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The growth mechanisms of imogolite-like aluminogermanate nanotubes have been examined at
various stages of their formation. The accurate determination of the nucleation stage was examined
using a combination of local- (XAS at the Ge—K edge and >’Al NMR) and semilocal scale technique
(in situ SAXS). For the first time, a model is proposed for the precursors of the nanotubular structure
and consist in rooftile-shaped particles, up to 5 nm in size, with ca. 26% of Ge vacancies and varying
curvatures. These precursors assemble to form short nanotubes/nanorings observed during the aging
process. The final products are most probably obtained by an edge—edge assembly of these short

nanotube segments.
Introduction

Over the past two decades, there has been an increasing
interest in non-carbon-based nanotubes, because of their
unique properties, in terms of chemical reactivity, optical
properties, and a high specific surface area. The literature
generally considers that the first synthesis of an inorganic
nanotube (tungsten disulfide) was performed in 1992 by
Tenne et al.'~* Since this date, numerous protocols to
obtain other inorganic nanotubes have been developed,
including template processes,* reverse micellar systems,®
vapor depositions,” and electrochemical reactions.® Never-
theless, imogolite (Al,SiO7H,4) nanotubes were success-
fully synthesized even sooner, in 1977.° Imogolite is a
natural mineral formed in volcanic soils. It consists of a
single-walled aluminosilicate nanotube with inner and
outer diameters of 1 and 2 nm, respectively, and a length
ranging from a few tens to several hundreds of nano-
meters. The wall of the imogolite nanotube is composed
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of a curved gibbsite (AlI(OH)3) layer on the outer surface
and silicate tetrahedra linked to six aluminum octahedra
inside the tube.'” It was observed in natural systems
for the first time in 1962,!'' and its structure was well-
characterized 10 years later using X-ray diffraction
(XRD).'” The synthesis of imogolite nanotubes involves
a simple hydrolysis step followed by a growth step at
95 °C.>!? This very simple synthesis protocol is in con-
trast to the far-more-complicated multiple-step processes
generally implemented in nanofabrication and, thus,
explains the great interest for imogolite nanotubes.
However, almost all current imogolite synthesis proto-
cols are not suited to readily yield significant amounts of
material. Indeed, since the initial concentration of re-
agents lies in the millimolar range,” the synthesis of only
1 g of imogolite involves processing an initial reaction
volume of at least 10 L. In a recent study, larger nanotube
amounts could be obtained, but at the cost of a consider-
ably longer growth step.'? Such drawbacks hinder the
transition from the laboratory scale to the pilot/industrial
scales, thereby diminishing the interest in the develop-
ment of the applications for imogolite nanotubes. Efforts
to control and improve reaction yield, length, and dia-
meter of the nanotubes requires the knowledge of the
growth mechanisms of the nanotubes, i.e., identifying the
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nature and structure of precursor structure and how they
assemble into a nanotubular structure. The accurate
determination of the nucleation stage requires in situ
characterization by combining local-scale and semilocal-
scale techniques, such as X-ray absorption spectro-
scopy (XAS), nuclear magnetic resonance (NMR), and
small-angle X-ray scattering (SAXS). However, a
detailed determination of the growth mechanism could
not be obtained to date, because of limitations specific to
each technique. Because of the low difference in electronic
contrast between Al and Si, XAS is not well-suited to
determine the coordination environment of these two
elements. The use of in situ SAXS to study the semilocal
scale (size and shape) is generally limited, because of
the low concentration of nanotubes in solution and a
relatively low electronic contrast with the solvent,
both leading to a poor signal/noise ratio. NMR has
proven to be useful to characterize the final synthesis
products; however, until now, no description of the
imogolite formation based on NMR data is available in
the literature.

