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ABSTRACT

We developed a rapid, one-pot, single-step synthetic method for preparing spherical

porous (metal) oxides, titanium dioxide, silica, zirconium dioxide, cerium dioxide, and

zinc oxide with large surface areas in a supercritical alcohol containing formic acid or

phthalic acid as organic additive in a very short reaction time (10 min). A new type of

hollow TiO, nanoparticle was obtained by slowly heating the reaction mixtures. The

shell thickness of hollow TiO, nanoparticles was controlled by adjusting the heating rate.

The method proved highly versatile for synthesizing solid and hollow spherical

meso/microporous nanoparticles. The spherical mesoporous TiO, nanoparticles

photocatalytically degraded methylene blue in water under UV irradiation, and

successfully transported DNA under biolistic bombardment.

Keywords: Hollow and solid spherical meso/microporous, (Metal) oxide, One-pot,

Single-step, Supercritical alcohol



1. Introduction

Porous materials such as zeolites [1-3], metal organic frameworks [4-6], and metal

oxides [7-10] are characterized by large surface areas and controlled pore dimensions.

Consequently, they have attracted substantial attention in the fields of gas absorption,

separation, condensation, drug delivery, and substrate-size-controlled catalysis [1-10].

Among them, metal oxide nanoparticles, such as silica (SiO) [11-13], titanium dioxide

(TiOy) [14-17], cerium dioxide (CeO,) [18-20], zirconium dioxide (ZrO,) [21,22], and

variants of these [23], are of particular relevance to catalytic chemistry, semiconductors,

and drug delivery. Porous metal oxide nano- or micro-spheres with

dimension-controlled morphology possess unique properties that are especially suited to

practical applications. These properties include easy manipulation, effective catalyst

recovery, excellent thermal stability, monodisperse nature, and exceptional

light-harvesting properties [24-26]. We have designated such meso/microporous

nanospheres as meso/microporously architected roundly integrated metal oxide

(MARIMO) nanoparticles, because their shapes resemble those of MARIMO

(Cladophora aegagropila) moss balls. Several methods exist by which to obtain these

structures, including hydrothermal, sol-gel, and self-assembly methods, and

combinations of these. However, these methods generally involve complex multistep



operations and long reaction times (several hours) [1-13,14-23,27,28]. Recently, size-

and morphology-controlled inorganic-organic hybrid metal and metal oxide

nanoparticles have been synthesized in supercritical fluids. Supercritical ethanol

(scEtOH) vyields monodisperse metal nanoparticles [29], supercritical methanol

(scMeOH) [30,31] or supercritical water (SCW) [32] yields zinc oxide (ZnO)

nanoparticles, while SCW alone yields CeO; [33], TiO,[34], and magnetite (Fe30,) [35]

nanoparticles. All of these reactions proceed in a short reaction time (several seconds to

several minutes) [36-41]. However, a versatile synthetic method for MARIMO

nanoparticles in supercritical fluids has yet to be established.

Fig. 1

Very recently, we developed a one-pot, single-step method that synthesizes a series

of spherical mesoporous TiO, nanoparticles with large specific surface areas. The

reaction mixture comprises scMeOH in the presence of a carboxylic acid, and the

reaction is completed within several minutes (Fig. 1) [14]. The particle and pore sizes of

the MARIMO TiO; are controlled by changing the reaction temperature (Fig. 1a and b).

In addition, by merely changing the carboxylic acid, both solid and hollow MARIMO

TiO; are produced (Fig. 1c). In this paper, we show that the synthetic approach can yield

a variety of other (metal) oxide nanospheres such as SiO,, CeO,, ZrO,, and ZnO. The



method can also synthesize a new type of hollow MARIMO TiO, nanosphere with

thickness-controllable shell.



2. Materials and methods

2.1 General information

Ethanol, methanol, phthalic acid, formic acid, acetic acid, tetraethyl orthosilicate,

zirconium oxynitrate dihydrate, cerium (Ill) nitrate hexahydrate, titanium

tetraisopropoxide, zinc acetate dihydrate, and methylene blue were purchased from

Wako Pure Chemical Industries Co. Ltd. They were used as received without further

purification.

