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Mesoporous zirconia with high surface area has been synthe-
sized using self-assembling agarose gel as a template. Agarose
gel was formed in the presence of aqueous zirconyl nitrate solu-
tions followed by precipitation of zirconium (hydr)oxide in the
gel framework. A porous zirconia structure is obtained by
pyrolysis of agarose. Fourier transform infrared spectroscopy
is employed to assess the agarose-zirconia precursor interac-
tion. Changes in the C—O absorption bands indicate zirconium
association with the OH groups of the agarose. Solid state '>C
NMR studies of the nanocomposite showed a shift in intensity
from 70 to 75 ppm indicating conversion of ~7% of C-O-H to
C-O-Zr. Scanning electron microscopy reveals that both aga-
rose/zirconia nanocomposite and zirconia have similar morpho-
logical features as that of pure agarose gel confirming agarose
templation. Phase transformation of zirconia from amorphous
to tetragonal between 300°C and 500°C, and gradually into
monoclinic phase up to 900°C is observed using X-ray powder
diffraction. Specific surface area and pore size distribution are
determined using nitrogen adsorption, employing BET and
Barrett-Joyner—Halenda methods, respectively. The specific
surface area of porous zirconia after heat treatment at 500°C was
determined to be 86 m2/g, which reduced with increasing temper-
ature to 13 m?/g above 900°C. Transmission electron microscopy
confirmed the hierarchical structure of porous zirconia.

I. Introduction

ABRICATION of porous materials has been an active

topic of interest for a long time due to their special
properties brought by the high surface area afforded by these
materials.' Especially, porous metal oxides possess many
advantages in industrial applications, such as drug delivery,
catalysis, electrochemical sensing, and separation technolo-
gies. Among them, porous zirconia is of great interest for its
thermal barrier, catalytic, and biosensor applications.*> Due
to its excellent biological properties,® porous zirconia exhibits
great potential in biological application, such as enzyme
immobilization’ and bone grafting scaffold.’

A variety of methods including sol-gel, spray pyrolysis,
and surfactant templating have been employed to synthe-
size high surface area porous materials.””'! Polymer
templating by hydrolysis and condensation of metal alkox-
ide on a polymer matrix to give porous metal oxides upon
removal of polymer matrix has been one of the most
common routes.'>'* Also, condensing zirconia precursor
on a polymer template to produce porous zirconia has
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been reported.'® But, cost of starting materials and tedious
procedures involved in the porous zirconia synthesis'> lim-
ited widespread implementation.

Ram and coworkers'® investigated the influence of precipi-
tation pH, rate of addition of base, and heat treatment tem-
perature on the speciation and crystal structure of zirconia
formed. Their study showed that rapid base addition leads to
monoclinic ZrO, whereas slow addition results in tetragonal
ZrO, following heat treatment at 500°C. They also claimed
that the type of zirconium salt as reactant coupled with the
precipitation pH alter the crystal structure of the zirconia
formed. In general, intermediate pH (i.e., ~7-10) results in
monoclinic ZrO,, while the tetragonal phase was observed at
low and high pH conditions. It appears that the observations
related to the rate of base addition and solution pH are cou-
pled. The slow addition of base to a highly acidic solution
always results in precipitation in low pH medium, whereas
high rate of base addition will lead to locally higher pH val-
ues that might result in monoclinic zirconia. As the rate of
base addition may also affect the primary particle size, it
may also play a role in the structure of the zirconia formed
after heat treatment.

Synthesis of mesoporous zirconia using polymeric tem-
plates has been reported previously.!” Rezaei et al. precipi-
tated zirconia over Pluronic P123 templates and reported
surface area ranging from 25 to 130 m?/g after calcination at
600°C depending on refluxing time and temperature. Higher
refluxing temperature and time led to higher surface areas.
However, specific surface area decreased progressively with
the calcination temperature to about 75 m*/g at 800°C, the
highest temperature reported.

