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Abstract
Hydrous lithium aluminosilicate (L–A–S–H) and lithium aluminate (L–A–H)
gels are candidate precursors for glass-ceramics and ceramics with potential
advantages over conventional processing routes. However, their structure before
calcination remained largely unknown, despite the importance of precursor
structure on the properties of the resulting materials. In the present study, it is
demonstrated that L–A–S–H and L–A–H gels with Li/Al ≤ 1 can be produced
via an organic steric entrapment route, while higher Li/Al ratios lead to crystal-
lization of gibbsite or nordstrandite. The composition and the structure of the
gels was studied by thermogravimetric analysis, X-ray diffraction, 27Al and 29Si
magic-angle spinning nuclear magnetic resonance, and Raman spectroscopy.
Aluminium was found to be almost exclusively in six-fold coordination in both
the L–A–H and the L–A–S–H gels. Silicon in the L–A–S–H gels was mainly in Q4

sites and to a lesser extent in Q3 sites (four-fold coordination with no Si–O–Al
bonds). The results thus indicate that silica-rich and aluminium-rich domains
formed in these gels.
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1 INTRODUCTION

Glass-ceramics of the Li2O–Al2O3–SiO2(LAS) system have
been extensively studied due to their very low thermal
expansion coefficient, excellent thermal shock resistance,
high chemical durability, mechanical strength, and spe-
cific electrical and optical properties. Because of these
properties, they are used in a wide range of applications
from the household to space exploration, namely in cook
top panels, cookware, stove and furnace windows, gas
turbine heat exchangers, satellite and telescope mirror
blanks, ring-laser gyroscopes, and electronics packaging,1,2
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and they continue to be researched. Significant research
efforts have been devoted to the mobility of Li ions in
LAS glasses, making some of these materials fast ion
conductors with potential application as solid electrolytes
in high energy density batteries.3,4 Recently, attempts have
been reported to produce LAS glass-ceramics or their pre-
cursors by additive manufacturing to further widen their
range of applicability.5,6 Related systems without SiO2,
that is, lithium aluminate ceramic materials, too, have
beneficial chemical, mechanical, and thermo-physical
properties that potentially allow them to be used as a
breeder blanket in nuclear fusion reactors and as matrix
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in molten carbonate fuel cells,7–9 and they are also under
consideration to be used as ion conductors.10
The properties of LAS glasses and glass-ceramics as

well as of crystalline lithium aluminates and lithium
aluminosilicates depend on their method of synthesis,
chemical composition, and thermal history. The tradi-
tional process used to produce LAS glass-ceramics involves
a two-stage heat treatment of LAS glass. The first stage
comprises nucleation in a precursor glass, where ZrTiO4,
Al2Ti2O4 or ZrO2 nuclei homogeneously precipitate and
allow heterogeneous nucleation of either β-quartz or
β-spodumene solid solution; the second stage is the crys-
tallization phase, in which growth of the crystals occurs
concomitantly.1,11–13 However, this high-temperature pro-
cessing is cost-intensive, and the use of additives can
increase the thermal expansion of the resulting materials.
This method also requires highly controlled and complex
processing to avoid material heterogeneity.
To overcome the disadvantages of the conventional

process, alternative methods have been proposed. One
method is to produce lithium aluminosilicate ceramics
via geopolymerisation or related reactions, that is, the
reaction of an aluminosilicate or silicate with an alka-
line lithium solution.6,14,15 However, the most extensively
studied method is the sol-gel process, which is gener-
ally applicable to the production of glasses, glass-ceramic
and ceramics. It combines several advantages, such as
high purity, lower sintering temperature, a high degree
of homogeneity, small processing time, cost effectiveness,
and environment friendliness.16 This method employs two
stages, first the preparation of a gel as precursor, and
second the thermal treatment (calcination) of the gel to
form the final product, which involves significant struc-
tural transformations. Several gel syntheses for preparing
LAS glass-ceramics or ceramics have been described in
the literature.17–23 Lithium aluminates as well have been
produced from precipitated precursors.24 It is noted that,
strictly, a glass-ceramic is defined as a material whose pro-
duction involves the controlled crystallization of a parent
glass. However, in the context of sol-gel synthesis routes,
also thematerials with crystalline phases in an amorphous
(glassy) matrix, obtained by heat-treatment of the precur-
sor gels, have been called glass-ceramics.16,18,20 The latter,
less restrictive use of the term “glass-ceramics” will be
applied in the present study.
Although the properties of glass-ceramics and ceram-

ics are generally affected by the structure of their
precursors,25,26 the precursor gels for LAS glass-ceramic
and ceramics production have been studied only to a
very limited extent. Some studies relating to the pro-
duction of LAS glass-ceramics via the sol-gel process
report only X-ray diffraction (XRD) and thermal analy-
sis data of the precursor gels before calcination, which

