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Abstract: Hydrothermal crystallization pathways of amorphous
ceric phosphate gels were found to be determined by the
ammonia concentration in a reaction medium. This allows for
highly selective hydrothermal synthesis of various finely crystal-
line ceric phosphates, including Ce(PO4)(HPO,)o5(H,0)gs,
(NH,),Ce(PO,),(H,0), and previously unknown NH,Ce,(PO,)s.

The structure of the latter compound was solved from powder
X-ray diffraction data. It appeared to be isostructural to ammon-
ium thorium phosphate, NH4Th,(PO,)s; in this crystal structure,
large channels (5.07 x 3.79 A) located along the c-axis are occu-
pied by NH,* ions.

Introduction

Crystalline rare-earth phosphates are widely used in high-tech
industrial applications such as for optical materials, heat-resist-
ant ceramics, ion-exchange materials, luminophores and as ra-
dioactive waste sorbents.['7) Cerium phosphates are of particu-
lar interest since they can contain cerium ions in both +3 and
+4 oxidation states. The crystallographic data and properties
of cerium(lll) phosphates — monazite (P2,/n) and rhabdophane
(P6,22) - have been thoroughly studied.®='% Surprisingly, infor-
mation on cerium(lV) phosphates is extremely scarce, despite
their long history since the middle of the 20" century!''~"3! and
rich ceric coordination chemistry.l'¥

Recently, Nazarali et al. managed to obtain and characterize
ceric hydrogen orthophosphate — Ce(PO,)(HPO4)o.5(H,0)05."*!
This compound was synthesized by hydrothermal treatment of
ceric phosphate acid solution, and its structure was found to
contain dense double layers of [Ce(PO,4)*],. A compound with
an identical structure and the assigned composition
Ce,(PO,),HPO,-H,0 was synthesized earlier by Brandel et al.,!'®
using hydrothermal treatment of solutions containing
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(NH,4),Ce(NO3)s, H3PO, and HNOs. Nazarali et al. also synthe-
sized another ceric hydrogen orthophosphate, Ce(PO,), 5(H,0)-
(H30)0.5(H,0)05, via the hydrothermal method.['” The structure
of the latter contains a negatively charged three-dimensional
framework, with eight-coordinated Ce"V polyhedra connected
through PO,>~ tetrahedra and tunnels containing water mole-
cules and charge-compensating H3O* cations. Hydronium cat-
ions can be substituted with alkali metal cations by an ion
exchange, which proceeds most efficiently for small cations
(Li* > Na* = K* > Rb* > Cs*) due to the steric effect.'®

In addition to ceric hydrogen orthophosphates, double or-
thophosphates are also known. Orlova et al.'"” obtained a
number of compounds with the composition AgsCe,(PO,)s,
ACe(PO,),, ARCe(PO,); (A = Mg-Ba, Cd; R = Nd, Gd), which are
isostructural to monazite and considered as promising matrices
for the immobilization of radioactive wastes. Xu et al. obtained
two crystalline double orthophosphates of cerium and single-
charged cations: K,Ce(PO,),*H,0!?%! and (NH,4),Ce(PO,),-H,012"
via hydrothermal treatment of hydrated CeO, in a partially neu-
tralized phosphoric acid solution. The authors demonstrated
that the obtained compounds had a pronounced proton con-
ductivity, and, at elevated temperatures, a potassium ions con-
ductivity.

Salvado et al.'??! synthesized (NH,),Ce(P0O,),-H,0 by a similar
hydrothermal method using CeO,, CO(NH,), and H3PO, as start-
ing materials, and revised the structural data presented by Xu
et al. According to Salvado et al.?? the structure of this com-
pound comprises eight-coordinated cerium atoms intercon-
nected with phosphate groups and contains tunnels of various
sizes with ammonium ions and water molecules.

The synthesis and structure of another double ceric ortho-
phosphate, Na;qCe,(PO,)s, have been reported by Lai et al.[3!
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This compound was obtained by high-temperature hydrother-
mal treatment of NaF, CeO,, NaOH and NaH,PO,. In the
Na;oCe,(PO,4)s structure, each Ce cation is connected to three
others through phosphate groups, forming a three-dimensional
network with intersecting channels. Sodium ions are located
inside these channels.

