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Abstract: There has been significant interest in the crystal-
lization of nanostructured silica into a-quartz because of its
physicochemical properties. We demonstrate a single-crystal-
line mesoporous quartz superlattice, a silica polymorph with
unprecedentedly ordered hierarchical structures on both the
several tens of nanometers scale and the atomic one. The
mesoporous quartz superlattice consists of periodically
arranged a-quartz nanospheres whose crystalline axes are
mostly oriented in an assembly. The superlattice is prepared by
thermal crystallization of amorphous silica nanospheres con-
stituting a colloidal crystal. We found that the deposition of
a strong flux of Li* only on the surface of silica nanospheres is
effective for crystallization.

F acing a severe resource problem of rare metals, the use of
materials consisting of abundant elements is demanded in
many countries; therefore, silica has attracted much attention
because it consists of the first and second abundant elements
in the earth’s crust."! The nanostructural control of silica is
useful for various applications, such as catalyst supports,?!
separation media,”! and photonic crystals.”! However, the
methods for nanostructural control are mostly applicable for
amorphous silica.”! Its crystallization with the retention of the
nanostructure is quite difficult. Further functionalization of
nanostructured silica giving chemical stability!"! and hard-
ness'® are expected, if the frameworks are crystallized into
nanostructurally controlled a-quartz. Optical”! and piezo-
electric® properties are also expected for such single-
crystalline a-quartz frameworks.

Amorphous silica crystallizes through melting at very high
temperature, or by hydrothermal treatment at 200-400°C
under high pressure (10-30 MPa).”'” The original nano-
structure and morphology of amorphous silica collapse under
such harsh conditions. Because the crystallization temper-
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ature is reduced under high pressure, crystallization of
mesoporous amorphous silica into mesoporous coesite,
stishovite, or quartz at relatively low temperature (300-
750°C) and extremely high pressure (2-12 GPa) has been
reported, reinforcing the nanostructures of silica by the
formation of amorphous carbon (mesophase pitch) in the
mesopores.'!! However, the special apparatus for very high
pressure significantly limits the size of materials. In addition,
the stability of nanostructured silica under extreme conditions
is highly dependent on its nanostructure.'? Therefore, new
methods under simpler and milder conditions are demanded
to produce bulk materials.

Flux growth is useful for the preparation of high-quality
crystals under ordinary pressure,'! and it is useful to form
bulk crystals and expected to be applicable for various
transition-metal oxides. Recently, Sanchez and co-workers
have reported pioneering work on the fabrication of nano-
structured a-quartz (i.e., porous thin films''Y and periodic
arrays of submicrometer-sized hollow shells!™*) by using Sr**
or Ba®" as a flux without reinforcing carbon. Amorphous
silica was crystallized into a-quartz, retaining its nanostruc-
ture. The crystalline domains were orientated in thin films
because of the epitaxial growth,'¥ whereas polycrystalline
materials were prepared in bulk materials.'”) We hypothe-
sized that the formation of polycrystals is due to the use of
a relatively weak flux (Sr*" or Ba’"). It was mentioned in
the literature!™ that a strong flux of Li* caused total
loss of the nanostructure. Therefore, our idea is the use of
both an Li* flux and a carbon framework for the reinforce-
ment of the nanostructures to produce single-crystalline
mesoporous quartz superlattices, using conventional appara-
tus (Scheme 1a).

In the reports by Sanchez and co-workers,'*"! they
formed mesopores in the starting amorphous silica. A flux
(Sr*" or Ba*") was embedded in the mesopores, which is
effective for close contact of amorphous silica with the fluxes.
However, such a method is only applicable for relatively large
materials (e.g., silica nanospheres more than 100 nm in size).
For example, the smallest particle size of monodispersed silica
nanospheres constituting a colloidal crystal is about 12 nm,
although that of monodispersed mesoporous silica nano-
spheres is around 73 nm by our optimized method.!"" There-
fore, we propose the following method for nanoconfinement
of a Li* flux between amorphous silica and a reinforcing
carbon framework: LiNO; was introduced in the interstices of
the colloidal crystal. Furfuryl alcohol was subsequently
introduced and converted into amorphous carbon. LiNO;-
saturated furfuryl alcohol is quite useful to retain the Li™ flux
on the surface of silica nanospheres for effective contact of
the Li" flux with the amorphous silica nanospheres (Sche-
me 1b). If non-saturated furfuryl alcohol is used, all the Li*
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Scheme 1. a) Preparation of a single-crystalline mesoporous quartz
superlattice by crystallization of amorphous silica, which constitutes
a colloidal crystal, by using a Li* flux and a reinforcing carbon
framework. b),c) Behaviors of the Li" in: b) LiNO;-saturated and

c) non-saturated furfuryl alcohol.

flux is dissolved by it and thus trapped inside the carbon
framework (Scheme 1c).

