Volume 22
Number 46

14 December 2020
Pages 8009-8152

CrystEngComm

rsc.li/crystengcomm

o
-

ROYAL SOCIETY
OF CHEMISTRY

ISSN 1466-8033

PAPER

Jannis Wehmeier and Markus Haase

Na, ., ,Sr.Gd, ., ,Fs nanocrystals (O = x < 1: growth, size
control and shell formation on 8-NaCeF, Tb core particles




Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

7 ROYAL SOCIETY
PN OF CHEMISTRY

CrystEngComm

View Article Online

View Journal | View Issue

{1) Checkforupdates‘ Na1,5_§erGd175_§ Fe¢ nanocrystals (0 < x < 1): growth,
size control and shell formation on 3-NaCeF4:Tb

core particlest

Cite this: CrysttngComm, 2020, 22,
8036

Jannis Wehmeier @ and Markus Haase @ *

Na1,5,§erGd1,5,§ Fs is an interesting shell material for B-NaREF, particles of the lighter lanthanides (RE =
Ce, Pr, Nd), as variation of its strontium content x allows to vary its lattice parameters and match those of
the core material. It crystallizes in the hexagonal gagarinite structure (NaCaYFe) which is closely related to
the hexagonal structure of B-NaREF,4, known from the upconversion host lattices B-NaYF4 and B-NaGdF,.
Here, we studied the formation of Na1,5,§erGd1,5,§ Fe nanocrystals over the entire range 0 < x < 1. Heating
of a solution of the metal oleates in oleic acid/octadecene in the presence of NH4F results in the formation
of small (=3 nm) particles as the first product. For x < 0.2, these particles mainly consist of the hexagonal
gagarinite phase whereas for x > 0.2 most particles crystallize in a cubic lattice resembling the structure of
a-NaGdF,. Further heating at 320 °C leads to dissolution of the cubic phase and formation of larger parti-

cles of the hexagonal phase. Both the time required for complete dissolution as well as the final size of the
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Na; 5-:S1,Gy 5-x Fg particles systematically grows with increasing strontium content x, showing that high
Accepted 4th October 2020 15-3Ph 0155 Fe P Y 9 9 9 9

values of x decrease the number of hexagonal seeds formed. The lattice parameters of the hexagonal
DOI: 10.1039/d0ce01301c phase are found to increase linearly with x and become, for high values of x, similar to those of the hexag-
onal phase of NaCeF4, NaPrF4, and NaNdF,4. Small particles of the cubic phase of NaGdSrFg are shown to

rsc.li/crystengcomm be suitable precursors to form a gagarinite shell on p-NaCeF4:25% Tb particles.

mineral Gagarinite, NaCaYF,,** which crystallizes in the same
space group.**° In fact, if one half of the Ca®" ions in

1 Introduction
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Doped and undoped NaGdF, nanocrystals are widely investi-
gated owing to their interesting magnetic and optical proper-
ties. Applications of these nanocrystals have been proposed in
the fields of magnetic resonance imaging (MRI),"” multi-
modal labeling and imaging,®"’ drug delivery,'®?>
photovoltaics**™” and security inks. Usually, the particles
are prepared in the hexagonal phase, known as the f-NaGdF,
phase, which is the thermodynamically most stable phase of
the bulk material at low temperatures. The exact crystal struc-
ture of the hexagonal phase of NaGdF, (RE = rare earth) is a
matter of a long-lasting debate and has been assigned to the
space groups P63/m or P6.>" Recently, large single crystals of
B-NaGdF, could be successfully grown by the Czochralski
method and the structures of these crystals have been shown
to belong to P63/m.**> The structure of B-NaGdF, is therefore
directly related to the structure of the naturally occurring
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gagarinite is replaced by sodium ions and the other half by
Y*" ions, the hexagonal phase of NaYF, is obtained which can
also be written as Na(Na,5Y5)YFs or Na, 5Y; sFe. Partial re-
placement is also possible leading to compositions given by
Na, 5-:Ca,Y; 5-x Fe, where x, the degree of substitution, ranges
from x = 0 for B-NaYF, to x = 1 for gagarinite. The doping of
NaREF, nanocrystals with Ca®>" ions has in fact already been
investigated by several groups, in most cases however, with-
out reference to the gagarinite structure.’®’ Successful incor-
poration of Sr** ions in the lattice of B-NaREF, nanoctrystals
has also been reported, but only with comparatively low
amounts of Sr** (x < 0.33).*"°%%°

