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Chapter 1
General Introduction

Recently significant research efforts have been emtu develop fuel cells operating at
intermediate temperatures (200-750 °C) [1-3]. Teimperature range may allow for the use of
non-precious metal catalysts and eliminate the heeexternal reforming of fuels. It may also allow
for the use of less expensive components and tieilminiaturization. Several types of phosphate
based proton conductors such as ammonium polyphtesph pyrophosphates, and cesium
phosphates have been proposed for use as eleetratytintermediate-temperature fuel cells [3].
They exhibit proton conductivities greater than™?®cm*® at their operating temperatures.
Nevertheless, there are several problems left tosddeed, such as thermal decomposition at
relatively low temperatures (~300 °C), mechaninatability, and water solubility.

In contrast, rare earth phosphates are attractinghmattention due to their proton conduction
and high-temperature chemical stability. Howevarthfer enhancement of the conductivity is still
required for technological applications, while thproton conduction mechanisms are yet to be
clarified. Also, knowledge regarding their optim@ynthesis conditions and stabilities is insuffitien
In this context, this work has focused on a com@msive characterization of lanthanum phosphates
with the objective of providing the fundamental amhation for developing new
lanthanum-phosphate-based electrolytes for prdaigm Systematic investigations were carried out
on their optimum synthesis conditions, thermodyrapnoperties, and proton conduction properties.

In this chapter, a brief overview of related waoskprovided.
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1.1 Proton Conduction in Rare Earth Phosphates

Several rare earth phosphates doped with acceptolsas Sr have been shown to have proton
conduction in the intermediate temperature rangeesthe first report by Norby and Christiansen [4]
in 1995. Norby and Christiansen showed that Ce&&redloped LaP@exhibits proton conductivities
on the order of 1 S cm™ at ~700 °C in wet air while those of undoped LaR@& ~10° S cm™.
Later, proton conduction was also found in mang arth phosphates suchREPO, (RE=Y, La,

Ce, Pr, Nd, Sm) [5-8], L&@;015 [9], LaP;Og [10], LaRO14 [11], and N@PO; [12] doped with
acceptors. A number of studies have been carrig¢dtcoualate on various aspects of the proton
conduction behavior in these phosphates, espe&®&8R0, and LaRBO,. In these studies, LaRWas
found to be the most preferable host lattice anf®BGO, in terms of the proton conductivity [5-7].
Similarly, Sr was found to be the best dopant amalkgline earth metals for LaR(13] and
LaPsOg [14]. Figure 1.1 presents the highest conducéisinf each Sr-doped lanthanum phosphate
reported so far. The conductivities increase indfrder of LaP;0:15 < LaPQ < LaR014 < LaR0,
reaching 2 x 10 S cmi* at 600 °C, though further improvement to =48 cni* will be required for

practical applications.
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Figure 1.1 Electric conductivities of Sr-doped LaP3;0is [9], LaPO, [15], LaP;Og [16], and

LaPs014[17] as a function of reciprocal temperature.

1.1.1 Proton Conduction Mechanism

The defect structures in Sr-doped LaP®ere investigated by Amezawat al using
conductivity, MAS-NMR spectroscopy and FT-Ramancsmescopy measurements [18]. Based on
the results, they proposed the following protonomoration mechanism into Sr-doped LaPO
When La is partially substituted with Sr, pyrophioag ions written a(P>O7)35,, are formed by
condensation of orthophosphate ions as shown i{1EL).

%ST2P207 — Sy, + % (P207)3p0, (1.1)
Then protons can be incorporated into LafOm water vapor, forming hydrogen phosphate gspup
(HPO4)po,, as shown in Eq. (1.2).

1 P 1 oo
5 (PQO7>2P04 + §H20(g) - (HPO4)PO4 (12)
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[(HPO4)},]

[(Py0)5mo, ] 0 (Ho0) /2 (1.3)

K =

Based on this mechanism, the proton concentratiohalPQ is determined by the equilibrium
between the intrinsic positive effects and wategporain the ambient atmosphere (Eg. (1.3)). As
shown in Figure 1.2, it was observed that the gteconductivity of Sr-doped LaPQas well as that
of Sr-doped L&P;0;g, increased with increasing water vapor pressune dependency agrees well

with the proposed proton incorporation mechanism.

_3 LI | T 1771 | LI | T 1771
1% Sr-doped LaP309
o—O0 0

-4 — 1% Sr-doped LaPO4 —

1% Sr-doped La7P3018

log (o/S cm™"

700 °C

C Ar-0.01 atm O :
_6IIII|IIII|IIII|IIII2

-3.0 -2.5 -2.0 -1.5 -1.0

log (,0HZO / atm)

Figure 1.2 Water vapor pressure dependence of the@aductivities of 1% Sr-doped L&Ps015[9],
LaPOq, [7], LaP30g¢ [10]

On the other hand, Sr-doped L@k does not follow the rule, for its conductivity @most
independent of water vapor pressure. In additibms also difficult to apply the defect structure
model described above directly to Sr-doped JyHrom the viewpoint of crystal structure. Figure
1.3 shows the crystal structures of undoped Lafpt@nazite type) and La®s. In the LaPQ lattice,
the constituent POtetrahedra are isolated, and they are suppostmtntodimers (PO;) only when

La is partially substituted with divalent dopanitsis reasonable to assume thayRs#:5 also has
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isolated PQ tetrahedra considering its La/P ratio, though dhestal structure of L#;015 has not
been reported so far. In contrast, the;B&rahedra in undoped LgB are already linked in chains
along the c-axis in nature. LgP4 was also reported to have cross-linkingsRéains [19].
Therefore, the defect structures proposed for LaP&hnot be applied to LagBy; and LaROi4

without appropriate modification.

(b)

“popy

" YY.

A POs O La

Figure 1.3 Structural arrangements of (a) undoped BPO, (monazite type) [20] and (b)
undoped LaP;Og [21]. PO, groups in the crystal structures are shown as tetthedra.

Grain boundary
conduction

N\

Crystalline
grains

Figure 1.4 Schematic illustration of the proton transport paths in polycrystalline solid

electrolytes.

Besides the defect structures, the proton condugiaths in undoped LaR®ave been studied
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by several authors. Figure 1.4 schematically regmssthe two types of proton conduction paths in
solid electrolytes. Jgrgensest al observed that a part of phosphate excess dugnthesis
remained in the surfaces of LaPQ@amples after sintering [22]. They suggested tiest
phosphorus-rich grain boundaries may enhance thirpiconductivity. Harleyet al also reported
the formation of phosphorus-rich amorphous graianoary film by sintering of LaP{) because of
residual hydrogen-phosphate-type compounds rengafnim synthesis via precipitation in agueous
solutions [23]. The grain boundary conductivity veadculated to be as high as ~2.5%18 cm* at
500 °C, from the analysis of the experimental catigiity data of the samples using the ‘bricklayer’
model. To demonstrate the effect of the presendegbf conductivity grain boundary films further,
they also investigated the conduction propertiesa ohixture of LaP®— 15 mol% LaBO,. The
sample was heat treated at 1300 °C (higher thannteking temperature of La®y) to form
amorphous grain boundary film. The conductivitytioé sample was measured before and after the
heat treatment, and the increase in conductivity @l@served with the appearance of the amorphous
phases. Their work suggests that the grain bousglarovide the dominant proton conduction paths
in LaPQ. In contrast, theoretical calculations on the gmetransfer mechanism in LaR®uggested
there are proton transport paths in the LaPR&dtice with energy barrier of ~0.8 eV, close to
experimentally measured activation energies [24]ldifonally, the above mentioned experimental
work also suggests that amorphous 4@&Fhas higher conductivity than that of crystallin@ROo.
However, the investigation of the conduction preipsr of LaRBOgy glass revealed the opposite
behavior [25]. The conductivity of the Sr-doped L@F glass significantly increased with the
crystallization, while that of the undoped &R glass remained unchanged.

Taking into account these inconsistencies, it aasdd that the proton conduction mechanisms
in lanthanum phosphates, especially condensed @b&B8;0, and LaRO;s) have not been
understood at all. Clarifying them will be highlesdred for improving the proton conductivities in

lanthanum phosphates. For example, if the domipeoton transport paths are determined, it will be
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possible to improve the proton conductivities aittanum phosphates by synthesizing samples with

desired micro structures (fine- or coarse-grainggiguystalline samples or single crystals).

1.1.2 Solubility of Srin LaPO 4 and LaP 304

As described above, the proton conduction in laniha phosphates is generated by doping
divalent cations such as Sr. Therefore, it willilb@ortant to make the most of the doping effect for
improving the proton conductivity. However, the wgalities of Sr in lanthanum phosphates have
been reported to be relatively low. Amezaetaal derived the solubilities of Sr in LaR@nd
LaP;Og by X-ray diffraction analysis and conductivity nsegements in combination [15,16]. The
reported solubilities of Sr, represented by theanaoatio Sr/(La+Sr) are ~2 mol% in LakR@nd
below 5 mol% in LagOq. As shown in Figure 1.5, the conductivities ofdeped LaP@and LaROq
increase with increasing the Sr concentration withie concentration range below the solubilities.
However, with higher Sr mixing ratios, secondanagds, SP,0O; and Sr(P@),, appeared and the
conductivities cease to increase or begin to dwtge. Thus, the low solubilities of Sr are an

obstacle to enhancing the conductivities of lantimuphosphates.
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Figure 1.5 Conductivities of (a) Sr-doped LaP® [15] and (b) Sr-doped LaROg [16] as a

function of the Sr-doping level.

While the above mentioned study on LaR@s conducted with samples prepared by solid state
reaction and sintered at 1200 °C [15], there axersé reports of different Sr doping levels with
different synthesis temperatures (Table 1.1). Tghel al reported the solubility of Sr in LaR@
be ~1% using samples sintered at 1450 °C [26].ilbadt al prepared 5% Sr-doped LaPOy
combustion synthesis followed by calcination at 800[27]. Schatzmanret al synthesized
Sr-doped LaPQ by adding La(N@s6H,O and Sr(N@), to heated phosphoric acid at 150 °C,
followed by precipitation of LaPQOwithin 30 minutes [28]. With this method, at led48 Sr-doped
LaPQ, was obtained. These results suggest that the ibglubf Sr would be higher at lower
temperatures. Therefore, to obtain highly Sr-dofsdhanum phosphates, the development and

optimization of synthesis methods avoiding highpgenature heat treatments might be beneficial.
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Table 1.1 Sr-doping levels in LaPQattained at various synthesis temperatures.

Max. temp. Sr-doping level

Synthesis method [ °C (Mol%) Ref.
Solid state reaction 1450 ~1 [26]
Solid state reaction 1200 ~2 [15]
Combustion synthesis 800 5 [27]
Precipitation in hot phosphoric acid 150 >4 [28]

1.2 Phase equilibria in the La ,0;—P,05 System and Stabilities of

Lanthanum Phosphates

Various phosphates in the A&—P,0Os system have been studied not only as proton caoidc
but also as laser and luminescent materials [29f8&]sphorus diffusion sources for semiconductors
[33-35], debond materials in oxide composites [2Bjating materials [37], and radioactive waste
forms [38,39]. The information on the phase equdibn the LaOs;—P,Os serves as the basic
knowledge needed for synthesizing various lanthamimsphates as well as assessing their
stabilities and reactivity with other materials. @whase diagrams have so far been reported for the
La,O3—P,05 system as shown in Figure 1.6 [40,41]. Howevesrdhare considerable differences in
the compounds present. For example, one of thempnductors referred to in the previous section,
La;P;O1g, is only present in the phase diagram by Park ldreldler [40]. Therefore, further
inspection should be necessary on the existancestabdity of LgPs;O1s. In addition, LaBOg and
LaPsO14 have been demonstrated to decompose gradualljglattémperatures by the following
reactions [10,40,42-44]:

LaP;Og (s) — LaPQ (s) + 1/2 RO10 (9); (1.4)

LaRO14 (s)— LaPs0y (S) + 1/2 RO10 (9). (1.5)
The decomposition temperatures have been repodetiet ~800 °C [10] and ~700 °C [42],
respectively. Because of these decompositions, difficult to obtain dense LaPy and LaBOi4

electrolytes by conventional sintering method. dotf dense Laf®y samples with relative density
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higher than 0.9 have only been obtained by spa&nph sintering [10]. Moreover, the instability of
LaP;Oy and LaBOi, may limit the operating temperatures for the etdgtes, since the
decomposition of the electrolytes during fuel catleration may lead to the degradation of cell
performance as well as corrosion of other companédtdwever, very little quantitative information
is available about the decomposition reactions. ®hky available experimental information, the
vapor pressure 0f;P1o (Prao19 Over LaROy, was given by Ashuiket al [44] as follows:

log (Ppao1o/ MMHQ) = 8.5641 — 13613 T ( K)™*

(1219< T/ K < 1404). (1.6)

For accurate assessment of the stabilities ofQaBnd LaBO.4, further examination and refinement

of their thermodynamic properties will be required.
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Figure 1.6 Phase diagrams of the L#®3s—P,0s system presented by (a) Park and Kreidler [40]
and (b) Kropiwnicka and Znamierowska [41]. Solid-stid phase transitions are not shown for

simplification.

1.3 Synthesis Methods of Lanthanum Phosphates

As referred to in section 1.1, selection and dgwelent of appropriate synthesis methods will
be a key to understanding the proton conductionhar@sms and improving the proton conductivity

in lanthanum phosphates. In this work, most ofHantim phosphate samples were prepared by
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precipitation in condensed phosphoric acid solgiodere, a brief description of the synthesis
methods of rare earth phosphates is provided.

Rare earth phosphates have been synthesiaeal variety of methods such as precipitation in
agueous solutions [45-47], precipitation in con@ehsphosphoric acid solutions [48,49],
hydrothermal synthesis [50-52], solid state reactj63,54], flux growth [55-57], and chemical
transportation [58]. The solid state reaction @@ frecipitation in aqueous solutions followed by
calcination have been widely used to synthesizéhéarum phosphate samples for investigating their
conduction properties. By these methods, it istikedly easy to obtain polycrystalline lanthanum
phosphates. It is also possible to obtain Sr-dgaedples by adding Sr-containing compounds such
as SrCQto starting materials. However, it is difficult é&@hieve desired grain sizes, especially larger
size by these methods. In addition, high tempegdbaat treatments are inevitable which may lower
the solubility of Sr.

On the other hand, large single crystals of ramghephosphates have been obtained by
precipitation in condensed phosphoric acid solgjoimydrothermal synthesis, flux growth, and
chemical transportation. Among them, the precigitatn condensed phosphoric acid solutions can
be performed with relatively simple apparatus ahdbaer temperatures. It has been extensively
investigated for synthesizing single crystals aeraarth ultraphosphateRHEP;014) for the purpose
of using them as laser materials [48,49,59-63]. ddramon procedure of this method can be stated
as follows: A mixture of rare earth oxide and phusjc acid is heated to several hundred degrees
Celsius €.g. 300 °C) to dissolve the oxide into phosphoric aominpletely; Then the solution is
heated up to higher temperaturesg(500 °C) to precipitatd&REPs0,4. With this method, single
crystals of NdBO14 with size more than 3 cm were obtained [49]. Tigtouwelated works, it was
found that LaP® and LaROg precipitate at temperatures below ~300 °C [64-@Gjcording to
Chudinova, however, it is difficult to obtain LgB because the temperature range of precipitation is

only 50 °C [67]. Byrappa also stated that the psscef formation of ortho- and polyphosphates
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(REPOy, andREP;0y) is very slow at temperatures lower than 260 °@ iars rather difficult to carry
out the synthesis [68]. Nevertheless, there magobm for further improvement since the literature
focusing on the precipitation behavior of LaPdhd LaRBOg in condensed phosphoric acid solutions

is still scarce.

