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Abstract—The work presents studies on the microstructure and mesostructure of nanostructured aluminum
oxyhydroxide formed as a high porous monolithic material through the surface oxidation of aluminum liquid-
metal solution in mercury in a temperature- and humidity-controlled air atmosphere. The methods of X-ray
diffraction analysis, thermal analysis, the low temperature adsorption of nitrogen vapors, transmission elec-
tron microscopy, small-angle and very small-angle neutron scattering, and small-angle X-ray scattering are
used for comprehensive investigation of the samples synthesized at 25°С as well as that annealed at tempera-
tures up to 1150°C. It is found that the structure of the monolithic samples can be described within the frame-
work of a three-level model involving primary heterogeneities (typical length scale of rc ≈ 9–19 Å), forming
fibrils (cross-sectional radius R ≈ 36–43 Å and length L ≈ 3200–3300 Å) or lamellae (thickness T ≈ 110 Å and
width W ≈ 3050 Å) which, in turn, are integrated into large-scale aggregates (typical size Rc ≈ 1.25–1.4 μm)
with an insignificant surface roughness. It is shown that a high specific surface (~200 m2/g) typical for the
initial sample is maintained upon its thermal annealing up to 900°С, and it decreases to 100 m2/g after heat
treatment at 1150°С due to fibrillary agglomeration.

Keywords: nanostructured aluminum oxyhydroxide, aerogels, small-angle neutron scattering, small-angle
X-ray scattering
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INTRODUCTION
It has been long known that the air oxidation of

metal aluminum in the presence of mercury leads to
the formation of loose oxides and the fast fracture of
aluminum products [1]. The result of oxidation is a
nanostructured aluminum oxyhydroxide (NAO) char-
acterized by a fibrillary structure and extremely low
density (~0.013 g/cm3), which makes it possible to
consider it as a one-dimensional (1D) aerogel. The
preparation of 1D aerogels is a an area of research cur-
rently under development; in particular, materials
based on tungsten oxide [2], titanates and manganites
of alkali metals [3], metallic copper [4], and carbon
nanotubes [5] are described in publications.

The main problem in producing NAO-based
monolithic materials lies in achieving permanent rates
of aluminum oxidation and the growth of fibrils which
is primarily determined by the aluminum content in a

liquid-metal phase as well as ambient temperature and
humidity. Recent systematic research [6–9] revealed
the optimal conditions of the reproducible preparation
of NAO aerogel monolithic samples of a preset arbi-
trary cross-sectional shape containing holes with a
specified diameter. Vignes et al. analyzed in detail the
formation mechanism of these materials as well as the
key regularities of changes in some of their physico-
chemical characteristics (specific surface, chemical
and phase compositions, geometric density) upon
heat treatment within a wide range of temperatures
(up to 1650°С) [8].

Despite the applicability of NAO materials (chem-
ical inertness, extremely low density, high specific sur-
face area and high mechanical strength of monolithic
samples with a porosity of 98%), the number of publi-
cations related to the synthesis and analysis of the
physicochemical characteristics of these materials is
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insignificant. Notably, the formation mechanism of
NAO fibrils upon the selective oxidation of aluminum
on an amalgam surface is, as yet, an unexplored area.
The correct description as well as identification of the
features of structural transformations occurring
during the heat treatment of NAO requires detailed
information on the structure of these materials in a
wide range of scales.

The objective of the work is comprehensive analy-
sis of the peculiarities of the microstructure and meso-
structure of NAO, as well as its evolution upon heat
treatment. For our investigations we apply three scatter-
ing techniques: small-angle neutron scattering (SANS),
very small-angle neutron scattering (VSANS), and
small-angle X-ray scattering (SAXS), which provide
most of the structural data.

EXPERIMENTAL
The NAO monolithic samples were synthesized in

accordance with a procedure described in detail previ-
ously [8]. The obtained aerogels were subjected to
thermal annealing at 450, 900 and 1150°С in air in a
muffle furnace (heating rate was 10 grad/min, isother-
mal time was 1 h). Before all measurements the sam-
ples were ground in an agate mortar.

X-ray diffraction analysis of the samples was car-
ried out using a Bruker D8 Advance (CuKα-radiation)
diffractometer within the 2θ range from 5° to 80° with
a step width of 0.02°. The X-ray patterns were decoded
using the ICDD PDF2 database. Analysis of the sam-
ples by transmission electron microscopy (TEM) was
carried out using a Leo 912 AB Omega microscope
operating at an accelerating voltage of 100 kV.