Zhou et al> demonstrated the templation of titanium
dioxide on agarose. Agarose is a polysaccharide widely used
in biological studies such as electrophoresis or culture media.
It can form a gel at a very low concentration, less than 6 wt%,
and it is claimed to exhibit a two-step gelation mechanism.
According to Zhou et al., after dissolving in water around
90°C, agarose forms helices by hydrogen bonding upon cool-
ing to about 60°C with a concomitant increase in viscosity.
Further lowering the temperature to ambient leads to
hydrogel formation during which 100-10 000 helices would
bundle together to build a network of agarose fibers with a
nanoscale diameter.'s2

In this article, a novel process for synthesis of mesoporous
zirconia by in situ polymer templation employing low-cost
agarose and zirconyl nitrate hydrate (ZrO(NOs),-xH»O) is
presented. In contrast with the previous study of agarose
templation of titania by Zhou et al., the synthesis procedure
in this study employs only aqueous solvent during templation
and utilized freeze-drying to remove the water. Freeze-drying
is employed to avoid structural collapse of the agarose fiber
network due to water evaporation. Taking advantage of the
agarose gel formation, a uniform distribution of zirconium
salt in the hydrogel network is realized. Precipitation of
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zirconia on (or within) the agarose gel is induced by the
addition of ammonium hydroxide followed by freeze-drying
the precipitate while maintaining the agarose template net-
work structure. Pure zirconia was obtained after pyrolyzing
agarose from the freeze-dried agarose/zirconia nanocompos-
ite in air. Formation of high surface area zirconia replicating
the hierarchical morphology of agarose gel with macro and
mesopores is demonstrated.

II. Experimental Procedure

(1) Materials

Zirconyl(IV) nitrate hydrate, 99.50% ZrO(NOs),-xH,O
(where x ~ 2.5 by TGA) was purchased from Acros Organics
(Geel, Belgium) and agarose polymer with a gelation temper-
ature of 36 + 4°C from Fisher Scientific (Pittsburgh, PA).
Ammonium hydroxide was reagent grade (assay 28.74%),
also obtained from Fisher Scientific. All chemicals were used
as received. For solvent, deionized water with a resistivity of
about 18 Ohm/cm was used.

(2) Synthesis of Agarose|Zirconia Nanocomposite

A volume of 6 wt% agarose solution is prepared by adding
0.6 g agarose powder into 10 mL deionized water and heated in
a water bath to about 90°C with vigorous stirring until a clear
solution is obtained. Dissolution of agarose was complete
within a couple of minutes and no significant water loss is
noted. A 10 mL 1M zirconyl(IV) nitrate solution is obtained by
dissolving 2.3 g zirconium nitrate precursor to 10 mL deionized
water. For synthesis of zirconia nanocomposite, equal volumes
of zirconyl nitrate and agarose solution are mixed at 60°C. The
final solution is ~3 wt% agarose and 0.42M ZrO(NO;),. The
solution is stirred and brought to room temperature which is
gelled within 10 min. The solid-like gel is sliced into cubes with
about 0.5 cm x 0.5 cm x 0.5 cm in length and immersed into
excess ammonium hydroxide (assay 25-28%) for 24 h to induce
precipitation. The precipitate was rinsed with deionized water
three times to remove ammonium nitrate and excess ammonium
hydroxide. The sample is then quenched in liquid nitrogen and
freeze-dried for 2 d to obtain agarose/zirconia nanocompos-
ite.?! Zirconia precipitation in the absence of agarose was also
carried out as a benchmark for comparison.

