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1. Introduction

The preparation of boehmite nanoparticles in aqueous solution and its further structural and microstructural
characterization, including the stability of their aqueous colloidal dispersions, has received considerable
attention during last decades'™. The interest in this aluminum oxyhydroxide has been raising in the last few
years because its outstanding properties allow a wide number of applications in such different fields as
ceramic coating, catalysts or sensors for aqueous solution™ °. Thus, different alumina oxides, from y-Al,Os
to a-Al,O3, are obtained from y-AIOOH - i. e. boehmite” ®- and often used as support for catalyzers.
Recently, our group reported some results on cation and anion sensing and potential contrast agents of some
amine molecules grafted on boehmite nanoparticle supports *'2. It is to note that for many of the current
applications of boehmite nanoparticles not only is needed to control the size and morphology of particles but

also it is crucial to achieve long time stability of their aqueous dispersion'® %,

Three main routes have been generally used for the preparation of boehmite nanoparticles. One of them is by
hydrolysis and condensation of aluminum alkoxides under ambient conditions and its further peptization.
Most of the functionalized boehmite nanoparticles used in several applications were synthesized by using
this route'™ '®. Also, the precipitation of inorganic salts under ambient conditions was a common method,
being the main drawback the required control of several experimental reaction parameters”’ '8 On the
contrary, the preparation of boehmite through the hydrothermal route can be reached under a very wide
range of synthetic conditions'**. Broadly speaking, the morphology of boehmite nanocrystals prepared by
the hydrothermal route is strongly dependent on the pH of precipitation of the aluminum hydroxide or
oxohydroxide at the first step, i. e. before the hydrothermal processing. Under an initial pH<5 boehmite
crystallized as fibers whereas under pH>10 the obtained boehmite were plate-like crystals. Remarkably,
most of the reported morphologies obtained in the preparation of boehmite under hydrothermal conditions

23,24

were acicular and only very few were plate-like crystals™.

The experimental reaction parameters usually considered in the preparation of boehmite nanoparticles under
hydrothermal conditions are the initial pH and the temperature and time of the hydrothermal processing.

However, according to some authors the precipitation temperature of aluminum oxohydroxide/hydroxide
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>, so it will also be

(xerogel) from the initial aluminum solution at the first step is also importantl’ !
considered in the present work. Furthermore, as it has been evidenced by recent reports on the morphology
control of nanostructured boehmite under steam treatment, the morphology of resulting nanomaterials is
dependent also on the water/gel ratio applied%. In the so-called steam treatment, the required amount of
water is poured at the bottom of the PTFE vessel and physically separated from the xerogels. In this work, a
simplification of this methodology is proposed, discarding the physical separation between the water and the
gel. It seems reasonable to assume that the variation of the water/xerogel ratio for a given temperature and

time of hydrothermal processing, in which the xerogel and the required amount of water are in contact inside

the PTFE vessel, must also influence the morphology and size of final boehmite.

The present paper intends to determine the effect that the water/solid (xerogel) ratio variation has on the
size, morphology and aqueous dispersion colloidal stability of boehmites prepared by hydrothermal
processing. Xerogels were firstly obtained by precipitation and then hydrothermally aged with different
proportions of water. Our main goal would be to outline the possibility of having a route of tailor—-made
free-additive boehmite nanoparticles with the desired sizes and morphologies and longtime stability in

aqueous dispersion.

2. Experimental section

2.1. Preparation procedure

Materials were prepared following a two-step method. First, an amorphous xerogel was obtained after
drying the precipitate formed when the pH of an aluminum salt solution was increased. The second step

consisted in the hydrothermal treatment of the xerogel to obtain crystalline nanoparticulated boehmite.

