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Probing the nature of nanocrystalline materials such as the surface state, crystal structure, morphology,
composition, optical and magnetic characteristics is a crucial step in understanding their chemical and
physical performance and in exploring their potential applications. Upconversion nanocrystals have
recently attracted remarkable interest due to their unique nonlinear optical properties capable of
converting incident near-infrared photons to visible and even ultraviolet emissions. These optical
nanomaterials also hold great promise for a broad range of applications spanning from biolabeling to
optoelectronic devices. In this review, we overview the instrumentation techniques commonly utilized
for the characterization of upconversion nanocrystals. A considerable emphasis is placed on the
analytical tools for probing the optical properties of the luminescent nanocrystals. The advantages and
Received 25th October 2014 limitations of each analytical technique are compared in an effort to provide a general guideline,
DOI: 10.1039/c4cs00356] allowing optimal conditions to be employed for the characterization of such nanocrystals. Parallel efforts
are devoted to new strategies that utilize a combination of advanced emerging tools to characterize
www.rsc.org/csr such nanosized phosphors.
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low-voltage electron microscope and further down to sub-Angstrom
with the help of an aberration corrected scanning transmission
electron microscope. With the advent of advanced instruments,
most of the measurements nowadays can be completed in a matter
of hours (or sometimes even seconds). Recently, the ability of
studying materials in situ has enabled a better understanding
of fundamental physical and chemical processes during the
synthesis." For example, realtime X-ray photoelectron
spectroscopy techniques provide necessary insights into the
variation in the chemical composition and film thickness of a
tungsten oxide thin film grown on a silicon substrate.*
Advances in lab instrumentation can exert a profound
impact on the understanding of upconversion (UC) materials,
characterized by anti-Stokes emission with a spectral shift up to

Yuhai Zhang was born in
Shandong, China. He received his
BS (2007) degree in Chemistry in
Shandong University, China, and
his MS (2010) in Chemical
Engineering in Kyungwon Univer-
sity, South Korea, under the
supervision of Prof. Sang Jun Son.
He worked as a research scientist
for one year in Gachon BioNano
Institute before moving to National
University of Singapore for his PhD
degree under the supervision of
Prof. Xiaogang Liu in the
Department of Chemistry. His research interest focuses on
developing microscopic imaging techniques for lanthanide-doped
nano- or micro-crystals.

St o/™ 1
Yuhai Zhang

Ling Huang received his PhD
degree in Inorganic Chemistry
from Nanjing University in 2001.
After postdoctoral training at
University of California, Berkeley,
Florida State University, and
Northwestern University, he worked
as a senior research scientist in the
Biomolecular Division of Corning
Incorporated in 2008. One year
later he moved to Nanyang Techno-
logical University (Singapore) as an
associate professor. In 2012, he
Joined the Institute of Advanced
Materials (IAM) at Nanjing Tech University (China) as a full professor.
His current research focuses on the design, synthesis, and tuning of the
optical properties of lanthanide-doped nanocrystals.

Ling Huang

1480 | Chem. Soc. Rev., 2015, 44, 1479-1508

View Article Online

Chem Soc Rev

several hundred nanometers.” The phenomenon of UC has been
extensively investigated in bulk fluoride-based host materials
doped with lanthanide ions for more than 50 years.°® Raman
spectroscopy, commonly used to provide quantitative informa-
tion on the population of a given phonon mode, is an extremely
useful tool for the rational design of UC materials. For example,
owing to low-energy phonon modes (<400 cm™ ") of NaYF,,">""
intense UC emission could be generated when embedding a
trace amount of lanthanides into the NaYF, host lattice.'**?
Benefitting from the ability of advanced electron micro-
scopes to visualize nano-objects and the rapid development
of nanotechnology, lanthanide-doped UC nanocrystals began
to emerge in the mid-1990s."* In contrast to conventional
Stokes-shifting materials such as quantum dots, carbon dots
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and organic dyes, UC nanocrystals hold great promise for funda-
mental biomedical research because of their unique optical features,
including sharp emission bandwidths and long luminescence
lifetimes. The excitation by NIR light also eliminates background
autofluorescence.”>™” Furthermore, high photochemical stability
and low cytotoxicity make these nanocrystals ideal as reliable
contrast agents for in vitro and in vivo biological imaging.'*>° Since
the pioneering works on colloidal UC nanocrystals of LuPO,:Yb/
Tm(YbPO,:Er*") in 2003*' and NaYF,:Yb/Er(Tm) in 2004,
enormous success of research has been achieved in preparing
UC nanocrystals with controllable size and composition, bio-
compatible surface coatings, and tunable optical and magnetic
properties.>*>*> Another notable development is the photovoltaic
applications of UC nanocrystals as spectral converters to
enhance the harvesting of sunlight in the NIR region.>®>®

