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ABSTRACT Using two-step (air/argon) thermal processing, sol —gel-derived nickel—iron oxide aerogels are

transformed into monodisperse, networked nanocrystalline magnetic oxides of NiFe,0, with particle diameters

that can be ripened with increasing temperature under argon to 4.6, 6.4, and 8.8 nm. Processing in air alone yields

poorly crystalline materials; heating in argon alone leads to single phase, but diversiform, polydisperse NiFe,0,,

which hampers interpretation of the magnetic properties of the nanoarchitectures. The two-step method yields an

improved model system to study magnetic effects as a function of size on the nanoscale while maintaining the

particles within the size regime of single domain magnets, as networked building blocks, not agglomerates, and

without stabilizing ligands capping the surface.
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f the factors that influence the

structural, physical, and chemical

properties of nanoparticles,
shape is among the most crucial."™ For ex-
ample, the magnetic properties of such ma-
terials as ferrites®™ and transition metal fer-
rites (MFe,0,),'®™"2 are strongly affected
by particle shape, as well as size."*'® Shape
anisotropy provides a means to alter the
magnetic properties of a given magnetic
material.” Recently, Wang et al. found that
the saturation magnetization of magnetic
ferrites decreased with increasing shape an-
isotropy as the material was thermally trans-
formed from particles of mixed shapes (di-
versiform) to nanowires and fibrous
nanostructures.” A similar result was re-
ported for multipodal copper ferrites rela-
tive to spherical CuFe,0, particles.'?

Nanoscale nickel ferrites, in particular,

can exhibit irregular morphology and ag-
glomerated particles as a consequence of
postsynthetic processing.'”2' The contin-
ued advancement and application of the
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transition metal ferrites as well as new ferro-
magnetic nanomaterials requires a more
fundamental understanding of the effect
of shape and size polydispersity on mag-
netic properties. Also necessary is the devel-
opment of practical procedures to achieve
magnetic nanomaterials with more uniform
morphologies. In this report we describe
synthetic and processing protocols that
produce pore—solid nanoarchitectures of
crystalline nickel ferrite, NiFe,O,, with size
and shape monodispersity, which affords
materials that are closer to the ideal for ad-
vanced magnetic applications.

RESULTS AND DISCUSSION

Effect of Thermal Processing on Size,
Morphology, And Physical Properties. Amorphous
transition metal ferrites (M"FeO,) are readily
synthesized as highly porous, nanostruc-
tured aerogel monoliths by epoxide-driven
sol-gel chemistry using metal chloride salts
as precursors and supercritical CO, process-
ing of the wet gels.®'%?>23 These materials
are then transformed at controlled temper-
ature and atmosphere into nanocrystalline
ultraporous nanoarchitectures in which the
solid network comprises nonagglomerated,
inverse spinel nickel ferrite nanoparticles
that are free of organic capping moieties.
The particular thermal processing methods
chosen to convert the amorphous aerogel
into the crystalline aerogel are key to
achieving size and shape monodispersity
(see Experimental Methods for details on
the synthesis).

We find that establishing networked
nickel ferrite nanoparticles with controlled
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size, a high degree of crystallinity, and a single
morphology requires a two-step thermal pro-
tocol: calcination in air at 300 °C followed by
heating in argon at 300 °C (300-Air/300-ARG;
Figure 1a). Heating NiFeO, aerogels in argon
alone leads to highly crystalline nanoparticles,
but of multiple shapes (300-Arg; Figure 1b).
Heating in air alone leads to uniform, less-well
crystallized nanoparticles (300-Ar; Figure 1c).
The physical properties of the variously pro-
cessed aerogels are summarized in Table 1.

The 300-Arc NiFe,0, nanoarchitecture con-
sists of two distinct morphologies (Figure 1b):
irregular round particles with diameters of ~5
to 10 nm, and well-faceted polyhedra of ~25
nm on a side. Electron diffraction and lattice
image data confirm that the particles of both
morphologies exhibit the spinel crystal struc-
ture. X-ray powder diffraction analysis of the
bulk sample confirms that the material exhib-
its spinel crystal structure with no mixed
phases detectable (see Supporting Informa-
tion, Figure S1). The XRD-determined crystal-
lite size is 15 nm, as evaluated from the major
diffraction peak (311) and the Scherrer equa-
tion. But as the TEM study shows, this material
actually exhibits two particle morphologies
with bimodal sizes grouped at 5 and 25 nm,
thereby highlighting the limitation of XRD
analysis of nanophase materials in order to es-
tablish size and shape information.

