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The preparation of a pure and nanostructured phase of the fast lithium condugciguadisTiO; at
low temperature (350C for 2 h) is reported for the first time. The synthesis has been carried out by the
Pechini-type in-situ polymerizable method. It has been shown that the molar ratios ethylene glycol/citric
acid and citric acid/metals, as well as the temperature, are crucial parameters during this synthesis. A
careful control of the temperature during polyesterification allowed us to prepare the nanosized phase of
oxide and to avoid the formation of thermally stable impurities. The crystallite size320m) of the
oxide has been determined by the analysis of the broadening of the powder X-ray diffraction lines. The
particles size has been confirmed by transmission electron microscopy and the macroporous character of
the powder has been evidenced by scanning electron microscopy.

Introduction LLTO compounds have been prepared from the powder
mixtures of oxides and carbonates by a conventional solid-

Nanosized materials may offer anomalous and interesting . . ; X
: . . . ¥ state reaction method. This method of preparation requires
properties. This has already been observed in nanoelectronics;

The size effect, which is based on the quantum-mechanicalan extensive heat treatment (11%) for a long time (24 h)

confinement effect, leads to the increase of the energy OfW|th intermediate grinding to achieve complete chemical

delocalized electrons with decreasing size. Such a phenom—reacuon' Such a high-temperature procedure leads to grain

ithi 0
enon has been proved to be valuable in varistors, PositivegmWth and to lithium loss (up to 20 mol %JTo overcome

Coefficient Temperature (PCT) ceramics, or gas Sensorthese disadvantages, low-temperature procedures were then

applications. More recently, it has been pointed out that ionic _con5|dered. In this context, the span of preparation procedures

) . is enormous. The synthesis of fine grain complex multicom-
transport properties may also be changed by size effect. In . ! . . .
' . ‘, ponent oxide ceramics with good compositional homogeneity
a series of recent papers, Mdishows that “regardless of

fashion and prejudice” the field of nanoionics can lead to and high purity requires the use of a good mixing of the

" . e ) . components at the molecular level. In an account that focuses
substantially new insights regarding fundamental issues, but . o : )
. . : on the synthesis and characteristics of ceramics, Kakihana
also to novel technological perspectives”. The importance : - L
. . et al. illustrated the advantages of the Pechini-type in-situ
of nanoionics to electrochemistry comes from the fact that . . :
. : : . polymerizable method over other solution techniques to
the density of interfaces becomes very high when particle

. o . . repare pure and homogeneous oxitl@his procedure is
size decreases. This increase of interface density can the . .
. ased on the formation of polyesters obtained from metal-
lead to a drastic change of both the local and the overall

ionic transport properties of solids but also to storage or chelated citric acid and polyhydroxyl alcoffoThe chelation

sensor properties of these materials. Therefore, the propertieg rocess is based on the mixture of cations (M) precursor

- solution in an aqueous citric acid (CA) solution. These
of nanostructured ionic conductors deserve to be explored e .
) ._ _chelates undergo polyesterification when heated with eth-
extensively. In such a context, the attempt to synthesize

. . ylene glycol (EG). The reaction which is carried out in
ir:]zig;)es;:uctured bisd-2056TiOs appeared to be of great o\ .o atmosphere leads to metallic-citrate polyester. Heat-

. . . . ) ing of the polymer causes its decomposition and the
The perovskite-type lithiumlanthanum titanatgdlays « TiOs, 9 poly P
IS WeII-knowr) .tO be a l;"gh “thllum ionic conductor having (2) (a) Belous, A.G.; Butko, V. I.; Novitskaya, G. N.; Polianetskaya, S.
bulk conductivity of 103 S cnt! at room temperature for V.; Khomenko, B. S.; Poplavko, Y. MUkr. Fiz. Zh.1986 31, 4,
= 0.10? Because of this high ionic conductivity, these ?76“((?) lr;'ag\tllvmii_h\/-: Lﬁtéar;,dCS-:t lzohé'\/l-: N«‘:\i(;grgué% 1T(-): ggglda,
. ., IKuta, A.; akinara, Oll ate commu 3 y .
compqunds (hereafter called LLT'O) have begn studied fqr (3) (2) Stramare, S.; Thangadurai, V.; Weppner,Giiem. Mater2003
long time to explore the conduction mechanism and their 15, 3974 and references therein. (b) Bohnke, O.; Emery, J.; Fourquet,

