RESEARCH ARTICLE

W) Check for updates

OPTICAL

www.advopticalmat.de

Lattice Strain Enhanced Phase Transformation of NaYbF,:
2% Er** Upconverting Nanoparticles by Tuning the Molar

Ratio of Na*/Yb3*

Weitong Xiao, Jingyang Chen, Feiran Wang, Weiling Luan,* Yiting Wu,

and Lyudmila Turyanska*

NaYbF, upconverting nanoparticles (UCNPs) have enhanced optical
properties compared to the NaYF, UCNPs. However, synthesis of
monodisperse NaYbF, with controllable size and optical properties poses
challenges, and the mechanism of phase transformation remains to be
understood. Here, they report on the effect of Na* /Yb** molar ratio on the
morphological and optical properties of upconverting NaYbF,: 2% Er3+
nanoparticles. Controllable transformation of cubic phase nanoparticles
produced with [Na*]/[Yb**] = 1 to hexagonal phase is achieved by increasing
Na* content. The hexagonal UCNPs produced with [Na*]/[Yb**] = 4 have
significantly enhanced intensity of optical emission of ~600 times compared
with the pure cubic phase crystal. The work reveals that the increasing
dislocation of sodium and ytterbium distribution cause the accumulation of
the lattice strain with increasing Na™ content, and triggers the lattice
strain-mediated phase transformation in cubic cell, as confirmed by the
Density Function Theory simulations. These results provide new insights into
the growth of UCNPs and pave the way for developing controlled synthesis of

performance and stability,!! and offer ad-
vantages for applications ranging from
bioimaging to multicolor displays.(?! Dop-
ing of the UCNP with rare-earth ions can
tune their optical properties across the
wavelength range from UV to the NIR.[1¢3
The UCNP are typically synthesized us-
ing high-temperature solvents methods to
produce high crystallinity monodispersed
nanoparticles.[! Of particular interests are
NaYbF, UCNPs which have enhanced op-
tical efficiency (6x increase in absorp-
tion cross section®l) due to high sen-
sitizer Yb** concentration in the host
matrix compared to traditional NaYF,.[°]

The UCNPs can be crystallized into dif-
ferent phases — cubic (« phase) and hexag-
onal (B phase).l”] Hexagonal phase is con-
sidered advantageous for orders of mag-
nitude enhancement of upconverting effi-

UCNPs for applications as bio-probes and for energy harvesting.

1. Introduction

Lanthanide-doped upconverting nanoparticles (UCNPs) have
attracted significant interest due to their unique optical
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ciency compared to the cubic phase.l®] How-
ever, the energy barrier of forming hexag-
onal NaYbF, UCNPs is much higher than
the cubic phase, hence mostly small cubic crystal are
reported.[**° Previous work showed that the phase transition
from cubic phase to hexagonal phase of UCNPs was a disordered
to ordered process.[') Typically in the cubic phase crystal cell,
Na* and Ln** are randomly distributed in the cationic sublattice.
In the hexagonal crystal, the cation sites form three types, with
a onefold fully occupied by the Ln3*, another onefold randomly
occupied by Na* and Ln**, and the twofold site with randomly
distributed with Na* and vacancies.!*7>1%11] Ogstwald-ripening
the cubic phase crystal was successfully implemented to obtain
small size hexagonal NaYF, 2] and the hexagonal crystals could
be achieved using high temperature and long reaction time
condition, where the ratio of Na*/Ln** in the cubic cell can
be tuned.l’>!3] Moreover, manipulating the local structure in a
phase by ion doping and ligands assisting method have been an
useful tool to improve the phase transformation!”'*! and to mod-
ify the emission properties.I'>) However, it remains challenging
to control the NaYbF, morphology and crystal phase, due to lack
of direct experimental evidence and limited understanding of
the mechanism of underlying phase transition.

Hence, we report a one pot synthesis of hexagonal NaYbF, UC-
NPs with controllable size and morphology by tuning the ratio
of Na*/Yb** while keeping other reaction parameters constant.

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. a) Scheme of the transformation of NaYbF, nanoparticles from cubic phase to hexagonal phase with increasing [Na*]/[Yb>*]. b) Room
temperature PL spectrum of representative NaYbF,: 2% Er®* synthesized with molar ratio [Na*]/[Yb3*] = 0.5 and 1.2, and (Inset) corresponding TEM
images and images of the fluorescence of NaYbF,: 2% Er** solution under illumination with 980 nm.