mainly serve to demonstrate that the gel is amorphous
and transforms to crystalline phases on heating but do
not allow conclusions to be drawn as regards the atomic-
scale structure of the gels.18,22 In cases when spectroscopic
data are presented, they are usually limited to Fourier-
transform infra-red spectra,19,23 for which interpretation
can be ambiguous.21–23 Thus, little is known as regards the
structure of gels in the Li2O–Al2O3–SiO2(–H2O) system,
in marked contrast to a number of other silicate gels with
comparable technological importance.
To gain insight into the local structure of these gels, sto-

ichiometrically controlled, amorphous Li2O–Al2O3–H2O
(L–A–H), Li2O–Al2O3–SiO2–H2O (L–A–S–H) and Al2O3–
SiO2–H2O (A–S–H) gels were synthesized in the present
study, and the gels were characterized by XRD, thermo-
gravimetric analysis (TGA), 27Al and 29Si magic-angle
spinning nuclear magnetic resonance (MAS NMR) spec-
troscopy, and Raman spectroscopy. Characterization of the
gels was performedwith no previous calcination (only dry-
ing was conducted) to obtain data relating to the initial
structure of the gels. A reliable synthesis routewas success-
fully developed, and the spectroscopic data enabled amore
detailed structural description of the resulting gels than
was hitherto available. In addition, selected L–A–S–H gels
were heated to 1000◦C, and the resulting LAS materials
were analyzed by XRD.

2 MATERIALS ANDMETHODS

2.1 Synthesis of the gels

Starting materials for the syntheses of the gels were
aluminium nitrate nonahydrate [Al(NO3)3⋅9H2O; Honey-
well Fluka, Muskegon, MI, USA], lithium nitrate (LiNO3;
Merck, Darmstadt, Germany) and colloidal silica (50 wt%
SiO2 inwater; Ludox TM-50 colloidal silica; SigmaAldrich,
St. Louis, MO, USA). The pureness and crystallinity of
the starting materials was inspected by XRD and Raman
spectroscopy (Supplementary Material available online,
Figures S1 and S2).
L–A–H, L–A–S–H, and A–S–H gels with the nominal

molar ratios listed in Table 1 were synthesized using the
organic steric entrapment route27 as modified by Walkley
et al.28 with additional adjustments required to produce
gels of the specified compositions as follows (see also
Figure S3): A 5 wt% polyethylene glycol (PEG) solution
was produced by adding small increments of PEG (Sigma
Aldrich, St. Louis, MO, USA; number average molecular
weightMn ≈ 20,000 Da) to ultrapure water, and the resul-
tant solution was stirred at 60◦C for 1 h. Al(NO3)3⋅9H2O
and LiNO3 were added to distilledwater to produce 40wt%
solutions of anhydrous salts with the specified Li/Al ratio
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TABLE 1 Designations, chemical formula, atomic ratios, and crystalline analogues of the A–S–H, L–A–H, and L–A–S–H gels

Designation
Formula
(unhydrous) Li/Al Si/Al Crystalline analogue

A-S-H 6:2 Al6Si2O13 – 0.33 Mullite
L-A-H 1:11 LiAl11O17 0.09 – Lithium undecaaluminate
L-A-H 1:5 LiAl5O8 0.20 – Lithium pentaaluminate
L-A-H 1:1 LiAlO2 1.00 – Lithium aluminate
L-A-H 5:1 Li5AlO4 5.00 – –
L-A-S-H 1:1:1 LiAlSiO4 1.00 1.00 Eucryptite
L-A-S-H 1:1:1.85 LiAlSi1.85O5.7 1.00 1.85 –
L-A-S-H 1:1:2 LiAlSi2O6 1.00 2.00 Spodumene
L-A-S-H 1:1:3 LiAlSi3O8 1.00 3.00 Li-orthoclase
L-A-S-H 1:1:4 LiAlSi4O10 1.00 4.00 Petalite
L-A-S-H 1:2:2 LiAl2Si2O7.5 0.50 1.00 –
L-A-S-H 1:2:4 LiAl2Si4O11.5 0.50 2.00 –
L-A-S-H 1:2:6 LiAl2Si6O15.5 0.50 3.00 –
L-A-S-H 1:2:8 LiAl2Si8O19.5 0.50 4.00 –