(3) Characterization

Freeze-dried agarose/zirconia nanocomposite is heat treated at
300°C, 500°C, 700°C, and 900°C for 3 h in air to pyrolyze aga-
rose, follow crystallization, and evolution of the microstructure.
Thermal decomposition of pure agarose gel, agarose/zirconia
nanocomposite, zirconia precipitated in the absence of agarose,
was followed by thermogravimetric analysis (TGA-7; Perkin
Elmer, Downers, Grove, IL). All samples were dried at 60°C for
48 h prior to TGA to remove excess water, hence, improve the
accuracy of the data. Morphology of the agarose gel, nanocom-
posites as precipitated and after heat treatment was studied
using SEM (JSM-5910LV; JEOL, Tokyo, Japan) and TEM
(Tecnai F20; Phillips Corporation, Schaumburg, IL). The
degree of templating and agarose/zirconia interaction was stud-
ied using Fourier-transform infrared spectrometry (FTIR;
Bruker IFS-66V, Bruker Optics Inc., Billerica, MA) by pressing
KBr pellets containing ~1% sample. All the NMR experiments
were carried out on a Bruker Biospin DSX-400 spectrometer
(Bruker-Biospin, Rheinstetten, Germany) with a resonance fre-
quency of 400 MHz for 'H and 100 MHz for '*C. A 7-mm dou-
ble resonance probe was used with a magic angle spinning
(MAYS) frequency of 6.5 kHz. The 90° pulse length was 4.5 ps
for 'H and 4 ps for 3C. A 100 s recycle delay was used in
direct-polarization '*C NMR experiments. A contact time of
1 ms was employed in cross-polarization experiments. 60 kHz
'H heteronuclear decoupling was used during '*C detection. In
addition to agarose/zirconia nanocomposites, a 4 wt% pure
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agarose gel was used as a reference to identify the changes
caused by the presence of zirconia.

Surface area and pore size distribution were determined
from Nitrogen adsorption isotherms (Autosorb-1; Quanta-
chrome, Boynton Beach, FL) by applying BET and Barrett—
Joyner—Halenda (BJH) methods for specific surface area and
pore size distribution, respectively. Crystallization of the
amorphous precipitate was followed by powder X-ray dif-
fraction (Phillips X-pert X-Ray powder diffraction; Phillips
Co., Schaumburg, IL). XRD patterns were obtained in the
range 15 < 20 < 80° with a step size of 0.03°.

III. Results and Discussion

Agarose/zirconia nanocomposite is obtained by incorporating
hydrated zirconyl ion tetramer [Zrs(OH)s(H,0)6°"?* in
solution containing agarose. It is believed that the agarose
polymer chains self-assemble through hydrogen bonds to
form a single fiber."®2° As zirconium ions are mixed with
the agarose at the solution stage, the precipitation of zirconia
is believed to take place within the agarose fibers.> As the
precipitation occurs between the primary fibers and within
the bundle of fibers leading to gelation of agarose, aggrega-
tion of primary zirconia precursor particles would be con-
fined within the polymer network structure. Upon heating in
air, agarose is pyrolyzed simultaneously with dehydroxyla-
tion and crystallization of zirconia precursor with increasing
temperature. The original porous network structure formed by
the agarose gel is mimicked in the morphology of zirconia.

(1) Pyrolysis of Nanocomposites

All samples were dried at 60°C for 24 h before TGA to
remove the free water confined in the hydrogel network. All
but ~2-3 wt% of free water is removed as evident from the
mass loss observed below 200°C as shown in Fig. 1. It is
interesting to note that the precipitate without the agarose
shows nearly 18% mass loss over the same temperature
range. Even if one corrects for the agarose content, the mass
loss for the agarose/zirconia precursor nanocomposite due to
water would be around 12%. Apparently, the precipitate
formed with agarose template retain one-third less water
than zirconia precipitated in the absence of template. At 200°C,
a sharp mass loss is observed for unwashed sample due to
decomposition of crystalline ammonium nitrate, NH4;NO;, a
byproduct of precipitation reaction.”> When ammonium
nitrate is removed by washing the gel sample (agarose/zirco-
nia washed sample trace in Fig. 1), the sharp mass loss dis-
appears as expected. Agarose decomposes stepwise, with
mass losses occurring around 240°C-300°C and 440°C-500°C
(see agarose gel plot in Fig. 1). Considering that the 20 wt%
weight loss is due to dehydroxylation of zirconium hydrox-
ide, the agarose content in agarose/zirconia composite should
be 32 wt% or the weight ratio for agarose/ZrO, in the
hybrid material is around 32/57 = 0.56 which is in excellent
agreement with the starting agarose/ZrO, ratio of 0.58.