The cubic high temperature phase of (bulk) NaYF,, known
as a-NaYF,, crystallizes in the space group Fm3m. The struc-
ture is easily derived from the structure of CaF, by randomly
substituting half of the Ca®>" ions by Na" ions and the other
half by Y** ions.®® Partial substitution of the calcium ions
therefore results in compositions given by Na;_,Ca,,Gd;_F,4
where 0 < x < 1. Since the latter compositions may alterna-
tively be written as Na175_§erGd1,5_§ Fe with 0 < x < 3, the
hexagonal and the cubic phase can be described with the
same chemical formula. When large single crystals of CaF,

This journal is © The Royal Society of Chemistry 2020
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are doped with RE*" ions, high dopant concentration of up to
40% RE’" can be achieved although co-doping with Na' ions
is often omitted.®’ In this case, charge compensation is pro-
vided by additional fluoride ions, yielding compositions given
by Ca;_,RE,F,... The crystal structure of such rare earth
doped CaF, and SrF, crystals has been thoroughly investi-
gated, because single crystals of the materials represent an
important class of solid state laser materials.®® It has been
shown that the rare earth ions form clusters in the crystal lat-
tice and that cluster formation strongly affects the optical
properties of the laser crystals.®> The cubic phase of NaYF,,
on the other hand, is known to form solid solutions with
varying compositions and is therefore better given by
o-Na;_,YF, .. According to the phase diagram of the NaF-YF;
bulk system, z ranges from 0 to 4/9.°%

The two phases of NaREF, also play an important role in
the synthesis of -NaREF, particles with narrow size distribu-
tion. In the synthesis of -NaYF, nanocrystal, for instance, it
is generally observed that a large number of small particles
of the metastable cubic phase (a-NaYF,) are formed as the
first product at early stages of the synthesis. In addition, a
much smaller number of particles of the hexagonal phase (B-
NaYF,) nucleate, either together with the a-NaYF, particles or
during further heating. In the following stages of the synthe-
sis taking place at high temperature, the a-NaYF, particles
dissolve and the material released is consumed by the
B-NaYF, particles which grow in size. This transfer of mate-
rial from the o-NaYF, to the B-NaYF, particles shows that the
metastable cubic phase must have a higher solubility in oleic
acid/octadecene solution than the hexagonal phase. The nar-
row size distribution of the final B-NaYF, particles indicates
that their growth took place under the condition of monomer
supersaturation. The o-NaYF, particles are the origin of the
monomer supersaturation, as -NaYF, particles grown in the
absence of a-NaYF, particles form a broad size distribution.®®
Obviously, the large number of better soluble a-NaYF, parti-
cles generates a monomer concentration so high that the less
soluble B-NaYF, particles grow with focusing of their size dis-
tribution.®”°® In a similar way, B-NaGdF, and other f-NaREF,
particles with narrow size distribution can be prepared by
using particles of the cubic phase as precursor.

In the work presented here we studied the synthesis of
B-NalA,sf%erGdLsf% Fe particles, also starting from small
a-Nay 5-:Sr,Gd; 5-: Fe particles as precursor. Different compo-
sitions x were investigated including the highest value x = 1
which corresponds to the gagarinite structure, and we found
the strontium amount x to have a central role in the nucle-
ation and growth of the nanoparticles. While high strontium
concentrations prohibit the direct formation of pure B-phase
NaSrGdF (x = 1), a composition close to the gagarinite struc-
ture (x = 0.979) was achieved by a core/shell approach. Addi-
tionally, (x—Na1>5_§erGd1‘5_§ F¢ particles were found to be a
suitable precursor material to form a shell of gagarinite on
B-NaREF, core particles of the lighter lanthanides such as
Tb** doped B-NaCeF, nanoparticles.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

