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Hydrated orthophosphate powders of three rare earth metals, lanthanum, neodymium and gadolinium,
were prepared and studied as potential proton conducting materials for intermediate temperature
electrochemical applications. The phosphates undergo a transformation from the rhabdophane structure
to the monazite structure upon dehydration. The thermal stability of the hydrate is studied and found to
contain water of two types, physically adsorbed and structurally bound hydrate water. The adsorbed
water is correlated to the specific surface area and can be reversibly recovered when dehydrated as
long as the rhabdophane structure is preserved. The bound hydrate water is accommodated in the
rhabdophane structure and is stable at temperatures of up to 650 °C. The thermal stability of the
hydrate water and the phosphate structure are of significance for the proton conductivity. The
LaPO40.6H,O and NdPO,4-0.5H,O exhibited the structure dependence of the proton conductivity
while the GdPO,4-0.5H,0 showed a large effect of the phosphate morphology.
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1. INTRODUCTION

Rare earth metal phosphates have been of particular interest to the potential applications in fuel
cells, gas sensors and ceramic membranes due to their superior thermal and chemical stability. Recent
research has been devoted to exploration of the proton conductivity as potential electrolyte materials
for intermediate temperature fuel cells and other electrochemical systems [1,2]. The rare earth metal
phosphates exist in nature as monoclinic monazite and tetragonal xenotime. The formula is in both
cases MPQ,, but monazite preferentially incorporates mixtures of larger rare earth elements from La to
Gd, while the tetragonal xenotime (MPQO,) tends to incorporate the smaller rare earth elements,
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typically Y [3]. In their hydrated form (MPO4nH,0) with a typical stoichiometry of n < 3, the
phosphates adopt the hexagonal rhabdophane crystal structure. See figure 1.

At temperatures above 500 °C, the proton conductivity of the monazite form is found to be in a
low range of 10 ' to 10 S/cm [4,5]. To explain the proton transfer in the monazite structure, e.g.
LaPO,, a sequential intertetrahedral proton transfer mechanism has been proposed [6]. Introduction of
an acceptor substituent with a suitable ionic radius can significantly enhance the proton conductivity.
Among the investigated alkaline earth metals, particularly strontium [7] has this effect in a
concentration of 1 to 5 mol. %. However, this also results in some degree of electronic conduction a
high temperature [8-10].

Most work on proton conductivity has been carried out on rare earth metal orthophosphates
with the monazite structure. Chemically, rare earth metal phosphates show tendency of forming
compounds of high complexity and with high phosphorus contents. This can be achieved by sharing
the corner oxygen atom with the adjacent PO, tetrahedra. For example, in the La,O3-P,0s binary phase
system, condensed phosphates of La(POg3); and LaPsO;4 are well known [11]. Recent efforts are being
made to explore the proton conduction in these polyphopsphates. Ray et al. [12] prepared LaP3O0g9 and
CeP30g glasses and obtained conductivities of 107 — 10° S/cm at 400°C. Similar to the
orthophosphates, when lanthanum ions were partially substituted by divalent metal ions such as Ca®,
Sr®* and Ba** [13,14], higher proton conductivities were reported for the polyphosphates, indicating
that the substitution lead to proton dissolution into the material and induced protonic conduction. The
highest conductivity of 5x10™* Scm™' was reported for 3 mol% Sr-doped LaP3Og at 427 °C [15].
Further condensed phosphates in form of e.g. LaPsO14 are believed to provide low energy avenues for
proton transport and therefore lead to enhanced conductivity [2,16,17].

These condensed phosphates are well known to undergo phase transformations with
temperature. For example, during the synthesis by solution routes, Jorgensen et al. [18] found that the
residues of hydrogen phosphates in form of adsorbed surface species led to formation of lanthanum
metaphosphate (LaPsOg) upon heating to above 600 °C. The LaP3Q, in turn, decomposed to LaPO,
with loss of P,Os at temperatures above 877 °C and even transformed to an amorphous phase.

