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Synthetic versatility of nanoparticles: A new, 
rapid, one-pot, single-step synthetic approach 
to spherical mesoporous (metal) oxide 
nanoparticles using supercritical alcohols
Abstract: A simple, rapid (10 min), one-pot, single-step method for the preparation of solid and hollow spher-
ical porous TiO2 nanoparticles with large surface areas (100–211 m2/g) was developed in supercritical alcohols 
using carboxylic acids as organic additives. The shell thickness of the hollow TiO2 nanoparticles (20–280 
nm) was controlled by adjusting the heating rate (2.0–10.0 °C/min). The preparation of different spherical 
porous metal oxide nanoparticles, including CeO2, SiO2, TiO2, ZrO2, and ZnO, demonstrated the versatility of 
the synthetic approach. In addition, several rare earth-doped spherical mesoporous metal oxide nanoparti-
cles, including CeO2:Er, CeO2:Er,Yb, ZrO2:Er, and TiO2:Er, which exhibit energy upconversion emission, were 
successfully prepared using this one-pot, single-step, supercritical methanol method. The obtained spherical 
mesoporous CeO2:Er and CeO2:Er,Yb nanoparticles emit green light upon excitation, even when irradiated 
with a low-power IR laser (980 nm, 10 mW) without calcination. Several other (metal) elements were also 
easily doped into spherical, mesoporous TiO2 nanoparticles, such as Eu, Ce, Yb, Fe, and N, using a similar 
procedure. Furthermore, the spherical mesoporous TiO2 nanoparticles were successfully applied as a new 
material for the transport of DNA via biolistic bombardment.
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Introduction
Recently, porous materials such as zeolites [1–3], metal organic frameworks [4–6], and metal oxides [7–10] 
have been intensely studied because of their large surface areas and controlled pore dimensions, and have 
found wide application in the fields of gas absorption, separation, condensation, drug delivery, and sub-
strate-size-controlled catalysis [1–10]. Among them, mesoporous metal oxide (MO) nanoparticles (NPs), such 
as silicon dioxide (SiO2) [10–16], titanium dioxide (TiO2) [17–25], cerium dioxide (CeO2) [26–28], zirconium 
dioxide (ZrO2) [29–31], nickel oxide (NiO) [32–37], LiMn2O4 [38–41] and variants of these materials [42, 43], 
have been used as chemical catalysts, semiconductors, drug delivery vehicles, and energy storage materials. 
Spherical porous MO nano/microparticles with dimension-controlled morphology are particularly suited for 
practical applications because they possess several unique properties, such as ease of handling, effective 
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catalyst recovery, excellent thermal stability, a monodisperse nature, and exceptional light-harvesting prop-
erties [44–46]. These structures can be obtained using hydrothermal, sol–gel, and self-assembly methods, or 
a combination of these methods. However, these techniques generally require long reaction times (several 
hours) and complex multistep operations [1–43, 47, 48]. Recently, supercritical fluids have been applied in 
the synthesis of size- and morphology-controlled inorganic–organic hybrid metal and MO NPs [49–61]. All of 
these reported NP syntheses occur rapidly in supercritical fluids (several seconds to several minutes) [56–61]. 
However, a versatile synthetic method for micro/mesoporous spherical metal oxide NPs and their variants in 
supercritical fluids is yet to be established.

Herein, we report a simple, versatile method for the preparation of spherical micro/mesoporous (metal) 
oxide NPs, such as SiO2, TiO2, ZrO2, CeO2, and ZnO [18, 62]. This new category of spherical micro/mesoporous 
(metal) oxide NPs is referred to as micro/mesoporously architected, roundly integrated metal oxides (MARIMO) 
NPs, because their shape resembles that of MARIMO (Cladophora aegagropila) moss balls (Fig. 1) [18, 62].

Experimental
Titanium tetraisopropoxide (Ti(OiPr)4), tetraethyl orthosilicate (TEOS), cerium(III) nitrate hexahy-
drate (Ce(NO3)3·6H2O), zirconium(IV) oxynitrate dihydrate (ZrO(NO3)2·2H2O), zinc acetate dihydrate 
(Zn(OCOCH3·2H2O)), erbium(III) acetate tetrahydrate (Er(OCOCH3)3·4H2O), ytterbium(III) acetate hydrate 
(Yb(OCOCH3)3·H2O), europium(III) acetate hydrate (Eu(OCOCH3)3·H2O), iron(III) nitrate nonahydrate 
(Fe(NO3)3·9H2O), methanol (MeOH), ethanol (EtOH), formic acid (HCOOH), phthalic acid, and benzoic acid 
were purchased from Wako Pure Chemical Industries Co. Ltd. and used as received.

