
O
C

L
J
a

b

c

d

a

A
R
R
A
A

K
R
N
H
O

1

t
M
t
h
l
e
i
h
l
2
e

c
i
t
p
f
w
r

0
d

Journal of Alloys and Compounds 509 (2011) 7458– 7465

Contents lists available at ScienceDirect

Journal  of  Alloys  and  Compounds

j our na l ho me  p ag e: www.elsev ier .com/ locate / ja l l com

ptical  and  structural  characterisation  of  pure  and  Pr3+ doped  LaPO4 and
ePO4 nanocrystals

.  Macalika,∗,  P.E.  Tomaszewskia,  A.  Matraszekb, I.  Szczygiełb,  P.  Solarza, P.  Godlewskac,  M.  Sobczykd,
.  Hanuzaa,c

Institute of Low Temperature and Structure Research, Polish Academy of Sciences, ul. Okólna 2, 50-422 Wrocław, Poland
Department of Inorganic Chemistry, Faculty of Engineering and Economics, Wrocław University of Economics, ul. Komandorska 118/120, 53-345 Wrocław, Poland
Department of Bioorganic Chemistry, Faculty of Engineering and Economics, Wrocław University of Economics, ul. Komandorska 118/120, 53-345 Wrocław, Poland
Faculty of Chemistry, University of Wrocław, ul. F. Joliot-Curie 14, 50-383 Wrocław, Poland

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 27 July 2010
eceived in revised form 22 March 2011
ccepted 12 April 2011
vailable online 22 April 2011

a  b  s  t  r  a  c  t

The  rod-  and  stick-shaped  nanocrystalline  cerium  and  lanthanum  orthophosphates,  pure  and  Pr3+ doped,
have  been  synthesised  by  the  hydrothermal  method  in  acidic  (pH  1)  or  alkaline  (pH  11)  environment.
Subsequent  calcination  of  as-obtained  powders  at different  temperatures,  500  and  900 ◦C,  led  to  the
formation  of  hexagonal  and  monoclinic  phases,  respectively.  The  hexagonal  phase  at  room  temperature
eywords:
are earth orthophosphates
anostructured materials
ydrothermal synthesis

has  been  identified  as  hydrated  orthophosphate  with  zeolite  water  inside  the  channels  of  the  structure.
The  monoclinic  phase  is free  of  water.

The average  grain  size  is  about  12–30  nm depending  on the calcination  temperature  and  preparation
conditions.  The  structural,  morphological  and  optical  (vibrational  and  luminescent)  properties  have  been
characterised  and  their  changes  due  to  the  temperature  and  different  acidity  in  the  starting  materials
ptical properties have  been  studied.

. Introduction

Phosphates are known host for the luminescent ions and
heir optical properties are tunable by rare earth dopants used.

onophosphates doped with rare earth ions have become the cen-
re of great attention due to their favourable optical properties and
ave been widely studied for application as luminophors, scintil-

ators and laser devices. In a wide class of materials some of them,
specially LaPO4 and CePO4 present a broad range of applications
n different areas of technological interest. They could be very good
osts for other lanthanide active ions and play role in biological

abelling applications. Due to their very high melting point (over
000 ◦C), as well as chemical and thermal stability they are consid-
red ceramic matrix for immobilizing high-level radioactive waste.

Monophosphates containing trivalent cerium and terbium ions
ould be used for lamp phosphor emitting in green [1,2]. The Pr3+

on is a promising optical activator with the possibility of simul-
aneous blue, green or red emission. Praseodymium concentrated
hosphates are characterised by the intense emission with very

ast decays due to the allowed electric-dipole 5d–4f transitions
hich makes them interesting as fast efficient scintillation mate-

ials [3–5]. One of the parameters of industrial application of the
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phosphates is morphology of phosphors what involves studies of
improvement of the shape and size of powder particles of the
obtained materials [6–8]. The investigations of rare earth-activated
lanthanide phosphate-based phosphors pay attention to explore
such kind of materials which may improve lifetime and lumines-
cence efficiency for PDP (plasma display panel) applications [9].

