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The preparation of NASICON powders has been achieved by sol—gel methods. The
precursor solution was either rapidly hydrolyzed, to get a precipitate, or slowly gelated under
exposure to atmospheric humidity. The slow hydrolysis process was studied using nuclear
magnetic resonance (NMR) spectroscopy in liquid phase. Two-dimensional experiments
indicate the occurrence of ligand exchange reactions in solution. Monodimensional *H, 3C,
31p, and 2Na NMR spectra were also measured. NMR allowed us to follow the advancement
of the reaction and determine the degree of polymerization. NASICON powders having the
NasZr,Si,PO1, composition were prepared by heating both precursors at various temperatures
in the range 800—1200 °C for 1 h. The phase evolution as a function of the decomposition
temperature was investigated by simultaneous thermogravimetric and differential thermal
analysis (TG-DTA) and X-ray diffraction (XRD) analysis. The NASICON prepared by fast
hydrolysis contained a larger amount of free zirconia, while the samples prepared by slow

hydrolysis were almost pure, showing a monoclinic structure.

Introduction

The development of solid electrolytes has been given
a strong improvement by the discovery of the NASICON
structure. Hong! demonstrated that solids in the com-
positional range NajxZr,SixP3-xO12, with 0 < x < 3,
crystallize in the NASICON structure when heated to
1200 °C. This structure has a rhombohedral symmetry,
except in the interval 1.8 < x < 2.2, where a small
distortion to monoclinic symmetry takes place. Com-
pounds in this composition range have a structure made
by a three-dimensional framework of SiO4 and PO,
tetrahedra corners shared with ZrOg octahedra, in
which Nat ions occupy the interstices.! Therefore, these
compounds show a very high Na* ionic conductivity,
higher than that of g-alumina which has two-dimen-
sional ionic mobility, hence being suitable for use in
electrochemical gas sensors.>~*

It has been reported that the synthesis of NASICON
ceramics as pure phases is very difficult, especially when
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performed by solid-state reaction;>~8 the NASICON
phase can be accompanied by a glassy phase and
dissolved zirconia.®19 Alternative synthetic procedures
have been explored to obtain NASICON ceramics as
pure phases: wet chemical syntheses and sol—gel
procedures.11-19

The first sol—gel synthesis of NASICON dates back
to 1983, since then several studies have been pub-
lished aimed toward the development of synthetic
procedures that would reduce the separation of undes-
ired ZrO; and produce a material with optimal charac-
teristics.?0 In fact, solution syntheses offer more homo-
geneous materials; the higher reactivity of the precursors
could lead to purer phases and small grains with
improved sinterability.?12?
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Sol—-Gel Synthesis of NASICON

As is well-known, the sol—gel preparation consists of
hydrolysis and condensation of the different metal
alkoxides, leading to the formation of a polymeric sol
or gel.2® Subsequent thermal treatments complete the
conversion of the metallorganic precursors to the desired
metal oxides.?4-26

The formation of a homogeneous sol is certainly
essential for the formation of a homogeneous material
even though homogeneity at a molecular level is very
difficult to control in a complex system such as NASI-
CON involving four different species. It is then very
important to develop methods that would allow control
of the precursor polymeric species through rapid and,
possibly, routine measurements of some of its physico-
chemical characteristics.

Nuclear magnetic resonance (NMR) is one of the most
powerful tools accessible to obtain information on the
structure and physicochemical properties of molecules.
The use of two-dimensional experiments allows the
information that may be hidden in a crowded 1D
spectrum to be spread and hence resolved in a second
dimension, making easier the display and interpretation
of the information.

Among the magnetically active nuclei present in the
NASICON precursor solution, four (*H, 3C, 3P, and
23Na) are routinely observed, making feasible the study
of its structure by means of heteronuclear NMR.