Powder X-ray diffraction (XRD) patterns were obtained using a Rigaku SmartLab with graphite-mon-
ochromatized CuKa radiation. Transmission electron microscopy (TEM) and high-resolution transmission 
electron microscopy (HRTEM) images were taken using a JEOL JEM-2100F. Field emission scanning electron 
microscope (FESEM) images were obtained on a Hitachi S-5500. Nitrogen adsorption–desorption isotherms 
and Barrett–Joyner–Halenda (BJH) pore size distributions were determined using a BEL Japan INC Belsorp II, 
and the Brunauer–Emmett–Teller (BET) specific surface areas were obtained using a BET Shimadzu FlowSorb 
II 2300. Thermogravimetric (TG) analysis was carried out on a Bruker AXS 2020S, and Fourier transform 
infrared (FTIR) spectra were obtained using a JASCO FT/IR-4200. Dynamic light scattering (DLS) analyses 
were performed on a Photal FPAR-1000. Energy Dispersive X-ray spectrometry (EDX) mapping and spectral 
analysis were achieved using an Oxford Inca Energy TEM 250. Photoluminescence (PL) spectra were obtained 
using a Hitachi High-Technologies F-7000.

A metal salt (2 mmol) with or without an appropriate amount of a dopant precursor was added to a 
0.5 mol/L solution of a carboxylic acid (HCOOH, phthalic acid, benzoic acid, maleic acid, or fumaric acid) in 
MeOH or EtOH (20 mL) with vigorous stirring.

–– Synthesis of MARIMO NPs in supercritical alcohol with rapid heating: The MeOH or EtOH solution 
(3.5 mL) was transferred into a stainless steel (SUS) 316 batch-type reactor (10 mL volume). The reactor 

Fig. 1 C. aegagropila moss balls.
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Fig. 2 FESEM (a and c) and TEM (b–d and f–h) images of MARIMO TiO2 NPs obtained in the presence of phthalic acid in scMeOH 
at (a–d) 300 °C and (e–h) 400 °C.

was sealed with a screw cap equipped with a thermocouple for measurement of the inner reactor tem-
perature and then heated for an appropriate time by placing it in a molten salt bath maintained at an 
appropriate temperature. Upon completion, the reaction was quenched by placing the reactor into an 
ice–water bath. After the reactor cooled completely, the screw cap was opened, and the crude product 
was sonicated in MeOH or EtOH (30 min) and centrifuged (6600 rpm, 10 °C, and 30 min), and then the 
upper layer was decanted. This procedure was repeated three times. The obtained powdery product was 
vacuum-dried at 30 °C for 24 h.

–– Synthesis of MARIMO NPs in supercritical alcohols with slow heating: A gas chromatography oven was 
used to heat the reactor from 30 °C to an appropriate temperature at an appropriate heating rate. After com-
pletion of the reaction, the reactor was cooled at an appropriate rate or placed into an ice–water bath.The 
prepared powdery product was calcined in an electronic oven at 500 or 800 °C for 60 min in air if required.

Results and discussion

�One-pot single-step synthesis of solid and hollow MARIMO NPs in supercritical 
alcohols

The simple treatment of a mixture of Ti(OiPr)4, phthalic acid, and MeOH at 300 or 400 °C for 10 min in an 
SUS 316 batch-type reactor followed by sonication in MeOH, decantation, and vacuum drying afforded white 
powdery products. In the FESEM and TEM images, the shape of the particles formed in both reactions was 
clearly revealed to be almost completely spherical with porous surfaces and similar to that of C. aegagropila 
moss balls (Figs. 1 and 2). Notably, the MARIMO particle sizes and primary crystalline sizes were different 
for the samples prepared at different reaction temperatures; the MARIMO particle size obtained at 300 °C 
was larger than that obtained at 400 °C. However, the primary particle size observed at 300 °C was smaller 
than that observed at 400 °C. DLS measurements indicated that the average sizes of the MARIMO TiO2 NPs 
obtained at 300 and 400 °C were 300.5  ±  159.6 and 263.7  ±  99.3 nm (Fig. 3), respectively. These results suggest 
that the size of the MARIMO TiO2 NPs size can be controlled simply by changing the reaction temperature. A 
lower reaction temperature yields larger, denser MARIMO NPs, while higher reaction temperatures lead to the 
formation of small and coarse MARIMO NPs.