A set of 12 materials was prepared by combination of two different precipitation pHs (5 and 10) and
temperature values (25 and 100 °C) for the first step, with three different water/xerogel ratios (1/1, 6/1 and

15/1) used in the subsequent hydrothermal treatment. Reagents were used as received.
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More specifically, an initial 0.8 M AI(NOs3);-9H,0 (Panreac) solution was heated to 100 °C under stirring in
a reflux system or simply stirred at 25 °C. Once the temperature was stabilized, aqueous NHj3 (25%) for
acidic and NaOH for alkaline conditions was dropwise added until the pH value was adjusted to 5 or 10
respectively. A white precipitate of boehmite was formed during the addition. The so-obtained precipitate
was vacuum filtered, washed and dried overnight at 100 °C to obtain the corresponding xerogels.
Hydrothermal aging was subsequently applied to controlled water/xerogel ratios, i.e. 1/1, 6/1 and 15/1.
Suspensions were prepared with 1g of xerogel and the corresponding amount of water. Hydrothermal
treatment was carried out under autogenous pressure in PTFE lined stainless steel autoclaves placed in a

muffle oven at 200 °C for 48 h. The gels were recovered after the treatment and dried overnight at 60 °C.

Xerogels obtained by precipitation at pH 5 and 10 at both temperatures 25 and 100 °C were referred as
X(pH)-Y, were X(pH) stands for xerogels (X) precipitated at each pH (5 or 10) and Y corresponds to the
temperature of the precipitation (25 or 100 °C). Hydrothermally processed xerogels were labeled X(pH)-Y-

R, where R indicates the water/xerogel weight ratio used in the hydrothermal treatment (1/1, 6/1 and 15/1).

2.2. Materials characterization

Transmission electron microscopy (TEM) observations were performed at 100 kV in a Jeol 1010 electron
microscope (Tokyo, Japan). Samples were prepared by dispersing the dry powders in water with ultrasonication
(150 W, 10 minutes) and setting a drop of the suspensions on copper grids that had previously been coated with
a holey thin carbon film. Image J software was used for the size measurements performed on the micrographs
and the subsequent data analysis, including the generation of size distributions. Since depending on the
experimental conditions of synthetic procedure the morphology developed on the boehmite particles is quite
different, from acicular to plate-like nanocrystals, the measured size of nanoparticles correspond to the
magnitude of the longer dimension, i.e., the length of acicular particles and the larger diagonal of plate-like
crystals. It is to note that the number of particles measured for each sample is between 44 and 226, which

allows estimating sounded standard deviations.



Page 5 of 30 CrystEngComm
HRTEM images and electron diffraction patterns were collected using a Tecnai G2 F20 field emission electron
microscope operating at 200 kV and equipped with a Gatan CCD camera. Samples were also prepared by the
evaporation of very dilute aqueous suspensions onto carbon-coated grids. Data treatment was performed with

Digital Micrograph software.

XRD analysis of powder samples were performed in a Bruker D-8 Advance diffractometer, using CuKa
radiation, with 1 and 3 mm divergence and antiscattering slits respectively and a 3 °26 range Lynxeye linear
detector. The X-ray powder diffraction patterns were run from 5 to 80 °20 with a step size of 0.02 °26 and an

accumulated counting time of 0.2 s.

Rietveld refinement of calculated diffraction profiles was performed on diffractograms acquired from 5 to
120 °20 with a step size of 0.02 °28 and an accumulated counting time of 2s. X Pert Highscore Plus software
was used for the profiles’ fitting operations. The determination of crystallite size in specific different
crystallographic directions, i. e. [100], 010] and [001] was performed by the application of Scherrer’s

equation after profile analysis of the corresponding XRD pattern with the EVA software.

Surface characterization and colloidal stability of the different materials were evaluated by the determination of
C-potential in a pH range between 3 and 11 using a Zetasizer Nano ZS (Malvern Instruments) equipment.
Aqueous suspensions (0.1 g/L) of the materials prepared by sonication (10 minutes, 150 W) were adjusted to
the different pH values with NaOH and HCI and measurements were replicated three times. Particle size
distribution were also measured by dynamic light scattering (DLS) with this equipment on sonicated 0.01 g/L

suspensions.

