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Effect of Peptization on Densification and Phase-Transformation
Behavior of Sol-Gel-Derived Nanostructured Titania
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Porosity reduction, packing, pore-size distribution, and
anatase to rutile phase transformation behavior of nano-
structured titania ceramics prepared from both peptized
and unpeptized sols were studied and compared using XRD,
DSC, and nitrogen-gas physisorption techniques. Precursor
gels prepared from the peptized sol had a green density of
about 70% after drying at 40°C, whereas the samples pre-
pared from the unpeptized sol had a green density of only
50%. Samples prepared from the peptized sol showed
higher sintering and phase transformation rates compared
to the unpeptized sols.

I. Introduction

NANOSTRUCTURED materials are currently receiving a lot of
attention because of their interesting electrical, magnetic,
optical, and mechanical properties."” It has been shown in a
previous publication® that it is possible to produce nanostruct-
ured titania with near theoretical densities at temperature as low
as 600°C. There are two important differences between the pro-
cedure given in Ref. 5 and those reported earlier.®” In Ref. 5, the
sintering was conducted during the anatase to rutile phase trans-
formation, and the starting gel samples were prepared from a
peptized sol. In this paper we report the importance of peptiza-
tion in obtaining a precursor gel with maximum green density.
Titania precursor gels were prepared from both peptized and
unpeptized sols to compare the porosity reduction and anatase
to rutile phase transformation behavior.

II. Experimental Procedure

(1) Preparation of Anatase Sol

It was reported earlier that it is possible to prepare particulate
hydrosol of anatase by the hydrolysis of titanium isopropox-
ide.>® Figure 1 shows the different stages involved in the prepa-
ration of both peptized and unpeptized titania precursor sol.
Titanium isopropoxide was hydrolyzed with water to get a
thick, white precipitate of titanium oxyhydroxide. The precipi-
tate was then washed to remove the excess alcohol present.
After it was filtered and washed, the precipitate was redispersed
in water containing nitric acid to geta H":Ti** ratio of 0.5. This
dispersion was divided into two parts, and one part was directly
poured into glass or polyethylene petri dishes and dried at 40°C
and 60% relative humidity. The other part was peptized by heat-
ing at 80°C for 12 h. This treatment produced a stabilized sol
with a light-blue color. When the peptization conditions, i.e.,
temperature and time, were changed, a slight difference in the
primary particle size occurred. When the peptization tempera-
ture was below 50°C, it took a very long time before the milky
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dispersion changed to a light-blue sol. On the other hand, pepti-
zation at 90°C was much faster and we could get a “good” sol in
only 1 to 2 h. The unpeptized sol appeared white. To determine
the effect of nitric acid on the unpeptized samples, a small por-
tion of the washed precipitate was redispersed in pure water
(without nitric acid). The peptized sol was later dried in the
same manner as the unpeptized sol. During the peptization
treatment, the aggregates were broken down and became an
electrostatically stabilized sol in which the titania primary parti-
cles were positively charged due to the adsorption of protons. It
was noted that the unpeptized sol without nitric acid produced
exactly the same result as the sol containing nitric acid. A typi-
cal sample size was 20 mm X 10 mm X 0.1 mm.

(2) Calcination, Thermal Analysis, and XRD

Both peptized and unpeptized samples were heated at a rate
of 100°C/h up to temperatures ranging from 300° to 600°C for
8 h, and then they were furnace cooled. Differential thermal
analysis/differential scanning calorimetry (DTA/DSC) and
thermal gravimetric analysis (TGA) measurements were per-
formed (Stanton Redcroft, London, England, and Thermal Sci-
ence System, Polymer Laboratories, Inc., Amherst, MA) with
heating rates in the range of 5°C/min to 20°C/min in flowing air
(20 mL/min). All the thermal analyses were conducted in air
using alumina sample cups with a-alumina as the reference
material. The sample weight was kept at 40 + 2 mg.