The syntheses and thermal stability of various orthophosphates
have been reported in numerous papers. Rare earth orthophos-
phates crystallize in several crystal types: (i) the hexagonal
hydrated rhabdophane type (LnPO4·nH2O; 0.5 < n < 1, the exact
water content is not known) for light rare earth elements (La–Gd)
and the weinschenkite type (LnPO4·2H2O) for Ln = Dy, Er and Y, (ii)
the monoclinic anhydrous monazite type LnPO4 (Ln = La–Gd) and
the tetragonal xenotime (zircon) type for heavy rare earth elements
(Ln = Tb–Lu, Sc, Y).

A comprehensive review of the monazite- and zircon-type crys-
tals [10] reveals only a few crystal structure solutions, some of
them correspond to La or Ce orthophosphates [11–16].  Unfortu-
nately, the exact crystal structure of hydrated phosphate is not
known and to our knowledge there is no a similar review concern-
ing rhabdophane-type crystals.

The thermal studies of rhabdophane LnPO4·nH2O (Ln = La and

Ce) [17] showed that two transformations are observed. First one
is related to the release of zeolite water at about 220 ◦C. The second
one corresponds to the irreversible structural phase transition at
about 620 ◦C when the anhydrous hexagonal form transforms into

dx.doi.org/10.1016/j.jallcom.2011.04.077
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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he monoclinic monazite phase. The reversibility of the dehydrata-
ion was studied by Khorvath et al. [18] up to 250 ◦C. It should be
oted that the temperature reported for these transitions depends
n preparing method of hexagonal phases and on its thermal his-
ory [19].

In the present paper we focus on the characterisation of LaPO4
nd CePO4 nanomaterials undoped and doped with Pr3+ ions.

. Experimental

.1. Material synthesis

Both hexagonal and monoclinic types of light lanthanide phosphates could be
btained by hydrothermal synthesis [15,20–23].  The conditions of synthesis, i.e.
emperature and the pH value of solution influenced the type of obtained prod-
ct.  Nanoparticles of cerium and lanthanum orthophosphates, pure and slightly
oped −1 at.% – with Pr3+ ions, were prepared by the long- and short-lasting low-
emperature hydrothermal methods.

In the former method, high purity LnCl3·7H2O, where Ln = La, Ce and Pr, were
issolved in 0.1 M HCl and the appropriate volume of crystalline H3PO4 was  added.
he  mixture with pH 1 was  transferred into a Teflon-lined stainless steel vessel and
he  hydrothermal reaction lasted at 100 ◦C for 24 h. The autoclave was naturally
ooled to room temperature. The obtained powders were separated by centrifuga-
ion and washed several times with double distilled water and methanol. Similar

ethod was  used by Ferhi et al. [20] to obtain lanthanum phosphate microcrys-
alline powder doped with Eu3+. For samples obtained in the alkaline environment
he stoichiometric amounts of lanthanide chlorides and crystalline H3PO4 were dis-
olved in distilled water and the pH value of the solution was  kept about three by
dding 1 M HCl. After half an hour, the clear solution was  heated to 70 ◦C and the pH
alue was  adjusted dropwise to 11 with 1 M NaOH. The opalescent colloid was sub-
equently transferred into a Teflon-lined stainless steel vessel and the hydrothermal
eaction was run in the same manner as for acidic condition of reaction.

The powders of LaPO4 and CePO4 were also obtained under short-lasting
ydrothermal conditions. The chemical reagents, La(III) or Ce(III) nitrate hex-
hydrate and diammonium hydrogen phosphate, were used in stoichiometric
olar ratios with the concentration of lanthanides of 0.04 mol/dm3. The lan-

hanum/cerium nitrate and the phosphate precursors were diluted with water to
btain 50 ml of milky solution. As obtained sols were products of acidic reaction
pH  1). The alkaline solutions were derived in a similar way, except for addition
f  ammonia to achieve pH 11. The sols were aged for 24 h before the hydrother-
al treatment. Unfortunately, the doping with Pr3+ was  unsuccessful using this
ethod. The hydrothermal reactions were performed in a Magnum II autoclave

Ertec, Poland) with heating of the samples by microwaves of the maximal power of
00  W.  The syntheses were controlled by measuring of total pressure in the Teflon
eactor. The hexagonal type phosphates were obtained by heating of the sols under
max = 20 bar for 15 min. As obtained fine precipitates were filtered and washed
everal times with distilled water.