The specific surface and pore size distribution were
determined using the low temperature adsorption of
nitrogen using a QuantaChrome Nova 4200В ana-
lyzer. The samples were degassed at 120°С in vacuum
for 16 h. On the basis of the data obtained, the specific
surface area SBET was determined using the Brunauer-
Emmett-Teller (BET) method over seven points. The
pore size distribution was calculated from the iso-
therms of nitrogen desorption using the Barrett–
Joyner–Halenda (BJH) model.

Thermal analysis of the samples was carried out by
the application of an SDT Q-600 analyzer (TA Instru-
ments) at temperatures up to 1300°С at a heating rate
of 10 grad/min in air f low (250 mL/min). The mass of
the samples was ~60 mg.

The SANS and VSANS measurements were car-
ried out on KWS-2 and KWS-3 instruments (an
FRM-II reactor in Garching, Germany), correspond-
ingly. The KWS-2 instrument is a classic small-angle
diffractometer operating in near point geometry. The
measurements were carried out at a neutron wave-
length of λ = 5.2 Å with Δλ/λ = 0.1. Using three sam-
ple–to-detector distances (2, 8 and 20 m), the neutron
scattering intensity in the momentum transfer q range

between 3 × 10–3 and 0.43 Å–1 was measured. Scat-
tered neutrons were detected using a two-dimensional
position-sensitive detector with a 6Li glass scintillator
(128 × 128 cells with a spatial resolution of 5 × 5 mm).

The KWS-3 instrument is a small-angle diffrac-
tometer operating with a focusing toroidal mirror that
allows the attainment of a high resolution by transmit-
ted momenta q up to 1 × 10–4 Å–1 [10, 11]. The mea-
surements were carried out at a neutron wavelength of
λ = 12.8 Å (Δλ/λ = 0.2). Two sample-to-detector dis-
tances (1 and 10 m) were used allowing measurements
to be carried out within a range of q between 4 × 10–4

and 1.4 × 10–2 Å–1. Scattered neutrons were detected
using a two-dimensional position-sensitive detector
with a 6Li glass scintillator (diameter of the active zone
was 8.7 cm; spatial resolution was 0.36 × 0.39 mm).

The powders under study were placed between two
quartz-glass plates. The initial spectra for each q range
were corrected using a standard procedure [12] for
scattering from the carcass of the instrument and
quartz glasses as well as for the background. The
obtained two-dimensional isotropic spectra were azi-
muthally averaged and calibrated in absolute units
through normalization to an incoherent scattering
cross section of a Plexiglas standard sample with
account taken of the detector efficiency [12] and the
length L for each sample. All measurements were per-
formed at room temperature. The QtiKWS software
was used for preliminary data processing [13].

The SANS and VSANS intensity Is(q) analyzed in
the work was determined as

(1)

where I(q) and I0(q) is the q distribution of scattered
neutrons after a sample and a neutron beam without a
sample, correspondingly; T is the transmission coeffi-
cient of neutrons passed through a sample:

(2)

where Σ = σs + σa is the integral section including
nuclear scattering σs and absorption σa; L is the thick-
ness of the sample.

The measured values of the SANS and USANS
intensity are related to the scattering law S(q) through
the following equation:

(3)

where F(q) is the function of the instrumental resolution
which was approximated by a Gaussian function [14].

Therefore, the use of a combination of VSANS and
SANS techniques enabled us to make an analysis in
the momentum-transfer range of 2 × 10–4 < q < 0.43 Å–1,
which corresponded to a range of characteristic
dimensions from 10 Å to several microns.
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The SAXS measurements were carried out at the
experimental station DIXI situated on the 1.3.a. line of
the KCSR-Kurchatov synchrotron (Scientific
Research Center “Kurchatov Institute”, Moscow)
operating in the axial geometry and equipped with a
MarCCD 165 (Rayonix) gas-filled detector with a
diameter of the active zone of 190 mm and resolution
of 80 μm. Use of the photon wavelength λ = 1.62 Å and
two sample-detector distances (600 and 2430 mm)
enabled us to measure the scattering intensity covering the
momentum-transfer range of 4 × 10–3 ≤ q ≤ 4 × 10–1 Å–1.
Before the measurements, the powders were poured
onto adhesive tape. The initial spectra were corrected
for scattering from the carcass and the tape as well as
for the background. The obtained two-dimensional
isotropic spectra were azimuthally averaged taking
into account the detector efficiency. All the measure-
ments were carried out at room temperature. The
fit2D (ESRF) software package was used for prelimi-
nary data processing [15].