Bevara et al.?* synthesized a crystalline double ceric ortho-
phosphate, K,Ce(PO,),, by a solid-state reaction between stoi-
chiometric amounts of KPO; (or KH,PO,) and CeO,. They
showed that K,Ce(PO,), has a structure containing one-dimen-
sional channels formed by eight-coordinated Ce"V and PO, tet-
rahedra with potassium cations inside the channels.

More complex ceric orthophosphates may also have a similar
structure, with channels containing potassium cations. For in-
stance, Ogorodnik et al.?! synthesized ternary orthophosphate
K,CeZr(PO,), by solid-phase synthesis using ZrF,, CeF;, KPOs
and K4P,0; as initial reagents.

Note that almost all of the abovementioned ceric orthophos-
phates have a three-dimensional framework containing empty
or filled tunnels. This feature explains the ion exchangeability
and sorption properties of these compounds.

However, the data on ceric orthophosphates are rather lim-
ited, since they tend to form amorphous phases when synthe-
sized from aqueous solutions.2°=2%1 High temperature treat-
ment, in turn, eventually results in the decomposition of Ce'V
compounds, with the formation of Ce'" species."® Apparently,
the only rational pathway for the preparation of crystalline ceric
orthophosphates is a mild hydrothermal treatment. Under cer-
tain conditions, hydrothermal treatment allows for the synthesis
of different crystalline phases simply by adjusting the composi-
tion of hydrothermal media. Previously, we have shown that
hydrothermal treatment of ceric phosphate gels leads to the
formation of Ce(PO,)(HPO,4)o5(H,0)q5 or rhabdophane, depend-
ing on the synthetic conditions.'*”

In this paper, we have explored ceric orthophosphates' crys-
tallization pathways under hydrothermal conditions in the pres-
ence of ammonium hydroxide. This approach allowed us to se-
lectively synthesize not only previously reported Ce(PO,)-
(HPO,4)o.5(H20)05 and (NH,4),Ce(PO,4),(H,0) phases, but also a
novel ceric orthophosphate, NH;Ce,(PO,)s.

Results and Discussion

According to powder X-ray diffraction data, mixing a cerium-
containing phosphate solution (concentration 0.1 M) with
0.01 M ammonia solution, and subsequent hydrothermal treat-
ment of the gel formed, resulted in Ce(PO4)(HPO,4)o5(H>0)0 5
phase. A similar product was formed upon hydrothermal treat-
ment of cerium-containing phosphate gels obtained by mixing
a cerium-containing phosphate solution with pure water.3%
When more concentrated ammonia solutions (0.1-3 m) were
used, the phase composition of the hydrothermal treatment
products changed (see Figure 1, Fig. S1-S3). In particular, the
use of NH,OH in concentrations above 2 m resulted in the for-
mation of (NH,4),Ce(PO,4),(H,0) phase, as described by Salvado
et al2Z |n turn, the use of intermediate concentrations of
NH,OH (0.1-2 ™) led to the crystallization of a phase which is
absent in the ICDD PDF database.
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Figure 1. Powder X-ray diffraction patterns of crystalline products obtained
by hydrothermal treatment of cerium-containing phosphate gels formed
upon the addition of NH,OH with different concentrations: 0.01 m — all peaks
correspond to the Ce(PO,)(HPO,4)o5(H,0)0 5 phase (marked with *), 1 m - all
peaks correspond to the new phase, 3 m - all peaks correspond to the
(NH,4),Ce(PO,),(H,0) phase (marked with +).