Samples calcined at several temperatures were subjected to
X-ray diffractometry (XRD) measurements (Model PW 1710,
Philips, Eindhoven, The Netherlands) with CuKo radiation.
Because very accurate data were needed, only the step-scan
technique was used. The step scans were performed with a step
size of 0.015° 26; the time of counting at each step was 10 s.
The scanning range was from 23° to 46° 26.

(3) Physical Adsorption Measurements

Nitrogen-gas physisorption measurements of all the samples
were conducted at liquid-nitrogen temperature (Model ASAP
24000, Micromeritics Instrument Corp., Norcross, GA). All the
samples, other than the one heated at 40°C (degassed at room
temperature), were degassed at 110°C prior to the actual mea-
surements. The pore-size distribution, from the desorption
branch of the isotherm, was calculated following the method
developed by Barrett, Joyner, and Halenda (BJH), assuming a
cylindrical pore model.”

III. Results

XRD of the titania precursor gels, dried at 40°C and 60% rel-
ative humidity, made from both peptized and unpeptized sols,
essentially produced the same pattern. All the major peaks
corresponded to the anatase phase of titania.® The peaks were
very broad and indicated the presence of very small, primary
particles. The primary particle size was calculated from X-ray
line-broadening analysis to be about 6 nm. This value is in good
agreement with our results from field emission—scanning elec-
tron microscopy (FE-SEM) studies.® The only ditference, even
though very small, observed between the peptized and the
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Fig. 1. Flow chart giving the different steps involved in the prepara-
tion of both peptized and unpeptized sols.

unpeptized samples was that the peptized sample was slightly
more crystalline, which was indicated by the relatively nar-
rower peaks. Most of the other reported gel-derived titania
powders were amorphous in the as-prepared state.

Figures 2(a) to (c) and Figs. 3(a) to (c) give, respectively, the
nitrogen-gas physisorption isotherms and the pore-size distribu-
tion of the samples prepared from both the peptized and the
unpeptized sols heated at different temperatures. Figure 2(a)
represents isotherms corresponding to the gels heated at 40°C.
The isotherm corresponding to the peptized sample is a typical
type I with no hysteresis. This type of an isotherm is associated
with microporous materials with uniform distribution of pores 2
nm or less in diameter.>' The absence of hysteresis (desorption
branch follows the same path as the adsorption branch) clearly
indicates the absence of pores larger than 2 nm in diameter
(mesopores), or, in other words, no capillary condensation.’
The isotherm corresponding to the unpeptized gel is a typical
example of a type-1V isotherm. Unlike the isotherm of the pep-
tized gel, with no hysteresis, the unpeptized isotherm has two
hysteresis loops, indicating a bimodal pore-size distribution.’
Figure 3(a) shows the pore-size distribution of the unpeptized
gel calculated from the desorption branch of the isotherm. It is
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not possible to calculate the pore-size distribution of the pep-
tized gel because the Kelvin equation is not applicable to micro-
porous (pore diameter less than 2 nm) systems.® The porosities
are about 30% and 50% for the peptized and the unpeptized
gels, respectively. A type-I isotherm with no hysteresis and a
low porosity clearly indicates the fact that packing and ordering
in the peptized gel are much better than in the case of the unpep-
tized gel. Moreover, the unpeptized gel gives a bimodal pore-
size distribution (Fig. 3(a)) which points toward the fact that the
precursor sol contains hard aggregates which are not com-
pletely broken down during drying. Hysteresis in a P/P, range
of 0.5 and 0.7 may represent the intra-aggregate pores (3.5 nm)
and hysteresis in the range of 0.9 and 1 may represent the inter-
aggregate pores (25 to 30 nm). By 300°C (Fig. 2(b)), the iso-
therm that corresponds to the peptized sample represents a
combination of types IV and I. There is a small hysteresis
between the relative pressure 0.4 and 0.6, indicating pore
growth, and the isotherms are more similar to type IV. The
pore-size distribution of the peptized sample is monomodal and
relatively narrow compared with the bimodal distribution given
by the unpeptized sample (Fig. 3(b)). At 450°C there is consid-
erable pore growth for both unpeptized and peptized samples.
This is indicated by the shift in the hysteresis loop to the right
(Fig. 2(c)). The same trend is shown in the pore-size-distribu-
tion plots given in Fig. 3. At this temperature (~300°F) the
unpeptized sample shows only one hysteresis loop, which
corresponds to the smaller pore fraction, indicating the growth
of a considerable portion of large pores beyond the level of
detection.” The pore size distribution is given in Fig. 3(c).

