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A systematic Raman-scattering investigation has been carried out on sol-gel alumina prepared by the
hot-water hydrolysis and condensation of AI(OC,Hy);, the Yoldas process, as a function of process vari-
ables such as the time spent in the sol phase. Nanocrystalline boehmite, ¥-AIO(OH), is the principal
component of these materials. We have found small but systematic changes, as a function of sol aging
time, in the line shape and position of the dominant boehmite Raman band observed in the alumina hy-
drogels. These spectral changes are interpreted in terms of nanocrystallinity-induced finite-size effects
associated with the slow growth of AIO(OH) nanocrystals in the sol. X-ray-diffraction experiments were
used to determine nanocrystal sizes (as small as 3 nm for gels prepared from fresh sols) and to estimate
growth kinetics from the Raman-line-shape results. The Raman peak-position shift is proportional to
L™7 where L is the average nanocrystal size and a is a Raman-versus-size scaling exponent. For
AlO(OH) we find «a to be 1.0, close to the scaling-exponent values reported for graphite and boron ni-
tride (BN) and different from the values (about 1.5) that describe the reported behavior of Si and GaAs.
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I. INTRODUCTION

A sol-gel route to porous transparent alumina was es-
tablished by Yoldas in 1975 in a series of widely cited pa-
pers.! 7* Sol-gel alumina, prepared by the Yoldas pro-
cess, is the prototypical example of a crystalline (meaning
microcrystalline or nanocrystalline) gel.> Figure 1
presents a schematic of the synthesis procedure, as imple-
mented in the present study. Since our study addresses
the sol-gel aspects and the structure of the resulting gels,
we omit the subsequent thermal treatments used to con-
vert the gels to porous, yet transparent, alumina monol-
iths.!

The Yoldas process for sol-gel alumina includes three
main steps: (i) hydrolysis and condensation of an alumi-
num alkoxide in excess water to form an AIO(OH) pre-
cipitate; (ii) resuspension and dissolution of the precipi-
tate by acid peptization to form a clear, colloidal sol; (iii)
concentration of the sol by solvent boiloff, resulting in the
formation of a gel.

The initial hydrolysis step is done with hot water, and
the peptized sol is kept hot in order to form AIO(OH)
sols and gels rather than precipitates of Al(OH),
phases.*® Alumina gels are mainly water and should
properly be referred to as alumina hydrogels.
Throughout this paper, whenever the term gel appears
without a modifier, alumina hydrogel is meant. Dried
gels will be specifically referred to as xerogels.

In this paper, we report the results of a systematic
Raman-scattering investigation of sol-gel alumina materi-
als as a function of process parameters, particularly the
sol aging time (¢, in Fig. 1). Nanocrystalline boehmite
v-AlO(OH), is shown (by Raman and x-ray measure-
ments) to be the principal nonaqueous component and we
have found small but systematic changes, as a function of
t;, in the line shape and position of the dominant boeh-
mite Raman band. These spectral changes have been in-
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terpreted in terms of nanocrystallinity-induced finite-size
effects associated with the slow growth of AIO(OH) nano-
crystals in the sol phase, and we have used them to deter-
mine estimates of characteristic nanocrystal sizes and
growth kinetics in this system. This interpretation is sup-
ported by x-ray-diffraction experiments (which provide
the nanocrystal-size calibration for the Raman changes)
and is consistent with crystal-growth models.

Section II describes the experimental techniques used
in the synthesis of, and measurements on, the sol-gel
alumina materials. The Raman spectrum of crystalline
boehmite is described in Sec. III, as a necessary prelude
to the measurements on the gels. Raman scattering from
alumina gels, and the observation of systematic changes
accompanying sol-gel processing, are described in Sec.
IV. The interpretation in terms of nanocrystallinity and
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FIG. 1. Schematic of our implementation of the Yoldas pro-
cess for synthesizing sol-gel alumina. After time ¢, in the sol
phase at 95°C, gelation was brought on by boiloff-induced con-
centration. Raman studies were done on hydrogels prepared us-
ing various sol aging times (¢,), and the effect of varying the
acid peptization step in the synthesis was also studied.
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finite-size effects is given in Sec. V. X-ray-diffraction
determination of nanocrystal sizes is described in Sec.
VI, and results for the kinetics of nanocrystal growth are
given in Sec. VII. Section VIII is a summary of our prin-
cipal findings.

II. EXPERIMENT

A. Preparation of alumina gels

The Yoldas process for making clear alumina gels, as
indicated in Fig. 1, consists of the three main steps listed
in the Introduction. The alkoxide we used, aluminum
secondary butoxide (ASB), AI(OC,H,);, was doubly dis-
tilled and stored in an inert atmosphere chamber. ASB is
a clear, viscous liquid at room temperature. It was heat-
ed to reduce its viscosity, drawn into a hypodermic
syringe, and added by syringe to the open reaction vessel
containing water at 80°C under vigorous stirring condi-
tions. The H,0:ASB molar ratio was 110. ASB addition
induces immediate hydrolysis and condensation reactions
in the water-rich mixture**7 and yields an AIO(OH) pre-
cipitate.

The initial hydrolysis temperature of 80°C was chosen
because it is the highest temperature compatible with
avoiding violent boiling caused by the exothermic hydro-
lysis and condensation reactions. Following the ASB ad-
dition, the temperature controller was set to 95°C. It
took about 20 min for the liquid to reach 95 °C, partly be-
cause of the boiloff of the alcohol (secondary butanol)
formed as a by-product of the hydrolysis reaction. Twen-
ty minutes after hydrolysis and condensation, acid was
added to cause peptization and the dispersion of the pre-
cipitate to form a clear, stable, colloidal sol. Two
different acids (0.1 N HNO; and 0.1 N HC] and two
different acid concentrations (R =0.07 and R =0.14,
where R is the acid:ASB mole ratio) were used in varia-
tions of the peptization procedure.

