue rhombuses). (For interpretation of the references to colour in this fiqure legend, the reader is referred to the web version of this article.

alt-text: Fig. 3

The difference in the decomposition rate can be explained by the difference in the dispersibility of the calcined TiO, particles in water. Fig. 4(a) and (b) show the size distributions of each calcined particle in water measured
with dynamic light scattering (DLS). The size distributions of calcined TiO, include a peak of particles larger than 1-pm, which is different from the size of the particles observed in Fig. 1(c). A sediment of the particles was not
redispersed in water even after sonication for 1h as shown in Fig. S2, which supported the size distributions measured with DLS. A single peak smaller than 1 pm was observed from the calcined TiO,@PSt-180 presented in Fig. 4(b),
and the particles were dispersed well in water after the calcination. Zeta potentials of the calcined TiO, and calcined TiO,@PSt-180 were -8.5mV and —-38mV, respectively. The low zeta potential for the calcined TiO, particles is
probably due to a decrease in the number of hydroxyl groups on surfaces [33,34] caused by direct exposure to high temperature for a long time. The specific surface areas of the particles were calculated using the Brunauer-Emmett-
Teller (BET) method in order to investigate the effect on the catalytic activities. A significant difference of the specific surface areas between the calcined TiO, and TiO,@PSt-180 was measured (34 m?/g and 120 m?/g, respectively),

which indicates that the PSt shells act as a physical barrier to keep the distances between TiO, particles during the calcination process.
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Fig. 4 Size distributions of the calcined TiO, particles (a), the calcined TiO,@PSt particles (b) measured by dynamic light scattering (DLS).
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3.2 Effect of polymer shell thickness on photocatalytic activities

TiO,@PSt particles with different shell thickness (60 nm, 180 nm, and 270 nm) were prepared to investigate the effect of the shell thickness on the photocatalytic activities of the calcined particles. TEM images of the obtained
TiO,@PSt particles are shown in Fig. S3. The PSt-coated TiO, particles were calcined at 500 °C, and all the PSt shells were removed from the TiO, surfaces (see Figs. S4 and S5). As shown in Fig. S5, there were no difference between

the surface of calcined TiO, and that of calcined TiO,@PSt-270. This result indicates that PSt are entirely removed from the surfaces of calcined TiO, particles even when the shell is as thick as core.

Fig. 5 describes the C/C, of MB at different UV irradiation times for each suspension of the calcined particles. The calcined TiO,@PSt-60 with the thinnest PSt shells exhibited the lowest catalytic activity among the four
samples. Photocatalytic activities higher than TiO, particles without PSt shells were attained by coating TiO, particles with PSt shells with a thickness of 180 nm or more. The comparison on the variation in MB concentration indicated

that the photocatalytic activities depended on the thickness of PSt shell covering the photocatalytic particles (Table S1 shows the rate constants for photocatalytic activity of TiO, particles calcined with different shell thickness).
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Fig. 5 Photocatalytic activities of the calcined particles. TiO, particles (black dots), TiO,@PSt-60 (red rhombuses), TiO,@PSt-180 (blue rhombuses), and TiO,@PSt-270 (green rhombuses). (For interpretation of the references to colour in this fiqure legend, the reader is referred to
the web version of this article.)
alt-text: Fig. 5
The differences in the photocatalytic activities of the calcined particles can be explained by a combination of TiO, crystallinity and particle dispersibility in water. The XRD patterns of all the particles are shown in Fig. 6. The
peaks of the calcined TiO, were attributed to the anatase phase, and the intensity of that was much stronger than the other calcined particles. The estimated crystallite sizes were 5.5 nm for the calcined TiO,@PSt-60 and 6.3 nm for the

calcined TiO,@PSt-270, respectively.
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Fig. 6 XRD patterns of calcined particles. TiO, particles (a), TiO,@PSt-60 (b), TiO,@PSt-180 (c), and TiO,@PSt-270 (d).