The final product, powders in the nanocrystalline form with hexagonal sym-
etry, was  obtained by drying the as-synthesized powders at 100 ◦C for 2 h and

y  subsequent calcination at 500 ◦C for 24 h in an electric furnace in a nitrogen
tmosphere (N2). The monoclinic samples were obtained by calcination of the as-
ynthesized powders at 900 ◦C for 24 h in a N2 atmosphere. The obtained samples
ere used for further investigation.

.2. X-ray powder diffraction

X-ray powder diffraction patterns (XRD) were recorded at room temperature
y  using STADI-P powder diffractometer (STOE, Germany) working in the trans-
ission geometry and equipped with a linear 140◦-PSD detector. CuK�1 radiation

�  = 1.54056 Å) in the 2� range from 10◦ to 65◦ with a step of 0.03◦ a flat rotating
ample holder was  used. DICVOL04 [24] was used for indexing the X-ray powder
iffraction patterns. The structure solution was carried out using FullProf package
25].

The average size of nanocrystallites was estimated from the broadening of the
-ray diffraction lines using the Scherrer equation D = K�/(� cos �), where D is the
iameter of the crystallite (in the approximation of a spherical shape), � is the X-
ay  wavelength,  ̌ is the full width at half maximum (FWHM) of the diffraction
ine (in radians) and � is the Bragg angle of diffraction peak [26,27]. The Scherrer
onstant K is conventionally set to 1.0 [28]. The contribution of the instrumental
roadening was  removed by subtracting the FWHM of the respective line observed
or  well-annealed bulk crystals. The Halder–Wagner parabolic approximate relation,

 = B − b2/B, was used  ̌ is the FWHM of the true diffraction profile, B and b are
he  measured FWHM of the equivalent diffraction lines in the specimen and the
eference sample, respectively [27,28].
.3. Electron microscopy studies

The morphology and particle size of the phosphates were determined using a
ransmission electron microscopy (TEM) technique. The TEM specimens were pre-
mpounds 509 (2011) 7458– 7465 7459

pared by dispersing a small amount of the nanocrystalline powder in pure ethyl
alcohol with ultrasonic agitation. A droplet of the suspension was  deposited on
a  copper microscope grid covered with carbon thin film. The grains on the sup-
ported films were then examined using conventional TEM (Tesla BS 500, operated
at  90 kV). The microstructure was studied by high-resolution TEM (HRTEM, Philips
CM20 SuperTwin operating at 200 kV).

2.4. Spectroscopic measurements

The infrared absorption spectra were measured at room temperature using a
Biorad 575C FT-IR spectrometer in the spectral range of 50–4000 cm−1. KBr pel-
let  and the Nujol mull suspension technique were applied to measurements for
the  mid  (MIR) and far (FIR) infrared range, respectively. Room temperature Raman
spectra were recorded in the spectral range of 80–4000 cm−1 with a Bruker RFS 100
FT-Raman Spectrometer using the back scattering arrangement. The 1064 nm line
of Nd:YAG laser as an excitation source and a liquid nitrogen-cooled Ge detector
were used. Both IR and Raman spectra were recorded with a spectral resolution of
2  cm−1.

The luminescence and excitation spectra were gathered with a Hamamatsu R-
955  PMT  using one channel 750 focal length a Dongwoo Optron spectrophotometer
(model DM711). To excite the sample a 180 W ozone-free lamp (Dongwoo Optron)
was  used. All measurements were performed at room temperature.

In  luminescence decay time measurements, short pulses (4 ns) produced by an
optical parametric oscillator OPO (Continuum, Surelite I) pumped by the third har-
monic of Nd:YAG laser were used to excite directly luminescence levels. The decay
signal was detected, averaged and stored with a Tektronix TDS 3052 digital oscillo-
scope; the all decay data consisted of ten thousand points. The fits of experimental
decay curves were done using the Microcal Origin v5.0 software; the amplitude of
the curves was  calibrated to thousand. The analysed multiplets (3P0 and 1D2) were
excited directly to avoid the influence of over-lying multiplets onto decay curves
profiles of measured levels. Due to non-exponential character of decay curve of the
1D2 curves the mean lifetime (�m) of this multiplet can be evaluated following the
Inokuti–Hirayama formula [29]:

�m =

∫ ∞
t=0

tI(t)dt
∫ ∞

t=0
I(t)dt

(1)

where I is the intensity of luminescence and t represents time.

