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A B S T R A C T

The incorporation of tetravalent cerium into the monazite structure via Ca(II)-coupled substitution was
investigated using a solid state and a co-precipitation route for the synthesis of the La1-2xCaxCexPO4 solid
solution. Based on powder XRD measurements and elemental mappings an optimised synthesis procedure was
developed that averts the formation of secondary phases and allows the stabilisation of tetravalent cerium with
a ratio of up to 0.21 Ce(IV)/Ce(III). In-situ HERFD-XANES measurements at the Ce L3 edge at up to 800 ◦C
were performed to study the cerium oxidation state during the phase transformation from rhabdophane to
monazite, revealing an unexpected non-linear behaviour as well as a charge-directing effect of the lanthanum
cation.
1. Introduction

As of 31. December 2022, 408 nuclear power reactors were operated
in 32 countries with an additional 58 reactors in 18 countries under
construction [1]. Developing suitable strategies for safe and sustainable
storage of radioactive wastes thus becomes an increasingly pressing
challenge. The incorporation of high-level waste (HLW) into inorganic
solids like glasses, ceramics, or composite materials has long been
investigated to ensure long-term immobilisation of radionuclides [2].

Many countries like France, the UK, the USA, India, Japan, Belgium,
Germany, and Russia have used vitrification, the process of dissolving
radioactive waste in a glassy host matrix, for decades [3–5]. This
method is attractive mainly because the production of waste-loaded
glass is simple and a wide variety of elements can be immobilised in
the amorphous structures. Borosilicate glasses exhibit a high thermal
and chemical durability as well as tolerance to radiation damage [6,7].
Drawbacks of this method are the low solubility of some radionu-
clides like actinides in glass, resulting in moderate waste loading ca-
pacities [5,7] and increased leaching rates of HLW glasses in acidic
media [8].

The idea of immobilising radionuclides in crystalline phases was
first put forward by Hatch in 1953 [9]. Since then, continuous research
has been conducted on a wide variety of crystalline host matrixes. This
includes single-phase ceramics like monazite, zirconia, pyrochlore and
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perovskite [10] and polyphase ceramics, most notably Synroc [5]. A
common advantage of crystalline phases compared to amorphous host
phases is a higher waste loading and better retention capacity due to
the incorporation of radionuclides at specific atomic positions of the
crystal structures [5].

Monazite has long been considered as one of the most promising
crystalline host materials for long-term storage of radioactive waste, es-
pecially actinides. As a major thorium source, natural monazite ores can
contain more than 20 wt% ThO2 [11,12] and up to 16 wt% UO2 [13,
14]. Special attention has been drawn to this mineral by the absence
of metamict specimens irrespective of high self-irradiation doses indi-
cating an exceptional resistance against radiation damage [15]. This is
generally ascribed to the extraordinarily low annealing temperature of
rare earth orthophosphates (REEPO4 with REE = rare earth elements
Sc, Y, lanthanides La-Lu) with the critical amorphisation temperature
TC of LaPO4 being as low as 60 ◦C [10,16]. Additionally, a repair
mechanism based on annealing induced by alpha particles has been
described, resulting in moderate levels of radiation damage in natural
samples irrespective of the total irradiation dose [15]. Structurally,
monazite consists of PO4 tetrahedra and LnO9 polyhedra that are alter-
nately connected to form chains in the [001] direction (see Fig. 1). Four
of the nine oxygen atoms of the LnO9 polyhedra form bonds with the
neighbouring PO4 tetrahedra while the remaining five oxygen atoms,
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Fig. 1. Left: Structural model of a LnO9 polyhedron connected to two PO4 tetrahedra
in the [001] direction. Right: The five oxygen atoms in the equatorial plane form
connections to neighbouring chains resulting in the locking effect.

located in the equatorial plane of the polyhedra, form connections with
five surrounding chains resulting in the so-called locking effect [17,18].
The irregular nine-fold coordination of the lanthanide cations does not
impose severe restrictions on the size and charge of the cation resulting
in a high chemical flexibility of this position.