Solid-state NMR techniques have been widely applied
to the chemistry of materials.?’~2° Much less attention
has been however devoted to solution studies.30—33

In the case of NASICON materials of different com-
position, several MAS NMR studies have been re-
ported.3435 The position of sodium ions has been inves-
tigated by means of 22Na MAS NMR for Nb- and Mg-
doped NASICON systems.3¢ The existence of at least
three different environments for phosphate groups has
been established by 3P MAS NMR in the case of
NASICON of composition NazZr,Si,PO1,%” while four
phosphorus environments have been identified for com-
position Naj sMi6lNo4P3012 (M = Ti, Sn, Hf, Zr) in a
recent study where a combination of 3P and 22Na MAS
NMR with X-ray diffraction techniques allowed the
relationship among Na*™ mobility, ionic conductivity, and
structural parameters to be established.38

(23) Brinker, C. J.; Scherer, G. W. Sol—Gel Science; Academic
Press: San Diego, 1990.

(24) Corriu, R. J. P.; Leclercq, D. Angew. Chem., Int. Ed. Engl. 1996,
35, 1420.

(25) Kakihana, M. J. Sol—Gel Sci. Technol. 1996, 6, 7.

(26) Cheetam, A. K.; Mellot, C. F. Chem. Mater. 1997, 9, 2269.

(27) Kawazoe, H. Ann. Rep. NMR Spectroscopy 1994, 28, 1.

(28) Barrie, P. J. Ann. Rep. NMR Spectroscopy 1995, 30, 37.

(29) Livage, J.; Babonneau, F.; Chatry, M.; Coury, L. Ceram. Int.
1997, 23, 13.

(30) Assink, R. A.; Schwartz, R. W. Chem. Mater. 1993, 5, 511.

(31) Daniele, S.; Papiernik, R.; Hubert-Pfalzgraf, L. G.; Jagner, S;
Hakansson, M. Inorg. Chem. 1995, 34, 628.

(32) Jeff, D.; Huffman, J. C.; Caulton, K. G. 3. Am. Chem. Soc. 1996,
118, 4030.

(33) Mathur, S.; Singh, A.; Mehrota, R. C. Polyhedron 1997, 12,
1073.

(34) Sobha, K. C.; Rao, K. J. J. Solid State Chem. 1996, 121, 197.

(35) Yue, Y.; Feng, D.; Hu, H.; Ye, C; Lin, Z.; Tian, S. Mater. Chem.
Phys. 1994, 37, 86.

(36) Yue, Y.; Feng, D.; Hu, H.; Ye, C. Chem. Phys. Lett. 1995, 235,
503.

(37) Choy, J. H.; Han, Y. S.; Kim, Y. H.; Suh, K. S. Jpn. J. Appl.
Phys. Part 1 1993, 32, 1154,

(38) Losilla, E. R.; Aranda, M. A. G.; Bruque, S.; Paris, M. A.; Sanz,
J.; West, A. R. Chem. Mater. 1998, 10, 665.

Chem. Mater., Vol. 11, No. 5, 1999 1337

Since differences observed in the characterization and
properties of NASICON prepared under different condi-
tions are certainly related to the characteristics of the
polymeric backbone generated in the sol—gel process,
the understanding of such polymeric structure in solu-
tion may lead to improvements in the synthetic strate-
gies to develop, to achieve the optimal performance of
the final material.

We have then undertaken a one- and two-dimensional
multinuclear NMR study of a NASICON precursor
(from now on indicated as NaP), in the form of a clear
gel obtained by slow reaction with atmospheric mois-
ture. Some of the alkoxides used as starting materials
are extremely reactive with water and thus fine powders
can be precipitated from the sols when water is added.
The different preparation procedures lead to NASICON
ceramics of composition NazZr,Si,PO1, having different
properties. The NMR study was carried out on the gel
to characterize the nature of the species formed in
solution. We then compared the properties of the NA-
SICON materials derived from such procedure with
those of a sample prepared by rapid hydrolysis of the
alkoxides.

Experimental Section

All reagents (Aldrich) were reagent grade and were used
without further purification.

NASICON precursors were prepared as follows:

Sodium tert-butoxide (Na(Ot-Bu), 6.34 g, 66 mmol) was
dissolved in dry butanol (40 mL) in a dry (P20s) nitrogen
atmosphere (drybox). Zirconium(lV) propoxide (Zr(OPr)4, 70
wt % solution in propanol, 20 mL, 44 mmol), tetraethylorto-
silicate (Si(OEt)4, 10.2 mL, 44 mmol), and tributyl phosphate
(OP(OBuU)3, 6 mL, 22 mmol) were added. Dry butanol was
added to have a final volume of 100 mL. The solution was
divided in two equal portions.