The powder XRD pattern of the sample obtained upon addi-
tion of 1 m NH,4OH was fully indexed using TOPAS 4.2 software
in monoclinic space group C2/c, with the unit cell parameters
a = 17.48106) A, b = 6.7716(2) A, ¢ = 7.99873) A, B =
102.887(2)°. The crystal structure was solved using the direct
space Monte Carlo simulation by FOX software package.*"! The
identification of the crystal structure was simplified by the fact
that it contains PO, groups and heavy Ce cations. At the initial
stage of the crystal structure solution, two crystallographically
independent PO, groups and one Ce atom were isolated. They
were responsible for ca. 90% of the scattering power in the
crystal structure. At the final stage, N atoms were located, and
the ammonia group was refined as a rigid body with a fixed
geometric configuration. The final Rietveld refinement of the
crystal structure was performed using JANA2000 software.'3?!
The composition of the novel phase corresponded to the chem-
ical formula NH;Ce,(PO,)s. The chemical composition of the
phase was confirmed by EDX analysis, which showed that the
P/Ce ratio was 1.5, and by CHN-analysis, which resulted in nitro-
gen content of 2.0 wt. % (calculated 2.4 wt. %) and hydrogen
content of 1.1 wt. % (calculated 0.7 wt. %). Crystal data, refined
atomic coordinates, and displacement parameters are given in
Table S1, and selected interatomic distances are presented in
Table S2. Observed and calculated PXRD profiles are shown in
Figure 2. The crystal structure of NH4Ce,(PO,)s is shown in
Figure 3. In this crystal structure, each Ce atom is coordinated
by 9 oxygen atoms belonging to PO, tetrahedra. Large chan-
nels (5.07 A along a-axis and 3.79 A along b-axis) occupied by
NH,4* groups are located along the c-axis of the crystal struc-
ture.

Static 3'P NMR spectrum of the NH,Ce,(PO,); powder sam-
ple measured at room temperature is presented in Figure 4. The
NMR peak is relatively narrow (FWHM = 7.74 kHz) and slightly
asymmetric with a more elongated left shoulder. As depicted
in Figure 4, it was successfully fitted by two Lorentzian lines
with almost equal width and the peak positions of -27(5) ppm
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Figure 2. Observed and calculated PXRD profiles of NH,Ce,(PO,); and the
difference between them. The vertical ticks indicate the reflection positions.

Figure 3. Crystal structure of NH4Ce,(PO,); viewed along the c-axis. Yellow
circles denote Ce atoms, N atoms are shown in gray, O atoms are presented
as red circles, P atoms are located in PO, tetrahedra (shown in violet color).

and +10(5) ppm for Lorentz-l and Lorentz-Il lines, respectively.
The ratio of integral intensities of these two lines (1:2.18) was
found to be rather close to the multiplicity ratio 1:2 of two
inequivalent phosphorus crystallographic positions in the
NH,4Ce,(PO,); crystal structure (see Table S1). Consequently, the
obtained 3P NMR results supported well the NH,Ce,(PO,);
structural refinement.

The new compound obtained by us is a representative of a
wider class of double phosphates of the general composition
M'MVY,(PO,);.133 Despite the significant number of such com-
pounds, the conditions for their formation are still under study
and discussion. This is probably due to the fact that
M'MV,(PO,); (M' = Li-Cs) phases can be of different structural
types, depending on the nature of MV. For instance, the com-
pounds M'M"V,(PO,); with M"Y = Ce have the monazite structure
(space group P2,/n), while the compounds with MV = Ge, Sn,
Ti, Zr, Hf or actinides (Th, U, Pu) belong to NASICON-type [NASI-
CON refers to Na Super lonic Conductors, the abbreviation de-
notes a special class of MM",(PO,); compounds] trigonal or
monoclinic systems.B4351 With this in mind, the absence of in-
formation about M'Ce'V,(PO,); phases isostructural to double
actinide (e.g. thorium) orthophosphates is surprising, since ce-
rium(lV) and thorium(lV) form isostructural phosphates!36-38!
due to their close ionic radii (0.97 and 1.05 A for Ce and Th
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Figure 4. 3'P NMR spectrum of the NH,Ce,(PO,); powder measured at room
temperature.

with coordination number 8, respectively’®®). Our findings
demonstrate the first example of a cerium phosphate
[NH,Ce,(PO,)5] isostructural to M'RVY,(PO,); (R = actinide). For
example, recently reported thorium-ammonium phosphate,
NH,Th,(PO,4); (monoclinic system, space group C2/c, unit cell
parameters: a = 17.7238(5) A, b = 6.90676(12) A, c = 8.15603(32)
A, B = 102.1047(26)°%) possesses the same structure. The
NH,Ce,(PO,); phase is also worthy of note, as only a few
M'MV,(PO,); phases are known where M' = NH,*. To the best
of our knowledge, the known representatives of such phases
include the ammonium-zirconium phosphates described by
Clearfield et al. in 1984%" and the ammonium-thorium phos-
phates obtained by Salvado et al. in 2008.1°421 At the same
time, similar potassium containing compounds have been
known since 1889,1%1 while potassium and ammonium have
very close ionic radii (1.5139 and 1.54 A4 for coordination
number 8, respectively).