(2) Templation Mechanism
Interaction between the inorganic phase and the organic
polymer template is studied by FTIR. Figure 2 shows IR
spectra of agarose gel (a), agarose with zirconyl nitrate (b),
and gel after precipitation (c). All three spectra exhibit some
common features. For instance, they all have a broad peak
around 3400 cm ™' and a relatively sharp peak at 1635 cm ™!
which are attributed to vibration and bending modes of OH
of water. Because the samples are exposed to the atmosphere,
even freeze-dried and calcined samples exhibit these peaks.”*
Sharp peak at 1380 cm™! is absent in pure agarose sample
(a), whereas it appears after addition of zirconyl nitrate
(b), and after precipitation (c), is due to v; frequency of
NOs™. After precipitation, the reaction byproduct ammonium
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Fig. 1. Thermo gravimetric analysis of washed and unwashed agarose/zirconia nanocomposites. Also on the plot thermal decomposition of pure
agarose gel, as well as zirconia precipitation (no agarose) are shown for comparison. Note that pure agarose decomposes over a temperature
range up to 500°C, with two-step decomposition events one around 300°C the other around 450°C ,whereas zirconia precipitate shows a mass
loss from room temperature to about 200°C which is attributed to evaporation of free water and deyhroxylation accounting for 15% mass loss.
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Fig. 2. FTIR spectral of samples (a) agarose gel, (b) agarose with zirconyl nitrate, (c) after precipitation. Note changes around 3200 cm™
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due to N-H from NH,". Also, precipitation of zirconia over agarose perturbs the absorption bands associated with C—O of primary and

secondary alcohol groups.

nitrate fully crystallizes leading to a sharper and higher-
intensity peak. Only samples after precipitation (Fig. 2) and
freeze-drying (Fig. 3) show a shoulder at 3000-3200 cm '
and is attributed to the overlap of v; = 3040 cm~!' and
vy = 3145cm~! N-H stretching frequencies of NH, " ion.>*

The peak at 1074 cm™' is due to the glycosidic bond
CH-O-CH in linear agarose polymer chain [see the molecular
structure of agarose in Fig. 4(a)], and the peaks at 1147 and
1056 cm ™! are assigned to —C—O associated with the primary
and secondary alcohol groups of agarose. After precipitation,
these peaks broaden. The zirconia precipitate is either nega-
tively or positively charged depending on pH. At very high
pH, zirconia dissolves to form zirconium hydroxide anion.
The following reaction was proposed at high pH>*%°:

ZrO, + 2H,0 + OH™ —Zr(OH); .

Under the experimental conditions used in this study,
dissolution of zirconia is negligible. However, above its iso-
electric point (H ~ 4-5), zirconia exhibits negative charge
and presumably associates with —OH groups of agarose. This
association shifts the stretching frequency of —-C-O as
indicated in Fig. 2. The intensity of —C-O stretching in
primary alcohol group (-CH,OH) decreases compared with

_(a)

(b)

(c)
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Fig. 3. FTIR spectra of samples (a) freeze-dried, and heated to (b)
200°C, (c) 300°C, (d) 500°C for 3 h.

secondary alcohol ((CHOH), which indicates a preference of
inorganic species associating with CH,OH over —-CHOH
groups and lends strong support to the polymer templating.
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Fig. 4. '>C NMR spectra of agarose gel and the composite of agarose and zirconia (4A0.5Z). (a) Structure of agarose and '>*C NMR chemical
shifts from Brasch ez al.! (b) *C cross-polarization with sideband suppression (CP/TOSS) NMR spectra of 4 wt% agarose gel (thin line) and the
composite 4A0.5Z (thick line), along with the CP/TOSS spectrum after gated decoupling of the composite 4A0.5Z (the red thick line close to
the baseline, labeled as CP/TOSS/GADE of the composite). (¢) '*C direct-polarization (DP) spectra of 4 wt% agarose gel (thin line) and the

composite 4A0.5Z (thick line).