A colloidal crystal consisting of monodispersed silica
nanospheres, which was used as a precursor of the single-
crystalline mesoporous quartz superlattice, was prepared
according to our method."! Uniform spherical particles
were observed by transmission electron microscopy (TEM;
Figure S1(a) in the Supporting Information). Their average
size was 32 nm estimated by small-angle X-ray scattering
(SAXS) measurements (Figure S2). The standard deviation
was 2.3 nm, showing their quite narrow size distribution.
After evaporation of the dispersion of silica nanospheres,
a colloidal crystal was obtained. The silica nanospheres were
arranged in the face-centered cubic (fcc) lattice, confirmed by
SAXS (Figure 1a) and TEM (Figure S1b-d). The N, adsorp-
tion—desorption isotherm of the colloidal crystal was type [V
(Figure S3a), showing the presence of interstitial mesopores.
The Brunauer-Emmett-Teller (BET) surface area was
120 m*g ! and the Barrett-Joyner—Halenda (BJH) pore size
was about 10 nm (Figure S3b). The theoretical surface area of
the silica nanospheres is 85 m*g~!, using 2.2 gcm™® for the
density of amorphous silica. The larger surface area than the
theoretical value is probably due to surface roughness and/or
the relatively low density of the silica nanospheres.

We then sequentially introduced LiNO; and LiNOs;-
saturated furfuryl alcohol in the colloidal crystal, followed
by heat treatment (see the Experimental Section for detail).
Furfuryl alcohol was polymerized and carbonized together
with the crystallization of silica nanospheres by heat treat-
ment, and a quartz superlattice-carbon composite was
obtained. The wide-angle XRD patterns of the colloidal
crystal and the composite show successful crystallization of
silica nanospheres (Figure 1d,e). The sharp peaks are
assigned to a-quartz (JCPDS card No. 46-1045). Very small
peaks arising from lithium silicates, Li,Si,05 (JCPDS card No.
40-0376) and Li,SiO; (JCPDS card No. 29-0829), were also
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Figure 1. a)—c) SAXS profiles and d)-f) wide-angle XRD patterns of:
a),d) the colloidal crystal, b),e) the quartz superlattice-carbon compo-
site, and c),f) the single-crystalline mesoporous quartz superlattice.
Bottom: Simulated patters of possible components and their JCPDS
card numbers.

observed, though they should have little influence on the
physicochemical properties of the quartz superlattice be-
cause they are basically segregated from a single-crystalline
domain. The halo peak of amorphous silica disappeared, and
the weak halo at 20-30° is due to amorphous carbon
(Figure S4a.b).

The SAXS profile of the composite indicated diffraction
peaks similar to those of the colloidal crystal (Figure 1b),
showing the retention of the regular arrangement of silica
nanospheres. The peaks were shifted to higher angle, which
indicates shrinkage of the fcc structure by 5.9% upon heat
treatment. The SEM images show that the regular arrange-
ment of the silica nanospheres was retained after the
crystallization (Figure S5a,b). The void space among silica
nanospheres was filled with amorphous carbon, which was
supported by the observation of a hollow carbon structure
like that of an inverse opall'® on the fractured surfaces
(Figure S5c¢). The N, adsorption—desorption isotherm of the
composite showed the absence of the interstitial mesopores
between the silica nanospheres (Figure S6).

The reinforcing carbon framework was readily removed
by the calcination at 550°C under air atmosphere. The wide-
angle XRD pattern of the single-crystalline mesoporous
quartz superlattice shows disappearance of the halo due to
amorphous carbon (Figure 1f, see also Figure S4c). The
peaks arising from o-quartz and lithium silicates were
unchanged. The *Si MAS NMR spectrum of the mesoporous
quartz superlattice indicates signals which can be deconvo-
luted into seven components (Figure S7a and Table S1). The
components at 6 =—107 ppm, —92 ppm, and —74 ppm are
assignable to a-quartz,!”! Li,Si,05,?" and Li,SiO5,?" respec-
tively. At least 55 % of the Si atoms formed a-quartz, whereas
17% of them are included in lithium silicates. Relatively
broad components were found at & =—110 ppm, —100 ppm,
and —94 ppm. They may be due to defects in the a-quartz
(e.g., surface silanol sites and the neighboring Si atoms).
Although such broad signals might be assigned to the original
amorphous silica, their half widths (122-170 Hz) are much
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narrower than those of the original amorphous silica (ca.
400 Hz, see Figure S7b). The signal at d=—114 ppm is
possibly assignable to minor crystalline silica which did not
appear in the XRD patterns.

