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ABSTRACT We developed a surface-catalyzed dual templating
strategy to synthesize and organize hollow spheres of manganese
silicate as well as a wide variety of its metal-doped structural poe‘”‘e

derivatives (where metal dopant = Fe, Co, Ni, Cu, Y, La, Ce, Nd, Eu,

Gd, Er, and Yb). The size of hollow spheres obtained is in the range of Citrag
apge {-]
only 7—9 nm. In addition, the resultant nanospheres can also be sillca
formed into an even greater hollow sphere, giving rise to a “bubbles -
Mn silicate

Microstructure with Nanobubble Constituent

within a bubble” assemblage in the submicrometer regime (e.g., hollow nanospheres
~200 to 270 nm). The hierarchical hollow structures of this type
were further tested for catalytic degradation (or decomposition) of organic dyes and used as solid precursors for transformative synthesis of other silicon-

based functional hollow materials.
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anganese compounds have been

commonly regarded as efficient

catalysts toward oxidation reac-
tion, and they are widely abundant in
nature.' 3 For instance, the photosystem |l
protein complex, which is responsible for
the photo-oxidation of water in green
plants, is composed of a Mn tetramer com-
plex, Mn,O,Ca.* The manganese com-
pounds not only have a wide range of
composition but also have a large variety
of morphology. Among these solids, colloi-
dal manganese-based hollow structures
stand out as a class of interesting materials,
since they may offer improved physico-
chemical performance owing to significant
increase in their surface area to volume
ratio.

Colloidal inorganic hollow structures are
particles that possess an internal void and
have sizes ranging from several angstroms
up to several micrometers.>~” These hollow
structures are usually prepared using tem-
plate-based methodologies, among which
is the use of a gas—liquid interface template.
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Nevertheless, this method requires forming
gas bubbles on which growth units could
deposit and thus generate shell morphol-
ogy. For example, gas bubbles can be in-
troduced to the solution phase through
in situ reactions that generate gaseous spe-
cies. Under hydrothermal conditions, very
often, organic acids or acid anions decom-
pose into small molecules such as CH,4, CO,,
and H,, and the gas products depend on an
actual reaction pathway.”~"" For instance,
decarboxylation of acetic acid would yield
both CH,; and CO,, while hydrolysis pro-
duces CO, and H, under such reaction
conditions.'® Furthermore, the decomposi-
tion reactions could be hastened through
heterogeneous catalysis by the solid wall or
any solid phases (such as colloidal particles)
available inside a reactor. Therefore, solid
phases present in a system can lower the
activation energy of reaction® and at the
same time can determine reaction kinetics
of decomposition.”™°

Although gas bubble templates have
been widely reported for the preparation
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Scheme 1. Schematic illustration of a surface-catalyzed
dual templating process, where CO, gas bubbles serve as
a soft template for deposition of Mn silicate nanospheres
(i.e., solid nanobubbles) and a pristine SiO, bead serves as a
silicon source and works as a hard template for the assem-
blage of resultant Mn silicate nanospheres.

of micrometer-scale or submicrometer hollow struc-
tures, the preparation of hollow structures in a nano-
regime (i.e.,, nanobubbles with a diameter <10 nm)
using this approach has not been realized®'?~'>
Furthermore, self-assembly of resultant nanobubbles
into a larger hollow structure appears to be a challen-
ging goal. Herein, we describe a hydrothermal syn-
thesis of nanospheres of manganese silicate and its
transition metal- and rare earth metal-doped deriva-
tives as well as self-integration of product nanospheres
into submicrometer hollow assemblages. In this syn-
thesis, submicrometer SiO, beads serve both as a
starting silicon source and as a solid catalyst for the
adsorption and decomposition of carboxylate anions.
While the in situ formed gases serve as a soft template
for forming nanobubbles of manganese silicate, the
starting silica solid beads function as a hard template
for the assembly of these tiny bubbles into an even
greater hollow configuration, or a larger “bubble”, of
manganese silicate. As illustrated in Scheme 1, we
will further demonstrate that the decomposition of
adsorbed Mn carboxylate complexes on the active
surface of SiO, beads is the primary mechanism for
the formation of a final hierarchical hollow structure.
This synthetic strategy can be described as a surface-
catalyzed dual templating process, since the forma-
tion of a nanometer-sized gas template is catalyzed
and formed at the surface of the submicrometer solid
template. In addition to manganese silicate nanobub-
bles, metal-doped derivatives of this structure can
also be prepared by adding other metal salts in the
reaction system. In order to test the applicability of
these nanobubbles, we also studied their catalytic
property toward the oxidative degradation (or de-
composition) of organic dyes and used these nano-
bubble assemblies as a solid precursor for lithium ion
intercalation.
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Figure 1. Representative TEM images: (a) SiO, precursor
beads and (b—d) product samples (i.e., spherically as-
sembled nanobubbles of manganese silicate) synthesized
according to Scheme 1 at different magnifications.