3. Results and discussion

3.1. Morphological analysis. TEM and DLS measurements.

Figure 1 displays the TEM images of the complete set of samples. As can be seen, different particle shapes
were observed depending on the preparation conditions. From the whole picture it can be inferred that the

main reaction parameter determining the final shape of the boehmite nanoparticles was the pH of the
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precipitation step. Samples precipitated at pH 5 showed particles with acicular shapes, either longer fibers or
shorter rods depending on the precipitation temperature (25 or 100 °C respectively). When the precipitation
proceeded at pH 10 platelet-like particles were obtained at both temperatures. The dependence of the shape
of boehmite nanoparticles after the hydrothermal processing of the precipitated xerogels on the precipitation
pH agrees with previously reported results'® *"~°. In general, regardless of the acid or base used to adjust the
precipitation pH, acidic conditions always led to acicular particles, whereas alkaline media produced
nanoplatelets. Nevertheless, the analysis of the initial precipitates carried out in the present study allowed to
establish that this shape differentiation with pH in boehmites prepared by hydrothermal via was, remarkably,
already effective in the xerogels. The precipitation, thus, proceeded favouring a specific morphology of the
particles which was further defined during the hydrothermal treatment. This statement can be clearly
inferred from the observation of images X5-25, X5-100, X10-25 and X10-100 in Figure 1. Acidic xerogels,
were mainly conformed by fibers or rods, and presented a small proportion of platelet-shaped particles that
were not detected in the subsequent hydrothermally treated materials. In xerogels obtained in basic media

and in their corresponding hydrothermal products just platelet-like nanoparticles were observed.

The effect of the hydrothermal processing of xerogels by steam treatment has been recently reported®’. In
this study the initial xerogel was prepared by precipitation at room temperature of an AI(NO3);-9H,0 by raising
its pH with a base until pH 5. The steam treatment carried out, unlike the experimental procedure applied in the
present work, avoided the direct contact between water and gel in the hydrothermal aging. This methodological
difference led to slightly different results respect to the present work, as the occurrence of platelet-shaped
nanoparticles of a trihydrated alumina (Al,O3-3H,0) by steam treatment at 200 °C for 48 h with a 1/1 water to
gel ratio. However, for other water to gel ratios tested, i.e. 2/1, 4/1 and 6/1, nanoribbons or nanorods were

produced, in agreement with this study.

Beyond the morphological analysis, the measurements performed on TEM micrographs of samples prepared
in acidic conditions allowed to establish an unreported effect of the water/gel ratio on the length of the boehmite
nanoparticles. Through the evaluation of the average length of microfibers and nanorods prepared in acidic
conditions it was found that increasing the relative amount of water in the hydrothermal treatment resulted in

a noticeable decrease in the length of the final particles. Table 1 summarizes the results of size
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measurements on TEM images for all the samples. Large standard deviation values are intrinsic to the
methodologys; still, the numeric data obtained allowed a better understanding of the evolution of the system.
As qualitatively observed, in the acidic procedure, length of fibers precipitated at 25 °C was larger than that
of the nanorods produced at 100 °C. The length decrease caused by the higher proportion of water was larger
in the sequence X5-25 (321.0 - 140.7 nm) than in samples X5 100 (70.6 - 52.8 nm) over the range of
water/xerogel ratios from 1/1 to 1/15. The length distributions calculated from the measurements also
reduced their full width at half maximum (FWHM, Table 1) with increasing water-to-solid ratio.
Considering the two series of materials, a wide range (ca. 300 to 50 nm) of length-controlled boehmite

microfibers and nanorods was prepared.

Size measurements were performed as well in alkaline series X10-25 and X10-100, considering the longer
diagonal of the rhombohedric (010) basal surface. Although not as pronounced as in the case of acicular
materials, a slight reduction of size for the platelets of samples precipitated in basic conditions was also
observed with increasing water/xerogel ratio. Materials obtained from sample X10-100 always showed

larger sizes than those of sample X10-25, altogether comprising a range of ca. 50 to 25 nm size platelets.

Interestingly and despite the differences in the physical principle and the determined magnitude of the
techniques, results of DLS measurements matched the observations based on TEM image analysis, thus
assessing, with much higher statistical significance, the validity of the applied methodology. Figure 2 shows
the particle size distributions of samples precipitated under acidic conditions. For the sake of clarity just 1/1
and 15/1 water/solid ratio hydrothermal treatments are shown. As previously determined, samples
precipitated at room temperature showed larger sizes than those heated to 100 °C during the precipitation
step. The described decrease of particle length with increasing water/solid ratio was also observed by this
technique. In Figure 2 the range of sizes (ca. 320-50 nm) where this methodology produced monomodal size
distributions of boehmite microfibers or nanorods is clearly shown. As above mentioned, a good agreement
between TEM and DLS size distributions was found. This can be verified in the superimposed distributions
presented in Figure 3, where a remarkable overlapping can be observed between both techniques. Regarding
this match it is important to consider that size values measured by DLS correspond to the hydrodynamic