Intense diffractions arising from the periodic arrangement
of silica nanospheres were observed in the SAXS profile
(Figure 1c¢). The shrinkage of the fcc structure was 7.3 % from
that of the original colloidal crystal. Such sharp and intense
peaks for periodic structures have not been observed for
other nanostructured o-quartz materials, "' which sup-
ports that the present method is effective at retaining the
nanostructural order. The periodic arrangement was clearly
confirmed by SEM (Figure 2a). The TEM images and the
corresponding fast Fourier transform (FFT) images are shown
along the [100], [110], and [111] zone axes of the fcc structure
(Figure 2b-d). The periodic nanostructure was well retained
even after the use of a strong Li" flux. Surprisingly, single-
crystalline spots owing to o-quartz were observed in the
selected area electron diffraction (SAED) patterns (Fig-
ure 2e-g).

Figure 2h is a combined TEM image of a flake of the
single-crystalline mesoporous quartz superlattice whose size
is about 5x2 pm* The TEM image and the FFT pattern
indicate that the view direction of the colloidal crystal is
[110]cc (subscript of CC means colloidal crystal) in the left
side of the flake (Figure 2h1). The view direction is almost
[110]¢c axis in the right side of the flake with a slight

(h4) [021]q
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inclination (Figure 2h2). Thus, the flake is almost a single-
crystalline colloidal crystal. In most parts of the flake, the
SAED patterns showed single-crystalline spots arising from
a-quartz along the [021], direction (subscript of Q means a-
quartz) (Figure 2h3-h5, h7-h11. Only a small area showed
the spots along [031], axis (Figure 2h6) probably a result of
local twist. A mixture of the spots along the [021], axis and
those along the [010], axis were observed (Figure 2h7, h8,
and h9), suggesting local twists and/or the presence of
a fractured domain. Accordingly, the flake is almost single-
crystalline on both the several tens of nanometer scale and the
atomic scale. Such a flake was reproducibly observed (see
another result in Figure S8). To our knowledge this is the first
report on the detailed characterization of such a double
single-crystallinity of silica. Clear relationships between the
crystalline orientations of colloidal crystal and a-quartz were
not observed.

The quartz superlattice showed the type IV N, adsorp-
tion—desorption isotherm for the interstitial mesopores (Fig-
ure S9a). The BET surface area was 33 m?g™!, which is
smaller than the theoretical value of 70 m’g™', using
2.6 gcm™ for the density of a-quartz. The BJH pore size
was about 11 nm (Figure S9b). The decrease in the surface
area is probably due to the formation of smooth surfaces
(Figure 2 a), and increase in the neck widths by fusion of silica
nanospheres. The formation of non-porous particles should be
negligible, based on the SAXS and SEM results. It is the
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Figure 2. a) SEM image, b)—d) TEM images, and e)-g) the SAED patterns obtained at the same area of the single-crystalline mesoporous quartz
superlattice along: b),e) [100], c),f) [110], and d),g) [111] zone axes. The insets in (b)—(d) are the corresponding FFT patterns. The spot due to
Li,Si,Os is indicated with an arrow in (f). h) Combined TEM image of the single-crystalline mesoporous quartz superlattice; h1,h2) enlarged
images and their corresponding FFT images of a flake from areas in blue circles, and h3-h11) SAED patterns from areas in orange circles. Spots

indicated with white circles are due to minor phases.
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deviation in the size of the silica nanospheres that is the likely
cause of the changes in pore size distributions.

The single crystallinity of the a-quartz structure is
explained by efficient melting of silica nanospheres by the
strong flux of Li". The Si—O bonds in amorphous silica are
cleaved into the almost molten state in the nanospace of the
carbon framework. Because of the three-dimensional inter-
connection of the nanospace and the fluidity of molten silica,
the silica can crystallize, orienting its axes. The Li" flux
locating only on the surface of amorphous silica nanospheres
is found to be enough for the formation of a single-crystal.
Mesoporous non-silica materials with single-crystalline
frameworks are also very rare (e.g. gold,”" TiO,,*” and Nb-
doped TiO,*). The present method is promising as a general
concept for the design of nanostructured materials with
single-crystalline frameworks.