One way to overcome these difficulties in gaining new
insights in the formation mechanisms of imogolite-type
nanotubes is to use an aluminogermanate analogue of
imogolite (Ge-imogolite). Indeed, several authors reported
the synthesis of imogolite-like nanotubes (Al,GeO;H,) by
substituting silicon with germanium.'*~'® These nanotubes
exhibit a higher electronic contrast, thus enhancing XAS
and SAXS sensitivity. A recent study investigating the
growth mechanisms of Ge-imogolite nanotubes revealed
that the Ge-imogolite formation is the result of the recom-
bination of amorphous nanoscale nuclei of ~6 nm.'
However, the structure and composition of these precur-
sors could not be determined, because the low amount of
materials prevented the authors from using in situ SAXS.
Moreover, no XAS was used to determine the evolution of
a Ge atomic environment during the growth stage.

Recently, a new synthesis protocol allowed the forma-
tion of the aluminogermanate nanotubes from solutions
100 times more concentrated than previously reported
protocols,'® thus opening the route for an in situ SAXS
characterization of the formation mechanisms of the
aluminogermanate nanotubes. Therefore, the obtained
Ge-imogolite is, of course, structurally identical to the
natural aluminosilicate, with the only differences being
the expected larger (and almost monodisperse) tube
diameter, because of Ge and a shortened tube length.

The objective of the present study is to take advantage
of the improved analysis conditions enabled by this new
synthesis protocol, in terms of electron contrast and
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concentration, to further investigate the growth mecha-
nisms of Ge-imogolite. To this end, samples obtained at
different stages of the synthesis were examined by a
combination of local-scale (XAS at the Ge—K edge and
27A]l NMR) and semilocal-scale techniques (SAXS).

Materials and Methods

Synthesis of the Aluminogermanate Nanotubes. Tetra-
ethoxygermanium was added to a 0.5 mol L™ aluminum
perchlorate solution. The [Al]/[Ge] ratio was set to 2. The
mixture was then slowly hydrolyzed by addition of a
NaOH solution (0.5 mol L™" at 1.5 mL min~ ') until a
hydrolysis ratio ((OH]/[Al]) of 2 was reached. This ratio
corresponded to a pH value of 3.5. The aluminum con-
centration after base addition was 0.167 mol L™'. The
obtained solution was stirred during 12 h. At this point, a
third of the solution was set aside for the structural study
of the precursor (1 =0 days). The remainder solution was
divided to obtain samples heated at 95 °C in Teflon
bottles for 2 and 5 days. For each of the three samples,
half were dialyzed using a 8000 Da membrane against
ultrapure water (dialysate/retentate volume ratio = 100),
to withdraw residual salts and excess alcohol. Thus, six
samples were obtained: three dialyzed and three non-
dialyzed solutions at =0, 2, and 5 days. SAXS measure-
ments were performed in situ, i.e., on the nondialyzed
suspensions, whereas freeze-dried samples were used for
NMR and XAS characterization.

Structural Characterization. EXAFS. Extended X-ray
absorption fine structure spectroscopy (EXAFS) spectra
were recorded in transmission mode on beamline 11.1 at the
ELETTRA synchrotron (Trieste, Italy). Spectra were
acquired using a Si(111) monochromator above the Ge
K-edge (11103 eV). The ion chambers for incident and
transmitted beam were filled with argon and nitrogen gas.
The high signal/noise ratio permitted EXAFS spectra to be
scanned up to 16 A~ EXAFS spectra were analyzed using
standard procedures for data reduction with a set of soft-
ware developed by Michalowicz.”® EXAFS oscillations
were recalculated using amplitude and phase functions
obtained with the FEFF8 code.”'*> FEFF functions were
validated for each scattering path by modeling the spectra
of well-characterized crystalline model compounds (Ge
oxide and Ge-talc). The uncertainties on R (distance bet-
ween two atoms) and N (number of atoms) were +0.01 A
and +£10%, respectively.”