alt-text: Fig. 6

The dispersibilities of the particles, however, exhibited different tendencies between the calcined TiO, particles coated with thin shells and thicker shells (see Fig. 7(b)-(d)). Size distributions with particle sizes larger than 1-um
were observed in the case of TiO,@PSt-60, whereas single peaks of particle sizes smaller than 1 ym was observed in the case of TiO,@PSt-180 and TiO,@PSt-270. It is likely that the PSt shells of 60 nm were not thick enough to prevent
the particles from aggregating during calcination. The combined results of XRD patterns and size distributions for the calcined particles show that the photocatalytic activities of the TiO, particles are dominantly affected by not only

their crystallinity but also their dispersibility in water. Both low crystallinity and dispersibility of the TiO,@PSt-60 caused low photocatalytic activity.
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Fig. 7 Size distributions of the calcined particles. TiO, particles (a), TiO,@PSt-60 (b), TiO,@PSt-180 (c), TiO,@PSt-270 (d).

alt-text: Fig. 7

According to these results, PSt layers with the thickness of 180 nm or more were effective to prevent the aggregation of submicron-sized TiO, particles during the calcination process. PSt layers much thicker than 180 nm,

however, suppressed the crystallization of TiO, particles. Evidently, coating TiO, particles with PSt layers with appropriate thicknesses is important for both their crystallization and avoiding their aggregation in the calcination process.

3.3 Comparison with a commercial photocatalyst of P25

The photocatalytic activity of the TiO,@PSt-180 that exhibited the highest photocatalytic activities in all samples of Fig. 5 was compared with that of commercial photocatalytic particles of P25. P25, which consists of a mixture
of anatase and rutile phases, has a primary particle size of approximately 30 nm and BET surface area of approximately 50-m2g-m2g=' [9,12,35]. As presented in Fig. 8, the concentration of MB for the calcined TiO,@PSt-180 was almost
the same as that of P25 in the UV irradiation, which suggested the photocatalytic activity of TiO,@PSt-180 were comparable to P25. Since P25 has high crystallinity but low dispersibility in water (Fig. S6), calcined TiO,@PSt-180
having high dispersibility in water caused it to exhibit almost the same photocatalytic activity.
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Fig. 8 Photocatalytic activities of P25 and calcined TiO,@PSt-180.
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4 Conclusion

Photocatalytic particles of titania were coated with polymer shells in order to prevent the aggregation of the particles during heat treatment. The polymer-coated titania particles were crystallized from amorphous to anatase

phases by calcination at 500 °C. Although the crystallinity of the calcined polymer-coated particles was lower than that of titania particles calcined without polymer layers, the photocatalytic activity of the calcined polymer-coated



particles was much higher than that of the calcined titania particles. The size distribution larger than 1 pm in water was not observed for the calcined particles that were coated with PSt shells thicker than 180 nm. This result indicates

that polymer-coating is a practical way to avoid the aggregation of titania particles in the calcination process.

By comparing the photocatalyic activity of our particles with P25, we find that not only the crystallinity of titania particles but also the dispersibility in water are dominant factors for the photocatalytic properties of particles.

The proposed approach to coat colloidal particles with a sacrificial layer can be applicable to other particles such as alumina and hydroxyapatite in order to prevent their aggregation by heat treatment.
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Appendix A. Supplementary data

The following is Supplementary data to this article:

TG curves of the calcined TiO,@PSt-180 (Fig. S1) and a photo of agglomerates of the calcined TiO, (Fig. S2). TEM images of the PSt-coated TiO, particles with different PSt thicknesses (Fig. S3), TEM images
of the calcined particles (Fig. S4) and XPS patterns of the calcined TiO, and the calcined TiO,@PSt-270 (Fig. S5). XRD patterns of P25 and size distributions of P25 measured by DLS (Fig. S6). The calculation of

degradation rate constants of each calcined particle (Table S1).
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