A. Fast Hydrolysis. The first portion of the butanolic
solution of the reagents was added drop by drop to a butanol/
water mixture with continuous stirring to have an overall
butanol/H,O ratio of 2:1. A milky precipitate was rapidly
formed. The mixture stirred for 1 h, and then mother liquor
was evaporated at 105 °C. The resulting solid was dried at
250 °C for 2 h and then comminuted in a planetary mill.

B. Slow Hydrolysis. The second portion of the alkoxides
solution was extracted from the drybox, exposing it to air, and
kept in a closed bottle at T = 4 °C (relative humidity, RH =
80%). Fractions for NMR measurements were evaporated in
a vacuum at T = 40 °C and a yellow solid was obtained that
was dissolved in CDClI; for solution studies and used as such
to measure the CP MAS spectrum.

The thermal decomposition behavior of the precursors was
studied by simultaneous thermogravimetric and differential
thermal analysis (TG/DTA, model STA 409, Netzsch), with a
heating rate of 10 °C/min in air.

NASICON powders were prepared by heating both precur-
sors at various temperatures in the range 800—1200 °C for 1
h. The phase evolution as a function of the decomposition
temperature was investigated by X-ray diffraction (XRD)
analysis, using a Cu Ko radiation.

NMR spectra were recorded on a Bruker AM 400 spectrom-
eter.

13C-CPMAS NMR spectra were recorded at 100.56 MHz in
the Magic Angle Cross-Polarization mode with 2-ms contact
time and 6-s recycle delays. Samples were spun at 4 kHz.

1H and 3C chemical shifts are given in ppm from tetra-
methylsilane (TMS) and are referenced against residual
solvent signals. 3P chemical shifts are given in parts per
million (ppm) from external H3PO,4 (85% w/w). 2Na chemical
shifts are given in parts per million (ppm) from external NaCl
(1 M in H,0). DQF COSY spectra®*4 were acquired in the
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Figure 1. *H NMR spectra in CD,Cl; of (a) Zr(OPr)4, (b) Zr(OPr), + Si(OEt)4, (c) Zr(OPr), + Si(OEt); + OP(OBU)s, (d) Zr(OPr),

+ Si(OEt), + OP(OBu); + Na(Ot-Bu), and (e) NaP.

phase-sensitive mode using the TPPI4! method. Spectra con-
sisted of 512 FIDs of 2048 data points of 128 scan each. Data
were weighted by a sine bell shifted function of /3 in both
dimensions and processed as a 1 K x 1 K real data matrix
using the SwaN-MR PPC software.*?> J-resolved spectra were
acquired using the following conditions: 8192 (F2) x 64 (F1)
time domain data points; 16 scans per transient. FIDs were
weighted in both dimension by sine bell and zero filled in F1
dimension to obtain a spectrum of 8192 (F2) x 256 (F1) data
points. The FT was performed in magnitude mode.

Results and Discussion

The NASICON precursor solution studied in the
present work has been prepared by sol—gel exposing to
atmospheric moisture a butanolic solution of Zr(OPr)g,
Si(OEt),, OP(OBuU)3;, and Na(Ot-Bu).

The precursor alcoholic solution has been concen-
trated under vacuum to eliminate in the NMR spectra

(39) Piantini, U.; Sgrensen, O. W.; Ernst, R. R. J. Am. Chem. Soc.
1982, 104, 6800.

(40) Ernst, R. R.; Bodenhansen, G.; Wokaun, A. Principles of
Nuclear Magnetic Resonance in One and Two Dimensions; Oxford
University Press: Oxford, 1987.

(41) Marion, D.; Wuthrich, K. Biochem. Biophys. Res. Commun.
1983, 113, 967.

(42) Balacco, G. J. Chem. Inf. Comput. Sci. 1994, 34, 1235.

the intense solvent resonances that might have obscured
the spectral features of NaP. The residue has then been
redissolved in dichloromethane and analyzed. A non-
coordinating solvent has been chosen to avoid exchange
processes.