Next, it was determined via powder XRD analysis that the MARIMO NPs consisted of crystallized anatase 
TiO2 (JCPDS 21-1272) (Fig. 4). The observed lattice spacing of the MARIMO TiO2 NPs as determined via HRTEM 
was 0.35 nm, which corresponds to that of the anatase (101) plane (Figs. 2d and h).
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Because the surface area and pore size distribution of porous materials are very important properties, 
the BET surface areas, nitrogen adsorption–desorption isotherms (Fig. 5), and BJH pore size distributions of 
the synthesized MARIMO TiO2 NPs were determined. Notably, the MARIMO TiO2 NPs had BET specific surface 
areas (300 °C: 210.9 and 400 °C: 100.9 m2/g) larger than that of many previously reported MARIMO TiO2 NPs 
and commercially available P25 TiO2 NPs [63, 64]. Thus, the MARIMO NPs obtained at 300 and 400 °C were 
classified as type IV and type II, indicating the presence of meso and macro pores, respectively (Fig. 5). The 
corresponding pore size distributions were 5 nm (300 °C) and 10 nm (400 °C), which were calculated using 
the BJH method. Calcination for anatase formation is not necessary using this method because of the inher-
ently high temperature of supercritical MeOH (scMeOH).

FTIR reflection spectra were then obtained to determine if any organic residue remained on the surface 
of the MARIMO TiO2 NPs (Fig. 6). A broad peak at 3700–3000 cm–1 for hydrogen-bonded O–H stretching vibra-
tions on the surface of the TiO2 and absorbed H2O was observed in both FTIR spectra. The absorption peaks 

0
2
4
6
8

10
12
14
16

400201

In
te

ns
ity

Diameter (nm)

Average diameter:
300.5 ± 159.6 nm 

a

0
2
4
6
8

10
12
14
16
18
20

1 10 100 1000

In
te

ns
ity

Diameter (nm)

Average diameter:
263.7 ± 99.3 nm

b

Fig. 3 DLS spectra of MARIMO TiO2 NPs obtained in scMeOH in the presence of phthalic acid at (a) 300 °C and (b) 400 °C.
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Fig. 4 XRD patterns of MARIMO TiO2 NPs synthesized in scMeOH in the presence of phthalic acid at (a) 300 °C and (b) 400 °C.
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Fig. 5 Nitrogen adsorption–desorption isotherm plots for MARIMO TiO2 NPs synthesized in scMeOH in the presence of phthalic 
acid at (a) 300 °C and (b) 400 °C.
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appearing at 1562 and 1415 cm–1, also observed for the particles obtained at 300 and 400 °C, indicated that 
the NPs contained carboxylate (COO–) groups (Fig. 6) [65–67]. In addition, the weight loss of the MARIMO 
TiO2 NPs synthesized in the presence of phthalic acid at 300 and 400 °C was 11.5% and 12.0%, respectively, as 
determined via TG analysis under a N2 gas flow, indicating that the MARIMO TiO2 NPs contain at most ca. 12 
weight% organic materials, such as phthalic acid and MeOH (Fig. 7).

Next, to elucidate the role of the organic acids in MARIMO formation, the reaction conditions were 
altered. First, the reaction was performed in scMeOH at 400 °C in the absence of organic acid, and it was 
found that the TiO2 NPs were randomly aggregated (Fig. 8a), while the MARIMO TiO2 NPs always formed when 
the acid was added (Fig. 2). Moreover, the pore sizes of the MARIMO TiO2 NPs increased at higher concentra-
tions of carboxylic acid (HCOOH: Figs. 9a and b; phthalic acid: Figs. 9c and d). Thus, to understand the reac-
tion mechanism, the effect of the reaction medium was also investigated. When the reaction was performed 
in supercritical water (SCW) rather than scMeOH in the presence of phthalic acid at 400 °C, monodisperse, 
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Fig. 6 FTIR reflection spectra of MARIMO TiO2 NPs synthesized in scMeOH at (a) 300 °C and (b) 400 °C.
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Fig. 7 TG spectra of MARIMO TiO2 NPs synthesized in scMeOH at (a) 300 °C and (b) 400 °C.
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Fig. 8 TEM images of TiO2 NPs (a) in the absence of carboxylic acid in scMeOH; (b) in the presence of phthalic acid in SCW; (c) in the 
presence of phthalic acid in supercritical 2-propanol; (d) in the presence of HCOOH in supercritical 2-propanol at 400 °C for 10 min.
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single-crystal TiO2 NPs were obtained (Fig. 8b). Similar results were also obtained when supercritical 2-pro-
panol was used in the presence of phthalic acid or HCOOH under similar reaction conditions (Figs. 8c and d, 
respectively). Thus, the combination of scMeOH and carboxylic acid is crucial for the formation of MARIMO 
NPs.