NMR. *’Al single-pulse magic-angle spinning (SP
MAS) NMR spectra were obtained with a Bruker Avance
400 MHz WB spectrometer (magnetic field 9.4T) operat-
ing at a >’ Al resonance frequency of 104.3 MHz and using
a commercial Bruker 2.5 mm double-bearing probe head.
Approximately 12 mg of samples were placed in a zirco-
nium dioxide rotor with an outer diameter of 2.5 mm and
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Table 1. ICP—AES Analysis of Al and Ge Quantities in the Dialysate and Retentate for Samples at ¢ = 0, 2, and 5 Days of Aging”

Value at Time ¢

t = 0day t = 2 days t = 5days
total Ge and Al quantity In the solution (mol) Ge 1.46 x 1073 1.46 x 1073 1.46 x 1073
Al 333 %1077 333 %1077 333x10°°
(=A) Al/Ge 2.28 2.28 2.28
Ge and Al quantity in the dialysate (mol) (= B) Ge 0.94 x 1073 024 x 1073 029 x 1073
Al 224 % 1073 1.03 x 1073 1.06 x 1073
total Ge and Al quantity in the retentate (mol) Ge (= Q) 0.52 x 1073 122 %1073 1.17 x 107°
(calculated from A—B) Al (= D) 1.09 x 1073 230 x 1073 227 x 1073
Al/Ge ratio in the dialyzed solid sample calculated (from D/C) 2.10
measured (ICP) 2

“Quantities are given in absolute values, to simplify the mass balance determination.

spun at a magic-angle spinning rate of 20 kHz. Typical
acquisition parameters included 1.0 us 90° pulse, 2 s
recycle delays, 528 scans and an acquisition time of 20
ms. Chemical shifts were referenced to 1 M AI(NOs3);3
solution, whose resonance was set to 0 ppm.

SAXS. The experimental setup includes a rotating
anode and collimating optics that provide a monochro-
matic beam (A =0.1548 nm) with a Il mm x 1 mm raster at
the sample position with a total incident flux of 10’
photons/s. The transmitted flux is measured by an ioniza-
tion chamber after the sample. A gas detector is placed
after the 300-mm-diameter output window of the vacuum
chamber at a distance of 1180 mm from the sample. The
direct beam hits an opaque lead beamstop in a position as
asymmetric as possible, to increase the range of scattering
vectors. In this configuration, a ratio of ¢n.x/¢min of 34 is
reached with ¢« = 0.5 A~"and Gmin = 0.015 A~'. The
scattering vector (¢) is defined as ¢ = kg — k; (the wave
vectors of the incident and diffracted beams) and has a
modulus of ¢ = 4 sin(0)/A1, where A is the incident
wavelength and 26 is the scattering angle. The counting
time is 1800 s, and the signal is corrected for background.
Standard procedures are applied to obtain the scattered
intensity in units of cm ™', as a function of the scattering
vector ¢.**

Atomic models of nanotubes and nanotube precursors
were constructed using a locally developed computer
code. The code applies symmetry relationships to built
imogolite of various sizes and curvature. The average
scattering intensity (/,(¢)) of a single atomic model,
expressed in units of cm?, is obtained using the Debye
formula (eq 1):

) = 3 S A m

Tii

where r;;is the distance between the ith and jth atoms, and
f;and f;are the atomic scattering factors of the ith and jth
atoms. At a low scattering vector, f; and f; are approxi-
mated to be the average excess electron number of the
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atoms (taking into account an average solvent electronic
density of 0.33 ¢~ /A3) multiplied by the Thomson scatter-
ing length (0.284 x 10~'? cm).

The comparison with the experimental intensity
(expressed in units of cm™') is obtained by multiplying
Ix(9) (expressed in units of cm?) with the concentration of
nanoparticles in cm ™).

Results

Dialysis Experiment and Quantification of the Nonreac-
tive Phase. The [Al]/[Ge] ratio before hydrolysis was
quantified by ICP-AES and found equal to 2.28. The
discrepancy between the theoretical ([Al]/[Ge] = 2) and
experimental value may arise from the low stability of
tetraethoxygermanium. Fast hydration and/or drying of
the reagent may be responsible for the missing germa-
nium fraction (precipitation/adsorption at the surface of
sampling devices).