Figure 1 (traces a—d) shows the 'H NMR spectra
obtained by sequential addition of the single components
in CD,Cl,. The addition of Si(OEt), to a solution of Zr-
(OPr)4 causes a sharpening of the resonances due to the
latter that can be ascribed to the dissociation of oligo-
mers or aggregates originally present.*344 Adding OP-
(OBuU);3 generates a spectrum that is the sum of those
of the individual components. When Na(O-tBu) is added
(as a solid) some resolution is lost because of the
presence of partially undissolved sodium alkoxide. Trace
e shows the spectrum of NaP in CD,Cl,. By comparison
with traces a—d it is evident that the variations of
chemical shifts are very small. A predominant feature
of the spectrum is the lack of the resonance due to the
methyl group of the ethoxide at 1.24 ppm and the
methyl groups of the tert-butoxide at 1.27 ppm. This
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Figure 3. DQF COSY spectrum of NaP aged for 1 month.

indicates that both Si(OEt), and Na(O-tBu) have been
completely reacted during the sol preparation and that
the resulting alcohols have been distilled by vacuum
evaporating the sample.

Resolution of the complex multiplet pattern has been
achieved by analyzing the 'H J-resolved spectrum of
NaP (Figure 2). The absence of a quartet—triplet pattern
due to ethoxide confirms that Si(OEt), has been com-
pletely reacted. The coupling pattern observed together
with the relative intensity of the resonances (total
intensity A—B = 3, C-E = 2, F-H = 2, I-Q = 2)
suggests the presence of only butoxide in solution.

Such observation is confirmed by the analysis of the
DQF COSY spectrum of NaP (Figure 3). Cross-peaks
in a COSY spectrum appear as a result of spin—spin
coupling. In the simple COSY experiment cross-peaks
are presented in absolute value mode and often the
spectrum shows strong diagonal response. The phase-
sensitive double quantum filtered experiment has sev-
eral advantages: it produces better line shape, reduces
the intensity of single quantum transitions such as
singlets, and shows the anti-phase pairs of each proton
as positive and negative peaks, easing the assignment
of multiplets.*> If propoxide groups were still present
in NaP the relative multiplicity pattern (triplet, sextet,
triplet) should be observed and cross-peaks correlating
the group of triplets (I—Q) due to oxygen-bound meth-
ylene groups and the observed sextets (C—E) should be
present in the spectrum. However, the only correla-

(45) Nakanishi, K. One-dimensional and Two-dimensional NMR
Spectra by Modern Pulse Techniques; University Science Books:
Sausalito, California, 1990.
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tion observed for resonances 1—-Q are those between
I-N, Q and G—F and those between O—P and H.

The combined analysis of the 'H J-resolved and DQF
COSY spectra allows the following to be established:
only butoxide groups are present in solution, and the
numerous resonances observed for each methylenic
group in the *H NMR spectrum of NaP arise from
different chemical and/or magnetic environments.

The presence of different environments is even more
evident in the proton-decoupled 2C spectrum of NaP.
The expansion of the chemical shift range in the 13C
spectrum allows the different forms present to be more
easily distinguished. Figure 4a shows the 13C spectrum
of a dichloromethane solution of the four reagents, while
traces b and c show the spectra of NaP obtained after 1
and 5 months of exposure to atmospheric moisture.

Together with the resonances that can be attributed
to the individual components, new resonances (beside
that of t-BuO at 31.0 and 69.0 ppm) were observed upon
addition of Na(Ot-Bu), indicating that some reaction
occurred even in the absence of water.

In the 3C spectrum of NaP, no resonances are
observed at the chemical shift values of ethoxide,
propoxide, and tert-butoxide groups, confirming that the
original Si, Zr, and Na alkoxides are no longer present.

The presence of butoxide groups only can be explained
either with the complete reactions of the original Na,
Si, and Zr alkoxides and only the presence of phosphorus-
bound butoxide groups in the structure of NaP or with
the occurrence of alkoxide exchange reactions with butyl
alcohol used as reaction solvent.