Next, several carboxylic acids, such as HCOOH, benzoic acid, fumaric acid, and maleic acid, were intro-
duced to the reaction under similar reaction conditions to elucidate the effect of the organic acid on the 
MARIMO structure. All of the reactions afforded anatase-type TiO2. When HCOOH or benzoic acid was used as 
the organic additive, a family of MARIMO TiO2 NPs was clearly observed in the FESEM images (Figs. 10a and c). 
Surprisingly, an almost completely spherical hollow MARINO structure was confirmed by TEM analysis when 
HCOOH was used (Fig. 10d). With benzoic acid, on the other hand, a mixture of solid and hollow MARIMO 
NPs was obtained (Fig. 10b). Furthermore, when fumaric and maleic acid were used, several MARIMO TiO2 
aggregates were obtained under similar reaction conditions (Fig. 11). As a result, it was concluded that the 
added organic acid is important in the construction of the MARIMO structure.

The one-pot, single-step supercritical alcohol method was then applied to the synthesis of other MARIMO 
NPs, including SiO2, ZrO2, CeO2, and ZnO NPs, to investigate its versatility [62]. Each of these particles was 
readily obtained by exposing the corresponding metal salt (TEOS, ZrO(NO3)2·2H2O, Ce(NO3)3·6H2O, and 
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Fig. 9 TEM images of TiO2 NPs synthesized at 300 °C for 10 min in scMeOH in the presence of different amounts of HCOOH and 
phthalic acid, (a) Ti(OiPr)4:HCOOH  =  1:1; (b) Ti(OiPr)4:HCOOH  =  1:10; (c) Ti(OiPr)4:phthalic acid  =  1:1; (d) Ti(OiPr)4:phthalic acid  =  1:10.
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Fig. 10 FESEM (a and c) and TEM (b and d) images of MARIMO TiO2 NPs prepared in the presence of different carboxylic acids at 
400 °C for 10 min. (a) and (b) benzoic acid and (c) and (d) HCOOH. S: solid MARIMO; H: hollow MARIMO.
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Zn(OCOCH3)2·2H2O, respectively) to phthalic acid or HCOOH in supercritical EtOH, (scEtOH), or scMeOH (0.28 
g/mL). The reaction proceeded for 10 min at 300 or 400 °C. TEM images of the SiO2 (Figs. 12a and b), ZrO2 
(Figs. 12c and d), CeO2 (Figs. 12e and f), and ZnO (Figs. 12g and h) NPs indicated that all of the obtained NPs 
possessed the MARIMO morphology. In addition, the XRD diffraction patterns of the products revealed that 
the crystal structure of these NPs was amorphous for SiO2, tetragonal for ZrO2, cubic for CeO2, and hexagonal 
for ZnO NPs [62]. These results confirm the successful fabrication of MARIMO TiO2, SiO2, ZrO2, and CeO2 NPs. 
Thus, the simple one-pot, one-step reaction of (metal) salts in the presence of carboxylic acids in supercritical 
alcohols is a practical method for obtaining MARIMO NPs within a few minutes.