2.2 Characterization

X-ray diffraction (XRD) patterns were obtained using Rigaku SmartLab with

graphite-monochromatized Cu Ke radiation. Transmission electron microscope (TEM)

and high-resolution transmission electron microscopy (HRTEM) images were taken

using JEOL JEM-2100F. Field emission scanning electron microscope (FESEM)

images were taken on JEOL JSM7300F. Fourier transform infrared (FTIR) spectra were

obtained using JASCO FT/IR-4200 (type A). Dynamic light scattering (DLS) analyses

were performed using a Photal FPAR-1000 Fiber-Optics Particle Analyzer. Nitrogen

adsorption—desorption isotherm spectra were obtained using BEL Japan INC Belsorp 11

and Brunauer-Emmett-Teller (BET) specific surface areas were obtained using BET



Shimadzu FlowSorb 11 2300. Ultraviolet visible absorption (UV-vis) spectra of the

nanoparticles were obtained using JASCO V-670.

2.3 Preparation of mesoporous nanoparticles
A metal salt (2 mmol) was added to a solution of carboxylic acid in 20 mL of
methanol or ethanol (0.5 mol L ™), with vigorous stirring.

Synthesis of spherical meso/microporous (metal) oxide nanoparticles in supercritical
alcohols by rapid heating: The MeOH or EtOH solution (3.5 mL) was transferred into
an SUS 316 batch-type reactor (10 mL volume). The reactor was sealed with a screw
cap equipped with a thermocouple for measuring the inner reactor temperature. The
reactor was then placed in a molten salt bath maintained at an appropriate temperature,
and heated for an appropriate time. The reaction was quenched by placing the reactor
into an ice-water bath. The screw cap was opened after the reactor had cooled
completely. The crude product was sonicated in MeOH or EtOH (30 min) and
centrifuged (6600 rpm, 10 °C, and 30 min). The upper layer was decanted. This
procedure was undertaken three times. The obtained powdery product was

vacuum-dried at 30 °C for 24 h.



Synthesis of spherical mesoporous metal oxide nanoparticles in supercritical alcohols
by slow heating: The reactor was heated from 30 °C to an appropriate temperature at an
appropriate heating speed in a gas chromatography oven. After reaction, the reactor was

cooled at an appropriate rate or placed into an ice-water bath.

2.4 Photocatalytic degradation of methylene blue

MARIMO TiO; nanoparticles were calcined at 500 °C for 60 min to remove surface
organic materials. The MARIMO TiO, nanoparticles (5 mg) were dispersed in 5 mL of
methylene blue water solution (1.0x10°°> mol L %). The photocatalytic degradation was
performed in a quartz cell irradiated by a 300 W xenon light source (Asahi spectra,
MAX-301). Light of wavelength longer than 370 nm was removed by an optical filter.
Following irradiation for an appropriate time, the catalyst was removed by a membrane
filter (Millipore, MILLEX-HV 0.45 um Filter Unit) and the absorption spectra of the

filtrate were measured on a UV-vis spectrophotometer (JASCO V-560).



3. Results and discussion

Microporous SiO, nanospheres were obtained by reacting tetraethoxysilane in
SCEtOH (0.28 g mL ™) at 400 °C for 10 min in the presence of phthalic acid. This
reaction yielded a white powder; however, a similar reaction using scMeOH vyielded
very few particles. From field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) images, the particles obtained in scEtOH are
seen to possess the characteristic MARIMO morphology (Fig. 2a, 2b, and S1). Broad
peaks observed in the powder XRD pattern of the particles clearly indicate their
amorphous SiO, nature (Fig. 3a) [42]. The average size of the MARIMO SiO; particles
obtained at 400 °C is 1316 + 305 nm (dynamic light scattering (DLS) measurements;
Fig. S2) and the particle size distribution is very narrow. The Brunauer—-Emmett—Teller
(BET) specific surface area density of the MARIMO SiO, nanoparticles is 715 m® g %,
larger than some of the reported and commercially available MARIMO SiO,
microspheres [11-13]. The nitrogen adsorption—desorption isotherm of the MARIMO
SiO, microparticles is of type I, indicating that the synthesized MARIMO SiO,
microparticles are microporous (Fig. 4a and b). To examine whether surface organic
residues exist on the MARIMO SiO, microparticles, Fourier transform infrared (FTIR)