(only Al(NO3)3 for the A–S–H gel). This solution was
subsequently added to the 5 wt% PEG solution and the
resulting mixture stirred at 60◦C for 1 h. For the L–A–S–H
gels and the A–S–H gel, colloidal silica was subsequently
added to the mixture to yield the specified Al/Si ratio and
the solution stirred again at 60◦C for 1 h. Water was evapo-
rated from the resulting solution by stirring at 80◦C to form
a viscous gel, which was then placed in an oven at 100◦C
overnight to remove excesswater andnitrate. Since the gels
were not calcined at higher temperatures, PEG and nitrate
impurities remained in the materials, as will be discussed
in Sections 3.2 and 3.5. Finally, the solid gel was manually
ground to a powder and homogenized.
The compositions of most gels were specified to cor-

respond to crystalline compounds occurring in ceramic
processing and/or as natural minerals. In addition, a L–
A–H gel with “excess” Li (Li/Al = 5), L–A–S–H gels
with Li/Al = 0.5, and a L–A–S–H gel with a composi-
tion (Li/Al = 1, Si/Al = 1.85) corresponding to the mix
employed in a previous study on additive manufacturing
of LAS materials6 were produced and analyzed. The sam-
ple designations in Table 1 reflect the numbers of Li, Al,
and Si per unit formula; water contents are not considered
in the designations, as these are variable and depend on
the drying history.
Figure 1 shows the compositions of the gels plotted

onto the Li2O–Al2O3–SiO2 ternary diagram; this projec-
tion ignores the variable and a priori unknown water
content of the gels as well as any auxiliary agents and
depicts only their relative fractions of Li2O, Al2O3, and
SiO2. Thus, a material produced from a specific gel by
calcination until complete dehydration and loss of auxil-

F IGURE 1 Gel compositions plotted onto the
Li2O–Al2O3–SiO2 ternary diagram. The approximate compositional
range of potential glass formation29 is marked yellow.

iary agents would have the chemical composition shown
in the diagram for that gel. The L–A–S–H gels lie in
the compositional range of potential glass formation,29
making them potential precursors for LAS glasses and
glass-ceramics.

2.2 XRD

To collect XRD patterns, a laboratory X-ray diffrac-
tometer (Ultima IV, Rigaku, Tokyo, Japan) was used in
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Bragg-Brentano geometry with Cu Kα radiation (40 kV,
40 mA) and a Si strip detector (D/teX Ultra) with 5◦ Soller
slits. To reduce the background from the sample holder,
a Si single crystal cut at (911) orientation was employed
as the sample holder. A divergence slit of 0.5◦ (10 mm
axial) was used; the beam knife was installed to minimize
low-angle air scattering. All diffractograms were recorded
in the range 5−65◦ 2θ, with a step width of 0.02◦ at a scan
speed of 0.5◦ 2θ/min. To evaluate the diffraction data,
the Match! programme in combination with the powder
diffraction file PDF-2 (2003) database was used.

2.3 TGA

For TGA (TGA device STA 449C, Netzsch, Selb, Germany),
the sample material was heated from 35◦C to 1000◦C,
with a heating rate of 10◦C/min under a nitrogen flow of
80 ml/min. For each measurement, ∼35 mg of the sam-
ple material was filled in an Al2O3 crucible and placed
in the TGA system. To remove oxygen and, thus, prevent
oxidation during the measurements, the furnace was first
evacuated and subsequently filled with nitrogen before
the measurements. From the recorded TGA curves, their
derivatives (differential thermogravimetric [DTG] curves)
were computed.
Samples of selected L–A–S–H gels were retrieved from

the TGA device after heating to 1000◦C and subsequently
analyzed by XRD (see Section 2.2 for measurement condi-
tions) to determine the phase assemblage of the resulting
LAS materials.

2.4 MAS NMR spectroscopy

27Al MAS NMR experiments (spectrometer AVANCE 750,
Bruker, Billerica, USA) were carried out at amagnetic field
strength of 17.6 T and a frequency of 195.06 MHz. A spin-
ning frequency of 12 kHz and a 4 mm probe were used.
The pulse length was 1 µs, corresponding to a pulse angle
of less than 30◦. At least 1000 scans were accumulated
per specimen, and the recycle delay was set to 0.1 s. 27Al
chemical shifts were referenced to a 1 M solution of alu-
minium nitrate by using K-alum as a secondary reference
at 0.7 ppm.30

29Si MAS NMR spectra were collected on the same spec-
trometer at a frequency of 148.68 MHz. The spectra were
acquired with a single 90◦ pulse with a pulse length of 2.5
µs and a recycle delay of 10 s. Typically, about 6000 scans
were accumulated per specimen. 29Si chemical shifts were
referenced to tetramethylsilane (TMS).
The NMR spectra were processed and the resonances

fitted with the Dmfit programme.31

F IGURE 2 Background-corrected and normalized X-ray
diffraction (XRD) patterns (Cu Kα radiation) of the gels

2.5 Raman spectroscopy

Raman spectra were collected at room temperature using a
confocal WITec Alpha300R instrument with a laser wave-
length of 532 nm and a laser power of 4 mW. A ×100
objective was employed, resulting in a diameter of the
incident focused laser beam of ∼1 µm. The spectrometer
grating had 600 lines/mm, yielding a spectral resolution
of ∼4.5 cm─1. For each sample, 25 spectra in the range
200−4000 cm─1 were recorded, each with an acquisition
time of 2 s, and averaged to improve the signal-to-noise
ratio. Background correction and normalization of the
Raman spectra was carried out with the Witec Project
Four80/160 programme.

