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ABSTRACT: A new cerium neodymium oxychloride, Ce1.3Nd0.7O3Cl, has been synthesized by
precipitation in a LiCl−CaCl2 molten salt by humid argon sparging. Chemical and structure
characterization have been undertaken by powder X-ray diffraction, scanning electron microscopy, high-
temperature X-ray diffraction, thermogravimetric analysis, and X-ray photoelectron scattering. This
oxychloride crystallizes in space group P4/nmm, a = 3.9848(3) Å and c = 12.467(2) Å, in a new Sillen-type
phase represented by the symbol X2

4 where “quadruple” fluorite-type layers [M4O6], containing CeIV in
“inner” sublayers and both CeIII and NdIII in “outer” sublayers, alternate with double-halide ion sheets. The
structure is also described as a stacking of LnOCl and fluorite-type blocks and constitutes the term n = 2 of
a possible series (MO2)n(NdOCl)2.

■ INTRODUCTION
Rare-earth (RE) oxychlorides have significant applications, in
particular as phosphors for displays, up-conversion lasers, and
other optoelectronic devices1 and for bioimaging probes.2 They
are good candidates for solid electrolytes because of their high
Cl− ion conductivity associated with water insolubility.3 They
are also efficient solid catalysts for the synthesis of cyclic
carbonates from supercritical CO2

4 and methyl chloride from
methane5 and for the destruction of chlorinated hydrocarbons.6

The concerned lanthanide(III) oxychlorides pertain to the
LnOCl family. Different synthetic methodspyrohydrolysis of
NH4LnCl6 precursors, self-hydrolysis of LnCl3 solutions,
mechanochemical synthesis, surfactant-assisted solvothermal
reaction, condensation of rare-earth chlorides and alkoxides in
the presence of coordinating ligandshave been used to
control the particle shape of the LnOCl compounds.1a,2,7 On
the other hand, oxidative precipitation of lanthanides from
lanthanide chlorides in a molten salt is studied in the frame of
nuclear fuel treatment by pyrochemical processes. Oxidative
precipitation from LnCl3 in an eutectic (LiCl−KCl) salt led to
LnOCl oxychlorides for Ln = La, Pr, Nd, Sm, Eu, and Gd, to
LnO2 oxide for Ln = Ce and Pr, and to Y2O3.

8 Starting from a
mixture of lanthanide chlorides led to a mixture of lanthanide
oxychlorides or a mixture of lanthanide oxychloride and
lanthanide oxide.8d During the precipitation study from
mixtures of CeCl3 and NdCl3 in a LiCl−CaCl2 salt using a
modified oxidizing method, a new mixed Ce−Nd oxychloride
containing both CeIII and CeIV has been isolated and is
described in this paper.

■ EXPERIMENTAL SECTION
The oxychloride Ce1.3Nd0.7O3Cl is synthesized in a molten salt, by
precipitation of cerium and neodymium under wet argon. The
experimental device used for precipitation is schematized in Figure 1.
A high-form alumina crucible containing the salts is in a quartz reactor,
placed in a vertical tubular oven. Argon is humidified by passing
through a gas-washing bottle containing distilled water at 20 °C. The
wet gas is fed into the reactor by an alumina tube. The output gases are
neutralized by sparging in soda solutions. The chloride salts are a
mixture of LiCl−CaCl2 in a molar proportion of 30:70, and the
melting temperature is 680 °C.9 The reactants are NdCl3·6H2O and
CeCl3·7H2O in an equimolar proportion. The masses are calculated to
have 20 g of an anhydrous mixture, containing 10 wt % of lanthanides.
The chlorides are blended in a mortar and put in the crucible, which is
introduced in the quartz reactor. The salts are then dehydrated in situ.
The reactor is purged with argon before heating at 150 °C for 6 h
under a vacuum and 12 h under dry argon. Then the temperature is
raised to 705 °C (2 °C/min). The alumina bubbling tube is then
immersed in the molten salt. The dry argon sparging is maintained for
1 h, and bubbling with wet gas continues for 3 h. The oven is then
switched off, the alumina tube is removed from the molten salt, and
dry argon replaces wet argon while cooling to room temperature. The
salt mixture containing the precipitate is dissolved in distilled water.
The precipitate is filtered and dried in a dry oven at 100 °C. In a
second step, the precipitate is washed with a dilute hydrochloric acid
solution. The resulting powder is filtered, rinsed with distilled water,
and dried at 100 °C. A fraction of the washed precipitate was heated at
1250 °C for 24 h under air.
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The powder was observed on a Hitachi S4700 microscope equipped
with a Bruker Quantax 400 EDS system, and the chemical composition
was quantified by energy-dispersive spectrometry (EDS).
The precipitate, acid-washed powder, and sintered powder were