Besides, a series of small peaks from 800 to 1000 em~! due
to the agarose galactopyranose units?’ broaden after NH,OH
addition. The broad peak around 500-800 cm ™' is due to Zr
~O bond®®* of amorphous zirconia precipitate.

Removal of agarose by calcination of freeze-dried sample is
illustrated in Fig. 3. Typical agarose polymer peaks of —C-O
primary alcohol and tertiary alcohol stretching at 1147 and
1056 cm™! gradually disappear with increasing temperature.
In addition, successive small peaks at 880, 930, and 960 cm”!
attributed to agarose structure completely disappear after
heating to 500°C (see Fig. 3). The shoulder at 30003200 cm ™'
observed in freeze-dried sample, is also gone after heating to
200°C. The disappearance of the sharp peak at 1380 cm™ " of
nitrate at 300°C is probably due to the stepwise decomposition
of ammonium nitrate. Initial step of ammonium nitrate
decomposition is by evaporation of ammonia as evidenced by
the disappearance of shoulder at 3000-3200 cm ™', although
nitrate peaks at 1437 and 1575 em ™', disappear around 300°C.

The broad Zr-O peak around 500-800 cm ™' becomes more
pronounced upon heating as zirconia becomes the major com-
ponent following the removal of agarose and splits into three
peaks, at 495, 580, 750 cm™ upon heating to 500°C. Indeed,
as will be discussed later, the X-ray diffraction patterns indi-
cate that tetragonal and monoclinic phases coexist for sample
after heat treating at 500°C. Of the three Zr—O absorption
peaks, 503 and 752 cm ™! were assigned to m-ZrO, whereas the
one at 589 cm~! was assigned to ¢-ZrO, in accordance with
the bond lengths associated with the two crystallographic
forms of Zr0,.”%°

The freeze-dried agarose/zironia composite is studied by
solid state '*C NMR, together with the 3 wt% pure agarose
gel used as a reference sample to identify the changes induced
by the addition of zirconia. Literature values of '*C NMR
chemical shifts of agarose are marked (in ppm) in the structure
shown in Fig. 4(a).® '3C cross-polarization with sideband
suppression (CP/TOSS) NMR spectra on agarose gel and the
composite in Fig. 4(b) both exhibit five broad spectral bands,
with CH,>OH resonating around 62 ppm, CH,,OH and CH,OC
at ca. 70 ppm, and others above 73 ppm. Compared with the
spectrum of pure agarose gel, the spectrum of the composite
shows a slightly decreased intensity of the spectral band cen-

tered around 70 ppm, which mainly corresponds to carbons
bonded to OH, and accordingly increased intensity around
75 ppm. These spectral differences may be attributed to the
conversion of C-O-H to C-O-Zr, which changes the involved
13C chemical shifts from 70 to 75 ppm.?! The direct-polariza-
tion (DP) C spectra in Fig. 4(c) show the same trend, and the
quantitative analysis of the intensity changes in these DP spec-
tra indicates that ~7% of the C—O-H groups in agarose are
converted to C-O-Zr. A broad peak at 166 ppm appears in
the 13C spectra of the composite, but is absent in the spectra of
pure agarose gel. The much higher magnitude of this peak in
the DP spectrum compared with the CP spectrum of the com-
posite suggests that this carbon is not protonated, which is
confirmed by the CP/TOSS spectrum after gated decoupling in
Fig. 4(b) (the red line labeled as CP/TOSS/GADE of the com-
posite), where the signal at 166 ppm is not dephased. This
carbon is likely to be carbonate (CO5>") generated from the
incorporation of CO, from air during the synthesis process.>

The *C T, and T, relaxation times of pure agarose gel
and the composite show no significant differences, suggesting
the addition of zirconia in the agarose gel does not
cause dynamic changes on the time scale of nanoseconds to
microseconds.