Thus, we proposed a synthetic technique that made it possi-
ble to produce three different ceric orthophosphates, which is
quite unusual. Apparently, the formation of ceric hydrogen
orthophosphate Ce(PO,4)(HPO,)q5(H,0)0.5 occurs when there are
practically no ammonium cations in the system (molar ratio
H3PO,/NH,OH exceeds 200). The gradual increase in ammonia
concentration (up to molar ratio H3PO,/NH4OH = 20 and lower)
results in ceric ammonium phosphate formation having Ce/P
ratios of 1.5 and 2.0 (NH,Ce,(PO,); and (NH,),Ce(PO,),(H,0),
respectively). The exact reason for the formation of different
crystalline phases by variation of the ammonia concentration is
not clear but this effect is obviously related in some way to the
different complexation of Ce'V ions by phosphate ions in the
solutions. The lack of data on the composition and properties
of ceric phosphate complexes hinders the explanation of the
formation of different phosphate phases.

Ce(PO4)(HPO4)05(H20)05, NHaCe,(PO4)3 and (NH,),Ce(PO,),-
(H,0) were further characterized by IR spectroscopy, SEM
and thermal analysis. Figure 5 shows the IR spectra of
Ce(PO,4)(HPO,)p5(H20)05, NH4Cey(PO4)s and  (NH,4),Ce(PO,),-
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Figure 5. The survey IR spectrum, left (300-4000 cm™), and its fragment, right (400-1300 cm™): Ce(PO,)(HPO,)o5(H20)o5s (@), NH4Ce,(PO,);

(NH,4),Ce(PO,4),(H50) (c).

(H,0) phases. One can see that the general pattern of the IR
spectra of these compounds is almost the same and is charac-
teristic for rare-earth phosphates,*>~#8 although there are
some differences. For example, in the IR spectra of
NH,Ce,(PO,); and (NH,),Ce(PO,),(H,0), in contrast to the IR
spectrum of Ce(PO4)(HPO,4)o5(H>0)05, absorption bands at
2800-3300 cm™! (br) and 1430 cm™ (s) are observed, which are
related to the stretching and bending vibrations of the NH,*
ion,[49-51]

As expected, the IR spectra of (NH,;),Ce(PO,),(H,0) and
Ce(PO,4)(HPO,4)o.5(H50)0 5 contained the absorption bands of wa-
ter molecules, corresponding to O-H-bond stretching (3550-
3660 cm™, br) and H-O-H bending vibrations (1600 cm™, w).
The splitting of the v(OH) band in the IR spectrum of
Ce(PO4)(HPO,)o5(H50)g 5 is presumably due to the presence of
two types of OH groups in the compound (H,O molecules and
HPO,2~ anions).’?! The absence of water molecules' absorption
bands and the presence of NH," ion absorption bands also vali-
date the composition of the NH,Ce,(PO,); phase.

The absorption maximum at 1220 cm™' (m), which is present
only in the IR spectrum of Ce(PO4)(HPO,)o5(H>0)05, apparently
refers to P-O-H bending vibrations!'® (see Figure 5). The ab-
sorption bands at 1180-990 cm™' refer to the asymmetric
stretching vibrations v, and the bands at 980-900 cm™' to the
symmetric stretching vibrations v, of P-O bonds in phosphate
groups. Absorption bands at 650-440 cm™' correspond to
0(0-P-0), and those at 440 cm™' correspond to symmetric
v, vibrations (see Figure 5).53->4

The splitting of the IR-absorption bands in the region corre-
sponding to the PO,3~ ion oscillations (1200-900 cm™" and 500~
600 cm™") suggests the conclusion that the PO, groups in all
the phases are coordinated with cerium atoms, while the differ-
ent splitting degree is possibly related to the different denticity
of PO, groups and/or distortions due to their coordination by
large, multicharged cations.[>!

