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Interface Pattern Engineering in Core-Shell Upconverting
Nanocrystals: Shedding Light on Critical Parameters and
Consequences for the Photoluminescence Properties

Damien Hudry,* Annick De Backer, Radian Popescu, Dmitry Busko, lan A. Howard,
Sara Bals, Yang Zhang, Adrian Pedrazo-Tardajos, Sandra Van Aert, Dagmar Gerthsen,

Thomas Altantzis,* and Bryce S. Richards*

Advances in controlling energy migration pathways in core-shell lanthanide
(Ln)-based hetero-nanocrystals (HNCs) have relied heavily on assumptions
about how optically active centers are distributed within individual HNCs. In
this article, it is demonstrated that different types of interface patterns can
be formed depending on shell growth conditions. Such interface patterns
are not only identified but also characterized with spatial resolution ranging
from the nanometer- to the atomic-scale. In the most favorable cases,
atomic-scale resolved maps of individual particles are obtained. It is also
demonstrated that, for the same type of core-shell architecture, the interface
pattern can be engineered with thicknesses of just 1 nm up to several tens
of nanometers. Total alloying between the core and shell domains is also
possible when using ultra-small particles as seeds. Finally, with different
types of interface patterns (same architecture and chemical composition of
the core and shell domains) it is possible to modify the output color (yellow,
red, and green-yellow) or change (improvement or degradation) the absolute
upconversion quantum yield. The results presented in this article introduce
an important paradigm shift and pave the way toward the emergence of a

1. Introduction

The synthesis of structurally and chemi-
cally well-defined core-shell hetero-
nanocrystals (HNCs) is challenged by
phenomena such as alloying (i.e., cation
intermixing) and/or cation exchange reac-
tions.!l Furthermore, due to the difficulty
in precisely characterizing the chemical
distribution of elements in HNCs down
to the atomic scale, such mixing pro-
cesses can stay unnoticed. Underlying
mechanisms are influenced by a deli-
cate balance between intrinsic (e.g., lat-
tice mismatch, chemical miscibility)
and extrinsic (shell growth conditions)
parameters, which ultimately govern the
structural and chemical organization of
core-shell HNCs.[” Thus, in such highly
crystalline but intrinsically non-periodic
structures, precise information regarding

new generation of core-shell Ln-based HNCs with better control over their

atomic-scale organization.

the interface pattern is of major interest.
Indeed, the latter, which describes the
chemical and structural organization of
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Figure 1. Schematic representation of the most common types of interface patterns that can be observed for core-shell hetero-nanocrystals (HNCs).
a) Type-l or segregated model: abrupt interface with no intermixing between the core (orange color, @) and shell (blue color, @) domains. b) Type-Il or
interfacial alloying model: interfacial alloying with limited intermixing between the core and shell domains giving rise to an interphase domain (pinkish
color, ®). c) Type-lll or global alloying model: extended intermixing that can lead to the total loss of the core and shell domains’ integrity. In such an
extreme case, the core and shell domains are replaced by an alloy (pinkish color, @) without or with chemical concentration gradients. Note that non-
homogeneous alloying is possible for Type-Il and Type-lll interface patterns but was not represented for simplicity.

the 3D boundary/discontinuity region between core and shell
sub-domains can vary from abrupt to diffuse (Figure 1). Conse-
quently, the coupling between the sub-domains that constitute
HNCs can be modified with potentially important consequences
for macroscopic properties.>! For instance, interface pattern
engineering is used in the fields of semiconductor®3 and
multi-metallic! HNCs as a guiding principle to control their
optical or catalytic performance.

Over the past two decades, core-shell architectures have played
a pivotal role in the development of lanthanide (Ln)-based ter-
nary fluoride HNCs (with the general formula NaLnF,),! which
have risen as an important class of luminescent nanomaterials
due to their upconverting capabilities.l®) Although compelling
evidence of intermixing in Ln-based HNCs was published by
several groups,”! important parameters that influence the mag-
nitude of intermixing are still unknown just like the conse-
quences for the photoluminescence properties despite the early
works reported in van Veggel's group.®®l This, together with the
lack of details regarding the atomic scale organization of the 3D
boundary/discontinuity region between the sub-domains, leads
to a very limited understanding of the structure-property rela-
tionships in Ln-based HNCs although of critical interest, both
on fundamental and applied levels.l’) Indeed, elementary photo-
physical processes that control the photoluminescence proper-
ties (for example emission spectrum, efficiency, and dynamics)
of core-shell Ln-based HNCs, depend on energy exchange
between optically active centers.'”) Since such energy exchanges
are intimately linked to the available intra- and inter-domain
energy migration pathways,'!l a realistic and accurate descrip-
tion of the spatial distribution (i.e., relative position and local
concentration) of all optically active centers, and in particular
within the 3D boundary/discontinuity region between the sub-
domains, is of utmost importance. Because core-shell Ln-based
HNCs share common features (i.e., fully inorganic nanostruc-
tures) with both semiconductor (e.g., very similar non-aqueous
synthetic procedures in coordinating organic media) and multi-
metallic (e.g., ability to form solid solutions over a wide range
of chemical composition similar to metal alloys) HNCs, param-
eters known to modify the interface pattern of semiconductor
and multi-metallic HNCs can have similar effects on Ln-based
HNCs.
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In this article, 15 years after the introduction of core-shell Ln-
based HNCs,!"? the spatial distribution of chemical elements
supposed to be confined in the core and shell sub-domains is
revealed for the first time with atomic scale precision for entire
individual particles (Part I). This article also introduces critical
parameters such as the size of the starting core particles (acting
as seeds for shell growth) along with the relative shell thick-
ness, the nature of shell precursors, or post-synthesis annealing
treatment as experimental levers to modify the interface pattern
(Part II). The different interface patterns obtained have con-
crete consequences for the optical properties of the synthesized
HNCs with the modification of crucial photoluminescence
characteristics such as the emission spectrum, and absolute
upconversion quantum yield (UCQY) without changing the
chemical composition of the core and shell sub-domains. The
results presented in this article introduce a paradigm shift
for improved synthesis concept(s) with better control over the
atomic scale organization of Ln-based core-shell HNCs, which
is of critical interest for the emergence of a new generation of
such particles.