By increasing the amount of NaOH used in the synthesis,
we observed an aggregation of small cubic crystals induced
phase transformation process with increased ratio of Na*/Yb**
in the cubic cell. First principal calculation based on Density
Functional Theory (DFT) was performed to study the trends
of evolution of system energy, and revealed that local structure
distortion and phonon dispersion happened while increasing
the ratio of Na*/Yb** in the cubic cell and hence facilitated the
formation of hexagonal crystal. Finally, we proposed a lattice
strain-induced phase transformation mechanism driven by the
cationic rearrangement and dislocation in local structure of
cubic phase cell, which can be controlled by tuning the amount
of sodium source used in synthesis.

2. Results and Discussion

2.1. Experimental Study of NaYbF,: 2%Er**

The NaYbF, nanocrystals were synthesized following the mod-
ified process developed in the refs. [4b, 16]. Briefly, 1 mmol
Ln-precursors were used with 10 ml oleic acid (OA), 15 ml 1-
octadecene (ODE), and excess amount of NH,F, with reaction
taking under 315 °C for 60 min. We note, that the excess amount
of F~ precursor (8 mmol NH,F) was used to eliminate the effect
of F~ content on crystal formation and growth. Phase transfor-
mation from spherical cubic-phase crystal to well-defined hexag-
onal crystal was fully achieved by increasing the molar ratio
of Na* precursor and Yb** precursor, [Na*]/[Yb**]: cubic phase
nanoparticles with dy- = 10.9 + 0.8 nm are formed with from
[Na*]/[Yb**]= 0.5, while hexagonal nanoparticles with d. = 50.6
+ 10.0 nm are formed with [Na*]/[Yb**] = 1.2 (Figure 1a). The
increase of the nanoparticle size was accompanied by significant
(over 100 times) enhancement of photoluminescence (PL) inten-
sity at 655 nm under excitation with A,, = 980 nm (Figure 1b).
To explore the effect of Na* concentration on the formation of
the nanocrystals, we performed the synthesis with the ratio of
[Na*]/[YD**] from 0.5 to 8.0. Transmission Electron Microscopy
(TEM) imaging revealed that with increasing Na*-content the av-
erage size of nanocrystal increased from dy. = 10.9 + 0.8 nm
to 82.1 + 8.1 nm accompanied by shape evolution for the sam-
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ples prepared with 0.5 mmol and 8 mmol of NaOH, respectively
(Figure 2; Figure S2, Supporting Information).

The nanocrystals synthesized with low stoichiometric ratio of
NaOH below 1.0 mmol had spherical shape (Figure 2a) with spac-
ing of the crystal facets of 0.31 nm, corresponding to the (111)-
plane of NaYbF, cubic phase (Figure Sla, Supporting Informa-
tion). With increased [Na*]/[Yb**], the phase transition process
occurred. For samples synthesized with [Na*]/[Yb**] = 1.0, bi-
modal side distribution was observed (Figure 2b). Larger particles
formed with size distribution dy- = 142.7 + 3.1 nm and crystal
plane separation of 0.55 nm (Figure Slc, Supporting Informa-
tion), corresponding to the (100)-plane of hexagonal phase of §-
NaYDF,. In contrast, the smaller aggregated cluster had d,. =
34.1 + 1.2 nm (Figure 2b) with the crystal spacing of 0.34 nm
(Figure S1b, Supporting Information), corresponding to (111)
plane of a-NaYDbF,. A small number of aggregated cubic particles
with dy. = 13.1 + 1.2 nm (Figure S2¢, Supporting Information)
were observed, suggesting that the aggregation and merging of
the cubic nanoparticles can lead to phase transition from cubic
to hexagonal phase nanocrystal with well-defined edges. With in-
creasing ratio of [Na*]/[Yb**] aggregation of cubic particles was
observed due to change in surface energy, and the cationic rear-
rangement process occurs, accompanied by the accumulation of
the dislocation or mismatches in the small cubic crystal. This can
lead to recrystallization into hexagonal nanoparticles (Figure 2b;
Figure S1b,c, Supporting Information).