diameter of the particles in suspension, i.c., the diameter of the hypothetic solid sphere that diffuses at the
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same speed that the particle. For the case of well-dispersed boehmite particles of acicular shape this
magnitude had a good correspondence to their mayor length, which was measured on the projected image of
the particles obtained in TEM observations. Commonly a number of factors affect either DLS or TEM size
determinations, preventing the agreement in absolute values between their respective results. The
correspondence found in this work for the acid-precipitated boehmite particles sustained two considerations:
first, it proved the suitable water dispersability of the material, enough to allow the measurement of primary
particles by DLS. Second, it validated the results obtained with the accumulation of measurements on TEM
images. On the other hand, for samples precipitated at pH 10, the 2D platelet-like morphology increased the
mismatching between the hydrodynamic diameter and any real dimension of the particle. This, together with
a lower dispersability, impeded the agreement between both techniques, leading to an overestimation of
sizes through DLS that can be observed in figure 1S. Similar dispersion issues have been previously found

in studies applying DLS size determinations® >,

3.2. Microstructural study of the as-prepared and hydrothermally processed xerogels.

With the aim of understanding the transformations taking place during the hydrothermal aging, a
microstructural study of the as-prepared and aged xerogels was performed. This study intends to evaluate the
degree of crystallinity of the xerogels and its evolution through the hydrothermal processing to the final

nano-boehmites.

Regarding the crystallinity it is interesting to compare the XRD traces of the four xerogels shown in Figure
4. On the one hand, broad, low-intensity reflections corresponding to boehmite crystalline phase are
observed in alkaline xerogels (X10), with slightly better definition of the peaks when the precipitation
occurred at high temperature, i.e. 100 °C. A noticeable feature in both patterns was the shift of the (020)
reflection towards lower angle values (°20). This effect has been reported to increase with the broadening of
the diffraction peak, reaching values of shift of 2 °20 with breadths exceeding 5 °26*. In our case, shifts of
ca. 1 °20 are coupled with breadths of 2 °26, characteristic values of a boehmite of low crystallinity degree.

On the other hand, the formation of crystalline domains of boehmite in acidic precipitation was strongly
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hindered, especially when working at 25 °C. The diffraction pattern of sample X-25 clearly evidenced the
practical absence of coherent diffraction domains. As it was previously reported'® an amorphous gel of low
solubility is formed when the precipitation is carried out at pH 5 over the temperature range between 20 to
80 °C. Noticeably, in the xerogel prepared at 100 °C it was possible to distinguish broad reflections
associated with poorly crystallized domains of boehmite, as shown in the pattern X5-100 in figure 4. To the
best of our knowledge, the preparation, under acidic conditions, of a boehmite xerogel with a certain degree
of crystallinity evidenced by its corresponding XRD pattern has not been reported so far, as previous

works?®3!-3% 3 have always described completely amorphous materials.

The effect of the hydrothermal aging on the crystallinity of the xerogels is shown in Figure 2S. The simple
visual inspection of the diffraction patterns allowed inferring that the crystallinity increased dramatically
during aging. In order to get a quantitative estimation of the crystallinity of the hydrothermally aged
xerogels, the averaged crystallite sizes (Dv) values were obtained by the Rietveld refinement of the
diffraction pattern. Table 2 summarizes the averaged crystallite size values for all the final boehmites. The
weighted residual (Rwp) values were in the range of those reported in the literature™. As can be seen in table
2, the averaged values of crystallite size for the obtained boehmites were in the range of 11.5 to 23.0 nm.
These values differed from the ones estimated by the measurement of the particle dimensions on TEM
images. This disagreement could be justified by the highly anisotropic morphologies observed by electron
microscopy, taking into account that the Dv values obtained from XRD patter simulation represent a
crystallite equivalent spherical diameter. Furthermore, the possibility of the boehmite nanoparticles being

composed by a number of crystallites needs also to be considered among the reasons for this disagreement.