2. Results and Discussion

2.1. Core-Shell Hetero-Nanocrystals and Objectives

All synthesized core-shell HNCs rely on a single-shell archi-
tecture, which is formed by an optically active core (Yb**/Er**
used as the sensitizer/activator pair in various proportions)
combined to an optically inert shell (NaYF,). An overview of all
synthesized core NCs and core-shell HNCs is given in Figure 2.
The investigated core-shell HNCs are split in two different sets
(Figure 2, Set #1 and Set #2) to address various objectives.
Core-shell HNCs from Set #1 (Figure 2a;—c;) were used to
assess the capability of two independent characterization tech-
niques to distinguish various types of interface pattern together
with their corresponding spatial organization (Part I). Indeed,
most literature dealing with interface patterns in core-shell Ln-
based HNCs rely on optical measurements,’#413] which are
not adapted to describe the spatial extension and magnitude of
the alloying and/or cation exchange phenomena in core-shell

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Low magnification high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of (ag-c) all core
nanocrystals (NCs) and (aj-c;, a-a4) core-shell hetero-nanocrystals (HNCs) synthesized. Curved arrows indicate which core NCs were used as the
starting seeds for the growth of core-shell HNCs together with corresponding shell growth conditions. Single- (ultra-small o~-NaYF4 sacrificial seeds),
double-(Y(OOCCF;); and NaOOCCF3), and triple- (Y(OOCCHs3)3, NaOH, NH,F) source refer to the nature of shell precursor(s). All core-shell HNCs
were synthesized by a controlled hot injection method in a mixture of oleic acid and octadecene. All NCs and HNCs are identified by a short code (top

right corner of each HAADF-STEM image).

Ln-based HNCs. To overcome these limitations, microscopic
methods must be employed and in particular scanning trans-
mission electron microscopy (STEM)-based methods such as
spatially resolved energy dispersive X-ray spectroscopy (EDXS).
Moreover, to significantly improve resolution of spatially
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resolved EDXS/STEM analysis, the latter can be combined to
the quantitative analysis of annular dark-field (ADF)-STEM
images.’®™ Therefore, compared to optical spectroscopy, the
previously mentioned STEM-based methods offer important
improvements such as the characterization of single individual

© 2021 The Authors. Small published by Wiley-VCH GmbH
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particles (instead of an ensemble of particles) with a spatial res-
olution extending from about 1 nm down to the atomic-scale
(depending on the method). This constitutes a considerable
advantage to identify the correct interface pattern when synthe-
sizing core-shell Ln-based HNCs under various synthetic condi-
tions. Additionally, core-shell HNCs from Set #2 (Figure 2a;—ay)
were used to identify how shelling conditions (shell precur-
sors, relative shell thickness, post-synthesis annealing treat-
ment) can be used to modify the type of interface pattern for a
given single-shell architecture with fixed chemical composition
both for the core (NaEr,gYb,,F,) and shell (NaYF,) domains
(Part II). Core-shell HNCs from both sets (#1 and #2) were
used to investigate how the emission spectrum and absolute
UCQY are influenced when modifying the interface pattern
(Part I1I).

To improve reading efficiency but also to facilitate the identi-
fication of the different samples throughout the manuscript, all
synthesized core-shell HNCs are identified by two capital let-
ters (CS) together with attached superscript Roman numerals
(Figure 2, top right corner of each HAADF-STEM images).
The latter reflect i) the identity of core NCs that were used
as starting seeds, and ii) the type of shell precursors injected
for shell growth. Roman numerals affiliated to the core (C)
refer to the use of either ultra-small cubic o~NaEr,gYD,,F,
(Cl, Figure 2b,; Figure S1, Supporting Information), large
hexagonal [B-NaEr,gYb,,F, (CY, Figure 2a, Figure S1, Sup-
porting Information), or ultra-small B-NaGd;gF,:YDg,:Erg,
(C™, Figure 2cy; Figure S2, Supporting Information) core NCs.
Roman numerals affiliated to the shell (S) refer to the type of
shell precursors injected for shell growth such as single source
(S, ultra-small cubic @-NaYF, sacrificial seeds; Figure S3,
Supporting Information), double source (S, Y(OOCCF;); and
NaOOCCF;), and triple source (S, Y(OOCCHj3);, NaOH,
and NH,F) precursors. All details regarding the synthesis of
core NCs and core-shell HNCs are given in Sections S4,S5,
Tables S1,S2, Supporting Information.

2.2. Part I: Identification and Characterization of Interface
Patterns

Core-shell HNCs from Set #1 were first used to determine
whether the reference characterization technique (i.e., spatially
resolved EDXS/STEM analysis) previously used by the authors
is able to distinguish between different types of interface pat-
tern (in particular when a Type-I is formed). Additionally, to
strengthen the validity of the conclusions but also to improve
the resolution, spatially resolved EDXS/STEM analysis was cou-
pled to a second independent characterization technique, which
is based on a very different approach. Indeed, in the latter case,
the chemical organization of a whole particle can be extracted
from the quantitative analysis of its corresponding ADF-STEM
image. At this point, it is important to note that core-shell
HNCs from Set #1 (C'S", C"S'4) were synthesized under dif-
ferent conditions (different core sizes, different shell thickness,
etc.) because the primary objective was to obtain single-shell
architectures with noticeably different interface patterns. Core-
shell HNCs with thick (C'S™) and thin (C"S™) shells were syn-
thesized from ultra-small (5.9 £ 1.8 nm) cubic (C', Figure 2by;
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Figure 3. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images (left column) and corresponding
chemical concentration profiles (right column) of the particles shown in
the left column. The concentration profiles were obtained from energy dis-
persive X-ray spectroscopy (EDXS)/STEM line profiles after implementing
the subshell approach for thick-shell (C'S", top row) and thin-shell (C"'S'A,
bottom row) hetero-nanocrystals synthesized from a,b) ultra-small
o-NaErFgYb and c,d) large S-NaErF,:Yb core particles, respectively.
White arrows indicate the EDXS scan direction. The erbium/ytterbium
and yttrium concentration profiles are in orange and blue, respectively.

Table S1, Supporting Information) and large (23.8 + 1.6 nm)
hexagonal (C", Figure 2by; Table S1, Supporting Information)
NCs. The obtained HNCs are fully crystalline (hexagonal struc-
ture in both case) and highly monodisperse isotropic particles
with mean sizes of 20.4 £ 1.4 nm (C'S"; Figure S4,Table S2,
Supporting Information) and 26.2 £ 1.8 nm (C''S'4; Figure S4,
Table S2, Supporting Information). Compared to the size of the
starting core particles, these values correspond to shell thick-
nesses (when considering the formation of a Type-I interface
pattern) of =7 and 1 nm for HNCs with thick (C!S!) and thin
(CS™) shell, respectively.