The ability of the monazite structure to retain trivalent actinides
or lanthanides – acting as inactive surrogates – has been compre-
hensively documented [14,19–30]. Several publications also report on
the successful incorporation of tetravalent actinides via coupled sub-
stitution mechanisms, namely thorium, uranium, and neptunium [14,
31–34]. However, the synthesis of pure M(II)0.5Pu0.5PO4 as well as
M(II)0.5Ce0.5PO4 (M = Mg, Ca, Sr, Ba and Cd) containing cerium as
an inactive surrogate of plutonium is deemed impossible due to the
reduction of both Pu(IV) and Ce(IV) to the trivalent state [35,36]. Bre-
giroux et al. [37] achieved a partial inclusion of tetravalent plutonium
resulting in a compound with the formula Pu(III)0.4 Pu(IV)0.3 Ca(II)0.3PO4 while
Pu(III)PO4 was synthesised from a Pu(IV)O2-NH4H2PO4 mixture under
argon atmosphere. Though Orlova et al. [38] claim the successful
synthesis of BaCe(PO4)2, Popa et al. [36] argue that cerium is reduced
to form CePO4 while barium is probably contained in an amorphous
phase visible in the XRD diffractogram of their synthesis product. Sim-
ilarly, Kitaev et al. [39] observe reflections of an impurity phase when
attempting to synthesise SrCe(PO4)2 and BaCe(PO4)2. Doubts may be
raised about the tetravalent state of cerium in these compositions as
the oxidation state was not determined in this work.

Lanthanides are often used as surrogates for actinides as they show a
similar chemical behaviour due to a high degree of similarity in atomic
radii and electronic configuration. Of the suitable lanthanides, only
cerium exhibits a stable tetravalent state under atmospheric conditions
as well as a similar redox potential as Pu(IV)/Pu(III) and U(V)/U(IV),
thus making it the most promising surrogate [40,41]. Due to the vari-
able valency +3/+4 observed in both elements as well as the excellent
correspondence of the ionic radii [42–44], cerium is commonly used
as a surrogate especially for plutonium. In this work, the suitability of
cerium as a surrogate for tetravalent actinides will be examined based
on the crystal structure of cerium-doped monazite powders prepared
by both, dry and wet chemical routes. While solid state synthesis of
monazites is the most established method, wet chemical routes are
preferable in a controlled area due to reduced dust formation and
increased homogeneity of the final product.

2. Materials and methods

The solid solution La1-2xCaxCexPO4 (x = 0-0.5 with 𝛥x = 0.05)
was prepared by both a solid state and a co-precipitation route. The
products were studied by a range of analytical methods.
2

2.1. Synthesis methods

The solid state synthesis of monazites from the respective oxides
has already been described in literature [35]. An excess of 10 wt%
NH4H2PO4 was added to the metal oxides to prevent the formation
of phosphate-deficient phases. After grinding the starting materials,
pellets were pressed to increase grain contact. The calcination was
performed at 1250 ◦C for 24 h.

The procedure of the co-precipitation route via rhabdophane is
described in detail by Heuser et al. [45]. La(NO3)3, Ca(NO3)2 and
(NH4)2Ce(NO3)6 were mixed with an excess of phosphoric acid (La:P
= 1:5) and citric acid, which was used as a complexing agent. Precip-
itation of rhabdophane was induced by increasing the pH with 12.5%
ammonia solution. The precipitate was washed six times with ultrapure
water. After drying, the powders were thermally treated at 550 ◦C for
3 h and at 800 ◦C for 24 h to remove crystal water and obtain monazite.
For the sake of comparability with the samples obtained via the solid
state route, a fraction of all obtained powders was also submitted to
heat treatment at 1250 ◦C.

2.2. Analytical methods

X-ray diffraction patterns were obtained using a Bruker AXS D8
Advance diffractometer equipped with a Cu-tube and a Ni-filter at a
tube voltage of 40 kV and a current of 40 mA. The measurements
were performed with a LynxEye detector at ambient temperatures in
the 2 𝜃-range of 15-140◦ with a step size of 0.0105◦ and increasing
counting times to enhance signal quality in the high angle range (15-
50◦: 0.8 s / step, 50-100◦: 1.7 s / step, 100-140◦: 3.5 s / step). Structure
refinements were performed using the Rietveld-method [46] with a
fundamental parameters approach within the Topas Academic software
(Version 7.21; Cheary and Coelho [47]). During the refinements, a ten
coefficient Chebyshev-polynomial was used to describe the background.
Crystallite size, lattice parameters and fractional coordinates of all sites
were allowed to vary. Individual scaling factors were introduced for
all ranges. To account for the lower scattering power of oxygen and
phosphorous compared to lanthanides, soft distance restraints for the
P – O bonds were implemented at a value of 1.52 Å. The LaPO4 structure
published by Hirsch et al. [48] was used as starting model for the
structural refinement. It should be noted that the estimated standard
deviations of refined parameters are systematically underestimated in
Rietveld refinements due to local correlations [49,50]. Raw data and
Rietveld refinements are available online [51].