; ; ; inati J.-L.; Badot, J.-CRecent Research Delopments in Solid State lonjcs
pOtentlaI USE In various app|lcatIO?I§O far, most of the Edt S. G. Pandalai; Transworld Research Network, 2003; Vol. 1 and

references therein.
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formation of a powder precursor by pyrolysis. Further Voigt function. The width and shape of a diffraction peak are a

appropriate heat treatments yield a fine oxide powder. convolution of both the instrumental broadening and the broadening
In the present study, we will describe the polymerizable arising from the sample. The crystallite siZ) @nd microstrain

precursor method that we used. We will particularly em- (€) were described by the following relationships:

phasize the role of the two EG/CA and CA/M molar ratios 18 1

as well as the pyrolysis temperature as crucial parameters L= (7()(\N——Wd)°5 (2

during the synthesis to prepare the nanosized phase of LLTO st

and to avoid the formation of impurities. Herein, we

demonstrate, for the first time, that the synthesis of pure

LLTO is possible at low temperature. The study of the

crystallite size of LLTO was carried out by the analysis of

the broadening of the X-ray diffraction (XRD) lines. The they parameter contains the information about the strain broaden-
size of the crystallites thus obtained was confirmed by ing while theW parameter is related to the size broadening.

transmission electron microscopy (TEM). Furthermore, the  Microstructure observations were performed using a Hitachi 2300
macroporous character of the powder has been evidencedEM. Thin specimens for TEM study were obtained by ultrasoni-

_ (Ol Ustd) - (W- Vvstd)](l5

1180 s
= )4(2 In 2f

®

by scanning electron microscopy (SEM). cally dispersing particles in ethanol and depositing one drop of the
resulting suspension on a Cu grid covered with a holey carbon film.
Experimental Section After drying, the grid was fixed in a side-entdy 30° double-tilt

specimen holder and was introduced in a JEOL-2010 electron
For the synthesis of bkd.-ags6Ti103, Ti fine powder (99%, 325 microscope operating at 200 kV.
mesh) from Alfa Aesar, LCO; (99.997%) from Aldrich, and L#Ds Granulometry has been carried out with a Beckman Coulter
(99.999%) from Rhone-Poulenc were used as starting materials.equipment in water at room temperature. In-situ ultrasonic vibration
The titanium solution was prepared by dissolution of Ti powder has been used before measurement of the particles’ size.
with hydrogen peroxide (30%) from Carlo Erba and ammonia (35%)
from Fischer Scientific. Lithium carbonate and lanthanum oxide Results and Discussion
were dissolved in nitric acid from extra pure HN@55%) from
Riedel de Har. The polymer precursor was prepared from the  Synthesis of Lbad-aos6l1O 3, Influence of the CA/M and
above solutions with CA (99.5%) and EG (99%) from Aldrich. EG/CA Molar Ratios. One of the crucial steps in the herein
The detailed procedure of the synthesis is given in the next part of used modified Pechini-type method was to prepare a highly
the paper. water soluble precursor to avoid the use of alkoxides, which
Therma_l analysis (TGA) was performed_with_a S_etar_am TGD- gre not stable in open air, as previously repotfe@he
TA92 equipment at a heating rate of°& min™ in air using Pt 5 rmation of water-resistant peroxo-citrato-metal complex
crucibles. during the synthesis of LLTO, instead of alkoxides that are
Powder XRD patterns have been recorded at room temperature - . . .
extremely sensitive to moisture, is of great importance for

with a Philips X'Pert PRO diffractometer (Cu oK radiation), . 4 d . hesi fth
equipped with a linear X'Cellerator detector, in the r2ange from Inexpensive and convenient agueous synthesis of these

5 to 70 with an interpolated step of 0.88For the structural and ~ C€ramics for commercial applicability of these oxides. The
microstructural analysis, slow scan patterns were recorded at roommain goal of this Pechini-type synthesis method is to obtain
temperature in the@range from 8 to 120with an increment step @ polymeric network made of randomly and homogeneously
of 0.0167 and a total collecting timefa&Z h 33 min. The fluoride distributed cations able to lead to a powder precursor by