3. Results and discussion

3.1. Structural considerations

Analysis of the X-ray powder diffraction patterns of the
orthophosphate nanopowders shows that the investigated sam-
ples are free of impurity phases and they are independent of the
crystallisation method used. The as-synthesized phosphates have
hexagonal symmetry both for pH 11 and pH 1 for the starting solu-
tion. All diffraction peaks for the samples calcined at 500 ◦C and
900 ◦C could be indexed in the hexagonal and monoclinic unit cells,
respectively. Fig. 1 shows the X-ray powder diffraction patterns of
as-synthesized CePO4 and hexagonal CePO4 synthesized under the
acidic or alkaline conditions and subsequently calcined at 500 ◦C.
The monoclinic CePO4 synthesized under the acidic or alkaline con-
ditions and subsequently calcined at 900 ◦C are also presented. For
comparison, the diffraction patterns of corresponding crystals are
added. The praseodymium dopant is not the reason for the shift of
the diffraction peaks. XRD patterns for LaPO4 are shifted towards
the lower degrees in comparison to the CePO4 apart from the type
of phosphate. In Figure 1 the LaPO4:Pr3+ obtained under pH 1 and
pH 11 is shown as an example.

Due to the rather poor quality of the X-ray powder diffraction
patterns (n.b. obvious for nanocrystalline species), solution of the
structures is difficult when using a routine procedure. Fortunately,
the structures of our samples similar to those known from lit-
erature: hexagonal [11] and monoclinic [14]. However, the exact
crystal structure of hydrated orthophosphate is not known. The
key paper by Mooney [11] gives the positions of atoms except

those of zeolite water. The same rigid framework as for our hexag-
onal ortophosphates was  found in the structure of KCaNd(PO4)2
[30] where K+ ions are in the channels instead of water molecules.
Unfortunately, the use of such model for the samples calcined
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Fig. 1. X-ray powder diffraction patterns of the orthophosphate nanopowders with
the patterns of corresponding crystals [11,14] for comparison: as-synthesized CePO4
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pH 11) – (1), as-synthesized CePO4 (pH 1) – (2), CePO4·nH2O (pH 1, 500 C) – (3),
ePO4·nH2O (pH 11, 500 ◦C) – (4), CePO4 (pH 1, 900 ◦C) – (5), CePO4 (pH 11, 900 ◦C)

 (6), LaPO4:Pr3+ (pH 1, 900 ◦C) – (7) and LaPO4:Pr3+ (pH 11, 900 ◦C) – (8).
t 500 ◦C, does not give satisfactory agreement between calcu-
ated and observed diffraction patterns. A slight improvement in
tructure solution was noted only. Thus, the problem of the exact
osition of water molecules in our nanocrystals is still open.

ig. 2. TEM images of the as-synthesized phosphates by hydrothermal treatment: (a) Ce
ePO4 obtained under pH 11 (inset: a fragment with scale of 20 nm)  and HRTEM images o
atterns in insets: (b) CePO4 obtained under pH 1, (d) CePO4 obtained under pH 11.
ompounds 509 (2011) 7458– 7465

The presence of water in the structure indicates a very unsta-
ble form. The hexagonal type orthophosphates are assumed to
be metastable compounds whose structure is stabilised by water
molecules of zeolitic nature. In such a case, the release of water
under heating at temperatures higher than 250 ◦C should result in
polymorphic transformation with subsequent monazite formation.
Under our study phosphates of rhabdophane-type were hydrated
(see also for the FTIR analysis results) in spite of the samples calci-
nation at 500 ◦C. Thus, the reversibility of dehydration is possible
even up to 500 ◦C which exceeds the temperature regime of the
rhabdophane existence range [18].

In the case of samples affected by the thermal treatment at
900 ◦C, the structure is similar to that well known from literature
[13,14]. It is monoclinic P21/n structure with the lattice parame-
ters of about a = 6.8 Å, b = 7.0 Å, c = 6.46 Å and  ̌ = 103.5◦. It should
be noted that the monoclinic structure has a more compact atom
arrangement than the hexagonal one justifying the irreversibility
of transition at about 620 ◦C. Detailed considerations will be pub-
lished elsewhere. However, the monoclinic phase could be obtained
by the hydrothermal synthesis at temperature about 200 ◦C [20].