The quartz superlattice is expected to be useful as an
electrically controllable device, such as photonic crystals?!
and thermal conductors,®! whose properties are highly
dependent on the characteristic length of periodic nano-
structures, such as colloidal crystals. The characteristic length
is varied by piezoelectric motion arising from the a-quartz
framework. It is important to apply the present method for
millimeter-sized monolithic colloidal crystals. The piezoelec-
tric motion is also expected to affect guest species incorpo-
rated in the interstitial mesopores, which is interesting for
novel reactors or quartz oscillators. We applied the method
for the crystallization of KIT-6 mesoporous silica, though the
periodicity was lost (Figure S10 and the discussion). The
thinness and/or low density of the framework of mesoporous
silica is probably the reason for the nanostructural collapse.
Therefore, the applicability of the method for monoliths, and
the effects of thickness and density of frameworks on the
crystallization behavior will be studied in the future.

In conclusion, a novel single-crystalline mesoporous
quartz superlattice is fabricated by conventional thermal
crystallization of amorphous silica nanospheres, constituting
a colloidal crystal, by using Li* as a strong flux. The
nanostructure was successfully retained because of the
reinforcement with amorphous carbon. The mesoporous
quartz superlattice has single-crystalline periodicity both on
the several tens of nanometer scale and the atomic scale with
interstitial mesopores. The synthetic method is in principle
applicable for various nanostructured amorphous silica.
Integration of properties, arising from both length scales, of
the newly developed single-crystalline quartz superlattice will
be interesting in various fields. We believe the discovery will
open a new door for the chemistry and physics of silica.

Experimental Section
Materials: Tris(hydroxymethyl)aminomethane (THAM) and tetrae-
thoxysilane (TEOS) were purchased from Wako Pure Chem. Ind.,
Ltd. and used without further purification for the synthesis of silica
nanoparticles. Lithium nitrate (Wako), furfuryl alcohol (Aldrich), and
oxalic acid (Wako) were also used as received. The silica nanospheres
and the colloidal crystal were prepared according to our literature.'”!
Crystallization of colloidal crystals: An aqueous solution (0.4 mL)
of 0.5wm lithium nitrate was infiltrated into the colloidal crystal (0.3 g).
The sample was dried in a desiccator at room temperature for 1 day,
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then transferred into a Schlenk flask, and vacuum dried at 120°C for
3 h. After the sample was cooled to room temperature, an excess
(1.0 mL) of a furfuryl alcohol solution, saturated with LiNO; (a large
excess of LiNO; (ca. 0.1 g) was mixed with furfuryl alcohol, followed
by the filtration to remove undissolved material) and oxalic acid
(0.01 g), was added. LiNO; was used as a flux and the oxalic acid was
used as an acid catalyst for the polymerization of furfuryl alcohol. The
Schlenk flask containing the reaction mixture was evacuated for
15 min to maximize the infiltration of the solution. Because the
amount of the added solution is very much larger than the volume of
interstitial pores, the appearance of the samples shows that the
colloidal crystals are almost suspended/dispersed in excess furfuryl
alcohol solution. Then, the wet sample was transferred to an alumina
boat and the furfuryl alcohol was polymerized at 90°C for 3 days.*!
The polymer within the composite was carbonized in a tubular
furnace under an Ar flow at 870°C for 6 h. The both heating and
cooling rates were 1.7°Cmin'. This procedure is very critical for
carbonization of the polymer and the subsequent crystallization of the
colloidal crystals. The obtained black sample consisted of crystallized
silica nanospheres and a carbon framework. The composite was
calcined under air atmosphere at 550 °C for 18 h to remove the carbon
framework and form a mesoporous quartz superlattice.
Characterization: TEM images were obtained with a JEOL JEM-
2010 microscope at an accelerating voltage of 200 kV. The samples
were dispersed in ethanol and dried on a carbon-coated Cu grid. SEM
images were also obtained with a Hitachi S-5500 microscope at an
accelerating voltage of 3.0kV. The same samples for the TEM
observations were used. SAXS profiles were measured with a Rigaku
Nanoviewer system at 40 kV and 30 mA (CuKo radiation), on the
camera length 1300 mm with the transmission beam system. Aqueous
dispersions were packed in a capillary 1.0 mm in diameter. Powdery
samples were mounted on a sample holder with a hole 2 mm in
diameter. The particle size was calculated by fitting the SAXS
patterns by the Nano-Solver software (Rigaku). Powder XRD
patterns were recorded on a Rigaku Ultima III diffractometer at
40kV and 40mA (CuKo radiation). N, adsorption-desorption
isotherms were obtained by a Quantachrome Autosorb-1 instrument
at —196°C. Samples were preheated at 120°C for 3 h under vacuum.
»Si MAS NMR spectra were recorded on a JEOL JNM-ECX-400
spectrometer at a resonance frequency of 78.65 MHz with a recycle
delay of 1000 s by using a 6 mm zirconia rotor and spinning at 5 kHz.
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