2.2.1. Spatially Resolved EDXS/STEM Analyses

The chemical composition of single C'S" and C''S' HNCs was
first characterized by spatially resolved EDXS/STEM analyses.
For this purpose, the electron beam is focused to a small diam-
eter (typically 0.5 nm) and EDX spectra are acquired succes-
sively with 1-nm step distance along a line through the center
of single particles as indicated by the arrow in HAADF-STEM
images (Figure 3, left column). Corresponding composition
profiles (Figure 3, right column) were extracted from the quan-
tified EDX spectra. At this point, it is important to emphasize
that chemical profiles of shell (i.e., Y, blue line) and core (i.e.,

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Corrected high-resolution annular dark-field scanning transmission electron microscopy (ADF-STEM) images after applying the convolutional
neural network (left column), scattering cross section histograms together with the classification into two groups using a Gaussian mixture model
with two components (middle column), and refined high-resolution ADF-STEM images (using the StatSTEM software) overlaid by maps (orange dots)
reflecting the probability of finding at least one heavy lanthanide element (Er or Yb) for each atomic column within an individual B-NaErF,:-Yb@NaYF,
HNC (right column). Data in the a—c) top and d—f) bottom rows correspond to C'S" and C"S"* HNCs, respectively. Red circles in the refined high-
resolution ADF-STEM images (c,f) indicate the initial size of the starting core particles (Figure S1, Supporting Information). Note that red circles are

centered on the region with the highest density of atomic columns containing at least one heavy lanthanide element.

Yb/Er, orange line) elements shown in Figure 3 (right column)
were obtained after processing the compositions (extracted
from quantified EDX spectra) with the subshell approach out-
lined in detail by the authors in a review article.’® To sum-
marize, raw compositions obtained from EDX spectra cannot
be used to reveal the exact local chemical composition of core-
shell HNCs without further processing because the electron
beam propagates through the shell and core yielding an aver-
aged chemical composition along the electron-beam direction.
This limitation can be overcome by implementing the subshell
approach where a single core-shell HNC is (mathematically)
subdivided in concentric regions denoted as subshells (not to
be confused with the real chemical shell) whose number is
determined by the overall size of the particle and the distance
(1 nm) between two successive EDXS acquisition points. As
described in detail by the authors elsewhere,” the subshell
approach was used to process the raw compositions obtained
from quantified EDX spectra. Such a data treatment eliminates
the superposition of the shell and core contributions to the
overall EDXS signal and yields the local chemical composition
of each subshell and, hence, the real composition of the shell
and core regions. Striking differences in the chemical profiles
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(Figure 3, right column) are immediately visible between
C'S'l and CUS™ HNCs. Indeed, the alloying of Y and Yb/Er
has occurred destroying entirely the chemical integrity of the
starting core in the case of thick shell HNCs synthesized from
ultra-small starting core particles (C'SY, Figure 3a,b), which
corresponds to a Type-III interface pattern according to our
definition (Figure 1).

On the contrary, a large and intact core domain is clearly
visible in the case of thin shell HNCs synthesized from large
starting core particles (CU'S™, Figure 3c,d). In this case, an
abrupt transition between the pure core and pure shell domains
with a width of about 1 nm is clearly visible, which corresponds
to a Type-l interface pattern. These results demonstrate that
spatially resolved EDXS/STEM analyses performed on C!S"
and C"S™ HNCs (Figure 3) can clearly distinguish between the
formation of Type-III and Type-I interface patterns.

2.2.2. Quantitative Analysis of ADF-STEM Images

To validate the results obtained by spatially resolved EDXS/
STEM analyses but also to improve the resolution, a

© 2021 The Authors. Small published by Wiley-VCH GmbH
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quantitative analysis of ADF-STEM images was performed on
the same HNCs (C'S" and C'"S'4). The method is based on the
accurate quantification of the intensity of the different atomic
columns in high-resolution ADF-STEM images obtained with
a probe-corrected STEM (experimental details are given in the
Section S6, Supporting Information). The acquired ADF-STEM
images were corrected for distortions using a deep convolu-
tional neural network (Figure 4, left column; Section S6, Sup-
porting Information).”! By using the StatSTEM software,['®] the
projected atomic columns are modeled by a sum of Gaussian
functions peaked at the atomic column positions. The volumes
under these Gaussian peaks, the so-called scattering cross sec-
tions, scale with the chemical composition and thickness of a
projected atomic column observed in the corresponding ADF-
STEM image.["

The ADF-STEM image of an individual CU"S HNC
(Figure 4d) synthesized from the large core particles with a thin
shell deposition shows an abrupt transition between shell and
core while the ADF-STEM image of an individual C!S™ HNC
(Figure 4a) synthesized from ultra-small core particles with a
thick shell deposition does not show a sharp interface at the
atomic scale. In order to unscramble the thickness and compo-
sition effects, the quantitative analysis was limited to the region
where the thickness can be assumed to be constant. The dis-
tribution of scattering cross sections (histograms in Figure 4,
middle column) is then used to classify the atomic columns
into groups depending on their averaged chemical composi-
tion along the direction parallel to the incident beam. For this
purpose, an analysis based on Gaussian mixture models is per-
formed to fit the distribution of scattering cross sections with
two components (blue and orange dashed lines in Figure 4,
middle column). The first component (blue dashed line in
Figure 4, middle column) contains scattering cross sections of
the atomic columns resulting from the shell material (8-NaYF,)
without heavy lanthanides. On the contrary, the second com-
ponent (orange dashed line in Figure 4, middle column) cor-
responds to scattering cross sections for the atomic columns
that contain at least one heavy (Er or Yb) atom. Each scattering
cross section can be assigned to the component having the
highest probability for that particular scattering cross section.
The atomic columns containing at least one heavy lanthanide
element (i.e., Er or Yb) within an individual HNC and corre-
sponding either to the thick- (C'S™) or thin- (C"S') shell are
shown as orange dots overlaying the refined high-resolution
ADF-STEM images in Figure 4c,f, respectively.