analyzed by powder X-ray diffraction (XRD) on a Huber Guinier
image plate G670 diffractometer for phase identification of the
precipitate and on a D8 Advance Bruker diffractometer for phase
identification and refinement of the unit-cell parameters (with
JANA200610) of the other samples. The crystal structure of
(Nd,Ce)2O3Cl was solved from powder XRD data on the acid-washed
precipitate. Because of a high preferential orientation of the crystallites
and the low quantity of powder, the sample was prepared by dusting
the ground powder on an oriented silicon crystal sample holder. The
XRD pattern was measured on a D8 Advance A25 Bruker
diffractometer, with a lynxEye detector. The crystal structure was
determined by an ab initio method using EXPO11 and refined with
JANA2006.10 A surface roughness correction was applied using the
Pitschke−Hermann−Matter model,12 in accordance with the sample
preparation. The sample contains Ce0.8Nd0.2O1.9; this oxide was
introduced in the refinement, but only the cell and peak profile
parameters were refined. The diffraction measurement parameters and
refinement results are summarized in Table 1; the calculated and
measured XRD patterns are compared in Figure 2.
Thermal analyses were performed on a Setsys evolution

thermogravimetric analyzer from Setaram, in a temperature range
from 100 to 1300 °C (heating speed 5 °C/min), under air. The high-
temperature XRD (HTXRD) diagrams were done on a D8 Advance
Bruker diffractometer equipped with a Vantec detector and with a
HTK 1200N Anton Paar high-temperature chamber, from 50 to 1100
°C, every 50 °C, under air.
X-ray photoelectron scattering (XPS) analyses were performed

using a Kratos Analytical AXIS UltraDLD spectrometer. A
monochromatized aluminum source (Al Kα = 1486.6 eV) was used
for excitation. The X-ray beam diameter was around 1 mm. The
analyzer was operated in a constant pass energy of 40 eV using an
analysis area of approximately 700 μm × 300 μm. Charge
compensation was applied to compensate for the charging effect
occurring during analysis. The adventitious C 1s (285.0 eV) binding
energy (BE) was used as an internal reference. The spectrometer BE
scale was initially calibrated against the Ag 3d5/2 (368.2 eV) level. The
pressure was in the 10−10 Torr range during the experiments.
Quantification and simulation of the experimental photopeaks was
carried out using CasaXPS software.

■ RESULTS AND DISCUSSION
Analysis of the Precipitate. The precipitate was first

identified by powder XRD (Figure 3), it contains the new
oxychloride Ce1.3Nd0.7O3Cl, lanthanide oxychloride
Ce0.4Nd0.6OCl (majority compound), and Ce0.8Nd0.2O1.9
(minority compound). The composition of the last compound
was deduced from the refined cell parameter [a = 5.442(5)Å]
compared to the Ce1−xNdxO2−0.5x ones.13 There is no
bibliographic data on the Ce1−xNdxOCl solid solution.
However, the study of La1−xRExOCl (RE = Gd and Y)14 has
shown that the cell parameter evolution obeys Vegard’s law.
CeOCl15 and NdOCl,16 like most of the lanthanide oxy-
chlorides LnOCl,17 crystallize in the PbClF structural type. So,
when a linear evolution of the cell parameters of Ce1−xNdxOCl
as a function of x is supposed and using the refined unit-cell
parameters [a = 3.893(1) Å; c = 12.477(8) Å], the calculated
formula is Ce0.4Nd0.6OCl. This oxychloride is soluble in diluted
acid so the precipitate was washed with 0.1 M hydrochloric acid
to eliminate this phase and facilitate the study of the new

Figure 1. Experimental device for precipitation of oxychlorides or oxides in a molten salt by humid argon sparging.

