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 ABSTRACT 
Understanding the structural characteristics and growth mechanism(s) are essen-
tial for generating core–shell nano-heterostructures with distinctive properties.
Especially in lanthanide-based nanocrystals, rational design of the core–shell 
composition can be utilized to enhance/tune the optical properties of the final 
nanostructure, or can be used to integrate multiple functional applications (e.g.,
luminescent/magnetic). In this article, we review the progress in our current
understanding of the epitaxial shell growth in sodium lanthanide fluoride 
(NaLnF4) nanocrystals. In order to understand epitaxial shell growth the core
nanocrystals have to be uniform, and to date the synthesis of high quality
near uniform size/shape dispersion controlled synthesis of lanthanide-based
nanocrystals has been achieved mainly with this class of nanocrystals. The
progress in core–shell synthesis and the epitaxial shell growth mechanism
in this class of nanocrystals (NaLnF4) are reviewed, and a general perspective 
is provided on the core–shell morphology based on different characterization 
techniques. While there has been tremendous progress in studying the impact
of core–shell structures in various functional applications, this review also
highlights, in our view, the still limited understanding of ways to control the 
core–shell morphology and it emphasizes some important, unanswered questions
that remain to be addressed to maximize their performance. 

 
 

1 Introduction 

The ability to manipulate the properties of colloidal 
nanocrystals by epitaxial growth of closely lattice 
matched material(s) to generate core–shell structures 
has widely been explored in almost every class of nano-
material applications [1]. The unique advantage with 
core–shell nanocrystals is that it allows for integration 

of two or more functions in one single nanostructure, 
while spatially isolating the core from the surrounding 
(e.g., solvents and surface ligands). This spatial 
separation of the core has had tremendous impact, 
especially on luminescent nanocrystals, and (epitaxial) 
shell growth is well known to enhance the lumines-
cence efficiency [2, 3]. The surface-induced solvent 
and ligand quenching result in low luminescence 
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efficiency of the core nanocrystals, and the epitaxial 
shell shields the core from these detrimental effects. 
In lanthanide-based nanocrystals the luminescence 
arises from selectively doped lanthanide ions (through 
their intra-4f transitions) within the nanocrystal matrix 
and is not a quantum size effect as in semiconductor 
quantum dots. In spite of the fact that the emissive 
centers are the dopant ions within the nanocrystal 
matrix, surface quenching still greatly decreases the 
luminescence efficiency. The luminescence quenching 
can directly be attributed to the high energy vibrational 
modes of the surface ligands and solvents (often water) 
that, by non-radiative processes, very efficiently quench 
the emissive ions that are at or near the surface of  
the nanocrystals. The first evidence of luminescence 
enhancement by shell growth in lanthanide-based 
nanocrystals was demonstrated by Haase and co-
workers on a green-emitting terbium (Tb3+) doped 
cerium phosphate (CePO4) core with a lanthanum 
phosphate (LaPO4) shell [4]. The now widely used 
core–shell strategy of growing a shell of the same 
core composition without the dopant ions was then 
demonstrated by Stouwdam and van Veggel in 
lanthanum fluoride (LaF3) nanocrystals with either 
europium (Eu3+) or terbium (Tb3+) doped in the core 
with a shell of undoped LaF3 [5].  

One important class of lanthanide-based nanocrystals 
that has attracted major research focus in recent years 
is the upconverting nanocrystals [6]. On selective 
doping of lanthanide ions, these nanocrystals sequen-
tially absorb two or more lower-energy photons and 
subsequently emit a higher-energy photon, termed as 
upconversion [7]. This is thus a non-linear process. 
To date, the bulk form of β-NaYF4 (sodium yttrium 
fluoride) is known to be the most efficient host matrix 
for this upconversion process [8, 9]. In nanocrystalline 
β-NaYF4 structures the increased surface to volume 
ratio results in enhanced surface quenching and the 
luminescence efficiency is greatly reduced compared 
to the bulk structure [10]. To enhance the upcon-
version efficiency there has been a great deal of 
interest in core–shell structures with this class of 
nanomaterials.  

In this review, a general perspective on the 
advances in core–shell synthesis, applications, and 
characterization of core–shell composition in NaLnF4 

nanocrystals is presented. In section 2, we discuss  
the structural motif of an ideal (perfect) core–shell 
structure, homo/hetero-epitaxial core–shell structures, 
and their advantages. Discussion of the different 
epitaxial shell growth techniques and the shell growth 
mechanism is then presented in section 3. Sub-
sequently, the characterization techniques to establish 
the core–shell structure are reviewed in section 4. 
Finally, in section 5 we remark on some important 
questions from known examples and highlight the 
need for further explorations and insights towards 
designing ideal (perfect) core–shell structures in this 
class of nanomaterials. 

2 Structural composition of core–shell  
structures, and their functional advantages 

2.1 Structural motif of a core–shell nanocrystal 

Generally, in epitaxial growth the shell material, with 
a closely matched lattice structure and composition 
to that of the core, deposits on the core nanocrystals 
generating core–shell structures. The final core–shell 
morphology can be distinguished as either cen-
trosymmetric or non-centrosymmetric structures as 
shown in Scheme 1. In centrosymmetric structures 
the deposited shell is equally thick around the core, 
which is thus an ideal (perfect) core–shell structure. 
However, in non-ideal cases, beyond a few monolayer 
shell growth (a “critical” thickness), the interfacial 
strain induced by the (small) lattice mismatch of the 
core and shell relaxes and results in defective shell  

 

Scheme 1 Illustration of structural composition of core–shell 
nanocrystals: (a) centrosymmetric ideal core–shell structures where 
the shell thickness is the same around the core radially in all 
directions; (b) non-centrosymmetric core–shell anisotropic structures 
with uneven distribution of the shell around the core, with either 
complete asymmetric coverage of the core or partially exposed core. 
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growth generating anisotropic non-centrosymmetric 
structures [11].  