1.4 Outline of This Work

In the above context, the synthesis conditionsynbdynamic properties and electrical
conduction properties of lanthanum phosphates steigied throughout this work.

In Chapter 2, the precipitation conditions of LaP0aP;0Oy and LaBO14 in phosphoric acid
solutions were investigated in both ambient and idified atmospheres. The morphology of
precipitates was analyzed in relation to the pitatipn condition.

In Chapter 3, the phase equilibria in the@aP.Os system were re-examined to resolve the
differences in the reported phase diagrams.

In Chapter 4, thermodynamic measurements wereedaout on LagfDg and LaRBO,4 by
transpiration method. The thermal stabilities ofPi@ and LaRO,, were discussed using the
obtained results.

In Chapter 5, synthesis of Sr-doped LaPidd LaROy was carried out in phosphoric acid
solutions. The optimum conditions for obtaininghiigSr-doped LaP©and LaRBOy were revealed.

It was confirmed that pO is certainly incorporated in the bulk by Sr dapin

In Chapter 6, direct synthesis of dense, polychyséaSr-doped LaP©and LaRBOq electrolytes
was performed in phosphoric acid solutions. Singigstals of Sr-doped LaB®s were also
synthesized. The electrical conduction propertieth® precipitates were investigated by impedance
spectroscopy.

In Chapter 7, a brief summary of this study is juled.
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Chapter 2
Synthesis of Lanthanum Phosphates in Phosphoric Acid
Solutions

2.1 Introduction

As described in Chapter 1, a new synthesis metha@d®Q, and LaRBOg which facilitates the
control of grain size is required. Also, the sysiBeand densification of the compounds should be
completely done at low temperatures to avoid lomgeriof Sr doping level and thermal
decomposition. The most suited for this purpose hiige the synthesiwia precipitation in
condensed phosphoric acid solutions. This methadbkan widely used for preparing single crystals
of rare earth ultraphosphat&Ps0,4, as laser materials. The common procedure ohtlethod can
be described as follows: A mixture of rare earthidexand phosphoric acid is heated to several
hundred degrees Celsius.g. 300 °C) to dissolve the oxide into phosphoric amnpletely; Then
the solution is heated up to higher temperatugas 500 °C) to precipitat® EPsO14. Through related
works, it was found that LaROand LaROy precipitate at temperatures below ~300 °C [1-3].
According to Chudinovat al, the temperature ranges of precipitation arevbdl60 °C for LaPQ
and 180-240 °C for LaPy [1]. They also reported that increase in gas hiynidom 0.013 to
0.2 atm extends the temperature range of preagitaf LaROy up to ~300 °C [3].

However, the literature focusing on the synthesisLaPQ, and LaROgy in condensed
phosphoric acid solutions is still scarce. Therg Ib@en no information on the morphologies of these
precipitates. It is also of interest to know thgstallographic modification of the LaR@recipitate.

There are two polymorphs known for LaR@amely, monazite and rhabdophane. The monazee-ty
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LaPQ, has been investigated as a proton conductor {4jas been typically synthesized through
high-temperature heat treatments, but the nanaisysif monazite-type LaROhave also been
synthesized at low temperatures (such as 120 °C 1&@d°C) by hydrothermal method [5,6].
Meanwhile, when synthesis was carried out in agsesmlutions at temperatures below 100 °C, the
rhabdophane phase (LalPXH,0) was obtained [7]. It was also reported thatrttedophane phase
was obtained by heating a mixture o0 and HPO, (P/La = 1) at 150 °C [8].

In this chapter, the precipitation conditions ofPi, LaP;Oy and LaBO14 were investigated
under both ambient and humidified atmospheres. drigetal modification of the obtained LakO
was identified by powder X-ray diffraction analysiBhe morphologies of precipitates were also

analyzed in relation to the precipitation condition

2.2 Principles of the Synthesis Method

When phosphoric acid is heated, it gradually lddg® and condensation of phosphate anions
takes place. The condensation can be expresséxt lgeheral formula:
nHsPO, () — H(HPG;),OH (1) + (n—1) KO (g). (2.1)
The rate of HO loss increases with increasing temperature oredsing the water vapor pressure.
Therefore, when the water vapor pressure is conataim ambient atmosphere, the rate gDHbss
or the BOs concentration in the liquid phase is determinedy ohy temperature. This
interdependence between thgOPR concentration and temperature is shown in therpiphase

diagram of the ED—R.0Os system (Figure 2.1).
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Figure 2.1 Phase diagram of the bD—P,O5 system adopted from Refs. [9,10].

Lanthanum phosphates can be precipitated in phosphoid containing lanthanum oxide.
Chudinovaet al. investigated the phase equilibria in the@aP.Os—H,O system, especially those
between the phosphoric acid solution and lanthapiasphates in ambient atmosphere [1]. Just like
the HO-R.Os system, the s concentration in the solution in an open systemei®rmined only
by temperature. Therefore, the@@ concentration cannot be varied arbitrary at anpstant
temperature. Chudinowet al. determined the solubility of L&s; in such phosphoric acid solution at
each temperature. They also determined the sohdgn equilibrium with the solution. The results
were presented in a Gibbs triangle in a similar mearto a conventional isothermal section of a
ternary phase diagram (Figure 2.2). This diagraacisally not an isothermal section but a diagram

at a constant water vapor pressure.
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Figure 2.2 Phase diagram of the L#Ds—P,0s—H,0 system at 100-500C by Chudinova et al.
[1] The solubility of La,Os in the liquid phase at each temperature can be oained using the

temperature axis below, as shown in the figure.

The relationship between conventional isothermadjdims and the Chudinova’s phase diagram
(Figure 2.2) can be explained as follows. Figur® i8.a schematic illustration of the isothermal
sections of the L#®3;—P,0Os—H,0 phase diagram at 150 °C and 200 °C. The broaasun the figure
represent the compositions of phosphoric acid swiatin equilibrium with water vapor in the
ambient atmosphere. As the solubility of,0a in the phosphoric acid solution is on the order of
only a few weight percent, the®; concentration in the solution is assumed almostktp that
given for the HO—R.Os binary system (dashed line in Figure 2.1). “Péihin the figure represents
the composition of such phosphoric acid solutioeguilibrium with a solid phase (one of lanthanum
phosphates). This point represents the solubilityaaOs; in the solution at the given temperature.
The position of Point A changes with temperature &g trajectory can be expressed as a curve in

the temperature—composition space (Figure 2.4)pByecting the curve on the Gibbs triangle, a
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diagram is obtained which provides the solubilifyL@,Os in the solution in a wide temperature
range but at a constant water vapor pressure @igw). This type of diagram is suitable for the
crystal growth of rare earth phosphates in ambétmosphere and has been reported for several
systems [1,11,12]. It should be noted that thehmwhal sections of the k@;—P.Os—H,O phase
diagram presented in Figure 2.3 is drawn on themapson that the phase equilibria between the
liquid phase and solid phases do not change daligtigith temperature. It has proved to be true for

a similar system, N@z—P,Os—H,0 system [12-14].

30

Point A
(Solubility at 150

Composition of the liquid phase
in equilibrium with 0.01 atm H20 (g) at 150 °C

Figure 2.3 Schematic illustration of isothermal sd@ns of the phase diagram of the LgOs—
P,Os—H,0 system at 150 and 200 °C. Point A represents tlleree phases equilibrium between
the solution, solid phase, and gas phaseqto ~ 0.01 atm), or the solubility of LaOs in the

solution.
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Temperature / °C

Figure 2.4 Trajectory of Point A in the temperature-composition space. The trajectory is also
projected on the Gibbs triangle at the bottom.

Based on Figure 2.2, the solubility of g in the phosphoric acid solution is found to be
highest at ~190 °C. At lower and higher temperatutiee solubility of LaO; decreases and several
lanthanum phosphates can be precipitated: LaR@wer temperatures, and L& and LaBO;4 at
higher temperatures. Therefore, the dissolutiorpeature of LgO3; in phosphoric acid before the
precipitation process was set at 190 °C in thiskwor

As mentioned at the beginning of this section, geam water vapor pressure also affects the
composition of the phosphoric acid solution. Asr@asing water vapor pressure decreases ADge P
concentration in the solution, it increases the perature ranges of the precipitation of each
phosphate from those in ambient atmosphere. Thestet so far confirmed by Balagired al for
LaPsOg [3]. According to Byrappa, the process of formatmf ortho- and polyphosphateREPO,
andREP;Oy) is very slow at temperatures lower than 260 °@ iais rather difficult to carry out the
synthesis [15]. However, if sufficient humidificati is applied, synthesis of these phosphates would

be easier. In this work, the effect of humidification the precipitation behaviors of lanthanum
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phosphates was also investigated.
2.3 Experimental
2.3.1 Synthesis

LaPQ, LaPOy, and LaBO14 were synthesized by precipitation in homogenedussphoric
acid solutions containing k@s;. LaxO3 (99.99%, Nacalai Tesque) andRD, (85%, Nacalai Tesque)
were mixed at a P/La molar ratio of 15 in a penfhadkoxy (PFA) or glassy carbon (GC) crucible
and held at 190 °C in a furnace for several daysbtain a transparent solution. Then temperature
and water vapor pressure were changed and hetddmrdetermined period of time to precipitate the
lanthanum phosphates. The temperature was set dreth20 °C and 350 °C, and the water vapor
pressure was set to approximately 0.01 atm (amhbiembsphere) or 1 atm (humidified atmosphere).
Synthesis parameters are summarized in Table 2.1.

Table 2.1 Dissolution and precipitation conditionsfor the synthesis of LaPQ, LaP3;Oo, and
LaP5014.

Abb Dissolution Precipitation
r.
Temp. /°C puzo/atm  Temp./°C puo/ atm Time/h
A300 300 ~0.01 20
A230 230 ~0.01 72
A140 140 ~0.01 72
190 ~0.01

H350 350 ~1 16
H250 250 ~1 75

H140 140 ~1 72
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For humidification, the apparatus shown in Figur® @as used. The whole apparatus was
placed in a furnace kept at a constant temperafupeucible was put on a stainless steel floorelat
and covered with a stainless steel box with a agpat2.64 L. A 4-m-long spiral tube was attached
to a side wall of the box. Liquid water was fedhe box through the spiral tube so that it evamaorat
before reaching the box. The liquid water feed mnates 0.1 mL/min, which was equivalent to

0.19 L-H0O(g)/min at 140 °C and 0.28 L,B(g)/min at 350 °C. The apparatus was not seaddlyi

@1 In the furnace : |
I Stainless steel box Ribbon H,0 (I)!
1 (2.64 L) heater v |
| / |
I o o \, o © I
: ° - ° l
| Crucible I
| (@) o |
I I
: 1) Solution 1) :
I H,O (9) I
I H.0 (gP +— = !

I
I . I
 Thermocouple Stainless steel floor plate ~ Spiraltube

Figure 2.5 (a) Schematic illustration of the appartus used for humidification during the
precipitation of lanthanum phosphates. The thermocouple and ribbon dater were used onl
for H350 condition. (b) Photo of the stainless stebox and floor plate. (c) Photo of the stainle:
steel box and floor plate (without the ribbon heat® placed in the furnace and connected with

metering pump on the right.



Chapter 2 Synthesis of Lanthanum Phosphates ospPloric Acid Squtions# 27

so that the inner gas was able to flow out thrainghnarrow gap between the box and the floor plate
when the inner pressure exceeded 1 atm. Therdfoeyater vapour pressure inside the box was
expected to be 1 atm. For H350 condition, a riblheater wrapped around the stainless steel box was
used for heating the solution up to 350 °C while ttmperature in the furnace was kept at 270 °C.
The temperature inside the stainless steel boxmeassured by a thermocouple attached to the upper
surface of the floor plate.

After the predetermined precipitation period, thectble was cooled down to room temperature.
In general, there were precipitates on the bottéitihe crucible and the transparent solution above

them. The precipitates were washed well with haewg-90 °C).
2.3.2 Characterization

Phase identification was carried out via X-ray pewdliffraction (XRD) analysis on
PANalytical X'Pert-Pro MPD using Cu & radiation at room temperature. The morphology of

precipitates was investigated using KEYENCE VE-7868nning electron microscopy (SEM).

2.4 Results and Discussion

The precipitation temperatures of lanthanum phagshavere investigated under both
atmospheric and humidified conditions with the bgsis parameters shown in Table 2.1. In all of
the conditions (A300, A230, A140, H350, H250, ant¥4H), colorless precipitates were obtained at
the bottom of the crucibles. Figure 2.6 shows theydiffraction patterns of the precipitates. Unde
the atmospheric conditions, L#B 4, LaP0Og, and LaPQ@ were obtained at 300 °C (A300), 230 °C
(A230), and 140 °C (A140), respectively. This imsistent with the results reported by Chudineva
al. [1] The obtained LaPOhad the monazite-type structure, which has beporired to exhibit
proton conduction. Under the humidified conditiohaP;Oy was obtained at 350 °C (H350) while

monazite-type LaPOwas obtained at 250 °C and 140 °C. With thesdtsgshe precipitation region
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of LaPQ, was drawn on the temperatupg-o plane (Figure 2.7). As indicated in the figure,
increasing water vapor pressure from 0.01 to 1ettends the precipitation regions of LaPand
LaP;Og toward higher temperatures by nearly 100 °Cp#b = 1 atm, LaP®@can be obtained even
at 250 °C, while LagDg will be obtained at lower water vapor pressurehsas 0.2 atm. Similarly,
LaPsOg can be obtained at 350 °C apdo = 1 atm while LaFO;4 will be obtained in lower

humidification levels.

©  LaP,0,, (PDF# 1-70-5341)

X LaP O, (PDF# 1-84-1635)
© LaPO, (PDF# 1-83-651)

Illllllllllldlllll
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Figure 2.6 X-Ray powder diffraction patterns of larthanum phosphate precipitates obtained
under the conditions (a) A300, (b) A230, (c) A14Qd) H350, (e) H250, and (f) H140.
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Figure 2.7 Phase stability diagram of the LgOs—P,0Os—H,O system with a constant La/P ratio
(La: P =1:15). In addition to the results obtaned in this research, previous results reported
by Chudinovaet al. [1] and Balaginaet al. [3] are also shown.

Figure 2.8 shows SEM images of LaP&hd LaROq precipitates. Under the conditions A140
and H140, LaPQ precipitates were rice-shaped particles with & senge of 500 nﬁ'mm. In
contrast, under H250 condition, the LafRfecipitates were aggregates of well-shaped dsysfato
200um. Thus, the precipitation temperature had a maeffstt on the crystal growth of LaRCAs
for LaP;Og, crystals of ~10@m were obtained at 230 °C (A230) while those of O3 were
obtained at 350 °C (A350). Therefore, the crystadwgh of LaROy was also accelerated by

increasing the precipitation temperature, thoughetfiect was not as drastic as that on LaPO
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(c) H350, 16 h (LaP30g)

R

(a) A230, 72 h (LaP30y)
Wi

Figure 2.8 SEM images of LaP®@ and LaP;Oq precipitates obtained under the conditions (a)
A230, (b) A140, (c) H350, (d) H250, and (e) H140.