2 Experimental

2.1 Chemicals and materials

Purified oleic acid (90%, Fisher), 1-octadecene (90%, Alfa
Aesar), sodium oleate (82%, Sigma Aldrich), strontium ace-
tate (99%, Sigma Aldrich) and ammonium fluoride (98%, Alfa
Aesar) were used as received. Gd,O3 (99.9%, Intematix) was
used to prepare anhydrous gadolinium acetate by the proce-
dure described previously for other rare earth acetates.®®

2.2 Synthesis of Nalts_%erGdLs_z F¢ nanocrystals

3
20 ml of oleic acid (OA) and 20 ml of 1-octadecene (ODE)
were combined in a 100 ml three-neck round bottom flask
and connected to a reflux condenser, heating mantle and
temperature controller. At room temperature, 4x mmol stron-
tium acetate (0.2 < x < 1), 6-2x mmol anhydrous gadolinium
acetate and 14-2x mmol sodium acetate were added to the
OA/ODE solvent. The stirred mixture was heated to 100 °C
under vacuum and left at this temperature for one hour. The
apparatus was refilled with nitrogen and the clear solution
heated to 300 °C. Heating was stopped after 60 minutes and
the mixture was allowed to cool to 100 °C. To remove the
acetic acid released during the heating step at 300 °C, vac-
uum was applied again and the solution degassed for 30 mi-
nutes at 100 °C. Thereafter, 1.185 g (32 mmol) of dry NH,F
powder were added at 100 °C under nitrogen counter flow.
To remove air, the vessel was subjected three times to a short
vacuum (5-10 s) and refilled with nitrogen. The stirred mix-
ture was then heated to 200 °C. After 45 minutes at 200 °C,
the temperature was raised to 320 °C and the solution kept
at this temperature for different times ranging from 5 mi-
nutes to 12 hours. From time to time, 5 ml samples were
drawn at 320 °C with a syringe. The samples were immedi-
ately quenched in twice the volume of ethanol, resulting in
precipitation of the particles. After centrifugation, the precipi-
tate was re-suspended in 15 ml of hexane and again
centrifuged to separate the hexane solution containing the
particles from the NaF byproduct. The particles were again
precipitated with 30 ml of ethanol, separated by centrifuga-
tion and dried over night in air.

2.3 Synthesis of NaCeF,:Tb nanocrystals

NaCeF,:Tb nanocrystals were prepared by following a litera-
ture procedure for NaCeF,.”° In brief, 3 mmol of cerium ole-
ate, 1 mmol of terbium oleate, and 10 mmol of sodium oleate
in a 100 ml three-neck round bottom flask were combined
with 10 ml of oleic acid, 10 ml of oleyl amine, and 20 ml of
1-octadecene (ODE). The metal oleates were dissolved and
the solvent degassed by stirring the mixture at 100 °C for one
hour under vacuum. After switching to nitrogen atmosphere,
815 mg (22 mmol) of dry NH,F powder were added at 100 °C.
To remove air, the flask was subjected three times to a short
vacuum (5-10 s) and refilled with nitrogen. The stirred mix-
ture was then heated for 60 minutes at 290 °C. After cooling
to room temperature, the nanocrystals were precipitated by

CrystEngComm, 2020, 22, 8036-8044 | 8037
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adding 50 ml of ethanol and purified as described above for
the Na1,5_§erGd1,5_§ F¢ nanocrystals.