The saturation magnetization, M, of 300-
Arc NiFe,0, at 77 K is 49.3 emu g~ ' (Figure
2), which approaches the 54.3 emu g~ ' of bulk
NiFe,O, at 77 K.** Although this ferrite nanoar-
chitecture is highly crystalline and highly mag-
netic, it is difficult to correlate magnetic contri-
butions to the physical attributes of the Figure 1. Transmission electron microscopy of the 300-AIrR/300-ArG (A), 300-ArG (B),

nanoparticles in such a diversiform, heteroge-  and 300-Ar (C) samples. The labels on the insets correspond to (1) (220), (2) (311), (3)
neous system. The magnetic response is likely (400), (4) (422) and (511), and (5) (440) spacings of the nickel ferrite spinel crystal

10/nm
—

dominated by the >20-nm polyhedra. structure.

Processing the amorphous aerogel in air at
the same temperature yields a very different material: @ saturation magnetization of only 23.2emu g~ ' at 77
300-Ar NiFe,0, presents a single morphology where K, consistent with the fact that such small particles typi-

the network consists of roughly spherical 42 = 1.0 nm  cally exhibit markedly lower magnetization than the
particles (Figure 1¢). This form of the ferrite approaches ~ bulk material.** The inability of the mass-normalized

TABLE 1. Physical Properties of Nickel Ferrite Aerogels as a Function of Thermal Treatment

temperature—atmosphere of treatment surface area [m? g~ "] cumulative pore volume [cm® g '] mean pore diameter [nm] particle size by TEM [nm]*®

as-prepared 552 3.26 18 amorphous
300-ArG 103 0.96 27 5—25, diversiform
300-AiR 183 0.86 14 4210
300-Air/300-ArG 181 1.06 15 46+10
300-AIR/350-Ar6 138 0.93 18 64+ 14
300-AIR/400-Ar6 86 0.57 26 8821

“The networked character of the nickel ferrite nanoparticles (i.e., not agglomerated) was verified by scanning electron microscopy, Figure 5. °To determine the range in
particle size for each sample, at least 200 particles were micrographically analyzed.
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Figure 2. (A) SQUID M(H) measurements at 77 K for nickel ferrite aerogels processed using various thermal treatments; (B)

magnified scale for the same data near zero applied field.

Ms of nanomaterials to match that of the bulk form re-
flects a magnetically silent layer at the surface of nano-
particles, with Mg tracking the surface-to-volume ratio
(i.e., an inverse particle size effect is found).?® The fact
that the magnetization of these particles does not fully
saturate also correlates well with the poor crystallinity
and low blocking temperature (see Table 2) of this form
of the material.

Our previous work with magnetic iron oxide aero-
gels taught us that thermal processing under an inert
atmosphere is critical in order to realize highly crystal-
line nanoparticles.® When the air treatment is followed
by an argon treatment (300-Air/300-Arc NiFe,0,), the
nanoparticle morphology remains roughly spherical,
the average particle size increases only slightly to 4.6
* 1.0 nm, and the electron diffraction is sharper and the
lattice fringes are more well-defined (Figure 1a) in com-
parison to 300-Ar NiFe,O, (Figure 1c). The saturation
magnetization at 77 K increases 15% to 26.6 emu g~ ',
which because the morphology remains single-shaped
and the particle size increases by 9.5%, likely arises from
the combination of the more crystalline structure of
the doubly processed ferrite and its slightly lower
surface-to-volume ratio.