RESULTS AND DISCUSSION
The initial NAO sample is a highly fragile material,

and heat treatment of the NAO monolithic material
leads to its shrinkage, and the geometric sizes of the
sample decreased approximately twice upon anneal-
ing at 1150°С; although the integrity of the samples
remained unchanged.

The thermal analysis of NAO (Fig. 1) revealed a
two-stage process of its thermal destruction. The first
stage of thermolysis (maximum rate of mass loss at
180°С) is responsible for the removal of weakly bound
water; the corresponding mass loss accounted for
~40.8%. The second stage of mass loss (maximum rate
at 870°С, Δm/m0 = 1.3%) is accompanied by an exo-
thermal effect related to the crystallization of alumi-
num oxide. Further heating of the sample up to
1300°С proceeded without any mass loss; however, at
1200°С the exothermal effect likely associated with the
crystallization of corundum was observed [8]. The
chemical composition of the initial NAO sample
derived from the data of thermal analysis corresponds
to the gross formula of Al2O3 ⋅ 4.12H2O.

The XRD data of the initial NAO sample as well as
the samples subjected to treatment at 450, 900 and
1150°С are given in Fig. 2. As follows from Fig. 2, the
phase composition of the initial aerogel is identical to
that of the sample produced through treatment at
450°С and corresponds to the X-ray amorphous
phase. When the annealing temperature increased to
900 and 1150°С, a cubic modification of aluminum
oxide γ-Al2O3 was formed (PDF2 77-396, space group
Fd m). Estimation of the areas of coherent scattering
for the obtained samples of γ-Al2O3 in accordance
with the Scherrer formula (for the reflection 400) gave
a value of about 4 nm. It should be noted that nano-
crystalline γ-Al2O3 is generally regarded as one of the

3

best catalysts for hydrogen conversion [16]. The
obtained data are in agreement with the results of anal-
ysis of the phase transformations of NAO at high tem-
peratures [8].

Based on data available from thermal analysis
(Fig. 1) and XRD experiments (Fig. 2), the scheme of
thermal transformations of NAO (up to 1300°C) can
be described as follows:

Al2O3 ⋅ 4.12H2O (amorph.) 
 Al2O3 ⋅ 0.22H2O (amorph.) 

 γ-Al2O3  α-Al2O3.

Figure 3 shows the TEM images of the initial NAO
sample as well as the products of its heat treatment. It
can be seen that the initial NAO sample consists of

800 C°⎯⎯⎯⎯→
870 C°⎯⎯⎯⎯→ 1200 C°⎯⎯⎯⎯→

Fig. 1. Results of thermogravimetric and differential ther-
mal analysis of the initial NAO sample.
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intertangled fibrils with a diameter of ~10 nm. High
temperature annealing does not lead to any significant
changes in the structure, but treatment at 1150°С
results in the enlargement of particles up to ~20 nm. The
electron diffraction pattern observed for the samples
annealed at 900 and 1150°С is typical for crystalline sub-
stances and entirely consistent with the XRD data.

Figure 4 shows the isotherms of nitrogen adsorp-
tion and desorption for all the samples under study.
The isotherms are similar in appearance to that of the
second type according to the classification originally
proposed by Brunauer, Deming, Deming and Teller
[17], which corresponds to nonporous and macropo-
rous adsorbents. At the same time, the presence of a
hysteresis loop is indicative of the fourth type which
characterizes mesoporous adsorbents. According to
the De-Boer classification [18], the shape of the hys-
teresis loop in all cases corresponds to the C type
which is associated with wedge-shaped pores with
open ends. The hysteresis loops started closing at the
relative pressures P/P0 > 0.3, which is indicative of an
insignificant quantity of micropores in the samples.
Table 1 and Figure 5 demonstrate the results of analyz-
ing the obtained isotherms with the use of the BET
and BJH models.

As follows from Table 1, the initial NAO sample
possesses a high specific surface (SBET = 220 m2/g).
Annealing at 450°С leads to a significant increase in
SBET (of ~20%) and a twofold increase in the specific
pore volume which is obviously connected with the

topochemical removal of chemically bound water. A
further increase in the annealing temperature reduces
SBET to 190 (900°С) and 100 m2/g (1150°С), appar-
ently due to alumina particle sintering and changes in
the shape of fibrils.