DSC/TGA measurements were performed in a STA 449 F3 Jupiter
thermal analyser under synthetic air. PtRh20 crucibles were used as
sample containers.

Electron probe micro analysis (EPMA) was performed with a Jeol
Superprobe JXA-8900R, equipped with 5 WD/ED combined microanal-
ysers. Synthetic REE orthophosphates, provided by the Smithsonian
Institution [52], corrected for their Pb content according to Donovan
et al. [53], were used as standards for P and REE. Measurements were
carried out with an acceleration voltage of 20 kV, a probe current of
40 nA and a focused beam size of 1 μm diameter. Counting times were
set to 20 s with two background measurements of 10 s duration.

TEM measurements were performed on a JEOL JEM F200 with an
acceleration voltage of 200 kV. The preparation of FIB lamellae was
performed with a FEI Strata 400 using a Ga Liquid Metal Ion Source.

The high-energy resolution fluorescence detection (HERFD) X-ray
absorption near edge structure (XANES) spectra at the Ce L3 edge
were recorded at the Rossendorf Beamline BM20 [54] of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. The storage
ring was operated at 6 GeV with a ≈ 200 mA current in 7/8+1 filling
mode. The incident photon energies were selected using a double
Si(111) crystal monochromator, higher harmonics were suppressed by
two Si mirrors operating in total reflection mode. The vertically focused
beam size was 50 × 2000 μm2. The incident energy was calibrated using
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Fig. 2. Powder diffractograms of the La1-2xCaxCexPO4 solid solution produced by solid
state synthesis. No evidence of an impurity phase was observed.

a standard crystalline powder of CeO2 pressed into a pellet; the Ce
L3 edge energy position was set to 5723.2 eV as the maximum of the
first derivative of the main-edge HERFD-XANES spectrum. All synthetic
samples and reference compounds were pressed into pellets, placed ver-
tically, rotated by 45◦ to the incident beam and analysed under ambient
conditions. In-situ HERFD-XANES measurements were performed in a
furnace developed at the ESRF. Photographs of the set-up are provided
in the SI (Figure S5). A Johann-type X-ray emission spectrometer in a
vertical Rowland geometry available at BM20 [55] was equipped with
spherically bent crystal Ge(331) analysers with a 1 m bending radius,
and a silicon drift X-ray detector (© Ketek). For HERFD measurements
at Ce L3 edge (5723 eV), the spectrometer was aligned at the maximum
of the Ce L𝛼1 emission line (4839.2 eV) using the (331) reflection
and the 80.8◦ Bragg angle. HERFD-XANES measurements were per-
formed in the energy range 5710-5779 eV with a typical acquisition
time of 4 min per spectrum. The pre-edge region (5710-5722 eV) was
additionally analysed with increased counting times resulting in an
acquisition time of 2 min per spectrum. All spectra were normalised
using the Athena software [56] and analysed with the help of the
iterative transformation factor analysis (ITFA; Rossberg et al. [57]).
The raw data is available online [58] and a short explanation of the
ITFA procedure is provided in the SI.

3. Results and discussion

3.1. Solid state synthesis

Samples with the nominal compositions of the solid solution
La1-2xCaxCexPO4 (𝛥x = 0.05) were synthesised with the solid state
method up to x = 0.4. The two missing compositions La0.1Ca0.45Ce0.45
PO4 and Ca0.5Ce0.5PO4 could not be produced with this method, since
the pellets melted during the heat treatment and the resulting material
could not be removed from the crucibles. XRD measurements indicate
phase purity of all synthesised samples as shown in Fig. 2. Due to the
use of restraints for the P-O distances in the Rietveld refinement as
described in the previous section, the evaluation of bond lengths and
angles is not meaningful.