In the case of CIS! HNCs, which were synthesized from
ultra-small C' core particles, the comparison of the mean
diameter before and after shell growth together with a Type-I
interface model (assumed by default) indicate that the opti-
cally active elements should be confined in a sub-domain (i.e.,
the starting core) representing only 2% of the total volume of
the final HNC and protected by a thick inert shell of 73 nm.
In reality, the atomic-scale resolved map (Figure 4c) not only
confirms the breakdown of the initially designed confinement
but also the inhomogeneous redistribution of heavy lanthanide
elements (supposed to be confined in the core domain) within
a particle volume much larger than expected. Indeed, despite
the impossibility to determine the relative positions (i.e., rela-
tive “heights”) of heavy and light rare-earth elements within
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each atomic column, it seems legitimate to assume alloying
in the electron-beam (z) direction with a magnitude similar to
what is observed for the x- and y-directions. In this case, the
particle volume (assuming a spherical approximation) where
optically active heavy lanthanide elements (Er/Yb) can be found
is 16-times larger than expected and represents 40% (instead of
2%) of the total volume of the HNC. Such a spatial redistribu-
tion is typical of a heterogeneous Type-III interface pattern. It
is worth pointing out that atomic columns containing no heavy
lanthanide elements can even be observed at the center of the
HNC, clearly proving the total loss of the chemical integrity of
the initial core domain. In the case of C'"S', which were syn-
thesized from large C!! core particles, the quantitative analysis
of the corresponding ADF-STEM image indicates the forma-
tion of a Type-I interface (Figure 4f).

To be sure that the cubic (@) to hexagonal (f) phase transi-
tion undergone by the starting ultra-small C! core particles
during the shell deposition did not play a role in the formation
of a Type-III interface pattern, a control experiment was per-
formed with C!! core particles (Figure 2¢). Although the latter
do not have the same chemical composition as C! core parti-
cles (only large particles could be obtained with the hexagonal
phase and the same chemical composition), their size is very
similar (Table S1, Supporting Information). Results obtained by
performing spatially resolved EDXS/STEM analyses on C!IS!
HNCs also reveal the formation of a Type-III interface pattern
(Figure S2, Supporting Information) ruling out the cubic to
hexagonal phase transition as a driving force in the formation
of a Type-1II interface pattern. Similarly, the temperature dif-
ference in the growth of C"ST HNCs compared to C!S™T HNCs
is not acting as the main driving force to trigger the formation
of a Type-III interface pattern because such a behavior was also
observed for HNCs synthesized at 290 °C as in the case of C!S!!
HNCs.™ Consequently, the ultra-small size of the starting core
NCs is very likely the main origin leading to the formation of
Type-111 interface patterns.

The quantitative analysis of ADF-STEM images not only
validates the results obtained by spatially resolved EDXS/STEM
analysis but also enables a step forward in the accurate descrip-
tion of core-shell HNCs by revealing the distribution of core
and shell elements for each atomic column within a single
particle. It is important to emphasize that both methods lead
to the same conclusions regarding the nature of the interface
pattern when growing core-shell HNCs and can be used with
confidence to reveal such essential structural features.

2.3. Part Il: Modification of the Interface Pattern

In depth characterization of core-shell HNCs from Set #1
indicates that the size of the starting seeds can dramatically
modify the type of interface pattern. The smaller the starting
seeds, the higher the probability to lose the chemical integrity
of the starting core domain. On the contrary, when large core
particles are used as the starting seeds, an interface pattern
with well defined core and shell domains is obtained together
with an abrupt transition. Because core-shell HNCs from Set
#1 were synthesized under different conditions (Figure 2, top
panel; Table S2, Section S5, Supporting Information), the effect

© 2021 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

of the latter on the type of interface pattern was investigated
in a second stage. Therefore, using C'"S'* HNCs as a reference
point (existence of a Type-I interface pattern), core-shell HNCs
from Set #2 (Figure 2, bottom panel) were synthesized from
the exact same starting core NCs (i.e., C'!, Figure 2a,). Several
parameters were modified (shell thickness, shell precursors,
or post-synthesis annealing treatment) while the synthetic
approach (controlled hot injection of shell precursors), chem-
ical composition of the shell (NaYF,), temperature (310 °C) and
aging time (80 min) were kept constant (Section S5, Supporting
Information).

2.3.1. Interface Pattern and Relative Shell Thickness

In a first step, the influence of the NaYF, shell thickness on
the interface pattern was investigated by growing a thick shell
(C'SM) instead of a thin one as in the case of CI'S™ HNCs.
Under such conditions, large isotropic and highly faceted par-
ticles are formed together with anisotropic rod-like particles
(Figure 5a; Figure S5, Supporting Information for the corre-
sponding size distribution histograms). The corresponding
spatially resolved EDXS/STEM analyses clearly indicate that the
growth of a thicker NaYF, shell on large C!' core particles trig-
gers a transition from a Type-I to a Type-1I interface pattern for
both isotropic (Figure 5b,c) and anisotropic (Figure 5d,e) par-
ticles. Indeed, in the case of isotropic particles, the thickness
of the interphase increases by a factor 4 while the thickness of
the pure NaYF, shell domain is multiplied by 5 compared to
core-shell HNCs with a thin shell (C''S™). A similar effect is
observed for the anisotropic particles although the size of the
pure core domain shrinks down to 13 nm (on average) com-
pared to the 20 nm (on average) observed for the isotropic parti-
cles. This can be explained when inspecting the corresponding
high-angle ADF (HAADF)-STEM images. While the shape of
the pure core region is not modified in the case of isotropic
particles (bright region in Figure 5b), it clearly appears that the
core region is elongated (bright region in Figure 5d) in the case
of anisotropic particles. These results clearly indicate that the
size of the starting core NCs is not, on its own, a reliable para-
meter to predict a priori the type of interface pattern that will be
formed after shell deposition.