The data available within the BJH model indicate
the bimodal pore size distribution in all the samples
under study (Fig. 5); the maximal specific pore vol-
umes correspond to pore diameters of ~24 and ~2 nm.
It should be noted that the increase in the annealing
temperature has virtually no effect on the positions of
peaks, nor the pore size distributions. Moreover, the
relative contents of large and small mesopores remain
relatively constant up to 900°С which is indicative of
the high stability of the NAO mesostructure in this
temperature range. The fraction of large mesopores
decreases significantly at higher temperatures (1150°С),
although mesopores with a small diameter persist pro-
viding a relatively high specific surface of the material
(~100 m2/g).

Let us consider the results of SAXS and SANS
analysis of the initial NAO sample and the products of
NAO heat treatment in more detail. Figure 6 shows
the experimental log-log plot of neutron scattering
cross sections dΣ(q)/dΩ versus the momentum trans-
fer q for all samples under study. It can be seen that
when the momentum transfer is large (q > 0.2 Å–1), the
maximum intensity of neutron scattering is observed
for the initial (unannealed) NAO sample, which is
apparently due to incoherent scattering from hydrogen

Fig. 3. TEM data and electron diffraction pattern for the samples of the initial NAO (a) and the products of its annealing at
450 (b), 900 (c), and 1150°С (d).
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atoms contained in NAO in the form of chemically
bound or adsorbed water. However, a direct correla-
tion between the annealing temperature and the inten-
sity of neutron scattering is observed for the other
momentum transfers. The large intensity of neutron
scattering in the sample produced through annealing
at 450°С is due to the high value of its specific surface
(Table 1). The value of Ssp is included in the expression
for the neutron-scattering cross section dΣ(q)/dΩ as a
linear term [19]. The higher intensity of scattering in
the samples produced through annealing at 900 and

Fig. 4. Isotherms of nitrogen adsorption and desorption on the initial NAO (a) and the products of its heat treatment at 450 (b),
900 (c) and 1150°С (d).

(b)100 mm 100 mm

100 mm100 mm(c) (d)

(a)

Table 1. Specific surface (SBET) and specific pore volume
(VBJH) determined by the method of the adsorp-
tion/desorption of nitrogen on NAO and the products of
NAO annealing

t, °C SBET, m2/g VBJH, cm3/g

– 220 ± 10 1.75
450 265 ± 15 3.31
900 190 ± 10 1.51

1150 100 ± 10 0.63
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1150°С is apparently caused by the presence of a crys-
talline phase.

Common to all the scattering curves shown in
Fig. 6 is the presence of two ranges within which the
scattering cross sections dΣ(q)/dΩ follow the power
laws q–Δ with various power exponents Δ. The first of
these (Δ = n1) is found within the range of relatively large
momentum transfers (4.5 × 10–2 < q < 2 × 10–1 Å–1), the
second one (Δ = n2) is within the range of 2.5 × 10–4 <
q < 1 × 10–3 Å–1. In the intermediate region of 1 × 10–3 <
q < 4.5 × 10–2 Å–1 as well as for q < 2.5 × 10–4 Å–1, the
dependence of the scattering cross section dΣ(q)/dΩ is

satisfactorily described within the framework of the
generalized Guinier approximation [20–23].

Thus, the SANS pattern observed for all samples is
typical for all systems with disordered or, as in this
case, porous (solid phase-pore) structure, and is
indicative of two types of scattering heterogeneities
which differ drastically in characteristic scale, i.e., the
samples possess a two-level hierarchical structure
[24–27]. These materials most probably involve the
large-scale heterogeneities composed of primary het-
erogeneities having an aspherical shape.

The SANS pattern at a smaller structural scale cor-
responding to the range of q > 1 × 10–3 Å–1 (Fig. 6) is
typical for randomly oriented aspherical (anisodia-
metric) objects, for example, for extremely stretched
(fibrils) or f lattened (lamella) particles. To describe
scattering in the Guinier region in which it is deter-
mined by the characteristic size Rс and shape of inde-
pendent scattering heterogeneities and not their local
structure, it is necessary to use the generalized expres-
sion [28]:

(4)

where amplitude G is proportional to the production
of a number of heterogeneities in a scattering volume
and the average density ρ of the neutron scattering
amplitude [20–23], and parameter s is determined by
the shape of scattering heterogeneities. For spherical
objects: s = 0; for one-dimensional particles (fibrils):
s = 1; for two-dimensional heterogeneities (lamellae):
s = 2. The values of parameter s can be not only an
integer, but fractional as well, for example, if the scat-
tering heterogeneities have the shape of a rotational
ellipsoid or the system includes heterogeneities in any
one of a number of shapes.