For the samples prepared with [Na*]/[Yb**] > 1.2, only
hexagonal-shaped particles were observed, with an increased av-
erage size and broadened size distribution with higher Na* con-
tent, which we attribute to Ostwald ripening facilitated by the
change of the surface charge.[”'2*17] With further increase of mo-
lar ratio [Na*]/[Yb**] = 8.0, only hexagonal nanoparticles were
formed with d = 82.1 + 8.1 nm (Figure 2c).

The evolution of the phase with increasing molar ratio of
[Na*]/[Yb**] was confirmed with X-Ray Diffraction (XRD) stud-
ies (Figure 3a). For samples produced with [Na*]/[Yb**] < 0.8,
the XRD patterns revealed pure cubic phases, corresponding to
the JCPSD standard card no. 77-2043. By increasing [Na*]/[Yb3*]
from 0.8 to 1.2, the intensity of characteristic XRD peaks for
hexagonal phase (JCPDS standard card no. 27-1427) increased
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[Na*/[Yb*]=8

Figure 2. Representative TEM images and (insets) size distribution of the UCNPs synthesized with [Na*]/[Yb**] molar ratio of a) 0.5, b) 1.0, and c) 8.0.

and for the cubic phase gradually disappeared (Figure 3).
Very weak signals of hexagonal crystal were observed for
[Na*]/[Yb**] = 0.8 and no detectable signals for cubic phase were
observed for [Na*]/[Yb**] = 1.2. Hence 0.8 < [Na*]/[Yb**]< 1.2
was assigned as the boundary for the phase transition. These
results support the observation of a mixture of the aggregated
cubic phase clusters and hexagonal crystals in our TEM studies
(Figure 2b), confirming that the aggregation and merging of

a)

1 11

the cubic nanoparticles led to the phase transition from cubic to
hexagonal (Figure 3b).

Interestingly, these main peaks of the XRD patterns of NPs
prepared with [Na*]/[Yb**] from 0.5 to 1.0 shifted to smaller
diffraction angles, suggesting that insufficient Na* content
induced the lattice expansion rather than shrinkage of the
crystal. We applied the Rietveld refinement to these XRD pat-
terns (Figure S3, Supporting Information) and found that the
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Figure 3. a) XRD patterns obtained for samples synthesized with molar ratio of [Na*]/[Yb3*] from 0.5 to 8.0. JCPDS standard card for « phase, f§ phase,
and NaF are 77-2043, 27-1427, and 73-1922, respectively. b) Top: Normalized intensity of (220) peak of a phase and (201) peak of # phase (top), the
lattice strain (centre), and the size distribution (bottom) dependence of molar ratio of [Na*]/[Yb**]. The XRD peaks were normalized by highest peak
intensity of corresponding XRD pattern and the lattice strains with corresponding standard errors were calculated from the XRD patterns. Stage | (light
blue): cubic phase for [Na*]/[Yb3*] < 0.8; Stage Il (light green): phase transition from cubic to hexagonal within 0.8 < [Na*]/[Yb3*] < 1.2; Stage Il (light
yellow): pure hexagonal phase within 1.2 to 4.0 of [Na*]/[Yb3*]. Stage IV (light purple): mixture phase of hexagonal phase and NaF by-product.
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original cell length and cell volume decrease with increasing the
[Na*]/[Yb**] from 0.5 to 1.0 (Table S1, Supporting Information):
from 5.4802 A to 5.4517 A and from 164.58 A to 162.03 A’
for [Na*]/[Yb**] = 0.5 and [Na*]/[Yb**] = 1, respectively. In the
lattice, Na™ replaced the cation sites of Yb** and led to the change
of crystal phase, causing the lattice shrinkage due to change
in the bond length, which we explored with DFT calculations,
described below.

Deviation of the peaks from expected values decreased with
increasing NaOH content. Thus, we attributed the observed
changes in XRD patterns to the crystal lattice shrinkage from
substitution of Na* (ion radius: 0.108 nm) to Yb** (ion ra-
dius: 0.0858 nm).['®] To quantify the lattice strain, we apply
Williamsone-Hall method!'®! in which the lattice strain is as-
sumed to be uniform in all crystallographic directions. The
broadening of XRD peak (f,,) can be calculated using the fol-
lowing equations:[**)

ﬂhkl cosf =4esinf + % (1)

where D is the crystallite size domain, k is the constant frequency,
A is the wavelength, and 6 is the diffraction angle.