reflection spectra were acquired (Fig. S3). A broad absorption appeared at 3700-3000



cm %, consistent with hydrogen-bonded O-H stretching on the surface of the SiO.

microparticles and/or absorbed H,O. The absorptions at 2975 and 2894 cm* are
attributable to C—H stretching vibrations of the organic compounds on the SiO, surface.
The absorptions at 1650-1550 and 1409 cm™* correspond to absorptions of the
carboxylate (COQ") group, indicating that phthalic acid is attached to the surface of the
MARIMO SiO, microparticles. These results indicated that the carboxylic acid could
interconnect the primary particles of MARIMO nanoparticles and/or simply cover the
surface of the primary particles. The broad, intense bands appearing at 1087 and 800
cm * correspond to the symmetric stretching vibration of Si—-O-Si, while the sharp peak
at 970 cm* corresponds to Si—-OH [43,44].
Fig. 2
Fig. 3
Fig. 4
The one-pot, one-step supercritical alcohol method was then applied to the synthesis
of MARIMO ZrO, and CeO; nanoparticles. Each of these particles was readily obtained
by exposing the corresponding metal salt (ZrO(NO3),-2H,O or Ce(NOs3)s3-6H,0,
respectively) to formic acid in scMeOH (0.28 g mL ™). The reaction proceeded at

300 °C for 10 min. TEM images of ZrO, (Fig. 2c and d) and CeO, (Fig. 2e and f)

10



nanoparticles indicate that all of the obtained nanoparticles possess the MARIMO
morphology. XRD diffraction patterns revealed the crystal structures of the
nanoparticles as tetragonal for ZrO, and cubic for CeO, (Fig. 3b and c). From dynamic
light scattering (DLS) measurements, the average diameters of the nanoparticles were
determined as 485 + 274 nm (Fig. S9a) and 1190 = 854 nm (Fig. S15a) for ZrO, and
CeO,, respectively. The respective BET specific surface area densities are 228 m* g*
and 34 m? g'*. The nitrogen adsorption—desorption isotherms of the MARIMO ZrO,
and CeO; nanoparticles were of types | and IV, respectively, indicating that the
MARIMO ZrO, nanoparticles are microporous (Fig. 4c and d) and the MARIMO CeO,
nanoparticles are mesoporous (Fig. 4e and f). A higher reaction temperature (400 °C)
yielded slightly smaller MARIMO nanoparticles of ZrO, (428 + 236 nm, Fig. S9b) and
CeO, (653 + 326 nm, Fig. S15b) with reduced specific surface area (154 and 31 m* g *,
respectively). A similar procedure easily afforded divalent metal oxide, MARIMO ZnO,
nanoparticles (Fig. S16-S19). These results confirm the successful fabrication of
MARIMO TiO, [14], SiO,, ZrO,, CeO,, and ZnO. Thus, the simple one-pot, one-step
reactions of (metal) salts in the presence of carboxylic acids in supercritical alcohols is

available means of obtaining spherical porous nanoparticles within a few minutes.