Another type of structural transformation of rare earth phosphates is between the monoclinic
monazite (MPQ,4) and hexagonal rhabdophane (MPO4nH0) through hydration and dehydration[19].
The naturally occurring rhabdophane is of a significant variety of the rare earth metal compositions
[20], where the water molecule is accommodated in the “zeolitic” channels of the structure [21]. This
type of phosphate structures is metastable. It dehydrates when heated to elevated temperatures and
further transform to the monazite structure at even higher temperatures. The presence and stability of
the hydrate water in the rhabdophane phosphates are of particular interest from the proton conductivity
point of view, to which the present work is devoted.

2. EXPERIMENTAL

2.1. Synthesis.

Lanthanide phosphate hydrates were prepared using La,O3 (Sigma-Aldrich 99.99 %), Nd,O3
(Sigma-Aldrich 99.9 %) and Gd,O3 (Megon 99.99 %) by a wet precipitation method. The individual
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oxide was added into a 0.6 M aqueous H3POy solution and the mixture was heated to 150 °C and kept
for 3 hours under constant stirring. The resulting precipitates were slowly cooled down to room
temperature and then filtered from the solution with following washing of the precipitate.

2.2. Characterization

The density of the powders was measured by a Micromeritics AccuPyc 1330. The BET
measurements were carried out by a Micrometrics Gemini Surface Area Analyzer, working at 77 K
after degassing the powder at 300 °C. The BET area was calculated by using the experimental points
between 0.05 and 0.25 bar of the N, partial pressure. Powder X-ray diffraction (XRD) patterns of the
dried particles were recorded from 3° to 100° with a Huber D670 diffractometer with CuKa radiation
(A=1.54056). The crystalline phases were determined from the comparison of registered patterns with
the Inorganic Crystal Structure Database (ICSD) Version 1.7.2.

For the Fourier transform infrared spectroscopy (FT-IR), powder sample spectra were recorded
using a Perkin-Elmer VATR TWO spectrometer in the range 450 - 4000 cm™ with a resolution of 4
cm™ under ambient atmosphere and at room temperature. The spectra were integrated using the
Spectrum software.

Thermogravimetric analyses (TGA, DTA) were performed on a Netzsch STA 409 PC. Air,
argon and 5 vol. % of hydrogen in nitrogen as a reducing atmosphere were used as purge gasses and
the powder samples were heated with a heating rate of 10 K/min.

2.3. Conductivity measurements

The phosphate powder was pressed (10 tons) into a disc of a diameter 1 - 3 cm and a thickness
of about 2 mm. The disc was on each side coated with a thin layer of silver paste (LOCTITE® 3863
from Henkel Co.), onto which a gold mesh was placed as electrical lead. The assembly was held
together by two discs of porous SiC and contained in a stainless steel tube with an inlet and an outlet
for an air flow. Water was added through an evaporator to achieve a certain water partial pressure in
the air flow. Impedance spectra of the samples were measured by a Princeton Potentiostat Versa Stat 3
equipped with a Versa Studio software. The frequency range was between 0.01 Hz and 1 MHz and the
temperature was varied from 120 °C and up to 250 °C. The conductivity (o) of the disc was calculated
from the measured resistance (R) by using the following equation where L is the thickness and A is the
cross-sectional area of the disc, respectively:

o=L/RA

2.4. Structural modeling

The structural modeling was made by the Atoms V6.3 software using X-ray diffraction data.
The software calculates positions of atoms and bonds distances from the X-ray diffraction pattern
automatically.
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3. RESULTS AND DISCUSSIONS

3.1. Structural modeling

Figure 1 shows the structure for neodymium phosphates as calculated from the XRD data.

Figure 1. View of the NdPO, structure along the c-axis. a) The monoclinic monazite structure and b)
the hexagonal rhabdophane structure with channels that can accommodate water (not shown).