RESULTS AND DISCUSSION

Manganese Silicate Nanobubbles. Shown in Figure 1a,
spherical SiO, beads with a mean diameter of ca.
270 nm were first synthesized using a modified Stober
method.'®"” This solid precursor was mixed with an
aqueous solution of manganese acetate and heat-
treated under hydrothermal conditions. The process
led to the formation of submicrometer hollow spheres
in about the same dimensional range, as shown in
Figure 1b. Detailed in Figure 1c—d, intriguingly, the
hollow spheres were composed of even smaller hollow
spheres with diameters only between 7 and 9 nm. We
describe this product morphology as spherically as-
sembled nanobubbles of manganese silicate, that is,
bubbles within a bubble.

We believe that in situ generation of a gas-bubble
template and the related gas—liquid interface are
responsible for the formation of this hierarchical hol-
low structure. As summarized in Scheme 1, first, a small
portion of the SiO, phase is hydrolyzed to form H,SiO,,
and at the same time surface active sites are generated
for the adsorption of Mn carboxylate species (eq 1).
Second, the active sites and associated metal ions (e.g.,
Mn?*) decrease the activation energy for decomposi-
tion of the carboxylate (Scheme 1). Third, the carbox-
ylate groups decompose into CO, and other gaseous
products under hydrothermal conditions (eqs 2 to 4)."°
Fourth, the tiny gas bubbles form an interface with
solution phase that serves as a soft template for the
deposition of manganese silicate through ion ex-
change of Mn*" with H,SiO4 (eq 5)."® Finally, these
reactions (eqs 2 to 5) would continue until the SiO,
phase is totally consumed or dissolved, thus forming
submicrometer hollow assemblages comprising nano-
bubbles of manganese silicate (Scheme 1). In addition,
Mn,SiO,4 can undergo metamorphism to form braunite
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1 1 = Braunite 1Q
2=Mn,0,
2 3= Mn.SIO,
4=Mn.Si,0,,
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Figure 2. X-ray diffraction patterns of nanobubbles of
manganese silicate synthesized with different kinds of
carboxylate anions: (a) acetate, (b) maleate, and (c) citrate.

1Q under hydrothermal conditions (eq 6).'®

SiOy) + 2H,0(y<>H4 Si04(aq) + active sites (1)
CH3COOH(ag) — CHa(g) + COyq) (2)
CH3COOH(aq) + 205(g) — 2COyq + 2H,0()  (3)
CH3COOHaq) + 2H,0() — 2COyq) +4Hyg (4
H4SiOsaq) + 2MN?" (2)<*Mn,SiOaie) + 4H oy (5)

7Mn25i04(5) + 302(g)<->2Mn2+Mn63+5i012(5) + 55i02(5)
(6)

Elemental composition of the bubble samples was
affirmed with energy dispersive X-ray spectroscopy
(SI-1A), and both manganese and silicon were homo-
geneously distributed. In addition, the atomic ratio
between manganese and silica is 1:2.6. In Figure 2a,
the X-ray diffraction (XRD) technique indicates
the presence of braunite-1Q (Mn?**Mng>*SiO;, or
Mn?*Mn>*4[0g|SiO4], JCPDS no. 89-5661) and other
manganese silicate phases (Mn,SiO4 JCPDS no.
74-0716, and MnsSis0;,, JCPDS no. 37-0221) with a trace
amount of hausmannite (Mn30,, JCPDS no. 80-0382).