Comprehensive elucidation of the nature of UC nanocrystals
is of fundamental importance in interpreting their unique photo-
physical properties, understanding energy transfer mechanisms,
and shedding light on the optimal design of the systems for ultimate
applications of these optical nanomaterials. Taking surface coating
of nanocrystals as an example, the first thing to note is that the
surface ligand employed determines the dispersibility of the nano-
crystals in a specific solvent. Surface modification may also exert a
considerable influence on cytotoxicity of the nanocrystals." For
instance, poly(acrylic acid)-coated nanocrystals have low to negligible
cytotoxicity, while polyethylenimine- and polyvinylpyrrolidone-
protected counterparts present marked cytotoxicity to HeLa and
U8S7MG cells as measured by a standard MTT assay."> Moreover,
surface ligands play an important role in altering the luminescence
and magnetic properties of lanthanide-doped nanocrystals.***

In this review, we focus on state-of-the-art techniques used
to characterize UC nanocrystals, from surface structures to their
intrinsic properties, namely surface moieties, crystal structures,
sizes and morphologies, compositions, optical properties and
magnetic characteristics (Fig. 1). In each section, we begin with a
brief introduction of the physical principle of each technique,
followed by data interpretation related to the properties of
UC nanocrystals. The combination of different experimental
techniques in the context of synergistic investigations of nano-
phenomena in UC is also discussed. Driven by the promise of
diverse and exciting applications, this field of research offers
ultimate challenges in developing instruments for more precise
characterization and better understanding of UC nanocrystals
at single particle levels.

2. Characterization of surface moieties

The moieties on the surface of lanthanide-doped UC nanocrystals
can be generally categorized into two classes: organic species and
inorganic materials. The first type is widely utilized through con-
jugation or functionalization to provide control over the growth
kinetics, size, and morphology of the inorganic core. The organic
ligands can be further manipulated in the post-synthesis by ligand
exchange,® ligand oxidation,® and layer-by-layer assembly,*>
thereby offering a platform for facile functionalization of the

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Typical instrumentation tools used for the characterization of
lanthanide-doped UC nanocrystals. IR: infrared absorption; NMR: nuclear
magnetic resonance; TGA: thermogravimetric analysis; EDS: energy
dispersive spectroscopy; EELS: electron energy-loss spectroscopy; ICP-MS
(AES): inductively coupled plasma mass spectrometry (atomic emission spectro-
metry); XPS: X-ray photoelectron spectroscopy; SQUID: superconducting
quantum interference device; VSM: vibrating sample magnetometer; MRI:
magnetic resonance imaging; XRD: X-ray diffraction; SAED: selected area
electron diffraction; XAS: X-ray absorption spectroscopy; TEM: transmission
electron microscope; STEM: scanning transmission electron microscope; SEM:
scanning electron microscope; and DLS: dynamic light scattering.

UC nanocrystals. In contrast, the coatings of nanocrystals with
inorganic moieties provide a pathway to chemically assemble
more complex nanostructures, for example silica-modified
core-shell structures for enhanced biocompatibility. Qualita-
tive and quantitative characterization of the surface moieties
present on the UC nanocrystals is an essential task after surface
modification. A number of instrumentation techniques have
been exploited to unveil the surface structures of UC nano-
crystals, including IR, NMR and TGA. Note that the character-
ization of UC nanocrystals by TGA will not be reviewed herein
and readers are referred to the literature for more information
on this subject.

2.1 IR spectroscopy

The IR technique is a simple but effective analytical tool to
characterize ligand binding on the surface of UC nanocrystals.
It is in the IR region of the spectrum in which various chemical
groups in the molecule can be identified. Ligand molecules are
constantly vibrating, and the energy levels corresponding to
these motions mostly lie in the IR region, in the wavenumber
range of 4000 to 200 cm™'. The combined use of the Fourier
transform technique with an interferometer that comes with
modern IR instruments makes all the required frequencies

Chem. Soc. Rev., 2015, 44, 1479-1508 | 1481


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4cs00356j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 30  1436. Downloaded on 04/11/47 05:52:32 .