The crystal structure of NdPO, as seen along the c-axis is shown in Fig.1a. It consists of
isolated PO, tetrahedra, which are held together by Nd** cations. Each Nd** cation is surrounded by
nine oxygen ions. The crystal structure of the hydrated form of NdPO, (rhabdophane) seen along the c-
axis is shown in Fig.1b. The location of water molecules is suggested by use of geometrical
considerations. According to Mooney [21], adjacent sites are only 2.15 A apart along the hexagonal
axis and are assumed to preclude the occupancy of every unit cell by a water molecule. At the
maximum, only half of the sites can be occupied, or in other words, there can be only one and a half
molecules of water per unit cell. Therefore, if water is present in the crystal structure there should be
no more than half a molecule per rare earth metal atom. The location of water molecules is only
possible on the 6, axes, in rows. The existence of such unoccupied spaces explains the relatively low
density of the hexagonal isomorph as compared to the monoclinic monazite (see Table 1). Mooney
[21] also suggested that the crystal structure of NdPO,-nH,O may be stabilized by the presence of
water in the interstices. These sites could accommodate a neutral molecule of water or even ions of a
suitable size if the charges could be compensated in some ways. An ionic radius depends on the
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coordination number, spin state and other parameters. The effective ionic radius of trivalent
lanthanides in the eight and nine-fold coordination are given in Table 1. In the table are also listed the
lattice parameters of these phosphates, which are also plotted as a function of the ionic radius in Fig.2.

Table 1. Crystal radius of trivalent lanthanide ions in eight and nine coordination as compared to the
unit cell dimension of monazite and rhabdophane orthophosphates. Densities are listed too.

In eight In nine a c Theoretical Experimental
coordination coordination (this work)

LaPO, - 0.1216 %4 0.6825 0.6482 5.11 -
LaPO,-nH,0 0.1160 = - 0.7081 0.6468 4.15 4.13

NdPO, - 0.1163! 0.6732 0.6383 5.49 -
NdPO,nH,0O 0.1109 - 0.698 0.638 4.45 4.02

GdPO, - 0.1107 %! 0.6621 0.631 6.06 -
GdPO,4-nH,0 0.1053 1471 - 0.6906 0.6326 5.05 4.68

Fig.2 illustrates differences in unit cell parameters both for monazite (monoclinic) and
rhabdophane (hexagonal) structures as well as gadolinium contraction. It can be seen from the figure
that the parameters a and c of the unit cell are larger for the rhabdophane structure than for that of the

monazite.
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Figure 2. a-axes (a) and c-axes (b) of the rhabdophane MPO4'nH,O and monazite MPO, unit cells
plotted against effective ionic radius of the corresponding lanthanide.

This can be explained by channels present in the rhabdophane structure, which is
accommodating water molecules. When water molecules are leaving the channels during the heating,
the rhabdophane type unit cells contract in order to compensate the open space and transform into the
more dense monazite type structure.

This process is believed to be slow and energy consuming. After such a transformation it would
be difficult for the water molecules to be introduced into unit cells again because of the contraction.

3.2. XRD
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Figure 3. X-ray diffraction patterns of NdPO,nH,O powders as prepared and heat treated at different

temperatures each for a period of 6 hours. Indexing for rhabdophane [21] and monazite [25]
structures is indicated in the figure.
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The hexagonal structure is the low-temperature phase stabilized by hydrate water. The assigned
peaks are marked on the X-ray diffraction patterns of unheated samples (Fig. 3, open circles). Wide
peaks are a typical feature for MPO4 nH,O powders and it is an indication of low crystallinity of the
unheated samples. The crystallinity is increasing slightly with temperature until the transition
temperature. No presence of the monazite phase (crosses) was observed in the X-ray diffraction
patterns of NdPO,nH,O after the heat-treatments at below 650 °C. The X-ray diffraction pattern of the
powder heat-treated at 650 °C showed the presence of both rhabdophane and monazite structures.
Finally at 800 °C the crystalline phase of the rhabdophane disappeared. The X-ray diffraction patterns
of the LaPO4,nH,0 and GdPO,nH,0O showed the same behavior. It is noted that for the LaPO,nH,0
powder by heat treatment at temperatures up to 350 °C contained three additional peaks in the 20
region from 10 to 30° which were not recognized by the data base and suggested to be due to
contamination by the churchite phase (LaPO42H,0).