NaxCasAl ,F14 (NAC)” was used as an instrument standard (std) for decomposition of the organic matrix.
determining the instrumental broadening. The mean coherence |n this work, we study the particular compound

length () was calculated using the Scherrer formtila: LigsdagseliO3 which is the best conductor of the solid
K. solution LiLays—«TiO3. Figure 1 shows the flowchart of
L= B cosb) 1) the synthesis procedure used to prepare this compound. For

1 g of LLTO, Ti metal powder is dissolved in agueous
wherep is interpreted as a volume-averaged crystallite dimension solution containing 30% D, (20 mL) and 35% ammonia
perpendicular to the reflecting planes (intrinsic peak width in solution (5 mL) at room temperature. This yields a yellowish
radians) g is the diffraction anglej is the X-ray wavelength, and  transparent titanium peroxo solution. CA is added to the
K'is the Scherrer constant that depends on the crystallite sKape ( solution to form titanium-chelated citric acid. The amount
= 0.94 for spherical crystaliit€p It was the first model, and the  of CA is a crucial parameter in the synthesis. We performed
S|mples_t approach, establl_she_d on size broadenlqg and_ later ongifferent syntheses by varying the ratio CA/M from 1 to 12
generalized to estimate grain size by XRD. Thealue is obtained (M represents the total number of moles of cations: Li, La
by fitting some Bragg peaks using the WinFit software. . s . . . L
) . ; ) . and Ti). Stoichiometric amounts of high-purit and
Besides, the Rietveld methBdising the X'Pert HighScore Plus Li COg,)are dissolved in HNG(30%) Th?s nﬂxtu?/e%added
program (PANalytical, Aimelo, The Netherlands) was used for the 2 he ab \uti To | 0): he h . £ th
microstructural refinement with a peak shape described by a pseudo{0 th€ above solution. To improve the homogeneity of the
metal-citrate complex, which becomes slightly reddish in

(7) Courbion, G.; Ferey, Gl. Solid State Chenl988 76, 426.

(8) Scherrer, PNachr. Gidtingen1918 2, 98. (11) (a) Kakihana, M.; Szanics, J.; Tada, Bull. Korean Chem. So4999

(9) Klug, H. P.; Alexander, L. EX-ray Diffraction Procedures for 20, 8, 893. (b) Kakihana, M.; Tada, M.; Shiro, M.; Petrykin, V.; Osada,
Polycrystalline and Amorphous Material2nd ed.; Wiley-Inter- M.; Nakamura, Y Inorg. Chem2001, 40, 891. (c) Vijayakumar, M.;
science: New York, 1974; pp 618&87. Inaguma, Y.; Mashiko, W.; Crosnier-Lopez, M.-P.; Bohnke(OBiem.

(10) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65. Mater. 2004 16, 2719.



Synthesis of Nanostructured Fast lonic Conductor Chem. Mater., Vol. 18, No. 18, 2386

| H:0.30%+NH; 35 % | Ti metal powder

v

Yellow transparent
solution

Citric Acid (CA)

Y

Li,CO;3 + LayO3
dissolved in HNO; 30 %

Mixing and stirring at 40 °C
-30min pH=5-6

v

Metal-Citrate complex |

4—' Ethylene Glycol (EG)

v

Esterification by
heating at 60 °C - 1 h
and at 90 °C - 30 minor 1 h

SN

| Heating at 120 °C - 20 min ‘ | Heating at 140 °C - 30 min ‘
i l 4—| Fig. 4
| Grey powder | | Pyrolysis 350 °C -2 h
l l «— Figs.2.3 |
| Heating at 350 °C -2 h | Powder precursor or LLTO with
impurities
Figs. 5,6,7.8,9 |—> l l
White pov.vder of Calcination at 900 °C
nanosized -2 in air
Lios0Lao5cTiO3