The quantification of the Ge and Al in the dialysate at
t=0days (see Table 1) indicated that 64% of Ge and 67%
of Al are either unreacted (monomers) or involved in
species (oligomers) small enough to cross the 8000 Da
dialysis membrane. Nanotube precursors, which are
assumed to be in the retentate, represent only a small
fraction of the initial amount of atomic Al and Ge. After
two days of heating, the proportions of Ge and Al in the
dialysate decreased to 16% and 31%, respectively, and
did not evolve significantly upon further heating.

Structural Local Scale Characterization. For all three
dialyzed samples at 7 = 0, 2, and 5 days, the *’Al MAS
NMR spectra display a single downfield resonance at
6.8 £ 0.1 ppm (see Figure 1, top), which is in the chemical
shift region indicative of 6-fold O-coordinated Al.>%%¢
This shift is within the 5—7 ppm range reported for
Si-imogolite®” and is a slightly lower than the 8—11 ppm
shift range reported for Al in gibbsite.”>® Therefore, this
6.8 ppm line can be attributed to Al in larger clusters with
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Figure 1. ’Al NMR spectra of (top) dialyzed samples and (bottom)
nondialyzed samples and proportion of monomeric Al obtained by line-
fitting after 7 = 0, 2, and 5 days of aging.

a gibbsite structure, with the lower chemical shift than the
“infinite” gibbsite phase being a consequence of a lesser
polymerization level.?”’ Tetrahedrally coordinated alumi-
num was not detected in our samples, as opposed to
previous observations, revealing various amounts of
4-fold coordinated Al with a shift of ~55—60 ppm in
products obtained using the same synthesis protocol, with
Si instead of Ge.”’

The NMR spectra of the nondialyzed samples
(Figure 1, bottom) also show a contribution in the 5—7
ppm range and is attributed to the same local environ-
ment of Al. In the case of the nondialyzed samples, there is
a difference between r=0 and more-aged samples: at r=0,
the 5.8 ppm chemical shift could be either due to a lesser
polymerization level of Al, or be the consequence of
overlapping resonances. Upon heating of the material,
the chemical shift at 6.7 ppm for this line is identical to the
dialyzed samples. Besides a signal in the 5—7 ppm range,
the spectra of the three nondialyzed samples (Figure 1,
bottom) display additional sharp resonances of ~0 ppm
and —2 ppm, corresponding to unreacted Al monomers.
Indeed, the O-ppm shift corresponds to the reference
Al(H;0)¢ octahedron and the —2 ppm line is identical to
the shift observed for the solid Al perchlorate. The
amount of nonreactive monomeric Al can be estimated
by peak surface integration (see Figure 1, bottom). The
proportion of unreacted monomers obtained by peak
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surface integration is ~30% of the initial Al for all three
samples.

The k*(y(k)) EXAFS spectra and radial distribution
functions (Figure 2) of the six samples are very similar.
Indeed, all spectra could be fitted with the same two
atomic contributions, i.e., O atoms in the first coordina-
tion shell and Al atoms on the second one. The fitting
parameters are summarized in Table 2. For all six sam-
ples, the first shell is characteristic of a tetrahedral
coordination of Ge atoms as observed for Ge-imogolite.'®
Asexpected, at all reaction times, the number of Al atoms
in the second coordination sphere of Ge is lower for the
nondialyzed than for the dialyzed sample (Table 2). This
difference is less pronounced from ¢ = 2 days. For the
dialyzed samples, the number of Al atoms in the second
shell increases from 4.5 + 10% at =0 days to ~6 = 10%
for =2 and 5 days (see Table 2). This Ge coordination
after 2 and 5 days is consistent with the local environment
of Ge described for imogolite.'® Since the EXAFS signal
corresponds to an average over the entire sample, the
lower number of detected Al atoms for =0 days may be
the result of the presence of multiple binding environ-
ments for Ge.