2.3.2. Interface Pattern and Shell Precursors

In a second step, the role of the starting shell precursors (i.e.,
single-, double, or triple-source) in the transition from a Type-I
to a Type-II interface pattern was investigated. When a single
source shell precursor (i.e., ultra-small o~NaYF, sacrificial
seeds) was used (C''S'B), the transition from a Type-I (C''S'4) to
a Type-II interface pattern is observed (Figure S6, Supporting
Information). Note that the corresponding chemical distribu-
tion profiles of the shell and core elements are similar to those
obtained when using a double source shell precursor (C!SY,
Figure 5). Moreover, a significant fraction of large isotropic par-
ticles of the pure shell material were formed together with iso-
tropic and anisotropic core-shell HNCs (Figure S6, Supporting
Information).
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Figure 5. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images (a,b,d) and chemical concentration
profiles (c,e) of the particles shown in the left column. The concentra-
tion profiles were obtained from energy dispersive X-ray spectroscopy
(EDXS)/STEM line profiles after implementing the subshell approach
for thick-shell C''S" hetero-nanocrystals (HNCs) synthesized from large
[-NaErF,:Yb core particles with yttrium and sodium trifluoroacetates
as shell precursors for b,c) isotropic and d,e) anisotropic HNCs. The
erbium/ytterbium and yttrium concentration profiles are in orange and
blue, respectively. On HAADF-STEM images (b,d), white arrows indicate
the EDXS scan direction while red and orange dashed circles indicate the
initial size of the starting core particles together with the real size of the
pure core domain (as determined by EDXS), respectively.

On the other hand, when a triple source shell precursor (i.e.,
yttrium acetate in combination with sodium hydroxide and
ammonium fluoride) was used (C!SM), the shape of the syn-
thesized core-shell HNCs was significantly different. Indeed,
highly monodisperse anisotropic nanorods were obtained with
average dimensions of 29.1 £ 3.0 and 21.0 £ 2.0 nm for the long
and short axes, respectively (Figure S7, Supporting Informa-
tion). Second, although the transition from a Type-I to a Type-
IT interface pattern is also observed as for single- and double
source shell precursors, the width of the interface pattern is dif-
ferent along the short and long axes (Figure S7e, Supporting
Information).

© 2021 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

A ~—
N A OO © O
o O O O O

Concentration / at.% ©

o

10 20 30 40
Profile distance / nm

o
N—"

%

-
©
S
=
i,
=
©
—_
5
c
@
o
c
s]
o

10 20 30 40
Profile distance / nm

Figure 6. a,b) High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) images (left column) and ¢,d) chemical
concentration profiles (right column) of the particles shown in the left
column. The composition profiles were obtained from energy dispersive
X-ray spectroscopy EDXS/STEM line profiles after implementing the sub-
shell approach for thick-shell C"'S'" hetero-nanocrystals shown in Figure 4
but subsequently annealed at 310 °C for 80 min (without additional shell
precursors). White arrows indicate the EDXS scan direction. The erbium/
ytterbium and yttrium concentration profiles are in orange and blue,
respectively. Red and orange dashed circles on HAADF images indicate
the initial size of the starting core particles together with the real size of
the pure core domain (as determined by EDXS), respectively.

2.3.3. Interface Pattern and Post-Synthesis Annealing

In a third step, the thermal stability of the interface pattern
was investigated because of its importance when synthesizing
multi-shell structures, which request multiple high tempera-
ture treatments. It is worth mentioning that the latter played
a significant role in the development of the upconversion field
over the past decade. C"'S HNCs were selected to perform
post-synthesis annealing treatment because such large particles
should be less sensitive to thermal effects compared to smaller
ones. After extraction and purification, the as-synthesized
CUS HNCs (Figure 5) were annealed (in fresh solvent with
the same composition as for their synthesis) at 310 °C for
80 min without injecting any additional shell precursors.
The corresponding low magnification HAADF-STEM image
(Figure S8, Supporting Information) indicates that the
annealing treatment smooths the well-defined facets. This
effect is observed for all HNCs, independently of their size or
shape. More importantly, the spatially resolved EDXS/STEM
analyses performed on the isotropic (Figure 6a,c) and aniso-
tropic (Figure 6b,d) particles revealed that the interface pat-
tern, although of Type-II as for the parent particles (Figure 5),
is dramatically modified. Indeed, after annealing, the size of
the pure core domain shrinks (on average) down to 10 nm for
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the isotropic particles, which is twice smaller compared to the
size of the pure core domain that was identified directly after
shell deposition and before annealing. At the same time, the
average thickness of the interphase dramatically increases from
4 (before annealing) up to 13.5 nm (after annealing). Despite
reverse concentration gradients, it is worth mentioning that
optically active elements with a local concentration as high
as 20 at% can be found at the outermost region of the inter-
phase, which is very close to the surface. Therefore, the thick-
ness of the protecting shell that only contains the optically inert
element (Y) decreases down to 1.5 nm, which is =3.5 times
thinner than before annealing. A similar trend is observed for
the anisotropic particles (pure core domain: 75 nm, interface
thickness: 11 nm with concentration gradients, pure inert shell
thickness: 1 nm).

2.4. Part Ill: Interface Pattern and Photoluminescence Properties

One of the obvious differences between all synthesized HNCs
is the modification of the color output under 980 nm excita-
tion (Figure 7a,d). HNCs synthesized from the same optically
active core particles (C") but with different shelling condi-
tions are characterized by yellow (Figure 7a—C"'S' HNCs),
red (Figure 7b—CU!S! HNCs), and green-yellow (Figure 7c—
CHSHI HNCs) colors under 980 nm excitation (300 W cm™).
The inspection of the corresponding emission spectra indi-
cates that both the red-to-green and red-to-near infrared (NIR)
emission ratios are modified (Figure 7e—g) without changing
the chemical composition of the core and shell domains. Taken
with the above structural characterization, this is another evi-
dence that the concentration of the active elements in the core-
shell structures is affected by the shell growth conditions and
alters the photoluminescence properties. Note that the effect
of the concentration of optically active elements in the starting
core particles on the output color is visible for HNCs synthe-
sized from ultra-small f-NaGdF,:Yb:Er with a dominant green
emission over the red and NIR emissions (Figure 7d,h—C"!S!
HNCs).

The mechanistic rationalization of the changes in emission
spectra of such simple HNCs is challenging. Both the effec-
tive shell thickness (i.e., the shell thickness free from any opti-
cally active center) and interface pattern modulate relaxation
channels (productive and deleterious). Nonetheless, that these
parameters significantly affect the luminescence properties is
clear; the latter are a consequence of the holistic core plus shell
growth chemistries and processes.

The absolute UCQY, another photoluminescence property
of major interest because of its significance for a wide range
of potential applications, is also changed based on shell growth
conditions. The UCQY was measured at different power densi-
ties for each HNCs (Figure 8—data points). It is clear that CI'S™A
(Figure 8, curve @), CIS before (Figure 8, curve ®) and after
(Figure 8, curve @) annealing as well as C'S™™! (Figure 8, curve
®) have similar saturation effects. Therefore, the measured
UCQY of these samples can be compared at 300 W cm™ to get
an impression of their relative performance. At 300 W cm™,
measured values are 0.14% (CUS™), 0.83% (CU'S' before
annealing), 0.098% (C"'S™), and 0.28% (C!'S™ after annealing).