To check the possible anisotropy of the diffraction domains, a single-line analysis of crystallite size in the
directions of the crystallographic axis were performed. The results obtained by the application of the
Scherrer equation to (020), (200) and (002) reflections as independent single-lines are included in Table 2.
Directions [010] and [001] showed crystallite sizes close to the mean value obtained by the Rietveld method,
and quite homogeneous along the samples series, with the exception of X10-100-1/1 & 6/1. Direction [100],
on the contrary, presented size values noticeable different either to the averaged size or to those of [010] and

[001] directions. Of special signification resulted the values of samples X5, which showed the larger sizes
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along [100] direction. This elongation of the domains occurred in parallel to that of the particles, previously
mentioned in the morphological study. In particular, a good agreement between Dvpyy) and the particle
lengths measured on TEM images for the set X5-100 was found. On the contrary, a large disagreement was
observed between these Dv(200) and L, in table 2 and 1, respectively. This discrepancy must be associated

with the limitations of the applicability of Scherrer’s equation®.

High magnification conventional TEM images revealed that the aciculae in acidic xerogels were composed
by the aggregation of smaller particles, as can be noticed for both samples in Figure 5. Together with more
defined fibers, arrangements of platelet-like nanoparticles under 10 nm in size conformed the elongated
shapes of the particles in formation in the gel. In order to retrieve more information about the crystallization
process taking place during hydrothermal aging, both, xerogels and final materials were studied by HRTEM.
Figure 6A shows fibers and portions of amorphous material in the as-prepared xerogel X5-25. The
corresponding electron diffraction image showed elongated, poorly defined poles, characteristic of
polycrystalline materials composed by several small coherent diffracting domains. Contrasting with this
microstructure, the sample X5-25-1/1, in Figure 6B, showed well defined fibers with no trace of amorphous
portion and clearly visible lattice planes in their full length. A single particle of sample X5-25-15/1 of ca.
150 nm length is depicted in figure 6C. The electron diffraction pattern presented in the inset, with punctual,
well-defined poles, suggest that the material, in comparison with the xerogel, consisted of monocrystalline
nanoparticles which diffracted coherently the electron beam. Another example of this type of microstructure
is presented in figure 6D, where lattice planes in a portion of a rod of sample X5-100-1/1 are clearly visible,
together with the corresponding coherent pattern of electron diffraction. Consequently, fibers or rods
obtained by hydrothermal aging of acidic xerogels consisted of single crystalline particles with length

determined by the precipitation temperature of the xerogel and the water-to-solid ratio used in the aging.

3.3. Surface chemistry and -potential determinations.

In order to check the effect of the experimental synthetic conditions on the surface properties of the

boehmites, {-potential measurements of aqueous suspensions were performed. Figure 7 shows the pH
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dependence of (-potential of suspensions of boehmite particles prepared at both precipitation temperatures
(25 and 100°C) and pHs (5 and 10) and hydrothermally processed with a 1/1 water/xerogel ratio, as an
illustrative example. As can be seen, sample X10-100-1/1 showed the highest isoelectric point (IEP), ca- 9.6.

This result is in agreement with previously reported results™ *’

that established that boehmite nanoparticles
of distinct shapes presented differences in their IEP. This is explained considering that each crystal face has
a specific point of zero charge; thus, different crystal shapes, involving different proportions of faces, must
also entail different global IEP. Sample X10-100-1/1, with acicular shape, presented the more alkaline IEP.
This same sample also showed the sharper slope in the change from positive to negative potentials,
minimizing the range of pH with low surface charge values where colloidal stability may be compromised.
These higher IEPs found for acicular samples have been attributed to the raise of the proportion of (100)
and/or (001) lateral faces®, which is in agreement with the microstructural observations. Likewise, the lower
values of IEP found for the platelet-shaped particles were also consistent with the expected: (010) basal

planes, predominant in this morphology, do not exhibit acid-base properties '® **, consequently only lateral

faces, with less exposed face area, contribute to IEP of the material.