The thermal stability of manganese silicate nano-
bubbles under aerobic conditions was investigated.
Surprisingly, the nanobubble morphology was re-
tained even after heating at a temperature as high as
800 °Cfor 12 h (SI-1B). In fact, heating can be employed
as a means to deplete unwanted phases. For instance,
the hausmannite phase can be eliminated completely
at 700 °C, leaving only pure braunite 1Q (SI-1B) for
the nanobubbles. The specific surface area of the
as-synthesized nanobubbles was determined to be
316 m%g using the Brunauer—Emmett—Teller (BET)
method on the N, adsorption isotherm (SI-1C). Even
after heating at a high temperature of 800 °C for a long
period of 12 h, the specific surface area of the sample
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TABLE 1. Summary of BET Analysis and BJH Desorption
Analysis for Manganese Silicate Samples

physical property as-synthesized thermally treated
surface area 316.1 m¥g 521 m%/g
pore volume 0.151 ml/g 0.068 mL/g
pore size 3.2 nm 3.0 nm

pore surface area 88.4 m*/g 27.6 m*/g

Figure 3. Representative TEM images of spherically as-
sembled nanobubbles of manganese silicate doped with
the first-row transition metal elements (a) Fe, (b) Co, (c) Ni,
and (d) Cu. The nominal experimental ratio between man-
ganese and dopant was set at 20:1.

could still have a value of 52 m?/g (Table 1). This
decrease can be attributed to more densely packed
nanobubbles (SI-1C) upon heating. In addition, small
micropores were also eliminated in the heating pro-
cess. Consistently, as shown in Table 1, the pore volume
was reduced from 0.151 to 0.068 mL/g, and the pore
surface area was decreased from 88.4 to 27.6 mz/g.

On the other hand, these nanobubbles collapsed
under long exposure of an electron beam (SI-1D). This
change can be described as cavities solidifying into
another phase when illuminated by a focused electron
beam during transmission electron microscopy (TEM)
measurements above the magnification of 150,000x
(SI-1D). In addition, we observed that these recrystal-
lized areas possessed an interplanar spacing of 0.21 nm,
which corresponds to the {220} crystal planes of haus-
mannite Mn30, (SI-1D).

Doped Manganese Silicate Nanobubbles. In addition to
the manganese silicate nanobubbles, metal-doped
derivatives of this structure were also prepared by
mixing other metal salts with manganese acetate
during the synthesis. Figures 3 and 4 display some
TEM images of the first-row transition metal-doped
and rare earth element-doped manganese silicates
with a nominal experimental ratio of manganese to
dopant of 20:1, respectively. The morphology of doped
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Figure 4. Representative TEM images of spherically assembled nanobubbles of manganese silicate doped with rare earth
elements: (a) Y, (b) La, (c) Ce, (d) Nd, (e) Eu, (f) Gd, (g) Er, and (h) Yb. The nominal experimental ratio between manganese and

dopant is 20:1.

Figure 5. Representative TEM images of manganese silicate
doped with other elements: (a) Fe, (b) Co, (c) Ni, and (d) La.
The nominal experimental ratio between manganese and
dopant is 10:1.

nanobubbles is similar to that in Figure 1c,d, without
noticeable changes.

However, plate-like structures were observed when
the experimental ratio of manganese to dopant was
decreased to 10:1, as shown in Figure 5. This observa-
tion indicates a maximum amount of metal dopant
that the final doped nanobubbles can accommodate.
When exceeding this threshold limit, heterogeneous
growth of a secondary phase would become operative,
which will be further discussed in later subsections.

In addition to the TEM characterization, EDX ele-
mental composition analysis and structural mapping of
these doped derivatives confirmed the presences of
doped elements of Fe, Co, Ni, Cu, Y, La, Ce, Nd, Eu,
Gd, Er, and Yb as reported in SI-1A. With the excep-
tion of La, this investigation revealed that the actual
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Figure 6. X-ray diffraction patterns of transition metal-
doped manganese silicate: (a) undoped, (b) Fe, (c) Co, (d)
Ni, and (e) Cu. The nominal experimental manganese to
dopant ratio is 20:1.

manganese to dopant ratio was greater than the
nominal experimental value (SI-1A). This ratio suggests
that the formation of metal-doped manganese silicate
nanobubbles might involve ionic exchange or substi-
tution between Mn and the metal dopant during the
synthesis. In Figures 6 and 7, X-ray diffraction patterns
for both transition metal- and rare earth-doped nano-
bubbles are very similar to that of the manganese
silicate nanobubbles (Figure 2a) except for the case
of Ce, which forms a CeO, phase.

In addition to the above finding on the similarity,
three observations were made in the XRD results. First,
the hausmannite Mn30O, peak was observed to be
lower than that in the manganese silicate nanobubbles
(Figure 2a). Second, with the exception of Ce, no peaks
were observed for oxide and silicate variants of the
doped metals. Third, the diffraction peak for braunite
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Figure 7. X-ray diffraction patterns of rare earth-doped
manganese silicate: (a) Y, (b) La, (c) Ce, (d) Nd, (e) Eu, (f)
Gd, (g) Er, and (h) Yb. (B = braunite 1Q, ¥ = CeO,). The
nominal experimental manganese to dopant ratio is 20:1.