The 3P NMR spectrum of NaP shows however a
single resonance at —0.96 ppm (septet, Jp—n = 5.8 Hz)
and also the observation of a single resonance split by
13C—31pP coupling in the 3C spectrum, indicating that
the P atoms exist in a single environment, i.e. that of
unreacted OP(OBuU)s.

The t-BuO~ ion derived from sodium alkoxide acts as
a strong base toward the solvent generating butoxide
ions that initiate the ligand exchange reaction on the
other alkoxides. Such a reaction has been observed also
in a sample of NaP exposed for only 1 h to the
atmosphere.

To verify that ligand exchange reactions have indeed
happened the 'H and 3C spectra of Si(OBu)4 and Zr-
(OBu)4 have been compared with that of NaP, allowing
the assignments of resonances due to Si(OBu), and
excluding the presence of Zr(OBu),. The lack of observa-
tion of zirconium alkoxide can be explained with its
higher reactivity with respect to the other reactants
toward hydrolysis and condensation.

In the 13C spectra of NaP the —OCHj, resonance of
OP(OBu); at 67.3 ppm can be used as an internal
standard to evaluate the advancement of the reaction.
The resonance at 63.0 ppm has been assigned to
unreacted Si(OBu), and its intensity shows that after
1 month 50% of the original silicon alkoxide is still
present. Such value is reduced to 15% after 5 months.
All the other resonances assigned to —OCH, groups
(between 70 and 60 ppm) are due to alkoxides involved
in the polymeric network formed.

The total intensity of the —OCH, resonances due to
unreacted phosphorus and silicon alkoxides and to the



1340 Chem. Mater., Vol. 11, No. 5, 1999

Di Vona et al.

- @@
) ® @
® @

b)
@
@
®
®
a)
T T T T T T T ppm
70 65 60 40 35 30 25 20 15 10

Figure 4. 13C NMR spectra in CD,CI; of a) Zr(OPr), + Si(OEt),+ OP(OBu); + Na(Ot-Bu) b) NaP aged for 1 month, ¢) NaP aged
for five months. Resonances due to different alkoxides are labeled: (1) Si(OEt)4, (2) Zr(OPr),, (3) OP(OBuU)s, (4) Na(O-tBu), and

(5) Si(OBu)s.

] T T | 1
80 60 40 20 0
ppm

Figure 5. 13C CP-MAS NMR spectrum of dry NaP (aged for
1 month).

polymer accounts for 92% of the initial —OR groups after
1 month and to 48% after 5 months. The remaining 8%
and 52% have been eliminated by vacuum evaporating
the solvent as ROH generated by the condensation
reactions that lead to the formation of M—O—M' bonds.

The yield in polymeric species is calculated to be 63%
after 1 month and 78% after 5 months. Also, the
broadening of the resonances observed in spectrum 4c
indicates an advanced degree of polymerization.

The 22Na NMR spectrum of NaP shows a single very
broad resonance (Avy, = 2800 Hz) centered at 2 ppm.
Such broadness indicates a low mobility of the sodium
ions in solution and the lack of exchange between the
bound ion and the ion in a simple solvation state, i.e.
the existence of tight ion pairs in solution.

It maybe noteworthy to compare the spectrum shown
in Figure 4b with the CP-MAS spectrum of dry NaP
shown in Figure 5. It is evident that all the information
obtained by analysis of the solution spectrum are
completely lost in the CP-MAS spectrum where no
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Figure 6. DTA and TG curves of the NASICON precursor
prepared by fast hydrolysis.
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Figure 7. DTA and TG curves of the NASICON precursor
prepared by slow hydrolysis.

resolution of the different resonances is observed.
Figures 6 and 7 show the TG-DTA curves of the
NASICON precursors prepared by fast and slow hy-
drolysis (after 5 months of exposure to atmospheric
moisture), respectively. The TG curve of NaP prepared
by fast hydrolysis (Figure 6) showed a weight loss of
about 23.3% in three steps, in the range 50—300 °C,
associated to two endothermic effects with their maxi-
mum at 120 and 230 °C in the DTA curve, which can
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Figure 9. XRD pattern of the NASICON precursor prepared

by slow hydrolysis after 5 months of exposure to atmospheric
moisture, decomposed at 1200 °C (T = tetragonal zirconia).