3 RESULTS

3.1 XRD

The XRD patterns of the gels are shown in Figure 2 (the
XRD patterns with the d-spacing plotted on the abscissa
are shown in Figure S4). Except for L-A-H 5:1 and L-A-S-H
1:1:4, the gels were X-ray amorphous. The weak reflec-
tion at ∼9.7◦ 2θ in the diffractogram of L-A-S-H 1:1:4 is
attributed to a minor unknown impurity in that gel.
The diffractogram of L-A-H 5:1 is dominated by a broad

hump around 27.5◦ 2θ (maximum at d ≈ 3.2 Å) and peaks
at 8.85, 18.36, 20.36, 24.80, and 63.50◦ 2θ. The reflections at
18.36 and 20.36◦ 2θ as well as a minor hump around 37◦ 2θ
are attributed to gibbsite or nordstrandite [both Al(OH)3].
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The assignment of the other peaks is uncertain; neverthe-
less, they demonstrate that synthesis of a fully amorphous
gel with the composition L-A-H 5:1 (Li/Al = 5) was not
possible under the present experimental conditions. It is
noted that the peaks with uncertain assignment could not
be matched with the patterns of zabuyelite (Li2CO3) or the
carbonate-bearing Li–Al layered double hydroxide (LDH)
Li2Al4(OH)12(CO3)⋅3H2O.
The other L–A–H gels were fully amorphous, according

to their XRD patterns. The patterns of L-A-H 1:11 and L-
A-H 1:5 exhibit broad humps around ∼11, 22, and 41◦ 2θ
(maxima at d ≈ 8.2, 4.0, and 2.2 Å, respectively). Similarly,
the pattern of A-S-H 6:2, whose composition is dominated
byAl aswell, exhibits humps around∼11 and 22◦ 2θ (d≈ 8.2
and 4.0 Å, respectively), indicating that the structure of the
Al-rich gels bears some similarities. In the diffractogram
of L-A-H 1:1, in which the number of Al atoms is balanced
by Li, humps are present at ∼11◦ 2θ (maximum at d ≈ 8.2
Å) and in the range ∼17−34◦ 2θ (d in the range 2.5−5 Å),
signifying that its structure differed from the more Al-rich
gels.
The diffractograms of the L–A–S–H gels differ sig-

nificantly from XRD patterns of the L–A–H gels and
A–S–H gel, indicating different local structures. Namely,
the diffractograms exhibit a broad asymmetric peak in
the range ∼15−35◦ 2θ (maximum at d ≈ 4.0 Å), which is
slightly shifted to lower diffraction angles with increasing
Si content, demonstrating subtle structural changes with
varying composition.

3.2 TGA

Figure 3 shows the TGA curves and the DTG curves of
the L–A–S–H and L–A–H gels in the range 40−1000◦C,
obtained with a heating rate of 10◦C/min in nitrogen.
Based on comparison with published TGA/DTG curves
of nitrate-bearing Li–Al LDH32 and Ca–Al LDH,33 and
aluminosilicate gels whose production involved PEG28

and/or nitrates,21,22 the observed mass losses are assigned
as follows: Dehydration (i.e., loss of molecular water)
occurred in the range 40−150◦C; the two TGA steps
in the ranges 150−280◦C and 280−450◦C, respectively,
are attributed to dehydroxylation (i.e., condensation of
hydroxyl groups and loss of water), decomposition of PEG,
and reduction of remaining amounts of nitrate (NO3

−)
to yield nitrite (NO2

−); the mass losses at ∼450−650◦C
and ∼650−750◦C are attributed to the decomposition of
nitrite and resumed dehydroxylation. The TGA step at
450−650◦C could, in principle, be also assigned to release
of CO2 from Li2Al4(OH)12(CO3)⋅3H2O34; however, the
XRD results show that this phase was not present in the
gels.

(A)

(B)

(C)

F IGURE 3 Thermogravimetric analysis (TGA) and differential
thermogravimetric (DTG) curves of the L–A–H gels (A) and the
L–A–S–H gels (B and C). The vertical grey lines indicate
temperatures of 150, 280, 450, 650 and 750◦C, respectively

For L-A-H 5:1, the TGA step at ∼600◦C was very promi-
nent, indicating that this gel retained the largest amount
of nitrate after drying. The decomposition of gibbsite,
which was found by XRD in L-A-H 5:1, contributed to
the mass loss in the range ∼200−350◦C of that gel. The
TGA curves of the other L–A–H gels were broadly similar
to each other, with the total mass loss slightly increas-
ing with increasing Li/Al ratio. In these gels, most of the
mass loss occurred in the range 150−450◦C, indicating
that high amounts of PEG had remained in the gels after
drying.
The total mass losses of the L–A–S–H gels were gen-

erally lower than those of the L–A–H gels, while the
general characteristics of their TGA/DTG curves resem-
bled those of the L–A–H gels with low Li/Al ratios. Again,
the highest TGA steps are found in the range 150−450◦C,
attributed to remaining PEG and hydroxyl groups in the
gels.