2.4 Synthesis of core/shell nanocrystals with a shell of Gd, Sr-
gagarinite (NaSrGdF)

For the synthesis of core/shell particles, 20 ml of oleic acid
(OA) and 20 ml of 1-octadecene (ODE) were added to 4 mmol
of strontium acetate, 4 mmol of anhydrous gadolinium ace-
tate and 12 mmol of sodium acetate in a 100 ml three-neck
round bottom flask. The mixture was first degassed for one
hour by heating at 100 °C under vacuum, thereafter refilled
with nitrogen and heated at 300 °C for 90 minutes. After
cooling to 100 °C vacuum was applied again and the solution
degassed for 30 minutes at 100 °C to remove the acetic acid
released at 300 °C. Thereafter, the apparatus was again
switched to nitrogen atmosphere and either 0.57 mmol of
Nal,sf%erGdl‘sfg Fg particles or 0.86 mmol of NaCeF,:Tb par-
ticles were added at 100 °C together with 0.889 g (24 mmol)
of dry NH,F powder. To remove air, the vessel was subjected
three times to a short vacuum (5-10 s) and refilled with nitro-
gen. The stirred mixture was then heated to 200 °C under ni-
trogen atmosphere. After 45 minutes at 200 °C, the tempera-
ture was raised to 320 °C and the solution heated at this
temperature for 45 minutes. After cooling to room tempera-
ture, the core/shell nanocrystals were precipitated by adding
50 ml of ethanol and purified as described above for the
Na1,5_§erGd1A5_z F¢ nanocrystals.

2

2.5 Particle characterization

For transmission electron microscopy, a JEOL JEM 2100 TEM
was used. The TEM was operated at 200 kV and equipped
with a LaBg cathode. Particle size histograms were derived
from TEM images using the software Pebbles. X-ray powder
diffraction (XRD) data were recorded with a Panalytical Empy-
rean diffractometer using Bragg-Brentano geometry, Cu K-a
radiation and a step size of 0.039° 26. Profex and Fullprof
software were used for Rietveld analysis of the XRD data and
to determine the phase composition, respectively. The atomic
composition of the nanoparticles was analysed with an Axios
X-ray fluorescence spectrometer (Panalytical). Luminescence
spectra of nanoparticle powders were measured with a
Fluorolog-3 spectrofluorometer (Horiba).

3 Results and discussion

Nay 5-:Sr,Gd, 5-: Fenanocrystals were prepared at tempera-
tures above 200 °C by the reaction of solid ammonium fluo-
ride with a solution of sodium oletate, gadolinium oleate,
strontium oletate in oleic acid/1-octadecene:

7 —xNaOA + 3 —xGd(OA); + 2xSr(OA), + 16NH, F —
2Na1,57§erGd1757§ F¢ + 4NaF + 16HOA + 16NH; 1

)

Different molar ratios of strontium to gadolinium and so-
dium were employed in the synthesis and the NaF byproduct
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was removed during work-up (see Experimental section for
details). X-ray powder diffraction shows that particles of the
hexagonal phase (3-phase) of Na; 5-:Sr;Gd; 5-: Fs are formed
at 200 °C for values of x < 0.25. These particles have a very
small size of only 2-3 nm. For x > 0.25, the samples heated
at 200 °C consist predominantly of very small particles of the
cubic phase (a-phase) Nay 5-:Sr;Gdy 5-: Fe (Fig. 1).

When the temperature is increased to 320 °C, the particles
of the cubic phase dissolve and larger particles of the hexago-
nal phase are formed. The XRD data in Fig. 1 and 2 also
show that the dissolution time strongly depends on x, ie.,
the amount of strontium in the synthesis: when only small
amounts of strontium are used (x = 0.5), complete conversion
to the hexagonal phase is observed already after 6 minutes at
320 °C. For x = 1, on the contrary, 60% of the particles
remained in the cubic phase even after 12 hours of heating
at 320 °C. In fact, complete conversion to the o-phase was
only observed for 0 < x < 0.8.

TEM images and particle size histograms of the resulting
particles are shown in Fig. 3 and S1,} respectively. The figures
show that narrow, monomodal size distributions are
obtained for 0 < x < 0.75 and bimodal size distributions for
x =0.8 and x = 1. For x = 1, the TEM image and the size histo-
gram display a large number of small particles. These parti-
cles consist of the cubic phase, as confirmed by the XRD data
of the sample (Fig. 2) showing that the peaks of the cubic
phase are broader than those of the hexagonal phase. For x =
0.8 the number of small particles is very low and the sample
mainly consists of larger particles of the hexagonal phase.
The mean size of the particles of the hexagonal phase is 57
nm for x = 1, 23 nm for x = 0.8 and between 7 nm and 14 nm
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Fig. 1 XRD data of Na1_5,§erGd1,5,§ F¢ particles with x = 0.5. Particles
formed after heating for 45 min at 200 °C (blue), after reaching 320 °C
(red), and after heating for 6 min at 320 °C (black). The vertical lines

correspondent to the reference patterns of a-NaGdF, (red, ICSD-#
77099) and B-NaGdF, (black, ICSD-# 415868) respectively.
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Fig. 2 XRD data of Na1_5,§erGd1A5,§ F¢ particles with x = 1. Particles
formed after heating for 45 min at 200 °C (blue), and after heating for
720 min at 320 °C (black). The vertical lines correspondent to the

reference patterns of a-NaGdF, (red, ICSD-# 77099) and B-NaGdF,
(black, ICSD-# 415868) respectively.