According to SEM data, the Ce(PO,4)(HPO,4)05(H,0)05 phase
forms lamellar particles, the NH,Ce,(PO,); phase elongated

Eur. J. Inorg. Chem. 0000, 0-0 www.eurjic.org
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microparticles and the (NH,4),Ce(PO,),(H,0) phase truncated
octahedral particles (see Figure 6).

Figure 6. SEM images of (a) Ce(PO4)(HPO,4)5(H,0)05, (b) NH,Ce,(PO4)3 and
(c) (NH,4),Ce(PO,),(H,0).
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Thermal analysis data for (NH,4),Ce(PO,4),(H,0), Ce(PO,)-
(HPO4).5(H20)05 and NH,;Ce,(PO,); are presented in Figure S4
ab and Figure 7, respectively. The thermal behavior of
(NH,),Ce(PO,),(H,0) and Ce(PO,4)(HPO,)o5(H,0)05 phases is in
agreement with previously reported data.l'622
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Figure 7. Results of thermal analysis of NH,Ce,(PO,)s in air.

The thermal analysis of the new phase, NH4Ce,(POy,)s, re-
vealed some interesting points. Particular attention was paid
to the comparison of the thermal behavior of the isostructural
NH4Ce,»(PO,4); and NH4Th,(PO,)s, since cerium, in contrast to
thorium, can exist both in +3 and +4 oxidation states. Accord-
ing to our data, the thermal decomposition behavior of
NH,Ce»(PO,4); and NH4Th,(PO,); were completely different. The
latter possessed extremely high thermal stability and de-
composes almost in one stage above 700 °C to form [3-
Th4(PO4)4(P,0,).% In contrast, the thermal decomposition of
NH,Ce,(PO,); began only at ca. 400 °C and occurred in several
steps. Such a difference in the thermal stability of NH,Th,(PO,4)3
and NH,;Ce,(PO,); is most likely due to the changes in cerium
oxidation state (see, for example P6-38)), that results in a com-
plex and multistage NH4Ce,(PO,4); decomposition.

Additional information on the thermal behavior of
NH,Ce,(PO,); phase was obtained by mass-spectroscopy of the
evolved gases. Surprisingly, we found that, even in Ar atmos-
phere at 250-600 °C, thermal decomposition was accompanied
by the release of NO (m/z = 30) and H,O (m/z = 18) (see Fig-
ure 8). We failed to detect reliably the presence of gaseous

lonic current, arbitrary units

N miz=30

i_"\_/—--ﬂ_.m__J

100 200 300 400 500 600 700 800 900 1000
toc

Figure 8. The temperature dependences of the ionic currents for
NH,Ce,(PO,)s in Ar atmosphere (m/z = 16, 18, 30).
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ammonia (e.g. m/z = 15) in the evolved gases. The formation of
nitrogen monoxide under these conditions is unusual; however,
we can suppose that ammonia, released during NH,;Ce,(PO,);
thermolysis, is oxidized to NO by ceric cations. Interestingly, the
conversion of ammonia to NO was suggested by Clearfield et
al. during thermolysis of NH,Zr,(PO,);.*" Such a reaction was
believed to be of a catalytic nature, and to proceed due to the
formation of strongly acidic sites upon NH,Zr,(PO,4); decompo-
sition. Oi et al. criticized Clearfield's supposition and noted that
the oxidation of ammonia in the presence of NH,Zr,(PO,); re-
quires not a superacid catalyst, but a redox active one (for ex-
ample, platinum).’?! In our case, ceric cations might, for exam-
ple, be a redox active species.

The reduction of cerium +4 to +3 during the thermolysis of
NH4Ce,(PO,4); was confirmed by PXRD data. Upon the annealing
of NH,Ce,(PO,); at 850 °C, the formation of CePO, (monazite,
ICDD PDF 00-032-0199) was observed (see Figure S5).

The obtained data suggest that the thermal decomposition
of ceric ammonium phosphate, NH,Ce,(PO,)s, up to 850 °Cis a
complex multistage process resulting in the formation of crys-
talline monazite and, apparently, a polyphosphate phase of an
amorphous structure which cannot be reliably detected by
means of X-ray diffraction.