be ascribed to the loss of different types of adsorbed
water. Another slow weight loss of about 5.2% was
observed in the range 300—800 °C. Above this temper-
ature, the weight remained constant. Above 300 °C, the
DTA curve showed three exothermic peaks at about 310,
350, and 420 °C, attributed to the oxidative decomposi-
tion of the organic chains. The fact that these peaks are
well-resolved seems to indicate that the process of fast
hydrolysis led to separate products from each precursor
in the mixture. The formation of NASICON can thus
take place by the subsequent solid-state reaction be-
tween these formed intermediate compounds. Other two
broad exothermic effects with their maximum at 650
and 880 °C were observed, probably associated with
crystallization phenomena, being the latter ascribable
to NASICON.12

The thermal decomposition behavior of the precursor
prepared by slow hydrolysis was completely different,
as shown in Figure 7. After the weight loss of 7.3% up
to 200 °C, ascribable to the loss of adsorbed water, as
indicated by a broad endothermic effect with its maxi-
mum at 120 °C, a weight loss of 14.5% in three steps
was observed in the range 200—600 °C. In this temper-
ature range the DTA curve showed an intense endo-
thermic peak at about 300 °C, followed by an overlap-
ping of endo- and exothermic effects between 350 and
550 °C. Moreover, a weight loss of 3.8% between 900
and 1050 °C was observed in the TG curve, accompanied
by an exothermic peak in the same region. These
findings show that the decomposition reactions for the
slow hydrolysis precursor were not oxidative. This can
be ascribed to the formation of a polymeric backbone
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which hindered the oxygen diffusion within the matrix,
which resulted in the formation of carbon at the NA-
SICON surface. This was confirmed by the fact that the
powders prepared by the decomposition of this precursor
at temperatures lower than 1000 °C were black. In this
case, the more intimate mixing between the different
atomic species in the precursor led to a completely
different thermal decomposition behavior.

We checked the formation of NASICON by performing
XRD analysis on samples of both rapid- and slow-
hydrolysis precursors, decomposed at various temper-
atures. The calcination of both the precursors at 800
°C showed the presence of the main peaks of the
NASICON structure. Increasing the decomposition tem-
perature induced a further crystallization of the samples
in the monoclinic structure. Figures 8 and 9 show the
XRD patterns of the precursor prepared by fast hydroly-
sis, and of the precursor prepared by slow hydrolysis
after 5 months of exposure to atmospheric moisture,
respectively, both decomposed at 1200 °C. One can
observe that the NASICON prepared by fast hydrolysis
contained also zirconia phases, both monoclinic and
tetragonal, while the powder prepared by slow hydroly-
sis contained only a small amount of tetragonal zirconia.
In agreement with the NMR findings, the slow hydroly-
sis process allowed a better polymerization of the
precursors, resulting in a more intimate mixing and
reduced separation of phases other than NASICON. On
the other hand the fact that carbon is formed at the
surface of the NASICON powder prepared by slow
hydrolysis should be taken into account. In fact, this
can result in a reduced crystallization rate of the
NASICON grains due to surface reactions between
carbon and oxygen adsorbates which hinder grain
growth and crystallization.

Conclusions

The use of NMR spectroscopy in solution allowed the
formation of a NASICON precursor polymeric species
derived by slow hydrolysis and condensation reactions
of alkoxides to be followed. By analyzing the 2D 'H
J-resolved and DQF COSY spectra, it has been estab-
lished that ligand exchange reactions with the alcohol
used as solvent occur rapidly, while the polymer is
slowly formed in a 78% vyield as demonstrated by 13C
NMR. Since the phosphorus alkoxide used does not
participate to the formation of the polymeric network,
the formation of NASICON material is completed by
solid-state reactions. However, the slow process occur-
ring in solution produces a material that is almost pure
and free from zirconia. The preparation of NASICON
via rapid hydrolysis leads, on the other hand, to the
separation of zirconia because, as indicated by TG-DTA
results, all the condensation processes occur in the solid
state.
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