Following acid addition, the reaction vessel was closed
(except for a very small syringe needle hole to equalize
pressure) to prevent solvent evaporation. The sol was
then maintained, with continual stirring, at 95°C. At
selected times, a sol sample was removed by pipette from
the reaction vessel and boiled (for about 10 min) in a
small open beaker to remove water and concentrate.
With sufficient water removal, the sol becomes viscous
and approaches the gel point. The viscous sol was then
transferred to a glass vial, sealed to retain the remaining
water, and allowed to cool to room temperature. It then
gelled within a few minutes.

These hydrogels are about 90% water, by weight.?
Early gels (gels made from sols aged for only a few hours)
are slightly cloudy; later gels (made from sols aged for
many hours) are clear. The cloudiness is attributed to in-
complete peptization for short sol aging times. Once a
gel is formed, its degree of cloudiness or clarity does not
change, nor does its Raman spectrum. As described in
Sec. IV, Raman studies reveal structural differences in
the gels, which depend on the amount of time spent by
the parent sol in the reaction vessel.
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B. Preparation of related materials

A series of samples were prepared with a procedure
similar to that of Fig. 1, with the key difference of omit-
ting the acid addition peptization step. These materials
remain as precipitates, in contact with the hot, stirred,
aqueous bath in the form of a cloudy suspension. At
selected times, a sample of the suspension was removed
and centrifuged to remove most (about 75%) of the wa-
ter. The resulting white mush was then oven dried at 110
°C for 24 h, yielding brittle, white chunks. Raman stud-
ies of these dried precipitates (Sec. IV) reveal that their
structure, like that of the gels, also depends on history,
the time spent in the reaction bath.

In addition to the hydrogels and the precipitates, a few
other samples were investigated. Portions of some of the
hydrogels were subjected to a 110°C oven drying step
(like that used for the precipitates), removing their water
content and yielding xerogels in the form of transparent
chunks. An unpeptized precipitate (referred to as a
130°C precipitate) powder sample was made by adding
ASB to H,0 (ASB:H,0 molar ratio was 110) and process-
ing the sol in a pressure vessel at 130°C for about five
days. The sol was then dried in an oven at 110°C. The
product of this process was a white powder. A sample of
crystalline boehmite powder (composed of micron-size
crystals), prepared by autoclaving aluminum metal in ex-
cess water, was provided by Alcoa laboratories. X-ray
diffraction confirmed that the material was well-
crystallized boehmite.

C. Raman-scattering experiments

Raman spectra (Stokes spectra) were obtained at room
temperature, using a SPEX 1403 Raman spectrometer
with a GaAs photocathode photomultiplier and photon-
counting electronics. A cw argon-ion laser, operating at
488.0 or 514.5 nm, was the excitation source. The laser
power at the sample was approximately 80 mW. We used
an instrumental bandwidth of 3.8 cm ™! and a 0.5 cm ™'
grating step size. Spectra were obtained in the 90°
scattering configuration, collecting both polarizations of
scattered light. For the hydrogels, spectra were taken
with the gel held in its vial, laser light entering from the
bottom and scattered light collected through the side
(each sample was scanned for a total of 40 min). The
beam focus was inside the gel; no spectral features attri-
butable to the glass vial were observed. Xerogels and
precipitates were measured in air, glued onto a capillary
tube. The crystalline boehmite powder and the 130°C
precipitate powder were held in capillary tubes for Ra-
man measurements.

The experimental Raman linewidth is a convolution of
the actual linewidth T and the instrumental bandwidth
I Via FexptZ(F2+ I'2)'72. In the analysis presented,®
we use the (deconvoluted) results for the estimated actual
linewidth .

D. X-ray-diffraction experiments

X-ray-diffraction traces were obtained at room temper-
ature, using a Scintag XDS-2000 powder diffractometer
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and Cu K« radiation with a wavelength of 1.54 A. The
x-ray measurements were carried out on powder samples
(prepared by gentle grinding of the dried precipitate or
hydrogel) placed on an oriented quartz substrate.
Diffraction done directly on hydrogel films cast on the
substrate missed several boehmite peaks because of
drying-induced preferred orientation,’ so powder samples
were prepared by room-temperature drying of the hydro-
gels, followed by gentle grinding.

Crl)(gstallite sizes were determined by the Scherrer equa-
tion,

_ 0.94%
L cosO ’

where L is the microcrystallite size, 6 is the peak posi-
tion, and B(20) is the linewidth. Linewidth corrections
for x-ray instrumental broadening were performed in the
same manner as they were for the Raman linewidths.'°

B(20) (1)

III. RAMAN SPECTRUM OF BOEHMITE [AIO(OH)]

Boehmite, y-AlO(OH), is the predominant phase
present in the alumina gels formed by the Yoldas process
of Fig. 1. It is, therefore, necessary to consider first the
Raman spectrum of this crystal form. The crystal struc-
ture of boehmite is shown in Fig. 2.!"'!2 The structure is
orthorhombic, space group Cmcm (D)]), with two
AlO(OH) formula units per primitive cell. The sym-
metric unit cell shown in Fig. 2 contains two primitive
cells. The structure is based on extended layers that run
perpendicular to the b axis; parts of two layers are shown
in Fig. 2. There is ionic and covalent bonding within
each layer, but only hydrogen bonding between layers.
Within each multilevel, strong-bonding, layer there are
two planes of aluminum atoms and four planes of oxygen
atoms. Each aluminum is bonded to six oxygens in a dis-
torted octahedron. The interior oxygens (those on the
two inner oxygen planes) are each bonded to four alumi-
nums in a highly distorted tetrahedron. The outer oxy-
gens (actually hydroxyls, since each carries a hydrogen)
are each bonded to only two aluminums.