Synthesis of hollow MARIMO TiO2 NPs with tunable shell thicknesses

As mentioned above, well-formed hollow MARIMO TiO2 NPs with a very thin shell (25  ±  10 nm) were formed 
by rapidly heating a reaction mixture comprised of Ti(OiPr)4, HCOOH, and MeOH to 400 °C (within 30 s)  
(Fig. 10d) [18]. It was also found that changing the heating rate of the reaction enabled the synthesis of 
another new type of hollow MARIMO TiO2 NPs with tunable shell thicknesses [62]. Slowly heating a reaction 
mixture of Ti(OiPr)4, phthalic acid, and MeOH from room temperature to 300 or 400 °C (ca. 5.4 °C/min) pro-
duced well-formed hollow MARIMO anatase TiO2 NPs with thick shells (thickness 140  ±  19 and 105  ±  24 nm, 
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Fig. 11 TEM images of prepared mesoporous TiO2 NPs in the presence of (a) fumaric acid and (b) maleic acid in scMeOH at 
400 °C for 10 min.
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Fig. 12 TEM images of MARIMO NPs prepared in a mixture of carboxylic acid and scEtOH or scMeOH: (a and b) SiO2, (c and d) 
ZrO2, (e and f) CeO2, and (g and h) ZnO.
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respectively; 300 °C: Figs. 13a–d and Fig. 14a; 400 °C: Figs. 13e–h and 14b). The hollow structures of the NPs 
were directly confirmed via FESEM analysis of broken particles (Figs. 13b and f). Small primary NPs (Fig. 13d) 
were obtained when the solution was heated to the lower temperature (300 °C), while larger particles (Fig. 
13h) were produced when the solution was heated to the higher temperature, which is consistent with the 
results obtained for solid MARIMO TiO2 NPs [18]. The specific surface area of the hollow MARIMO TiO2 NPs 
obtained at 300 °C after heating at 5.4 °C/min was 178 m2/g, and these NPS contained mesopores (Fig. 15). In 
addition, slower heating (ca. 2 °C/min) provided hollow MARIMO anatase TiO2 NPs with a thicker shell (281  ±  
95 nm; Figs. 13i–l and 14c), while more rapid heating (ca. 10 °C/min) reduced the shell thickness to 120  ±  
27 nm (Figs. 13 m–p and 14d). Thus, the thickness of the hollow MARIMO NPs is determined by the heating 
rate. Compared with the synthetic method using an SiO2 microsphere template [19], this approach is much 
more interesting, novel, and considerably simpler, because the shell thickness and pore size of the hollow 
MARIMO TiO2 NPs is controlled by merely changing the heating rate of the one-pot, single-step reaction.

Formation mechanism of solid and hollow MARIMO TiO2 NPs

A carboxyl-group-assisted process is proposed for the formation of the solid MARIMO NPs (Scheme 1) [18, 
62]. First, sterically bulky isopropoxy groups on the titanium are substituted by less-bulky methoxy groups 
to form primitive titanium alkoxide oligomers via transesterification at high temperature in the presence 
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Fig. 13 TEM images of the MARIMO TiO2 NPs prepared in the presence of phthalic acid in scMeOH under the following condi-
tions: gradual increase in the reaction temperature from room temperature to (a, b, c, and d) 300 °C (rate of increase, 5.4 °C/
min), (e, f, g, and h) 400 °C (5.4 °C/min), (i, j, k, and l) 300 °C (2 °C/min), and (m, n, o, and p) 300 °C (10 °C/min); final tempera-
ture maintained for 10 min.
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of a carboxylic acid in MeOH [68]. As the reaction mixture is heated further, the esterification of the acids 
with MeOH leads to the generation of water. The titanium alkoxide oligomers bearing carboxylic acids then 
react with water to form TiO2 crystals [48]. Under these conditions, the carboxyl groups connect with some 
of the primitive particles via surface interactions. The carboxyl groups can be –COOH, –COO-, or –COOCH3. 
Among these carboxyl groups, –COOH groups can be from the unreacted carboxylic acid; –COOCH3 groups 
can be provided in the esterification reaction of carboxylic acid and MeOH; –COO- groups can be afforded 
by carboxylic acid in the presence of H2O. Then decomposition of the carboxylic acids leads to the evolution 
of gaseous products such as CO2. These processes occur rapidly during rapid heating (within 30 s), with con-
sequent expansion of the spherical NPs to yield either solid or thin-shelled hollow MARIMO NPs (Scheme 1, 
rapid heating). In addition, the primary particle size obtained at 300 °C was smaller and denser than that 
obtained at 400 °C. These results can be explained by the Ostwald ripening. Namely, small primary particles 
can be dissolved and grow on the large primary particles at a higher temperature. Therefore the MARIMO 
TiO2 nanoparticles become small and sparse while the pore size becomes large at high temperature. On the 
other hand, hollow thick-shelled MARIMO NPs are formed at a slow heating rate via the Ostwald ripen-
ing effect (Scheme 1, slow heating) [69–76]. Because amorphous MARIMO TiO2 formation was confirmed 
at low reaction temperatures (200 °C) and slower heating rates increased the shell thickness of the NPs, it 
can be inferred that the amorphous TiO2 initially generated at low temperatures becomes crystalline as the 
temperature rises, concomitant with enhancement of the Ostwald ripening effect. Thus, poorly formed crys-
tals are lost, resulting in larger and more complete single crystals with the thick-shelled hollow MARIMO 
morphology.
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Fig. 14 Powder XRD patterns of the MARIMO TiO2 NPs prepared in a mixture of phthalic acid in scMeOH under the following 
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Fig. 15 Nitrogen adsorption–desorption isotherm and BJH pore size distribution plots for MARIMO TiO2 NPs prepared at 300 °C 
for 10 min in the presence of phthalic acid (slow heating: 5.4 °C/min).
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�One-pot single-step synthesis of element-doped MARIMO NPs in supercritical 
alcohols