The surface area and average pore size with calcination tem-
perature is summarized in Fig. 4. For the unpeptized sample, the
surface area of the gel is about 300 m*/g, and at 450°C it is
about 70 m*/g. The pores have grown from 3.6 to 7 nm. For the
peptized sample, the starting surface area is only 160 m*/g, and
at 450°C it is about 34 m?/g. The pore size has increased from
<2 to about 3.5 nm. A comparison of pore growth and porosity
reduction between samples prepared from both peptized and
unpeptized sols is given in Table 1.

1V. Discussion

There is a remarkable difference in the packing behavior of
the peptized and unpeptized samples. During peptization, H*
ions from nitric acid are adsorbed onto the surface of the titania
particles. Because all the particles have the same surface
charge, the particles are repelled (double-layer repulsion) and a
stable sol results with a minimum degree of aggregation.
Unpeptized sols, whether or not they contained nitric acid, were
dried immediately after redispersion in water. These unpeptized
gels contain nonuniform, highly aggregated clusters of primary
particles.

While they are drying, the particles in the sol are packed due
to drying stresses.'! The origin of the drying stress is the capil-
lary pull of the pore fluid and is directly proportional to the sur-
face tension of the pore fluid and to the reciprocal of the pore
radii.”’ The pore fluid is essentially the same in both peptized
and unpeptized samples. Therefore, the magnitude of the drying
stress is the same for both peptized and unpeptized samples, at
least in the beginning of the drying stage. While they are drying,
the particles are forced by the drying stresses to come together.
Because of electrostatic repulsion, particles in the peptized sol
are packed more uniformly compared to the unpeptized sam-
ples. In the unpeptized samples, because of the bimodal pore-
size distribution due to the presence of aggregates, the drying
stress experienced by different regions in the sample are differ-
ent. The particles within the aggregate tend to pack better com-
pared to the regions in between the aggregates. This packing
creates a nonuniform green microstructure. Moreover, the lack
of electrostatic repulsion increases the chance of nonuniform
packing, even within the aggregates.

Based on the above arguments, a qualitative model is pre-
sented below. In the case of samples prepared from a peptized
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Fig. 2. Nitrogen-gas adsorption isotherms of samples prepared from both peptized (A) and unpeptized (+) sols heated at (a) 40°, (b) 300°, and (c)

450°C for 8 h.

sol, there is perfect packing, indicated by the type-l isotherm,
without a hysteresis loop (Fig. 2(a)). Ideally, the pores in the gel
represent the interstitial voids of the close-packed primary par-
ticles. The porosity of the peptized gel is less than 30%, which
is very close to the ideal close-packed situation, where the
porosity should be about 25%. There are two types of pores
present in the unpeptized gel, as shown in Fig. 3(a); they are
intra-aggregate pores (represented by the hysteresis loop in the
lower P/P, range) and the inter-aggregate pores (hysteresis in
the higher P/P, range).

The peptized sol offers several advantages, with respect to
attaining near theoretical density, over the conventional method
of processing:®

(1) Particles are not exposed to the atmosphere, thus
avoiding contamination during processing.

(2) A stabilized sol gives fewer aggregated particles than
any other type of starting slurry.