An appropriate reference for comparison is a-Al,O3
(corundum, also called sapphire or alumina). In the
three dimensional (3D)-network structure of a-Al,O;,
each aluminum is coordinated to six oxygens and each
oxygen to four aluminums. The average coordination is
4.8, compared to an average Al-O coordination of 4.0
within a boehmite layer. For a-alumina, Raman'? and in-
frared!* studies place the optical phonons in the range
from 380 to 750 cm ™~ !. For boehmite, the lower coordi-
nation is expected to extend the Al-O optical-phonon re-
gime to lower frequencies, and we find this to be the case.

The strongest Raman line we observe in y-AlO(OH)
occurs at 363 cm ™~ !. Its strength, as well as the observa-
tion (discussed below) that its depolarization ratio is zero,
marks it as a fully symmetric mode (Ag; there are three
of this symmetry), in which all aluminums and oxygens
move parallel to the b axis. The six vertical arrows in
Fig. 2 show one possible 4,-symmetry vibrational eigen-
vector (we can treat each hydroxyl as a rigid entity, for a
low-frequency mode, so only six arrows are needed)
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which has intralayer-shear bond-bending character, but a
definitive assignment awaits a more detailed force-field
analysis.

Figure 3 presents Raman-scattering results obtained
from boehmite powder composed of micron-scale crystal-
lites.!> At these relatively large particle sizes, the ob-
served spectrum should be indistinguishable from that of
the bulk crystal. This is supported by the sharpness of
the Raman lines in Fig. 3. (An x-ray-diffraction spectrum
for this sample, displaying sharp lines, is shown in Sec.
VL)

The spectral region shown in Fig. 3 contains the
lattice-mode regime, i.e., the modes are predominantly
Al-O vibrations. Table I lists the peak positions,
linewidths, and relative intensities of the Raman lines of
boehmite. The linewidth given is the full width at half
maximum (FWHM), after correcting for the instrumental
broadening. The sharp, intense line at 363 cm ™' is the
dominant spectral signature of boehmite. The line-shape

¥
:

FIG. 2. The crystal structure of boehmite y-AlO(OH). This
is a perspective view from a distance of 50 A, looking along a
direction 15° off the a axis in the ac plane (see Ref. 12). The cell
shown is a symmetric unit cell, which contains two primitive
cells. Oxygens are represented by the large spheres, aluminums
by the small spheres, and hydrogens by the solid dots. The six
arrows, attached to the aluminums and oxygens within one
primitive cell, represent a vibrational eigenvector having the full
crystal symmetry.
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FIG. 3. The Raman spectrum of crystalline boehmite in the
Al-O regime. Scattered light intensity is shown plotted against
photon-energy downshift, in wave-number units, relative to the
laser line (the 488.0 nm line, for this case).

variations of this feature, as observed for the gel samples,
will play an important role in our analysis.

Figure 4 shows the polarization dependence of the 363
cm ! line. (For this nanocrystalline sample, the line is
downshifted to 359 cm ™ !.) These spectra are for a hydro-
gel, peptized with HNO; (R =0.07), and aged in the sol
phase for 48 h. These clear hydrogels are convenient for
depolarization studies because of their low scattering
background and the random orientation of the crystal-
lites. The clean diagonal polarization exhibited in Fig. 4
supports the fully symmetric 4,-symmetry interpretation
for the 363 cm ™! Raman band.

In comparing our results to earlier reports on boeh-
mite'® '8 we have discovered that considerable con-
fusion has existed in terms of Raman lines attributed to
boehmite and boehmite gels. Specifically, we have found
that several high-frequency lines, which have masquerad-
ed in the literature as boehmite modes, are actually inter-
nal modes of the NO;™ nitrate ion. Figure 5 compares

TABLE I. Raman peak positions for crystalline boehmite,
AIO(OH).

Frequency Linewidth? Relative
(cm™1) (cm™1) intensity
230 3.2 Weak
259 2.6 Weak
270 2.4 Weak

341 3.2 Medium

363.3 3.0 Very strong
454 7.3 Medium
496 6.3 Strong
638 10.9 Weak
677 12.4 Medium
733 9.5 Weak
3079 47 Medium
3219 37 Medium

2The linewidth means full width at half maximum (FWHM),
and is corrected for the instrumental broadening via
(FWHM)%,, = (FWHM)?2,,,.; + (instrumental spectral slit width)2.
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FIG. 4. The polarization dependence of the 363 cm ™' line for
boehmite. (For this nanocrystalline sample, the line is down-
shifted to 359 cm™!.) These spectra (obtained with 514.5 nm
excitation) are for a hydrogel, peptized with HNO; (R =0.07)
and aged in the sol phase for 48 h. This clean depolarization
behavior supports the fully symmetric 4, assignment for this
band.

spectra that we have observed for boehmite crystals
(lower panel), an alumina hydrogel or “boehmite gel”
(middle panel), and nitric acid (upper panel). The gel was
prepared as in Fig. 1, using HNOj; as the peptizing acid.
Note the four Raman bands indicated by the vertical
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FIG. 5. Comparison of the Raman spectra of (a) nitric acid,
(b) an alumina hydrogel, and (c) crystalline boehmite. (These
spectra, as well as those shown in the following figures, were ob-
tained with 514.5 nm excitation.) The spectrum shown in (a)
was obtained for a 0.1N solution of HNO;. The spectrum
shown in (b) was obtained for a gel prepared using nitric acid in
the peptization step (at a HNO;:ASB molar ratio R of 0.14) and
a sol aging time of 48 h. The four NO;~ bands marked by verti-
cal lines are seen to be present in the gel spectrum; these
nitrate-ion lines have been misinterpreted (as boehmite lines, or
as lines due to organic impurities) in some previous studies of
sol-gel alumina.