Lig30La0s6TiO3

color, the solution is heated in an oil bath, up to°4) and organic matrix, and chemical reaction occur almost simul-
is stirred for 30 min. The pH of the solution is maintained taneously at low temperature and in a short time. The heat
close to 5-6 by adding slowly either HN@or NH,OH. EG flow generated from the organic matrix decomposition is
is then added to the above solution. The amount of EG is enough to locally synthesize the oxide. XRD and TGA
also a crucial parameter. Different syntheses have beenexperiments will confirm the formation of LLTO as it will
carried out with different ratios of EG/CA in the range from be seen later in this paper. As soon as the cations are far
1 to 4. The temperature is increased to°&for 1 h and away from each other (i.e., high amounts of CA and EG),
then to 90°C for 0.5 or 1 h, depending on the CA/EG ratio, they have to diffuse before interacting. More energy is then
to slowly evaporate water. According to Xtthis step is needed, and therefore a higher synthesis temperature and a
crucial to promote esterification between the hydroxyl groups longer time are required. A heating at 350 for 2 h in an
of EG and the carboxylic acid groups of CA. A very viscous oven is required for pyrolysis, as previously described by
solution is obtained. This solution is then heated at @0  Vijayakumar et aktlc Therefore, a gray-to-black powder of
for 30 min in the oil bath with magnetic stirring to ensure a cation precursors is formed at this point of the preparation.
better control of the temperature and a uniform temperature A further heating at 900C for 2 h isnecessary to obtain a
in the system, following pathway 1 of Figure 1. We obtain pure and crystalline phase of LLTO whatever the high value
a polymer made of individual metal-citrate complexes of CA/M and EG/CA molar ratios.
immobilized in a rigid polyester network. _ Figure 2 shows four pictures of the powder obtained after
However, at this stage of the preparation, two different 5 st heating at 140C for 30 min in an oil bath and a
behaviors are observed depending on the amounts of CAggcond heating at 35 for 2 h in anoven. The white color
and EG used. These amounts are crucial parameters becausg rigure 2a suggests that the chemical reaction is complete
they govern the dls_tance betweer_1 th_e cations in the polymeric, 4 that LLTO is formed. On the other hand, the gray and
network. When cations are well distributed and are very close black colors of the powders shown in Figure-abindicate

to each other (i.e., small amounts of both CA and EG, CAIM 5 these powders contain carbon and that the chemical
= 1 and EG/CA= 1), polymerization, decomposition of the reaction is not yet complete.

(12) Xu, Y.: Yuan, X.; Huang, G.: Long, HViater. Chem. Phys2005 Figure 3 shows the TGA curves obtained in air from the
90, 333. powders shown in Figure 2, in the temperature range from

Figure 1. Flowchart for the preparation of nanosized LLTO.
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"A/M=1 EG/CA=1 CA/M=1 EG/CA=4

V.

CA/M=2 EG/CA=4 CA/M =12 EG/CA=4

Figure 2. Powders obtained after a first heating at 2@for 30 min in an oil bath followed by a second heating at 360for 2 h in anoven. Different
ratios of CA/M and EG/CA have been used.
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Figure 3. TGA, performed in air at 3C min~?, of powders obtained after Figure 4. XRD patterns recorded at room temperature of a powder sample
a first heating at 140C for 30 min in an oil bath followed by a second  (CA/M = 1, EG/CA= 1) after heating at 140C for 30 min (pattern a).
heating at 350C for 2 h in anoven. Different ratios of CA/M and EG/CA The diffraction diagrams-be are recorded at RT after further heat treatment
have been used. of the powder in the temperature range from 4£@to 1100°C. LLTO
reflections are labeled by their Miller indicdl (in italics for superstructure

. peaks), calculated from ref 15. *: k&i,O7 (JCPDS-ICCD # 081-1066),
30 to 1000°C. For small amounts of CA and EG (i.e., CAIM Li,TisO7 (JCPDS-ICCD # 034-0393).