(3) Structure

X-ray diffraction patterns of zirconia precipitates after
freeze-drying with or without agarose remain amorphous up
to 300°C as shown in Fig. 5. The small sharp line in the
freeze-dried sample at 20 = 28.9° is attributed to the (111)
plane of ammonium nitrate crystal. As discussed above, exis-
tence of ammonium nitrate in freeze-dried sample was indi-
cated by an FTIR peak at v; = 1380 cm ' for nitrate ion,
and a shoulder at 3000-3200 cm™' for ammonium ion. The
peak at 20 = 28.9° disappears after heat treatment at 300°C
proving that ammonium nitrate decomposition is completed
by 300°C. At 400°C, weak diffraction peaks at 20 = 30°, 50°,
and 60°, belonging to (111), (112), and (211) planes of tetrag-
onal phase were observed.”® At 500°C, characteristic peaks at
20 = 28.3° for (—111) and 31.5° for (111) of monoclinic
phase® appear indicating coexistence of tetragonal and
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Fig. 5. XRD pattern of samples after heat treatment at indicated temperatures in air.

monoclinic phases. These two peaks increase, whereas the
peak at 30.3° decrease with increasing temperature indicating
gradual phase transformation from metastable tetragonal to
stable monoclinic phase with increasing temperature.

The ratio of the two phases is related to the initial precipi-
tation conditions.'® The fraction of tetragonal phase zirconia,
expressed using the following equation™*:

Fy = (111),/[L6(~111),, + (111),

and is plotted against the heat-treatment temperature
(Fig. 6). Clearly as the heat-treatment temperature increases,
the fraction of the tetragonal phase decreases from ~55% at
500°C to less than 20% in the 900°C heat treated sample.

Crystallite sizes are determined using Scherrer equation™
and also shown in Fig. 6. From Fig. 6, it is evident that the
crystallite sizes of both tetragonal and monoclinic phases
increase with temperature as reported previously,® albeit
that of the tetragonal is slower than that of the monoclinic
phase. Crystal growth rates are complicated by the fact that
during the same temperature tetragonal transforms to mono-
clinic phase.

(4) Morphology

Agarose hydrogel contains more than 90 wt% water. Upon
drying, evaporation of water will draw gel fibers together
and the original gel open network structure collapses.'® To
conserve the open porous structure for metal oxide forma-
tion, the hydrogel is freeze-dried. As showed in Fig. 7(a),
highly porous fibrous network of the agarose gel is retained
with a macropore size of about 0.1-0.5 um. Figure 7(b)

204 —m— t-ZrO2 @
— @ m—Zr02 ,’.-/7”»
€ 18l .
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g .
® 16 sl T
N .
] .
= hall X}
— o
g 14 5 03
©
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Fig. 6. Variation of crystallite sizes and phase fraction of z-zirconia
with heat-treatment temperature.

shows the open network structure of the hybrid material and
resembles the macroporosity of pure agarose gel structure as
illustrated in Fig. 7(a).

TGA results indicate that most of the agarose is removed
by 300°C. Figure 8 shows the evolution of morphology of
the zirconia with temperature as the nanocomposite was
heated progressively to 900°C. As mentioned above, the
organic phase is completely removed by 500°C. The heat
treated material has a macropore size between 50 and
500 nm remarkably similar to that of pure agarose gel. Mor-
phological features of pure zirconia after heat treatment are
the same as that of freeze-dried agarose/zirconia hybrid and
pure agarose gel. No visible structural collapse at this level
occurs during heat treatment up to 900°C. Even after heating
to 900°C, the fibrous network characteristic of pure agarose
is still retained.

TEM micrographs illustrating the nanocrystalline, meso-
porous structure of zirconia following heat treatment are
shown in Fig. 9. The crystallite size ranges between 10 and
20 nm and agrees well with the XRD line-broadening esti-
mates. TEM [Fig. 9(a)] also reveals that the pore diameter
ranges from few nanometers to less than 100 nm. A closer
examination of TEM images indicate that the darker area, is
probably due to the overlap of zirconia fiber network struc-
ture, whereas edge of the sample [thin section shown in
Fig. 9(b)] clearly reveals the porous structure. Crystallinity of
the particles is evident from the moiré fringes. At higher
magnifications, a bimodal pore size distribution is observed
in agreement with the pore size distribution determined by
adsorption isotherms: mesopores (<10 nm in diameter) sur-
rounded by zirconia crystallites and larger pores surrounded
by the zirconia agglomerates.