3.4. Comments on the growth mechanism and morphological development

At this point, some discussion on the mechanism of formation of final boehmites by hydrothermal aging of
the xerogels is noteworthy. The first point to understand is obviously the different crystallinity and
morphological characteristics of the different xerogels prepared. From XRD results of xerogels shown in
Fig. 3, it was observed that after precipitation at pH=10 the only aluminum-containing crystalline phase
detected in both xerogels was boehmite; however, at acidic pH of 5 the formation of boehmite depended on
the temperature of precipitation: while at 100 °C weak boehmite reflections could be observed, at 25 °C no
peaks were distinguished in the XRD pattern. From the conventional TEM micrographs of xerogels
precipitated at basic pH the presence of primary pseudo-crystalline nanoparticles with sizes in the range of
20 to 50 nm was confirmed (Figure 3S). On the contrary, poorly crystalline rods or amorphous fibers,
ranging from 100 to 500 nm were obtained at acidic pH (Figure 4S). In agreement with previous

observations'’, alkaline medium favored obtaining discrete boehmite nanoparticles while acidic conditions
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yielded a non-crystalline gel. This gel consisted in aciculae formed by the aggregation of smaller particles
(10 nm). A previous work® described similar particle arrangements in a thermolysis process carried out at
pH 4-5. This process, consisting in heating an AI’" solution up to 95 °C for one week at constant pH, is very
similar to the precipitation step of the present work, only differing in the treatment time. According to the
authors, such a procedure allowed to carry out the hydrolysis homogeneously and in conditions close to the
thermodynamic equilibrium. The comparatively short time used in this study (2 h.) allowed the observation

of the ongoing arrangement of particles into the fibers or rods.

In the same work authors established that acidity and ionic strength act on protonation-deprotonation
equilibria of the hydroxyl groups of the surfaces, thus changing the electrostatic surface charge and the
chemical composition of the interface. These changes induce modifications on the interfacial tension (y);
when the conditions allow its lowering, the contribution to the free enthalpy of the formation of particles is
also lowered, allowing the increase in the system surface area and, consequently, the reduction in the
particle size. Not all the crystal faces present the same interfacial tension. Interestingly, in the case of
boehmite, faces (101) and (100) show the highest values of y over the pH range from 4 to 12'%, with a
maximum energy density gap respect to (001) and (010) faces at pH 4-5. If the acid-base and ionic strength
equilibria with the media help in the stabilization of the later pair of faces, it is assumable to consider that, in
an arrangement of particles, it would be energetically favorable that the former faces, i.e. (101) and (100)
remain unexposed. On the other hand, the energy density gap is considerably reduced at pH 10, where,
besides, v is close to the maximum for all faces. These conditions could reasonably lead to the development

of bigger, non-aggregated platelet-like particles as those observed in alkaline xerogels.

From the starting point of the described xerogels, hydrothermal treatment increased their crystallinity
without changing their fundamental morphology. Since solubility of the xerogels in the aging conditions was
very low'’ the redisolution-recrystallization process was severely hindered, as no efficient transport of
matter was possible with the low concentration of soluble species in equilibrium with the solid.
Crystallization, thus, occurred trough an in situ solid state transformation involving diffusion of ions within
the solid. This mechanism is compatible with the unmodified shapes observed in the final materials.

Furthermore, considering the above mentioned model of aggregation of particles to form fibers in the acidic
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xerogel, a crystallization of such an arrangement would lead to a single crystal elongated in the [100]
direction, as observed in the microstructural characterization of X5 samples and schematized in Figure 8.
The increase in the treatment pressure induced by the increment of the water/xerogel ratio determined the
final size of the particles, either the mayor diagonal of the platelets or the length of the rods or fibers which,

eventually, could brake to form smaller particles.

4. Conclusions

A good control of size of boehmite micro and nanoparticles of two different morphologies was achieved
through a facile methodology based on hydrothermal treatment. Microfibers or nanorods between ca. 300
and 50 nm of length and nanoplatelets from ca. 50 to 25 nm of mayor basal dimension were prepared. High
free-volume percentages used in the synthesis help to keep the simplicity of materials and equipment, easing
the potential escalation of the production. The prepared materials, with the dimensional and microstructural
control achieved, can be of great interest in the wide range of current applications of boehmite, comprising
such different and active fields as biomedicine, environmental chemistry or catalysis, among others. In this
sense, the proved optimal dispersability of as-prepared acicular boehmite nanoparticles could result of

remarkable applicability.