© 2021 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Sl

www.small-journal.com

i

~NZA
N0}
Pl
N @
«Q
a2
o)
Norm. photon flux / au
oA
a0

Norm. photon flux / aul
Norm. photon flux / au>
Norm. photon flux / a.u.~

ot | — et

T T
600 700 800
Wavelength / nm

- NN M~
900 500 600 700 800 900
Wavelength / nm

T T T
600 700 800
Wavelength / nm

T T T
600 700 800
Wavelength / nm

500 900 500 900

Figure 7. Photographs (top row) and emission spectra (bottom row) obtained under near-infrared excitation (980 nm at 300 W cm™2) for various
hetero-nanocrystals (HNCs) synthesized either from a—c,e-g) large -NaErF,Yb or d,h) ultra-small f-NaGdF,:Yb:Er core particles. HNCs from large
[-NaErF,:Yb core particles were synthesized under the same conditions (controlled hot-injection, 310 °C, 80 min) except for the shell thickness and/or
shell precursors: (a,e) C''S' (thin shell, single source shell precursors), (b,f) C"'S" (thick shell, double source shell precursors), (c,g) C"'S"" (thick shell,
triple source shell precursors). (d,h) C""'S' HNCs synthesized by the controlled hot-injection method (310 °C, 80 min) from ultra-small S-NaGdF,:Yb:Er
core particles (C'") and single source shell precursors (thick shell). All photographs were taken with the same digital camera (Nikon D700) equipped

with an AF-Nikkor 50 mm 1:1.8D objective and with identical ISO (ISO 400), shutter speed (1/8 s), and aperture (f/2.2) settings.

Additionally, the critical power density (CPD) function that
was described by Joseph and co-workers can be used as a sup-
porting figure of merit to compare performances.!'® Indeed, the
CPD function is useful to compare power densities for which
the transition between the weak and strong excitation regimes
happens. In the weak excitation regime, the number of gener-
ated UC photons is still non-linear dependent on the excitation
photons number, with Nyc o< N2, in the case of a two-photon
process. On the contrary, in the strong excitation regime, the
system “saturates” and the probability of sequential energy
transfer leading to UC is close to one with a typical linear
dependence between the excitation and generated UC photons.
In such a case, two 980 nm photons would be converted into
one photon (one green or one red), four into two, three into
six, etc. Therefore, in the strong excitation regime, the absolute
UCQY does no longer depend on the power density. Nyc.sa:. iS
estimated by fitting experimental power-dependent UCQY data
with the CPD function (Figure 8—black solid lines). The CPD
function not only can be used to determine the CPD but also to
theoretically predict the maximum possible UCQY (fyc.s,.) that
can be reached by a material. C'"S" HNCs with a Type-I inter-
face and an estimated 7yc.s.. of 0.23% together with a CPD
value of 24 W cm™ can be used as a reference for further evalu-
ation (Figure 8, curve @, Type-I interface pattern). Interestingly,
the growth of a thick inert shell on top of the same starting core
particles (C!) at the exact same temperature and aging time but
using different shell precursors and shell growth methods can
lead either to the strong increase (up to 1.1%) or decrease (down
to 0.17%) of Nycga. in the case of CUS™ (Figure 8, curve @,
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Type-11 interface pattern) and CUS™! (Figure 8, curve ®, Type-
IT interface pattern with unequal protection) HNCs, respec-
tively. This can be explained by the structural features of the
corresponding interface patterns. Whereas both types of HNCs
are characterized by alloyed interface patterns, HNCs synthe-
sized from yttrium and sodium trifluoroacetates (C'S™) clearly
have a homogeneous protecting shell (i.e., free from optically
active elements) while those synthesized from yttrium acetate
in combination with sodium hydroxide and ammonium fluo-
ride (CUS™) are not equally protected and in particular along
the short axis. Such a structural feature favors energy migra-
tion toward surface quenching sites and explains the poorer
UCQY and higher CPD value (30 W cm™2). Interestingly, a
post-synthesis annealing treatment of the most efficient (i.e.,
C"S')y HNCs (Figure 8, curve @) also leads to the deterioration
of the saturation UCQY, which decreases from 1.1% down to
0.4% (Figure 8, curve @) while the CPD value increases from 6
up to 13 W cm™. Such a behavior is once again in agreement
with the structural features of the interface pattern. Compared
to their parent HNCs, the interface pattern after annealing is
characterized by a much thicker alloyed region together with
an effectively thinner protecting shell. Such a weaker degree
of protection regarding surface quenching explains the weaker
UCQY compared to the parent HNCs. Nonetheless, the UCQY
is still double that compared to C''S' HNCs with a thin pro-
tecting shell and a Type-I interface pattern at all power densi-
ties (Figure 8, curve @). The influence of the thickness of the
protecting shell can be ruled out because in both case the effec-
tive thickness is =1.5 nm. On the other hand, the thick alloyed

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 8. Power-dependent (4., = 980 nm) total absolute upconversion
quantum yield (UCQY) for various hetero-nanocrystals (HNCs) synthe-
sized from large B-NaErF,Yb (C'") and ultra-small S-NaGdF,:Yb:Er (C'!")
core particles at 310 °C for 80 min (solid symbols) from single- (@: C''S'* @:
C''s", double- (®: C''S" before annealing,), and triple- (®: C"'S") source
shell precursors. Power-dependent UCQY of C''S" HNCs after post-
synthesis annealing treatment is also shown (@). Fitting of the experi-
mental data with a critical power density function (black solid lines) are
shown together with the extracted critical power density (CPD) values and
saturation upconversion quantum yield (7yc.sat)-

interface pattern of annealed HNCs led to the redistribution
of the optically active centers in a much larger volume, thus
decreasing their local concentration contrary to HNCs with a
Type-I interface pattern, which is also proved by the larger CPD
value (24 vs 13 W cm™2). Consequently, the lower efficacy due
to the thinner protecting shell (i.e., facilitated energy migra-
tion toward surface quenching sites) is counterbalanced by the
dilution effect. If the latter would have been detrimental, the
UCQY of annealed C'S"" HNCs (Figure 8, curve @) should be
lower than that of C'"S" HNCs with a Type-I interface pattern
(Figure 8, curve @). This is not the case for any power density,
thus indicating that concentration quenching is likely to remain
a concern in Ln-based HNCs, as it is in bulk materials.