for x < 0.75. In all cases, the particles of the hexagonal phase
display narrow size distributions, indicating that the particles
have grown under the condition of monomer
supersaturation.

The observation that the o-phase particles dissolve
whereas the (-phase particles grow in size, in fact indicates
that the solubility of the a-phase is higher. In mixtures
containing a large number of a-phase particles but a small
number of B-phase particles, the high solubility of the
o-phase particles can therefore be expected to produce a
higher monomer concentration in solution than the B-phase
particles would do in the absence of a-phase particles. The
B-phase particles in the mixture therefor grow under mono-
mer supersaturation, causing their narrow size distribution.

The large mean size of the hexagonal particles for x > 0.8
already shows that a high strontium content decreases the
number of B-phase seeds nucleating in solution. In Fig. 4 the
observed final particle size is plotted against the strontium
content used in the synthesis. The figure shows that the size
increases systematically with the strontium content given by
the degree of substitution x. Obviously, the strontium ions
suppress the nucleation of B-phase seeds and favor the for-
mation of the cubic phase. This is not unexpected, since the
cubic phase of bulk SrF, is the thermodynamically most sta-
ble phase at low temperature whereas the cubic phase of bulk
NaGdF, is only metastable. Wang et al. in fact observed that
doping of a-NaYF4:Eu particles with Sr reduces their mean
particle size, indicating that the strontium ions facilitate the
nucleation of a-phase seeds. In our samples, the decrease of
the number of the B-phase seeds not only results in larger
sizes of the final particles but also in a strong increase of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 TEM-images of B-Na; 5-:Sr.Gd, 5-: F¢ nanoparticles with (@) x =
02 () x=04(c)x=05(d)x=06()x=07(f)x=075(g) x=0..8
(h) x = 1. For x = 1, complete dissolution of the particles of the cubic
phase was not achieved. A small amount of the cubic phase is also

contained in the sample with x = 0.8.

time required to convert all particles to the hexagonal phase.
This is shown in Fig. 5 where the time required to dissolve

= 2]
o o
1 1
1 |

[\
o
1
|

particle diameter [nm]

Fig. 4 Dependence of the size of [i—Nal,s,%erGdLs,g Fs nanoparticles
on their strontium content x.
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Fig. 5 Time of heating at 320 °C required to dissolve all particles of
the cubic phase versus their strontium content x. For x = 1, even 720
min at 320 °C are not sufficient for complete dissolution.

the a-phase particles is plotted against the strontium content
x. The strong increase of the conversion time is probably not
only caused by the decreasing number of B-phase seeds but
also by a lower solubility of the a-phase particles with in-
creasing strontium content. For any given strontium content
x, however, the a-phase particles must be significantly better
soluble than the corresponding B-phase particles with the
same strontium content, because narrow size distributions
are observed for all B-phase particles, independent of x
(Fig. 3).

The strontium content x of the data points used in Fig. 4
and 5 were calculated from ratio of strontium to acetate (Sr/Gd)
employed in the synthesis. From the chemical formula
Na1_5_§erGd1_5_z F, it follows that this molar ratio is connected