Structural Characterization at the Semilocal Scale. The
structure at a larger scale was examined by SAXS for the
same samples as above, i.e.,att=0, 1, 2, 3, and 5 days (see
Figure 3). The sample at r = 0 days shows a scattering
signal, which confirms the presence of a condensed phase.
The scattered intensity levels off at ¢ < 0.08—0.1 Al
indicating a maximum particle size of ~4—5 nm, which is
in the same size range than the 6-nm precursors reported
from previous light scattering results.'® Upon heating, the
scattering signal displays oscillating intensities for ¢ >
0.1 A~'. These oscillations already become visible at 7 =
1 day. As the reaction time increases, the oscillations are
not shifted in ¢ but are more pronounced for the samples
at t=2 and 3 days. The samples at 1= 3 and 5 days have
quasi-identical scattering curves. The intensity maximum
at low ¢ increases sharply from 7= 0 days to =3 days and
is constant thereafter. The last curve (for ¢ = 5 days)
corresponds to a suspension of nanotubes with a mean
diameter of 3 nm and length of ~20 nm.'® It can be
reasonably assumed that the lower small-angle intensity
maximum for =1 and 2 days is due to shorter nanotubes
with the same diameter and possibly remaining precursors.

This is one general property of scattering where the
second momentum of the intensity (called the “invari-
ant”, Q) isnot dependent on the structure of the scattering
sample but only on the volume fraction and scattering
length density contrast (Ap) of the scattering objects:*°

0= /w I(q)q* dq =27 (Ap)*V
0

When Q is computed in the experimental ¢ range of
0.015—0.45 A~ the ratio Q/Q, (where Qy s the invariant
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Figure 2. Plots showing k° (x((k)) EXAFS spectra and radial distribution functions (RDFs) at the Ge—K edge of dialyzed and nondialyzed samples after 0,

2, and 5 days of aging.

Table 2. Ge K-Edge EXAFS Fitting Parameters of the Calculated Spectra

Ge—O Shell Ge—Al Shell
R window coordination radial Debye—Waller coordination radial distance, Debye—Waller
samples (A) number, No* distance, R” factor, o (A) number, Na; R factor, o (A)
t = 0 days
dialyzed 1.07-3.34 4.2 0.05 4.5 3.26 0.07
nondialyzed 1.07—3.36 3.8 0.06 34 3.26 0.07
t = 2 days
dialyzed 1.07—-3.36 4.5 1.75 0.05 5.5 3.26 0.08
nondialyzed 1.07—-3.36 4.4 1.75 0.05 4.9 3.26 0.08
t = 5days
dialyzed 1.07-3.47 4.4 0.05 5.9 3.26 0.08
nondialyzed 1.07—-3.36 4.4 0.05 53 3.26 0.08
“Standard deviation of +10%. © Standard deviation of +0.02 A.
for the sample at r=0)1s 1.08 and 0.96 for r=2 and 5 days, '
respectively. Thus, there is no significant variation of the e ¢ t=5days 3
. . . L33 X
volume fraction of scattering objects between the sam- R
ples. This suggests that the nanotubes grow from smaller o
particles with almost the same electronic density as the o :
nanotube wall. g 'F E
2
Discussion
Unreacted Phase and Precursor Proportion. The dialysis 01 F .
allows excess salts, as well as unreacted Al and Ge, to be
removed from the sample (the retentate). NMR results
indicate that, at all reaction times, the proportion of Al
0.01 s —

monomers (Al,,) in the nondialyzed sample is ~30% of
the initially introduced Al (i.e., Al, = 3.33 x 1072 x
30% = 0.99 x 102 mol). For the systems at 7 = 2 and
5 days, this monomeric Al fraction accounts for almost
all of the Al measured by ICP-AES in the dialysate, viz,
1.03 x 10 * mol and 1.06 x 10 > mol forr=2and r=5
days, respectively (see Table 1).