The importance of the dilution effect induced by the for-
mation of an alloyed interface on the absolute UCQY is also
noticeable in the case of CM''S! HNCs with a Type-III inter-
face pattern (Figure 8, curve @). Contrary to the previously
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described HNCs, ultra-small -NaGdF,:Yb:Er core (C') parti-
cles with the “optimum” Yb** (18%) and Er** (2%) doping con-
centrations (i.e., derived from microcrystalline samples) were
used for the growth of a thick protecting shell (C''S!). Although
CMI'ST HNCs have the worst UCQY at low power density, at the
highest power density measured of 300 W cm™?, it reaches the
same UCQY value as for C''S'* HNCs with a Type-I interface
pattern (Figure 8, curves @,8). It is worth noting that at much
higher power density, the efficiency should even be higher
than that of C'S!" HNCs after post-synthesis annealing treat-
ment. Additionally, for the whole measurement range of power
density, the slope of the power-dependent UCQY for CM'S!
HNCs (Figure 8, curve ®) remains constant and does not show
any sign of saturation. The corresponding high CPD value
(220 W cm™?) together with the constant slope indicate that the
energy transfer efficiency between optical centers is far from
being optimized and requests much higher excitation photon
flux to become efficient. In this case, increasing already opti-
mized distances between optically active centers (due to the
dilution effect) drastically reduced the rate of energy transfer
between ions to sub-optimal levels. For comparison, within the
same power density range, the saturating trend of UC genera-
tion efficiency (Figure 8, curves ®-@) and corresponding CPD
values (6, 13, 24, and 30 W cm™?) of all other heavily doped
HNCs indicate that, even at low power density, energy-transfer
UC is the dominant deactivation channel due to better energy
transfer capabilities.

3. Discussion

Results obtained with core-shell HNCs from Set #1 clearly
indicate that the size of the starting core NCs plays an impor-
tant role regarding the type of interface pattern that is formed
after shell growth. Additionally, results obtained with core-shell
HNCs from Set #2 (same core with modified shell-growth con-
ditions) revealed that the size of the starting core NCs is not, on
its own, a reliable parameter to predict a priori the type of inter-
face pattern that will be formed after shell growth. Indeed, the
type of interface pattern obtained when synthesizing core-shell
Ln-based HNCs results from complex interactions between
various parameters (size of the starting seeds, relative shell
thickness, shell precursors, and post-synthesis temperature
annealing), which can influence mechanisms governing cation
intermixing. Consequently, the results indicate that a one-size-
fits-all model to describe the interface of core-shell Ln-based
HNCs is a myth.

Because cation intermixing is a transport phenomenon
involving atoms supposed to be confined in the core and
shell domains, their net transport and intermixing happens
at the atomic scale, which is a fundamental and critical issue.
Although some important experimental parameters leading
to different types of interface patterns were identified in this
study,™ the underlying mechanisms leading to cation inter-
mixing are not clear. Cation intermixing can be due to several
phenomena such as i) solid-state diffusion (interstitial and/or
vacancy), ii) partial dissolution of the core followed by recrystal-
lization in presence of shell precursors, and iii) a combination
of the previous phenomena.

(10 of 13) © 2021 The Authors. Small published by Wiley-VCH GmbH
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Although solid-state diffusion has been revealed as a com-
plicated process in core-shell metal HNCs,"**2% such a mecha-
nism has been considered to be negligible by several groups
when considering core-shell Ln-based HNCs. For instance,
Komban and co-workers showed that post-synthesis annealing
of single-shell HNCs (f-NaYF,-NaGdF,, overall size =10 nm,
1 nm shell thickness) in pure oleylamine at 320 °C for 20 min
does not trigger measurable solid-state diffusion.?!! This is
in agreement with the data reported by Chen and co-workers
who did not observe significant diffusion when annealing
(350 °C for 120 min) solid-state powder of large single-shell
HNCs (B-NaYF,Ce-NaYF,TDb, overall size =50 nm, 3 nm
shell thickness).33 Nevertheless, Liu and co-workers recently
noticed discrepancies and reported diffusion?? in large single-
shell HNCs (3-NaErF,-NaREF, with RE =Y, Gd, or Lu, overall
size =23, 30, or 40 nm, 1-, 5-, or 10 nm shell thickness) after
annealing the as-synthesized HNCs in the same mother mix-
ture (oleic acid and octadecene) as used for their growth.[3"
Liu and co-workers reported diffusion for annealing treatments
in the temperature range 200-300 °C with increased magni-
tude above 280 °C. Note that in the study reported by Liu and
co-workers, single-shell HNCs were submitted to very long
annealing time ranging from 120 up to 720 min.

Interestingly, investigations for which no trace of cation inter-
mixing was reported relied on experiments either performed in
the solid-state (Chen et al.*%)) or in the liquid state but in the
absence of oleic acid (Komban et al.?!). This particular point
is important because the vast majority of synthetic approaches
used for the liquid-state synthesis of single- and multi-shell
NaLnF,-based HNCs rely on the use of oleic acid (in combina-
tion with octadecene and/or oleylamine). Oleic acid is recog-
nized to promote the dissolution of crystalline (cubic or hex-
agonal) NaLnF, particles, thus releasing soluble species when
heated in a fresh mixture of oleic acid and octadecene.?l Such
a dissolution process continues until an equilibrium is reached.
Thus, it is clear that in the presence of shell precursors in solu-
tion, both core and shell elements can recrystallize through the
formation of an alloy. This can easily happen because NaLnF,
compounds constitute a class of isostructural phases with lim-
ited lattice mismatch (<5%) and significant miscibility over a
wide range of Ln composition (including rare earth elements).