The grain sizes of the obtained samples and the morphology
of crystallites depend on the growth conditions (pH value, tem-
perature of hydrothermal treatment and calcination) as well as

on the dopants used. Upon analysis of the X-ray diffraction lines
using the Scherrer equation the average size of nanocrystallites
was  estimated. The samples received from acidic solution (pH 1)
and calcined at 500 ◦C consist mainly of rod-like shape nanometric

PO4 obtained under pH 1 (inset: a fragment with nanowires, scale of 200 nm), (c)
f single nanorods with the corresponding selected area electron diffraction (SAED)
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Fig. 3. TEM images of the hexagonal phosphates: (a) CePO :Pr obtained under pH 1, (c) CePO obtained under pH 1, (d) CePO :Pr obtained under pH 1 and long-lasting
h ge of 

u

p
f
d
t
o
n
s
o
p

4

ydrothermal method, (e) and (f) CePO4 obtained under pH 11 and (b) HRTEM ima
nder pH 1.

articles with linear dimensions of about 20 nm × 20 nm × 40 nm
or pure samples, and 20 nm × 20 nm × 100 nm for the samples
oped with praseodymium. On the other side, the samples crys-
allised at pH 11 contain spherical grains with a mean diameter
f about 12 nm.  The grains of the samples treated at 900 ◦C have

early spherical shape with the diameter of about 30 nm for all
amples independently of pH and the dopant presence. The change
f morphology from rod-like to round-shaped grains in the sam-
les received at pH 1 was also observed in micropowders obtained
4 4

single nanorod with the corresponding SAED pattern in insets for CePO4 obtained

by ball milling. Corresponding change in morphology was  not
observed for the samples obtained at pH 11 [19].

The results obtained from the Scherrer equation were verified
by microscopy studies. It appeared that the commonly used Sher-
rer method was  very approximate and it could not be applied to

the particles with the lengthened shape. It seems that all types
of the obtained phosphates in this investigation crystallize in rod-
like shape nanometric particles. TEM images of the as-synthesized
phosphates are presented in Fig. 2. The as-synthesized CePO4 phos-
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Fig. 4. TEM images of the monoclinic phosphates: (a) and (b

hate obtained under pH 1 consists almost entirely of nanorods
ith diameters close to 20 nm.  However, separate agglomerates of

ery long nanowires with lengths up to a micrometer appeared in
laces as it is seen in the inset of Fig. 2a. Particles obtained under pH
1 are considerably smaller with diameters less than 10 nm.  Their
istribution is rather uniform (Fig. 2c).

HRTEM images and the selected area electron diffraction (SAED)
atterns (Fig. 2b and d with insets) taken from a single rod show
learly resolved planes indicating the single crystallisation and that
he direction of the rod growth is along the c-axis. The same results
re observed for the other phosphates calcined both at 500 and
00 ◦C.

Fig. 3 presents TEM images of the hexagonal phosphates. It is
een that Pr3+ ions dopant does not change the morphology of
anoparticles (Fig. 3a and c). Mainly the rod-like shape particles
btained at pH 1 have about 20 nm of diameter and tens nm of
ength although, the longer rods with several hundred nm of length
lso appeared. Nanorods obtained by the long-lasting hydrother-
al  method have slightly bigger diameters and there are more

ery short rods (Fig. 3d). Hexagonal phosphates obtained at pH 11
ave still the same morphology but their diameters are consider-
bly smaller (Fig. 3e and f). HRTEM and SAED results confirm the
bservations for the as-synthesized phosphates (Fig. 3b).

TEM images for the monoclinic phosphates presented in Fig. 4
how that particles morphology remained intact after calcination
t 900 ◦C. Nanorods of samples obtained at pH 1 have a little bigger
iameters in comparison with the samples obtained at pH 11.