15 630

lines (at 720, 1049, 1348, and 1414 ecm™ ), especially the
strong, sharp line at 1049 cm™!. All of these are present
in both the HNO; and the gel spectra, and all are absent
in the spectrum of boehmite. These four bands corre-
spond to NO,;~ vibrations.!®? The symmetric-stretch
nitrate line at 1049 cm ™! has been erroneously assigned
to boehmite, and the asymmetric stretching line at 720
cm ™! has been erroneously assigned to boehmite gels.
Also, the 1348 and 1414 cm™! lines have been misas-
signed as organic features in the boehmite gels. All boeh-
mite gel spectra that have been reported to exhibit these
lines were obtained on samples that were either peptized
with HNO; or involved AI(NO;); in their synthesis. The
attribution of extraneous lines to the Raman spectrum of
boehmite has prevented a correct group-theoretical inter-
pretation of the zone-center vibrations in this crystal; we
plan to rectify this in a future paper.

A comparison of the spectra in the lower two panels of
Fig. 5 confirms that boehmite AIO(OH) is, indeed, the
primary component (other than water) in the hydrogel.
The 363 cm ! signature of the crystal is prominent in the
gel, but, as we shall see, this line is actually broadened
and shifted with respect to the crystal line.

IV. RAMAN SCATTERING FROM ALUMINA GELS:
SYSTEMATIC CHANGES DURING SOL-GEL
PROCESSING

In the synthesis procedure for sol-gel alumina that is
outlined in Fig. 1, the primary processing variable of in-
terest in this study is the sol aging time t;,. Secondarily,
we have also studied the effect of varying (or omitting)
the acid peptization step. Although gel samples pro-
duced after different times #; all exhibit Raman spectra
which, in overall appearance, resemble that shown in Fig.
5(b), we have observed definite systematic changes as , is
varied. As noted in Sec. II, after gelation is achieved by
concentrating and cooling the aged sol, no further
structural changes are observed.

The gel Raman features that we have followed, as a
function of sol aging time, are the position, linewidth,
and asymmetry of the prominent boehmite band near 360
cm~!. Figure 6 shows a detailed view of this band, ob-
served for a sample corresponding to t;,=24 h. The ex-
perimental linewidth T, (Teype=Iw+1w, where lw and
rw are the left and right half-widths) is the observed full
width at half maximum. The asymmetry is defined as
Iw/rw. The experimental linewidth is a convolution of
the actual linewidth ' and the instrumental broadening
| R rexptz(r%r%nst)“ %, in the following analysis we
present the (deconvoluted) results for the estimated actu-
al linewidth I".

Figure 7 shows the 360 cm ™! band for a series of sam-
ples with ¢, values varying from 1 to 72 h. In panels
(a)—(d), the experimental data are shown as solid dots,
while the lines are fitted curves useful for comparing and
analyzing the data. (The curves are eight-parameter fits,
using two Gaussians and a linear base line. The fitted
curves were used to determine the peak positions and
linewidths.) Panel (e) of Fig. 7 shows a superposition of
the curves; like panels (a)—(d), it demonstrates that the
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FIG. 6. Detailed view of the boehmitelike band in an alumi-
na hydrogel, illustrating the line-shape parameters used in our
analysis. The curve is a fit to data obtained for a gel synthesized
using HCI peptization (acid:ASB molar ratio R of 0.07) and a ¢,
of 24 h. The linewidth indicated here is the experimental
linewidth; it is a convolution of the actual linewidth and the in-
strumental spectral slit width. The linewidth values plotted in
Figs. 8 and 9 correspond to the (deconvoluted) actual linewidth.
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FIG. 7. The influence of sol aging time on the position and
line shape of the boehmitelike band seen in the resulting hydro-
gels. The solid dots in panels (a)—(d) are the experimental data;
the curves are fits. Panel (e) shows a superposition of the fitted
curves of the top four panels, for ¢, values of 1, 8, 24, and 72 h in
order to more clearly reveal the narrowing and upshifting with
increasing t,. This series of hydrogels was prepared from a sol
that had been peptized with HCI (with R =0.07).
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band upshifts and narrows with increasing sol aging time
at 95°C.

Figure 8, which represents our principal findings for
the influence of preparation procedure on the boehmite
band position and line shape in the sol-gel alumina ma-
terials, summarizes results obtained from about 70 sam-
ples, via spectra such as those in Fig. 7. Figure 8 presents
the observed correlation between peak position and
linewidth. The main family of materials, represented in
Fig. 8 by the solid triangles, are the hydrogels prepared
by the process of Fig. 1, with the peptization step carried
out with nitric or hydrochloric acid (with acid:ASB ratios
of 0.07 and 0.14). In addition, several other types of sam-
ples were investigated and have been included in Fig. 8.
Boehmite itself [via more detailed data than shown in
Fig. 5(c)] is included as the solid square labeled ‘“bulk
crystal” at the lower left of Fig. 8. This corresponds to
the smallest linewidth and highest peak position for the
360 cm ! band; it represents the limiting values.