Similar to Bregiroux et al. [59], we used both, electronic microprobe
measurements, and XRD to investigate the oxidation state of cerium in
the monazite samples. A first estimation was made based on the re-
ported linear relationship between the unit cell parameters of monazite
and the cation size [60]. By comparison of the measured lattice param-
eters to the known behaviour of monazite solid solutions, conclusions
can be drawn about the success of the calcium incorporation needed for
charge balancing. Since the true average effective cationic radii in the
solid solutions are unknown, two different models were calculated and
3

compared to literature data, to account for two substantially different
substitution mechanisms. The first model assumes that lanthanum is
replaced by stoichiometric amounts of tetravalent cerium and diva-
lent calcium, reflecting a ‘‘classical’’ coupled substitution-behaviour as
described in the following equation for the solid state reaction:

(1 − 2𝑥)La2O3 + 2𝑥CeO2 + 2𝑥CaO + 2NH4H2PO4

→ 2La1−2𝑥Ce(IV)𝑥Ca𝑥PO4 + 2NH3 + 3H2O (1)

Consequently, the average ionic radius is determined by:

Raverage = (1 − 2𝑥)RIX
La(III) + 𝑥RIX

Ce(IV) + 𝑥RIX
Ca(II) (2)

In the second model, we assumed a quantitative reduction of cerium
to its trivalent state and corresponding quantitative incorporation,
without any incorporation of divalent calcium in the monazite-type
phase. This scenario can be described as:

(1 − 𝑥)La2O3 + 2𝑥CeO2 + 2NH4H2PO4

→ 2La1−𝑥Ce(III)𝑥PO4 + 2NH3 + 3H2O + 𝑥∕2O2 (3)

with the average ionic radius in the monazite structure being:

Raverage = (1 − 𝑥)RIX
La(III) + 𝑥RIX

Ce(III) (4)

As shown in Fig. 3 there is a strong deviation between model 1 (left)
and the literature data, with the change in lattice parameters being
significantly smaller than expected for a corresponding effective ionic
radius in the monazite structure. On the other hand, model 2 displayed
on the right in Fig. 3 is highly consistent with the literature data. Based
on this comparison, a substitution mechanism reflected in the second
model seems more probable.

These conclusions are consistent with conclusions drawn by Bre-
giroux et al. [59] with regards to La1-2xCaxCexPO4 and by Bregiroux
et al. [37] with regards to CaPu(PO4)2, stating that only incomplete
incorporation of tetravalent cerium and plutonium is possible and that
the excess calcium forms a secondary phase.

The results obtained by electron probe microanalysis are shown in
Fig. 4. Electron imaging reveals two clearly distinct phases based on
the average atomic number: A high-contrast phase that contains heavy
ions forming regular crystallites, while the cavities are occupied by
a phase with low contrast that shows no detectable preference for a
specific shape. The elemental mappings reveal that the high-contrast
phase contains lanthanum and cerium, while calcium can be found in
the low-contrast areas.

Based on this information, it can be concluded that cerium is
reduced during sintering at 1250 ◦C and incorporated into the monazite
structure in a trivalent state while calcium forms a secondary phosphate
phase.

According to electron diffraction of the calcium-rich intergranular
areas of solid state powders, this secondary phase is highly crystalline
(see Fig. 5). Bregiroux et al. [59] observed the formation of Ca2P2O7
in their samples. The presence of significant amounts of calcium py-
rophosphate (Tm = 1230 ◦C) would explain the melting observed in
the two compositions with the highest Ca content. It can be difficult
to detect in a diffractogram since high intensity peaks of Ca2P2O7 are
superimposed by monazite reflections [37] and the scattering power of
calcium is considerably lower than that of lanthanum and cerium. Still,
it is surprising that systematically no signs of a secondary phase were
observed in the powder diffractograms.