.2. Vibrational studies
Infrared spectra of nanocrystalline orthophosphates are shown
n Figs. 5 and 6 for hexagonal and monoclinic crystals, respectively.
he bands are characteristic for phosphates with the PO4 tetrahe-
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ig. 5. FIR (a) and MIR  (b) spectra of the hexagonal nanopowders: LaPO4·nH2O:Pr3+ (pH 1
pH 1) – (4).
4 obtained under pH 1 and (c) CePO4 obtained under pH 11.

dra. The space group P6222 for hexagonal and P21/n for monoclinic
phosphates was  postulated by Mooney [11,31].  The spectra were
discussed with reference to tetrahedral molecular symmetry and
site symmetry occupied by phosphor [19]. Table 1 presents the
correlation diagram for the PO4 tetrahedra [32]. The normal vibra-
tions of the PO4 species for phosphates calcined at 900 ◦C appear
in the following regions: �1 mode (P–O symmetric stretching) at
about 956 cm−1, �3 mode (P–O asymmetric stretching) at about
994, 1025, 1062 and 1094 cm−1 and �4 mode (O–P–O asymmet-
ric bending) at about 541, 565, 580 and 613 cm−1. For phosphates
calcined at 500 ◦C only three bands are observed in the range of
�4 vibration modes. Moreover, for the monoclinic orthophosphate
the �2 modes (O–P–O symmetric bending) at about 491 cm−1 can
be observed in some extent, while for the hexagonal phosphate
�2 vibration modes are not observed in the studied wavenumber
range. Further, the band of �1 mode is very weak and the range of
�3 mode is broad and not fully resolved. It seems to confirm that
the site symmetry for the PO4 polyhedron could be D2 in the case
of hexagonal phosphates and C2 for monoclinic ones [19,30].

The Raman spectra shown in Fig. 7 exhibit strong modes
between 390 and 1100 cm−1 related to vibrations of the PO4
tetrahedral. For the monoclinic phosphates the spectra are rich
especially in the �2 and �4 mode range situated at 390–490 and
520–630 cm−1, respectively. The �1 mode situated at 967 cm−1 for
lanthanum and 971 cm−1 for cerium is very strong and �3 mode is
composed with five bands situated at 991, 1024, 1055, 1065 and
1073 cm−1. For the hexagonal phosphate the bands in the Raman
spectra are very weak and hardly detected. Only two  peaks are
strong enough to be well detected: 468 cm−1 for �2 and 979 cm−1
for �1 modes.
The hexagonal structure of LnPO4·nH2O (Ln = La – Nd) is built of

PO4 tetrahedra and LaO8 polyhedra connected together and form
chains which are linked by the P–O–Ln bonds leaving an open

700 800 900 1000 1100

number [cm
-1 ]

1) – (1), CePO4·nH2O (pH 1) – (2), CePO4·nH2O (pH 11) – (3) and CePO4·nH2O:Pr3+
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Fig. 6. FIR (a) and MIR  (b) spectra of the monoclinic nanopowders: LaPO4:Pr3+ (pH 1) – (1), LaPO4:Pr3+ (pH 11) – (2), CePO4 (pH 1) – (3), CePO4 (pH 11) – (4) and CePO4:Pr3+

(pH 1) – (5).

Table 1
Correlation between the tetrahedral PO4 molecular symmetry and possible site symmetries occupied by the phosphor in orthophosphate.

Td D2 C2

A1(RS) A(RS) A(IR, RS) �1

E(RS) A(RS) A(IR, RS) �2

A(RS) A(IR, RS)

F2(IR, RS) B1(IR, RS) A(IR, RS) �3

B2(IR, RS) B(IR, RS)
B3(IR, RS) B(IR, RS)

F2(IR, RS) B1(IR, RS) A(IR, RS) �4

B2(IR, RS) B(IR, RS)
B (IR, RS) B(IR, RS)
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hannels along the hexagonal c axis. These channels could be occu-
ied by the water molecules which would stabilise the structure
11]. Hexagonal phosphates are hydrated what is confirmed by the
ppearance of strong absorption bands in IR spectra (this range is
ot presented in Fig. 5). The O–H stretching modes are located at
471 and 3514 cm−1, while the bending modes are at 1630 cm−1.

hese bands are not observed for monoclinic orthophosphates indi-
ating loss of zeolite water during heating the sample above 600 ◦C.
he absence of band of water vibration in the 700–800 cm−1 range
ndicates the zeolitic nature of water [20].
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ig. 7. Raman spectra of the hexagonal and monoclinic nanopowders: CePO4:Pr3+

pH 1, 900 ◦C) – (1), CePO4 (pH 1, 900 ◦C) – (2), CePO4 (pH 11, 900 ◦C) – (3), LaPO4:Pr3+

pH 1, 900 ◦C) – (4), LaPO4:Pr3+ (pH 11, 900 ◦C) – (5), CePO4·nH2O:Pr3+ (pH 1, 500 ◦C)
 (6), CePO4·nH2O (pH 1, 500 ◦C) – (7) and CePO4·nH2O (pH 11, 500 ◦C) – (8).
3.3. Luminescence studies