=1 and EG/CA= 1), a small weight loss of 2% is observed

around 100°C which is mostly due to water desorption. No  The main point of this study is the finding that LLTO can
further weight loss occurs confirming that the polymer has be prepared at a very low temperature (i.e., 28). To
been already decomposed at this temperature. For the othetonfirm this result, an XRD experiment has been performed
amounts of CA and EG, a weight loss varying from 10% to on the powder obtained with the molar ratios CAA% 1
85% is observed in the temperature range from 30Go and EG/CA= 1 after heating at 140C for 30 min by
700 °C. This weight loss is due to the degradation of the following pathway 1 of Figure 1. The XRD pattern (Figure
polymer, converting the organic compounds into,Gd 4a) clearly reveals that LLTO is formed. However, some
H-0. impurities, LbTizO; (JCPDS-ICCD # 034-0393) and -a
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Figure 5. XRD patterns recorded at room temperature of a powder sample
(CA/M = 1, EG/CA= 1) after heating at 120C for 20 min followed by
a heat treatment at 35T for 2 h (pattern a). The diffraction diagrams

b—d are recorded at RT after further heat treatments of the powder in the

temperature range from 40C to 1100°C. LLTO reflections are labeled
by their Miller indices,hkl (in italics for superstructure peaks), calculated
from ref 15.

Ti,O; (JCPDS-ICCD # 081-1066), marked as triangle and
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favors the formation of LLTO by preventing the formation
of impurities, as seen in the XRD spectra of Figure 5a. On
the other hand, a higher temperature (i.e., 1€0as used
when pathway 1 of Figure 1 is followed) increases both the
kinetics of the polymerization process and the complete
decomposition of the organic matrix. The heat flow generated
from this decomposition is then important enough to locally
promote the chemical reaction of LLTO. Because the
polymerization occurs more rapidly, the viscosity is more
important and therefore the cations are not so well distributed
through the polymeric resin. Impurities are then more easily
formed (Figure 4a). The viscosity of the solution is then very
important and controls the cation distribution into the
polymer matrix and consequently the formation of impurities.
When these impurities are thermally stable, as it is the case
for Li,TisO7 and LaTi»O7, they cannot disappear by further
heating of the powder. We have clearly demonstrated that a
careful control of the polymerization temperature, after
esterification, can minimize the formation of impurities.

To improve the crystallinity of the oxide, further heat
treatments of the powder have been performed. After heat
treatments, XRD patterns have been recorded at RT (Figure

asterisks, respectively, are present in this compound. XRD 5)- The patterns 5bd show that an increase of the temper-
patterns, recorded after further heating of the powder in the ature leads to a narrowing of all the diffraction lines.

temperature range from 40C to 1100°C, show that these
impurities do not disappear with increasing temperature
(patterns 4b-4e). This result means that these impurities are
thermally stable.

Synthesis of the Pure Phase of bkd-ao56TiO 3. TO obtain

However, all the diffraction lines do not behave similarly.
A drastic narrowing of the superstructure linéglwith | =

2n + 1) is observed above 90C (patterns 5¢ and 5d). This
phenomenon is also observed in Figure 4 (patterns 4d and
4e). This sudden narrowing of the superstructure lines can

the pure phase of LLTO, the synthesis method has to bebe explained by the thermal diffusion of the’taons above
improved. Because the above study has clearly shown thatthis temperature, as previously pointed out by Harada €t al.

low molar ratios of CA/M and EG/CA (i.e., CA/M= 1 and
EG/CA= 1) allowed us to obtain LLTO at low temperature,

and by Bohnke et &t This explanation agrees well with
previous results that appeared in the literature on LLTO

we kept constant these ratios and we tried to improve the prepared under different synthesis conditions. First, when

synthesis method to avoid the formation of impurities.
Therefore, pathway 2 of Figure 1 has been followed. After
esterification at 60°C for 1 h and at 90C for 30 min, a
heating at only 120C for 20 min in the oil bath is performed
with magnetic stirring. A gray powder is obtained indicating
that polymerization and partial decomposition of the organic
compounds occurred. At this temperature, LLTO is not yet
formed. The powder is then heated at 3&Dfor 2 h in an
oven. A white powder is obtained. Figure 5a shows the XRD
pattern of this white powder, recorded at room temperature.
We observe that LLTO is formed and that the amount of
impurities is very low but that the phase is not perfectly
crystallized.