3.2. Co-precipitation synthesis

Using the co-precipitation method, it was possible to produce pow-
ders spanning the whole range of the solid solution, all showing Bragg
reflections associated with a monazite-type structure. The low incor-
poration capacity of the rhabdophane structure for actinides reported
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Fig. 3. Comparison of lattice parameters of solid state samples based on two substitution models with literature data from lanthanide solid solutions [60]. Left: Incorporation of
tetravalent cerium and calcium for charge balance. Right: Incorporation of trivalent cerium. Error bars are smaller than symbols.
ed
Fig. 4. Top left: Electron backscattering image of a powder sample synthesised via
a solid state reaction. The mapping area is indicated by the white square in the
backscattering image. Top right to bottom right: Elemental mappings of lanthanum,
cerium and calcium show the corner of a monazite crystallite surrounded by a calcium-
rich phase.

Fig. 5. Electron diffraction pattern from TEM lamella (arrow indicates analysed spot)
shows high degree of crystallinity of Ca-rich phase.

in literature (e.g. xTh ≤ 0.15 according to Qin et al. [61], Zhao et al.
[62]) did not inhibit this synthesis, as rhabdophane was only formed in
a protocrystalline state. This seems to allow the incorporation of cations
that would not be accommodated in the fully crystalline structure.
In fact, we were able to synthesise two full monazite-cheralite solid
solutions with the same synthesis procedure, reaching xTh = 0.5 [63].

As indicated in Fig. 6, some small additional features are observed
in several compositions sintered at 1250 ◦C indicating the presence of
4

an impurity phase. Compositions with calcium insertion rates xCa <
0.3 contain 𝛼-Ca2P2O7 as a secondary phase while a mixture of 𝛼-
Ca2P2O7 and 𝛽-Ca3P2O8 was observed in powders with 0.3 ≤ xCa <
0.4. Increasing the insertion rate up to the maximum of xCa = 0.5
results in 𝛽-Ca3P2O8 being the only secondary phase. This observed
increase in the Ca:P ratio correlates with the increasing amount of
calcium segregating from the monazite phase.

No impurities were detected in powders heated only to 800 ◦C.
This temperature was chosen on the basis of DSC measurements which
showed that the phase change from rhabdophane to monazite occurred
between 600 ◦C and 800 ◦C depending on the cerium content (see
Figure S2 in the SI). This corresponds well to findings from Matraszek
et al. [64] and Mesbah et al. [65]. To minimise the reduction of cerium
while still ensuring a rapid and complete reaction, the temperature of
800 ◦C was chosen. The reflections observed in the diffractograms of
these powders are very broad, as shown in Figure S1 in the SI. This
phenomenon has been attributed to the low degree of crystallinity of
the monazite phase after dehydration [66]. In fact, high resolution TEM
images show that these powders are only partly crystalline (see Fig. 7).
The Fourier -transform of the crystalline areas could be indexed with the
monazite structure in agreement with the PXRD measurements. This
may indicate that the addition of calcium impedes the phase conversion
of rhabdophane to monazite, which is known to occur rapidly at 800 ◦C
for undoped samples [67].

As shown in Fig. 8, the electron backscattering images of the co-
precipitated samples vary considerably depending on the calcination
temperature. In powders that were subjected to 1250 ◦C, the crystallites
consist of the phase of high electron density with inclusions of low
electron density (see Fig. 8 a). Again, lanthanum and cerium were
detected in the high-contrast areas while calcium could only be found in
the low-contrast inclusions. In comparison, a wide variety of different
contrasts can be found in the precipitated powders treated at 800 ◦C.
Here, no segregation of the cations is observed, as shown in the ele-
mental mappings in Fig. 8(b). Separate EDX measurements confirmed
this finding (see Figure S3 in the SI). The variability in contrast is likely
a result of variable particle density. Orientation contrast was ruled out
based on a tilt series measured with SEM that showed no corresponding
changes (see Figure S4 in the SI).

The investigation of the oxidation state of cerium in the co-precipitat
samples was performed via HERFD-XANES pre-edge analysis [68]. As
shown in Fig. 9(a), trivalent and tetravalent cerium show a clearly
distinct behaviour. Differences in the pre-edge region highlighted in
Fig. 9(b) which corresponds to 2p-4f transitions arise from the varying
ground state electron configuration: Ce(IV) has no 4f electrons and
Ce(III) has one. Based on this difference, the ratio of tetravalent to
trivalent cerium can be quantified using Principal Component Analysis.