11



Rapidly heating a reaction mixture comprising Ti(OiPr)4, formic acid, and MeOH to
400 °C (within 30 s) yields well-formed hollow TiO, nanospheres with a very thin shell
as reported before (Fig. 1c) [14]. In the current study, we synthesized another type of
hollow MARIMO TiO, nanoparticle, whose shell thickness was controlled by tuning the
heating rate of the reaction. Slowly heating a reaction mixture of Ti(O'Pr),, phthalic acid,
and MeOH from room temperature to 300 or 400 °C (ca. 5.4 °C/min) produced
well-formed hollow MARIMO anatase TiO, nanoparticles with a thick shell (thickness
140 and 105 nm [45], respectively; Fig. 5a-d and 6a; 5e-h and 6b).The hollow structures
of the nanoparticles were directly confirmed by FESEM images of broken particles (Fig.
5b and 5f). The lower temperature (300 °C) resulted in small-sized primary
nanoparticles (Fig. 5d), while the higher temperature (400 °C) yielded larger ones (Fig.
5h), consistent with the results for solid MARIMO TiO, nanospheres [14]. Moreover,
lowering the reaction temperature to 200 °C yielded hollow MARIMO amorphous TiO;
(Fig. S30 and S31). The specific surface area of the hollow MARIMO TiO,
nanoparticles obtained at 300 °C is 178 m? g *, and their structures contain mesopores
(Fig. S25). In addition, slower heating (ca. 2 °C/min) provided hollow MARIMO
anatase TiO, nanoparticles with a thicker shell (281 nm [45]; Fig. 5i-l and 6c¢). More

rapid heating (ca. 10 °C/min) reduced the shell thickness to 120 nm [45] (Fig. 5m-p, 6d).

12



Thus, the hollow MARIMO morphology depends critically on heating rate; however,
slow cooling from higher temperatures exerted no effect on MARIMO morphology
(where slow cooling denotes ca. 5.4 °C/min from 300 °C (Fig. S23 and S24) and ca.
5.4 °C/min from 400 °C (Fig. S27 and 28)). MARIMO structure was also independent
of reaction time (10, 30, and 60 min) at 300 °C and 0.28 g mL* MeOH density (Fig. 1a,
S20 and S21). Hollow mesoporous TiO, nanoparticles with controllable shell thickness
have recently been synthesized using a SiO, microsphere template [15]. While this
approach is interesting and novel, our approach is considerably simpler, since ours
controls shell thickness and pore size of hollow TiO, nanoparticles by merely changing
heating rate in a one-pot single-step reaction.
Fig. 5
Fig. 6
The formation mechanisms of MARIMO nanoparticles were investigated by
modifying the reaction conditions [46]. First, MeOH was replaced with 2-propanol as
solvent in the reaction of Ti(OiPr)4 with phthalic acid or HCOOH under similar reaction
conditions. However, dispersed single TiO, crystals rather than MARIMO TiO, were
obtained in both reactions (Fig. S34). The presence of carboxylic acid is also important.

When the reaction was executed in scMeOH without carboxylic acid, aggregated single

13



crystals again resulted (Fig. S36), whereas MARIMO nanoparticles always formed in

the presence of acid (Fig. S37 and S38). Moreover, pore sizes of the MARIMO TiO,

nanoparticles increased at higher concentrations of carboxylic acid (Fig. S37 and S38).

Thus, the combination of scMeOH and carboxylic acid is crucial for the formation of

the MARIMO nanoparticles.

Based on these results, we have proposed a carboxyl-group-assisted process for the

formation of solid MARIMO nanoparticles (Scheme 1, rapid heating) [14]; substitution

of sterically bulky isopropoxy groups by less-bulky methoxy groups forms primitive

titanium alkoxide oligomers by transesterification at high temperature in the presence of

carboxylic acid in methanol [47]. Under these conditions, some of the primitive

oligomers are interconnected via surface interactions with carboxyl groups. As the

reaction mixture is heated further, esterification of acids with methanol proceeds easily

with water formation. The titanium alkoxide oligomers bearing carboxylic acids react

with the water to form TiO, crystals [28]. Parallel decomposition of the carboxylic acid

evolves gaseous products such as CO, and hydrocarbons. These processes occur rapidly

under rapid heating (within 30 sec), with consequent expansion of the nanospheres to

ultimately yield either solid or thin-shelled hollow MARIMO nanoparticles (Scheme 1,