This simple method can also be used for the preparation of upconversion (UC) fluorescent MARIMO NPs via 
the introduction of appropriate rare earth (RE) elements, such as Er3+, Eu3+, Yb3+, and Ce3+, as dopants into the 
reaction mixture [77]. It is well known that a smaller phonon energy leads to smaller multiphonon relaxation 
rates, which improves the fluorescence intensity in UC materials [78]. To achieve a lower phonon energy and 
higher emission intensity, a host material with a high atomic weight, such as CeO2, and a dopant that emits 
green light under IR laser irradiation, such as Er3+, are typically used. Thus Er3+ doped mesoporous spherical 
CeO2 (CeO2:Er) NPs were synthesized by heating a homogeneous solution of Ce(NO3)3·6H2O, Er(OCOCH3)3·4H2O, 
and HCOOH (molar ratio 10:1:50) in scMeOH (0.28 g/mL) at 300 °C for 10 min. EDX mapping images of the 
obtained CeO2:Er (10:1) [79] MARIMO NPs indicated that 3.2 mol% Er was dispersed homogeneously through-
out the MARIMO CeO2 NPs (Figs. 16a and 17a) [80]. In addition, the XRD pattern for CeO2:Er (10:1) was identical 
to that of the prototype CeO2 NPs. Given these results, it can be concluded that the Er atoms were embedded in 
the crystal lattice. However, the NPs never fluoresced under excitation using a low-intensity IR laser (980 nm, 
10 mW), even after calcination. The likely cause of this phenomenon is concentration quenching. There-
fore, the content of Er in the CeO2:Er MARIMO NPs was reduced; a homogeneous solution of Ce(NO3)3·6H2O, 
Er(OCOCH3)3·4H2O, and HCOOH (100:1:500) was heated in scMeOH under similar conditions. This process 
yielded CeO2:Er (100:1) particles that appeared to be MARIMO NPs (Fig. 16b). In addition, the morphology 
and cubic crystal structure of the MARIMO NPs were unaltered by calcination (TEM: Figs. 16b and c; XRD: 
Figs.  17b and c). As can be seen in Fig. 18a, the absorption band for the O–H stretching vibration in the 
FTIR spectrum decreased after calcination, indicating that the dehydration of particles occurred. Therefore, 
proton evacuation may take place as a result of ion diffusion during sintering. The BET specific surface area 
of the calcined NPs (800 °C) was 15.3 m2/g, and the pores were 2–15 nm mesopores (Fig. 19a and b).

Importantly, the obtained particles emitted green light under low-intensity IR laser irradiation (980 
nm, 10 mW), even without calcination (Fig. 20a). Two emission bands at approximately 550 nm (green) and 
680 nm (red) were observed in the PL spectrum of the irradiated NPs that are attributed to the 2H11/2,4S3/2→
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Scheme 1 Plausible mechanism for the formation of solid and hollow MARIMO TiO2 NPs in scMeOH.
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and 4F9/2→
4I15/2 emissions of Er3+, respectively (Fig. 21a). As expected, the intensity of both peaks increased 

following calcination at 500 °C for 60 min, and further improved when the NPs were calcined at 800 °C 
for 60 min (Fig. 20b and Figs. 21b and c, respectively). In addition, the presence of organic residues on the 
MARIMO NPs was confirmed via FTIR analysis (Fig. 18). Peaks for the stretching vibrations of hydrogen-
bonded O–H groups on the surface of the primary NPs (3700–3000 cm–1) and absorptions for COO– groups 
(1650–1550 and 1410 cm–1) disappeared after calcination at 500 and 800 °C (Figs. 18b and c, respectively). 
In addition, the weight of the NPs decreased by 5% after calcination at 800 °C for 60 min, suggesting the 
removal of organic residues and water from the surface of the primary MARIMO NPs.