Additionally, an implemented methodology based on accumulation of measurements on TEM images was
found of great convenience in the evaluation of the microstructural evolution of the samples prepared in this
work. The agreement achieved with the results obtained from DLS measurements validated its application in

the study of these materials.
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Figure captions

Figure 1. Representative TEM images of as-prepared boehmite xerogels and hydrothermally treated
materials included in this study.

Figure 2. DLS particle size distributions of samples precipitated at acidic conditions (25 and 100 °C) and
hydrothermally treated with water/solid ratios of 1/1 and 15/1. (A: X5-25-1/1, B: X5-25-15/1, C: X5-100-

1/1, D: X5-100-15/1).

Figure 3. Superimposition of DLS and TEM size distributions obtained for acid-precipitated samples. (A:

X5-25-1/1, B: X5-25-15/1, C: X5-100-1/1, D: X5-100-15/1).

Figure 4. XRD patterns of xerogels. Square-ended bars indicate the position and relative intensity of
boehmite reflections (Ref. Code: 00-005-0190) Indexes of main reflections are shown. (*) Amonium nitrate

(Ref. Code: 00-001-0809), (+) Sodium nitrate (Ref. Code: 01-089-0310).

Figure 5. High magnification TEM images of acidic xerogels. A: X5-25; B: X5-100. Scale bars are 20 nm in

both images.

Figure 6. HRTEM and electron diffraction images of as-prepared and hydrothermally aged samples: A: as-
prepared X5-25, scale bar 50 nm. B: X5-25-1/1, scale bar 10 nm. C: X5-25-15/1, scale bar: 20 nm; D: X5-

100-1/1 scale bar: 2 nm.

Figure 7. Variation of {-potential with pH for samples hydrothermally treated with 1/1 water/solid ratio.

Figure 8. Schematic representation of microstructural changes occurred during hydrothermal aging.

Representation of aged particles was reproduced after reference 25.



Page 19 of 30 CrystEngComm
Tables
Tablel. Size data for boehmites prepared varying pH and temperature of precipitation (Precip. T) and
water:xerogel weight ratios in the hydrothermal process at 200 °C for 48 h. L- average length value; Std. Dev-

L standard deviation; Mode- L frequency maximum; n- number of measurements.

Table 2. Crystallite size values calculated from the XRD line-broadening analysis. Dv: Averaged crystallite size
obtained from pattern simulation with the Rietveld method. Rwp: Weighted residual of the fitting. Dvp:

Crystallite size for (hkl) reflection calculated using the Scherrer equation.

19



CrystEngComm Page 20 of 30
Tablel. Size data for boehmites prepared varying pH and temperature of precipitation (Precip. T) and
water:xerogel weight ratios in the hydrothermal process at 200 °C for 48 h. L- average length value; Std. Dev-

L standard deviation; Mode- L frequency maximum; n- number of measurements.

Sample pH | Precip. T L Std. Dev. FWHM Mode n
O (nm) (nm) (nm) (nm)

X5-25-1/1 5 25 321.0 126.4 333.45 205.10 44
X5-25-6/1 5 25 207.5 84.4 205.53 136.20 57
X5-25-15/1 5 25 140.7 53.8 134.32 77.39 50
X5-100-1/1 5 100 70.6 28.2 72.53 61.95 193
X5-100-6/1 5 100 56.4 23.6 50.94 33.57 122
X5-100-15/1 5 100 52.8 21.3 34.76 30.82 226
X10-25-1/1 10 25 33.9 14.2 19.91 22.77 86
X10-25-6/1 10 25 31.3 12.2 28.27 22.86 72
X10-25-15/1 10 25 25.6 10.4 16.63 16.94 196
X10-100-1/1 10 100 52.2 20.5 36.33 35.10 104
X10-100-6/1 10 100 44.5 20.9 39.03 25.86 139
X10-100-15/1 10 100 43.4 22.6 32.53 31.48 77
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Table 2. Crystallite size values calculated from the XRD line-broadening analysis. Dv: Averaged crystallite size
obtained from pattern simulation with the Rietveld method. Rwp: Weighted residual of the fitting. Dvn:

Crystallite size for (hkl) reflection calculated using the Scherrer equation.