rapid heating). On the other hand, hollow thick-shelled MARIMO nanoparticles are

14



formed under slow heating rate by the Ostwald ripening effect (Scheme 1, slow heating)
[48,49]. Since low reaction temperature (200 °C) resulted in amorphous MARIMO TiO,
and slower heating rate increased the shell thickness of the nanospheres, we infer that
amorphous TiO, generated first at low temperature becomes crystalline with rising
temperature concomitant with the Ostwald ripening effect. Poorly-formed crystals are
lost, resulting in larger and more complete single crystals with thick-shelled hollow
MARIMO morphology. Slower heating also enhances the Ostwald ripening effect that
favors the hollow MARIMO morphology with larger primary particles, as well as
thicker shell wall.
Scheme 1.

To assess the efficacy of MARIMO TiO; as a photocatalytic material, we tested its
ability to degrade methylene blue in water. The MARIMO TiO, nanoparticles used for
this purpose were obtained in the presence of phthalic acid in scMeOH (0.28 g mL ™) at
300 °C (reaction time 10 min; Fig. 1a). The UV-vis spectrum of the particles is shown in
Fig. S39. The MARIMO TiO; nanoparticles absorbed light at wavelengths shorter than
400 nm. The nanoparticles were dispersed throughout the methylene blue water solution.
Fig. 7 illustrates the degradation of methylene blue in the presence of MARIMO TiO;

nanoparticles under irradiation by 370 nm UV light. The solution became colorless after

15



10 min, indicating that the MARIMO TiO, nanoparticles can properly degrade
methylene blue under UV irradiation (370 nm). Although the specific surface area of
MARIMO TiO; is larger than that of commercially available P25, the reaction rate (k; =
2.9 x 10" min™%) of photodegradation by MARIMO TiO, as a catalyst was smaller as
compare to that by commercially available P25 (k; = 1.52 min™, Fig. S40). It can be due
to inside of MARIMO TiO, is not available effectively, since light could not penetrate
deeply inside of MARIMO TiO, and/or methylene blue did not diffuse inside. Only
surface of MARIMO, namely, can be used efficiently in this reaction.
Fig. 7

Moreover, the MARIMO TiO; nanoparticles were successfully applied as a new
material for transporting DNA under biolistic bombardment [50]. The current gold or
tungsten nanoparticles used for biolistic bombardment are classified as nano-aggregates,
with average aggregation sizes of several hundred nanometers. Our MARIMO TiO;
nanoparticles possess size-controlled complete spherical structure with numerous
mesopores which can readily admit plasmids. The MARIMO TiO; nanoparticles shown
in Fig. 1a were used for this purpose. The MARIMO TiO; nanoparticles were mixed
with supercoiled pHyg3 plasmid carrying the hygromycin resistance gene aphVII. The

particles were shot into Chlamydomonas reinhardtii cells by high pressure He gas (7.6

16



MPa). After two weeks, colonies appeared on hygromycin-infused agar plates,
confirming that the novel MARIMO TiO, nanoparticles had successfully transported
DNA under biolistic bombardment (Fig. 8). Thus, the MARIMO TiO, nanoparticles
delivered the DNA despite their reduced density and can replace the heavy, expensive
gold and tungsten nanoparticles currently used in DNA transport.

Fig. 8

17



4. Conclusions

Meso/microporously architected roundly integrated (metal) oxide (MARIMO) TiO,,
Si0y, ZrO,, Ce0,, and ZnO nanoparticles with large surface areas were successfully
synthesized by a simple one-pot, one-step synthetic approach in the presence of
carboxylic acids (phthalic acid and formic acid) as organic additives in supercritical
alcohols. The reaction proceeds over a short time scale. A new type of hollow TiO,
nanoparticle resulted from slow heating of the reaction mixtures. The thickness of the
shell can be controlled by adjusting the heating rate. The one-pot, one-step synthetic
method was extremely versatile, yielding a series of solid and hollow MARIMO
nanoparticles. The synthesized MARIMO TiO, nanoparticles were successfully applied
to two practical situations; UV-assisted photocatalytic degradation of methylene blue in

water, and DNA transport under biolistic bombardment.
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