It can be postulated that a low temperature (i.e., 2P
limits the kinetics of the polymerization process and then
favors a better uniform distribution of the cations through
the polymeric resin by controlling the viscosity of the
solution. However, the decomposition of the organic com-
pound is limited at this low temperature and then the heat
flow generated from the organic matrix decomposition is not
important enough to locally synthesize the oxide. A gray
powder of precursor with cations uniformly distributed is
then obtained. Because of this uniform distribution of cations,
a further increase of temperature up to 380 for 2 h
promotes the chemical reaction between the precursors an

LLTO is prepared by the conventional solid-state reaction
followed by a slow cooling to room temperature, XRD
patterns show that superstructure lines, slightly broader than
the other diffraction lines, are preséhflhe high-temperature
synthesis (i.e., 1150C) leads to a complete disordering of
the L&" ions in the structure by thermal #adiffusion. A

slow cooling to RT favors some ordering of the3tdons

in the A-cages of the perovskite structure. LLTO is then
structurally well described either in th@4/mmnt> or
Cmmm¢® space groups. In these structural models, th¥ La
ions are unequally distributed in the two adjacent A-cages
of the perovskite network along tleadirection. This unequal
distribution of L&" ions is responsible for the doubling of
thec axis parameter and for the presence of the superstructure
lines. This implies the existence in the perovskite structure
of La®*-rich layers and L& -poor layers in thed, b) planes

of the structure. Because the stacking of these layers are not
perfectly ordered in the-direction, the superstructure lines

(13) Harada, Y.; Ishigaki, T.; Kawai, H.; Kuwano, Solid State lonics
1998 108, 407.

(14) Bohnke, O.; Duroy, H.; Fourquet, J.-L.; Ronchetti, S.; Mazz&&®id
State lonic2002 149, 217.

(15) Fourquet, J.-L.; Duroy, H.; Crosnier-Lopez, M.JPSolid State Chem.
1996 127, 283.

16) Inaguma, Y.; Katsumata, T.; Itoh, M.; Morii, ¥. Solid State Chem.
2002 166, 67.
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different and sometimes conflicting procedures appeared in

+ Observé

—— Calulé the literature. From a general point of view, the broadening

G} ; I Position Bragg . . . .. .
3 2 of diffraction lines occurs for two principal reasons: instru-
2 g mental effects and physical origins (for the most current
§ - reviews on this topic, consult the monograph of Snyder et
= e all” and the more recent one of Mittermeijer and Scé&ydi
\MJ 0040 60000 2‘i$1éta1§;) The broadening due to physical origins can be roughly
divided into diffraction-order-independent (size) broadening
Solgel and diffraction-order-dependent (strain) broadening in re-
ciprocal space.
1 1 We used, in a first approximation, the Scherrer relationship
\J\L R Ly SSR (eq 1) to estimate the grain size. However, several factors

can affect the correctness of the result (an error as high as
70% can be attained). The factors affecting the estimation
2 Théta (%) include the choice of the Bragg peaks and the mathematic
. ) , . _ function used to extract the full width at half maximum
Figure 6. Powder XRD patterns of bid-aps6TiO3 obtained by solid- fwh | Furth d f d .
state reaction (SSR) or Pechini-type in-situ polymerizable method at 350 ( m) va UeS_- U_I’t e_rmore, a tendency o E_ln un erestlma-
°C for 2 h (pathway 2 of Figure 1):( superstructure lines). A Rietveld  tion of the grain size is observed by neglecting the micros-
_rr?fmen_wnent}twith cubic symmetry, using HighScore Plus software, is shown train components in the Scherrer equation. As reported by
n the nsert Zhand® on nanocrystalline Al, the estimated crystallite size
are slightly broader than the other diffraction line&lwith is strongly dependent on the choice of the Bragg peaks. These
| = 2n). Second, when LLTO is prepared at high temperature authors clearly showed that the choice of the more intense
and is quenched in liquid Nthe complete disordering of line, as generally made in most of the papers, is not the best
the L&* ions that occurs at high temperature cannot be one. To minimize the role of these factors and to limit the
retained by quenching. Despite this fast cooling®‘Lach error, we used some reflections to estimate the grain size.
layers and L& -poor layers are formed, owing to the very g\n avgrage V\(;rystallrile hS|ze_ th.?’z nm gas thhen be_en
fast disordering/ordering Baion process between their two bete:jmln_e ' ﬁe reca tl at, Idn this procedure, the strain-
unequivalent positions. Therefore, the superstructure lines roadening € egt IS heg ected.
are always present in the XRD patteffiddowever, they To go further in this study, two types of approaches are

are very broad suggesting a great disorder in the stacking of2vailable: the phenomenological “tepottom” approaches,
these two layers. Finally, when the oxide is prepared at low such as integraibreadth methods, and the Fourier methods.