The effects of air (oxidizing) versus argon (inert/
deoxygenating) thermal treatments on the as-
synthesized NiFeO, aerogel were assessed by simulta-
neous thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). Weight loss proceeds in

multiple steps with increasing temperature under both
atmospheres, but a more rapid decrease in weight oc-
curs under air (Figure 3). The DSC in dynamic air is domi-
nated by a convolved, broad exotherm from

150—320 °C with concomitant evolution of CO, and or-
ganic byproducts from the initial sol—gel process (con-
firmed by mass spectrometric analysis of the evolving
gases, Figure S2). Under flowing argon, the material ex-
hibits a single exotherm at ~300 °C concomitant with
the evolution of organic byproducts; the sharpness of
the exotherm indicates it also represents crystallization
of the nanomaterial.

To demonstrate that a single thermal treatment at
300 °C under air effectively removes organic byprod-
ucts of the synthesis, we collected TGA—DSC data for
300-AR NiFe,O, under flowing argon (Figure S3). The
weight loss in argon from 300 to 400 °C is only ~0.9%,
which matches the buoyancy factor of the instrument,
while the DSC trace in this thermal processing range is
peak-free. The results from both thermal methods indi-
cate that the time the samples spend under argon at
and above 300 °C contributes only to crystallite growth
and not to loss of mass ascribable to organic
byproducts.

Effect of Size on the Magnetic Properties of Networked, Shape-
Controlled Nanoparticles. To explore the effect of size on
the magnetic behavior of NiFe,0, nanoarchitectures
while retaining single-shaped, networked nanoparti-
cles, the initial, critical thermal treatment in air at

TABLE 2. Magnetic Properties of Nickel Ferrite Aerogels as a Function of Thermal Treatment.

temperature —atmosphere

of treatment particle size by TEM [nm] ¢ Tg at 100 Oe [K] Tg at 1000 Oe [K] Hcat77 K [Oe] Mpat77 K[emug™"] Mgat77 K [emu g~"]
300-Are 5-25 215 60 79 2.86 493
300-AR 42 =10 60 50 29 0.243 232
300-Air/300-ArG 46 *1.0 75 60 10 0.146 26.6
300-Air/350-Ara 64 *14 95 80 28 0.639 288
300-Air/400-ArG 88 =21 160 115 13 337 38.0

“To determine the range in particle size for each sample, at least 200 particles were micrographically analyzed.
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300 °C was followed by an argon treatment to higher
temperature: 350 and 400 °C. The 300-Air/350-ArG and
300-AIr/400-Arc NiFe,O, aerogels maintain roughly
spherical morphology but show crystallite growth to
6.4 = 1.4 nm and 8.8 = 2.1 nm, respectively, with dis-
cernible edges visible by TEM for the networked nano-
particles in 300-AIr/400-ArG NiFe,O, aerogels. The satu-
ration magnetization increases slightly (to 28.8 emu
g~ ") for 300-Air/350-Arc NiFe,0, and dramatically (to
38.0 emu g~ ') for 300-AR/400-Arc NiFe,0,,; the differ-
ing degree of magnetization at low field between the
thermally ripened nanoarchitectures can be more
readily discerned in Figure 2b. The calcined NiFe,O,
nanoarchitectures follow the trend reported for the ef-
fect of the surface-to-volume ratio on saturation mag-
netization of other nanomaterials:*® a monotonic in-
crease in Mg is obtained as the surface-to-volume ratio
decreases; see Figure S4.

For nanoparticles, the transition to a single mag-
netic domain occurs below a specific size that is unique
to the material and its geometry. In the single-domain
regime, magnetization reversal is controlled by coher-
ent rotation of all magnetic moments in the sample, an
energetically costly process. The coercivity, H, tracks
the size of the nanoparticle, with a peak occurring at
the transition to a single magnetic domain.?” Decreases
in particle size yield large decreases in coercivity
until the superparamagnetic limit is reached in
which thermal energy dominates. The result is a
temperature- and field-dependent magnetic
blocking temperature, Tg, with the absence of
both coercivity H. and remanent magnetization
at temperatures above T,.28