2.5 Conclusions

In this chapter, the precipitation conditions ofPi, LaROy, and LaRO,4 in condensed
phosphoric acid solutions were established und#ér Bmospheric and humidified conditions. The
obtained LaP@ had the monazite-type structure, which has begorted to exhibit proton
conduction. Increasing water vapor pressure frofil @tm to 1 atm extended the precipitation

regions of LaP@and LaROy toward higher temperatures by nearly 100 °C. Tiystal growth of
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LaPQ, was significantly accelerated under such conditiGag.T=250 °C andpn20 = 1 atm). The
crystal growth of LagfOg was also promoted moderately by the increasedoipitation temperature.
These results will serve as fundamental informafamfurther optimization of growth parameters
(e.g. temperature profile, precipitation period, andtiai composition) and hopefully the direct

synthesis of dense lanthanum phosphate electrotyf@sosphoric acid solutions.
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Chapter 3
Phase Equilibria in the La,03;—P,05 System

3.1 Introduction

Various phosphates in the A&—P,0Os system have been studied not only as proton caoidc
but also as laser and luminescent materials [PpHdsphorus diffusion sources for semiconductors
[5-7], debond materials in oxide composites [8latary materials [9], and radioactive waste forms
[10,11]. As written in Chapter 1, two phase diagsdmve so far been presented for thglkaP,Os
system in the literature [12,13]. However, there aonsiderable differences in the compounds
present and they may bring some confusion. For plgnhgP;0:5 one of the proton conductors
referred to in the previous chapter, is only préserthe phase diagram by Park and Kreidler [12].
Harley et al. [14] adopted the La-rich part from Ref. [13] andi¢h part from Ref. [12] for some
reason to show the k@;—P,Os phase diagram in their paper.

As shown in Table 3.1, the phase diagrams contain ihtermediate compounds in common:
LagPO;, LaPQ, LaR0g, and LaBO;4. In addition, Park and Kreidler [12] reported temmpounds
La;P30.5 and LaP,O,3, and Kropiwnicka and Znamierowska [13] reportediR@,. Therefore,
further inspection should be necessary on theengstand stability of these three compounds. Here,

a brief description is given on these compounds.
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Table 3.1 Compounds in the LgOs—P,Os phase diagrams in the literature. They are listedn

increasing order of BOs content.

Compounds Ref. [12] Ref. [13]

LasPOyo X
LagPO, X X
LazPs;015 X

LaPQ, X X
LayP4O13 X

LaP;0q X X
LaPs014 X X

3.1.1 LasPOqo

LasPOyp has a composition between,0g and LaPO,. LasPOyp was obtained by Kropiwnicka
and Znamierowska [13,15}ia solid state reaction between,0g and NHH,PO, at temperatures
above 540 °C. They determined its congruent mek@mgperature to be 1870 £ 10 °C. Meanwhile,
Tselebrovskayeet al [16] presented a phase diagram of theOszalLaPQ-La,GeQ; system at
1300 °C, in which LgPOyp was absent. El Ouenze¢i al [17] also observed that @3 and LaPO;

were in equilibrium at 1200-1400 °C, instead ofriorg LaPOyp.

3.1.2 La7P3018

La;P30.5 has a composition between;P®; and LaPQ. La;P;O:5 has been synthesized by
several researchexsa solid state reactions and solidification of m¢it&,18-22]. Serraet al. [20]
observed amu-p phase transition at 1650 °C. According to Park #&meidler [12], there is no
evidence of a lower limit of stability. However, 48805 is obtainable only at temperatures above
1400 °C and it has not been synthesized at tempesatbelow 1200 °C [18,19,21,22]. The
coexistence of L#0O; and LaPQ@ at 1100-1200 °C was also observed by other aufl2&24].

Tselebrovskayat al. attributed this to kinetic reasons [16,22].
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3.1.3 LayP4013

La,P,O,3 has a composition between LapPahd LaRBOy. Park and Kreidler obtained 10;3
by crystallization from glass [12]. They found tlitas stable at temperatures up to 755 °C. However
La,P4,O;3 has not been obtained by other methods even ae ttemperatures [25-27]. The same
phenomenon was found for the neodymium analogug?/ds, by Wong and Kreidler [27]: It was
formed by crystallization of a glass, but not fodr®y direct solid-state reaction. They speculated

that NgP,O13 exists in a metastable state.

3.2 Experimental

3.2.1 Sample Preparation

La,O5 (Nacalai Tesque, mass fraction purity 0.9999) ldgidlO, (Nacalai Tesque, mass fraction
purity 0.85) were used to prepare samplesOgavas heated overnight at 800 °C prior to use to
remove absorbed J@ and CQ [28]. LaPQ and LaRBOgy were synthesized by precipitation in
phosphoric acid solutions, using the procedurergineChapter 2. The LaR@recipitates were dried
at 800 °C for 100 h. For preparing samples with positions between L&; and LaPQ (“L9P1”,
“L8P2”, “L725P275", “L7P3", and “L6P4"), the L#3; and LaPQ powders were mixed in the molar
ratios listed in Table 3.2. The mixtures were thalimilled for 70-100 h in isopropyl alcohol, dried
and pressed into pellets at ~150 MPa. The samgle avcomposition slightly poorer in,®s than
LaP;Oq, “L25P75-0", was prepared from LaPs. The LaRBOg precipitate was ground and pressed
into a pellet at ~400 MPa. The pellet was heateti0&0 °C for 3 h, to be partially decomposed
according to the following reaction [12]:

LaP;Og (s)— LaPQ (s) + 1/2 ROx0 (9). 3.1



36 | Low-Temperature Synthesis, Thermodynamic Properdied Electrical Conduction Properties of LantharRimsphates

Table 3.2 Compositions of samples.

Abbr. Starting materialslvloIar ratio Remarks

La: P
L9P1 L3Oz and LaPQ@ 0.9 0.1 Between L®; and “LaPO,o’
L8P2 LaOs; and LaPQ@ 0.8 0.2 Between “LiPOo" and LaPO;
L725P275 La,0Oz and LaPQ 0.725 0.275 Between L#0O; and “LaP;0.g”
L7P3 LaOs; and LaPQ@ 0.7 0.3 Composition of “L#P;01¢”
L6P4 LaOz and LaPQ@ 0.6 0.4 Between “L#;0:5" and LaPQ
L25P75% LaP;0Oq 0.25 0.75% Slightly poorer in FOs than LaRBOg

3.2.2 Phase Equilibrium Experiments and Sample Char  acterization

Phase equilibrium experiments were carried by Mhéghperature heat treatments and
subsequent phase identification. The sample pellete placed in alumina crucibles, and heated at a
predetermined temperature for typically 100 h irbaant atmosphere. Then the samples were cooled
down in the furnace. The specific conditions focle&eat treatment are provided in the following
section. Phase identification was carried out viaa)X powder diffraction (XRD) analysis on
PANalytical X'Pert-Pro MPD using Cu Kradiation at room temperature. The microstructire

samples was analyzed using KEYENCE VE-7800 scarglggron microscopy (SEM).

3.3 Results and Discussion

3.3.1 La,Osz-LaPO, Subsystem at 1000 and 1300

First, the phase relationships in theQga-LaPQ subsystem were investigated at 1000 °C and
1300 °C using samples L9P1, L8P2, L725P275, and4LBMe samples were heated at each
temperature for 100 h. Figure 3.1 and Figure 3@stihe X-ray diffraction patterns of the samples
after each heat treatment. The detected phaseximsample are summarized in Table 3.3. At both
temperatures and in all of the samples, reactioetsvden LaP® and LaOs; occurred and

intermediate phases were formed. The observedmetdinte phases were 200, at 1000 °C, and
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LagPO; and LaPs;0;g at 1300 °C. LgPOyo was not detected at either temperature.

As for LaPO;, Park and Kreidler observed a3 phase transition at 935 + 5 °C [12]. They
reported the X-ray diffraction patterns of both lmwmperatureo-phase and high-temperature
B-phase. There have also been a few slightly diftederay diffraction data reported for RO,
[20,29]. They are very similar, and it is ratheffidult to distinguish them, but the present X-ray
diffraction results are best fitted by thghase pattern given by Park and Kreidler.

Table 3.3 Phases present in samples L9P1, L8P2, 5GF275, and L6P4 before and after heat
treatments at 1000 °C or 1300 °C for 100h, as anagd by powder X-ray diffraction.

Phases
Sample Before After heat treatments
heat treatments 1000 °C, 100 h 1300 °C, 100 h
L9P1 (Not investigated) L#Ds% LagPO;
L8P2 L2,0s LaPQ La0s?, LasPO, La,O3, LagPO;
L725P275 LaPO;, LaPQ LasPOy;, La7P301s
L6P4 LaPO;, LaPQ La;P301g LaPQ

2 Although La(OH) was detected, it should have formed by hydrationagOs at room temperature

after the heat treatments. Therefore, La(&Blexpressed as “k@3” in the table.
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Figure 3.1 X-ray diffraction patterns of (a) L9P1 and (b)(c) L8P2 after heat treatments at
(a)(b) 1300 °C or (c) 1000 °C for 100 h.
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Figure 3.2 X-ray diffraction patterns of (a)(b) L725P275 and (c)(d) L6P4 after heat treatments
at (a)(c) 1300 °C or (b)(d) 1000 °C for 100 h.

3.3.2 Phase Formation Process at the CompositionLa P =7:3

Since it was found in the previous subsection tlaaP;0.g was formed at 1300 °C while it was
not formed at 1000 °C, further investigation wasried on the phase formation process at the

composition La:P = 7:3. L7P3 samples (see Tablg \Bete heat treated in the temperature range
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700—-1300 °C with various stepwise temperature rogrshown in Figure 3.3. Phase identification

and SEM observation were performed after the meatrhents.
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Figure 3.3 Temperature profiles for the heat treatnents of L7P3. Occasional cooling to room
temperature is not shown in the figure. Overlappinglines are slightly shifted for better
visibility.

Figure 3.4 shows the X-ray diffraction patternsL@P3 samples after various heat treatments
(Temperature profile A—C in Figure 3.3). The santpddéd at 700 °C for 100 h (Temperature profile
A) consisted of the same phases as the startingrialat LaOs; and LaPQ, suggesting that almost
no reaction occurred during the heat treatment.Rpeaks of LaO,CO; were also observed, but it
could be because k@3 reacted with C@in the atmosphere during or after the heat treatrm@n
the other hand, in the sample held at 1000 °C @6r i (Temperature profile B), bRO; and LaPQ
were identified, but L#s; was not observed. It indicates that the followmgction proceeded
completely at 1000 °C:

La,0O5 + LaPQ — LagPO; (700-1000 °C). (3.2)
An additional heat treatment of the sample at 1ZD@r 100 h did not have any effect on the phases

present. With further heat treatment at 1250 °C100 h, essentially single phase;R#,5 was
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formed by the following reaction:

LasPO; + LaPQ — LayP3045 (~1250 °C). (3.3)
A small amount of LaP©still remained in the sample, but it could be donesome compositional
error in preparing the initial mixture. §&0;5 was also obtained by direct heating of anotherd.7P
sample to 1300 °C for 30 h (Temperature profile C).

To examine the kinetic effects on the formationcess of LaP;O15, long-term heat treatments
of a L7P3 sample were performed at temperaturesrltivan 1250 °C with the temperature profile D
(Figure 3.3). Figure 3.5 shows the X-ray diffrantipatterns of the L7P3 sample during the heat
treatments. Heating the sample at 1000 °C for 10@ad at 1100 °C for 200 h did not result in the
formation of LaP;0;g, consistent with previous results. However, after subsequent heating at
1200 °C for 100 h, partial formation of }&0,g from LaPO; and LaPQ was observed. Comparing
with the result obtained through the temperatudilpr B, it could be said that the long-term heat
treatments at 1000-1100 °C slightly lowered theeeixpental formation temperature of 3015 to
1200 °C.

The kinetics of the formation process was also éxadby SEM observation. Figure 3.6 shows
typical SEM images of L7P3 samples before and afeious heat treatments. The particle size of
the as-ballmilled powder, shown in Figure 3.6 @s several hundred nm. It was not changed by
the heat treatment at 700 °C, as shown in FigBgl8. It is consistent with the X-ray diffraction
result which suggests no reaction occurred at @O@h the other hand, larger and smoother grains
were observed in the samples heated at 1000—13C4t ¥hich LaPO; and LaP;0O;g can be formed
(Figure 3.6 (c) and (d)). It indicates that diffusiof atoms is possible at such temperaturesolildh
be noted that the grains in the sample heatedG 4G for only 30 h (single phase Ba01g) were
even larger than those in the sample heated at-1@00 °C for a total of 1300 h (}RO15 with
residual LgPO; and LaPQ). Therefore, such temperature difference shoule lzasignificant effect

on the rate of grain growth and diffusion of atoi@ensidering the results of X-ray diffraction and
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SEM observation together, there is a possibilitat thhe formation process of {&0Oig is
significantly governed by kinetics at temperatubesow 1300 °C even if it is thermodynamically

stable. The kinetic effects can further be charad if smaller initial particles are used.
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Figure 3.4 X-ray diffraction patterns of L7P3 after various heat treatments indicated as

Profiles A-C in Figure 3.3. (a) After a heat treatnent at 700 °C for 100 h (Profile A); (b) After
the first heat treatment at 1000 °C for 100 h (Prafe B); (c) After the second heat treatment at
1200 °C for 100 h (Profile B); (d) After the third heat treatment at 1250 °C for 100 h (Profile
B); (e) After a heat treatment at 1300 °C for 30 [{Profile C).
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Figure 3.5 X-ray diffraction patterns of L7P3 after the heat treatments indicated as Profile D
in Figure 3.3. (a) After heat treatments as 1000 °@or a total of 1000 h; (b) After additional
heat treatments at 1100 °C for a total of 200h; (cAfter an additional heat treatment at 1200 °C

for 100 h.



Chapter 3 Phase Equilibria in the ,08-P,Os System| 45

(d) La7P301§ .

o L7 B
e #a PO, —
s~ 1200 C B LaPO4
1100 _Ii %
] D

o
31000
o
Gé_ 900
800
K A La,PO_, LaPO,
700// l—0—e
60 I I I | /[ | I I
0 100 200 300 1000 1100\1200 1300

Time, f/h

(b) La,O,, LaPO

Figure 3.6 SEM images of L7P3. (a) As ballmilled pader; (b) After a heat treatment at 700 °C
for 100 h (Temperature profile A in Figure 3.3); (9 After successive heat treatments at 1000 °C
for 1000 h, at 1100 °C for 200 h, and at 1200 °Crfd.00 h (Temperature profile D in Figure
3.3); (d) After a heat treatment at 1300 °C for 30 (Temperature profile C in Figure 3.3). The
phases present in the samples are shown on each gea

3.3.3 Low Temperature Stability of La 7P301g

Besides the kinetic reasons discussed above, anmtisible reason why k;015 forms only

at 1200 °C or higher is that 20,3 may be thermodynamically unstable at low tempeestuTo
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examine this possibility, L&;0;5 synthesized at 1300 °C was subjected to long-texat treatments

at 1000, 1100, and 1200 °C with stepwise tempezgitofiles shown in Figure 3.7.
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Figure 3.7 Temperature profiles for the heat treatnents of LaP;01s. Occasional cooling to
room temperature is not shown in the figure. Overlaping lines are slightly shifted for better
visibility.