The central result displayed by the extensive data con-
tained in Fig. 8 is the position versus linewidth correla-
tion represented by the solid straight line. This line is a
fit to the gel data (the solid triangles, about 50 samples) in
the upper part of the figure; the bulk-crystal point at the
lower left (not included in the fit) lies close to the extrapo-
lation of this line. Within this hydrogel data set, the gels
represented by points furthest to the upper right corre-
spond to the shortest sol aging times. With increasing gel
sample ¢, the points track down and to the left, systemat-
ically heading in the direction of the bulk crystal point.

A second result is indicated by the dashed line in Fig.
8. This is a linear fit to the data set (the open squares)
corresponding to the unpeptized precipitates prepared by
omitting the acid addition step in Fig. 1. This family of
materials also exhibits an approximately linear position-
linewidth correlation, but one that is slightly shifted with
respect to the line describing the correlation for the gel
samples.
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Results for a few other types of sol-gel alumina samples
are included in Fig. 8. The xerogels (represented by the
open triangles) were made by drying selected hydrogel
samples (indicated by the tie lines) at 110°C. The 130°C
powder precipitate was an unpeptized sample held at
130°C for five days in a closed vessel. For all of these
samples, the position-linewidth parameters define points
which lie in or near the narrow band marked by the two
lines in Fig. 8. Interpretation of the correlations revealed
by these data is discussed in the next section.

V. NANOCRYSTALLINE BOEHMITE

The points at the top right of Fig. 8, for which the
boehmite-like band is substantially broadened and down-
shifted relative to the bulk-crystal band, correspond to
alumina gels prepared using the shortest sol times
(ty,t,5,...) in the procedure of Fig. 1. For longer reac-
tion times, the band exhibited by the resulting gels is seen
to narrow and upshift; the spectral parameters tend to-
ward those of the bulk crystal. This systematic variation
in the Raman spectrum evidently probes a systematic
variation in the structure and/or the composition of the
gel, as a function of sol aging time.

The main candidate for a stoichiometric explanation of
the observed Raman changes involves the possible incor-
poration of excess water within the boehmite phase. In-
tercalation of water into the interlayer (hydrogen bond-
ing) regions in boehmite has been suggested in the litera-
ture,?! but clear evidence for this has not been presented.
We consider a variation in interlayer water content to be
an unlikely explanation of the results of Fig. 8. The bulk
crystal is the end point corresponding to very long aging
times, which seems inconsistent with an excess water ex-
planation.

It has also been suggested that bond-length and bond-
angle variations might account for the increased
linewidth in the gel. This idea implicitly appeals to an

3
L
4
5
(nm) FIG. 8. The correlation between peak posi-

tion and linewidth for the boehmitelike Raman

7 band observed in sol-gel-alumina materials.
Seventy samples are represented in this figure,

10 over 50 of these being Yoldas-process hydro-
gels synthesized using a range of sol aging
times. The other samples are described in the
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analogy with silica gel, which is closely related to amor-
phous SiO,, a covalently bonded, low coordination num-
ber, continuous random network, bulk glass that is
characterized by a broad distribution of Si-O-Si bond an-
gles.?? But the analogy between alumina gel and silica gel
is wrong for many reasons. The alumina system is pri-
marily ionic, not covalent. There is no bulk alumina
glass analogous to silica glass. Coordination numbers in
crystalline Al,O; are significantly higher than in SiO,: six
for Al and four for O in Al,O; versus four for Si and two
for O in SiO,. Silica glass is a classic Zachariasen struc-
ture constructed of corner-sharing SiO, tetrahedra; the
bridging oxygens provide the flexibility needed to form
the random network. Al,O;, AIO(OH), and AI(OH); are
all based on edge-sharing AlO4 octahedra (nearby alumi-
num atoms are joined by fwo oxygen atoms); the geome-
trical constraints enforce crystalline structures. Thus,
alumina gel is predominantly microcrystalline or nano-
crystalline rather than amorphous, and there is little
scope for bond-length or bond-angle variation.

The observed correlation between Raman linewidth
and peak position, exhibited in Fig. 8 for the boehmite-
like signature characteristic of the family of materials
known as sol-gel alumina, bears a strong resemblance to a
well-documented phenomenon observed in nanocrystal-
line semiconductors: the finite-size effect of nanocrystal-
linity (microcrystal dimensions of order 10 nm) on Ra-
man position and line shape.?3~?° The gist of the mecha-
nism is as follows. For a nanocrystal of size L, the strict
“infinite-crystal” k space selection rule is replaced by a
relaxed version characterized by a k space uncertainty of
order (1/L). Here, k is the phonon wave vector. Instead
of only the kK =0 mode of a phonon branch being Raman
active (for a Raman-allowed mode symmetry), now all
modes of the phonon branch within a range of k values
[roughly from k =0 up to k =(1/L)] are Raman active.
Because the phonon dispersion curve v (k) is not flat, the
observed Raman band shifts and broadens. The smaller
is L, the larger is the shift and broadening of the Raman
band. The x-ray results of the following section show, in
fact, that in our materials, L decreases in the decreasing
time direction (the direction of increasing shift and in-
creasing broadening) in Fig. 8. The L scale along the
right side of Fig. 8 is based on the x-ray-derived average
crystallite sizes discussed in Sec. VI.

Both the clear correlation in Fig. 8 between peak-
position downshift and linewidth broadening, as well as
the magnitude of the measured changes in these quanti-
ties, are similar to what is observed in nanocrystalline
semiconductors. A second conspicuous feature of Fig. 8
is the small but real offset of the line representing the pre-
cipitate samples relative to the line representing the main
family of samples, the hydrogels. Before discussing this
interesting effect, we first present, in Fig. 9, additional
sets of results for the line-shape changes.