In case of luminescent upconverting nanocrystals 
an ideal core–shell structure where the shell equally 
protects the core radially on all sides should provide 
enhanced upconversion efficiency compared to the 
core and the other non-centrosymmetric structures. 
The luminescence quenching by surface ligands and 
solvents is distant dependent (through the Förster 
mechanism) and the spatial screening of the core by 
the shell equally on all sides (centrosymmetric) is thus 
needed for enhancing the upconversion efficiency.  
In this regard, a deeper understanding of the shell 
growth mechanism and in-depth characterization of  
the core–shell structures are vital towards making 
progress in designing ideal core–shell nanostructures. 

2.2 Classification of core–shell nanocrystals based 
on their structural composition 

The core–shell structures investigated to date in the 
NaLnF4 class of nanostructures can be classified into 
two distinct classes, based on the distribution of dopant 
ions within the core and the shell (class-1), or based on 
the host matrix composition of the core and the shell 
(class-2). The class-1 structures can further be classified 
into two types. In type-1 structures the core is passi-
vated with an undoped shell of the same host matrix 
without the dopant ions, for example NaYF4:Yb3+,Er3+ 
(core)/NaYF4 (shell) where the Yb3+, Er3+ in the core 
are the dopant ions responsible for the upconversion 
luminescence [12]. In type-2 structures selective dopant 
ions in the shell are also incorporated to generate    
a doped-core–doped-shell structure. Qian and Zhang 
demonstrated for the first time the doped-core– 
doped-shell structure by selectively doping Tm3+   
in the core and Er3+ in the shell (NaYF4:Yb3+,Tm3+ 
(core)–NaYF4:Yb3+,Er3+(shell)) to generate multicolor 
upconversion using core–shell structures [13]. A slight 
variation of this class is the active-core–active-shell 
structures demonstrated by Capobianco and coworkers 
[14]. In these structures the shell is doped only with 
the activator ion (Yb3+) and enhanced upconversion 
efficiency compared to the undoped shell was 
demonstrated. The enhancement upconversion with 
these structures is shown in Fig. 1. As the class-1 
core–shell nanocrystals have the same crystalline host  

 
Figure 1 Photographs of colloidal solutions of (a) NaGdF4: 
Er3+,Yb3+ active-core–NaGdF4 inert-shell nanoparticles and (b) 
active-core–active-shell NaGdF4:Er3+,Yb3+/NaGdF4:Yb3+ nano- 
particles in toluene (~1 wt.%) following excitation with 980 nm 
(note: the two digital photographs were taken using identical camera 
settings). Reprinted with permission from Ref. [14]. Copyright 
2009, Wiley-VCH.  

in both the core and the shell, except for the distribution 
of dopant ions, they can be collectively termed as 
homo-epitaxial core–shell nanostructures. 

In class-2 structures the core and the shell host 
matrix are of different composition and structures of 
this type are hetero-epitaxial core–shell nanocrystals. 
While the class-1 structures allow for luminescence 
enhancement, class-2 structures can offer both lumines-
cence enhancement and integration of two or more 
distinct properties. For example, NaYF4:Yb3+,Er3+ (core)/ 
NaGdF4 (shell) structures have a luminescent up-
converting core protected by a NaGdF4 shell, where 
the paramagnetic Gd3+ in the shell allows for integrating 
magnetic resonance imaging (MRI) properties [15]. 
Recently, Yan and coworkers demonstrated NaYF4: 
Yb3+,Er3+ (core)/CaF2 (shell) hetero-epitaxial nanocrystals, 
where the core is cubic (α)-NaYF4 and has similar 
lattice parameters to CaF2 in the shell [16]. This work 
demonstrates that with lattice matching, core–shell 
structures of completely different chemical com-
positions can also be constructed. Another unique 
advantage of the hetero-epitaxial core–shell structures 
is that it allows for in-depth characterization of the 
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core–shell morphology, while it still remains a challenge 
with the homo-epitaxial structures (discussed in 
section 4). In general, the class-2 hetero-epitaxial 
structures are still not explored as much as the class-1 
homo-epitaxial core–shell structures. 

2.3 Advantages and utility of core–shell nanocrystals 

The primary advantage and the importance of core– 
shell structures are the enhancement of the upconversion 
efficiency of the core nanocrystals as discussed above. 
The first demonstration of upconversion enhancement 
in β-NaYF4:Yb3+,Er3+ (Tm3+) (core)–NaYF4 (shell) nano-
crystals was reported by Chow and coworker [12]. 
They showed that with a ~1.5 nm thick undoped shell 
of NaYF4 the upconversion emission of a doped 7.7 nm 
core nanocrystal can be enhanced by 7.4 and 29.6 
times for β-NaYF4:Yb3+,Er3+ and β-NaYF4:Yb3+,Tm3+ core 
nanocrystals, respectively. Our group reported the first 
absolute quantum yield (QY) measurements on the 
core and core–shell upconverting (β-NaYF4:Yb3+,Er3+ 
(core)–NaYF4 (shell)) nanocrystals, and showed a 300% 
increase in QY (0.10% (core) to 0.30% (core–shell)) 
after the growth of an undoped NaYF4 shell [10]. 
Importantly, the core–shell nanocrystals of size 30 nm 
have the same QY as that of a 100 nm core only 
nanocrystals, clearly demonstrating the structural 
advantage of the core–shell morphology.  