Sample Dv (nm) RWp DV(ozo) DV(()()Z) DV(200)
(%) (nm) (nm) (nm)

X5-25-1/1 22.1 11.9 20.7 16.1 45.9
X5-25-6/1 21.0 9.4 18.4 16.7 63.6
X5-25-15/1 23.0 9.0 20.8 17.0 66.8
X5-100-1/1 20.7 9.8 20.1 16.4 79.8
X5-100-6/1 18.2 10.3 15.2 15.6 63.6
X5-100-15/1 17.6 11.2 13.8 14.3 62.8
X10-25-1/1 10.6 10.8 11.9 16.1 28.7
X10-25-6/1 11.5 9.5 14.1 16.5 27.8
X10-25-15/1 12.0 9.8 14.7 18.7 25.4
X10-100-1/1 14.9 11.3 8.4 31.9 40.6
X10-100-6/1 18.4 10.7 8.7 44.4 34.5
X10-100-15/1 19.6 9.6 8.7 18.6 41.9
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X5-25 (200 nm) X5-25-6/1 (200 nm)

X5-100-15/1 (50 nm)

' i E

X10-25 (200 nm) X10-25-1/1 (50 nm) X10-25-6/1 (50 nm)

X10-100 (200 nm) X10-100-1/1 (200 nm) X10-100-6/1 (100 nm) X10-100-6/1 (50 nm)

Figure 1. Representative TEM images of as-prepared boehmite xerogels and hydrothermally treated materials

included in this study.
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Figure 2. DLS particle size distributions of samples precipitated at acidic conditions (25 and 100 °C) and
hydrothermally treated with water/solid ratios of 1/1 and 15/1. (A: X5-25-1/1, B: X5-25-15/1, C: X5-100-

1/1, D: X5-100-15/1).

23



CrystEngComm

A B
1,04 1,04
= ——DLS —=—DLS
——TEM ——TEM
~ 0,8 —~ 0,8 .
e e
(9] Q
N N
‘© a ©
£ 064 E 06+
o | o
£ £ £
> > IE LS
2 / X 2 :
S 04 S 044 ); 3
3 =] /2
o o i
o o - =
w w 7
0,2 / 0,2 4
0.0 T T T T T T 0,0 : T T T T \-\l
0 100 200 300 400 500 600 700 0 50 100 150 200 250 300
Length (nm) Length (nm)
C
1.0 104
—=—DLS
——TEM
~ 0,84 o
3 X 5 08
i £ I
] ® /
E 06+ : Y E 06 /
g : 5 ]
> f > ;
o F o
& 044 ¥ S 044
o g *
IC x i :
0,2 i 0,2
0,0 J T T T T T T T T T 0,0 ‘/ T T T T T — T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140

Length (nm)

Length (nm)

Page 24 of 30

Figure 3. Superimposition of DLS and TEM size distributions obtained for acid-precipitated samples. (A:

X5-25-1/1, B: X5-25-15/1, C: X5-100-1/1, D: X5-100-15/1).
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Figure 4. XRD patterns of xerogels. Square-ended bars indicate the position and relative intensity of
boehmite reflections (Ref. Code: 00-005-0190) Indexes of main reflections are shown. (*) Amonium nitrate

(Ref. Code: 00-001-0809), (+) Sodium nitrate (Ref. Code: 01-089-0310).
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Figure 5. High magnification TEM images of acidic xerogels. A: X5-25; B: X5-100. Scale bars

are 20 nm in both images.
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Figure 6. HRTEM and electron diffraction images of as-prepared and hydrothermally aged

samples. A: as-prepared X5-25, scale bar 50 nm. B: X5-25-1/1, scale bar 10 nm. C: X5-25-15/1,

scale bar: 20 nm; D: X5-100-1/1 scale bar: 2 nm.
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Figure 8. Schematic representation of microstructural changes occurred during hydrothermal

aging. Representation of aged particles was reproduced after reference 25.
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Size Distribution by Intensity
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Nanoboehmites with a range of controlled sizes and morphologies exhibiting high dispersability in water
were synthesized through a free-additive hydrothermal methodology.

Nano-boehmites with a range of controlled sizes and morphologies exhibiting high dispersability in water
were synthesized through a free-additive hydrothermal methodology
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