T T v
20 40 60 80 100 120

temperature by the polymerizable method-ich layers In a reference work, Balzar et&compgred the three most.
and L&"-poor layers are present, but the stacking cannot be f@mous methods: the model assuming a log-normal size
ordered during the heat treatment at 350 since L&" distribution of spherical crystallites, the Warren-Averbach

thermal diffusion cannot occur. This leads to very broad analysis, and the Rietveld refinement. For our particular case,
superstructure lines as in the quenched samples. By increas?/€ Choose the Rietveld method to estimate the size and the
ing the temperature, the Bathermal diffusion that occurs ~ Strain parameters. By this method, a pseudo-Voigt function
around 900C favors the ordering of the two different layers. is used and both Lorentzian and Gaussian contributions were
Consequently, the superstructure lines suddenly narrow. €fined to obtainL and e values, as described in the
Nanostructure of the Pure Phase of LjsdaoseliOs. Expenmental Section. ) . )
Slow-scan powder X-ray diffraction patterns have been AS discussed above, the obtained compound is not cubic
recorded at room temperature for LLTO obtained by either P&cause of the unequal distribution ofLaons into the two
the herein used low-temperature synthesis procedure route\"Sit€S and because of the disordered stacking of the layers.
(pathway 2 of Figure 1) or the classical high-temperature The very broa.dldlffractlon lines r_elated to this phenomenon
solid-state chemical reaction route. Figure 6 shows the two Were really difficult to be taken into account for a correct
spectra indicating the formation of the pure phase of LLTO réfinement. In a first approximation, we assumed that this
at temperature as low as 35@. A very small amount of ~ compound adopts an ideal cubic symmetry. A Rietveld
La,Ti,O; can be detected in both compounds. The main refmer.nent was then performed on the space gieuB m
difference in these diffraction diagrams is the broadness of (ICSD: 92238):a = 3.8819 (2)_A'RP = 5.86, andRup =
all the diffraction lines of LLTO obtained by the polymer- /-79- The average crystallite size (coherence length) is 23
izable method. As described above, the superstructure lined!M With @ microstrain parameter of 0.16%. When using the

(hkl with | = 2n + 1) are broader than the other diffraction
; ; — (17) Snyder, R. L.; Fiala, J.; Bunge, H. Defect and Microstructure
lines (hkl with | = 2n). o _ Analysis by DiffractionOxford University Press: IUCHOXxford, 1999.

The determination of the grain size has been carried out (18) Mittemeijer, E. J.; Scardi, Wiffraction Analysis of the Microstructure

i - of Materials Springer: Berlin, 2004.
by the analygls of the slow S.C&n XRD pattern of the powder. (19) zZhang, Z.; Zhou, F., Lavernia, E. Metall. Mater. Trans. A2003
Generally, this method provides a powerful and nondestruc- 34A 1349,

tive way for the analysis of the microstructure of materials, (20) I_Balz(']i\r, clil; AtideLbreEch_,l l\k; Eﬁaymogd,MM. R, Fitch,MA.; Hewat, A.;
via the analysis of diffraction-line broadening. However, this angford, J. L; Le Bail, A Lote D.; Masson, O.; McCowan, C.

. . ’ . o N.; Popa, N. C.; Stephens, P. W.; Toby, B. H.Appl. Crystallogr.
method of determining crystallite size is not trivial, and 2004 37, 911.
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Figure 7. SEM micrographs of ldzd-aos6TiO3 prepared by the Pechini-
type in-situ polymerizable method at 38G for 2 h (pathway 2 of Figure
1).