Based on the W-H analysis, the lattice strain of NaYbF,
(Figure 3b; Figure S4, Supporting Information) was found to be
dependent on the molar ratio of [Na*]/[Yb3*]: in the phase transi-
tion stage, 0.5 < [Na*]/[Yb**] < 0.8, the lattice strain of cubic crys-
tal increases (5.48 + 0.33)x1073 but the lattice strain of hexagonal
crystal remained low with the value of (6.85 + 4.87) x 10~*. For
the hexagonal crystals formed with [Na*]/[Yb**] = 1.0 (Figure 2b),
an increase of lattice strain is calculated ((6.89 + 0.18) x 1073).
We note, that the lower value of lattice strain of cubic crystal of
2.43x107* £ 1.23 x 107* is due to the lattice strain release facil-
itated by their aggregation into clusters. When the phase transi-
tion completed at [Na*]/[Yb**] = 1.2, the lattice strain of hexag-
onal crystal remains unchanged. These results confirm the lat-
tice strain-induced phase transition resulting from the accumu-
lation of the dislocation and mismatches of Nat and Yb** caused
by the cationic rearrangement process. Both, the XRD studies
(Figure 3a) and size evolution (Figure 3b, bottom) suggested the
aggregation of cubic crystals and formation of cluster is crucial
step for the growth of hexagonal crystals.

For the particles produced with [Na*]/[Yb**] > 1.2, pure hexag-
onal phase was observed (JCPSD standard card no. 27-1427). Ex-
cessive of NaOH content would not affect the position of the XRD
peaks and resulted in formation of NaF (JCPSD standard card
no. 73-1922) by-product. Hence, the phase transformation was
a multi-stages process!?’! based on the analysis of the XRD pat-
tern and TEM results of NaYbF, (Figure 3b). We observed the
formation of pure cubic phase for [Na*]/[Yb**] < 0.8 (Figure 3b),
which is different from the report on NaGdF, where the forma-
tion of GAF, was observed instead of the cubic NaGdF, atlow Na*
content.?!] For the nanocrystal synthesized with [Na*]/[Yb**] =
0.8 to 1.2 (Figure 3b), the phase transition with rapidly increas-
ing size of nanoparticles was observed. This result was similar
to the previous report,!?2] where excess of F~ supplied and high
[F]/[Yb**] resulted in low energy barrier required for the phase
transformation.???! Pure hexagonal phase nanocrystals were syn-
thesized with 1.2 < [Na*]/[Yb**] < 4 (Figure 3b). Further increase
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of [Na*]/[Yb**] ratio led to formation of the mixture of NaF crystal
and hexagonal phases (Figure 3b). We noted that the phase tran-
sition was accompanied by an increase of the particles size, which
was previously attributed to high growth speed of the hexagonal
phase.[7>23]

2.2. Upconversion Luminescence Studies of NaYbF,: 2%Er*+

The upconversion luminescence studies of the as-synthesized
NaYDF, revealed characteristic emission, with main peaks cen-
tered at 655 and 540 nm for all nanoparticles, independent of Na-
content (Figure 4a). The emissions can be assigned to *H,,,, —
*I;5), and *Fy, — *I;5,, transition in Er** (Figure S4, Support-
ing Information), respectively. The intensity of the PL peak was
weakly affected by increasing [Na*]/[Yb**] up to 0.8, correspond-
ing to the cubic phase crystals. At the phase transition stage
(INa*]/[Yb**] from 1.0 to 1.2), the PL intensity gradually in-
creased, as expected for an increasing population of hexagonal
crystals, which had a more asymmetric point and lower crystal
field energy than the cubic phase crystal.l’*] Interestingly, a de-
crease of PL intensity was observed when the phase transforma-
tion was completed at [Na*]/[Yb**] = 1.5, which can be attributed
to the increased lattice strain in hexagonal crystal (Figure 3b),
similar to that reported for CsPbBr, microwires.!?] We also note
that the larger hexagonal nanoparticles are formed on expense
of small cubic nanoparticles, hence overall number of particles
decreases, contributing to the decrease of PL intensity.A signif-
icant enhancement of the PL intensity was recorded for higher
[Na*]/[Yb**] = 4, which can be explained by the growth of pure
hexagonal crystals (Figure 4b). We observed a ~20 times increase
of PL integrated intensity for the nanoparticles produced with
[Na®]/[Yb**] = 4.0 compared to the sample with [Na*]/[Yb**] =
1.0, where the phase transition was observed, and a ~#610 times
increase compared to the pure cubic phase UCNPs produced by
[Na*]/[Yb**] = 0.5.