Depending on the selection of dopant ions unique 
emission processes can be realized from lanthanide- 
based nanocrystals. However, co-doping two different 
emissive ions within a single nanostructure often 
results in detrimental cross-relaxation and quenching 
effects that reduce the luminescence from both the 
doped emissive ions. However, this can be overcome 
by isolating spatially the different dopant ions in 
core–shell structures by selectively positioning the 
emissive ions separately in the core and the shell. As 
discussed earlier, Qian and Zhang demonstrated for 
the first time the advantage of core–shell structure in 
spatial positioning of the dopant ions by selectively 
doping Tm3+ in the core, and Er3+ in the shell 
(NaYF4:Yb3+,Tm3+ (core)–NaYF4:Yb3+,Er3+ (shell)) without 
any deleterious cross-relaxation between the emissive 
ions [13]. The advantage of this spatial positioning of 
dopant ions was used to demonstrate “remote-control” 

photoswitching of dithienylethene (DTE) by Branda 
and coworkers [17]. They showed that NaYF4 nano-
crystals doped with Er3+/Yb3+ and Tm3+/Yb3+ ions in 
separate layers change the type of light they emit when 
the power density of the excitation light (980 nm) is 
increased/decreased (as the non-linear processes have 
different power dependencies). At high power densities 
the dominant ultraviolet (UV) emission triggers the 
ring-closing of the DTE photoswitches, and when 
switched to low excitation power the visible light 
generated triggers the ring-opening reaction to 
regenerate the original photoisomer (Fig. 2). 

The core–shell conformation can also be used for 
selective energy transfer between the dopant ions in 
the core and the shell generating unique dual-mode 
luminescence. In this regard, the first demonstration 
of Eu3+ luminescence both under UV (273 nm) and 
near-infrared (NIR) excitation (976 nm) was reported 
in NaGdF4:Yb3+,Tm3+ (core)/NaGdF4: Eu3+ (shell) nano-
crystals by Chen and coworkers [18]. The lumines-
cence of the Eu3+ ions under UV excitation is sensitized 
by the Gd3+ of the host matrix, while the Yb3+ and Tm3+ 

 

Figure 2 The “direct photoreactions” of the DTE derivatives 
used in this study are triggered by UV light (for ring-closing) and 
visible light (for ring-opening). These reactions can also be triggered 
in a “remote-control” process using the UV light generated under 
high excitation power densities and the visible light generated 
under low excitation power densities when the core–shell–shell 
UCNPs (ErTm and TmEr) absorb near-infrared light (980 nm). 
The sizes of the colored arrows represent the relative amount of 
each type of light excited or emitted during the multiphoton process. 
Reprinted with permission from Ref. [17]. Copyright 2010, 
American Chemical Society.  
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in the core act as double sensitizers for the upconverted 
emission from the Eu3+ ions in the shell. This report 
shows for the first time the interplay of both the host 
matrix, and the selective dopant ions in the core and 
the shell allowing for dual-mode luminescence, which 
can be potentially used for multiplexed luminescent 
biolabels [19]. Wang et al. extended this interplay of 
the gadolinium host matrix and the dopant ions 
(activators) in the shell to a wide range of composition 
by selectively doping different lanthanide ions in the 
shell (Tb3+/Dy3+/Sm3+/Eu3+) to generate multicolor 
upconversion emission by energy migration-mediated 
upconversion (EMU), demonstrating further the po-
tential utility of core–shell structures [20]. However, 
the Gd3+ lattice in this design is not efficient enough 
to overcome the surface quenching and this was 
addressed in a recent report by coating an inert NaYF4 
shell [21]. The role of the spatial separation of the 
Gd3+ matrix and the activator ion in the shell was also 
investigated with a inert NaYF4 interlayer between the 
core and the doped ion (Tb3+) in the shell as shown in 
Fig. 3, which highlights the importance of spatial 
separation and the role of core–shell structures in 
realizing unique upconversion processes in this class 
of nanomaterials.  

The core–shell structures also offer unique design 
advantages in integrating different functional app-
lications in a single nanostructure [22, 23]. Reports 
from Shi and coworkers [15, 24], and also from our 
group [25], demonstrate that the surface Gd3+ ions are 
the major contributors to the relaxivity enhancement 
in MRI probes. Moreover, we have demonstrated that 
the surface Gd3+ ions on a larger nanocrystal enhance 
the T1 Magnetic resonance imaging (MRI) contrast 
more strongly than those of smaller nanocrystals, 
because of the increase in tumbling time with increase 
in nanocrystal size. Based on this, highly efficient 
core–shell structures with an upconverting core 
(NaYF4:Yb3+,Tm3+) and a thin shell of NaGdF4 have 
been realized integrating efficiently both the advantages 
of upconversion and magnetic resonance imaging in 
a single nanostructure [26]. 