Table 1. Crystal Data and Structure Refinement Parameters
for Ce1.3Nd0.7O3Cl

diffractometer D8 Bruker Advance
angular range/step (2θ, deg) 5−120°/0.019°
measurement temp (°C) 25
radiation Cu Kα
no. of points 5910
total no. of refined param 28
no. of refined
crystallographic param

11(3)

profile function pseudo-Voigt
background function manual background combined with eight

Legendre polynoms
unit-cell param a = 3.9848(2)

c = 12.4670(12)
unit-cell volume 189.12(2)
space group P4/nmm
formula units, Z 2
Robs (wRobs) 0.0354 (0.0472)
Rp 0.0395
wRp 0.0557
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oxychloride. The Ce1.3Nd0.7O3Cl crystals are square plates
(Figure 4); the larger crystals (20 × 20 × 1 μm3) are too small
for a X-ray data collection. The structure was therefore
determined from powder XRD data.
Crystal Structure Description. Ce1.3Nd0.7O3Cl crystallizes

in a tetragonal cell with a = 3.9848(3) Å and c = 12.467(2) Å;
the structure was refined in the space group P4/nmm. The
structure refinement parameters are reported in Table 1, and
the refined atomic parameters in Table 2. The principal
interatomic distances and angles are given in Table 3 and
compared to those of LnOCl (Ln = Ce15 and Nd16) and CeO2.
Nd1 and Ce1 share a 2c site with an occupancy (0.7Nd, 0.3Ce)
fixed at the value deduced from the analyses discussed below.
Ce1.3Nd0.7O3Cl can be considered as a new member of the

Sillen structural family. The first members of the Sillen series,
BiOCl and LnOCl, contain double bismuth-based fluorite-type
layers [Bi2O2], which are, in fact, formed by a sheet of coplanar
O with a sheet of Bi atoms on each side and single [X1], double
[X2], or triple [M′xX3] halide ion sheets stacked in the [001]
direction of the “ideal” tetragonal cell, giving compounds
denoted Xn (n for the number of halide ion layers) such as
MBiO2Cl (M = alkaline-earth, Pb, and Cd) denoted X1 (Figure
5a), BiOCl (X2; Figure 5b), and (M,Bi)2M′xO2Cl3 (X3), such
as, for example, Ca0.75(Ca0.5Bi1.5)O2Cl3.

18 The lanthanide
oxychlorides LnOCl are related to the X2 series. Many
intergrowths between these terms, such as X1 × 2 or X2 × 3,
have been reported. The existence of triple fluorite-type layers
[M3O4] in, for example, Bi3O4Cl

19 and Bi2LaO4Cl
20 (Figure

5c), required one to extend the Sillen nomenclature to two
indices Xm

n , where n is the number of cations in the fluorite-
related layer and m the number in separating halide ion

sheets;21 for example, the symbol of the structure of Bi3O4Cl is
X1
3. In Ce1.3Nd0.7O3Cl, “quadruple” fluorite-type layers [M4O6]

alternate with double halide ion sheets, giving, to our
knowledge, a new Sillen-type phase X2

4 (Figure 5d). In the
“quadruple” fluorite-type layer, the two “inner” sublayers
contain Ce4+ ions (Ce2 in a 2c site) coordinated by four O1
atoms at 2.34(2) Å and four O2 atoms at 2.362(4) Å (Figure
6a), forming distorted Ce2O8 cubes that are connected by
edges to form two cube-height fluorine-type layers Ce2O3. The
trivalent lanthanides Nd1 and Ce1 that constitute the “outer”
sublayers are hanged to the O1 atoms to form square pyramids
Ln1O14 (Ln = Nd and Ce). In this description, the Ln1
coordination polyhedron is open. In fact, the Ln13+ ions are
surrounded by four Cl1 atoms at 3.072(9) Å to form, with the
O1 atoms at 2.34(2) Å, a square antiprism as in the simplest
Sillen phases. The coordination polyhedron is completed by
one Cl ion at a longer distance, 3.24(2) Å, to give a capped
square antiprism (Figure 6b). If the Ln1−Cl bonds are taken
into account, another interesting description of the structure of
Ce1.3Nd0.7O3Cl can be constructed using the polyhedral
assemblage. The (Nd,Ce)O4Cl4 square antiprisms share the
Cl2O triangular faces and create layers parallel to (001). The Cl
atoms of a square antiprism are the capping Cl atoms of four
square antiprisms of an adjacent layer, creating (Nd,Ce)O2Cl
double layers. The (Nd,Ce)O2Cl and Ce2O3 double fluorite-
type layers (Figure 7a) alternate in the [001] direction and are
shared by their outer O atoms to form a three-dimensional
arrangement. In NdOCl, the NdO2Cl double layers are directly
connected together by sharing the outer O atoms (Figure 7b).
The Ce1.3Nd0.7O3Cl structure can be considered as an
intergrowth between NdOCl and CeO2 structural blocks. The