Figure 9 shows the correlation between linewidth and
line-shape asymmetry (upper panel of the figure) and be-
tween peak position and asymmetry (lower panel). Here
the line-shape asymmetry information is contained in the
ratio (lw/rw), where lw and rw are the left and right
half-widths illustrated in Fig. 6. For a symmetric band,
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FIG. 9. Correlations between the asymmetry of the boeh-
mitelike band line shape and the position and linewidth of the
band, for the samples of Fig. 8.

this ratio is unity; this is close to the case observed for
bulk boehmite. The most asymmetric line shapes are ob-
served for the short-time gels, for which the observed ra-
tio is about 1.3. The asymmetry is small and thus the
scatter is substantial, but Fig. 9 does show that linewidth,
peak position, and asymmetry are mutually correlated.

In Fig. 8, there is an offset between the lines describing
the two large populations of samples: hydrogels and pre-
cipitates. In Fig. 9(a), data from both populations overlap
and no such separation or offset is evident. But in Fig.
9(b), we can again see a definite separation, as in Fig. 8.
Our interpretation of these observations, in terms of
nanocrystal-size arguments, is given below.

For a single nanocrystal diameter L, the finite-size
model yields a single value for each of the three Raman
band characteristics: peak position, linewidth, and line-
shape asymmetry. For a distribution of nanocrystal sizes
having a peak at L and a spread schematically denoted by
OL, the Raman peak position is determined by L but the
linewidth and asymmetry are increased over the single L
(monodisperse) value by contributions arising from the
particle-size spread S8L. We interpret the hydrogel-
precipitate Raman band offset, discernible in Figs. 8 and
9(b) but absent in 9(a), as evidence that 8L is larger for
the nanocrystal distribution in the precipitates than for
the nanocrystal distribution in the hydrogels. In other
words, the precipitates exhibit more inhomogeneous
broadening than the hydrogels. A comparison of hydro-
gel and precipitate spectra, for bands with similar peak
positions, reveals that the main difference is that the left
half-width (Iw of Fig. 6) is larger for the precipitates.
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This accounts for the offset between the two populations
seen in Figs. 8 and 9(b), as well as the absence of an offset
in Fig. 9(a) (since an increase in lw increases both
linewidth and asymmetry, approximately preserving the
linewidth-asymmetry correlation).

An increased low-frequency wing (larger lw) for the
Raman band of the precipitates implies a larger spread in
the particle-size distribution on the small-particle side. A
possible explanation for an increase in the number of
small nanocrystals is the 110°C drying step experienced
by the precipitates (but not, of course, the hydrogels).
During this step, the concentration of aluminum-
containing solute species increases drastically, and at
some point it exceeds the critical supersaturation for nu-
cleation. The resulting additional burst of nucleation
gives rise to a population of small nanocrystals, which is
responsible for the increased dispersion on the small-L
side of the particle-size distribution.

To test this idea, we subjected three of the hydrogels to
the same 110°C drying step experienced by the precipi-
tates. The results are included in Fig. 8 as the three pairs
of triangles connected by tie lines. For each pair of
points, the filled triangle corresponds to the initial hydro-
gel and the open triangle corresponds to the xerogel pro-
duced by drying that hydrogel at 110°C. All three tie
lines move the initial point to the right, to larger
linewidth. Two of the xerogel points are seen to lie near
the line describing the precipitates, while the smallest-L
case has moved part way in the same general direction.
These results are consistent with the picture of increased
small-particle dispersion caused by a late, drying-induced
burst of nucleation.

The open circle in Fig. 8 is for a precipitate which,
directly after formation by hydrolysis and condensation
in the 1:110 ASB/water liquid, was transferred (precipi-
tate plus liquid) to a closed pressure vessel and held at
130°C for five days. It was then removed and dried at
110°C, leaving a white powder. This sample can be
viewed as an exercise in boehmite crystal growth. In Fig.
8, its position is the closest one to the bulk-crystal point.
It is also worth noting that it lies near the main line rath-
er than the offset line, showing that the offset is not asso-
ciated with the absence of acid (since this sample was
acid-free).

The nanocrystal particles in contact with the sol (the
nanocrystals in the colloidal sol, for the liquids that pre-
cede the hydrogels, and the nanocrystals forming the pre-
cipitate for the unpeptized stirred suspensions) are
presumed to grow in size by the dissolution and reprecip-
itation of an amorphous Al-containing component, or
possibly an assembly of clusters, that is formed in the ini-
tial hydrolysis and condensation reactions between ASB
and water. Such a source of alumina can account for the
growth of the boehmite signal that we see. In the case of
the 130°C precipitate discussed above, it appears that the
source has been depleted during the five day period of
crystal growth, since we see no spectral evidence of a final
burst of nucleation caused by the drying step.

The crystalline character of all of these sol-gel materi-
als (hydrogels, xerogels, precipitates) is attested to by the
unambiguous signature of crystalline boehmite in the Ra-
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man spectra. The six strongest lines of the crystal (all
those listed as medium or stronger in Table I, except for
the 733 cm ™! line) all appear in the gel spectra. In addi-
tion, transmission electron diffraction on gel films
(prepared by allowing an aged sol to dry by evaporation
on a sample grid) exhibited many sharp diffraction rings.
X-ray-diffraction data, described in the next section,
confirm the crystallinity and provide a valuable calibra-
tion of microcrystallite size.