3184 SIMON et al.

F IGURE 4 27Al magic-angle spinning nuclear magnetic
resonance (MAS NMR) spectra of the gels. The weak broad signal
around 55 ppm is a spinning sideband.

3.3 27Al MAS NMR spectroscopy

27Al MAS NMR spectra of the gels are shown in Figure 4.
The spectra of all gels are dominated by a resonance,
or in some cases two resonances, in the range from
20 to −10 ppm, that is, in the chemical shift range of
6-coordinated aluminium (AlO6). In addition, the spec-
tra of most gels exhibited a considerably smaller, broad
signal around 32 ppm, indicating the presence of minor
amounts of 5-coordinated aluminium (AlO5). The small,
broad signal around 55 ppm is a spinning sideband; it
cannot be excluded that there is also a minor resonance
of 4-coordinated aluminium (AlO4) in this range, but if
present its amount would have been very low.
To determine the fractions of the different Al species,

the resonances were fitted using the Czjzek model for a
quadrupolar line with a distribution of the isotropic chem-
ical shifts35 for the broad, usually dominating signal in the
AlO6-range; a Gaussian function for the second, narrower
resonance in that range, if such a signal was identified; and
a Gaussian function for the signal of AlO5 around 32 ppm.
The resulting isotropic chemical shifts and site abundances
are listed in Table S1.
The very broad resonance (fitted with the Czjzekmodel)

in the range 20 ppm to −10 ppm of the 27Al MAS NMR

spectra of all gels indicates a wide distribution of Al-O dis-
tances and bond angles, that is, AlO6 in an amorphous
phase or phases. This was usually the dominant species,
and its chemical shift (Czjzek model) was mostly cen-
tred in the range 8.0−12.5 ppm. However, for L-A-S-H
1:1:1.85 and L-A-S-H 1:1:2, in which high amounts of AlO6
in a more ordered environment were found (see below),
fitting of the AlO6 in the amorphous phase yielded chem-
ical shifts of 3.8 and 2.6 ppm, respectively. For L-A-H 5:1,
the maximum of the broad resonance that was present in
addition to that of the gibbsite (see below) was found at
17.9 ppm.
The spectrum of L-A-H 5:1 is dominated by a compara-

tively narrow signal at∼10 ppm.This signal required fitting
with two resonances, one at 9.9 ppm and a smaller one at
8.4 ppm. These are attributed to AlO6 in gibbsite,36 identi-
fied in this gel also by XRD; the fraction (i.e., the molar
fraction, referred to all Al species in the material com-
bined) of these AlO6 species in L-A-H 5:1 was determined
to be 53.9 %. Similarly, the spectra of L-A-S-H 1:1:1.85,
L-A-S-H 1:1:2, L-A-S-H 1:1:4, and L-A-S-H 1:2:6 exhibited
a comparatively narrow resonance in the chemical shift
range 10.0−11.3 ppm. However, in none of these gels were
crystalline compounds detected by XRD (except a minor
impurity in L-A-S-H 1:1:4), demonstrating that the domain
sizes of the phases containing the pertinent AlO6 species
were generally too small to give diagnostic reflections in
the XRD patterns. It is noted that the highest fractions of
thisAlO6 specieswere determined for L-A-S-H 1:1:1.85 (37.6
%) and L-A-S-H 1:1:2 (54.5 %), that is, the L–A–S–H gels
with a Si/Al = 1.85 and Si/Al = 2, respectively.
The fractions of AlO5 in the gels ranged from ∼0% to

4.1 %, with a trend of higher amounts in the L–A–H gels
and the A–S–H gel (2.3−4.1 %; L-A-H 5:1 excluded), com-
pared to the L–A–S–H gels (∼0−2.6%). L-A-H 5:1 contained
virtually no AlO5.

3.4 29Si MAS NMR spectroscopy

For six of the nine L–A–S–H gels, 29Si MAS NMR spec-
tra were acquired; these are shown in Figure 5. All spectra
exhibit a major broad resonance in the range −105 ppm
to −120 ppm, and a considerably smaller, broad resonance
centred at approximately −102 ppm. The larger peak can
be unequivocally assigned to Q4 species (fully polymer-
ized SiO4 tetrahedra), while the smaller resonance may, in
principle, be attributed to Q3 species (i.e., SiO4 tetrahedra
connected to three other SiO4 tetrahedra via bridging oxy-
gens and to one OH group) as well as to Qn(mAl) species
with m ≥ 1 (i.e., SiO4 tetrahedra which are connected
to at least one AlO4 tetrahedron via bridging oxygen).
According to the 27Al MAS NMR spectra, however, AlO4
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F IGURE 5 29Si magic-angle spinning nuclear magnetic
resonance (MAS NMR) spectra of the L–A–S–H gels