Figure 2. Observed and calculated XRD patterns of Ce1.3Nd0.7O3Cl.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic3000558 | Inorg. Chem. 2012, 51, 4352−43584354



a cell parameter of Ce1.3Nd0.7O3Cl, a = 3.8948(3) Å, is
intermediate between that of NdOCl [a = 4.0249(2) Å] and
that of CeO2 (a/√2 = 3.8263 Å). So, the Ce2O8 cubes are
stretched in the (001) plane compared to the CeO8 fluorite
cubes, giving a thickness of the fluorite-type layer reduced from
5.412(1) Å in CeO2 to 5.26(6) Å in Ce1.3Nd0.7O3Cl. In the

opposite direction, the decrease of the a parameter from
NdOCl to Ce1.3Nd0.7O3Cl causes the stretching of the LnO4Cl5
polyhedra in the [001] direction from 4.268(8) to 4.54(6) Å
and a large increase of the thickness of the (Nd,Ce)O2Cl
double layers from 6.7837(5) to 7.21(1) Å. It is noticeable that,
in the LnO4Cl5 polyhedra, the Nd−Cl distance with the

Figure 3. (a) Powder XRD diagram of the precipitate containing, lanthanide oxychloride Ce0.4Nd0.6OCl (unmarked), Ce0.8Nd0.2O1.9 (×) and the
new oxychloride (○). (b) X-ray pattern of the acid washed powder, Ce0.4Nd0.6OCl disappears after washing with a 0.1 M HCl solution.
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capping Cl atom [3.082(8) Å] is shorter than the four others in
NdOCl, when it is longer in Ce1.3Nd0.7O3Cl. This is
accompanied by a decrease in the O1−Ln−O1 and Cl−Ln−
Cl angles and a lengthening of the Ln−Cl bond parallel to c
compared to LnOCl (Ln = Nd or Ce) ones (Table 3). As a
consequence, the c parameter, 12.467(2) Å, is slightly higher
than the sum of the oxide and oxychloride c parameters:
5.4124(1) + 6.7837(5) = 12.1961(6) Å. In fact, the
introduction of the more rigid fluorite-type layers leads to a
strong deformation of the flexible lanthanide oxychloride
arrangement.
Ce1.3Nd0.7O3Cl is the first example of a Sillen-type phase

with a quadruple fluorite-type layer and with a tetravalent
metal. Lanthanide(III)−metal(IV) compounds with the same
formula LnMIVO3Cl have been reported for M = Ti and Ln =
Sm−Lu, LnTiO3Cl.

22 In their structures, the smaller TiIV ion is

in a distorted octahedral environment and the layers are no
longer of the fluorite type.

Thermal Behavior. The powder HTXRD diagrams show
that oxychloride starts to transform into oxide at 500 °C and is
completely converted into Ce1‑xNdxO2−0.5x at 900 °C (Figure
8). This conversion is accompanied by a two-step weight loss
observed by thermogravimetric analysis (TGA), which indicates
an end of decomposition at 980 °C (Figure 9). This difference
is probably due to the heating speed difference. The
temperature of decomposition is lower than that of NdOCl.23

The XRD pattern of the sintered sample contains two solid
solutions of cerium neodymium oxide: the as-precipitated
Ce0.8Nd0.2O1.9 and Ce0.65Nd0.35O1.825 resulting from decom-

Figure 4. Scanning electron microscopy image of Ce1.3Nd0.7O3Cl
crystals.

Table 2. Atomic Coordinates and Isotropic Displacement
Parameters (A2) for Ce1.3Nd0.7O3Cl

atom occupancy x y z U

Nd1 0.7 1/2 0 0.6845(4) 0.014(3)

Ce1 0.3 1/2 0 0.6845 0.014

Ce2 0 1/2 0.8928(5) 0.008(2)

Cl 0 1/2 0.575(2) 0.019(7)

O1 1/2
1/2 0.789(3) 0.022(9)

O2 1/2
1/2 0 0.022

Table 3. Main Angles (deg) and Distances (Å) in Ce1.3Nd0.7O3Cl, Compared to LnOCl (Ln = Nd or Ce) and CeO2 Ones