VI. X-RAY-DIFFRACTION DETERMINATION OF
NANOCRYSTAL SIZES

X-ray-diffraction experiments were performed on
several of the materials for which Raman results were
given in Fig. 8. Measurements were done on samples in
powder form, as described in Sec. IID. The x-ray
linewidth results were used to estimate average crystallite
sizes by means of the Scherrer equation, Eq. (1).

Figure 10 shows the x-ray diffraction data. The peak

T T T T

X-ray scattering intensity
Q

20 (degrees)

FIG. 10. X-ray-diffraction data taken on powder samples, us-
ing Cu K o radiation (1.54 A wavelength). The very sharp peaks
in trace a, obtained with micron-size crystals, are consistent
with the calculated diffraction spectrum of bulk crystalline
boehmite. The peaks in traces b—g show progressively broader
linewidths, indicating progressively smaller crystallite sizes.
Crystallite sizes were calculated, using the Scherrer formula
[Eq. (1)], from the widths of the (021) and (131) peaks. The
bulk-crystal sample corresponding to trace a is represented by a
solid square in the Raman data of Figs 8, 9, and 11. Trace b is
the 130°C precipitate described in the text and is represented by
an open circle in Figs. 8 and 11. Traces c—e are 48, 8, and 1 h
precipitates, respectively (open squares in Figs. 8, 9, and 11).
Trace f is for a 48 h gel peptized with nitric acid at R =0.07
(solid triangle in Figs. 8, 9, and 11). Trace g is for a 1 h xerogel
(open triangle in the upper right-hand corner of Figs. 8 and 11).
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assignments are given with respect to the ¥-A1O(OH) or-
thorhombic Cmecm crystal structure.'3° At the bottom
(trace a) is the result obtained for a powder composed of
micron-size crystals; this trace exhibits very narrow
linewidths (about 0.1°) and is the pattern expected for
bulk crystalline boehmite. The traces b—g show progres-
sively broader linewidths (up to a few degrees), indicating
progressively smaller crystallite sizes. The low-angle
(020) band becomes asymmetric and shifts to higher d
values as the linewidths increase, while the (021) and
(131) bands remain symmetric and do not shift with
linewidth broadening. The (021) and (131) peaks were
used for crystallite size determination by the Scherrer
method. They gave consistently similar results, as seen in
Fig. 11.

Figure 11 presents the correlation between the crystal-
lite size, as determined by x-ray diffraction, and the Ra-
man peak position and linewidth (of the 360 cm ™! band)
observed for the same sample. The symbols used in this
figure correspond to the same convention used in Fig. 8.
For each Raman determination (vertical location) there
are two x-ray determinations (horizontal locations), cor-
responding to the (021) and (131) diffraction peaks. The
range of crystallite sizes is seen to extend down to about 3
nm (justifying our use of the terms nanocrystal and nano-
crystallinity).

The top x-axis scale in Fig. 11 gives the crystallite size
L; the bottom x-axis scale gives L ~!. The scale along the
upper right side gives the downshift AU of the Raman
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FIG. 11. The correlation between the crystallite size (L), as
determined by x-ray diffraction for a particular sample, and the
Raman peak position and linewidth (of the 360 cm ™! band) ob-
served for the same sample. The samples and their correspond-
ing symbols have been described in the caption of Fig. 10.
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peak position, relative to the peak position for the infinite
crystal. The two straight lines are least-squares linear-in-
L ! fits to the data:

A=k, (1/L) )
and
I=k,(1/L)+T,, 3)

where I' is the linewidth, and k,, k,, and T, (21.5
cm ™! nm, 39.2 cm™ ' nm, and 2.7 cm ™ L respectively) are
determined from the fit. These calibration relations, con-
necting Raman peak-position and linewidth with crystal-
lite size, were used to obtain the right-hand scale as in
Fig. 8. They are also used in the next section, to deter-
mine L (z;) growth kinetics.

A linear relationship between Raman peak position
and L ¢ with a=1.0, has also been seen in graphite28
and boron nitride.?’ It is noteworthy that boehmite, like
graphite and BN, possesses a layered structure (as dis-
cussed in Sec. III). In terms of a, which is an empirical
Raman-versus-size scaling exponent, these layered ma-
terials behave differently than the covalent network semi-
conductors silicon®"*? and gallium arsenide.?»* Our
analysis of the reported Raman results?*3! 733 for the net-
work semiconductors yields, for those materials, a scaling
exponent a of about 1.5.3

VII. KINETICS OF NANOCRYSTAL GROWTH

Figure 12 displays the results of individual sample-
preparation runs, showing the dependence of the boeh-
mite signature Raman band peak position of the hydrogel
on the sol aging time (¢, in Fig. 1). Results are shown for
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FIG. 12. The results of individual runs on the influence of
the sol aging time on the Raman peak position of the boehmite-
like band in the hydrogel. The acid used in the sol peptization
step is indicated in each case, as well as the acid:ASB molar ra-
tio R. One unpeptized example (R =0) is included in panel c
for comparison. The peak-position scale in this figure is reversed
with respect to the scales used in Figs. 8 and 9(b).
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both of the acids used in the peptization step, HCI and
HNO;, and for both acid concentrations used, R =0.07
and R =0.14 (R is H:Al, the acid:ASB mole ratio). Also
included (panel c) are results for the precipitates obtained
in an acid-free run. All of the runs were well represented
by fits of the form

(1) —5(0)=rt!/2 . (4)

The curves shown in Fig. 12 correspond to Eq. (4), with
the best-fit parameters, 7(0) and #, listed in Table II. The
precipitate behavior clearly differs from the rest in its
larger 7(0). For the gels, U(0) is smaller for the higher
acid concentration, but there is no discernible difference
between the use of HCl and HNO; as peptizing agent.
The rate constant r increases with increasing acid concen-
tration.