Figure 3.8 shows the X-ray diffraction patternd_afP;0,g obtained after each heat treatment.
As can be seen in the figure, all the patternsemsentially the same and representing that the
samples consisted of $&0;5 in large part and a slight amount of ;R&;. No sign of the
decomposition of L@3;0s3, the reverse reaction of Eq. (3.3), was detectbdrefore, it can be said
that LaP;O15, once formed at high temperatures, is practicstyple at temperatures 1000-1200 °C.
However, the thermodynamically stable phase(shedd temperatures are still unknown and might
be revealed by some thermodynamic measuremenit® ifuture. Figure 3.9 summarizes the results
of the phase equilibrium experiments with L7P3 sampperformed in the previous and this

subsections.
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Figure 3.8 X-ray diffraction patterns of La;P301g during heat treatments with temperature

profiles indicated in Figure 3.7. (a) After the first heat treatment at 1300 °C for 100 h; (b) After
the heat treatment at 1200 °C for 100 h (Profile E)(c) After the heat treatments at 1000 °C for
a total of 900 h (Profile F). (d) After the heat teatments at 1100 °C for a total of 200 h (Profile

F).
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Figure 3.9 Summary of the phase equilibrium experirants with L7P3 samples. The lines
represent the temperature profiles and the symbolsdicate the phases present after various

heat treatments. Overlapping symbols and lines arslightly shifted for better visibility.
3.3.4 LaPO,-LaP3;04 Subsystem

The phase relationships between LaP&hd LaRBOg were examined using the sample
L25P75-5. As described in 3.1.3, the existence of an inégliate compound, LB,O13, has been
reported between LaRCand LaROg, with the decomposition temperature of 755 °C. vBuify
whether it is formed or not, L25P7&was heat treated at 700 °C for 100 h.

Figure 3.10 shows the X-ray diffraction patterns L&f5P75% before and after the heat
treatment. As can be seen in the figure, both pettare composed of the peaks of LaR@d
LaP;Oy. No other phase such as,Pz0,3 was identified. So far L®,013 has been obtained only by
crystallization from glass and it was reported &campose into LaPOand LaRBOg at 755 °C
[12].Wong and Kreidler mentioned that 20,3 and NdP4O,3 could not be formed by solid state
reaction [27]. They speculated that gD, 3 exists in a metastable state. The present reaplias

that LaP4O,3is also a metastable phase.
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L25P75-3 ® LaP,O, (PDF# 1-84-1635)
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Figure 3.10 X-ray diffraction patterns of L25P75-% (a) before and (b) after a heat treatment at
700 °C for 100 h.

3.4 Conclusions

In this chapter, the phase equilibria in the@a-P,0Os system were re-examined to verify the
known phase diagrams. Two intermediate phasesP?@aand LaP;O;s, were identified in the
La,Os—LaPQ subsystem. s 0,0 was not observed. Therefore, the phase diagraortespby Park
and Kreidler seems more likely to be accurate iat.thaPO;, was formed at 1000 °C, while
La;P30.;3 was only formed at 1200 °C and higher. At 1000 Y@ither the formation nor
decomposition of L#30,5 took place within 1000 h. This behavior might heedo kinetic reasons,
but it was not verified. In the LaR€LaP;0y subsystem, no intermediate phase such 2,0 was
detected. LgP,O;3 might be a metastable phase. Based on thesesigbdtphase diagram reported
by Park and Kreidler is slightly modified and pnetssl in Figure 3.11. The diagram shows the

phases obtainable by solid state reaction, anethossibly in metastable phases are not shown.
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Figure 3.11 Proposed phase diagram of the L&®3;—P,Os5 system.
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Chapter 4
Thermodynamic Properties of LaP30g and LaPs014

4.1 Introduction

LaP;Oy and LaBO;4 have been demonstrated to decompose gradualiglatémperatures by

the following reactions [1-5]:

LaP;0s (s)— LaPQ (s) + 1/2 RO1o (9); (4.1)

LaRs014 (S) — LaPsOg (s) + 1/2 RO10 (9). (4.2)
The decomposition temperatures have been repartee +800 °C [1] and ~700 °C [3], respectively.
The vapor produced by these reactions can beadiliar phosphorus doping of silicon wafers in the
semiconductor industry [6-8]. Meanwhile, becausehese decompositions, it is difficult to obtain
dense LagDy and LaRBO14 electrolytes by conventional sintering method.fdnt, dense Laf®q
samples with relative density higher than 0.9 hanly been obtained by spark plasma sintering [1].
Moreover, the instability of Laf®y and LaRBOi, may limit the operating temperatures for the
electrolytes, since the decomposition of the etdgties during fuel cell operation may lead to the
degradation of cell performance as well as corrogd other components. However, very little
quantitative information is available about the alaposition reactions. The only available
experimental information, the vapor pressure 83,8 (pr4019 Over LaRBOgy, was given by Ashuiket
al. [5] as follows:

log (Ppao1o/ MMHQ) = 8.5641 — 13613 T ( K)™*

(1219< T/ K < 1404). (4.3)

For accurate assessment of the stabilities ofQaBnd LaRO14, further examination and refinement
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of their thermodynamic properties will be necessaryhis chapter, vapor pressure measurements on

LaP;Og and LaRBO14 were carried out by the transpiration method [9].

4.2 Experimental
4.2.1 Sample Preparation and Phase Identification

LaP;Og and LaRO,4 were synthesized by precipitation in phosphoriic aolutions [10,11].
La,Os; (Nacalai Tesque, mass fraction purity 0.9999) BhBQ, (Nacalai Tesque, mass fraction
purity 0.85) were mixed at a P/La molar ratio ofdrd kept at 463 K in the air for several days to
obtain a transparent solution. Then the solutios kept at 503 or 573 K to precipitate L&k and
LaPsO14. The precipitates were separated from the soluti@shed well with hot water and dried at
~90 °C. Then they were ground with a mortar andl@eand pressed into pellets with weight of
~300 mg and relative density of 0.50—-0.75. ThesCgRand LaBO14 pellets were heat-treated at 973
K (700 °C) and 873 K (600 °C), respectively, for BGn the air to eliminate residual water and
phosphoric acid on the surface of samples beforthdu experiments. Phase identification was
carried outvia X-ray powder diffraction (XRD) analysis on PANabtal X'Pert-Pro MPD using

Cu Ka radiation.
4.2.2 Vapor Pressure Measurements
4.2.2.1 Apparatus and Procedure

The apparatus used for vapor pressure measuremestiswn in Figure 4.1. The sample was
placed in a platinum boat of length 110 mm andrieskinto a quartz tube of diameter 25 mm. The
sample was rapidly heated to the desired temperg@#3—1323 K) at a rate of 5 K mtrunder a
carrier gas flow. Oxygen (£p was selected as the carrier gas to ensure tkatldiminant vapor

species is D10 The details are described in the following subsac The temperature and the
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carrier gas flow rate were kept constant for a digecperiod of time, and then the sample was
cooled down at a rate of 5 K min The carrier gas flow rate was controlled by dalde area flow
meter (KOFLOC, RK1250) at the gas inlet and checksd another flow meter (Agilent
Technologies, ADM 1000) at the outlet. The precisad the flow rate was +10%, and that of the

sample temperature was * 5 K.

@) Quartz separator
Ptboat Wwithanarrow hole
Quartztube Sample
Q N GANIAY; \
. i
O, inlet C% % r Pﬁ 25 mm O, outlet

N |

110mm  Heater

(b)

Figure 4.1 (a) Schematic illustration of the appartus used for the transpiration method. (b)
Photo of the platinum boat and a sample pellet. (clPhoto of the furnace and quartz tube

inserted in it, taken from the inlet side.

The vapor pressure of4s®;0 over the sampleppsoig Was calculated using the following

equation:

Np4010
= —=00_p 4.4
Ppao10 NPac1o+ Noy | ot (4.4)

wherenpso10andng, are the numbers of moles ofR, vapor and @flowed, respectively, anBly
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is the total pressure in the quartz tube (1 atrhg Value ohpsoiowas deduced by

_AWsamQIe (4.5)

Np4010= Mp2010’

whereAwsampieis the weight change of the sample &fghoi0is the molecular weight of410. The

value ofnp, was deduced by

p t
No2 = 02 Y02 , (46)
R Troom

where po, and vp, are the pressure (1 atm) and flow rate efaDthe inlet, respectively,is the

holding time,R is the gas constant afigon IS room temperature (298 K).
4.2.2.2 Vapor Species

To use the above equations Oy must be the dominant product of evaporation; otlss,
appropriate corrections should be made. Therefomepartial pressures of known vapor species in
the P-O system (P, PO, R®,, P,Os3, POy, P,Os, Ps, PsOg, Py, PsOs, P4O7, P4Og, PsOg, and RO;y)
were calculated under various conditions usingntleelynamic functions given in the literature
[12,13]. It should be noted that widely divergeatues have been given for the standard enthalpy of
formation (A\:H°) of P4O¢ (g). The NIST-JANAF Thermochemical Tables [12]egvaAH° (P4O10, g,
298.15K) value of —2214 kJ mdlwhile Ref. [13] gives a value of —1606 kJ molAs pointed out
by several researchers [13-16], the former valumged on a value afH° (PO, |, 298.15K) [17]
which is not necessarily accurate. Therefore, wesiciered the latter value more reliable and used it
for the following calculations.

Figure 4.2 (a) shows the variation of the calcwaiartial pressures of vapor species in the P-O
system with @ partial pressure at 1000 K and a constai@fpartial pressure of I0atm. The
P40 partial pressure was fixed since it should benttoetynamically determined by LgBs/LaPQ,

or LaR0.4/LaP;0y equilibria and independent of,@artial pressure. The value of 1@tm is in the
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range of measured vapor pressures. From the figure,clear that FO,o is the dominant vapor
species especially under high @artial pressures. Then the temperature dependdnibe partial
pressures of vapor species was examined ab qa@al pressure of 1 atm (Figure 4.2 (b)). Altgbu
partial pressures of minor vapor species increatie temperature, the partial pressure gD is
still highest in the temperature range of 1000-140Uherefore, @ was selected as the carrier gas

to ensure that4®,, is the dominant vapor species in the present study

7T/K
@ ®) 4000 1200 1400
O T | T | T | T | T O T Il T | | I T
P '_Iog (pp4o10/atm)=-6 P '_Iog (pp4o10/atm)=-6
L 7/K=1000 L log (pOZ/atm) =0
4 4 |
E 6| E 6|
\\% - P4O40 4 \\%
o -8 — o)
o o

log (pozlatm)

1.0

0.9 0.8
1000 71/ K1

Figure 4.2 Variation of the partial pressures of vaor species in the P-O system. (a) lgah,
dependence at temperatureT /K =1000 and log Ppso10/ atm) = —-6. (b) Temperature
dependence at loggpso10/ atm) = —6 and log poz / atm) = 0.

4.3 Results

4.3.1 Equilibrium Conditions

Phase identification of LaPy and LaRBO;4 samples was carried out by X-ray diffraction
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analysis before and after vapor pressure measuten®s shown in Figure 4.3, LgBy became a

mixture of LaBOg and LaPQ@ after vapor pressure measurements. LikewisesQaPbecame a

mixture of LaRO,4 and LaROs. These results are consistent with the reportezbrdposition

reactions (Egs. (4.1) and (4.2)).

Log Intensity (a.u.)

20 21 22 23 24 25
26/ degree

Log Intensity (a.u.)

X

v

LaP5O1 4
LaP309

260/ degree

Figure 4.3 Typical X-ray diffraction patterns of (a) LaP3Og and (b) LaPsO14 pellets. The upper

and lower patterns in each figure were obtained befe and after vapor pressure measurements,

respectively. During the vapor pressure measuremest the LaROg pellet was held at 1273 K
for 10 h and the LaRO14 pellet was held at 1073 K for 3 h. Peaks marked ti o, ¥ and x are
attributed to LaPO, (PDF# 1-83-651), LaBOy (PDF# 1-84-1635) and LafDi4 (PDF#

1-70-5341), respectively.
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To establish the conditions where the carrier @a¥i§ saturated with 0,0 vapor, variation of
the apparent /o vapor pressure with Jlow rate was examined (Figure 4.4). The platezgian,
where the vapor pressure is independent of the feae; was found to be in the flow rate range of
20-50 sccm. In the plateau region, equilibrium vapoessures can be obtained without any
correction for diffusional transport or kinetic efts [9]. In addition, the number of sample pellets
inserted simultaneously in the apparatus did nee fzany marked effect on the above behavior. This
indicates that enough evaporation rates were aetiigith only one pellet. Therefore, all further

vapor pressure measurements were carried out@ 8aw rate of 25 sccm with one sample pellet

inserted in the apparatus.

T T T T T T T T T
Sample: LaP,0
3.0x10* ¢ 379
7=1273 K
£ O 1 pellet
© ¢ 4 pellets
= 2.0x10™* i
Q
s q
Q r I I
% I I
— ! Plateau |
= -4 | |
o 1.0x107 - | region | }
§ | i
I O rl\
RN
0.0 | L9,

0 20 40 60 80 100

Gas flow rate, Yoo / sccm

Figure 4.4 Apparent vapor pressures of D19 over LaP;Oq, ppsoio(@apparent), as a function of
gas flow ratevp, at 1273 K: o, data obtained with a pellet;#, data obtained with four pellets.

4.3.2 Temperature Dependence of Vapor Pressures

The equilibrium vapor pressures 0f(7, over LaRBOy and LaBO:4 were examined in the
temperature range of 1123-1323K and 923-1173Keotisely. The vapor pressures obtained in

each measurement are listed in Table 4.1. The itbgac plot of the vapor pressures against
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reciprocal temperature is shown in Figure 4.5. [Bast squares lines are given by
log (Prao1o/ atm) = (5.12+1.00) — (1.22+0.12) xR0 (T / K) *
(over LaROy); (4.7)
log (Prao1o/ atm) = (4.65+1.80) — (1.00+0.19) x“1Q (T / K) *
(over LaBO1y), (4.8)
where each value is shown with two standard eraoge which provides 95% confidence. Our
experimental data on LagBg are in reasonable agreement with those reportéshyikoet al [5]
7'/°C

5 11|00 10|00 900 800 700

log (,0P o / atm)

1000771 /K"
Figure 4.5 Temperature dependence of the vapor presre of P,Oio, Prsocic ©, Ppaoio OVEr

LaP3Oy; ¢, praoioOver LaPsO14 ——, least-squares lines to the experimental data; ----, pp4o10

over LaP;Og given by Ashuikoet al. [5].



Chapter 4  Thermodynamic Properties of {@Pand LaRO., | 61

Table 4.1 Weight losses of samples\tsampie and the vapor pressures of FD1o praoioat gas flow

rate vo, and temperature T with holding time t.