The luminescence measurements results for nanocrystalline
orthophosphates doped with 1 at.% Pr3+ are shown in Figs. 8 and 9,
respectively. Fig. 8 presents the excitation spectra of Pr3+ lumines-
cence in LaPO4 monitored at 607 nm.  The shape of the bands of the

◦
monoclinic compounds (i.e. the samples calcined at 900 C) is very
similar independently of the crystal growth conditions what con-
firms that these nanocrystals have the same structure. The spectra
are composed of the well-separated bands reflecting transitions:
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Fig. 8. The excitation spectra of LaPO4:Pr3+ obtained at pH 1 and 11 and calcined
subsequently at 500 and 900 ◦C, respectively; �lum = 607 nm.  The spectra of the sam-
ples  calcined at 500 ◦C are shown as inverted (upside down) for better clarity of the
figure.
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Table 2
The lifetimes of the 1D2 and 3P0 multiplets of Pr3+ (1 at.%) recorded for samples of
cerium and lanthanum orthophosphates.

Sample Temperature of
calcination (◦C)

pH 1D2 (�s) 3P0 (�s)

CePO4·nH2O:Pr3+ 500 1 0.99a 0.97a

CePO4:Pr3+ 900 1 31.95 0.94a

LaPO4·nH2O:Pr3+ 500 1 29.20 0.94a

LaPO4:Pr3+ 900 1 62.92 2.49
LaPO4·nH2O:Pr3+ 500 11 26.35 0.94a

in K5CeLi2F10, K5LaLi2F10 and K5GdLi2F10 hosts doped with Pr3+

[35]. It was shown that Ce3+ matrix reduces efficiently the 3P0 emis-
sion by about a factor of 100 compared to either Gd3+ or La3+. The
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or samples obtained at (pH 1, 900 ◦C) – (3); �exc = 455 nm.  Some spectra of the
amples are shown as inverted (upside down) for better clarity of the figure.

H4 → 3P0 with maxima located at 20 570 and 20 675 cm−1 (486
nd 484 nm), 3H4 → 3P1,1I6 with maxima at 21 145 and 21 340 cm−1

473 and 469 nm)  and 3H4 → 3P2 with maxima at 22 190 and
2 580 cm−1 (451 and 443 nm). However, a supplementary weak
and situated at 20 905 cm−1 (478 nm)  is observed in the spectrum
f the sample obtained at pH 1. It could be of vibronic nature and
ts appearance may  suggest that conditions of the crystallisation
ffect phonon properties. The excitation spectra of praseodymium
oped samples calcined at 500 ◦C are composed of rather weak
road bands. The significantly lower intensity of the lines may  indi-
ate that the water molecules present in the hexagonal samples
lay a meaningful role in the luminescence quenching. In addition,
early not visible bands in the range of 440–450 nm for the sam-
les obtained at pH 11 testify that the environmental conditions of
rystal growth have also an influence on optical properties of the
btained material.

Any attempt of recording of the excitation spectra of CePO4
oped with 1 at.% of Pr3+ was unsuccessful for the both sam-
les calcined at 500 ◦C and 900 ◦C, apart from the pH value of
he reagent solution. Even the experiment under nitrogen atmo-
phere could not lead to any result because the samples became
ellow-brown.

The emission spectra of LnPO4 doped with Pr3+ ions are pre-
ented in Fig. 9. Two bands dominate for lanthanum samples
alcined at 900 ◦C. The first one is related to the emission originated
t the 3P0 level to the ground level 3H4 and it is composed of sev-
ral narrow lines situated at 20 675, 20 575, 20 535, 20 295, 20 175
nd 20 115 cm−1 (484, 486, 487, 493, 496 and 497 nm,  respec-
ively). The second main band may  be assigned to the 1D2 → 3H4
ransition and is composed of lines situated at 16 920, 16 795,
6 760, 16 625, 16 525 and 16 460 cm−1 (591, 595, 597, 602, 605 and
07 nm,  respectively). Weaker bands are related to the transitions
rom 3P0 to 3H5 (19 000 cm−1/526 nm), 3F2 (15 500 cm−1/645 nm),
nd 3F3,4 (13 700 cm−1/730 nm). All mentioned transitions were
ardly visible in cerium orthophosphate calcined at 900 ◦C and
nalogous lanthanum orthophosphates calcined at 500 ◦C. On the
ther hand, for the hexagonal LaPO4·nH2O obtained at pH 11,