For the sample at =0 days, however, the quantities of
Al and Ge measured in the dialysate are significantly

0.01 0.1

qA™h)

Figure 3. Small-angle X-ray scattering (SAXS) intensities measured at
=0, 1,2, 3, and 5 days of aging.

higher (Al = 2.24 x 10~ mol) than those for r = 2 and
5 days. According to our NMR data, only 45% of this
amount corresponds to Al monomers. The remaining
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fraction of Al in the dialysate consists of small Al poly-
mers, also called oligomers, whose sizes are smaller than
the pore size of the dialysis membrane. There is no well-
defined resonance associated with this high proportion of
oligomers (about one-third of the initial Al) on the NMR
spectrum. Al oligomers, or generally speaking, poorly
polymerized Al species typically have a resonance in the
3—6 ppm range.’*>' The 5.8 ppm peak may then be due to
the overlap of the 6.7 ppm peak corresponding to the
retentate (Figure 1) with Al, resonance(s) rather than to a
single Al coordination environment.

Precursor Structure. At 1 = 0 days, Al and Ge are
present in the form of monomers and oligomers, which
can be dialyzed, and larger polymers that remain in the
retentate. (Hereafter, this polymeric fraction will be called
“precursor”.) The atomic environment of Al and Ge in
the precursors exhibit substantial differences, compared
to fully formed Ge-imogolite nanotubes.

Indeed, for the dialyzed sample (i.e., the polymeric
fraction) at 1 = 0, the Ge K-edge EXAFS data are fitted
using the same Ge—O and Ge—Al distances as in the fully
developed imogolite structures but with a much lower
number of Al atoms around Ge tetrahedra (N =4.5 £+
10%, instead of 6). Considering a fully developed im-
ogolite, the effect of tube length on the number of
neighboring Al atoms around Ge can be calculated. The
GeOy tetrahedra sites are either in the core of the tube
(Gec,), where 6 Al atoms surround Ge, or at the end of the
tube (“edge sites” Ge,s), where an average of 3 Al atoms
are in the coordination environment of Ge (2—4 Al
neighbors) (see Figure 5, inset 1). The average number
of Al octahedra surrounding Ge atoms in a nanotube is
obtained as follows:

_ 6f(Geco) + 3f(Gees)
Nar = f(Geco) +f(Gees) (2)
f(GeCO) _ 3 _NAI (3)

f(Gees) B NAl —6

where f(Ge.,) and f(Ge,) correspond to the fraction of
Ge atoms in the core and the edge of nanotubes or
nanotube fragments, respectively.

In our case, with No; = 4.5, eq 3 indicates f(Ge,,)/
f(Gee) = 1 or f(Gee,o) = f(Gees) = 0.5.

Within the imogolite structure, the Ge atoms are
located in a circular fashion along the tube axis. Mathe-
matically, an equal number of edge and core sites implies
the presence of tubes with only four Ge rings. Assuming a
circular precursor structure, this would indicate the pre-
sence of very short tube sections.

However, the SAXS data do not support this hypo-
thesis, with regard to the structure of the precursor. At
t=0days, the presence of a suspension of short nanotubes
with an almost-constant diameter can be excluded from
the absence of intensity oscillations (see Figure 3). Indeed,
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Figure 4. Ig* versus ¢ plot for SAXS obtained for r = 0 days (open circle
symbols, O). The different lines are scattered intensities obtained for
tubular-shaped precursors with 3 Ge rings of 15 (dashed line), 20 (dotted
line), and 25 (dashed-dotted line) Ge atoms per ring. The solid line is the
average scattering curve obtained for mixture of 22 tubular-shaped
precursors with 4 rings of 15—36 Ge atoms per ring. (Light blue symbols
represent Al octahedra, whereas purple-gray symbols represent Ge
tetrahedra.)
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q(A™