3.3. FT-IR spectra
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Figure 4. Typical FT-IR spectra of neodymium phosphate NdPO,-nH,O. Temperatures of heat
treatment are indicated

Infrared spectroscopy has proved to be an important tool for determining the different
structures of rare earth phosphates. The space group of the hexagonal form of the MPO4-nH,0 is
P6222 [21]. This space group provides sets of three-fold sites with the point symmetry D, for the metal
and phosphate ions, and six-fold sites with the point symmetry C, for phosphates [28]. The nature of
vibrations of the phosphate group was described by Assaaoudi [29] for the wheinshenkite-type
compounds and for the rhabdophane-type compounds. The band at 1631 cm™ was assigned to the
hydration water of the hexagonal MPO4-nH,0 [30]. FT-IR spectra in Fig.4 shows a decrease of this
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band indicating loss of water in NdPO,'nH,O. Similar behaviors were observed for the other two
phosphates. The characteristic water band can be observed at temperatures up to 650 °C. Thus together
with X-ray diffraction pattern studies this result proves that the rhabdophane phase can be present in
the structure at temperatures up to 650 °C and partly recoverable during the cooling process under
ambient atmosphere by accommodation of water molecules into the structure. Another interesting
region is in the range of 500 - 600 cm™ where peaks connected to the vibration of PO, groups are
located. The presence of three clear peaks on the FT-IR spectra for the sample heat threated at 650 °C
is characteristic of the vibrations of phosphate groups in the monoclinic structure of monazite
structured NdPO,4 and assumed to result from the distortion of the tetrahedral phosphate groups in the
nine fold coordinated Nd atoms [25].

3.4. TG/DT Analyses

3.4.1. Thermal stability in air

The samples were studied by DTA/TGA analyses in order to determine the amount of residual
water in the powders. Using the heating program, powders were heated up to 800 °C with a constant
heating speed of 10 K/min in air and the main mass losses caused by removal of water from the initial
powders were observed until 500 °C (see Table. 2). The TGA/DTA results are shown in Fig.5.

The occurring weight loss could be divided in three regions. In the first region below 200 °C, a
weight loss of about 3.5-4 wt% accompanied by an endothermic peak with a maximum at about 100-
140 °C is assumed to be associated with the water adsorbed on the surface (see Table 2) during the
storage in air. It is likely that the amount of the adsorbed water depends on the surface area of
powders. Powders of lanthanum and neodymium phosphates have higher surface areas than that of
gadolinium phosphates (see Table 2), which might be explained by differences in the particle size of
initial oxides and therefore the obtained phosphates. It must be taken into account that the surface area
affects the content of nonstoichiometric water and therefore most likely the conductivity of the
phosphates too. This is clearly seen for the GdPO4 nH,0 sample as the powder has a low surface area
and hence low water adsorption.

The second event between 200 - 500 °C with a corresponding endothermic maximum at around
200 - 250 °C is assigned to the dehydration of the hexagonal phase (MPO4nH,0). An important
weight loss was registered before 300 °C which continued at temperatures up to 450 °C. The total
weight loss of this event was found to be dependent on the synthesis conditions and corresponded to a
hydration ratio, n, of around 0.5 for the phosphates. The additional endothermic peak for the
LaPO4-nH,0 sample in the 300-350 °C region was not recognized in the neodymium and gadolinium
phosphates, most likely due to the presence of phase impurities as revealed by X-ray diffraction
analysis.

The last event above 450 °C with an exothermic peak at about 500 °C was not accompanied by
significant mass losses and presumed to represent the beginning of transformation from the
rhabdophane to the monazite structure. This phase transition was supported by the X-ray diffraction
analysis in Fig. 3 and FT-IR in Fig. 4. The structural differences between these two phases have been
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described previously. The temperature of this transition is higher in this case than previously reported
by others [30], which can be explained by the fast heating rate (10 K/min). The exact temperature of
the structural transition is strongly depending on initial conditions of the synthesis and the amount of
nonstoichiometric water.

The results of the TGA measurements are summarized in Table 2. It is clear that the first TGA
event at up to 150 °C corresponds to the release of adsorbed water. This part of water loss is of surface
nature and dependent on the specific surface area of the phosphates not including the channels. The
second event in the temperature region from 200 to 500 °C is due to the de-hydration of the
rhabdophane phase.
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Figure 5. TGA (solid black) and DTA (solid blue) analyses for powders of (a) LaPO4 nH,0, (b)
NdPO4-nH,0, and (c) GdPO,4-nH,0 in ambient atmosphere and at a heating rate of 10 K/min.

Table 2. Water losses determined by TGA assuming that the weight loss can be assigned solely to loss
of water.