tetrahedra were not present or present only in very small
amounts in theL–A–S–Hgels (Section 3.3); thus, no or only
very minor amounts of Qn(mAl) sites could exist in the
gels. It is therefore concluded that the resonance around
−102 ppm represents Q3 species that were present in addi-
tion to the more abundant Q4 species. In the spectra of
L-A-S-H 1:1:2, L-A-S-H 1:2:2, and L-A-S-H 1:2:4, minor sig-
nals centred at approximately −95 ppm may be discerned
in addition to the two resonances just discussed. Follow-
ing the same line of argument, these minor signals can be
assigned to minor amounts of Q2 species (i.e., SiO4 tetra-
hedra connected to two other SiO4 tetrahedra via bridging
oxygens) in the gels.
Fitting of the resonances, using Gaussian functions,

yielded ∼85 % Q4 species, ∼15 % Q3 species, and ≤6 % Q2

species in the gels (Table S2). These numbers are in line
with silica gel-like domains in the L–A–S–H gels, with the
Q4 sites located mainly in the core and Q3 and fewer Q2

species in the outer layer of the domains.

3.5 Raman spectroscopy

Raman spectra of the gels were acquired with a laser wave-
length of 532 nm and a laser power of 4 mW at room
temperature; the background-corrected and normalized
spectra in the range 300−1800 cm−1 are shown in Figures 6
and 7. The spectra of all gels exhibit two prominent bands
at ∼1440 and 1470−1500 cm−1 as well as less intense sig-
nals at ∼860, 1250, 1290, 1314, 1655, 1690 and 1730 cm−1,
caused by the PEG in the materials.37,38 The other bands
can be partly assigned to structural units of the inorganic
phases constituting the gels. A list of potentially relevant

F IGURE 6 Background-corrected and normalized Raman
spectra of the L–A–H gels and the A–S–H gel in the range
300−1800 cm−1

F IGURE 7 Background-corrected and normalized Raman
spectra of the L–A–S–H gels in the range 300−1800 cm−1

structural units in various amorphous, semi-crystalline
and crystalline silicates, aluminosilicates and aluminates,
with the energy ranges of the associated bands in their
Raman spectra, is provided in Table S3; a summary of the
assignments for the present gels is provided in Table 2 and
will be discussed in more detail below.
For the L–A–H gels, the most prominent band in their

Raman spectra is the peak at ∼1060 cm−1, assigned to
the nitrate groups33,39 that had remained in the gels after
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TABLE 2 Assignments of the bands in the Raman spectra of the L–A–H, A–S–H, and L–A–S–H gels

Spectral
range
(cm−1)

Structural
unit/compound Vibration L–A–H A–S–H L–A–S–H References

469−488 SiO2/Q4;
AlO4

5−
Si–O symmetric stretching;
Al–O stretching (X)a

X
(X)a

X
(X)a

43;
41

575−602 AlO6
9−;

Si2O5
2−/Q3

Al–O stretching;
Si–O–Si motion
(incl. bending)

X X
X

X
X

33,40–42;

43–45

629−633 AlOH O–H bending X X X 40

723−741 NO3
− N–O degenerate symmetric

stretching/planar angular
deformation

X X X 33,39

∼860 PEG X X X 37

935−965 AlOH O–H bending X X X 40

1056−1073 NO3
−;

Si2O5
2−/Q3

N–O symmetric stretching;
Si–O symmetric stretching

X X
X

X
X

33,39;

43–46

∼1250 PEG X X X 37,38

∼1290 PEG X ? X 37,38

∼1314 PEG X X X 38

1330−1389 NO3
− N–O asymmetric stretching X X X 39

∼1440 PEG X X X 37,38

1470−1500 PEG X X X 37,38

∼1655 PEG X X X 38

∼1690 PEG X X X 38

∼1730 PEG X X X 38

aNo or only minor amounts of AlO4 units were present in the gels, according to the 27Al MAS NMR spectra.

drying. In the spectrum L-A-H 5:1, this band is slightly
shifted to 1073 cm−1, indicating a different chemical
environment of that group, compared to the other L–A–H
gels, which may be explained by its different composi-
tion (Li/Al = 5). Furthermore, in the spectrum of this
gel, the intensity of the nitrate bands at 741, 1073, and
1389 cm−133,39 are strongly enhanced, compared to the
other gels, in line with the TGA results, which demon-
strate that the highest amount of nitrate was present in
L-A-H 5:1.
In the Raman spectra of the other L–A–H gels and the