The utility of the core–shell structural composition 
is thus not limited to luminescence enhancement 
alone, and can potentially be used to generate multi- 
functional colloidal nanostructures with specific  

 
Figure 3 (a) Schematic design for controlling energy transfer 
from Gd3+ to Tb3+ through layer-by-layer growth technique. (b) 
Emission spectra of the NaGdF4:Yb3+,Tm3+/NaYF4/NaYF4:Tb3+ 
(core–shell–shell) nanoparticles with different thickness of NaYF4 
interlayer. (c)–(e) Corresponding TEM images of the as-prepared 
nanoparticles (insets are histograms of the particle size distribution). 
Note that each interlayer was prepared using a 5 mL of NaYF4 
precursor. Reprinted with permission from Ref. [21]. Copyright 
2012, American Chemical Society.  

functional applications [27, 28]. The necessity of 
generating such compositional versatility in core–shell 
nanocrystals while maintaining their high-quality needs 
an in-depth understanding of the growth mechanism 
[29], allowing further advancement in realizing the 
potential applications of core–shell structures. 

3 Synthesis and epitaxial growth  
mechanism of core–shell nanocrystals  

3.1 Synthesis techniques of core–shell nanocrystals 

The classification of epitaxial shell growth techniques 
on core β-NaYF4 nanocrystals is generally based on the 
method of incorporating the shell precursors to grow 
the shell. Based on this, the conventional core–shell 
synthesis approaches can be classified as shell growth 
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by the hot-injection method, and shell growth by the 
heat-up method. In the hot-injection method shell 
precursors dissolved in high boiling solvents are 
injected directly into the hot reaction mixture after 
the core nanocrystals have formed to grow the shell. 
In the heat-up method the core nanocrystals are pre- 
synthesized and then mixed with the shell precursors 
and high boiling solvents separately and subsequently 
heated to higher temperatures to grow the shell. 

The first report of shell growth on β-NaYF4:Yb3+,Er3+ 
nanocrystals was based on the hot-injection method 
[12]. Using sodium trifluoroacetate (CF3COONa) 
and yttrium trifluoroacetate ((CF3COO)3Y) mixed in 
oleylamine as shell precursors followed by slow 
addition to the core (β-NaYF4:Yb3+,Er3+) reaction 
mixture Yi and Chow demonstrated the growth of an 
undoped NaYF4 shell on the core nanocrystals as 
shown in Fig. 4. Capobianco and coworkers extended 
this strategy to NaGdF4 nanocrystals and demonstrated 
β-NaGdF4:Er3+,Yb3+/NaGdF4:Yb3+ active-core–active-shell  

 
Figure 4 TEM images of NaYF4:Yb3+,Er3+ core (a) and NaYF4: 
Yb3+,Er3+/NaYF4 core–shell (b) and XRD patterns of these nano-
crystals (c). The bottom part of (c) is the line pattern of β-NaYF4 
(PDF 28-1192). Reprinted with permission from Ref. [12]. Copyright 
2007, American Chemical Society.  

nanocrystals [14]. Recently, Zhao and coworkers 
demonstrated hetero-epitaxial core–shell structures by 
successive injection of the shell precursors to generate 
tunable shells of NaYF4 on β-NaGdF4:Er3+,Yb3+ nano-
crystals [30]. Deviating from the general hot-injection 
approach, they used a two-step approach, wherein 
pre-synthesized core nanocrystals were used and 
mixed with the high-boiling solvents separately and 
the shell precursors were later introduced into the 
reaction mixture at higher temperature.  

In spite of the successful demonstration of up-
conversion enhancement after shell growth with  
the hot-injection method, the majority of core–shell 
structures synthesized to date are based on the 
heat-up method. The necessity of slow and controlled 
injection of the molecular shell precursors to avoid 
homogenous nucleation of the precursors remains a 
major hurdle with this synthetic approach. 

The widely used synthesis protocol based on heat- 
up method for the β-NaYF4 core–shell nanocrystals 
was developed by Qian and Zhang [13]. The ability 
to make uniform core–shell nanocrystals rely on the 
uniformity of the core nanocrystals, and their group 
was the first to demonstrate a simple and user-friendly 
reproducible synthesis of β-NaYF4:Er3+,Yb3+ core nano-
crystals [31]. They developed the heat-up method for 
shell growth following the same procedure as the 
core nanocrystal synthesis. For the shell growth, the 
shell precursors are homogenously mixed with the 
organic solvents similar to the core synthesis and 
subsequently the pre-synthesized uniform core nano-
crystals are added and heated to higher temperature 
following the core synthesis procedure. They demon-
strated a doped-core–doped-shell structure with 
Yb3+,Tm3+ ions in the core, and Yb3+,Er3+ ions in the 
shell as shown in Fig. 5. They extended the structural 
morphology further by synthesizing a core–shell–shell 
type nanocrystal for the first time by adding another 
doped-shell of NaYF4 with Yb3+,Tm3+ ions to the above 
core–shell structure [13]. The successful synthesis of 
multi-layer shell growth and spatial positioning of 
dopant ions within the shell for the first time 
demonstrated the synthetic advantage of the heat-up 
method to generate core–shell structures of unique 
structural compositions.  
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Figure 5 TEM images of monodisperse NaYF4:Yb3+,Tm3+ 
nanocrystals (a), (b) and core–shell NaYF4:Yb3+,Tm3+@NaYF4: 
Yb3+,Er3+ nanocrystals (c), (d). Reprinted with permission from 
Ref. [13]. Copyright 2008, American Chemical Society.  

The heat-up method is generally referred to as 
seed-mediated shell growth, where the pre-synthesized 
core nanocrystals are expected to act as nuclei/seeds 
for the shell growth. At least in this class of nano-
crystals this is not true (as will be discussed in the 
following section under growth mechanism), and to 
highlight this difference, this synthesis methodology 
is simply referred to as the heat-up method.  