(5) Mesoporosity

N,-adsorption isotherms of all samples exhibit hysteresis loops
indicative of mesoporous structure (Fig. 10). The sharp
increase in adsorption at high relative pressures (P/Py > 0.9) is
due to filling of larger pores with pore size, D, greater than
10 nm.'®2! Specific surface area is calculated from the adsorp-
tion branch of the isotherm using the BET equation. The speci-
fic surface area of 3 wt% agarose gel after freeze-drying was
determined to be 184 m?/g. The adsorption isotherm for
freeze-dried agarose/zirconia precursor hybrid material exhi-
bits a similar hysteresis loop indicating that the porous struc-
ture of the agarose gel is preserved through the zirconia
precipitation step. The specific surface area of the freeze-dried
hybrid sample was determined to be 67 m?/g which is still quite
high but approximately one-third of that for freeze-dried agar-
ose gel. There are two possible reasons for the observed reduc-
tion in specific surface. The first is due to the very definition of
specific surface area. That is, as the mean density of the hybrid
material is higher than the agarose because of higher zirconia
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Fig. 7. SEM images of freeze-dried (a) 6 wt% agarose gel; (b) agarose/zirconia nanocomposite.

Fig. 9. TEM images of agarose/zirconia sample after heat treatment at 500°C (a) TEM, (b) HRTEM. Note the nanoparticles are on the order
of 10-20 nm and show crystallinity in the HRTEM image.
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300 4 Table I. Specific Surface Area Measured by Nitrogen
] Adsorption of Agarose and Agarose—Zirconia Composite
sep | Prm—— B Samples. Based on the TGA data (Fig. 1), the agarose should
rrl be completely removed by 500°C. Therefore, the surface area
1 B - agarose/zirconia (freeze dry) Yy at this temperature and above represents the area of the
5 200 € &oite :r templated zirconia on!y. It can be seen that the s.urffice area of
S : the templated zirconia decreases significantly with increasing
&, 1 temperature
o 150 4
g | Sample heat Specific surface
S Sample treatment (°C for 3 h) area (m?/g)
= 100 -
| Agarose Freeze-dried 184
Freeze-dried 67
50 1 300 123
4 Agarose—zirconia composite 500 86
0 T T T T T T T T T Ll 700 28
0.0 0.2 0.4 0.6 0.8 1.0 900 12
Relative Pressure (P/Pg)
Fig. 10. N,-adsorption/desorption isotherms. Although not shown
on the plots, the initial point for each isotherm is origin. It should 0.06 -
also be noted that the pure agarose gel shows a wider hysteresis loop i
than that of the freeze-dried agarose/zirconia composite. Finally, A = = - agarose gel
zirconia after agarose gel is removed, shows a bimodal size 0.05
distribution one at 0.6 < P/P, < 0.8, whereas the other is between ' J'l B — . -agarose/zirconia (freeze dry)
0.8 < P/Py < 1.0 cm®. e
| C ——500°C
0.04 [
'l D - extra pores produced by agarose

precursor density, there is less volume per gram of sample in
the hybrid than in agarose gel alone. The second reason is
probably due to reduction of agarose gel surface by zirconia
precipitation, lowering the surface area.

Table I shows the change in surface areas after heating the
sample for 3 h in air at the designated temperature. Accord-
ing to the TGA data (Fig. 1), by 300°C a little more than
half of the agarose mass remains, and therefore the surface
area at this temperature is still a combination of contribu-
tions from the agarose matrix and the templated zirconia. At
500°C the agarose template is completely removed leaving
only the zirconia. The general appearance of the adsorption
isotherm at this temperature indicates that zirconia fibers are
strong enough to keep the original agarose/zirconia compos-
ite morphology even after removing the agarose template.
The BET specific surface area of tem}zjlated zirconia at this
temperature is determined to be 86 m~/g. However, increas-
ing the temperature to 700°C and 900°C results in a signifi-
cant decrease in surface area. As discussed earlier, the
macroscale morphology in the SEM images (Fig. 8) did not
appear to significantly change after heating. Therefore, the
reduction in surface area must be due to structural collapse
on the scale of mesopores.