Ce1.3Nd0.7O3Cl NdOCl CeOCl CeO2

Nd−Ce1−O1 2.35(2) (4×) Nd−O 2.336 (4×) Ce−O 2.364 (4×)
Nd−Ce1−Cl 3.072(9) (4×) Nd−Cl 3.141 (4×) Ce−Cl 3.180 (4×)

3.24(2) 3.082 3.103
Ce2−O1 2.34(2) (4×) Ce−O 2.343 (8×)
Ce2−O2 2.362(3) (4×)
O1−Nd−Ce1−O1 72.0 O−Nd−O 75.1 O−Ce−O 75.2
Cl−Nd−Ce1-Cl 78.7 Cl−Nd−Cl 79.7 Cl−Ce−Cl 79.8
Cl−Nd−Ce1−O1 73.7 Cl−Nd−O 70.3 Cl−Ce−O 70.1
O1−Ce2−O1 72.2 O−Ce−O 70.53
O2−Ce2−O2 71.3
O1−Ce2−O2 68.0

Figure 5. Intergrowth of fluorite-type layers [M2O2] and single or
double halide ion sheets in the first members X1 (a) and X2 (b) of the
Sillen series. In, for example, Bi2LaO4Cl, triple fluorite-type layers
[M3O4] alternate with single Cl− sheets, type X1

3 (c). In
Ce1.3Nd0.7O3Cl, quadruple fluorite-type layers [M3O4] alternate with
double Cl− sheets, novel type X2

4 (d).

Figure 6. Cation coordination polyhedra in Ce1.3Nd0.7O3Cl: Ce2 (a);
Nd1 and Ce1 (b).
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position of Ce1.3Nd0.7O3Cl. The composition of this oxide was
deduced from the refined cell parameter [a = 5.47186(7)Å]
compared to the Ce1−xNdxO2−0.5x ones. This composition is in
good agreement with EDS analysis on oxychloride crystals,
which gave Ce:Nd = 68:32. The composition of the studied
oxychoride is thus Ce1.3Nd0.7O3Cl, the composition used in the
structural study. According to this formula, the oxidation state
of the cerium is mixed-valent III+/IV+ with an average 3.77.
XPS analysis (Figure 10) of the washed precipitate confirms the
presence of trivalent and tetravalent cerium. The Ce 3d
spectrum is a complex superposition of Ce3+ and Ce4+ peaks.
The spectrum displays u′ and v′ peaks, characteristic of trivalent
cerium. The method described by Shyu et al.24 was used to
quantify the Ce4+ ratio. The u‴ peak is only related to
tetravalent cerium; the Ce4+ ratio can be calculated with the u‴
area percentage in the Ce 3d region. The washed precipitate
contains 85(8)% Ce4+. Taking into account the presence of a

cerium−neodymium oxide solid solution, this result corrobo-
rates the proposed composition. The oxychloride formula can
be written as CeIV(CeIII0.3Nd

III
0.7)O3Cl.

■ CONCLUSION
Ce1.3Nd0.7O3Cl is the first mixed-valent cerium oxyhalide
reported until now. Several works25 have been published on
the precipitation of lanthanide in a molten salt. The lanthanide
compounds precipitate by oxygen sparging, in the form of
LnOCl for various lanthanides including neodymium, or oxides,
as is the case of cerium. The previous precipitation experiments
on cerium systematically lead to cerium dioxide. In our work,
water, brought into the molten salt via argon bubbling, is less
oxidant than oxygen. This allowed the synthesis of a mixed-
valent oxychloride Ce1−xNdxOCl, containing CeIII, and the

Figure 7. Structures of (a) Ce1.3Nd0.7O3Cl and (b) NdOCl.

Figure 8. HTXRD patterns of the washed precipitate.

Figure 9. TGA of the washed precipitate.
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mixed-valent cerium oxychloride Ce1.3Nd0.7O3Cl, which crys-
tallizes in a new structure. The use of wet inert gas sparging in
molten salts opens the way to the synthesis of new oxyhalides.
The introduction of a quadruple fluorite-type layer in the Sillen-
type family suggests the possibility of preparing the terms X1

4

and X3
4. The discovery of this compound with stacking of

LnO2Cl and fluorite-type blocks containing metal(IV) suggests
an extensive new family with various thicknesses of the two
blocks, (MIVO2)n[(LnOCl)2]n′, Ce1.3Nd0.7O3Cl, corresponding
to n = 2 and n′ = 1. The synthesis of such compounds is plane
with other tetravalent metals.
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Figure 10. Ce 3d core-level XPS spectrum of the washed precipitate.
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