1Q was observed to shift at higher 2-theta angles for
doped manganese silicates. These results may suggest
that doping cations do not disrupt the original man-
ganese silicate structure since no additional diffraction
peaks for other compounds were observed for most
cases. As demonstrated in Figures 3 and 4, a large
variety of dopants, both divalent and trivalent metal
ions, can be included in the nanobubbles of manga-
nese silicate without altering their structural config-
uration. Thus, the synthetic approach also allows
complex compositional tailoring for product nanobub-
bles when there is a need (SI-1A).

Synthetic Mechanism of Manganese Silicate Nanobubbles.
The formation mechanism of manganese silicate nano-
bubbles was investigated through several designed
experiments. These experiments include determining
the pH value of the synthesis system before and after
reaction, the presence of RCO,™ vibration peaks in
manganese silicate nanobubbles, the effect of differ-
ent carboxylate anions and different metal acetates on
the final manganese silicate morphology, the effect of
manganese and other metal ions on the SiO, spheres
without carboxylate anions, and, finally, the effect of
various synthetic parameters such as temperature,
reaction time, pH, and amount of precursor used in
the synthesis. On the basis of these experiments, we
validated that in situ CO, evolution occurred during
the synthesis. The formation of evolving gas was
evidenced by several experimental findings in the
following.

The solution pH decreased from 8 to 5 after the
hydrothermal process, indicating that CO, and H,CO3
were formed (eqs 1 to 5). In Figure 8, the IR vibrational
spectrum of nanobubbles of manganese silicate did
not display RCO, ™ vibrational modes, while those peaks
were observed at 1551 and 1400 cm™' for samples
processed at room temperature (SI-2A)."° This result
may indicate that acetate anions decompose under
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Figure 8. Comparison of FTIR spectra of different samples:
(a) sample processed at room temperature for 12 h (SI-2A),
(b) nanobubbles of manganese silicate synthesized at 180 °C
for 12 h (SI-2A), and (c) SiO, precursor beads (Figure 1a).

hydrothermal conditions. On the other hand, for the
starting SiO, beads, vibration peaks at 3626, 3438,
3171,1637,1215,1095,794,and 461 cm ™" can be attrib-
uted to the presence of water adspecies and silica.?**'

In addition to acetate, nanobubbles of manganese
silicate can also be produced when other carboxylate
anions were used, confirming the indispensability
of these anions in synthesis, as shown in Figure 9
(and SI-2B). In Figure 2b,c, XRD patterns for the samples
synthesized with manganese maleate and citrate re-
vealed that only pure braunite 1Q phase was formed in
these two samples compared with that using acetate
anions (Figure 2a; hausmannite Mn30, was included
in this sample). The observed changes can be attrib-
uted to different chelating abilities of ligands with
manganese ions. The stability of coordination bonds
for multidentate maleate and citrate on manganese
ions is greater than that for monodentate acetate
(S1-2€).2223 In this regard, due to its lower stability, a
small portion of manganese acetate was converted
straight to the Mn30, spinel even before reacting with
H,4SiO4 (and possibly other silicate oligomers that were
produced from condensation of H;Si04; egs 5and 6). In
comparison, the chance of the latter two manganese
carboxylates reacting with H,;SiO, would be higher
because of their slower decomposition rates. In addi-
tion to the phase control, the type of carboxylate
groups used in synthesis also determines the interior
space of the final aggregation of nanobubbles of
manganese silicate. lllustrated in Scheme 1, the resul-
tant shell thickness of spherical assemblages of nano-
bubbles is thinner if one uses acetate, maleate, or
tartrate anions (Figure 9a—c). On the other hand, the
central space can be wiped off when citrate anions
are used in the synthesis. This significant difference
in bubble assemblage can be attributed to the
tridentate capacity of citrate. For example, the multiple
chelating ability of the citrate ligand not only forms
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Figure 9. Spherically assembled nanobubbles of manga-
nese silicate prepared with different carboxylate ions. All
reaction solutions were heated under hydrothermal condi-
tions at 180 °C for 12 h with 50 mg of SiO, precursor beads,
0.80 mmol of MnSO,, and 1.6 mmol of sodium acetate (a),
1.6 mmol of disodium maleate (b), 1.60 mmol of sodium
tartrate (c), 1.6 mmol of sodium citrate (d), and 0.30 mmol of
sodium citrate (e, f).

manganese-citrate complexes but also brings these
complexes onto the surface of silica beads. This extra
binding of the citrate anion may provide a capping
effect on silica, which prevents the silica core from
rapid dissolution (Scheme 1). Thus, more nanobubbles
of manganese silicate are formed inwardly and less
central interior is left for the assemblages using the Mn
citrate precursor (Figure 9d—f). Identical to those in
Figure 1, in all these cases, nanobubbles of manganese
silicate can also be obtained at a 100% morphological
yield. An analysis for the size variation between initial
silica and products also supports the above postulation
(SI-2B).