Since aspherical objects are determined by not only
one characteristic size but two sizes (radius Rc and
length L in the case of fibrils) or three sizes (thickness T,
width W and length L for lamella), the corresponding
Guinier region can contain two or three ranges of
momentum transfer q, which is entirely in line with the
observed experimental data (Fig. 6). For all the pow-
ders under study, three regions can be distinguished on
the dependences of the scattering cross sections at q >
1 × 10–3 Å–1: the region related to the Porod regime,
where scattering is determined by the local structure of
scattering heterogeneities and described by the power
dependence ; and two regions corresponding to the
Guinier regime, where scattering is determined by the
characteristic sizes of aspherical scattering heteroge-
neities.

The values of the power exponent n1 determined
from the slope of the linear parts of the experimental
dependences dΣ(q)/dΩ are within the range from 4.21
to 4.69. The indicated values are typical for porous sys-
tems with a diffuse interface, n = 4 + 2β > 4, where

2 2
( ) exp ,

3
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q Rd q G
d sq

⎛ ⎞Σ = −⎜ ⎟⎜ ⎟Ω −⎝ ⎠

1nq−

Fig. 5. Pore size distribution calculated with the use of the
BJH model for the initial NAO sample (1) and the prod-
ucts of its annealing at 450 (2), 900 (3), and 1150°С (4).
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0 ≤ β ≤ 1 is the parameter which determines the law of
variations in the nuclear density ρ in the surface layer
of scattering heterogeneities [29]. On the assumption
that these heterogeneities possess a smooth surface,
the nuclear density ρ would depend only on the dis-
tance x from a point on the surface. Therefore, the
nuclear density ρ(x) can be expressed as follows:

(5)

where α is the thickness of the diffusion layer where
the nuclear density ρ increases from 0 to ρ0. This
model can be used for the further analysis of neutron
scattering in the range of q > 1 × 10–3 Å–1 [29].

For q > 2 × 10–1 Å–1, the scattering cross section
dΣ(q)/dΩ ceases to depend on q and likely corre-
sponds to incoherent scattering from hydrogen atoms
making it impossible to examine the scattering process
in this region. In this regard, additional examination
by means of SAXS was carried out; the SAXS data will
be discussed below.

In general, the analysis of scattering at the first
structural level (in the range of q > 1 × 10–3 Å–1),
which is characterized by the smallest characteristic
size, relies on the generalized empirical Guinier-
Porod model [28]:

at q < q2,

at q2 < q < q1, (6)

at q > q1.

Here, (3 − s1) is the dimensional factor; Rg1 and Rg2 are
the characteristic sizes of aspherical scattering hetero-
geneities (Rg1 < Rg2) (for fibrils with the radius R and
length L: Rg2 = (L2/12 + R2/2)1/2, Rg1 = R/21/2; for
lamella with the thickness T and width W: Rg2 =
(W 2/12 + T 2/12)1/2, Rg1 = T/121/2); G2 and G1 are the
Guinier coefficients [20–23]; B1 is a coefficient deter-
mined by the local structure of scattering heterogene-
ities [30]; and Iinc is a constant determined by incoher-
ent scattering from hydrogen atoms.

The analysis of scattering at the second structural
level with higher sizes observed in the range of small
momentum transfer (2.5 × 10–4 < q < 1 × 10–3 Å–1) is
based on the power function . The values of the
power exponent n2 determined from the slope of the
linear parts of the experimental curves dΣ(q)/dΩ var-
ied within the range from 3.85 to 3.92. These values
indicate that in this region of q the scattering law is
close to the Porod law (n = 4) [31, 32] which corre-
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sponds to heterogeneities with a practically smooth
surface. An insignificant deviation of the power expo-
nent n2 from four can be associated either with the
presence of scattering at rough heterogeneities with a
characteristic size exceeding the wavelength of neu-
trons used in our experiments (λ = 12.8 Å) [33] or the
polydispersity of scattering heterogeneities [34].