3
to the value of x by x = 3(Sr/Gd)/[2 + (St/Gd)]. To compare these
values with the actual composition of the final particles, the so-
dium, strontium and gadolinium content of the particles was
determined by X-ray fluorescence analysis (XRA). Fig. 6 displays
the measured molar ratios of strontium to gadolinium, given as
x values, as well as the molar ratios of sodium to gadolinium.
The figure shows that the x values calculated from the XRA data
agree well with those derived from the ratio of strontium to gad-
olinium employed in the synthesis. The ratio of sodium to gado-
linium shows some scattering but is close to one in all samples,
independent of the amount of strontium used. The first result
proves that the strontium is completely incorporated into the
particles whereas the second result shows that the different
charge of the Sr*" ions is compensated in our case by replacing
sodium and gadolinium ions in the crystal lattice in equal num-
bers. This is expected from the compositions discussed in our
introduction but in contradiction to results reported by others
where charge compensation by fluoride ions was observed. A
possible explanation for this discrepancy could be the different
concentrations of fluoride ions used in the two experimental
procedures or the different alkaline earth and rare earth
sources.

8040 | CrystEngComm, 2020, 22, 8036-8044
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Fig. 6 Strontium content x (black) and sodium/gadolinium ratio (red)
of the final nanoparticles, as determined by XRF, plotted against the
strontium content x used to the synthesis.

The successful incorporation of the Sr*" ions can also be
verified by Rietveld analysis of the X-ray powder diffraction
data, since the radius of Sr*" ions (132 pm) is larger than the
radius of sodium ions (116 pm) and the radius of Gd*' ions
(108 pm). This is in contrast to the analogue Ca, Gd-
gagarinite, where the ionic radius of Ca®>" (114 pm) is very
close to the average of the ionic radii of Na* and Gd** (112
pm), ie., the ions partially substituted by Ca**. The larger ra-
dius of Sr** results in an increase of the unit cell shifting the
reflex positions to smaller 26 values. In Fig. 7, the lattice pa-
rameters a and ¢ of the hexagonal unit cell are plotted
against the Sr** content of the nanocrystals, given by the de-
gree of substitution x. A linear dependence is observed up to
x < 0.8 in accord with Vegard's law stating that the lattice pa-
rameters of a solid solution A;_,B, vary linearly with x in first
approximation. For x = 1, however, the increase of the lattice
parameters is lower than expected. Note, that in this case
complete dissolution of the cubic o-phase could not be
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Fig. 7 Dependence of the lattice constants a (black) and c (red) of the
hexagonal gagarinite phase on the strontium content x of the
B-Nay 5-:51,Gd; 5-: Fs nanoparticles.

2

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ce01301c

Open Access Article. Published on 04 November 2020. Downloaded on 3/20/2026 1:03:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

CrystEngComm

achieved even after 12 hours of heating at 320 °C (Fig. 2).
Moreover, the large particle sizes observed for x > 0.8 show
that only a small number of seeds nucleate in this case. To
increase the number of seeds available during the conver-
sion, we heated the 3 nm o-NaGdSrF, particles (i.e., particles
with x = 1) in the presence of 10 nm B-Na; 15557 75Gd; 125Fs
particles (i.e., x = 0.75) as additional seeds.

Seeds with x = 0.75 were chosen because this value of x
corresponds to the most strontium rich composition for
which complete conversion to the p-phase was achieved.
Since we combined the o-NaSrGdFs particles and the
-Na; 125S10.75Gd; 125Fs seeds in molar ratio of 7 to 1, the
nominal composition of the B-phase particles produced in
this core/shell type synthesis is expected to be x = 0.97
(x=121.0.75+2-1.0). The XRD data of samples drawn at dif-
ferent reaction times (Fig. 8) show that this method results in
a high degree of conversion to the pf-phase. Rietveld analysis
of the XRD data shows that heating at 320 °C for 90 minutes,
200 minutes and 720 minutes alters the phase composition
from the initial molar ratio of 7 to 1 to a molar ratio of 0.19
to 1, 0.12 to 1, and 0.05 to 1, respectively. Thus, 200 minutes
of heating at 320 °C dissolves already more than 98% of the
initial amount of a-phase material. The degree of conversion
to the B-phase is therefore significantly higher than in the ab-
sence of seed particles where 12 hours of heating at 320 °C
dissolves only 40% of the a-phase material (Fig. 2). Since the
remaining o-phase particles are significantly smaller than the
B-phase particles, however, the number of o-phase particles
is still comparatively high and the resulting size distribution
is again clearly bimodal as shown by the TEM image and the
particle size histogram in Fig. S3 and S5.f The phase compo-
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Fig. 8 XRD data of NaSrGdFg@p-Naj1255r075Gds125F¢ core/shell
particles after heating at 320 °C for 90 min (black), 200 min (red) and
720 min (blue). The peak at ~27° belonging to the a-phase is much
less intense than the signal of the B-phase at =29.5° (compare also
with Fig. 2).