When the nominal experimental manganese to
dopant ratio was 10:1, other product morphologies
were observed (Figure 5) in addition to the nanobub-
bles. In fact, when this ratio was continuously de-
creased, the product morphology could be entirely
different. Using Stober silica beads and other transition
metal salts, our further syntheses yielded hollow
spheres for other transition metal or rare earth metal
silicates under similar reaction conditions. Instead of
the nanobubbles, however, the shells of the resultant
hollow spheres were composed of nanometer-sized
thin platelets for the syntheses with transition metal
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Figure 10. Hollow spheres of metal silicates synthesized
using 50 mg of SiO, spheres, 5 mmol of NaCH3COO, and
20 mL of H,0 under hydrothermal conditions (180 °C) with
(a) 0.80 mmol of FeSO,, (b) 0.10 mmol of CoSO,, (c) 0.20
mmol of NiSOy,, (d) 0.125 mmol of Mn(CH3;COO), and 0.125
mmol of Ni(CH3COO), (without using NaCH3COO in this
case), (e) 0.80 mmol of La(NOs);, and (f) 0.2 mmol of
Ce(CH3COO0)s.

elements Fe, Co, and Ni, while polycrystalline hollow
spheres were observed for the cases with rare earth
elements La and Ce, as reported in Figure 10. Not
unexpectedly, these results are consistent with pre-
vious reports on the hollow metal silicate structures
(SI-2D).*~2% In addition to this experiment, we have
studied the effect of excluding the carboxylate anion in
the synthesis by using metal sulfate precursors. As
shown in Figure 11, both CoSO, and NiSO, yielded
flexible platelets, while MnSO, formed nanoparticles
on the surface of SiO,- and FeSO4-produced nanocryst-
als. On the basis of these results, we believe that only
Mn?* has a catalytic activity toward the decomposition
of carboxylate anions, because the same structures
were obtained for Co and Ni silicates with or without
carboxylate anions (see Figures 9 and 10). In this
regard, the formation of plate-like structures for both
Co and Ni silicates can be ascribed simply to the
template effect of SiO, spheres. The unique catalytic
activity of Mn>™ may be attributed to two factors,
namely, strength of the carboxylate-to-metal coordi-
nation bond and possible formation of manganese
oxide during the reaction process. As described by
Irving and Williams, the stability of high-spin com-
plexes of the first-row transition metals follows this
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Figure 11. Hydrothermal treatment of SiO, with different
metal sulfate salts: (a) MnSQy,, (b) FeSO,, (c) CoSO,, and (d)
NiSO,. Experimental conditions: 0.8 mmol of metal sulfate
mixed with 50 mg of SiO, beads in 20 mL of H,0, then
heated at 180 °C for 12 h.

series: Mn?" < Fe?™ < Co?" < Ni*™ < Cu?t > zZn?" %’
Since divalent manganese is the least stable in this
series, the decomposition of Mn acetate or with other
carboxylate groups to nanostructured gas (CO,) bub-
bles is relatively easy. On the other hand, Fe, Co, and Ni
complexes share similar stability constants (SI-2C) that
result in the formation of similar hollow structures
(Figure 10a—c) in the presence of carboxylate anions.
This explanation is supported by the presence of
carboxylate RCO, ™ vibration modes (1547—1558 and
1410—1428 cm™; SI-2D)"° on the hollow spheres of
Fe, Co, and Ni silicates because of slower decomposi-
tion reactions.

In addition, literature data on the thermal decom-
position of acetate salts of Mn, Co, Ni, and Cu follow a
similar trend, which also extends to malonate salts. 233
On the other hand, adsorbed carboxylate groups were
also found in La and Ce silicates (Figure 10e/f). For this
reason, easy decomposition of Mn carboxylate implicates
the readiness of the aggregative gas template and thus
deposition of the nanobubbles of manganese silicate.
Although the proposed synthetic mechanism is sup-
ported by our experiments, it should be pointed out
that direct observation of in situ formation of the
manganese silicate nanobubbles is difficult to make
at this stage of research because of the required
hydrothermal conditions.