Even though the conditions for balancing the charge of tetravalent
cerium were given due to successful incorporation of calcium at 800 ◦C,
the ratios of Ce(IV) to Ce(III) were surprisingly low, with a maximum
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Fig. 6. Powder diffractogram of monazite containing 40% lanthanum, 30% cerium and 30% calcium on the central site produced via co-precipitation synthesis and sintering at
1250 ◦C. Measured intensities are depicted as circles, the fit is given as a line. In grey the difference curve is shown. Tick marks correspond to monazite, 𝛼-Ca2P2O7 and 𝛽-Ca3P2O8
from top to bottom. In the inset, reflections of the impurity phases are marked with * for 𝛼-Ca2P2O7 and + for 𝛽-Ca3P2O7.
Fig. 7. High resolution TEM (HRTEM) image of a precipitated crystallite with the
target composition Ca0.5Ce0.5PO4. The Fourier -transform of the marked area shown on
the right can be indexed with a monazite-type cell.

of 0.21 ± 0.02 for Ca0.5Ce0.5PO4. This is only slightly higher than the
maximal ratio of 0.15 Bregiroux et al. [59] were able to reach with a
solid state method.

For the sake of comparability, the Ce(IV)/Ce(III) ratio was also
determined as described by Bregiroux et al. [59] from the lattice
parameters determined from XRD analysis. The average ionic radius
was estimated from the known linear relationships between the lattice
parameters and the ionic radius in monazite solid solutions containing
trivalent lanthanides. The resulting values are shown in Fig. 10(a) in
comparison to the radii determined by Bregiroux et al. [59] and the
pure solid solutions containing only trivalent or tetravalent cerium.
Using formula (10) in Bregiroux et al. [59] the Ce(IV)/Ce(III) ratio
was determined for all members of the solid solution, as shown in
Fig. 10(b). This approach results in significantly higher Ce(IV) levels
than determined via XANES. Additionally, the trend is reversed, with
the highest Ce(IV) level observed in the sample with the lowest load-
ing, contradicting the XANES analysis. A possible explanation for this
discrepancy is the assumption that Ce(IV) and Ca occupy the same
atomic position in the monazite structure, which is fundamental to this
approach. This assumption may not be valid, as it has been shown
that Th(IV) and Ca are displaced from the central position of the LnO9
polyhedron in the cheralite structure [63,69]. The same might be true
for Ce(IV) but high quality single crystal XRD data or neutron data
would be necessary to confirm this.

To gain a deeper understanding of the redox behaviour of cerium
during the sintering procedure, in-situ HERFD-XANES measurements
were performed at temperatures up to 800 ◦C. High temperature XANES
measurements of the Ce L3 edge are not uncommon in the area of
catalysis (e.g. Gasperi et al. [70], Piskorska-Hommel et al. [71], Morgan
et al. [72]) but they are not frequently performed in the field of
waste form research and have to our knowledge never been carried
5

Fig. 8. (a) Electron backscattering image of a powder sample synthesised via co-
precipitation and calcined at 1250 ◦C indicating the mapping area for EDX analysis
(white square). Elemental mappings of lanthanum, cerium and calcium show calcium-
rich inclusions in a monazite matrix. (b) Electron backscattering image of a sample
calcined at 800 ◦C with the mapping area shown and elemental mappings of lanthanum,
cerium and calcium with no observable segregation of the cations.