As the characteristic microcrystallite size increases,
the finite-size-induced downshift of the Raman peak posi-
tion is reduced, and the peak moves upward toward its
bulk-crystal value of 363 cm™!. Using the results of the
last section, we can make this interpretation quantitative
by invoking the AD(L) scaling relation of Eq. (2), which
connects the left and right scales of Fig. 8. Each set of
v(t) data, corresponding to the set of points contained in
a panel of Fig. 12, is thus transformed to a set of L(¢)
data, with L the crystallite size. The results obtained for
panels c and e of Fig. 12 are presented in Fig. 13.

All of the hydrogels represented in Fig. 12 yield L(¢)
results similar to the HCI R =0.14 data (panel e of Fig.
12, lower part of Fig. 13) shown in the lower part of Fig.
13. The precipitate run (panel c of Fig. 12, upper part of
Fig. 13) is distinctly different. The curves shown in Fig.
13 are fits of the form, ’

[Ly(OP—[L(0)P=S5t, (5)

where L;(0) and S; are the fit parameters. This form
was found to adequately describe all of the L (¢) results;
the values obtained for L;(0) and S are given in the last
two columns of Table II. Also included in Table II are
results to fits of the form,

[L, () —[L,(0)2=58,(z) , 6)

that also describes the experimental results, within the
statistical error bars shown.
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FIG. 13. Nanocrystal-size growth kinetics for the runs of
Figs. 12(c) and 12(e), estimated from the Raman and x-ray data
by the method described in the text.

The time dependence exhibited by L, ;(¢) is similar to
that found in various theories of crystal growth,33¢
which come under the general heading of Ostwald ripen-
ing. Ostwald ripening (coarsening, coalescence, or just
ripening) is basically a zero-sum game in which larger
particles grow at the expense of smaller particles; for our
purposes, the larger particles are nanocrystalline boeh-
mite, and the smaller particles are amorphous or incom-
pletely crystallized AIO(OH). Our results are quite con-
sistent with the often invoked cubic-law behavior [Eq. (5)]
corresponding to the fitted curves in Fig. 13, but our data
are not accurate enough to rule out parabolic-law
behavior [Eq. (6)].

The unpeptized precipitate sample included in Figs. 12
and 13 and Table II is characterized by a larger initial
crystallite size [L(0)] and by a faster growth rate (s)
than the peptized sols. Acid peptization limits early crys-
tal growth. Overall, both acids used for preparation of
the sols yield quite similar results. No difference is ob-

TABLE II. Parameters obtained from the rate-equation fits [Eqs. (4)—(6) in the text] to the data of

Figs. 12 and 13.

Panel Acid concentration v(0Q) r L,(0) S5 L;(0) S3
in Fig. 12 Acid (H:AD em™) em™'h™') (m) @m’h7') (m) @m®h)
a HCl R =0.07 356.4 0.32 33 0.22 3.3 1.3
b HCl R =0.07 356.3 0.31 3.2 0.19 3.2 1.1
c none R =0.0 358.1 0.33 4.5 0.70 4.4* 6.3%
d HCl R =0.14 355.7 0.44 3.0 0.27 3.0 1.5
e HCl R =0.14 355.9 0.39 3.1 0.24 3.0° 1.5%
f HNO, R =0.14 355.8 0.38 3.0 0.21 3.0 1.2
g HNO, R =0.07 356.1 0.30 31 0.18 3.1 1.0
h HNO, R =0.07 356.2 0.25 3.2 0.14 3.1 0.7
i HNO, R =0.07 356.1 0.33 3.2 0.20 3.1 1.1

*The curves that correspond to these parameters are shown in Fig. 13.
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served between HCl and HNO; in terms of the L (0)
values obtained, but increasing the the acid concentration
from R =0.07 to R =0.14 does reduce L (0) slightly, an
effect which may reflect faster peptization (and reduced
opportunity for early growth) at the higher concentra-
tion. The subsequent growth rate seems to be slightly
larger with HCI than with HNO; and, for both acids,
growth occurs somewhat more quickly at the higher acid
concentration. But in all cases the growth is very slow,
so that the gelation step yields hydrogels of nanocrystal-
line boehmite.

VIII. SUMMARY

A systematic Raman-scattering investigation has been
carried out on sol-gel alumina prepared by the Yoldas
process of Fig. 1, primarily as a function of the sol aging
time, but also, secondarily, as a function of the acid pep-
tization step (including its omission). The predominant
aluminum-containing component of the alumina hydro-
gels and precipitates is nanocrystalline boehmite,
v-AlO(OH), and in the course of this work we have
clarified certain aspects of the boehmite Raman spec-
trum.

A careful study was made of small but systematic
changes observed, as a function of the process parame-
ters, in the line shape and position of the dominant boeh-
mite band near 360 cm~!. The position-linewidth corre-
lation established by the data in Fig. 8, as well as the
more subtle line-shape asymmetry correlations of Fig. 9,
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have been interpreted in terms of nanocrystallinity-
induced finite-size effects associated with the slow growth
of the y-AlO(OH) nanocrystals during the sol phase.
X-ray-diffraction experiments were used to determine
nanocrystal sizes (as small as 3 nm for gels prepared from
fresh sols) and to estimate growth kinetics from the Ra-
man line-shape results. The Raman peak-position shift is
proportional to L ~¢, where L is the average nanocrystal
size and « is a Raman-versus-size scaling exponent. For
AlO(OH) we find a to be 1.0, close to scaling-exponent
values reported for graphite and BN and different from
the value of 1.5 which describes the reported behavior of
Si and GaAs.
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