As mentioned earlier, the catalytic activity of Mn®"
toward carboxylate decomposition may also be attrib-
uted to the formation of manganese oxides under the
hydrothermal conditions. Manganese oxides of differ-
ent valence have been reported to function as an
effective catalyst toward oxidation reaction. Therefore,
the formation of CO, gas bubbles from carboxylate
oxidation is possible.>* 37 In our present study, the

YEC AND ZENG

formation of manganese oxides was also confirmed
by hydrothermal treatment of the Mn(CH5COO), salt in
the absence of SiO, spheres (SI-2E). These polydis-
persed crystallites were determined to be a mixture
of MnO, Mn304, MnO(OH), Mn, 4304, and MnO, and
other manganese oxide phases through XRD (SI-2E).
This experiment confirms that manganese oxides can
be formed under hydrothermal conditions, and there-
fore the resultant manganese oxides can also catalyze
the oxidation of carboxylate anions.

Apart from the reaction temperature (SI-2A), other
synthetic parameters such as reaction temperature,
pressure, time, pH value, and precursor type and
amount have also been investigated and optimized
(SI-2F to SI-2J). In general, high reaction temperature
and long reaction time favor the formation of nano-
bubbles, and a hydrothermal condition is essential
since it may prevent the in situ formed gas bubbles
from escaping to the gas phase. We also found that an
acidic starting solution (pH < 4.8) does not favor
nanobubbles on the surface of silica owing to the
difficulty of forming carboxylate anions and therefore
the resultant Mn carboxylate complexes. Furthermore,
nanobubbles of manganese silicate were also obtained
from the reaction with MnSO, and Na,COs, while only
hollow microspheres were synthesized from the reac-
tion using MnSO,4 and Na,HPO, under alkaline condi-
tions (SI-2J). These results support the observation that
gas-forming species are required to generate nano-
bubbles. All the observations are consistent with the
synthetic path proposed in Scheme 1.

Although CO, gas bubbles formed at the surface
SiO, template are both thermodynamically and kine-
tically dynamic, other chemical constituents (e.g.,
Mn>", RCO,™) are also present in solution. These
solution species would accumulate and solidify on
the gas/liquid interface of the CO, gas bubble, thus
lowering its surface tension and preventing its detach-
ment from the SiO, substrate.3®3° In addition to this
explanation, we also observed that the surface of
partially hydrolyzed SiO, spheres is rather rough, ex-
hibiting surface grooves of various sizes. Thus, the
rough SiO, substrate may also help to entrap CO, gas
bubbles formed during carboxylate decomposition.

Catalytic Applications of Manganese Silicate Nanobubbles.
Due to the excellent catalytic activity of manganese-
based solid compounds and the unique morphology of
these hollow structures, we chose to study their ad-
sorption and catalytic properties toward the degrada-
tion of cationic organic dyes, e.g., rhodamine-6G and
methylene blue, via an advanced oxidation pro-
cess (AOP).**#1 |n this study, reported in Figure 12 (also
SI-3A), the nanobubbles of manganese silicate and the
dye solution were allowed to establish an adsorption
equilibrium for a period of 60 min. After establishing
equilibrium, 20% and 30% of the initial rhodamine 6G
and methylene blue molecules were adsorbed on the
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Figure 12. Relative concentration (C/C,) profiles of methy-
lene blue, rhodamine 6G, and methyl orange during ad-
sorption (—60 to 0 min) and catalytic decomposition (0 to
60 min) processes at 60 °C. A 20 mg amount of nanobubbles
of manganese silicate and 100 mL of a dye solution were
used in each experiment. C is process concentration and C,
is starting concentration; the oxidant H,0, was added at 0 min.

nanobubbles of manganese silicate, respectively. Upon
the addition of oxidant H,O,, the concentration of
methylene blue (100 mg/L) decreased to ca. 18% of
its initial value after 5 min, and the reaction finished
just in a total of 15 min (Figure 12). Similarly, the
concentration of rhodamine 6G decreased to 18% of
its initial value after 10 min, and the reaction finished
within 30 min (Figure 12). Our further experiments
showed that the manganese silicate nanobubbles can
catalyze the degradation of methylene blue at an even
higher concentration (500 mg/L). In contrast to methy-
lene blue and rhodamine 6G, which are cationic dyes,
both adsorption and catalytic activity of these manga-
nese silicate nanobubbles toward degradation and/or
decomposition of anionic dyes were poor. As an
example of this type of organic dyes, in Figure 12, we
also showed the adsorption—degradation process of
methyl orange (an anionic organic dye). These results
revealed that the surface charge of the manganese
silicate nanobubbles is negative, as evidenced by the
presence of Si-OH species (Figure 8). In this regard, the
nanobubbles of manganese silicate can also be used to
perform selective treatment of organic dyes, since they