(3) Particle packing and rearrangement during drying of

the peptized sol is excellent, especially when the pore fluid is
water, which has a high surface tension.
Barringer et al.” have noted that liquid-phase sintering and hot
pressing, which can be used to achieve near theoretical density,
essentially modify the initial microstructure in the same man-
ner. In the first stage of liquid-phase sintering, the sharp edges
of the particles are dissolved and the particles are rearranged by
the surface tension of the liquid.” This is the same as in the case
of drying. In hot pressing, it is the applied pressure that causes
the rearrangement to give a uniform close-packed structure,'*

Springer and Yan’ and Barringer and Bowen® pioneered the
densification of titania ceramics. The main difference between
the present work and, for example, Ref. 7 is the difference in the
postprecipitation treatments. In the case of peptized titania,
particles were not removed from the liquid medium (mainly
water) until they were compacted by drying. However, in the
present case, the samples were much smaller in size (20 mm X
10 mm X 0.1 mm). There was no calcination step before the
final sintering; this avoids considerable particle growth. The
starting particle size was about 6 nm. The green compact had a
porosity of about 30%, and the phase was 100% anatase. More-
over, sintering was conducted during the anatase to rutile phase
transformation. This has a positive effect on the densification
kinetics.

Differences in packing and coordination influence densifica-
tion behavior and phase-transformation behavior; this, in turn,
has an indirect influence on porosity reduction (densification).’
Lower coordination and level of packing leads to a lower sinter-
ing or porosity reduction rate. This behavior is expected from
the basic sintering models.' The DSC transformation tempera-
ture of the unpeptized sample is more than 125°C higher than
that of the peptized samples. Figure 5 represents the XRD spec-
trum of samples heated at 450°C for 8 h. The peaks marked A
and R correspond to the anatase and rutile phases, respectively.

At 450°C, more than 30% of the peptized sample has already
transformed to rutile, whereas the unpeptized sample contains
practically more than 98% anatase. Table II gives the kinetic
parameters for the anatase to rutile phase transformation in pep-
tized and unpeptized titania calculated from DSC data using the
nonisothermal Avrami equation:**

E
= exp(ﬁ) Q)

= | S

where T is the peak temperature (anatase to rutile phase trans-
formation) obtained from DSC for a given heating rate ¢, E the
activation energy, A the frequency factor, and R the universal
gas constant. There is a clear difference in the values of E and A.
The values of E and A for the unpeptized samples are similar to
the values obtained for the anatase to rutile phase transforma-
tion in titania—alumina composites containing 3, 6, 9, and 50
wit% alumina.'® The only similarity between these materials and
the unpeptized sample is in the effective coordination (and
packing) of the particles, which is higher for the peptized
samples.

The above results demonstrate the importance of the coordi-
nation of the primary particles in the phase transformation pro-
cess. The number of nearest neighbors in actual physical
contact can affect the phase transformation rate in two ways: It
can affect either the nucleation rate or the growth rate or both.
The critical nucleus size of rutile is expected to be larger'®"”
than the primary crystallite size of the anatase. If this is true,
then a lower coordination reduces the chance of a rutile nucleus
reaching the critical size. After nucleation, the growth process
is affected in the same manner as it is with the influence of coor-
dination on sintering rate.

In the case of sintering conducted during the anatase to rutile
phase transformation, the densification process is enhanced due
to the so called Hedvall effect.''” Hedvall reported an increase
in mass transport during solid-state transformations.’® In the
case of peptized titania, there may be an additional enhance-
ment in sintering due to the enhanced phase transformation rate
by virtue of its higher packing and coordination (green deusity).

V. Summary

A well-packed initial microstructure is important for
obtaining dense, nanostructured titania. The peptization step is
very important to achieve this goal. If the final goal is to prepare
precursors for nanostructured catalysts, the peptization step
should be avoided. Unpeptized precursors show resistance to
porosity reduction compared with the peptized samples because
of lower packing and coordination.
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