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

sitions derived from the histograms, however, are in accord
with the Rietveld analysis, when the different volumes of the
particles are taken into account (Fig. S31). The Rietveld analy-
sis furthermore shows that the unit cell parameters of the
hexagonal phase produced in this core/shell type experiment
are the largest of all B-phase materials prepared in this work
(Fig. 7, open symbol). This indicates that the
B-Nals_;erGdl_s_%Fﬁ particles contain, on average, a high
amount of strontium in the crystal lattice, probably close to
the expected composition of x = 0.97. Fig. 7 shows that the
large unit cell parameters of these particles are in fact much
better in accord with the linear dependence of the unit cell
parameters observed for lower values of x. The figure also
shows that the unit cell parameters of these particles are sig-
nificantly larger than those of the 40 nm particles prepared
in the absence of seed particles. Obviously, the 40 nm parti-
cles contain less Sr>" than the particles prepared by the core/
shell type synthesis, i.e., they are partially depleted of Sr**
The Sr** not contained in the 40 nm particles must therefore
be part of the cubic phase which did not dissolve despite 12
hours of heating at 320 °C. Such enrichment of Sr*" in the
cubic phase is in fact possible, as the cubic phase can con-
tain significantly more Sr** than the hexagonal phase. This
follows from the different compositional ranges of the two
phases: as already mentioned in the introduction, both
phases are given by Na1_5_§erGd1_5_% Fe, but for the cubic
phase 0 < x < 3 whereas for the hexagonal 0 < x < 1. Thus,
if a-phase particles with x = 1 are heated at 320 °C with the
aim to prepare (Sr, Gd)-gagarinite particles with x = 1, a mix-
ture may form which consists of hexagonal phase
[S—Nal_s_gerGdl_s_% F¢ particles with x < 1 and cubic phase
o-Na; 5-:S1,Gd; 5-: Fg particles with x > 1. The slow conver-
sion observed for x = 1 probably indicates that the solubility
of a-Nay 5-xSryGd; 5-1 F particles with a high strontium con-
tent of x > 1 is very low.

The lattice parameters of the B-phase particles with the
highest strontium content are @ = 6.124 A and ¢ = 3.696 A.
These values are very similar to the unit cell parameters of
B-NaLaF, (a = 6.18 A, ¢ = 3.83 A), p-NaCeF, (a = 6.153 A, ¢ =
3.785 A), B-NaPrF, (a = 6.13 A, ¢ = 3.75 A), and B-NaNdF, (a =
6.109 A, ¢ = 3.716 A). This indicates that the 3 nm
o-NaSrGdF, particles might be a suitable shell precursor for
B-NaREF, core particles of the lighter lanthanides, provided
that the B-NaREF, core particles have sufficiently low solubil-
ity to obtain narrow size distribution. This is interesting, be-
cause the cubic phase of NalLaF, decomposes to LaF; upon
heating in oleic acid/octadecene.”® Small a-NaLaF, particles
can therefore not be used as shell precursor, although
B-NaLaF, would be the most straightforward choice of shell
material for core particles composed of -NaCeF,, 3-NaPrF,,
B-NaNdF, or NaLaF.RE. In the next step, we therefore stud-
ied the use our 3 nm o-NaSrGdF, particles as precursor to
grow a shell on 8 nm B-NaCeF,: 25% Tb core particles. Again,
the shell precursor and the core particles were combined in a
molar ratio of 7 to 1. The TEM images in Fig. 9 show

CrystEngComm, 2020, 22, 8036-8044 | 8041
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Fig. 9 TEM-images of
@NaSrGdFg core/shell particles (right).
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Fig. 10 Excitation and emission (dotted) spectra of NaCeF,;:Tb core
(black) and NaCeF4:Tb@NaSrGdFg core/shell particles (blue). Excitation
wavelength was 246 nm and emission wavelength 543 nm for both
particle powders.

particles with a rather narrow size distribution and a size that
has increased from 8 nm to 18 nm, i.e., approximately by the
expected factor of two.