EXPERIMENTAL SECTION

Chemicals and Reagents. The following chemicals were used
in this work: tetraethyl orthosilicate (TEOS, >99.0%, Aldrich),
ammonia solution (25%, Merck), manganese(ll) acetate tetra-
hydrate (Mn(CH3COO),-4H,0, =99%, Aldrich), manganese(ll)
sulfate monohydrate (99%, Alfa Aesar), sodium acetate anhy-
drous (99%, Alfa Aesar), maleic acid disodium salt anhydrous
(=98.0%, Fluka), sodium tartrate dihydrate dibasic (=98.0%,
Riedel-de Haen), sodium citrate tribasic dihydrate (=99.0%,
Sigma-Aldrich), iron(ll) sulfate heptahydrate (=99.0%, Sigma-
Aldrich), cobalt(ll) sulfate heptahydrate (=99%, Sigma-Aldrich),
nickel(ll) sulfate hexahydrate (99%, Sigma), copper(ll) sulfate
pentahydrate (99.5%, Nacalai Tesque), yttrium(lll) nitrate
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can preferably adsorb and catalyze the degradation of
cationic organic dyes.

In order to exploit other applications, we also
investigated the exchangeability of metal ions for the
prepared hollow structures. When the self-assembled
nanobubbles of manganese silicate were used as a
template for lithium intercalation, polycrystalline hol-
low spheres of Li,SiOs; and LiMn,O, were observed
(SI-3B). In view of their tailorable composition and
unique morphology, such hollow structures may find
their applications as cathode materials for secondary
Li-ion batteries.*>** Therefore, the nanobubbles of
manganese silicate (Figures 1 and 9) and their metal-
doped derivatives (Figures 3 and 4), including other
spherical hollow structures of transition metal silicates
synthesized in this work (Figure 10), can be used as
solid precursors for the preparation of other functional
materials.

In addition to this application, Gd-doped manga-
nese silicate nanobubbles are magnetically responsive
since its aqueous suspension can be separated by
exposing it in a magnetic field (SI-3C). This result is
consistent with our previous work, wherein Gd-based
colloidal coordination polymer spheres exhibited mag-
netic property.*®

CONCLUSIONS

In summary, hierarchical hollow assemblages
(~200 to 270 nm) composed of smaller nanobubbles
(<10 nm) of manganese silicate and their metal-doped
derivatives can be prepared under hydrothermal con-
ditions using a surface-catalyzed dual templating ap-
proach. In this process, adsorption and decomposition
of Mn carboxylates are important in gas bubble genera-
tion since these processes dictate the product morphol-
ogy. In addition, Mn*" also serves as a catalyst toward
the decomposition of carboxylate anions, while a strong
metal to silica interaction was observed for other transi-
tion metals, which can be described as a templating
effect. The nanobubbles of manganese silicate obtained
can work as an effective heterogeneous catalyst and
serve as a versatile solid precursor for transformative
synthesis of other functional hollow materials.

hexahydrate (99.9%, Strem Chemicals), lanthanum(lll) nitrate
hexahydrate (=96.0%, Merck), cerium(lll) nitrate hexahydrate
(99%, Aldrich), neodymium(lll) nitrate hexahydrate (99.9%,
Strem Chemicals), europium(lll) nitrate hexahydrate (99.9%,
Alfa Aesar), gadolinium(lll) nitrate hexahydrate (99.9%, Strem
Chemicals), erbium(lll) nitrate hydrate (99.9%, Strem Chemicals),
ytterbium(lll) nitrate hydrate (99.9%, Alfa Aesar), methylene
blue (C.l. 62015, Merck), rhodamine 6G (95%, Sigma), methyl
orange (C.l. 13025, Merck), hydrogen peroxide solution (30%,
Merck), and deionized water.

Synthesis of Si0, Precursor Beads. SiO, beads were synthesized
according to a previous report with minor modifications.'®
Briefly, TEOS (2.5 mL) was mixed with ethanol (46.0 mL) under
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magnetic stirring (1000 rpm). Ammonia solution (5 mL) was
added into the solution and was stirred for 4 h. Afterward, the
solution was centrifuged at 3000g for 10 min, and the resulting
precipitate (silica beads) was washed with ethanol (30 mL) and
dried in an electric oven at 60 °C for 30 min.