 broad band with maximum situated at 20 730 cm−1/482 nm
an be observed. The nature of this band is unclear now, it

ay  be due to scattering of excitation light. In the excitation

pectrum no transfer from cerium d-levels to Pr3+ multiplets is
bserved.
LaPO4:Pr3+ 900 11 74.81 2.34

a Time constant of the measurement setup of lifetime is ∼0.9 �s.

3.4. Dynamics of excited states

The lifetimes of the 1D2 strongly depend on the calcination tem-
perature and matrix composition. The detailed data were gathered
and presented in Table 2 and Fig. 10.  The lifetime of the 1D2 multi-
plet in the case of cerium compound calcined at 500 ◦C is short, not
longer than 1 �s. With increase of the calcination temperature to
900 ◦C it becomes longer by about 30 times. Unfortunately, we were
not able to record the lifetime of this multiplet for cerium phos-
phate sample synthesised at pH 11. That may  lead to suggestion
that at low calcined temperature small amount of water oxidize
Ce3+ to Ce4+ which manifest in the 1D2 luminescence quenching
that might be removed with calcination at 900 ◦C (sample synthe-
sized at pH 1). In the case of high concentration of OH− ions the
number of oxidized Ce4+ ions is too big and such samples do not
show luminescence even after calcination at 900 ◦C [33,34].

The influence of calcination temperature and pH on the life-
times of the 1D2 multiplet of Pr3+ in lanthanum orthophosphate
compounds is much weaker. They are found to be about 27 �s for
the samples calcined at 500 ◦C, whereas they become about twice as
long for the samples calcined at 900 ◦C. All recorded decay profiles
of the 1D2 multiplet were non-exponential, this may suggest that
the 1D2 multiplet in studied phosphates is concentration depen-
dent.

The lifetimes of the 3P0 multiplet are rather short. For the all
analysed samples calcined at 500 ◦C they are not longer than 1 �s
but for the samples calcined at 900 ◦C the lifetimes are twice as long
except for the cerium orthophosphate, where value of the lifetime
is still about 1 �s (Table 2 and Fig. 11.).

Similar behavior has been observed by Łempicki and McCollum
Time [μs]

Fig. 10. Lifetimes of the 1D2 multiplet of Pr3+ in lanthanum and cerium orthophos-
phates.
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fficiency of the 1D2 was not changed. It should be mentioned that
empicki and McCollum worked with fluoride material synthesized
n reduction atmosphere. The materials investigated in this work
ontain oxygen that might cause partial oxidation of Ce3+ to Ce4+

nd reduction of efficiency of the 1D2 level in CePO4:Pr3+.

. Conclusions

The nanoparticles (12–30 nm)  of hydrated (hexagonal)
nd water-free (monoclinic) phases of lanthanum and cerium
rthophosphates were obtained and their optical properties were
nvestigated. Unfortunately, the attempts to resolve the crystal
tructure of hexagonal phase using the routine procedure were
nsuccessful – it was not possible to find the positions of water
olecules. The monoclinic phase was obtained by calcination of

s-synthesized hexagonal powder at temperature of 900 ◦C. This
rocess is irreversible.

It is clearly shown that the morphology of nanoparticles of
he cerium and lanthanum orthophosphates obtained by the
ydrothermal method remained intact after changing the condi-
ion of synthesis from acidic to alkaline environment. Moreover,
his morphology is stable after calcination at high temperature. It
s found that pH has influence on the size of obtained particles. The
hange of pH from 1 to 11 resulted in the decrease of diameters of
anorods particles.

Differences between hexagonal and monoclinic nanocrystals

re very well reflected in the infrared and Raman scattering spectra
lthough influence of the environment conditions of the crystalli-
ation is less meaningful. Similar phonon behaviour was  found for
oth lanthanum and cerium phosphates. On the other hand, the

[
[
[
[
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structure differences as well as growth environment conditions of
the crystallisation reactions play role in the luminescent properties.
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