Further increase of NaOH (>4 mmol) resulted in a decrease
of PL intensity due to formation of NaF by-product, as revealed
by the XRD studies. Combined ICP-AES results (Figure 4b) con-
firmed that with increasing Na-contents during synthesis, the in-
corporation of Na* into the crystals increased. For the pure cubic
phase crystal (Stage I) and the phase transition stage (Stage II),
the ratio of [Na*]/[Yb**] was smaller or equal to the theoretical
value of 1.'%] For hexagonal crystals, the actual [Na*]/[Yb**] ra-
tio was over two times greater than the theoretical value. Hence,
the accumulation of Na* is a key trigger of the phase transition
process. The ICP-AES results also suggested that solid solution
structure of NaYDF, crystal cell.[2°]

2.3. First Principal Studies of NaYbF,: 2%Er*+

To explain the role of Na* in formation of hexagonal phase
NaYDbF, UCNPs, we performed first principal calculations based
on the DFT. We built 2 x 2 x 1 supercell models (Figure S5,
Supporting Information, 10.83 x 10.83 x 5.415 A%, 48 atoms)
based on the fm-3m (225) space group oriented from the Inor-
ganic Crystal Structure Database (ICSD) with the Collection Code
60258171 to simulate the random distribution in the cationic sites.

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. a) Photoluminescence (PL) emission spectra of 0.5-8.0 mmol as-synthesized NaYbF, samples and excited at 980 nm. The peak intensity was
first normalized with the concentration of the NaYbF, cyclohexane solution and then normalized to maximum emission at 655 nm of [Na*]/[Yb**] =
4 sample. The spectra showed two main emission peaks at 540 nm (green) and 655 nm (red), where the emission can be assigned to 2Hn/2 - 4I15/2
and 4F9/2 - 4I15/2 transition in Er3*. b) Dependence of PL intensity (top) and actual [Na*]/[Yb>*] measured by ICP-AES (bottom) on molar ratio of
[Na*]/[Yb3*] used in the synthesis. The black and red dash lines represent the theoretical [Na*]/[Yb3*] values for NaYbF, and theoretical ICP results,

respectively.

To investigate the trends of the influence of increasing [Na*] in
the crystal cell, we revised the atomic fraction [Na*] in cationic
sites in supercell models from 50% to 12.5%, 25%, 37.5% and
50%. And the possible arrangements of Na* and Yb** in differ-
ent [Na*] contents supercell models were calculated and settled
by a script based on the StatisticalDisorder function in CASTEP.
Three different [Na*]/[Yb**] distribution configurations of Na-
50% supercell models were chosen to repeat calculation. All
the supercell models were geometry optimized and fully relaxed
to minimize the energy of models for the further calculations
(Table S2, Supporting Information).

The dislocation of Na* and Yb** in fully relaxed supercell mod-
els was observed when increasing the content of Na* from 12.5%
to 50% (Figure 5a; Figure S6, Supporting Information), which

Na-25%
070704
53
% %%
9. 0.9

%ol

a)  Na-12.5%

confirmed the cations distribution induced accumulation of lat-
tice distortion and lattice strain. To quantify the distortion among
different atoms, the bond lengths of Na-F and its first nearest
neighbor (INN) and second nearest neighbor (2NN) Yb-F were
calculated (Figure 5b). With increasing the content of Na* in the
crystal, the average bond length of Na-F increased by only 0.5%
and Yb-F decreased by 3%, which indicated the lattice strain were
dominated by the shrinkage of the Yb-F and the stretch of the Na-
F. The increased lattice distortion confirmed phase transforma-
tion process was dependent on the content of Na*, with lattice
strain accumulation and cationic rearrangement being the two
main process.