Synthesis of Manganese Silicate Nanobubbles. In a typical synthe-
sis, 0.80 mmol of Mn(CH5COO0), - 4H,0 was dissolved in 10 mL of
deionized water in a Teflon liner, while the above prepared SiO,
beads (50 mg) were dispersed in another 10 mL of deionized water
with ultrasonication. Afterward, the SiO, suspension was poured
into the Mn(CH3COO), in the Teflon liner and was stirred for 5 min.
The Teflon liner was then transferred to a stainless steel autoclave
and was heated at 180 °C for 12 h inside an electric oven. The
autoclave was cooled at room temperature for 3 h. The product
solution was centrifuged at 4000g for 2 min, and the resulting
precipitate was washed with deionized water (10 mL), followed by
ethanol (10 mL), and the precipitate was dried at 80 °C for 6 h.

Synthesis of Doped Manganese Silica Nanobubbles. The synthetic
procedure for metal-doped nanobubbles of manganese silica
was similar to that used in nanobubbles of manganese silicate
with a slight modification. Briefly, 0.04 mmol of transition
metal salts such as FeSO,, CoSO,, NiSO,, or CuSO, or rare earth
metal salts such as Y(NOs)s;, La(NOs)s, Ce(NOs)s, Nd(NOs)s,
Eu(NOs)s, GA(NO3)3, Er(NO3)s, or Yb(NOs); and 0.80 mmol of
Mn(CH3COO), - 4H,0 were dissolved in 10 mL of H,O in a Teflon
liner to obtain a Mn to dopant ratio of 20:1. During this
period, SiO, beads (50 mg) were dispersed in another 10 mL
of deionized water with ultrasonication. Afterward, the SiO,
suspension was poured into the Mn(CH5COO), and dopant
solution in the Teflon liner and was stirred for 5 min. The Teflon
liner was then transferred to a stainless steel autoclave and was
heated at 180 °C for 12 h inside an electric oven. The autoclave
was cooled at room temperature for 3 h. The product solution
was centrifuged at 4000g for 2 min, the resultant precipitate was
washed with deionized water (10 mL), followed by ethanol
(10 mL), and the precipitate was dried at 80 °C for 6 h.

Evaluation of Catalytic Activity. The degradation of organic dye
molecules via an advanced oxidation process was investigated
with the nanobubbles of manganese silicate. This catalyst
(20 mg) was dispersed in 100 mL of various dye solutions:
methylene blue (100 mg/L), rhodamine 6G (150 mg/L), and
methyl orange (100 mg/L). On the other hand, 50 mg of the
same nanobubble catalyst was also used for the degradation
of a higher concentration of methylene blue (500 mg/L). The
prepared solution was immersed in a water bath at 60 °C for 1 h
under magnetic stirring. Afterward, hydrogen peroxide (10 mL,
30%) was added into the solution and was stirred for 1 h. During
this period, liquid samples (5 mL) were withdrawn from the
solution and were centrifuged at 4000g for 1 min. The resulting
supernatant was diluted 10-fold before transferring into a
quartz cuvette (path length, 10 mm), and its absorption spectra
were acquired using UV—vis spectroscopy (UV-2450, Shimadzu).
Absorption peaks at 665, 526, and 463 nm were used respectively
to determine the concentrations of methylene blue, rhodamine
6G, and methyl orange in the supernatant.

Materials Characterization. Morphology and structure of the
samples were investigated with transmission electron micro-
scopy (JEM-2010, 200 kV) and high-resolution TEM (JEM-2100F,
200 kV). Chemical bonding information was acquired using
Fourier transformed infrared spectroscopy (FTIR, FTS-2500ARX,
Bio-Rad). The composition and elemental distribution were
determined using energy dispersive X-ray spectroscopy
(EDX, Oxford Instruments). Crystallographic information was
established by power X-ray diffraction (D8 Advanced, Bruker,
Cu Kot radiation at 1.5406 A). Nitrogen adsorption and desorption
isotherms were measured with a gas-sorption analyzer (NOVA-3000,
Quantachrome Instruments). The specific surface area of the sample
and its pore size distribution were calculated using the Brunauer—
Emmett—Teller (BET) method and Barrett—Joyner—Halenda (BJH)
desorption curve analysis, respectively.
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