A–S–H gel, the bands at ∼730, 1060, and 1330 cm−1 reveal
the presence of remaining nitrate groups as well, but at a
lower amount than in L-A-H 5:1. The bands at ∼950 and
∼630 cm−1 cannot be unequivocally assigned, but it is
likely that these are related to OH bending vibrations,
comparable to the vibrations observed in the different
polymorphs of AlO(OH) and Al(OH)3.40 The compara-
tively strong band found at 575 or 579 cm−1 in the spectra of
the L–A–H gels and the A–S–H gel is assigned to the Al–O
symmetric stretching of their AlO6 units.33,40–42 A weak
band at 469 cm−1 in the spectrum of A-S-H 6:2 is likely
related to the Si–O–Si symmetric stretching vibrations

of Q4 species.43 The very weak band at 488 cm−1 in the
spectra of the L–A–H gels is not related to Si species; it
cannot be unequivocally assigned but, since the 27Al MAS
NMR spectra do not completetly rule out the presence
of minor amounts of AlO4 units, it is possibly related to
Al–O stretching vibrations of such species.41
The Raman spectra of all L–A–S–H gels are similar

to each other and have in common a strong peak at
∼1060 cm−1. This band is caused, at least partly, by nitrate
groups33,39 that had remained in the materials. This is
again demonstrated by the occurrence of two smaller
bands at ∼730 and 1340−1360 cm−1, respectively, also
characteristic of the nitrate group.33,39 However, the strong
peak at ∼1060 cm−1 is also in the Raman shift region of
Si–O symmetric stretching vibrations of Q3 species,43–46
in line with the presence of this species in the L–A–S–H
gels, and likely also in the A–S–H gel. As discussed in
Section 3.4, the presence of Qn(mAl) species with m
≥ 1 that would cause bands in the same region can be
ignored for the interpretation of the Raman spectra of
the L–A–S–H gels, since AlO4 is not present or present
at a very minor amount in the gels. The comparatively
strong band observed at ∼950 cm−1 is attributed to OH
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bending vibrations as above. The band found at, or close
to, 575 cm−1 in the spectra of the L–A–S–H gels is assigned
to the Al–O symmetric stretching of the AlO6 units,33,40–42
as for the L–A–H gels and the A–S–H gel. It is plausible,
however, that also Si–O–Si bending vibrations of the Q3

species43–45 in the L–A–S–H gels contributed to this band.
The generally weak signal at ∼482 cm−1 is assigned to Si–
O–Si symmetric stretching vibrations of the Q4 species43
in the gels, and possibly also to Al–O stretching vibrations
of minor amount of AlO4 units,41 if these were present
at all.
The Raman spectra in the hydroxyl and water stretch-

ing region (Figures S5 and S6) of all gels except L-A-
H 5:1 exhibit a broad, featureless band in the range
∼3300−3620 cm−1, that is, narrow peaks of specific
hydroxyl groups cannot be identified in the spectra. This is
consistent with a wide distribution of water and hydroxyl
species and their environments, in accord with the amor-
phous nature of the gels as demonstrated by the XRD
results. The broad band in that region of the normalized
spectrum of L-A-H 5:1 (Figure S5) is much less prominent,
compared to the other gels, at least partly due to the fact
that this spectrum is dominated by the very strong nitrate
peaks.

3.6 XRD of heat-treated L–A–S–H gels

The XRD patterns of the L–A–S–H gels after heating to
1000◦C in the TGA device are shown in Figure 8. The
samples had cooled down to room temperature naturally,
that is, a controlled cooling or quenching regime was not
applied. Nevertheless, the materials resulting from heat-
ing L-A-S-H 1:2:6 and L-A-S-H 1:2:4 (hereafter denoted
LAS 1:2:6 and LAS 1:2:4, respectively) contained a signif-
icant fraction of amorphous phase, evidenced by a broad
hump in their XRD patterns around 22.5◦ 2θ (d ≈ 4.0 Å).
In the diffractogram of LAS 1:2:6, minor peaks are present
at 23.1, 26.1, and 49.0◦ 2θ, likely related to the presence of
β-spodumene-type lithium aluminosilicate (LiAlSi3.75O9.5;
PDF # 00-053-1278)47 or mullite (Al4SiO8; PDF # 01-084-
1205). LAS 1:2:4 contained more significant fractions of
crystalline phases, viz. β-quartz (SiO2; PDF # 01-089-8950),
LiAlSi3.75O9.5 with a β-spodumene-type structure (PDF
# 00-053-1278),47 LiAlSi2O6 with a β-quartz-type struc-
ture (PDF # 00-031-0706),48 and alumina (Al2O3; PDF
# 01-080-0955). The position of the amorphous humps
in both materials was close to the position of the hump
in their respective precursor gels (Figure 2). However,
heating to 1000◦Chad removed virtually all water and aux-
iliary agents from the materials (see the TGA/DTG curves,
Figure 3), meaning that the LAS materials were water-free
and had undergone significant structural transformations.