Sample voo/sccm T/K t/h —AWsampld Mg Prao1o’/ atm

LaP;0q 25 1123 50 1.4 1.61x10°
LaP;0q 25 1173 35 3.6 5.90x10°
LaP;Oq 25 1173 20 1.3 3.73x10°
LaP;0q 25 1223 10 2.4 1.38x10°
LaP;Oq 25 1223 2 0.5 1.43x10
LaP;0q 25 1273 5 2.5 2.87x10°
LaP;0q 25 1273 2 1.4 4.02x10
LaP;0y 25 1323 3 3.1 5.93x10
LaP;0q 25 1323 3 4.2 8.03x10
LaPsO14 25 923 80 2.0 1.43x10°
LaPs0y4 25 923 60 1.2 1.15%x10°
LaPsO14 25 973 40 0.7 1.00x10°
LaPsO14 25 973 25 1.1 2.52x10°
LaPs0y4 25 973 20 0.3 8.61x10’
LaPs0y4 25 1023 15 1.0 3.83x10°
LaPs0y4 25 1023 10 1.2 6.89x10°
LaPsO14 25 1073 10 1.6 9.18x10°

LaPs0y4 25 1073 3 1.1 2.10x10
LaPs0y4 25 1123 3 2.9 5.55x10
LaPsO14 25 1123 3 3.2 6.12x10
LaPs0y4 25 1173 3 8.1 1.54x10
LaPsO14 25 1173 3 11.1 2.12x10¢

% Derived fromvoy, t and AWsample

4.4 Discussion

4.4.1 Thermodynamic Properties of LaP 304 and LaP 5044

The thermodynamic properties of the decompositieactions (Egs. (4.1) and (4.2)) were
determined from the results of vapor pressure nreasents. The slopes and intercepts of the

least-squares lines in Figure 4.5 (Egs. (4.4) ah8)) yield the second-law values of standard
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enthalpies and entropies of the decomposition imast shown in Table 4.2. The corresponding
values based on the literature [5,18] are alscedisin the table. The standard enthalpy of
decomposition of Laf®i4 (Eq. (4.2)) was estimated from the specificatiamisa commercial
phosphorus diffusion source made of k@R, (Techneglas, Inc., PhosPlus TP-250). In the bnachu
[18], the thicknesses of deposited glassy film gidine diffusion source at various temperatures
(1098-1223 K) are given. Assuming that the thickrisgproportional to the vapor pressure g3,

one can obtain the standard enthalpy of decompasiiy the second law treatment. Our present

values and those from the literature are in redsersgreement.

Table 4.2 Thermodynamic properties of the decompason reactions of LaP;0g and LaPsO1.4.

Reaction Source Method AH°/kJ mol* AS°/J molt K™ T/K

(4.1) Thiswork Second-law 117 +12 49 + 10 1123-1323
Ref.[5] Second-law 130 54 1219-1404

(4.2)  This work Second-law 96 + 18 45 + 17 923-1173
Ref. [18] Second-law 113 +18 Unavailable 1098-1223

4.4.2 Thermal and Chemical Stabilities of LaP 304 and LaP 5044

As mentioned in the introduction, Lg® and LaBO14 have been considered as candidates for
solid proton-conducting electrolytes in fuel cells. general, lifetimes greater than 40000 h are
required for stationary fuel cell systems [19]. Teet the requirement, electrolytes in fuel cells
should have sufficient thermal and chemical stabils for LaROy and LaBO4 electrolytes, their

operation conditions should be limited to suppthesdecomposition.

4.4.2.1 Operating Temperatures for the Electrolytes in Oxygen Atmosphere

The lifetime target of stationary fuel cells is tii@e until 10% power degradation [19]. Since
the relationship between power degradation anddémomposition ratios of the electrolytes is

unknown, a decomposition ratio of 0.01 (1%) wa®tals the threshold in the following discussion
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to obtain safer values. In the present study, a sfgdecomposition (weight fraction loss of 5x%0
decomposition ratio of ~0.01) was detected in 5@hen the vapor pressure of(R, was about
10° atm (for example, see the first row in Table 4Aljhough the dimensions of electrolytes and
gas flow rates in actual fuel cell systems may bferént from those in this study, the above
observation could be basically applicable. Theesféor long-term (> 40000 h) stability, the vapor
pressure of ;o should be lowered to ~Ibatm. The second-law extrapolation of the vapor
pressures of Dy, to 10° atm using Egs. (4.4) and (4.5) gives the tempezat@64 K (591 °C) and
733 K (460 °C), respectively. Thus, the upper legnof the operating temperatures for p@fPand
LaPs014 electrolytes are estimated to be about 600 °C4&0d°C. At these temperatures, the proton
conductivity of 5% Sr-doped LaBs is ~2.5 x 10° S cm™ [20] whereas that of 5% Sr-doped
LaPsOy4is ~1.3 x 10° S cmi* [21]. Therefore, it can be said that L&B based electrolytes are more

promising than La§®D,4 based ones.
4.4.2.2 Stabilities in the Presence of Water and Hydrogen

Proton conducting electrolytes in practical fudlscare used in the presence of water vapor and
hydrogen. Therefore, the stabilities of the t@fand LaRO;4 electrolytes in such conditions should
also be assessed. Various vapor species can bedooy their reactions with water vapor and
hydrogen:

yLaP;Oyq (s) + k+5y—-22)H; (9) + (-5+22)H20 (9)
— yLaPQ (s) + 2HP,0; (9); (4.9)
yLaPs014 (s) + k+5y-22)H2 (9) + (-5+22)H20 ()
— yLaRsOq (s) + 2HP,0; (9). (4.10)
HxP,O; (9) is a general expression for the vapor spetiese, PH, PH PH;, HPO, HPQ, and HPQ
were considered in addition to the P-O vapor sgeammsidered in 4.2.2.2. The equilibrium partial

pressures of each vapor species were calculatatidsg equations using our present results and
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thermodynamic data in the literature. The standamthalpies of formation and Gibbs energy
functions of PH, Pk and PH were taken from Ref. [12]. Those of HPO were takem Refs.
[13,22]. For HPQ@and HPQ, the standard enthalpies of formation were takemfRef. [22] and the
Gibbs energy functions were calculated in the trigbtator-harmonic oscillator" approximation
using the molecular constants given in Ref. [22he Tcalculated values of the thermodynamic
functions of HP@ and HPQ are tabulated in Table 4.3. Figure 4.6 shows #ileutated partial
pressures over LaBg at 864 K both in oxygen and hydrogen atmosphesea function of water
vapor pressurgqzo. In oxygen atmosphere (Figure 4.6 (a)), the vapessure of HPQincreases
with increasingpy20 and exceeds the vapor pressure 4):F This indicates that decomposition of
LaP;Og will be accelerated in the presence of water vaytr evaporation of HPO The effect of
hydrogen is more drastic as can be seen in Figgegb). In hydrogen atmosphere, the partial
pressures of various vapor species in lower oxdastates such as HP@nd B become several
orders of magnitude greater than that aOf3. Therefore, the stability of LaB®s in hydrogen
atmosphere can be much poorer than that in oxyteosphere. As shown in Figure 4.7, the vapor
pressures over La®14 were also found to have the similar dependenaiesuorounding atmosphere.
These results suggest that the operating atmospfarthe LaBOy and LaBO14 should be carefully
chosen to prevent their decomposition. For exampléydrogen atmospheres, decreasingand
P20 Simultaneously will lower the overall vapor pressof phosphorus-containing vapor species as
shown in Figure 4.8. Finally, as these effects voelg derived from the thermodynamic calculations,

future work will have to confirm these phenomenakperiment and examine kinetic aspects.



Table 4.3 Thermodynamic functions of HPQ and HPO; calculated using their molecular

constants [22]. All values are in J mof K™ if not otherwise specified.
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Thermodynamic Properties of {@Pand LaRO,

Tk HPQ, HPO;

Co S gef G S gef
298.15 50.2 264.9 -264.9 62.7 277.8 -277.8
300 50.4 265.2 -264.9 629 278.2 -277.8
400 55.9 280.5 -266.9 71.4 297.5 -280.3
500 60.1 2935 -271.0 77.7 314.1 -285.5
600 63.4 304.7 -275.7 825 328.7 -2915
700 65.9 314.7 -280.6 86.1 341.7 -297.8
800 67.9 323.6 -285.4 89.0 353.4 -304.0
900 69.6 331.7 -290.1 91.3 364.1 -310.1
1000 71.0 339.1 -294.6 93.2 373.8 -316.0
1100 72.3 3459 -299.0 949 382.7 -321.6
1200 73.3 3523 -303.2 96.2 391.1 -327.1
1300 74.3 358.2 -307.2 97.4 398.8 -332.3
1400 75.1 363.7 -311.0 98.5 406.1 -337.3

65



66 | Low-Temperature Synthesis, Thermodynamic Properdied Electrical Conduction Properties of LantharRimsphates
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log (szo [ atm)

Figure 4.6 Partial pressures of vapor species oveéaP3;0g at 864 K as a function of water vapor
pressure,pq2o. (@) Under 1 atm Q; (b) under 1 atm H,.
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Figure 4.7 Partial pressures of vapor species ovdraPs0;4 at 733 K as a function of water

vapor pressure,pyzo. (@) Under 1 atm Q; (b) under 1 atm H.
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Figure 4.8 Partial pressures of selected vapor spes over LaROg at 864 K as a function of

PH20 and pr2.
4.4.3 Re-examination of the Thermodynamic Dataof P 4,O¢

Finally, validity of the thermodynamic data of(® in the literature was re-examined. In this
study, a value of\H° (P4Og, g, 298.15 K) = -1606 kJ md[13] was adopted while NIST-JANAF
Thermochemical Tables [12] providgH® (PsOs, g, 298.15 K) = —2214 kJ midl If the value of
—2214 kJ mottwas used instead 4 partial pressure over LaBs would be as high as 10atm at
864 K andpu20/py2 = 1. However, such an extremely fast decompositibhaP;Og in hydrogen
atmosphere has never been reported [20,23]. Therdfoe value in Ref. [13] seems more reliable,
which is in agreement with several researchersi@l44n light of this conclusion, some work on the

vapor phase equilibria in the P-O system [24] bdsetreviewed again.
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4.5 Conclusions

The vapor pressures of®;o produced by decomposition of L#R and LaRBO.4 (LaP;0g —
LaPQ, + 1/2 ROy LaPRsO14 — LaPOg + 1/2 RO40) were measured by the transpiration method.
The equilibrium vapor pressures ofR, over LaBOg and LaBO;4 can be expressed as

log (Prao1o/ atm) = (5.12+1.00) — (1.22+0.12) xR0 (T / K)™*
(over LaROy, 1123<T/ K <1323);
log (Prao1o/ atm) = (4.65+1.80) — (1.00+0.19) x“1Q (T / K)™*
(over LaRBO14, 923<T/ K< 1173).
The standard enthalpies of the evaporation reactame given as 117+12 kJ rioland 96+18
kJ mol'* in the corresponding temperature ranges. The wate evaluated with respect to the
proposed use of LaPy and LaRBO14 as solid electrolytes in fuel cells. The maximuperating
temperatures for the LgBy and LaRO,4 electrolytes were suggested to be about 600 °ClaadC
in oxygen atmosphere. Taking into account theitg@raconductivities at these temperatures, it can
be said that Laf® based electrolytes are more promising thansOafbased ones. In the presence
of water vapor or hydrogen, however, decompositibhaP;O9 and LaRBO;4 would be accelerated

considerably.
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Chapter 5
Synthesis of Highly Sr-doped LaPO, and LaP3;Oq

5.1 Introduction

As mentioned in Chapter 1, the low solubilitiesSofin LaPQ and LaRBOgy have been reported
to be relatively low. According to Amezaweaal, the solubility of Sr, represented by the moédirar
Sr/(La+Sr), is ~2 mol% in LaP{1] and below 5 mol% in Laj@®s [2]. This is considered as an
obstacle to enhancing the conductivities of lantmarphosphates. Nevertheless, previous studies
suggest that the solubility of Sr would have depecé on temperature, and higher Sr doping levels
would be expected at lower temperatures. Besidepdarsture, water vapor pressure may also affect
the solubility of Sr. When Sr is doped into a lamthm phosphate such as LaP® certain amount
of water would also be introduced into LaP43 represented by the following expression:

(1-X) LaPQ + (¥/2) SpP,0; + (y/2) H,O
— LagSKH,POs- 2)+2)- (5.1)
Therefore, Sr-doped LaR(La;xSKH,POs- w2)+yi2)) Would be stabilized with higher water vapor
pressure. However, the relationship between thebgdity of Sr and these parameters has not been
clarified yet.

In Chapter 2, the precipitation conditions for uped LaPQ and LaROg in homogeneous
phosphoric acid solutions were established. In¢hapter, further attempts were made to synthesize
Sr-doped LaP@and LaROy in phosphoric acid solutions. The condition demsr@ of the Sr
doping level was analyzed to reveal the optimund@an for obtaining highly Sr-doped phosphates.

The incorporation of Sr and.B in the LaPQ lattice was verified by unit cell volume changalan
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evaporation of KD. The incorporation of Sr in the Lg® lattice was verified similarly. Finally, the

stability of Sr-doped LaP{at high temperatures was investigated.

5.2 Experimental

5.2.1 Synthesis

Sr-doped LaP@and LaRBOg were synthesized by precipitation in homogenedwsphoric acid
solutions containing L®; and SrCQ. La03; (99.99%, Nacalai Tesque), Sre&(®9.99%, Wako
Pure Chemical Industries), andsRD, (85%, Nacalai Tesque) were mixed in a perfluorosyk
(PFA) beaker and held at 190 °C in a furnace foeiss days to obtain a transparent solution. Then
temperature and water vapor pressure were changeted for a predetermined period of time to
precipitate lanthanum phosphates. The temperatae set between 120 °C and 250 °C, and the
water vapor pressure was set to approximately @&ufl (atmospheric conditions) or 1 atm
(humidified conditions). Synthesis parameters armmrarized in Table 5.1 and Table 5.2. The
precipitation conditions are also plotted on thegeh stability diagram of the }@;—P,Os—H,O

system constructed in Chapter 2, Figure 5.1.
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Table 5.1 Initial compositions of solutions for thesynthesis of LaPQ and LaP;0q

Initial composition
Abbr.  Starting materials  Molar ratio Sr
(La+Sr) (mol%)

La:Sr:P
Sr4 0.96:0.04: 15 4
Sr8 0.92:0.08: 15 8
Srl2 0.88:0.12:15 12
Srl6 0.84:0.16: 15 16
Sr20 La,0s, SICQ, HPO, 0.80:0.20: 15 20
Sr30 0.70:0.30: 15 30
Sr40 0.60:0.40: 15 40
Sr50 0.50:0.50: 15 50
Sr60 0.40:0.60: 15 60
Sr80 0.20:0.80: 15 80

Table 5.2 Dissolution and precipitation conditiongor the synthesis of LaPQ and LaP;Oa.

Dissolution Precipitation
Abbr. Product
Temp. / °C puzo/ atm Temp./°C py2o/ atm
A230 230 ~0.01 LakOq
A120 120 ~0.01 LaP®
190 ~0.01
H250 250 ~1 LaPQ@

H120 120 ~1 LaPQ@
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Figure 5.1 Phase stability diagram of the LgOs—P,0s—H,0 system with a constant La/P ratio
(La: P =1:15). The precipitation conditions lited in Table 5.2 are plotted in the figure.
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Figure 5.2 Schematic illustration of the apparatusused for humidification during the

precipitation of LaPO,.

For humidification, the apparatus shown in Figur2 was used. The whole apparatus was
placed in a furnace kept at a constant temperatuteaker was put on a stainless steel floor plate
and covered with a stainless steel box with a dgpat2.64 L. A 4-m-long spiral tube was attached

to a side wall of the box. Liquid water was fedhe box through the spiral tube so that it evamaorat
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before reaching the box. The liquid water feed vaés 0.1 mL/min, which was equivalent to 0.18
L-H,0O(g)/min at 120 °C and 0.24 L.B(g)/min at 250 °C. The apparatus was not seafgdlyi so
that the inner gas was able to flow out throughrtheow gap between the box and the floor plate
when the inner pressure exceeded 1 atm. Therafogewater vapor pressure inside the box was
expected to be 1 atm.

After the predetermined precipitation period, tieaker was cooled down to room temperature.
In general, there were precipitates on the bottérth® beaker and the transparent solution above
them. The residual solution was collected for thengical analysis. The precipitates were washed

well with hot water (~90 °C).
5.2.2 Characterization

Phase identification was carried out via X-ray pewdliffraction (XRD) analysis on
PANalytical X’Pert-Pro MPD using Cu-Kradiation at room temperature. The unit cell vatuaf
samples was evaluated by the Rietveld method u§igrt HighScore Plus (Version 2.2c) software.
The morphology of precipitates was investigatechgiSKEYENCE VE-7800 scanning electron
microscope (SEM). Chemical analysis of solutiond grecipitates was performed by inductively
coupled plasma atomic emission spectrometry (ICB)A&h Seiko Instruments SPS4000.