Deviation of the experimental dependence of the
scattering cross section dΣ(q)/dΩ from the power law

 is observed for all samples when the momentum
transfers are small (q < 2.5 × 10–4 Å–1) and is caused
by the onset of the Guinier regime where scattering is
determined by the characteristic size Rс3 of inde-
pendently scattering large-scale heterogeneities. In
the case of spherical particles, the relationship

 holds true [35].
Thus, to describe the experimental data in the

range of q > 1 × 10–3 Å–1, a unified exponential-power
expression was used [36]:

(7)

where  is the momentum trans-
fer q normalized to the error function erf(x). This pro-
cedure allows us to describe correctly the behaviors of
the scattering cross section dΣ(q)/dΩ within the inter-
mediate range between qRc < 1 (the Guinier approxi-
mation) and qRc @ 1 (the q–n scattering power law). 

To obtain the final results, Eqs. (6) and (7) were
convoluted with the instrumental resolution function.
The experimental dependences of the differential scat-
tering cross section dΣ(q)/dΩ were processed using
the least squares method throughout the entire range
under study. The results of analysis are shown in Fig. 6
and Table 2. 

As follows from Table 2, all the samples under
study constitute a porous system with two-level hierar-
chical structure. The primary structural level consists
of anisodiametric heterogeneities with s characteristic
size of Rg1 ≈ 25–32 Å possessing a diffuse surface [29].
In the case of the initial NAO and the products of its
heat treatment at 450 and 900°С, the value of param-
eter s is on the order of unity (s = 1.35–1.42), which is
indicative of the similarity of their shape to fibrils. The
radius of the cross section of these fibrils amounts to
R1 = 21/2Rg1 ≈ 36–43 Å, and the length L ≈ 3200–3300 Å,
this being consistent with both the TEM results
(Fig. 3) and data from publications [8]. The situation
is somewhat different in the sample produced by
annealing at 1150°С, the corresponding value of
parameter s amounts to 1.80, which is more consistent
with a lamellar structure (geometric parameters of the
lamellae are T = 121/2Rg1 ≈ 110 Å and W ≈ 3050 Å) but
not to a fibrillary structure. The changes in the shape
of the scattering heterogeneities of the primary struc-
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tural level are probably caused by an increase in the
length/diameter ratio for alumina particles due to their
sintering.

Aggregates of scattering heterogeneities constitute
the secondary structural level: large scale globules
(Rc = (5/3)1/2, Rg3 ≈ 1.25–1.4 μm) which possess a sur-
face with only minor roughness. As follows from the
data from Table 2, the characteristic size (Rc) of large-
scale globules slightly depends on the conditions of
NAO heat treatment and, in all cases, it is about 1 μm.
As the annealing temperature increases to 900°С, a
gradual reduction (of ~8%) in Rc is observed, but a
further increase in the annealing temperatures to
1150°С leads to the growth of Rc. These processes are
apparently related to rearrangement of the NAO
mesostructure during its heat treatment, dehydration,
crystallization, and growth of the particles.

As mentioned above, it was impossible to examine
the neutron scattering cross section in the range of q >
2 × 10–1 Å–1 due to a high background produced by
incoherent scattering from protium. In this regard, the
samples were examined by means of SAXS. Figure 7
shows the obtained data as a log-log plot.

As follows from the obtained data, the shape of the
SAXS dependences Is(q) for all the samples coincides
in essence with that of SANS in the range of q < 2 ×
10–1 Å–1. This could suggest that X-ray scattering is
also determined by the presence of randomly oriented
anisodiametric objects (fibrils or lamellae). Figure 7
also indicates a shoulder in the scattering curves in the
range of large momentum transfer q > 2 × 10–1 Å–1,
which corresponds to the onset of the Guinier regime.
In this range, scattering is determined by the charac-
teristic size rс0 of independent scattering primary het-
erogeneities of the basic structural level. It should be
noted that with an increase in the annealing tempera-

Table 2. Parameters of the microstructure and mesostructure of the initial NAO and the products of NAO annealing
derived from the analysis of VSANS and SANS data

t, °C – 450 900 1150

Primary structural level (SANS)

G2, 104 cm–1 0.09 ± 0.01 0.11 ± 0.01 0.38 ± 0.04 1.2 ± 0.06
Rg2, Å 952 ± 37 927 ± 42 953 ± 31 880 ± 40