Our control over shape and size of the net-
worked NiFe,O, nanoparticles is further observed
in field-cooled and zero field-cooled measure-
ments and magnetization hysteresis loops. The
size limit for a single magnetic domain in nickel
ferrite has been shown to be 13 nm at 80 K.>° Af-
ter heat treatments, even to 400 °C, our materials
remain small enough to exist as single magnetic
domains at 77 K. All of our ferrite nanoarchitec-
tures exhibit blocking phenomena characteristic
of superparamagnetic materials. The 300-Air/300-
Arc NiFe,0, with 4.6-nm particles has a coercivity
of 10 Oe at 77 K (bulk NiFe,O, has a coercivity of
13.7 Oe??) with a small remanent magnetization,
M,, of 0.146 emu g~ . The T; for this sample is
75 K at 100 Oe, decreasing to 60 K at 1000 Oe.
The nonzero values of H. and M, occur because
the magnetic measurements were performed
close to Ty for this sample.

The blocking temperature for the 300 °C-
calcined NiFe,O, nanoparticle networks after ther-
mal ripening in dynamic argon, as measured at a
field strength of 100 Oe, increases from 75 K (300-
AIR/300-ARrG) to 95 K (300-AIr/350-Ara) to 160 K

Intensity (a.u.)
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Figure 3. Thermal analysis of as-prepared nickel ferrite aerogel via simulta-
neous thermogravimetric (TGA) and differential scanning calorimetry (DSC)

in either air or flowing argon. Measurements are performed with a 1 °C min™

heating ramp.

(300-AIR/400-ARra). This increase in Ty is expected be-
cause of the respective increase in crystallite size from
4.6 t0 6.4 to 8.8 nm and is accompanied by increasing
values of coercivity at 77 K (Table 2); doubling the par-
ticle size (from 4.6 to 8.8 nm) leads to an order of mag-
nitude increase in coercivity.
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Figure 4. Radially averaged line profiles of the selected-area electron diffrac-
tion patterns from the three samples presented in Figure 1 plus a 300-AIrR/400-
ARG sample; the values for the full-width at half-maximum of the (311) reflection
are noted next to the (311) line for all four nanoarchitectures.
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Figure 5. Scanning electron micrograph of the 300-AIr/300-
ARG nickel ferrite aerogel demonstrating the character of the
aerogel nanoarchitecture as highly porous with nonagglom-
erated nanoparticles.

Blocking phenomena are also possible when ex-
change interactions occur, such as for core—shell nano-
particles where an exchange bias shifts the hysteresis
loop.2®3! Core—shell behavior for nickel ferrite nano-
particles has been observed by others to exhibit hyster-
esis loop shifts,>? as well as unclosed loops,®® and a
lack of saturation at high field for tests below the
sample blocking temperature.>® We do not see any of
these effects in our measurements, further indicating
that the nanoparticles in the network act as single do-
main structures. The slope of the ZFC curve for our aero-
gel samples is consistent with interacting grains,>*
which also indicates that we do not have core—shell
structures. This result is supported by our Mdssbauer
work with single-phase maghemite (y-Fe,05) aerogels
in which the networked nanoparticles are magnetically
interacting.?®

No physical abnormalities at the surface of the net-
worked nanoparticles are evident by HRTEM as lattice
fringes are observed to the edge of the particles. The
electron and X-ray diffraction patterns indicate only a
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Figure 6. Pore-size distribution plots for heat-treated nickel ferrite aerogels
as determined by N, porosimetry. These plots are generated using a
Broekhoff—de Boer model fitting (cylindrical pore geometry) of the experi-
mental adsorption isotherms.
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single phase is present (i.e., no intermixed or phase-
separated iron oxide/nickel oxide phases are present).
Line profiles derived from the selected-area electron dif-
fraction (SAED) patterns of all forms of the nickel fer-
rite nanoarchitectures confirm the absence of phase
separation upon thermal processing (Figure 4). The
characteristic peaks of NiFe,O, are present in the line
profiles and match the JCPDS data (03-0875) for inverse
spinel ferrite. In particular, the increasing intensity of
the (311) reflection and its decreasing full-width at half-
maximum tracks the increase in the size of the NiFe,O,
crystallites with increasing temperature under argon.