F IGURE 8 X-ray diffraction (XRD) patterns (Cu Kα radiation)
of L–A–S–H gels after heating to 1000◦C. Major reflections are
labeled a, SiO2 (β-quartz); b, Li2SiO3; c, LiAlSi3.75O9.5

(β-spodumene-type structure); d, LiAlSi3.5O9 (virgilite:
β-quartz-type structure); e, LiAlSi2O6 (β-quartz-type structure); f,
LiAlSiO4 (β-eucryptite); g, α-LiAlO2; h, Al2O3

The LAS materials obtained by heating L-A-S-H 1:1:1.85,
L-A-S-H 1:1:2, L-A-S-H 1:1:3, L-A-S-H 1:1:4, and L-A-S-H
1:2:2 (hereafter denoted LAS x:y:z according to the respec-
tive Li:Al:Si ratios of the precursor gel) did not contain a
high amount of amorphous phase. The crystalline phases
observed in these materials were β-quartz (SiO2; PDF #
01-089-8950), lithium metasilicate (Li2SiO3; PDF # 01-072-
1140), LiAlSi3.75O9.5 with a β-spodumene-type structure
(PDF # 00-053-1278),47 virgilite with a β-quartz-type struc-
ture (approximately LiAlSi3.5O9; PDF # 01-031-0707),49
LiAlSi2O6 with a β-quartz-type structure (PDF # 00-
031-0706),48 β-eucryptite (LiAlSiO4; PDF # 01-073-0255),
α-LiAlO2(PDF # 01-074-2232), and alumina (Al2O3; PDF
# 01-080-0955), depending on the composition of the
precursor gel (Figure 8). The stoichiometric β-eucryptite
(LiAlSiO4) and α-LiAlO2 were only observed in LAS
1:1:3; the diffractogram of this material also contained
reflections of virgilite, and additional peaks that could
not be unequivocally assigned. The diffractogram of LAS
1:1:2 contained additional peaks of unidentified crystalline
phase(s) at 35.2 and 43.4◦ 2θ.
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4 DISCUSSION AND CONCLUSIONS

The present results demonstrate that the organic steric
entrapment method27,28 can be applied to synthesize L–A–
H and L–A–S–H gels, which are candidate precursors for
the production of glass-ceramics and ceramics, if the Li/Al
ratio of the starting solution is below a certain limit (Li/Al
≤ 1.0 in the current study).
The L–A–H gels with Li/Al ≤ 1.0 were fully amorphous

to X-rays (Cu Kα radiation). Aluminium in these gels was
almost exclusively in six-fold coordination (AlO6), demon-
strating structural similarities with gibbsite [Al(OH)3]. In
addition, low amounts of AlO5 were identified in the gels
by 27Al MAS NMR; possibly a very minor amount of
AlO4 was present as well. These results are in line with
previous work,50 which identified AlO6, AlO5, and AlO4
units in hydrous amorphous alumina precipitated from
AlCl3/NaOH solutions. It may be anticipated that the Li
in the L–A–H gels occupies octahedral sites, thus creat-
ing local structures that resemble the structure of Li–Al
LDHs.32,34,51 Alternatively, Li may be intercalated between
Al(OH)3 layers in the gels.52 No attempt was made in
the present study to differentiate between these possi-
bilities; thus, this issue needs to be evaluated in future
work.
The L–A–S–H gels as well were generally X-ray amor-

phous (except a minor impurity in L-A-S-H 1:1:4). XRD
indicated that aspects of their local structure differed from
that of the L–A–Hgels, in linewith their different chemical
compositions. However, as for the latter, Al in the L–A–S–
H gels was almost exclusively in six-fold coordination. Si
was mostly (∼85 %) in Q4 sites, with the remainder mainly
inQ3 sites, both essentially not associatedwithAl. This dis-
tribution of Si species indicates that Si-rich domains had
formed in the gels, with Q4 species in the core and Q3

species mainly located in the outer layer of the domains.
Taken together, the present results suggest that Al and Si
are not homogeneously distributed in the L–A–S–H gels
but instead form separate alumina gel-like and silica gel-
like domains during precipitation. As for the L–A–H gels,
the structural role of Li in the L–A–S–H gels as well as its
distribution between the domains of the gels remains to be
clarified in future studies.
After synthesis and drying at 100◦C, as applied in the

present study, the gels contained considerable amounts of
PEG, water, and nitrate, which were applied in the syn-
thesis. TGA showed that dehydration and loss of PEG and
nitrate/nitrite is completed at ∼800◦C for the L–A–H gels,
while the L–A–S–H gels were completely dehydrated and
the auxiliary agents lost already at∼600◦C. Heating the L–
A–S–H gels to 1000◦C led to the formation of crystalline
lithium aluminosilicates and silicates when Li/Al ratio of

the gelwas 1, while the same treatment of some of the L–A–
S–H gels with Li/Al = 0.5 led to the formation of a mostly
amorphous LAS material with only a minor to moderate
fraction of crystalline phases. The production of LAS glass-
ceramics or ceramics with specified properties using the
precursor gels synthesized as in the present study will, of
course, require properly adjusted heat-treatment protocols
and, potentially, the addition of nucleating agents or other
auxiliary compounds.18–20
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