Although the heat-up method is widely used, some 
important synthesis parameters need to be considered 
when core–shell structures of different shell thickness 
and compositions are explored. The reaction time for 
the synthesis of the core, core–shell, and core–shell– 
shell structures of the same host matrix composition 
is not the same [32]. The shell growth time increases 
with size and needs a trial-and-error approach to get 
a unimodal distribution of core–shell nanostructures. 
Liu and coworkers have established that the shell 
growth is affected by the shell precursor concentration 
and also the size of the core nanocrystals used [20]. 
These aspects need to be considered when core–shell 
structures of different structural composition are 
synthesized by this approach. 

To overcome some of the limitations in the above 
discussed conventional shell growth techniques, we 

reported a shell growth technique based on nano-
crystal size dependent dissolution and growth driven 
by Ostwald ripening [33]. We showed that small 
sacrificial nanocrystals (SNCs) as shell precursors 
directly injected into the core reaction mixture (without 
any control over the injection rate) rapidly dissolve and 
deposit onto the larger core nanocrystals (through 
self-focusing) to generate core–shell structured nano-
crystals (Fig. 6). This protocol takes advantage of  
the common physical phenomenon of ripening in 
colloids, where larger particles (i.e., core nanocrystals) 
grow at the expense of energetically less stable smaller 
particles (i.e., SNCs). In this approach, the shell 
thickness can be tuned either by manipulating the 
number of SNCs injected or the SNCs can be injected 
successively into the core reaction mixture to generate 
layer-by-layer epitaxial growth. Depending on the 
injected SNCs core–shell structures of various homo- 
and hetero-structure compositions can be generated 
using this approach. Haase and coworkers have also 
utilized this protocol to synthesize tunable NaGdF4 
shells on NaYF4 core nanocrystals [34]. However, the 

 

Figure 6 (a)–(c) TEM of NaYF4:Yb3+,Er3+ core nanocrystals, 
after injection of sacrificial NaYF4 nanocrystals, and after 
self-focusing NaYF4:Yb3+,Er3+ core–NaYF4 shell nanocrystals, 
respectively, and (d) size distribution of the nanocrystals. Reprinted 
with permission from Ref. [33]. Copyright 2012, American Chemical 
Society. 
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extension of this protocol to smaller core nanocrystals 
(~5 nm) is challenging as the SNCs need to be smaller 
than the core NCs. 

3.2 Core–shell growth mechanism 

The growth mechanism of core–shell structures within 
this class of nanocrystals remains largely unexplored 
and is generally presumed to be identical to other 
material systems. The nucleation and growth mech-
anism of the β-NaLnF4 core nanocrystals is known  
to vary along the lanthanide series depending on the 
lanthanide host matrix, as previously shown by Yan 
and coworkers [35]. This variation in the nucleation/ 
growth depending on the lanthanide host should 
indeed play a role in the growth of core–shell 
structures, and thus cannot be presumed to be identical 
to other material systems or even within different 
lanthanide shell matrix compositions. Moreover, given 
that a wide range of core–shell structural com-
position (section 2.2) can be realized in this class of 
nanostructures it is also not possible to propose a 
common/general shell growth mechanism. In this 
section, we will discuss the shell growth mechanism 
in the widely used upconverting β-NaYF4:Yb3+,Er3+/ 
NaYF4 core–shell structures, and highlight why the 
growth mechanism cannot be presumed to be identical 
to other material systems.  

The widely used heat-up method to synthesize 
core–shell upconverting (β-NaYF4:Yb3+,Er3+/NaYF4) 
nanocrystals with an undoped shell is generally 
referred as seed-mediated shell growth. Based on 
conventional shell growth mechanism, the core nano-
crystals are believed to act as seeds/nuclei for the 
epitaxial deposition of the shell material generating 
core–shell structures. This general assumption for 
epitaxial deposition of the shell on the core nanocrystals 
is often supported by two general arguments, (i) the 
lower surface tension and low energy barrier that 
needs to be overcome on a pre-existing particle (core– 
seed particles), as opposed to forming a new particle 
(from the shell precursors), favors the deposition   
of the shell precursors on the surface of the core 
nanocrystals [36], and (ii) the core–shell nanocrystals 
are larger than the seed (core) nanocrystals, and the 
absence of small nanocrystals in the core–shell 

ensemble (at the end of the reaction) suggests that the 
core nanocrystals indeed acted as seed nanocrystals 
for epitaxial shell growth [13]. 

However, in our recent report we showed that 
these assumptions are not correct for epitaxial shell 
growth mechanism in this class of nanostructures 
[33]. During the course of the core–shell reaction we 
retrieved multiple aliquots of reaction mixture at 
different reaction time/temperature and analyzed the 
reaction product by TEM and XRD (Fig. 7). The for-
mation of the shell material as separately nucleated 
kinetic phase (α-NaYF4) product dominates at the 
early stages of the shell growth reaction. The broad 

 