Then we calculated the formation energy (E) of each model,
which was defined as the energy difference per unit cell between

b)
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Figure 5. a) Scheme of lattice distortion in fully relaxed 2 X 2 X 1 a-NaYbF, supercell theoretical model (Configuration 2) with 12.5%, 25%, 37.5%, 50%
of Nat content. In which red dashed meshes represent the theoretical lattice of cell, purple balls, green balls, and light bule balls represent the sodium
atoms, ytterbium atoms, and fluorine atoms, respectively. b) Calculated average Na-F and Yb-F bond lengths of first nearest neighbor and second nearest
neighbor site of Na1 and Na2 for samples with different Na* content in a-NaYbF, cell. Inset: scheme of Na* and Yb3* surrounded with eight F~.
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Table 1. Formation energy of different Na* content models.

Model Na-12.5% Na-25% Na-37.5% Na-50%
Formula Na,Yb,, Na,Yb,, NagYb,, NagYbg
Epoal (€V) —113 414.2 —103 233.1 —93 046.3 —82851.7
E¢(eV/atom) —6.09 —-5.99 —5.76 —5.38

the nanocrystal and the isolated atoms.[”>?*! Hence, the E; was
given by

E; = [Eg — (16xEy, +16 (1 — x) Ey,, + 32E;)| /N ()

where x is the percentage of [Na*] in the supercell, N is number
of the atoms in the model and N = 48, E, = —1302.3 eV, Ey, =
—6390. eV and E; = —657.9 eV represented the atomic energies
of isolated Na, Yb, and F given by the pseudo atomic calculation,
and E,,, was the energy of the crystal cell.

The value of E; indicated the stability of the system. As shown
in the Table 1, E increased 0.71 eV/atom from 12.5% to 50%
of [Na*]. This increase of formation energy corresponded to the
increase of Nat content in the cubic phase NaYbF, cell, which
confirmed that the system had become unstable with increas-
ing [Na*]/[Yb**] ratio. When the actual [Na*] in the cell reaches
50%, in agreement with the theoretical value, the formation en-
ergy reached the highest level and becomes most unstable. This
was when the phase transition process started. Our DFT calcula-
tion demonstrated that high content of [Na*] led to the instability
of the cubic phase, which was consistent with previously reports
where the crystals formed with excess of F~ lead to f§ phase seeds
generation.[?’]

To confirm the influence of the increasing content of Na* on
the dynamical phase stability of cubic cell, we performed the
phonon dispersion and density of phonon states calculations
(Figure S7, Supporting Information) along the high symmetry di-
rections. 144 vibrational phonon modes for each supercell model
were observed in acoustic branches (lied in low frequencies re-
gion) but none in the optical branches, which emerged from the
concerted vibration of atoms in a lattice beyond their balancing
position.*% We note that optical properties of UCNPs originate
from the photon transition of 4f electrons in lanthanide atoms
rather than the vibration of the lattice. And there was no evi-
dence of the out-of-phase oscillations of atoms in a lattice in Ra-
man spectra investigation.*!] The maximum phonon energy in-
creased from 349 cm™! for Na-12.5% model to 434 cm™' for Na-
50% model, which implied that the system possessed higher vi-
bration frequency with increased Na* content. (Figure S7, Sup-
porting Information). We note that the imaginary phonon vibra-
tion mode (negative frequency value in phonon dispersion plots)
appeared and increased with increased Na* content. The negative
vibration states indicated that the system became less stable and
phase transformation facilitated due to the potential breaking of
atomic bonds and loss of crystal bonding energy.[26>32]

3. Conclusion

In this work we successfully obtained the controllable size
and morphology NaYbF,: 2%Er** by varying the molar ratio
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of [Na*]/[Yb*'] used in synthesis. The mechanism of phase
transformation from cubic to hexagonal was investigated by the
experimental analysis and DFT simulation. Our results showed
the nucleation and growth of hexagonal NaYbF, proceeded in
four stages. For the first stage only small-size cubic nanoparticle
can be obtained when limited sodium source was used. Phase
transformation was successfully achieved in second stages by
adjusting [Na*]/[Yb**] to 1.0, in which the aggregation of small
cubic phase crystal and bimodal distribution was observed. The
hexagonal crystal formed with promoting the content of sodium
in third stage and upconversion emission was boosted. Further
increase the [Na*]/[Yb**] above 4.0 in the fourth stage will induce
the extraction of NaF and the loss of photoluminescence. Lattice
strain-related phase transformation mechanism was proposed,
which the phase transformation was triggered by the lattice
strain due to the increasing dislocation of sodium and ytterbium
ions with increasing content of sodium. Our work gives a new
insight of phase controllable synthesis of NaYbF, and paves the
way for applications of NaYDbF, for biosensing, lighting, and
more.