Characterization of the Pore Network in NiFe,0, Aerogels.
The ability to control the size and shape of the nano-
scale building blocks in these highly porous magnetic
architectures will be critical for applications such as
field-assisted separations and catalysis. A correlating re-
quirement for such applications is a high-quality pore
network,> through which molecular reactants and an-
alytes traverse the magnetized nanoarchitecture. Scan-
ning electron microscopy verifies that the nickel ferrite
architectures are nonagglomerated and highly porous
(see Figure 5 for 300-AIr/300-ArG NiFe,0,). We also
studied the specific surface area of the nickel ferrite net-
work and porosity parameters for the nanoarchitecture
using N, physisorption. The aerogel nanoarchitectures
in all forms exhibit type-4 isotherms with H3-type hys-
teresis loops indicative of an interconnected network of
mesopores.®® The as-prepared NiFeO, monoliths ex-
hibit the highest specific surface area (552 m* g~ ') and
cumulative pore volume (3.26 cm?® g '). After the ini-
tial 300 °C thermal treatment in air, the monoliths vis-
ibly densify, but retain high surface area (183 m? g~ ")
and pore volume (0.83 cm® g~ ). The loss of pore vol-
ume relative to the as-prepared aerogel is primarily ob-
served for pores between 40 and 80 nm, while pores
<40 nm are preserved.

The 300 °C heat treatment in argon, following the
air treatment, leaves the surface area and pore-size dis-
tribution unaffected (Table 1). Pore volume, however,
increases to 1.06 cm® g~ ', which can be attributed to
initial sintering of the particle network without collapse
of the pore network thereby yielding an increase in spe-
cific pore volume. Thermal treatments at 350 and
400 °C in argon progressively decrease the surface
area and pore volume of the nanoarchitectures, but
these changes are accompanied by a rearrangement
in the pore-size distribution to larger pores. As the
nanoparticles grow larger, they grow into the frame-
work of the aerogel without collapsing it, which will al-
low us to retain the open pore network of the nanoar-
chitecture while poising the material to express
different magnetic character.

Atmosphere and temperature play critical roles in
controlling the crystallization of nickel ferrite nanoarchi-
tectures. A two-step heat-treatment, first in air and
then in argon, retains size and shape control of the net-
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worked NiFe,0, nanoparticles. The magnetic, porous
solids when prepared to be monodisperse and single-
shaped retain the desirable characteristics of aerogels
(high surface area, nonagglomerated particles, and
large pore volume), and do so even with thermal ripen-
ing of the networked NiFe,O, nanoparticles. The mea-
sure of control we have achieved in this study permits
such magnetic properties as remanence and coercivity

EXPERIMENTAL METHODS

Chemicals. Epichlorohydrin, 99+% (Aldrich), iron(lll) chloride
hexahydrate, 97% ACS reagent (Aldrich), nickel(ll) chloride hy-
drate, 99.95% (Aldrich), anhydrous ethyl alcohol, 200 proof
(Warner Graham), and acetone (Fisher) were used as received.

Synthesis and Processing of NiFe0, Aerogels. Nickel—iron oxide
aerogels are prepared by minor modifications to our previously
reported procedures for FeO, and MnFeO, aerogels.®'" To a so-
lution of 0.28 M (5.88 g) FeCl; - 6H,0 and 0.14 M (2.50 g)

NiCl, - 6H,0 in 60 mL of anhydrous ethyl alcohol, 23.89 g (20.25
mL) epichlorohydrin (8:1 epoxide/metals ratio) is added with stir-
ring. The solution is then stirred for 15 min, during which time
it darkens from orange to a dark red/brown. The NiFeO, sol is
then transferred into several cylindrical high-density polyethyl-
ene molds (Zinsser), which are sealed with plastic wrap and para-
film. Gelation occurs after ~45 min; the gels are then aged for
16 h, transferred to vials, and submerged in anhydrous ethanol.
The solvent is exchanged over several days with two additional
ethanol rinses followed by three rinses with acetone.

The acetone-filled gels are transferred under acetone into a
critical-point dryer (Polaron Range, Quorum Technologies, New
Haven, East Sussex) maintained at 10 °C, which is subsequently
filled with liquid CO,. After a series of pore-fluid exchanges with
CO, (6-min flushes of CO, with equilibration for 20 min be-
tween flushes for a total of 36 min or longer if there is evidence
of acetone in the CO, exhaust), the CO, level in the autoclave is
adjusted to just cover the sample boat. The temperature within
the autoclave is increased beyond the supercritical point of CO,
(T, = 31°C P, = 7.4 MPa), followed by a slow venting of the su-
percritical CO,, yielding brown aerogels that retain the dimen-
sions of the wet gel.