Figure 7 TEM images of core–shell nanocrystals at different 
reaction time/temperature (a) 250 °C; (b) 280 °C; (c) 300 °C for 
20 min; (d) 300 °C for 60 min; (e) 300 °C for 90 min; and (f) XRD 
spectra of the core and the core–shell nanocrystals at different 
reaction time/temperature, and the standard reference patterns of 
α-NaYF4 (red), and β-NaYF4 (blue) (JCPDS: 06-0342-α-NaYF4, 
016-0334-β-NaYF4). 
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feature in the XRD patterns at 42° and 73° (2θ) 
confirms the presence of small kinetic phase NaYF4  
at the early stage of the reaction. Only at elevated 
temperature (300 °C) and after prolonged heating the 
shell material nucleated as small α-NaYF4 dissolves 
and deposits on the larger core β-NaYF4:Yb3+,Er3+ 
nanocrystals generating the core–shell (β-NaYF4: 
Yb3+,Er3+/NaYF4) structures. This deviation in the 
core–shell growth mechanism arises from the low 
energy barrier for the nucleation of the kinetic phase 
(α-NaYF4) [35] compared to the direct growth of the 
shell precursors as thermodynamic phase (β-NaYF4) 
shell on pre-existing core (β-NaYF4:Yb3+,Er3+) nano-
crystals (seeds). The general growth mechanism in 
heat-up shell growth is the separate nucleation and 
formation of the shell precursors as kinetic phase 
α-NaYF4 nanocrystals at lower temperature followed 
by ripening-mediated deposition of these separately 
nucleated shell nanocrystals on the larger thermody-
namically stable core β-NaYF4:Yb3+,Er3+ nanocrystals to 
form β-NaYF4:Yb3+,Er3+/NaYF4 core–shell structures.  

The core–shell growth mechanism in other heat-up 
based systems, such as β-NaGdF4:Yb3+,Er3+/NaGdF4, 
or β-NaYF4:Yb3+,Er3+/NaGdF4 where a shell matrix of 
NaGdF4 is grown may not necessarily be the same as 
that discussed for β-NaYF4:Yb3+,Er3+/NaYF4 core–shell 
structures. In case of β-NaGdF4 the ionic radius of 
Gd3+ matches well with the Na+ and even under milder 
reaction conditions the gadolinium precursors can 
nucleate directly as β-NaGdF4 without forming the 
kinetic phase α-NaGdF4 [35]. Even in these core–shell 
systems, where the hexagonal phase (β-NaGdF4) is 
favored, it does not necessarily result in direct deposi-
tion of the shell material on the core–seed hexagonal 
phase nanocrystals, as recently observed by Liu and 
coworkers [20]. Our group has also reported on the 
presence of small amounts of separately nucleated 
β-NaGdF4 nanocrystals during the growth of β-NaYF4/ 
NaGdF4 core–shell nanocrystals [37]. This emphasizes 
the fact that even in systems where the hexagonal 
phase is preferred, the separate nucleation of the shell 
precursors could happen under the reaction conditions 
widely employed in the heat-up shell growth reaction. 

The understanding of core–shell growth mechanism 
along the lanthanide series is still limited, and the 
highlighted examples in this section demonstrates the 

need for additional systematic evaluations to advance 
our understanding of the shell growth mechanism in 
this class of nanostructures. As discussed here, the 
conventional shell growth mechanism is not directly 
applicable to these systems and further studies need 
to be performed to have a generalized understanding 
of the shell growth process. 

4 Characterization of core–shell  
nanocrystals 

4.1 Indirect evidence for core–shell structures 

In general, the confirmation of shell growth is based 
on TEM analysis showing crystallite size increases of 
the core–shell structures compared to the core nano-
crystals, accompanied by narrowing of the XRD peaks 
as the crystallite size increases [12]. Especially in case 
of homo-epitaxial core–shell structures, where the shell 
and the core have the same matrix composition except 
for the positioning of dopant ions, allows only for 
such indirect evidence of shell growth based solely on 
crystallite size increase. The luminescence enhance-
ment with shell growth provides further confirmation 
for core–shell structures as the shell shields the core 
from surface and solvent quenching [33]. The nano-
crystal size increase and luminescence enhancement 
after shell growth taken together provide evidence 
for core–shell homo-epitaxial structures (Fig. 8). 

The primary limitation in using the nanocrystal 
size increase/luminescence enhancement as a proof 
for core–shell structure is that it does not provide 
structural details of the shell layer relative to the core. 
Such indirect evidence does not necessarily confirm 
the presence of a uniform shell around the core 
nanocrystals (ideal core–shell), but is consistent with 
it. The shape evolution of the core–shell nanocrystals 
relative to the core should also be taken into account 
when homo-epitaxial core–shell nanocrystals are 
characterized (discussed in section 5), and is a first 
indication of the morphology of shell growth. In this 
regard, interpreting the core–shell structures using 
such indirect evidence should be made with great 
caution. To date, for the homo-epitaxial core–shell 
nanocrystals the structural characterization remains 
limited to such indirect evidence. 
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4.2 Direct evidence for core–shell structures 

In case of hetero-epitaxial core–shell structures where 
the core and shell matrix are not the same it is possible 
to study the structural morphology of the core–shell 
nanocrystals using various characterization techniques. 
Our group reported the first direct evidence for 
core–shell structures in these classes of nanocrystals 
using X-ray photoelectron spectroscopy (XPS) based 
on tunable synchrotron radiation [38]. Using NaYF4/ 
NaGdF4 core–shell nanocrystals, the intensity ratios 
of the Y3+ 3d to Gd3+ 4d core levels were studied in 
different kinetic energy ranges. The Y3+/Gd3+ ratio 
increases with increasing kinetic energy, showing that 
the Gd3+ from the shell screens the Y3+ intensity from 

the core thus providing direct evidence for a core–shell 
structure. While this characterization technique does 
provide a confirmation of core–shell structure, it is an 
ensemble measurement and does not provide any 
structural details about individual nanocrystals and 
the shell morphology/thickness of the final core–shell 
structures. 