Samples BET, As prepared Heat treated at 150 °C  Heat treated at 500 °C

m?/g phosphates
(this work)

Water Calculated Water Calculated Water Calculated
losses % water losses % water losses % water
content content content
LaPO4 nH,0 78 8.3 1.2 4.5 0.6 1.1 0.1
NdPO4 nH,0 82 8.2 1.2 3.3 0.5 0.9 0.1
GdPO,-nH,O 25 55 0.8 3.1 05 1.2 0.2

The value of the hydration water, n, was estimated and found to be LaPQO4 0.6H,0,
NdPO4-0.5H,0, GdPO,4-0.5H,0. This part of water loss should be reversible to a great extent, as there
is no structural transformation from rhabdophane to monazite involved. This implies that the
dehydration of the rhabdophane phosphates within this temperature region can be restored if water is
present in the vapor phase. Combination of the X-ray diffraction data (Fig.3) with TGA/DTA results
led to the conclusion that in the temperature region from 500 to 800 °C, a structural transformation
from the rhabdophane to monazite occurs. As proposed by Lucas et al. [30], the following reaction
takes place:
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MPQO4 '-nH,0 (hexagonal) <> MPO4 (hexagonal) r]HZO(ga\s)
followed by:
IVIPO4 (hexagonal) — MPO4 (monocline)

This is accompanied by the further loss associated with condensation of orthophosphates to
pyro- or higher phosphates. As discussed in the crystal structures of phosphates above, the
rhabdophane-to-monazite transformation resulted in the unit cell contraction and therefore irreversible
dehydration.

3.4.2. Thermal stability under reducing and inert atmospheres

Further investigation was made by varying heating programs under different atmospheres in
order to understand the behavior of water molecules in the crystal structures. In terms of hydrolytic
stability of the phosphates and their conductivities in the temperature range of 200 - 400 °C was of
particular importance for applications in intermediate temperature fuel cells and other electrochemical
systems. During the experiment under a reducing atmosphere (5 vol. % of hydrogen in nitrogen), the
powders were heated at a rate of 2 K/min to 150 °C in order to remove the adsorbed water. The
samples were then cooled to 100 °C and the TGA curves were recorded from 100 to 400 °C. The
typical result for the GdPO,-nH,O powder is presented in Fig. 6a. Only one endothermic peak is
present at 170-230 °C, attributable to the dehydration of the rhabdophane phase. The total weight loss
is found to be 3.1 wt %, corresponding to a hydration number, n, of 0.5, in good agreement with the
result estimated by Mooney [21].
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Figure 6. TGA (black line) and DTA (blue line) analyses for GdPO,4-nH,0O. (a) under a reducing
atmosphere (5 vol% H, in N,) in the temperature range of 100 to 400 °C and (b) under an inert
(argon) atmosphere in the range of 100 to 800 °C.

During the experiment in the inert atmosphere the powders were first heated at a heating speed
of 2 K/min up to 500 °C. The samples were then cooled to 100 °C and TGA was recorded from 100 to
800 °C, as shown in Fig. 6b. The presence of remaining water after being heated at up to 500 °C gave a
further weight loss of about 1%, accompanied with a small endothermic peak. The water loss in this
temperature range indicates the slow phase transition from the rhabdophane to monazite structure. This
fact is in a good agreement with the X-ray diffraction and FT-IR analyses, which showed the presence
of the rhabdophane phase at temperatures of up to 650 °C. Similar behaviors were observed for the
other two phosphates, though not shown in the figure. The presence of dehydration peaks for the three
MPO,4-nH,0 suggests a similar dehydration process for the phosphates under varied atmospheres. The
binding of water molecules in the rhabdophane structure is very strong, as expected from the zeolitic
structures of the phosphates. The chemical and thermal stability of rhabdophane phosphates, or in
other words, the associated water molecules, are of special interest for the proton conductivity.