The nickel ferrite monoliths were thermally processed in a
fused quartz tube mounted in a Lindberg programmable tube
furnace. Samples were heated to the desired temperature (300,
350, and 400 °C) by ramping at 1 °C min~ ', kept at temperature
for 20 h, and then cooled to ambient temperature. Thermal treat-
ments were performed in either static air or flowing argon; for
the two-step process, the calcined aerogels were cooled to am-
bient under air before taking to the desired temperature under
argon at 1 °C min~". The various samples are denoted according
to their thermal treatments (Table 1).

Physical Characterization. Thermal Analysis. The ferrites were ana-
lyzed via simultaneous thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) at a rate of 1 °C min ™" in ei-
ther flowing argon or ambient air (Rheometrics (STA 1500)
simultaneous thermal analyzer). The gas-phase byproducts gen-
erated upon heating as-prepared NiFeO, aerogel in ambient air
or argon were analyzed by simultaneous residual gas analysis
(RGA) with a Pfeiffer Thermostar quadropole mass spectrometer
coupled to the Rheometrics TGA—DSC by a silica capillary
heated at 150 °C.

Electron Microscopy. A JEOL 2200FS transmission electron micro-
scope (TEM) equipped with a Gatan CCD camera and Noran Sys-
tem Six EDS was used to characterize the aerogel morpholo-
gies, confirm particle size, and determine crystal structure.
Samples were prepared by dry-grinding the aerogel powders
then brushing the dust onto holey-carbon film supports. We ex-
amine multiple areas of order 100 wm X 100 pm from each
sample to ensure that the images we obtain are representative.
Scanning electron microscopy (SEM; Carl Zeiss Supra 55) was
used to characterize the networked or agglomerated nature of
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to be increased by an order of magnitude merely by
thermally ripening the networked nanoparticles by a
factor of 2, while still maintaining the particles at <10
nm in size and therefore as single magnetic domains.
These size- and shape-controlled nanoarchitectures
provide an experimental model system that can be sys-
tematically explored for a host of applications suscep-
tible to magnetic-field influences.

the materials. For analysis, the specimen was prepared by attach-
ing a small portion of the aerogel monolith to an aluminum
stub using conductive silver epoxy (Circuit Works). The epoxy
was then cured at room temperature in air for 1 h followed by
heating in air at 100 °C for 2 h. The specimen was not sputter-
coated prior to analysis.

X-ray Diffraction. The powder was packed into an aluminum
holder. The samples were analyzed using either a Rigaku D
Max-B or Bruker D8 Advance X-ray diffractometer. A 26 survey
scan was performed from 10° to 100° at 1° min~ ' and a sample
interval of 0.05°. The high-resolution scans were done on the
(311) peak at 1° min~ ' and a sample interval of 0.01°. The par-
ticle size was evaluated using the Scherrer formula, in which
JADE fitting software fit the peak to a Pearson VIl function to de-
termine the fwhm of the peak. The software eliminated ma-
chine broadening and the Cu K-a2 peak.

Magnetic Measurements. Samples were prepared in a gelatin cap-
sule according to literature techniques, adjusted for sample
holder background,?” and analyzed using a Quantum Design
MPMS 5S SQUID magnetometer. The saturation magnetization
was determined at the highest field employed.

Porosimetry. Surface area and porosities were determined by ni-
trogen physisorption using a Micromeritics ASAP2010 acceler-
ated surface area and porosimetry analyzer. All samples were de-
gassed at 80 °C for at least 24 h prior to characterization, except
for the as-prepared aerogel, which was degassed at 50 °C for at
least 48 h. Pore-size distributions were calculated from adsorp-
tion isotherm data using Micromeritics DataMaster software
(DFT—Broekhoff—de Boer model, classical cylindrical pore ge-
ometry).
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