The amount of KO evaporated from LaPOwas determined by the Karl Fischer titration
method. The samples were dried in advance at 60f@fG0 h in the air @420 ~ 0.01 atm) to
eliminate residual water and phosphoric acid onstiiéace of samples. The protons responsible for
the proton conduction were still expected to remaithe samples, judging from the reporigdo
dependence of the conductivity at 600 °C [3]. Tach sample was held at 800 °C under dry
nitrogen flow (200 mL/min) to be dehydrated. Th&agen which contains the releasegOHwas
transferred to the Karl Fischer moisture titratmdetermine the amount o8 evaporated from the

sample. For this, Kyoto Electronics Manufacturing{@510N (Karl-Fischer moisture titrator) and
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ADP-512S (evaporator) were utilized.
5.2.3 Calculation of Precipitation Ratios

For better understanding of the precipitation b&rathe concentration values of La and Sr in
the residual solutions were converted into “preaipn ratios”. Here, the precipitation ratio of

element MRy, is defined by the following formula:

— N, prec
Ru = MM, init (5-2)

whereny, prec andny, it are the quantities of M in the precipitate andiahisolution, respectively.
For exampleR ., will be 1 (=100 %) when all La in the initial stion precipitates as LaRr
LaP;Oq. For calculatingr 5 andRs; values, the following method was used. First,aldgsC; |5, C;
sn Ct La, andC; s, are defined to represent the molar ratios of lraaBd P in the initial and residual
solutions as shown in Egs. (5.9) and (5.10):

La: Sr:P =Ci a:Ci sr: 1 (Inthe initial solution), (5.3)

La: Sr: P =C; 1a: Cs i 1 (In the residual solution after precipitation) (5.4)
The values ofC; |4, andC; s, are readily obtained from the mixing ratio of gtarting materials and
those ofC; |5, andC; s, can be derived from the ICP analysis on the regigolution. Assuming that
the molar ratio of P/(La+Sr) in the precipitateki=1 for Sr-doped LaPQandk=3 for Sr-doped
LaP;0y), Ci La, Ci. sn Ct La, andC; sr can be correlated by Eq. (5.11) by consideringribé&ar ratio in
the residual solution:

Cila:Crsri1=Ci1a(1-Ra) :Cisr(1-Rs):1-K(CiraRa+CisRs). (5.5)

By solving this equation, the precipitation rat{&, andRs,) are given as follows:

_ (Cf La Ci, Sr—cf, Sr Ci, La) K+ Ci, La —Cf, La
(Cf srt Cf La) Ci, La k—Ci, La '

Ria= (5.6)
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RS - (Cf La Ci, Sr—cf, Sr Ci, La) k— Ci, srt Cf Sr
' (Cf srt Cf La) Ci, Sr k- Ci, Sr '

(5.7)

5.3 Results and Discussion

5.3.1 Sr-doped LaPO 4

5.3.1.1 Precipitation Behavior in Low Sr Concentration Solutions

First, attempts to synthesize Sr-doped LaPR&®re carried out using solutions with the
compositions Sr4 and Sr8. Experiments were perfdrmethe precipitation region of LaR@see
Figure 5.1) under both atmospheric (A120) and hiffedtl (H250, H120) conditions. The
precipitation period was varied to observe changdle composition of precipitates and solutions

with time. In each condition, single phase LaRas precipitated, as confirmed by X-ray diffrantio
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H250, and (c) H120. Inset in (c) is a logarithmiclpt.
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Figure 5.3 shows the change in the compositiorhefsolutions with time measured by ICP.
The concentrations of La and Sr decreased with.tiimeparticular, under H120 condition, the
concentrations decreased rapidly by 2-3 orderss Timdicates that the solubility of LaR0n
phosphoric acid solutions is especially low under26i condition, or the driving force for the
precipitation is strong under that condition. Thésult corresponds well to the fact that H120
condition is quite deep in the precipitation regairLaPQ, in Figure 5.1. Under A120 condition, the
changes in the concentrations of La and Sr fluetliathis is likely due to the fluctuation of water
vapor pressure in the atmosphere.

For better understanding of the precipitation béravthese concentration values were
converted into precipitation ratios defined by Ef8). Figure 5.4 shows the change®in andRs;.
Rsrwas greater thaR 4 in the early stages of the precipitation regasdt#fghe initial composition of

the solution. This suggests the formation of SheicLaPQ than the initial solutions.
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Figure 5.4 Change in the precipitation ratios of Laand Sr observed along with the progression

of the precipitation of LaPOj.
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Figure 5.5 Dependence of the Sr doping level in L&®, on the precipitation ratio of La.

Figure 5.5 shows the Sr doping levels in the Lapf@cipitates analyzed by ICP. Here, the Sr

doping levelxs,, pres represents the following molar fraction:

Nsr, prec
= X 0,
Xsr, prec = NLa, prec*Nsr, prec 100 (%). (5.8)

The Sr doping level showed a strong dependendg grin good agreement with the precipitation
ratio changes described above (Figure 5.4), thdofing levels in the precipitates were higher im th
low R, region, reaching 20 mol% at maximum. This valuens order of magnitude higher than the
reported solubilities of Sr in LaR(Q1,4]. The precipitation temperature apgho did not seem to
have a significant effect on this trend, althoulgéyt affect the attainable precipitation ratio lieait

by thermodynamics, and the Sr doping level accagigin

5.3.1.2 Precipitation Behavior in High Sr Concentration Solutions

Because of the rapid decrease in the Sr doping ieile progression of the precipitation, it

would be difficult to obtain uniformly Sr-doped L@ in the above solutions. Since the Sr doping
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levels shown in Figure 5.5 are average valuesatitieal Sr doping levels in the final precipitates
(RLa = ~100%) are thought to be close to 0 %. The @dserén Sr doping level seems inevitable, as Sr
in the solutions is nearly “exhausted” in earlygst® of the precipitation. A way to avoid the
exhaustion of Sr in the solutions may be to inagghs Sr concentration in the solutions. Therefore,
the precipitation behavior of LaROn solutions Sr12, Srl6, Sr20, Sr40, Sr60, andO Sk@s
investigated at H250 condition.

Single phase LaPQwas precipitated in all the solutions except SO confirmed by X-ray
diffraction. In the Sr80 solution, SgR,0O; precipitated instead of LaRCFigure 5.6 represents the Sr
doping levels in precipitates. As shown in Figur@ @), the Sr doping level in LaR@creased with
increasing the initial Sr concentration in the sols. The dependence was not linear, however, and
the increase in the doping level became moderate mgher initial Sr concentrations (Sr20, Sr40
and Sr60). The Sr doping level tended to decreafeimcreasing the precipitation ratio of La as
observed previously. Nevertheless, the variatiomgearelative to the doping level became smaller
with higher initial Sr concentrations. As shownFigure 5.6 (b), the Sr doping level relative to the
initial Sr concentration in the solutionss( prec/ Xsr, iniY), decreased with increasing the initial Sr
concentration in the solutions. With Sr20, Sr40d @160 compositions X4, prec/ Xsr, ini) Was not
larger than 1. Thus, the exhaustion of Sr canngpéia with those compositions. These results
indicate that uniformly and highly Sr-doped LapPith doping levels of ~20% can be obtained in

the solutions with Sr concentrations higher that tf Sr20.
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Figure 5.6 (a) Dependence of the Sr doping level ltaPO, on the precipitation ratio of La. (b)
Sr doping level in LaPQ, relative to the initial Sr concentration in the sdutions.

5.3.1.3 Effectiveness of Sr Doping

To examine whether Sr was doped correctly ap@ Was incorporated in the bulk as desired,
the following two methods were used: (1) The amairi,O evaporated from samples at 800 °C in
dry N, was measured by the Karl Fischer titration meti{@2y.The unit cell volume of samples was
evaluated before and after theQHevaporation measurement using powder X-ray diffsa patterns.

Prior to these measurements, samples were drig@D&tC in the air for 50 h.
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Figure 5.7 (a) HO evaporation from Sr-doped LaPQ, under N, at 800 °C as measured by the
Karl Fischer titration (KFT) method. The samples wee held in the air at 600 °C for 50 h
beforehand. (b) Unit cell volume of Sr-doped LaP®@as determined by Rietveld analysis using
powder X-ray diffraction patterns. The open circles(o) represent the cell volume of samples
before the titration (just after held in the air at 600 °C for 50 h). The filled squares W)

represent the cell volume of samples after the tiattion.

Figure 5.7 (a) represents the(Hevaporation from LaPf{Jexpressed in percentage of the initial
weight of each sample) with different Sr dopingelsv(0, 4, 8 and 18 mol%). Although the plots are
not linear, HO evaporation monotonically increased with incnegshe Sr doping level. This should
indicate that HO was incorporated in LaR@vith Sr on the synthesis. Figure 5.7 (b) showsuthi¢
cell volume of samples before and after th®Hevaporation measurement. In both cases, LaPO
with higher Sr doping level had larger unit cellwoe. This would indicate that Sr substituted far L
in the monazite structure, since the ionic raditi$18" in ninefold coordination (1.31 A) is larger
than that of L& (1.21 A) [5]. After the HO evaporation measurement, the unit cell volume of
Sr-doped LaP@significantly decreased while that of undoped LaP€mnained unchanged. This
would reflect the evaporation of,8 from the bulk Sr-doped LaRQn Figure 5.7 (a) the small,B

evaporation was observed even from undoped LaP@ it could be due to some residual water on
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the surface or grain boundaries of the sample.
These results suggest that Sr successfully sutestifar La and KO was certainly incorporated

in the bulk as desired.

5.3.1.4 Thermal Stability of Highly Sr-doped LaPO,

To evaluate the stability of highly Sr-doped LaP@3.4 % Sr-doped LaRCand 20.1 %
Sr-doped LaP@synthesized in phosphoric acid solutions were treated at higher temperatures.
The samples were first held at 600 °C for 80 thim atmosphere, then the 13.4% doped sample was
additionally held at 1200 °C for 5 h. Figure 5.8&wi3 the X-ray diffraction patterns obtained after
each heat treatment. While no secondary phase &tastdd after the first heat treatment at 600 °C,
the presence of secondary phasesP.6x and SgLa(PQy)s, was clearly detected after the second
heat treatment at 1200 °C. Amezagtaal reported SP,0O; as the secondary phase at 1200 °C and
SrLa(PQ); at above 1350 °C [3]. Tyhold#t al also reported both as the secondary phases at
1450 °C [4]. The fact that both 0; and SgLa(PQ)); were detected in the present study is
somewhat incompatible with the previous study byexawa, but it could be due to some kinetic
reason. The present results indicate that the giojubf Sr in LaPQ, would be sufficiently high (at
least 20.1 %) at 600 °C, which is in the operatergperature range for the electrolyte. However, the
solubility of Sr is considerably lower than 13.4 & 1200 °C, which is a typical sintering
temperature for this material. Therefore, a newtlssis process of LaRlectrolytes based on
precipitation in homogeneous phosphoric acid sohsti which enables synthesizing dense LaPO
electrolytes without sintering, should have a cdesable advantage. The reason why the solubility
of Sr is higher at lower temperatures has not lotanified, but it is possible to speculate thatirsr
the LaPQ lattice is destabilized with evaporation of waathigh temperatures. In other words, the

reverse reaction of Eq. (5.1) can proceed at hitgmaperatures.
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Figure 5.8 X-ray diffraction patterns of (a) 13.4% Sr-doped LaPQ, and (b) 20.1% Sr-doped
LaPO,. They were collected (a-1)(b-1) just after washing(a-2)(b-2) after the first heat
treatment at 600 °C for 80 h and (a-3) after the s®nd heat treatment at 1200 °C for 5 h. Peaks
marked with V¥, e, and o are attributed to LaPO, (PDF# 1-83-651), SiP,O; (PDF#0-24-1011),
and SrLa(POy); (PDF# 0-29-1306), respectively.

5.3.2 Sr-doped LaP 3;0q

The precipitation behavior of LgBg in phosphoric acid solutions was also investigaitefli230
condition. Single phase LaBy was obtained in the solutions Sr4, Sr8, Sr12, S8t80, Sr30, Sr40,
and Sr50 whereas Sr(B)®@ formed in the solutions Sr60 and Sr80. Figure refresents the Sr
doping levels in precipitates. As shown in Figur® &), the Sr doping level in LgBy increased
with increasing the initial Sr concentration in tbalutions, reaching 14 mol% at maximum. This

value is approximately three times higher thanpgheriously attained value [2]. Similar to the case
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of LaPQ, the Sr doping level tended to decrease with asing the precipitation ratio of La.
However, as shown in Figure 5.6 (b), the Sr dopewel relative to the initial Sr concentration hret
solutions, Xsr, prec/ Xsr, ini), Was always less than 1. Thus, in contrast tocdme of LaP@Q the
exhaustion of Sr is not thought to happen. Theomder the decrease in the Sr doping level is
currently unknown, but the problem might be lessoss than that with LaPQIn the same time, as
is the case for LaPQuniformly and highly Sr-doped LgBy can be easily obtained in the solutions

with higher Sr concentrations.

(a) 10 )
14 _|III|ISIrI5|OIII|III|III|_ Elllllllllllllllllll I:l Sr4-A230
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Figure 5.9 (a) Dependence of the Sr doping level lraP30g on the precipitation ratio of La. (b)
Sr doping level in LaROg relative to the initial Sr concentration in the sdutions.

In order to see whether Sr was successfully inqatpd in the LafDq lattice, unit cell volume
changes were determined by Rietveld analysis ugowder X-ray diffraction data. As shown in
Figure 5.10, LagDg with higher Sr doping level had larger unit cedliume. This would indicate that

Sr substituted for La in the Lg® lattice, since the ionic radius ofSiin eightfold coordination



88 | Low-Temperature Synthesis, Thermodynamic Properied Electrical Conduction Properties of Lantharimsphates

(1.26 A) is larger than that of £2(1.16 A) [5].
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Figure 5.10 Unit cell volume of Sr-doped LagOy as determined by Rietveld analysis using

powder X-ray diffraction patterns.
5.4 Conclusions

In this chapter, attempts were made to synthesizdofed LaP®@ and LaRBOg in phosphoric
acid solutions. The condition dependence of thddping level was analyzed to reveal the optimum
condition for obtaining highly Sr-doped phosphates.

The Sr doping level in LaP{&and LaBOy depended on the precipitation ratio of Ra,. The Sr
doping level gradually decreased with the progoessif the precipitation, which was especially
noticeable for low Sr concentration solutions.Ha tase of LaP£Sr in the solutions was thought to

be exhausted in early stages of the precipitatidowever, with high Sr concentrations in the
, Sr . , .
solutions, such aﬁg > 20 mol%, the change in the Sr doping level waatirgly small. In

such solutions, almost uniformly Sr doped samplesexpected to be obtained. The maximum Sr

doping levels attained for LaR@nd LaBOy were ~23 % and ~14 %, respectively. These valtes a
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several times higher than previously reported sbligs of Sr in LaPQ and LaRO,.