Direct evidence for core–shell structures (either on 
an ensemble or individual nanocrystal) can be obtained 
using scanning transmission electron microscopy 
(STEM) combined with techniques such as high-angle 
annular dark-field (HAADF) imaging, electron energy 
loss spectroscopy (EELS), and energy-dispersive X-ray 
spectroscopy (EDS). We have reported on the advan-
tages of these individual techniques in characterizing 

 
Figure 8 (a)–(e) TEM images and size distribution of NaYF4:Yb3+/Er3+ (15%/2%) core NCs (@t=0), NaYF4:Yb3+,Er3+ (15%/2%) 
core–NaYF4 shell NCs after successive layer-by-layer epitaxial growth @ t = 5, 10, 15, and 20 min, respectively. (f) ICP-MS elemental 
analysis of the core and core–shell NCs with same number concentration of NCs. (g) Upconversion emission spectra of the hexane 
dispersions of core and core–shell NCs with same number concentration of NCs under 980 nm excitation. Reprinted with permission 
from Ref. [33]. Copyright 2012, American Chemical Society. 
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core–shell structures [37]. HAADF imaging takes 
advantage of the difference in atomic number of the 
core and shell matrix, and the contrast scales, to a 
first approximation, proportionally to the square of 
the atomic number. For example, Z-contrast HAADF 
images of NaYF4/NaGdF4 core–shell nanocrystals 
show a clear contrast between the core which appears 
dark (yttrium Z = 39,) while the shell appears bright 
(gadolinium Z = 64). This technique was also used to 
confirm NaYF4/CaF2 core–shell structures (Fig. 9), 
and in this case the contrast is reversed where the 
core (yttrium-rich) appears bright compared to the 
shell (calcium-rich) [16, 39]. The ability to confirm  
the core–shell structural morphology on an ensemble 
makes this technique attractive. However, this 
technique is limited as it is only useful when there is 
a large enough difference in atomic number between 
the core and the shell matrix composition. A com-
plicating factor in the analysis could be that strain 
also adds to the contrast, depending on the orientation 
of the particles with respect to the electron beam [40]. 

EELS and EDS allow for obtaining chemical com-
position of individual nanocrystals by scanning the 
beam across the particle [37]. The line scans performed 
on individual nanocrystals allows for confirming of 
both the chemical composition and the shell distri-
bution around the nanocrystal (Fig. 10). We have also 
employed EELS 2D elemental mapping of the whole  

 

Figure 9 High-angle annular dark-field scanning transmission 
electron microscopy image of NaYbF4:Tm3+/CaF2 core–shell 
structures; both the core (bright) and the shell (dark) are clearly 
visible. Reprinted with permission from Ref. [39]. Copyright 2012, 
American Chemical Society. 

 
Figure 10 EDS line scan across a single NaYF4/NaGdF4 core– 
shell NC showing Y in the core of the particle and Gd located in 
the shell. Reprinted with permission from Ref. [37]. Copyright 
2011, American Chemical Society. 

nanoparticle to analyze the core–shell morphology 
[26, 33]. However, the long acquisition times for the 
line scans and elemental mapping result in con-
siderable beam damage of the nanocrystal before 
useful information on the core–shell composition 
could be obtained. Therefore, we always collect a 
bright-field image of the mapped area to check on the 
integrity of the sample. Recently, Zhao and coworkers 
demonstrated the use of cryo-TEM operating at 96 K 
to minimize the electron beam damage and provided 
confirmation of core–shell structures at the sub- 
nanometer level [41]. 

The multiple characterization techniques discussed 
here, when collectively used, give a much better insight 
on the formation of core–shell structure and their 
chemical composition. However, these techniques  
are limited to the hetero-epitaxial structures and 
necessitate sample stability under the electron beam 
[37]. The later should be taken into account when 
structural morphology is determined and results 
should be interpreted with caution. 
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5 Remarks on core–shell structural  
morphology 

The chemical similarity of the lanthanides and the 
minimal variations in the lattice constants within these 
structures are often expected to allow for isotropic/ 
centrosymmetric epitaxial growth in this class of nano-
structures. The first evidence of core–shell growth in 
lanthanide-based nanocrystals reported by Haase and 
coworkers showed that the CePO4/LaPO4 core–shell 
structures are rather anisotropic in shape [4]. In case 
of NaLnF4 structures the shell growth in spite of the 
observed anisotropic shape after epitaxial growth is 
often overlooked and generally interpreted as isotropic 
structures [42]. In this section we focus on the 
structural morphology of the core–shell (homo/ 
hetero-epitaxial) structures of NaLnF4 developed to 
date, and compare it with the structural motif of 
core–shell (centrosymmetric and non-centrosymmetric 
shell growth) structures discussed in section 2.1. 

5.1 Structural morphology of hetero-epitaxial core– 
shell nanocrystals  

The hetero-epitaxial structures, as explained earlier, 
allow for better insight into the core–shell structure and 
chemical composition. In NaYF4/NaGdF4 core–shell 
structures, EELS line scans on multiple core–shell 
nanocrystals revealed that the NaGdF4 shell growth 
is anisotropic and not centrosymmetric relative to the 
core NaYF4 (Fig. 11). Line scans performed in one 
direction can show a symmetrical shell distribution 
(Fig. 10), but this is not necessarily the case if performed 
in another direction and the shell thickness/distribution 
varies (Fig. 11) in each individual structure. For the first 
time, this work highlighted the structurally anisotropic 
shell growth in this class of nanocrystals [37]. 