G1, cm–1 0.11 ± 0.01 0.27 ± 0.01 0.34 ± 0.01 0.18 ± 0.01
s1 1.42 ± 0.01 1.36 ± 0.01 1.35 ± 0.01 1.80 ± 0.01
Rg1, Å 30.3 ± 0.5 25.4 ± 0.5 26.2 ± 0.4 32.0 ± 0.6

B1, 10–6 cm–1 1.5 ± 0.1 30.0 ± 0.9 8.7 ± 0.4 6.0 ± 0.3

n1 = 4 + 2β 4.67 ± 0.03 4.34 ± 0.03 4.69 ± 0.03 4.21 ± 0.03
Iinc, 10–2 cm–1 1.3 ± 0.1 0.7 ± 0.02 0.7 ± 0.02 0.75 ± 0.02

Secondary structural level (VSANS)

G3, 107 cm–1 0.21 ± 0.02 0.27 ± 0.01 0.75 ± 0.03 1.64 ± 0.04
Rg3, Å 10640 ± 290 9985 ± 120 9770 ± 160 10870 ± 130

B2, 10–9 cm–1 2.0 ± 0.5 22.1 ± 0.9 6.6 ± 0.5 10.2 ± 0.4

n2 3.87 ± 0.09 3.92 ± 0.05 3.85 ± 0.05 3.88 ± 0.05

1Å s−

1Å n−

2Å n−

Fig. 7. SAXS data for the initial NAO sample (1) and the
products of its annealing at 450 (2), 900 (3), and 1150°С
(4). Solid lines are the data fitting in accordance with
Eq. (8). For illustrative purpose, the values of Is(q) of the
scattering curves 2, 3, and 4 were multiplied by 10, 100 and
10000, correspondingly.
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ture the position of this shoulder is regularly shifting
towards lower q reflecting an increase in the character-
istic size rс0. Thus, the NAO mesostructure, as a
whole, is described in terms of the three-level model
(basic, primary and secondary structural levels).

In this regard, to examine the SAXS data in the
entire range of q, the generalized empirical Guinier-
Porod model [28] was used:

at q < q1, (8.1)

at q > q1. (8.2)

The experimental dependences of the intensities
Is(q) were processed using the least squares method
throughout the entire range of interest. Figure 7 and
Table 3 represent the results of the analysis of the
SAXS data.

In general, the parameters of the primary structural
level derived from the SAXS data are in satisfactory
agreement with the SANS results. This applies to the
values of parameter s characterizing the shape of scat-
tering heterogeneities, power exponent n1 characteriz-
ing the properties of their surface and parameter Rg1
which is associated with their characteristic sizes.
Some differences in the parameters of the primary
structural level determined independently by means of
SANS and SAXS are probably due to the contrast of
X-ray and neutron scattering from porous objects.
Similar observations have been reported recently when
analyzing the mesostructure of hydrated zirconium
dioxide [37].

According to the SAXS data, the characteristic size
rc of primary heterogeneities increases regularly with
growth in the NAO annealing temperature and
amounts to 9.2 ± 0.3 Å for the initial NAO material,
13.9 ± 0.7, 14.5 ± 0.6 and 18.5 ± 0.7 Å for the products
of its treatment at temperatures of 450, 900 and
1150°С, correspondingly.
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CONCLUSIONS
A comprehensive investigation of the microstruc-

ture and mesostructure of nanostructured aluminum
oxyhydroxide produced through the surface oxidation
of an aluminum liquid-metal solution in mercury
upon exposure to air as well as the products of its anneal-
ing at 450, 900 and 1150°С were carried out for the first
time with the use of neutron and X-ray scattering in the
momentum transfer range of 2 × 10–4 < q < 0.43 Å–1. It
was found that the structure of the samples under
study could be described in terms of a three-level
model including primary heterogeneities (characteris-
tic size rc ≈ 9–19 Å) forming fibrils (radius of cross
section R ≈ 36–43 Å and length L ≈ 3200–3300 Å) or
lamellae (thickness T ≈ 110 Å and width W ≈ 3050 Å)
with a diffuse surface, which, in turn, are combined
into large-scale aggregates (characteristic size Rc ≈
1.25–1.4 μm) with a minor roughness. It was revealed
that the NAO fibrillary structure was retained after
annealing at temperatures no less than 900°С and vio-
lated after heat treatment at 1150°С with a consider-
able reduction in the specific mesopore volume.
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