3.5. Conductivity

The typical impedance plots are shown in Fig.7a for NdPO,nH,O. The plots consist of two
arcs: one located at high frequencies and the other, which is normally uncompleted, at low frequencies.
The resistance of samples was found by fitting the first arc into semicircle with a diameter, which was
taken as the bulk resistance of the sample. The conductivity of three phosphates is calculated from the
resistance, and shown in Fig.7b. Additionally shown in the figure is the theoretical calculation on the
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basis of the DFT calculations for lanthanum monazite by Yu et al. [6]. The measured conductivity of
LaPO4'nH,O was slightly lower but in a reasonable range close to the theoretic estimation of the
proton conductivity of the monazite phosphates. The activation energy was found to be 0.61 eV for
LaPO4nH,0, close to 0.8 eV, the value predicted for monazite by Yu et al. For neodymium
phosphates the conductivity is about one order of magnitude higher than that of LaPO,4'nH,0O with a
leveling off at temperatures above 230 °C.
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Figure 7. (a) Typical Nyquist plot for NdPO,4'nH,O; (b) Conductivity of MPO4-nH,0 (where M = La,
Nd and Gd) measured under a water partial pressure of Py,0 = 0,15 atm as compared with

literature data for LaPO. [®: (b) Conductivity of the three phosphates; (c) Stability of the
conductivity under the humidity cycling between Py,0=0.3 atm and Py,0= 0.15 atm

The average activation energy over the entire studied temperature range from room to 250 °C
was found to be about 0.41 eV. The higher conductivity and lower activation energy for NdPO,nH,0,
as compared to LaPO,4'nH,0, is likely connected to the contraction of unit cells, which would shorten
the interatomic distance and therefore facilitate the proton conduction. In the low temperature range,
the conductivity of GdPO,nH,0 followed the same trend, i.e. much higher conductivity than that of
the other two phosphates. When the temperature was further increased, the conductivity remained
unchanged or even decreased. As seen from the BET measurements, the as prepared GdPO4 nH,O
powder had a much smaller specific surface area, which in turn resulted in less water adsorption.
Indeed the TGA data confirmed a lower water loss of GdPO,'nH,0O, compared to its analogues (see

Table 2). This may partly explain the unusual temperature dependence of the conductivity.

Further investigations were made on LaPO4nH,O for stability evaluation of the conductivity.
Fig. 7c shows the result during an overall period of 28 hours. The sample was kept at 250 °C under
Ph,o = 0.3 atm for 24 hours. During the period, the conductivity was slightly increased to reach a

stable value of 5x107 S/cm. This value is slightly higher than that (3x10) from Fig. 7b, where the
water partial pressure was 0.15 atm. The water partial pressure was then cycled from 0.3 to 0.15 atm (3
cycles within 4 hours). The conductivity was decreased to 3x107 S/cm within 20 minutes and
remained stable for the rest time of the first cycle. The water partial pressure was thereafter brought
back to 0.3 atm, when the conductivity was completely restored in 20 minutes. The cycling was
repeated with very good reproducibility. This is clearly verifying the chemical and the thermal stability
of the rhabdophane phosphates and the reversibility of hydration and dehydration within the
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temperature and humidity range. The conductivity is however low for any practical applications of this
type of materials in fuel cells or other electrochemical systems at intermediate temperatures. Further
exploration in forms of composites with other proton conducting materials is in progress [31].

4. CONCLUSIONS

Three hydrated orthophosphates were prepared from La,Osz, Nd,O3 and Gd,Os3; by wet
precipitation in phosphoric acid aqueous solutions. Thermogravimetric analyses in air showed the
following compositions of the hydrated orthophosphates: LaPQO,4:0.6H,O, NdPO4-0.5H,0,
GdPO,4-0.5H,0. Two types of water were identified in these systems, the physically absorbed and
structurally bound water. The absorbed water was of surface nature and correlated to the specific
surface area of the phosphates, which could be reversibly recovered when dehydrated at temperatures
below 650 °C. The hydrate water molecules were associated with the rhabdophane structure of the
phosphates and stable at temperatures of up to 650 °C. Above this temperature, dehydration took place
with a structural transformation from the hexagonal rbabdophane structure to the monoclinic monazite
structure. As a result of the structural contraction the dehydration is irreversible. The thermal stability
of the hydrate water and therefore the structure of the phosphates were of significance for the proton
conductivity. Among the studied phosphates, LaPO;nH,O and NdPO,nH,O exhibited the
conductivity and temperature dependence in good agreement with the theoretic estimation for their
monazite analogues while the prepared GdPO,-nH,O showed significant effects of the phosphate
morphology.
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