The incorporation of Sr and.B in the LaPQ lattice was verified by unit cell volume change
and evaporation of #0. Sr partially substituted for La in monazite-tyjpeP Q, when synthesized in
phosphoric acid solutions, as well as by solidestaaction as reported in the literature. On sygithe
H,O was certainly incorporated in the bulk by Sr dgpiThe incorporation of Sr in the L#B
lattice was also verified by unit cell volume chang

The stability of Sr-doped LaR@t high temperatures was also investigated. Thd#ioy of Sr
in LaPQ, was found to be sufficiently high (at least 20.1é&en at 600 °C, which is in the operating
temperature range for the electrolyte. Howeverhatomes considerably lower than 13.4 % at
1200 °C. The reason why the solubility of Sr ish@igat lower temperatures has not been clarified,
but it is possible to speculate that Sr in the LaR@ice is destabilized with evaporation of wadér

high temperatures.
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Chapter 6
Electrical Conduction Properties of Sr-doped LaPO, and
LaP30q

6.1 Introduction

As mentioned in Chapter 1, the proton conductieihancement in lanthanum phosphates is
desirable, while the proton conduction mechanismes sdill unclear. In previous chapters, the
precipitation conditions have been establishedsfmthesizing highly Sr-doped LakR@nd LaROq
with various grain sizes. These techniques shoutthden the way to investigate the proton
conduction mechanisms, as well as to improve thetlyte performances. Nevertheless, if they are
heat treated at typical sintering temperaturesbtaio dense electrolytes, they will decompose or Sr
doping level will decrease (see previous chaptef$lerefore, the direct synthesis of dense
electrolytes at low temperatures is necessarynf@stigating their electrical conduction propetties

In this chapter, attempts were made to obtain degydgcrystalline plates of Sr-doped LapPO
and LaROgy in phosphoric acid solutions by gradually provglithe driving force for the
precipitation. The synthesis of large single crigstd Sr-doped Lag®Dy was also tried with a similar
strategy. Then the electrical conduction propeniethe precipitates were investigated by impedance

spectroscopy.
6.2 Experimental
6.2.1 Synthesis

Sr-doped LaP@and LaROg were synthesized in phosphoric acid solutionsdasethe method
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given in the previous chapter. A& (99.99%, Nacalai Tesque), Sre¢@9.99%, Wako Pure
Chemical Industries), andsHQ, (85%, Nacalai Tesque) were mixed in glassy cadranibles and
heated at 190 °C for several days to dissolve @itl compounds in phosphoric acid. Then the
solutions were gradually cooled or heated in antb{pio = ~0.01 atm) or humidifiedpf2o =

~1 atm) atmospheres to precipitate lanthanum pladeph The synthesis parameters are given in
Table 6.1. These parameters were chosen basec @olthbility of lanthanum oxide in phosphoric
acid solutions at each temperature. The followiaguirements were considered: (1) No precipitate
should be formed at the initial temperature in phecipitation stage; (2) The desired precipitate
should be formed at the final temperature. As altea moderate driving force for the precipitation
should begin to be provided at a certain point rdurihe cooling or heating process. After the
temperature had reached the final temperaturesdhgions were held isothermally for several days.
For humidification, the apparatus used in Chapteag used.

Table 6.1 Synthesis parameters for Sr-doped LaPQand LaP;Og electrolytes. py2o is water

vapor pressure, Tiniar and Tna denote temperatures at which slow cooling/heatingtarted and

ended, respectivelyg is the heating rate, andisotmermal IS the duration of the isothermal heating.

Initial composition Precipitation parameters

Product - . _
. ) P20 Tinital  Tinal B tisothermal
La:Sr:P [atm /°C /°C /°CH' /day

Sr-doped LaP®

@ . 048:0.12:15  ~1 250 200 -1 1
polycrystalline plates

(p) SrdopedLags 454655595 901 190 250 1 8
polycrystalline plates

(¢ Srdopedlalls 4 ,5.519.15 -1 300 360 05 4

single crystals

6.2.2 Characterization

Phase identification was carried out X-ray diffraction (XRD) analysis on PANalytical

X'Pert-Pro MPD using Cu-K radiation at room temperature. The morphology emaposition of



92 | Low-Temperature Synthesis, Thermodynamic Properdied Electrical Conduction Properties of LantharRimsphates

precipitates were investigated using KEYENCE VE{8&anning electron microscope (SEM)
equipped with energy dispersive X-ray spectromdiEeDS, EDAX Genesis-XM2). Chemical

analysis was also performed by inductively couplgdsma atomic emission spectrometry
(ICP-AES) on Seiko Instruments SPS4000. It has lieemd that, in general, the difference between
the values for the Sr doping level of the same samerived from EDS and ICP analyses are within

3%.

6.2.3 AC Impedance Spectroscopy

For measuring the electrical conductivity of thdypoystalline plates, silver paste (Fujikura
Kasei, D-550) was painted on each surface of teeijpitates. A silver wire and a silver mesh were
attached to each surface using the silver pasten The sample was fixed to the sample holder
shown in Figure 6.1 (a). For measuring the elealtrdonductivity of the single crystals, platinum
wires were attached to parallel surfaces usingstiver paste. Then the sample was fixed to the

sample holder shown in Figure 6.1 (b).
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(@) Plate-like

_ precipitate  Silver wire
Silver paste

Ceramicring  Silver mesh

(b) LaP ;04 crystal

Silver paste Platinum foil

Magnify‘l' 1lcm

LLY‘ Ceramic holder -

- : B
Platinum wire Ceramic screw e il {—
and nut mm

Figure 6.1 Schematic illustrations and typical phatgraphs of the sample holders for
conductivity measurements. (a) For polycrystallinglates; (b) For single crystals.

The conductivity of the samples was measured bye@apce spectroscopy. A.C. impedance
data were collected over the frequency range dfl2-010 MHz using a frequency response analyzer
(Solartron SI 1260) at an applied voltage of tyfhyca00 mV. Humidified hydrogen, argon or their
mixture was flowed over the samples at typicallys2@m. The fitting of the impedance data was

performed using the commercial software packagee&\Wersion 2.9¢c (Scribner Associates).

6.3 Results and Discussion

6.3.1 Direct Synthesis of Electrolytes in Phosphori ¢ Acid Solutions

6.3.1.1 Sr-doped LaPO,4 Polycrystalline Plates

Figure 6.2 shows a typical photograph and SEM inafger-doped LaPQprecipitated on the

bottom surface of the crucible with the synthesisameters given in Table 6.1 (a). The precipitate
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formed a plate which can be handled with tweezetsydiand. The thickness of the plate was about
150um. As can be seen in the cross-sectional imagheoplate (Figure 6.2 (b)), the plate mainly
consisted of densely packed, elongated grains @0 rtfh arranged in the direction perpendicular to
the surfaces. In addition, a closer look at theelopart of the plate, which was in contact with the
crucible, reveals the existence of a thin layerseind of relatively small grains. The overall
geometry of the cross-section resembles the gemecabstructure of ingots, with the lower part and
upper part of the plate corresponding to the dahe and columnar zone in an ingot, respectively.
This suggests that heterogeneous nucleation t@ae @n the bottom surface of the crucible and then
large columnar grains were formed upward as atre§abmpetitive growth.

Figure 6.3 shows the X-ray diffraction patternsamed from each surface of the Sr-doped
LaPQ, plate. The relative intensities of the peaks wagaificantly different from those expected
from randomly oriented powders, indicating the tase of preferred orientations of the grains.
While the (1 11) planes were oriented parallehéosturfaces in the lower part, the (100) planegwer
oriented parallel to the surfaces in the upper. @drerefore, the perpendicular direction to thedj10
planes is considered to be the preferred growtittion for LaPQ crystals.

By EDS analysis, the Sr doping level was foundedlB% at the lower surface and 18% at the
upper surface. These results show that, denselyfoglented and coarse-grained polycrystalline
plates of highly Sr-doped LaR@an be directly synthesized in phosphoric aciditsmis, which

cannot be obtained by conventional solid stateti@ac
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(Contacted with
the crucible.)

Figure 6.2 Typical (a) photograph and (b) SEM imagef the polycrystalline plate of Sr-doped
LaPO,.
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Figure 6.3 X-ray diffraction patterns of a polycrydalline plate of Sr-doped LaPQ: (a) upper
surface of the plate; (b) lower surface of the pl& The numbers in parentheses represent the

Miller indices of peaks.

6.3.1.2 Sr-doped LaP30q Polycrystalline Plates

Figure 6.4 shows a typical photograph and SEM inader-doped LagDq precipitated on the

bottom surface of the crucible with the synthesieameters given in Table 6.1 (b). Similarly to the
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case of Sr-doped LaROthe Sr-doped Laf®y precipitate formed a plate with thickness of about
250pum and it had the chill zone and columnar zone.tf®splate was precipitated by heating, “chill
zone” might not be appropriate.) Figure 6.5 shdwesX-ray diffraction patterns obtained from each
surface of the Sr-doped Lg® plate. While the (110) planes tended to be orgempiarallel to the
surfaces in the lower part, the (001) planes wiomgly oriented parallel to the surfaces in thpemp
part. Therefore, the perpendicular direction to (@@1) planes is considered to be the preferred
growth direction for LagOg crystals. As LagDg has an orthorhombic crystal structure, the preterr
growth direction is identical to the c-axis. By ERBalysis, the Sr doping level was found to be 11%
at the lower surface and 5% at the upper surfacsuinmary, as is the case for Sr-doped LaPO
dense, highly-oriented and coarse-grained polyalys¢ plates of highly Sr-doped LgB can also

be directly synthesized in phosphoric acid soligion

Lower surface
(Contacted with
the crucible.)

Figure 6.4 Typical (a) photograph and (b) SEM imagef the polycrystalline plate of Sr-doped
LaP30q.
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Figure 6.5 X-ray diffraction patterns of a polycrydalline plate of Sr-doped LaROg: (a) upper

surface of the plate; (b) lower surface of the pl&. The numbers in parentheses represent the

Miller indices of peaks.
6.3.1.3 Sr-doped LaP30¢ Single Crystals

Figure 6.6 shows a typical photograph and SEM inwg@ér-doped LagDy precipitated at the
bottom of the crucible with the synthesis paransetgven in Table 6.1 (c). Transparent, column
crystals with well-developed morphology were ob¢ginThe crystals were nearly 2 mm in length,
sufficiently large for conductivity measurementsisl result confirms that the “high-humidity and
high-temperature” condition established in Chagtdacilitates the growth of LaPs crystals. By
X-ray diffraction, it was found that the c-axis thie LaROy lattice was always directed parallel to
the longer direction of the crystals (Figure 6T8)is is consistent with the preferred growth dii@ct
of LaP;0Og suggested in the previous subsection (c-axis)L&0y has an orthorhombic crystal
structure, the ab plane is perpendicular to thexig-abut it was difficult to distinguish
crystallographic directions in the ab plane by talysnorphology. By ICP analysis, the Sr doping

level was found to be 5.1%, sufficient for genergfprotonic charge carriers.
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Figure 6.6 (a) Photograph and (b) SEM image of Sraped LaP;Oy single crystals.
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Figure 6.7 X-ray diffraction patterns of a column gystal of Sr-doped LaP;Oq: (a) obtained
from the end surface of the column crystal; (b) okdined from the side surface of the column

crystal. The numbers in parentheses represent the iler indices of peaks.

6.3.2 Electrical Conduction Properties

6.3.2.1 Sr-doped LaPO, Polycrystalline Plates

Figure 6.8 shows the impedance data of a Sr-dodlOLplate collected at 500 °C under
various atmospheres with different hydrogen pagrassuregpn, and water vapor pressurpso.

Two impedance arcs were observed in the impedapeetra shown in Figure 6.8 (a). The



Chapter 6  Electrical Conduction Properties ofdSped LaP@ and LaRO, | 99

impedance spectra were analyzed using an equivaleniit model RQ:1)(R:Q2) whereR is a
resistor and) is a constant phase element. The resistancesponéing to high- and low-frequency
arcs,R; andR;, showed different dependences on hydrogen and watéal pressures. Figure 6.8
(b) shows the deviation iR, and R, on changing the atmosphere. Whike was independent of
hydrogen partial pressurB; increased with decreasing hydrogen partial pres@tmospheres (1)—
(3) in the figure).

In the present atmospheres, the forward and revewssions of the following equation are
mainly expected to take place at both electrodes:

2H" +2e = H (g) (6.1)

where H represents a proton in the electrolyte. Generallyow overpotentials, the charge transfer

resistancdR. is inversely proportional to the exchange curdentsityip as follows:

RT

R = Flo (62)

whereR, T, n, andF are the gas constant, absolute temperature, nuohledéectrons in the reaction,
and Faraday’s constant, respectively. The exchangent density depends on the concentrations of
reactants. For the reaction of Eq. (6.1), the ddpece is given as

io o ci " - Pffa (0 <a <1) (6.3)
wherecy+, py2, anda are the concentration of protons in the electelytydrogen partial pressure,

and charge transfer coefficient, respectively. Ciminlg Eqgs. (6.2) and (6.3) yields

1
Ret X 7=~

« . o
Cut " P2

(6.4)

Therefore, ifcys is constant, changing hydrogen partial presswe fi,; to pu2 s should result in

the charge transfer resistance change fRanto R s according to the following relationship:

ot = (B ©5
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In the present measurements, the valu&oincreased from 21.7¢kto 30.1 K2 with decreasing
hydrogen partial pressure from 0.9 atm to 0.45 &this behavior fits well to Eq. (6.5) with an
value of ~0.47. ThereforeR, would surely correspond to the charge transferstase R
Accordingly, R; would be attributed to the electrolyte. As menéidraboveR; did not depend on
hydrogen partial pressure. Kitamuea al reported that the conductivity of Sr-doped LaRf&&as
almost independent of hydrogen partial pressure HiEnce it is reasonable to assuRieas the
resistance of the Sr-doped LapP@ate. For further analysis, the conductivity loé tSr-doped LaPQO
plate,s, was calculated frorR;.

Whenpy, andpy2o were varied simultaneously, from atmosphere (¥)an Figure 6.8, both
R; and R, changed. As it was found th& did not depend omy,, the decrease iR, can be
attributed to the increase pao. It suggests that the charge carrier concentratidhe electrolyte
increased with increasings2o, and it is consistent with the idea that the pmstare introduced into
Sr-doped LaP®through the equilibrium with water vapor [2] (S8bapter 1). As shown in Figure
6.9, the conductivity of the Sr-doped LaPflate exhibited a similar dependence on water vapo
pressure to those reported for 2% or 3% Sr-dop&L.§3]. The slope of the log — log pu2o plot
was 0.09, much smaller than 1/2. As discussed bgzawaet al [3], it implies that the sample was

mostly hydrated in the present atmospheres.
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Figure 6.8 (a) Impedance spectra of a polycrystatie plate of Sr-doped LaPQ at 500 °C under
various atmospheres ((1)-(4)). Inset is an enlargedew of the high-frequency arc. (b) Time
dependence of the resistance of Sr-doped LaR@t 500 °C under various atmospheresR; and

R, represent the resistances corresponding to the tig and low-frequency arcs in the

impedance spectra, respectively.
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Figure 6.9 Water vapor pressure dependence of therductivity of the polycrystalline plate of
Sr-doped LaPQ,. Data given by Amezawaet al. are also shown for comparison [3].