Figure 5. Iq* versus ¢ plot for SAXS obtained for = 0 days (open circle
symbols, O). The solid line is the averaged scattered intensities obtained
for the precursor shapes of Table 3 containing 160 Al atoms per precursor.
The dashed line and the dashed-dotted line are, respectively, average
scattered intensities for similar shapes with 140 and 200 Al atoms per
precursor.

because of their circular shape, such structures cause a
marked oscillation of the scattered intensity. Also, a
scattering signal similar to the ¢ = 0 days curve cannot
be obtained with a limited set of short tubes with varying
diameter. Figure 4 shows the scattering curve computed
for a mixture of 22 tubular precursors (each having equal
weight in the simulation) of different diameter, ranging
from 15to 36 Ge atoms in the circumference. In parallel, the
scattering curve of three isolated precursors are represented
(15, 20, and 25 Ge atoms in the circumference). The
oscillations, although considerably smoothed out at large
¢, because of the diameter polydispersity, are still clearly
visible. Following this method, a complete smoothing of
the signal would require a high level of polydispersity in ring
diameter. However, this is not consistent with the scattering
curves obtained with the samples after 2 and 5 days of
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Table 3. Possible Models of Ge-Imogolite Precursor Nanotubes Containing ~160 Al Atoms”

Levard et al.

w Average
Nby 160 168 168 160 160 163
Rajeey|  2.10 2.13 2.13 2.13 2.13 2.12
Na 4.9 4.9 4.7 4.6 4.4 4.7
L(nm) 4.6 5.0 5.4 Dud 6.3 5.4

“For both models, the number of AL atoms (nb,)), the Al/Ge ratio (R), the average number of Al neighbors per Ge atoms (Ny)), and the length
(L, measured diagonally) are given. (Light blue symbols represent Al octahedra, whereas purple-gray symbols represent Ge tetrahedra.)

heating, which are characteristic of structures with almost-
constant diameter (oscillations at the same ¢ values).

Because circular structures can reasonably be excluded
for the precursors, curved layers in the shape of roof tiles
have been considered. Model structures have been built
taking into account our experimental data concerning
the coordination environment of Ge (4.5 Al neighbors),
the proportion of edge and core sites f(Ge.,) = f(Gees) =
0.5, and the maximum size (~5 nm). Model structures
with an increasing number of Al atoms (from 140 to 200)
have been considered. Table 3 shows the different shapes
that have been considered for the models containing
160 Al atoms. Figure 5 shows the scattering curves obtained
for the models presented in Table 3 and similar models
with an average number of Al atoms of 140 and 200. These
curves fit the experimental data reasonably well.

For all models, an Al/Ge ratio of 2.13 is obtained,
considering 20% Ge vacancies in the Ge layer. This value
is close to the experimental value (Rex, = 2.14). When Ge
vacancies are not introduced in the model precursors, not
only is the Al/Ge ratio too low, compared to the experi-
mental measurement, but the scattered intensity also is
too strong, because of the increase in electronic density of
the Ge layer (see Figure 6).

The best fit is obtained when the models have half the
curvature of the final Ge-imogolite nanotube, to avoid
intensity oscillatory features on the scattering signal.
Indeed, the scattering of a precursor that has the final
imogolite curvature displays marked intensity oscilla-
tions for ¢ > 0.1 A~" (see Figure 6).