4. Experimental Section

Materials:  Ytterbium (111) chloride hexahydrate (YbCl;-6H,0, 99.9%),
erbium (I11) chloride hydrate (YbCl;-6H,0, 99.9%), oleic acid (OA, 90%)
and T-octadecene (ODE, 90%) were purchased from Sigma Aldrich. Am-
monium fluoride (NH4F, >98%) and sodium hydroxide (NaOH) were pur-
chased from General Reagent, and hexane, methanol, and ethanol were
purchased from Adams. All chemicals were used as received without fur-
ther purification.

Synthesis of NaYbF,;:2%Ert: The synthesis of NaYbF,: 2% Er’*
nanoparticles wercon method.[*>272] Briefly, 379.8 mg of YbCl;-6H,0
(0.98 mmol) and 7.6 mmol ErCl;-6H,O (0.02 mmol) solid were combined
with 10 ml oleic acid (OA) and 20 ml 1-octadecene (ODE) in a 100 ml three
neck round bottom flask. The solution was stirred under Ar atmosphere
at temperature T = 160°C for 1 h. After cooling to 50 °C, 5 ml NaOH
(0.5 M) methanol solution and 16 ml NH4F (0.5 M) methanol solution
were added dropwise into the flask and stirred for 1 h until the solution
got clear. Then the solution was degassed at T = 110 °C for 15 min to
remove the residual oxygen, water, and methanol. The solution was then
heated to 315 °C for 1 h under continuous stiring. After cooling to room
temperature, the nanoparticles were precipitated by ethanol, and collected
by centrifugation at 6000 rpm for 10 min and washed three times with
hexane/ethanol (v/v: 1/4) solution and centrifugation. The final product
was dried and collected powder was stored at room temperature in
atmosphere.

DFT Simulations: ~ All the DFT calculations were performed using the
CASTEP program on the BIOVIA MATERIALS STUDIO 2020 (Accelrys,
Inc.). All the structure models were built and shown via VESTA program.
During the calculations, the general gradient approximation (GGA) com-
bined Perdew—Bruke—Ernzerhof function (PBE) was chosen for describ-
ing the exchange-correlation effects and electron interactions. And the ul-
trasoft pseudopotentials (USPP) were utilized to describe ion cores and
valence electrons interactions. The valence electron configurations of F,
Yb, and Na used for pseudo atomic calculation were 2s? 2p>, 4f14 5s2
5p® 6s2 and 252 2p® 3s, respectively. The Ensemble DFT (EDFT) method
was chosen as the electronic minimizer. For the geometry optimization,
Broyden—Fletcher—Goldfarb-Shanno (BFGS) algorithm was used, and the
convergence tolerance of energy, maximum force, maximum stress, and
maximum displacement were selected as 2,0e-5 eV atom™", 0.05 eV A1,
0.1 GPa, and 0.002 A, respectively. The kinetic energy cut-off was chosen as
350 eV in the plane wave basis. For the self-consistent field (SCF) conver-
gence, the SCF tolerance and the Monkhorst—Pack grid were set as 1.0e-
6eVatom~'and 1x 1x 2, respectively. The phonon dispersion calculation
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was carried out by finite displacement method using one 5 A cutoff radius
large supercell, and 0.015 A=" was set as the g-vector separation.

Characterization Methods: Transmission electron microscopy (TEM)
was carried on JEOL JEM 2100 Plus (Japan), d-spacing of the high-
resolution images of nanoparticles were performed on Digital Micrograph,
and size distribution was calculated using Image). Powder XRD patterns
were recorded on a Rigaku Ultimate IV powder X-ray Cu Ka radiation
diffractometer (Japan) using Cu Ka radiation (4 = 0.1548 nm). The ele-
mental quantity analysis was carried out via inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The photoluminescence spectra
were recorded by Edinburgh FLS 1000 with excitation provided by 980 nm
continuous laser diode (MDL-111-2W, China).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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