The pore size distribution is determined from the deso-
rption branch of the isotherms employing the classical BJH
method. The pore size distribution of all samples covers the
entire mesopores range (2-50 nm). These results are consis-
tent with the SEM and TEM observations. Figure 11 shows
the distribution in the smaller end of this range, highlight-
ing the greater amount of pores in the <10 nm diameter
range. The pure agarose gel has the greatest number of
pores smaller than 5 nm of any sample, which is consistent
with its large surface area. The loss of pores observed in
the freeze-dried composite may be attributed to filling in by
zirconia precursor precipitate. Mesopores with pore sizes
between 2.5 and 5.5 nm are observed for all samples. A sig-
nificant increase in mesopore volume is observed after heat-
ing the freeze-dried composite. By subtracting the freeze-
dried pore volume from the heat treated sample, a sharp
peak around 4-8 nm is obtained (see Fig. 11). If the
appearance of the pores in this size range is attributable
to removal of the agarose gel, one can claim that the
structural scale of agarose fibers have the size scale of

removal D=C-B

Desorption Dv (cm?g-nm)
2 3

oy

=]

=1
L

0.00 . . . '

Pore Diameter (nm)

Fig. 11. The pore size distribution from the BJH desorption dV/dD
plot. Subtracting the freeze-dried sample data from the 500°C heat
treated sample reveals the pores created from agarose removal and
an indication of feature size in agarose gel itself.

4-8 nm. This is in agreement with independent measurements
of fiber diameter using diffusion, X-ray scattering, and gel
chromatography.®” %

The isotherm for the heat treated sample shows a
broader hysteresis loop extending to P/P, < 0.6 indicating
presence of smaller pores. According to the Kelvin equa-
tion, the relative pressure range P/P, from 0.5 to 0.9 cor-
responds to mesopores with 2-10 nm in diameter.*® This
observation also confirms the nanoscale mixing of agarose
with zirconia precursor. The appearance of mesopores
may be attributed to either removal of the agarose gel or
creation of mesoporosity during conversion of hydrous zir-
conia precursor to nanocrystalline zirconia. Provided that
the agarose chains self-assemble to form helices, the nano-
scale templating of zirconia with agarose helices will form
the final hybrid fibers. The removal of agarose polymer
with heat treatment results in numerous mesopores on the
same size scale as agarose helices. Moreover, the dehydr-
oxylation of zirconia precursor with heat treatment will
also result in formation of mesopores.*! A detailed analy-
sis of heat treatment coupled with accurate knowledge of
thermal decomposition of agarose and dehydroxylation of
zirconia precursor is necessary for a better understanding
of the mesopore evolution.
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IV. Conclusions

Employing self-assembling agarose as a mineralization tem-
plate, an agarose/zirconia hybrid material with a hierarchical
pore structure is synthesized. Coulombic interaction between
hydrous zirconia precipitate and hydroxyl groups of agarose
provides the association force, although agarose gel appears
to confine the solute to form zirconia that is uniformly dis-
tributed within the gel. After removal of agarose by pyroly-
sis, a mesoporous, crystalline zirconia is obtained. The
specific surface area of agarose-zirconia composite before
heating is found to be 67 m?/g. After completely removing
agarose by heating the sample to 500°C, the surface area of
crystalline zirconia was determined to be 86 m?/g, which
reduced with increasing temperature down to 13 m’/g above
900°C. Due to agarose removal and dehydroxylation of zir-
conia precipitate, a sharp increase in mesopore volume in the
4-8 nm size range is observed. The zirconia after heat treat-
ment at 500°C shows a duplex structure consisting of 10—
20 nm primary nanoparticles agglomerated to form a larger
network structure similar to that of the templating agarose
gel.
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