Of course, the models considered here are only a few
possibilities for the structure of the precursors at ¢ = 0
days. The actual precursor suspension consist most likely
of several structures with variations in shape, size, curva-
ture, and proportion of vacancies. It secems neither rea-
sonable nor relevant to attempt to derive the precise
composition of the suspension from the scattering data,
since many combinations may fit the experimental curve.
However, a mixture of our rooftile-shaped imogolite
precursors appears to be a good candidate, since these

Ge vacancy

0.1

qA"

Figure 6. Iq* versus ¢ plot for SAXS obtained for = 0 days (open circle
symbols, O). The different lines are scattered intensities obtained for
modification of the same precursor shape: Model A, without vacancies
(solid line); model B, same as Model A, but with vacancies (dashed line);
model B, same as Model B, but with vacancies and the curvature of the
final nanotube (dashed-dotted line). (Light blue symbols represent Al
octahedra, whereas purple-gray sybmols represent Ge tetrahedra.)

models are based on the experimental data of three
independent techniques, viz, EXAFS, NMR, and SAXS.

From the Precursors to the Nanoring/Nanotube. As
already suggested for the formation of Si-imogolite,'® the
atoms in tetrahedral coordination may be responsible for
the curvature of the gibbsite layer. In our case, the curvature
may be the consequence of shorter O—O distances in the
Ge tetrahedron (~2.8 A) than in the Al dioctahedral
vacancy (~3.2 A) (see Figure 7, inset 2). Thus, increasing
the number of Ge sites results in a more-curved structure.
This mechanism is supported by our present SAXS com-
putations, showing that Ge vacancies are a requirement for
less-curved structures. The maximum of curvature is
reached when all vacant sites on the gibbsite layer are
occupied by Ge tetraedra, thus facilitating the nanotube
formation.

Ge-Imogolite Growth by Edge—Edge Aggregation of
Short Nanotubes. After two days of growth, the coordina-
tion environment of Al and Ge, as determined by EXAFS
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Figure 7. Proposed growth mechanisms of Ge-imogolite nanotubes. (Light blue symbols represent Al octahedra and purple-gray symbols represent Ge

tetrahedra, whereas red spheres represent O atoms.)

and NMR, is characteristic of the final structure of
Ge-imogolite, i.e., Al hydrolyzed and polymerized into
a gibbsite layer configuration and Ge tetrahedra are
linked to the gibbsite layer by 6 Al octahedra. At a larger
scale, the first signs of nanotube formation are visible
from 1 day of aging already, as evidenced by a modest
onset of oscillations on the SAXS signal. The nanotube
structure has clearly been observed for two and five days
by SAXS. The two products exhibit a quasi-constant
diameter. The difference between the two samples is an
increase of the scattered intensity at low ¢. This increase
without any shift of the oscillations is the signature of a
growth in length of the nanotubes with a constant average
diameter.

Between 2 and 5 days, the nanotubes grow from a
suspension of nanotube sections and in the presence of a
constant monomer fraction. This leads to the hypothesis
that the final nanotubes are obtained from the assem-
bly of already-formed shorter nanotubes or nanotube
sections, rather than by the condensation of monomers
on the nanotube edges. However, tube growth as a result
of Ostwald ripening could lead to similar observations, in
terms of dissolved monomer concentration and scattering
volume fraction, and, therefore, may also occur.

Previous findings clearly demonstrated the tubular
structure of the final product obtained under the pre-
sent experimental conditions.'® This is confirmed by the

intensity oscillation at ¢ = 0.15 A7"and qg=0.32 A,
which is close to the theoretical values for a cylinder, i.e.,
0.15A " and 0.34 A~'. The small discrepancy could be
due to the defects in the semilocal structure that could
arise during edge—edge assembly of tilelike nanotube
sections. This will be further investigated in future
work.

Conclusion

The growth mechanisms of Ge-imogolite have been
investigated at the molecular and semilocal scales. The
volume fraction of solids formed initially remains con-
stant during the formation of the nanotubes: only the
spatial organization of this solid phase evolves during the
five days of reaction. A model structure for the precursors
at t=0days consists of fragments of nanotubes of ~5 nm,
with Ge vacancies and half the curvature of the final
nanotube. The coordination environments of Al and Ge
within the precursors show marked similarities with the
final product. The final tubular structure is thought to
be the result of an edge—edge assembly of shorter nano-
tube sections.
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