We observe that the p-NaCeF,: 25% Tb core particles con-
sume the monomer released by the shell precursor much
faster than the B-Naj 155Sr0.75Gd; 125F¢ seeds: already after 45
minutes all a-NaSrGdF, particles have dissolved compared to
>200 min required to dissolve >98% of these particles in the
second case. This is also in accord with the narrower size dis-
tribution of the resulting NaCeF,: 25% Tb@NaSrGdF, core/
shell particles (Fig. S4t). As expected for a core/shell struc-
ture, the resulting NaCeF,: 25% Tb@NaSrGdF, particles con-
sist only of the hexagonal phase and display improved lumi-
nescence properties compared to the NaCeF,: 25% Tb
coreparticles.

The core as well as the core/shell particles display a strong
absorption band in the UV region due to the optically allowed
4f-5d transitions of cerium. Similar to other Ce, Tb co-doped
materials, excitation of the cerium ions at 246 nm results in
energy transfer from cerium to terbium accompanied by

8042 | CrystEngComm, 2020, 22, 8036-8044
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strong quenching of the Ce*" emission between 400 nm and
450 nm. Relaxation of the excited terbium ions leads to
strong emission bands at 490 nm, 545 nm and 585 nm which
correspond to the °D,-"F, transitions (J = 4, 5, 6) of Tb**. The
emission spectra in Fig. 10 show that the core and core/shell
particles display the same emission bands, but the emission
of the core/shell particles is approximately 2.5 times more
intense. This shows that the shell reduces energy transfer to
and quenching of the luminescence at the particle surface.

As expected, the increase is less pronounced than in the
case of NIR emitting dopants, since the UV-vis transitions of
Ce* and Tb*" are less easily quenched via vibrational modes
of the surface ligands than the NIR transitions of lanthanide
ions like Yb, Er, Tm or Ho.

4 Conclusions

In conclusion, we studied the formation and the growth of
Nal_5_§erGd1_5_§ Fe¢ nanocrystals for 0 < x < 1. All particles
were prepared by the reaction of ammonium fluoride with a so-
lution of the metal oleates in oleic acid/octadecene. For x < 0.2,
the reaction yields small (=3 nm) particles of the hexagonal
phase B-Na1_5_§erGd1_5_§ F¢ already at 200 °C, whereas for
larger values of x mainly small particles of the cubic phase
on-Nal,57§erGd1,57§ Fe are formed. In these cases, further
heating at 320 °C dissolves the particles of the cubic phase and
form larger particles of the hexagonal gagarinite phase. The fi-
nal size of the B-NalA57§erGd1‘57§ Fe particles as well as the time
required for the conversion to the hexagonal phase strongly in-
creases with increasing strontium content x, indicating that the
presence of strontium hampers the formation of B-phase seeds.
Full conversion is only observed for B-Nal‘57%erGd1,57§ Fe parti-
cles with x < 0.75. Particles with x > 0.75 can be prepared, how-
ever, via a core/shell type synthesis method: heating of
B-Na1A5_§erGd1_5_§ Fe particles with x = 0.75 together with a
large amount of small o-NaGdSrF, particles (x = 1) at 320 °C re-
sults in almost complete dissolution of the a-phase particles
and the growth of large a-Na1_5_§erGd1_5_§ Fe particles with an
average x-value close to one. The substitution of Na* and Gd**
ions by Sr** ions increases the lattice parameters of the hexago-
nal phase. We observe a nearly linear increase of the lattice pa-
rameters of B-Nal,;,%erGdl,S,% F¢ with x. For high values of x,
the lattice parameters are similar to those of the hexagonal
NaREF, phase of the lighter lanthanides (RE = Ce, Pr, Nd) and
we could show that small a-NaGdSrF, particles (x = 1) can in
fact be used as precursor to form a gagarinite shell on Tb**
doped B-NaCeF, particles.
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