1

Figure 9. TEM image of Lpsd ayseliO3 prepared by the Pechini-type
in-situ polymerizable method at 35C for 2 h (pathway 2 of Figure 1).
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reported the preparation of three-dimensionally ordered
macroporous lgsd apssTiO3 membrane using colloidal

Differential volume (%)
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PN A Lo crystal templating method combined with sglel process*
. . . , . The low-temperature synthesis used in our study may also
01 1 10 100 1000 offer some interesting way to prepare such a macroporous
Particle diameter (pum) membrane.
Figure 8. Laser granulometry curve obtained from kd-ao 56TiO3 prepared . . . .
by the Pechini-type in-situ polymerizable method at 36Gor 2 h (pathway Figure 9 shows a low-resolution TEM image revealing

2 of Figure 1). Differential (solid line) and cumulative (dashed line) volume Small grains of 26-30 nm size and presenting faceted
percentage particle size distribution are plotted on the left and the right horders, as shown in the black circle. The crystallinity of
axis, respectively. the sample is evidenced by the rings with sharp spots of the

superstructure lines as a “second phase’, as suggested b orresponding selected area diffractiqn pattern (at the right
Fourquet et al*? the Rietveld refinement with 84/mmm op) as well as by the presence Of. frmges.(black AITows).
space group (ICSD: 82671) leadsao= 3.8817(9) Ac = The powder is not perfectly crystallized owing to the Iow-
7.7700(4) A,R, = 7.39, andR., = 10.31. The reliability temperature process used. However, these observations
factors are slightly higher than in the cubic assumption. An confirm the nanoetructure of LLTO powder._The presence
average crystallite size of 26 nm with a microstrain parameter of these nan(.)par.tlcles are then.able to explain the bro.adness
of 0.10%, close to the previous values, is found. However, of the diffraction lines observed in the XRD pattern of Figure
the U, V, andW values for the superstructure lines are not

determined with good accuracy. These values of 23 and 26 )

nm are in very good agreement with the previous one Conclusion

;jhetermmltled V\I"th thefSct:he_rrer equatlton (?ZOHTG)JUHZGST;%E;' We have reported the detailed procedure used to prepare
€ Small values of strain parameter ot ©. o and ©. ® hanosized fast ionic lithium conductorglaflag s6TiO3. The

obtained in both assumptions allowed us to validate the use~ A \1 — 1 and EG/CA= 1 molar ratios are found to be the

of the Scherrer relationship. However, the use of Rietveld best values to obtain the formation of the oxide at very low

reflnelrpent;or m:jcr(t)]structulral aSaWSIZIia|WaydeIffIC|tj|t a”‘?' htemperature. Furthermore, the pyrolysis temperature is a
complicated, and the results obtained have to be taken with, oy parameter to prevent the formation of the thermally

much care, as discussed in a recent pépgherefore, we g0 imnurities: LiTisO; and LaTi,Or. Indeed, to prevent
used electronic microscopic techniques to characterize they,q formation of these impurities, it is necessary to obtain a
microstructure of LLTO and to confirm these previous nitorm distribution of the cations in the polymer network.
results. This can be achieved by slowing down the kinetics of the
SEM micrographs of LLTO obtained at 350C are  polymerization process that controls the viscosity of the
presented in Figure 7. Figure 7a shows the presence ofsolution. By adjusting both the CA/M and EG/CA molar
aggregates. This result is confirmed by laser granulometry ratios and the pyrolysis temperature, it is possible to obtain
experiment, shown in Figure 8, which reveals the existence a pure phase of LLTO. This phase is made of crystallites of
of aggregates of 5200 um in size. Figure 7b shows the 20-30 nm size as determined by the analysis of the width
macroporous character of the powder with a pore size aroundof the XRD lines and by TEM. This phase shows a

1 um. At the present time, macroporous materials also macroporous character that can offer some advantages for
deserve much attention because of their possible use in

various eIecFroehenycal applications, such as sensors Of(21) Dokko, K. Akutagawa, N.: Isshiki,
batteries. It is in this context that recently Dokko et al. Solid State lonic®005 176, 2345.

Y.; Hoshina, K.; Kanamura, K.
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obtain a dense pellet without increasing the grain size. Such - Dortmann (PANalytical) for help in use of the X'Pert
densification is on the way to determine the conductivity HighScore Plus software.
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