Conclusions

In this paper, we have demonstrated that the hydrothermal
treatment of amorphous ceric phosphates results in the selec-
tive formation of different crystalline products, depending on
the amount of ammonia added to the reaction mixture:
Ce(PO4)(HPO,4)0.5(H50)05, (NH,4),Ce(PO,4),(H,0), or a novel phase,
NH,Ce,(PO,);. We solved the structure of NH,Ce,(PO,);, and it
was found to be isostructural to NH4Th,(PO,)s, containing a
three-dimensional framework with large tunnels occupied by
ammonium ions.

Experimental Section

Materials and Methods: The following materials were used as re-
ceived, without further purification: Ce(NO3);:6H,0 (99%, Aldrich
#238538), orthophosphoric acid (85 wt. % aq, p = 1.689 g/cm?3, ana-
lytical grade, Khimmed Russia), aqueous ammonia (25 wt. %, extra-
pure grade, Khimmed Russia), distilled or deionised (18 M) water.

The synthesis of the initial cerium-containing phosphoric acid solu-
tion was carried out according to a procedure reported earlier by
us.3% A sample of nanocrystalline (4-5 nm) cerium dioxide (0.100 g)
obtained by precipitation from Ce(NOs);-6H,0%% was dissolved in
concentrated orthophosphoric acid (5 mL) at 80 °C. The molar ratio
of Ce/P was 1:126. After cooling the solution, 35 mL of aqueous
ammonia solution (0.01-3 m concentration range) was added under
vigorous stirring, so that the molar ratios of Ce/NH,OH were from
1:0.6 to 1:180. The interaction of cerium-containing phosphate solu-
tion with the ammonia solution results in almost instant gelation.
The reaction mixtures (= 40 mL) were placed in 100 mL Teflon auto-
claves and subjected to hydrothermal treatment at 180 °C for 24
hours. After cooling the autoclaves, yellowish, slow-sedimenting
precipitates were repeatedly washed using deionized water and
dried at 60 °C.
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Powder X-ray diffraction patterns were recorded with a Bruker D8
Advance diffractometer using Cu-K; , radiation in the 26 range 3-
120° at a 26 step of 0.02° and a counting time of 0.3 s per step.
The samples prepared to solve the structure were analyzed using
a STOE STADI P powder diffractometer with a spinning sample in
symmetric transmission mode (Co-K,,; radiation, A = 1.78896 A).

The microstructure (scanning electron microscopy, SEM) and the
chemical composition (energy dispersive X-ray analysis, EDX) of the
samples were analyzed on a Carl Zeiss NVision 40 high-resolution
scanning electron microscope equipped with an Oxford Instru-
ments X-MAX (80 mm?) detector, operating at an accelerating volt-
age of 1-20 kV. SEM images were taken using an Everhart-Thornley
detector (SE2) at 1 kV accelerating voltage.

Thermal analysis was performed on a TGA/DSC/DTA SDT Q-600 ana-
lyzer (TA Instruments), upon linear heating to 1000 °C (heating rate
of 10 °C/min) in a 250 mL/min airflow.

The evolved gases were analyzed using a QMS 403C Aéolos quadru-
pole mass spectrometer (Netzsch, Germany) combined with a
Netzsch STA 409 PC Luxx thermoanalytical system in Ar atmosphere
at a heating rate of 10 °C/min.

The FTIR spectra of the samples were recorded on a Bruker ALPHA
spectrometer, in a range of 400-4000 cm™’, in attenuated total re-
flectance mode.

CHN-analysis was performed using a EuroVector EA3000 CHNS ele-
mental analyzer.

3P NMR spectrum of the NH,Ce,(PO,); sample was measured using
self-built coherent pulsed NMR spectrometer at 5.509 T. The bore
superconducting magnet possessed the magnetic field space ho-
mogeneity of about 5 ppm. The 3'P NMR spectrum was obtained
by the Fourier transform of the FID signal after the 7/2 pulse of
5 ps duration. Concentrated H;PO, aqueous solution (= 85%) was
used as a 3'P chemical shift reference sample. The 3'"P NMR reso-
nance frequency of HsPO, measured using the spectrometer was
94.95523 MHz.

CCDC 1879687 for NH,Ce,(PO,4); contains the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.
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