Assuming a linear relationship between the conditgtiderived from R; and the proton
concentration in the electrolyte, a proton conamn increase of 1.11 times is expected with
increasingoyzo from 0.1 atm to 0.3 atm (Figure 6.8 and Figurg.@t9s also possible to estimate the
proton concentration change by the charge transdsistance. From Eq. (6.4), the following
relationship is derived for the variation in chargansfer resistance caused by the concentration

changes:

Rc C Lo D ¢
tf _ H+,i H2,i
Reti ( CH+,f) ( sz,f) (6.6)

where the suffixes “i” and “f” represent “before’h@ “after” the concentration changes. Using
Reti/ Retj = 22.4/121.7,pu2,i / puz2s = 0.9/0.7, and thexr value of 0.47 derived above, the proton

concentration change is given as

Cref _
G - 118 (6.7)

This is in a fair agreement with the value of 1derived from the conductivity of the electrolyte,
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indicating the current interpretation is valid. Bhuhe proton conduction was confirmed in the
Sr-doped LaP@plate which was directly synthesized in a phosjahaxid solution.

Figure 6.10 shows the temperature dependence aiotiguctivities of Sr-doped LaR@lates.
Besides the above used plate (“Plate A”), two aoli# plates (“Plate B” and “Plate C”) were used
for the conductivity measurements. All the platesrevobtained in the same solution. The
conductivities of the three samples were of theesanmder of magnitude as those reported in the
literature [3], and showed similar temperature deleeces. The activation energies for charge
transport, derived from the slopes of the plotg,en®80 £ 0.05 eV at 400-500 °C while Amezaata

al. reported a value of 0.86 eV for 2% Sr-doped Lag®00-600 °C [3].
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Figure 6.10 Temperature dependence of the conduciiy of Sr-doped LaPO, plates. “Plate A”,

“Plate B”, and “Plate C” are different samples obtaned from the same crucible.

However, as obvious from the figure, the three dampxhibited different absolute values for

the conductivity although they should be equal. Theductivities of each sample shown in Figure
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6.10 were essentially reproducible through repelhé&ading/cooling cycles, but there was even a case
where the conductivity changed through heatingiogotycles (Not shown on the figure). The
reason for the conductivity differences might ber &xample, inadequate contact between the
electrolyte and electrodes, or breakage of therelgte due to its insufficient mechanical strength
but the exact reason is not clear at present. Aghdahe atmospheres were slightly different in \uhic
each measurement was done, it would not resuligrséveralfold differences of the conductivities.
For further studies of the effect of Sr doping legeain size, and crystallographic orientationtbe
conduction properties, it is required to establish experimental conditions where reproducible

results can be obtained.

6.3.2.2 Sr-doped LaP30q Polycrystalline Plates

Figure 6.11 shows the impedance data of a Sr-dop&Oy plate collected at 500 °C with
different hydrogen partial pressures. Two partlertapping arcs were identified in the impedance
spectra shown in Figure 6.11 (a). Fitting to thepewdhlance spectra was carried out using an
equivalent circuit modelR})(R:Q.) at low frequencies (100-1000 Hz) where the losgfrency arc
was dominant. The high frequency intercept of thart with the real axifR;, was regarded as the
resistance corresponding to the high frequency Hre. resistances corresponding to the high- and
low-frequency arcsR; andR;, showed analogous dependences on hydrogen gadgdure to those
observed for Sr-doped LaR@lates: WhileR; remained constan®, increased with decreasing
hydrogen partial pressure. The variationRnfits well to Eq. (6.5) with am value of ~0.39. For
these reason®; andR, can be assigned to the electrolyte resistancecharte transfer resistance,
respectively. However, because of the overlap af tmpedance arcs, it was difficult to obtain
accurateR; values at lower temperatures and hence the tetaperdependence of the conductivity
was not analyzed. The conductivity of the platB@a °C calculated frorR; was ~1.4 x 10 S cm?,

while Amezawaet al. reported a value of 8.2 x T08 cm® for “5% Sr-doped LafDq" [4]. For



Chapter 6  Electrical Conduction Properties ofd8ped LaP@ and LaRO, | 105

clarifying the reason for this difference as wedl the effects of Sr doping level, grain size, and
crystallographic orientation on the conduction mmies, further experiments with sufficient

reproducibility need to be carried out in futureriwo
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Figure 6.11 (a) Impedance spectra of a polycrystatie plate of Sr-doped LaROg at 500 °C
under various atmospheres ((1)-(3)). Solid lines arthe fitted curves to the low-frequency arc
using an equivalent circuit model R;)(R2Q2) where R is a resistor andQ is a constant phase
element.R; and R, represent the resistances corresponding to the Higand low-frequency arcs.
(b) Time dependence of the resistance of Sr-dopedaP;Og at 500 °C under various

atmospheres.
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6.3.2.3 Sr-doped LaP30g Single Crystals

Figure 6.12 shows the impedance spectra of a SgedbpROy single crystal measured along
the c-axis at 500 °C with different hydrogen pamigessures. Two impedance arcs were identified as
was the case for Sr-doped LaPand LaROq plates. The resistances corresponding to the laigt-
low-frequency arcsR; andR;, showed analogous dependences on hydrogen gadgdure to those
observed for Sr-doped LaR@nd LaROg plates: WhileR; remained constang, increased with
decreasing hydrogen partial pressure. The variahidr, fits well to Eq. (6.5) with am value of
~0.49. For these reasor®, andR, can be assigned to the electrolyte resistancechadye transfer
resistance, respectively. The impedance spectraureghin the ab plane also exhibited two arcs and

the resistance corresponding to the high-frequancyvas taken as the electrolyte resistance.
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Figure 6.12 (a) Impedance spectra of a Sr-doped LgBy single crystal measured along the
c-axis at 500 °C.

Figure 6.13 shows the temperature dependence abtiatuctivities of Sr-doped LgBy single
crystals measured along the c-axis or in the aheplasing two crystals for each direction. The
specific crystallographic directions in the ab @amight be different because they were not
identified. All the samples were synthesized inghene crucible. The measured conductivities were
distributed over a range of 1 to 5 times the highakies reported by Amezavea al for Sr-doped

LaP;Og. The activation energies for charge transport veadeulated to be 0.78 £ 0.04 eV at 300—
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500 °C and there was no significant dependencehenctystallographic direction. The obtained
activation energies were also comparable with thkiev reported by Amezawat al. for 1%
Sr-doped LagDy at 300-500 °C (0.84 eV) [5]. On the other hand, #hsolute values for the
conductivity tended to be higher along the c-alentin the ab plane, though exact directions in the

ab plane were not specified.
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Figure 6.13 Temperature dependence of the conduciiy of Sr-doped LaP;Og single crystals.

These results provide a clue to determine the damdiproton conduction paths in Sr-doped
LaP;Oq. In the present measurements, the grain bounderyuctivity is considered to be negligible
compared with those of polycrystalline samples Isgsized by solid state reaction, because the
samples were composed of significantly larger edgsfeven if they were not perfect single crystals)
Therefore, the fact that Sr-doped k8B single crystals exhibited comparable or larger
conductivities to those reported for polycrystalisamples suggests that, there are substantiahprot

conduction paths in the LaBy lattice. The observed anisotropy of the conduisti@iso supports this
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idea, since the crystal structure of k@F is highly anisotropic as shown in Chapter 1. laigr
boundary conduction were more dominant than bulkdootion in polycrystalline Laf®g, the
increase in grain size should lead to the decrgaiee conductivity. Thus, the present result would
be difficult to be explained. Therefore, it candmncluded that grain growth and orientation control

might be a promising strategy for improving the a@octivity of Sr-doped Laf®q electrolytes.

6.4 Conclusions

In this chapter, dense, highly-oriented and cogra@ied polycrystalline plates of highly
Sr-doped LaP@and LaRBOgy were directly synthesized in phosphoric acid sohg by slow cooling
or heating of the solutions. The thicknesses of fileges were 150-250m. Single crystals of
Sr-doped LagDy larger than 1 mm were also obtained by slow hgatih the solution in the
“high-humidity and high-temperature” condition.

The electrical conduction properties of the prdaips were investigated by impedance
spectroscopy. For all samples, the resistance soreling to the proton conduction in electrolytes
was identified. It was demonstrated in principlattthe Sr-doped LaPGnd LaROq polycrystalline
plates, which were directly synthesized in phosjghacid solutions, also function as proton
conducting electrolytes as well as those prepayesblid state reaction in previous studies.

The results on Sr-doped L#® single crystals suggested that there are substgorbton
conduction paths in the LaBy lattice. Therefore, it can be said that grain gloand orientation
control might be a promising strategy for improvitige conductivity of Sr-doped LaBy
electrolytes.

Finally, it should be noted that there is much rofmmfurther characterization of the proton
conduction properties of Sr-doped LaPsdd LaROg precipitates in terms of reproducibility, effects

of doping level and crystallographic direction, awdon.
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Chapter 7
Summary

Lanthanum phosphates are attracting much attedtiento their proton conduction. However,
further proton conductivity enhancement is deseahblhile the proton conduction mechanisms such
as the dominant proton conduction paths are stiflear. Their thermodynamic characteristics,
which are necessary for evaluating their stabdjtfeave also been scarce.

In this work, systematic investigations have beerried out to establish the new,
low-temperature synthesis method of lanthanum phettspelectrolytes in phosphoric acid solutions.
The synthesis method enabled significant increas8ridoping levels as well as vigorous crystal
growth compared with conventional solid state reactmethod. This method may serve for
revealing the proton conduction mechanisms, andareihg the proton conductivity. The phase
equilibria and thermodynamic properties of the@Qsa-P.Os system were also characterized and their
stabilities were evaluated. Finally, the electricainduction properties of lanthanum phosphate

electrolytes synthesized in phosphoric acid sohgtiwere investigated.

Chapter 2 Synthesis of Lanthanum Phosphates in Phos  phoric Acid

Solutions

In this chapter, the precipitation conditions ofPi, LaROy, and LaRO,4 in condensed
phosphoric acid solutions were established undér Bmospheric and humidified conditions. The
obtained LaP® had the monazite-type structure, which has begorred to exhibit proton
conduction. Increasing water vapor pressure frofil @tm to 1 atm extended the precipitation

regions of LaP@and LaRBOy toward higher temperatures by nearly 100 °C. Tiystal growth of
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LaPQ, was significantly accelerated under such conditiGag.T=250 °C andp20 = 1 atm). The
crystal growth of LagfOg was also promoted moderately by the increasedoipitation temperature.
These results will serve as fundamental informafamfurther optimization of growth parameters
(e.g. temperature profile, precipitation period, andi@icomposition) and the direct synthesis of

dense lanthanum phosphate electrolytes in phospaoid solutions.

Chapter 3 Phase Equilibria in the La ,03;—P,05 System

In this chapter, the phase equilibria in the@a-P,Os system were re-examined to verify the
known phase diagrams. Two intermediate phases?@aand LaP;O;s, were identified in the
La,Os—LaPQ subsystem. L Op was not observed. Therefore, the phase diagraortespby Park
and Kreidler seems more likely to be accurate iat.thaPO; was formed at 1000 °C, while
La;P;O15 was only formed at 1200 °C and higher. At 1000 ¥@&jther the formation nor
decomposition of L#30,5 took place within 1000 h. This behavior might heedo kinetic reasons,
though it was not verified. In the LaR€aP;0Og subsystem, no intermediate phase such aR,0a;

was detected. Based on these results, the molst téiqgresentation of the phase diagram is given.

Chapter 4 Thermodynamic Properties of LaP 309 and LaP 5044

LaP;Og and LaRBOy4 have been demonstrated to decompose gradualliglattémperatures.
However, very little quantitative information isalable about the decomposition reactions. In this
chapter, for accurate assessment of the stabilbtledaP0Oy and LaBOi4 vapor pressure
measurements on LgBy and LaRO;4 were carried out by the transpiration method. &tpeilibrium
vapor pressures of,01p over LaBOg and LaBO;4 were obtained to be

log (Prao1o/ atm) = (5.12+1.00) — (1.22+0.12) xR0 (T / K)™*
(over LaROy, 1123<T/ K <1323);

log (Prao1o/ atm) = (4.65+1.80) — (1.00+0.19) x“1Q (T / K)™*
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(over LaRBO14, 923< T/ K< 1173).
The standard enthalpies of the evaporation reactame given as 117+12 kJ rioland 96+18
kJ mol'* in the corresponding temperature ranges. The wate evaluated with respect to the
proposed use of LaPy and LaRBO14 as solid electrolytes in fuel cells. The maximuperating
temperatures for the LgBy and LaRO,4 electrolytes were suggested to be about 600 °ClaadC
in oxygen atmosphere. Taking into account theitg@raconductivities at these temperatures, it can
be said that Laf® based electrolytes are more promising thansOafbased ones. In the presence
of water vapor or hydrogen, however, decomposittbrLaP;0Oy and LaBO;4 is expected to be

accelerated considerably.

Chapter 5 Synthesis of Highly Sr-doped LaPO 4 and LaP 304

In Chapter 2, the precipitation conditions for uped LaPQ and LaROg in homogeneous
phosphoric acid solutions were established. In¢hegpter, further attempts were made to synthesize
Sr-doped LaP®and LaROg in phosphoric acid solutions. The condition demsr@ of the Sr
doping level was analyzed to reveal the optimumddmn for obtaining highly Sr-doped
phosphates.

The Sr doping level in LaP{and LaROy depended on the precipitation ratio of Ra,. The Sr
doping level gradually decreased with the progogssif the precipitation, which was especially
noticeable for low Sr concentration solutions.He tase of LaP£Sr in the solutions was thought to

be exhausted in early stages of the precipitatitbonever, with high Sr concentrations in the

: S . : .
solutions, such a%r) > 20 mol%, the change in the Sr doping level waatirgdly small. In

such solutions, almost uniformly Sr doped samplesexpected to be obtained. The maximum Sr
doping levels attained for LaR@nd LaRBOg were ~23 % and ~14 %, respectively. These valtees a

several times higher than previously reported sbligs of Sr in LaPQ and LaRO,.
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The effectiveness of Sr doping in LaP®@as verified by observing unit cell volume changgs
doping and the evaporation of® which had been incorporated into LaRidring the synthesis. Sr
partially substituted for La in monazite-type LapPfhen synthesized in phosphoric acid solutions,
as well as by solid state reaction as reporteditarature. On synthesis, .8 was certainly
incorporated in the bulk by Sr doping.

The stability of Sr-doped LaR@t high temperatures was also investigated. Thd#ioy of Sr
in LaPQ, was found to be sufficiently high (at least 20.1&sen at 600 °C, which is in the operating
temperature range for the electrolyte. Howeverhatomes considerably lower than 13.4 % at
1200 °C. The reason why the solubility of Sr ish@igat lower temperatures has not been clarified,
but it is possible to speculate that Sr in the LaR@ice is destabilized with evaporation of wadér

high temperatures.

Chapter 6 Electrical Conduction Properties of Sr-do ped LaPO , and
LaP30q

The proton conductivity enhancement in lanthanurasphates is desirable, while the proton
conduction mechanisms are still unclear. In thigptér, dense, plate-like precipitates of Sr-doped
LaPQ, and LaROg were directly synthesized in phosphoric acid sohg by slow cooling or heating
of the solutions. Single crystals of Sr-doped {@flarger than 1 mm were also obtained by slow
heating of the solution in the “high-humidity anigttemperature” condition.

The electrical conduction properties of the praaips were investigated by impedance
spectroscopy. For all samples, the resistance sfwreling to the proton conduction in electrolytes
was identified. It was demonstrated in principlattthe Sr-doped LaRQand LaROy plates which
were directly synthesized in a phosphoric acid tsmhs also function as proton conducting
electrolytes as well as those prepared by solié s&action in previous studies.

The results on Sr-doped L#B single crystals suggested that there are substgmtdton
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conduction paths in the LgBy lattice. Therefore, it can be said that grain gloand orientation
control might be a promising strategy for improvitige conductivity of Sr-doped LaBq

electrolytes.
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