Next, to further explore the versatility of the one-pot, one-step synthetic procedure, the preparation of Er, 
Yb co-doped nanoparticles was attempted [81]. Yb co-doped CeO2:Er MARIMO NPs, CeO2:Er,Yb (100:1:1), were 

a Ce

O Er 

d Ce O

Er Yb

50 nm
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50 nm 

fe

50 nm50 nm

Fig. 16 TEM and EDX mapping images of RE-doped MARIMO NPs. (a) CeO2:Er (10:1) before calcination; (b) CeO2:Er (100:1) before 
calcination; (c) CeO2:Er (100:1) after calcination; (d) CeO2:Er,Yb (10:1:1) before calcination; (e) CeO2:Er,Yb (100:1:1) before calci-
nation, and (f) CeO2:Er,Yb (100:1:1) after calcination.
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Fig. 17 XRD patterns of the RE-doped MARIMO NPs. (a) CeO2:Er (10:1) before calcination; (b) CeO2:Er (100:1) before calcination; 
(c) CeO2:Er (100:1) after calcination; (d) CeO2:Er,Yb (10:1:1) before calcination; (e) CeO2:Er,Yb (100:1:1) before calcination; and (f) 
CeO2:Er,Yb (100:1:1) after calcination.
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synthesized by heating a homogeneous solution of Ce(NO3)3·6H2O, Er(OCOCH3)3·4H2O, Yb(OCOCH3)3·nH2O, 
and HCOOH (100:1:1:500) in scMeOH [79] (Figs. 16e and f). EDX mapping of the CeO2:Er,Yb (10:1:1) particles 
[79, 80] revealed the homogeneous distribution of 3.0 mol% Er and 3.1 mol% Yb throughout the MARIMO NPs 
(Fig. 16d). XRD measurements indicated a cubic crystal structure, which was retained after calcination (Figs. 
17d, e, and f). The pores of the calcined NPs were classified as mesopores with diameters of 2–15 nm, and 
the BET specific surface area was 16.0 m2/g (Figs. 19c and d). Calcination removed all of the organic residues 
(Figs. 18d and e); however, even for the noncalcined samples, a strong green emission was observable by the 
naked eye under low-intensity IR laser irradiation (980 nm; 10 mW), (Fig. 20c). In addition, as anticipated, 
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Fig. 19 Nitrogen adsorption–desorption isotherm and BJH pore size distribution plots for MARIMO RE-doped UC NPs prepared 
in scMeOH after calcination at 800 °C for 60 min. (a and b) CeO2:Er (100:1) and (c and d) CeO2:Er,Yb (100:1:1).
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Fig. 18 FTIR spectra of CeO2:Er (100:1) and CeO2:Er,Yb (100:1:1) MARIMO NPs prepared in scMeOH in the presence of HCOOH. 
Reaction conditions: 10 min at 300 °C in MeOH with a density of 0.28 g/mL. (a) CeO2:Er (100:1) without calcination; (b) CeO2:Er 
(100:1) with calcination at 500 °C for 60 min in air; (c) CeO2:Er (100:1) with calcination at 800 °C for 60 min in air; (d) CeO2:Er,Yb 
(100:1:1) without calcination; and (e) CeO2:Er,Yb (100:1:1) with calcination at 800 °C for 60 min in air.
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the emission intensity was enhanced by calcination (Fig. 20d). Two emission bands were also observed near 
550 and 680 nm in the PL spectra of the NPs (Figs. 21d and e), and the intensity of the red emission was greater 
than that in the green region due to the efficient energy transfer from the Yb co-dopant to the Er luminescence 
center [81]. These results confirmed that Yb co-doped CeO2:Er MARIMO NPs with efficient UC emission were 
successfully prepared via the one-pot, single-step reaction in scMeOH. To the best of our knowledge, previ-
ously reported NPs always required calcination to achieve emission [82–87]. However, in the present case, 
calcination is not necessary for UC emission, even under low power IR laser irradiation (980 nm, 10 mW), 
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Fig. 20 Green emission of MARIMO NPs. CeO2:Er (100:1): (a) before and (b) after calcination at 800 °C for 60 min in air; 
CeO2:Er,Yb (100:1:1): (c) before and (d) after calcination at 800 °C for 60 min in air.