The anisotropic shell growth of NaGdF4 on NaYF4 
core nanocrystals in spite of the minimal lattice 
mismatch of ~2% remains unexplained. The above 
evidence of anisotropic shell growth on these structures 
can also be observed in core–shell structures of 
NaYF4/NaGdF4 reported by other research groups 
[15, 43]. The anisotropic growth of NaGdF4 on doped 
NaYF4 core structures as seen in their shape de-
formation after shell growth is shown in Fig. 12. For 
thin shell growth the core–shell structures do remain  

 
Figure 11 (a) and (b) HAADF images of single NaYF4/NaGdF4 
core–shell NCs and the corresponding (c) and (d) EELS line 
scans showing non-uniform shell distribution. Reprinted with 
permission from Ref. [37]. Copyright 2011, American Chemical 
Society. 

 
Figure 12 (a) Schematic illustration of core–multi-shell NCs, 
NaYF4:Er3+/Yb3+/Gd3+ core, NaYF4:Tm3+/Yb3+ first shell, and 
NaGd4 second shell, and (b)–(d) respective HRTEM images of the 
core, core–shell, core–shell–shell NCs. Reprinted with permission 
from Ref. [15]. Copyright 2011, Wiley-VCH.  

isotropic in shape [15, 33], and with increased shell 
thickness (>2 nm) the shell growth is generally 
anisotropic for these structures. 

5.2 Structural morphology of homo-epitaxial core– 
shell nanocrystals  

Direct evidence for shell distribution on the core 
nanocrystals is hard to obtain in case of homo- 
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epitaxial core–shell structures. However, the shape 
evolution of the core–shell nanocrystals compared to 
the starting core nanocrystals does provide insights 
into the structural morphology. Upconverting β-NaYF4: 
Yb3+,Er3+ core nanocrystals which are quasi-spherical 
in shape after NaYF4 shell growth transform into 
oblong core–shell structures (Figs. 5 and 13). Especially,  

 
Figure 13 TEM images of the core, core–shell, core–shell–shell 
nanoparticles for NaYF4:Er3+,Yb3+/NaYF4, NaYF4:Tm3+,Yb3+/ 
NaYF4, NaYF4:Er3+,Yb3+/NaYF4:Tm3+,Yb3+/NaYF4, and NaYF4: 
Tm3+,Yb3+/NaYF4:Er3+,Yb3+/NaYF4. Reprinted with permission 
from Ref. [17]. Copyright 2010, American Chemical Society. 

when thick shells (>2–3 nm) are grown, the structural 
anisotropy based on shape evolution is identical to 
that discussed for hetero-epitaxial core–shell structures. 
Almost all core–shell and core–shell–shell structures 
developed to date do not confine to the centrosym-
metric (ideal) core–shell model shown as defined in 
Scheme 1(a). Based on structural morphology these 
structures resemble the non-centrosymmetric core– 
shell model (Scheme 1(b)), and the shell growth is 
anisotropic. 

Recently, Zhao and coworkers reported β-NaGdF4: 
Yb3+,Er3+/NaYF4 core–shell structures which are highly 
uniform and isotropic in shape [30]. Using ~4.5 nm 
core (β-NaGdF4:Yb3+,Er3+) nanocrystals, they showed 
that the core–shell structures remain uniform even 
after 20 monolayer thickness of NaYF4 shell growth 
(Fig. 14). The core–shell structures in this work conform 
to the centrosymmetric model shown in Scheme 1(a), 
and to our knowledge, this is the only work that has  
shown centrosymmetric shell growth and direct 
evidence for it using HAADF imaging. However, it 
still remains to be seen if such isotropic structures are 
possible on larger core nanocrystals, and other core– 
shell compositions discussed earlier. Understanding 
the parameters that govern the isotropic shell growth 
is still limited, and we emphasize that confirmation of 

 
Figure 14 (a)–(d) TEM images and size distribution of β-NaGdF4:Yb3+,Er3+ core NPs and β-NaGdF4:Yb3+,Er3+/NaYF4 core–shell NPs
with different shell thickness. (e)–(g) HAADF-STEM, core size and shell thickness distributions, HRTEM image of the core–shell 
NPs. Reprinted with permission from Ref. [30]. Copyright 2013, American Chemical Society. 
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shell growth should take into account the structural 
morphology/shape evolution of the core–shell structures 
and not just the overall (averaged) size increase. 

5 Conclusions 

In summary, rational design of core–shell structures 
of NaLnF4 nanocrystals has shown significant pro-
gress both in synthesis and demonstration of their 
potential applications. However, understanding of 
the shell growth mechanism is still limited and this 
will be critical in designing more complex core–shell 
structures. The core–shell structures in general are not 
centrosymmetric (ideal) and this problem remains to 
be addressed. In addition, the underlying growth par-
ameters that lead to anisotropic non-centrosymmetric 
shell growth over the desired isotropic centrosymmetric 
shell growth need to be studied and understood in 
depth. Such progress will require detailed structural 
characterization of the core–shell composition and 
morphology. To advance and exploit the unique 
structural properties of the core–shell NaLnF4 nano-
structures designing ideal centrosymmetric core–shell 
structures will be essential, and should remain the 
focus in future studies. 
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