out on monazites. In-situ measurements were performed starting with
rhabdophane dried at 50 ◦C in a custom-made setup at the ESRF (see
Fig. 2 in the SI). Fig. 11 shows the changes observed during the heating
of Ca Ce PO in the full energy range (top left), with variations
0.5 0.5 4
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Fig. 9. (a) Ce L3 edge HERFD measurements of monazites with various levels of cerium insertion indicating the predominance of Ce(III). Measurements were performed at ambient
temperature after heat treatment at 800 ◦C. (b) The Ce L3 pre-edge region showing the 2p to 4f electronic transition was used for the quantification of the oxidation states. The
Ce(IV)/Ce(III) ratio was found to be 0.21 in Ca0.5Ce0.5PO4 and approx. 0.07 in the all other samples. The experimental uncertainty is estimated to be 0.02.
Fig. 10. (a) Average cationic radius versus cerium insertion rate x of co-precipitated samples estimated from lattice parameters. (b) Ce(IV)/Ce(III) ratio of co-precipitated samples
determined from XRD data assuming identical atomic position of all cations.
in the 2p to 5d transitions clearly visible, as well as in the pre-edge
region (top right), which depicts the 2p to 4f transitions. Changes in
the oxidation state of cerium are clearly visible during the first runs
after which a stable state seems to be reached. Surprisingly, already
the as-precipitated samples mostly contain Ce(III), indicating that the
reduction of cerium takes place in solution or during the precipitation
process. Thus, lowering the sintering temperature is not necessarily
a promising strategy to increase the amount of Ce(IV) incorporated
into the structure. The lower panels of Fig. 11 depict the change in
Ce(IV)/Ce(III) ratio measured during heating for four different com-
positions as modelled by the linear combination fits of the pre-edge
features using the spectra of CeO2 and CePO4 as standards. In all
samples the tetravalent fraction decreases upon heating followed by
an oxidation step. As this trend is observed in all samples it can be
considered to be significant, even though the absolute changes of the
intermediate compositions are within the experimental error range.
The temperature at which the oxidation of cerium starts depends on
the cerium content, i.e. it increases from 350 ◦C in Ca0.5Ce0.5PO4 to
750 ◦C in La0.8Ca0.1Ce0.1PO4. The oxidation seems to be limited with
a Ce(IV)/Ce(III) ratio of approximately 0.08 for all samples, except for
cheralite, which contains significantly higher levels of tetravalent Ce.
This might indicate that the presence of trivalent lanthanum inhibits
the incorporation of tetravalent cerium.

This Ce behaviour is unusual and requires further substantial inves-
tigation. The most straight-forward explanation for the initial reduction
is the relative instability of the tetravalent oxidation state of cerium
as indicated by the standard reduction potential of 1.443 V of the
reaction Ce(IV) + e− ⇌ Ce(III) [73]. Another possibility is the presence
of a secondary, amorphous phase containing tetravalent cerium that
6

degrades during the calcination process. Despite extensive washing
of the samples, the presence of small amounts of unreacted ceric
ammonium nitrate cannot be excluded, either. At higher temperatures,
reactions with atmospheric oxygen may stabilise cerium in a tetravalent
form. This seems to be limited, as extended holding periods lead to
a stagnation of the Ce(IV) to Ce(III) ratio (compare Ca0.5Ce0.5PO4 in
Fig. 11).

4. Conclusion

In this study, we have made significant progress in understand-
ing the challenges posed by the (coupled) substitution of tetravalent
cerium into the monazite structure given its unexpected redox be-
haviour during the synthesis procedure. For the first time, in-situ XANES
measurements were performed to study the oxidation state of cerium
during the sintering process, revealing both, a non-linear behaviour of
the cerium oxidation state, and the role of lanthanum stabilising cerium
in the trivalent state. In the lanthanum-free end member Ca0.5Ce0.5PO4,
we were able to incorporate tetravalent cerium with a ratio of up to
0.21 Ce(IV)/Ce(III) using the co-precipitation method as evidenced by
the ex-situ XANES measurements. Higher ratios may be achievable in a
more oxidising aqueous environment, as the reduction most probably
already occurs in the solution or during the precipitation process. The
solid state method is not applicable for the incorporation of tetravalent
cerium.

While cerium has only limited value as a surrogate for thorium
and uranium, as these show a different redox behaviour, studies on
plutonium lead to comparable results with Pu(IV) being reduced to
Pu(III) during incorporation into the monazite structure and coupled
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Fig. 11. Top: Full energy spectrum and pre-edge region of the Ce L3 edge of Ca0.5Ce0.5PO4 during sintering. Bottom: Evolution of the Ce(IV) to Ce(III) ratio in Ce-containing
monazite samples. Ceramic pellets were heated to 800 ◦C with a heating rate of 15 ◦C/min. Errors are estimated to be within 0.02.
substitution being limited to an insertion rate of 30 % [31,37,74]. This
suggests, that initial tetravalent plutonium, just like cerium, may not
require any charge compensation for insertion into monazite, especially
via the co-precipitation method, thereby facilitating the incorporation
dramatically.
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