500 550 600 650 700

In
te

ns
ity

 (
a.

u.
)

Wavelength (nm)

×10

×10

b

a

c

e

d

Fig. 21 PL spectra (under IR irradiation at 980 nm) of CeO2:Er and CeO2:Er,Yb MARIMO NPs prepared from a mixture of scMeOH 
and formic acid. Reaction conditions: 10 min at 300 °C in MeOH with a density of 0.28 g/mL. (a) CeO2:Er (100:1) without calci-
nation; (b) CeO2:Er (100:1) with calcination at 500 °C for 60 min; (c) CeO2:Er (100:1) with calcination at 800 °C for 60 min; (d) 
CeO2:Er,Yb (100:1:1) without calcination; and (e) CeO2:Er,Yb (100:1:1) with calcination at 800 °C for 60 min.
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which could be because of the unique light harvesting properties of the mesoporous structure of the MARIMO 
NPs [46, 88]. When mesoporous NPs are irradiated, they allow the light to scatter to the interior, leading to 
the formation of multiple reflections between the primary particles. Therefore, the pores can provide a light 
harvesting effect that results in more efficient light absorption compared with that observed for normal NPs 
[46, 88]. Furthermore, the mesoporous structure of the MARIMO NPs with UC ability may be very suitable for 
the delivery of drugs and sensitizers or as agents for photodynamic therapy.

The unique one-pot, single-step simultaneous doping approach is also applicable to other MARIMO NPs. 
The process has been used to prepare ZrO2:Er, TiO2:Er, TiO2:Eu (10:1), TiO2:Ce (10:1), TiO2:Yb (10:1), and TiO2:Fe 
(10:1) MARIMO NPs using the scMeOH method [77]. Therefore, it has been clearly demonstrated that this syn-
thetic approach is highly versatile for the preparation of MARIMO NPs doped with a wide range of elements.

MARIMO TiO2 NPs as a new biolistic bombardment agent

Finally, the MARIMO TiO2 NPs were successfully applied as a new material for transporting DNA via biolistic 
bombardment [62, 89]. The gold and tungsten NPs currently used for biolistic bombardment are classified 
as nanoaggregates, with average aggregation sizes of several hundred nanometers. The MARIMO TiO2 NPs 
prepared in this study have a size-controlled, spherical structure with numerous mesopores that can readily 
admit plasmids. The MARIMO TiO2 NPs shown in Fig. 1a were mixed with a supercoiled pHyg3 plasmid car-
rying the hygromycin resistance gene aphVII. The particles were then shot into Chlamydomonas reinhardtii 
cells using high pressure He gas (7.6 MPa). After two weeks, colonies appeared on hygromycin-infused agar 
plates, confirming that the novel MARIMO TiO2 NPs successfully transported the DNA via biolistic bombard-
ment (Fig. 22). Thus, despite their reduced density, the MARIMO TiO2 NPs delivered the DNA; therefore, they 
should be considered as an alternative to the heavy, expensive gold and tungsten NPs currently used for DNA 
transport.

Conclusions
MARIMO NPs with large surface areas, such as TiO2, SiO2, ZrO2, CeO2, and ZnO, were successfully synthesized 
via a simple, rapid, one-pot, one-step process in supercritical alcohols with carboxylic acids (phthalic acid 
and HCOOH) as organic additives. In addition, a new type of hollow TiO2 NPs was obtained when the reac-
tion mixture was heated slowly, and notably, the thickness of the shells of these NPs could be controlled by 
adjusting the heating rate. Furthermore, the synthetic versatility of the one-pot, one-step method for the 
preparation of MARIMO NPs was demonstrated by synthesizing a series of solid and hollow MARIMO NPs 
and RE element-doped MARIMO UC fluorescent NPs, such as CeO2:Er, CeO2:Er,Yb, ZrO2:Er, and TiO2:Er, that 
also had large surface areas. Clear green emission was confirmed for these NPs without calcination, even 
under weak IR laser irradiation (980 nm, 10 mW). Strong fluorescence intensity was achieved not only for 
calcined CeO2:Er NPs but also for CeO2:Er,Yb MARIMO NPs. Finally, the synthesized MARIMO TiO2 NPs were 
successfully applied to DNA transport via biolistic bombardment.

Fig. 22 DNA transport via biolistic bombardment using MARIMO TiO2 NPs as bullets for the gene gun.
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The prepared solid and hollow MARIMO NPs reported herein have several excellent properties, such as 
a spherical porous structure, narrow average size distribution, and large surface area. Therefore, they can be 
used as photocatalysts, photosemiconductors, and catalyst supports, for drug storage/controlled release and 
DNA transport, as a white pigment in low-reflection, transparent, and heat-insulation paints. In addition, 
RE-doped MARIMO NPs capable of UC stable emission may be used as cell markers for photodynamic therapy 
or as luminescence materials.
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