Because dissolution kinetics are much faster for smaller
particles compared to larger ones, this can explain why a
Type-1II interface pattern was only observed for core-shell
HNCs synthesized from ultra-small starting seeds (C'S"
and C™"'S). The dissolution and recrystallization mechanism
together with the redistribution of cations from the core and
shell domains (transition from a Type-I to a Type-II interface
pattern) could also explain why sharp edges observed after the
synthesis of large core-shell HNCs (C!S!) disappeared after
temperature annealing in fresh oleic acid/octadecene. Note
that particle resphering is not unusual and was observed by
Wu and co-workers for Pd-Au HNCs at 400 °C during solid-
state annealing.?*l Although the dissolution and recrystalliza-
tion mechanism is very likely to happen, it cannot explain on
its own why a transition from a Type-I to a Type-II interface
pattern was observed for C'"S' and C"S'™® HNCs, respectively.
This suggests that solid-state diffusion exists but might be
controlled by the concentration difference of core and shell
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elements in the particles and in solution. It is also impor-
tant to emphasize that a liquid coordinating environment
can dramatically influence the diffusion process during shell
growth and/or post-synthesis annealing treatment. Indeed,
the redissolution of NaLnF, NCs significantly disturbs their
corresponding surface with increased surface and/or sub-
surface defect concentration, which can be trapped during the
recrystallization process. If the case, the newly created defects
(e.g., vacancies) can act as a powerful driving force to modify
solid-state diffusion rates. Consequently, one can legitimately
assume that a convolution of mechanisms is responsible for
cation intermixing during the synthesis of core-shell Ln-based
HNCs.

The spatially resolved EDXS/STEM analyses and the quantifi-
cation of ADF-STEM images performed on large HNCs indicate
that their internal structure and not just the region close to the
surface can be deeply modified. Such an uncontrolled internal
redistribution can lead to significant modifications of the emis-
sion and absolute UCQY of the exact same type of architecture
(single shell B-NaErF,Yb-NaYF, architecture) without changing
the chemical composition of the core and shell domains. The
chemical identity (i.e., nature and concentration of optically
active and inert elements) of the different domains that con-
stitute HNCs must take into account the magnitude of inter-
mixing. By modulating (more or less significantly) the spatial
distribution of the optically active centers, the interface pattern
is responsible for the alteration of both the nearest neighbor dis-
tances, local concentrations, and pathways to the HNC surface.
To optimize the absolute UCQY, optimized concentrations must
be determined for a given architecture (single- or multi-shell)
with a perfectly characterized interface pattern. The highest abso-
lute UCQY value measured for C!S! before annealing (0.6% at
100 W cm™2, nyc.sar = 1.1%) is comparable to the typical values
reported in the literature and ranging from 0.2% up to 1% at
100 W cm™2 or lower (single-shell HNCs).">'1625] Nevertheless, it
is worth mentioning that a comparison between absolute UCQY
values reported in the literature is challenging because different
i) host matrices, ii) chemical composition of optically active
elements, and iii) synthetic methods can be used for the syn-
thesis of core-shell HNCs. It is also important to emphasize
that core-shell HNCs reported in this study were not designed
to maximize the absolute UCQY but to investigate the effect of
various parameters on the modification of the interface pattern
and the consequences for the photoluminescence properties.
When optimizing the design, Hudry et al. reported one of the
best absolute UCQY values (3.5% at 60 W cm™ for 19 nm triple-
shell HNCs),?% which is very close from the value reported
by Homann and co-workers with an absolute UCQY value of
5% at 30 W cm™ for 22 nm single-shell HNCs.””] To the best
of our knowledge, the same authors reported the record abso-
lute UCQY value (9% at 30 W cm™) for 45 nm single-shell
HNC:s. Interestingly, Homann and co-workers synthesized their
single-shell HNCs under drastically anhydrous conditions by
removing all sources of hydroxide groups (HO"), which can
substitute fluoride anions in the crystal structure, and thus, act
as luminescence quenching centers. One can anticipate that
combining strictly anhydrous conditions for the synthesis of
core-shell HNCs together with proper considerations regarding
the interface pattern might be the key to design ultra-small but
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very bright upconversion HNCs at low power excitation densi-
ties (<1 W cm2),29 which is of critical interest for in vivo bio-
medical applications.

4, Conclusions and Outlook

In this article, it was demonstrated that the outcome of the syn-
thesis of core-shell Ln-based HNCs can easily and significantly
deviate from the initially anticipated structure with abrupt
interface. Such deviations were identified and characterized
by STEM-based methods (ADF-STEM images and spatially
resolved EDXS/STEM), which gave coherent indications
regarding the type of interface pattern. The latter, which reflects
the chemical and structural organization of the boundary/
discontinuity region between two sub-domains (core-shell in
this article), appears to be an important and useful notion to
properly describe the atomic-scale organization of core-shell
Ln-based HNCs. The experimental results showed that the
interface pattern can be engineered from abrupt to diffuse,
with the possibility to modulate the magnitude of the latter.
Although the size of the starting core particles is important, it
was demonstrated that such a parameter is not reliable, on its
own, to predict which type of interface pattern will be formed.
Indeed, interface patterns ranging from segregated (Type-I) to
partial alloying (Type-II) were identified in NaErF,Yb-NaYF,
HNCs grown from the same large starting core particles.
Finally, without changing the overall architecture (i.e., single-
shell only) or the chemical nature of the core and shell mate-
rials, important photoluminescence properties such as the
emission spectrum and absolute UCQY of HNCs synthesized
with various shelling conditions were modified.

Accurate models coupled to the comprehensive under-
standing of intermixing mechanisms will significantly improve
the ability to control the atomic scale organization of Ln-based
HNCs. This constitutes a difficult task and it is important to
emphasize that the investigations performed in this article
just scratched the surface of an entire field of research that
was largely unexplored since the emergence of core-shell Ln-
based HNCs nearly two decades ago. Consequently, a concerted
effort within the upconversion scientific community is urgently
needed to identify the conditions under which a specific type
of interface pattern can be stabilized. Such interface pattern
stability diagrams should also take into account the role of the
initial lattice mismatch, chemical miscibility between the sub-
domains involved in the designed structure, or the quantity of
hydroxide groups.[”-?8l Interface pattern stability diagrams for
core-shell Ln-based HNCs might be used as a fundamental
pillar not only for the comprehensive understanding of the
structure-property relationships and the rational design (i.e.,
adapted to a specific application with a particular set of require-
ments in terms of optical characteristics), but also for the con-
trolled synthesis of a new generation of core-shell Ln-based
HNCs with improved or even new properties. Such a funda-
mental aspect is perfectly in line with some of the challenges
the upconversion scientific community is currently facing to
either explain optical behavior® or improve important char-
acteristics for technological applications.?’! This new field of
research is of critical interest to prevent uncontrolled structural/
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chemical randomness and deviations from the initially designed
structures, which might seriously compromise the successful
translation of core-shell Ln-based HNCs from bench to market.
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from the author.
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