(cc)

Review Article

transmittable through the sample at once. A detector then
records the interference pattern which is produced. Moreover,
the availability of an attenuated total reflectance technique in
conjunction with IR spectroscopy enables direct sampling in
the solid or liquid state without further preparation, as well as
improved spectral acquisition and reproducibility.*?

For illustration, let us consider the case of UC nanocrystals
coated with ligands containing a carbonyl (C—O) group. Since
the carbonyl group features a very intense absorption band at
approximately 1700 cm ™', the validation of UC nanocrystals
coated with ligands containing the carbonyl group can be
achieved by the IR fingerprinting method. Note that the sig-
nificant IR spectral bands of representative ligands used in the
synthesis of UC nanocrystals are listed in Table 1. Particularly,
oleic acids with absorption peaks at 2927 and 2857 c¢cm '
(stretching vibrations of ~CH,), 1560 and 1464 cm™* (stretching
vibrations of -COO™), and 1705 cm ™" (stretching vibration of
C=0) have proven valuable for the controlled synthesis of
lanthanide-doped nanocrystals. The use of oleic acids with a
boiling point of 360 °C typically favors the preparation of high
quality nanocrystals requiring treatment at elevated temperatures in
the range of 290 to 310 °C.** Importantly, the long alkyl chain of the
oleate ligands and the strong binding affinity between the carboxyl
group and the lanthanide ions at the surface of the UC nanocrystals
render the as-synthesized nanomaterials with excellent dispersibility
in non-polar solvents such as chloroform, hexane and cyclohexane.
Notably, the oleate ligands can be removed from the particle surface
after acid treatment.** The removal of the oleate ligand can be
spectroscopically confirmed by the disappearance of alkene and
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carboxylate stretching peaks at 3004 and 1564 cm™ ", respectively.**
Fourier transform IR spectroscopy can also be applied to the
characterization of inorganic coatings made of silicon oxide and
carbon on the basis of their characteristic absorptions in the IR
region (Si-O-Si: stretching vibration at 1100 cm™'; O-H: stretching
vibration at 3320 cm™'; C-OH: stretching vibration at 1000~
1300 cm ™ '). As a separate note, the amination of silica-coated
UC nanocrystals is perhaps the most reliable strategy to intro-
duce amine functional groups for chemical bonding with
biomolecules such as protein, DNA and peptide.”®*°

It is important to emphasize that the presence of surface
ligands may suppress the UC emission of the nanocrystals as
opposed to the naked nanocrystals. This phenomenon is known
as surface quenching effects, as surface ligands can participate
in non-radiative relaxation via stretching vibration of chemical
bonds. For example, it was found that the ultraviolet emission
intensity of NaGdF,:Yb/Tm@NaGdF, nanocrystals at 290 nm
increased substantially after the removal of the oleate ligands.®
The alkyl chain length of the ligands can be correlated well to the
surface quenching effect because the trapping of the excitation
energy dominates in the ligands containing more methylene
units.®® The emission by surface moieties has been reported
from surface-capped UC nanocrystals upon excitation at 980 nm
as a result of Foster resonance energy transfer between the
emissive particle and the ligands at the surface.>**>*”

In some circumstances, IR analysis can be utilized to understand
abnormal optical properties of UC nanocrystals by monitoring
the chemical reactions between the ligands. For example, Wu
and co-workers demonstrated that amidation reaction can

Table 1 IR Characterizations of surface coating on lanthanide-doped UC nanocrystals
Surface ligand Characteristic
UC nanocrystals or coating absorption (em™")  Remarks Ref.
Hydrophobic LaF;:Yb/Ho(Tm) Oleic acid 2927 and 2857; 1560 Asymmetric and symmetric stretching vibrations of 34-36
ligands NaYF,:Yb/Er and 1464; 1705 -CH, and -COOH; stretching vibration of C=0
NaYbF4:Er
NaYF,:Yb/Er(Tm) Oleylamine 3007; 2926 and Stretching vibration of =C-H; asymmetric and 37, 38
LaF;:Yb/Er 2855; 1098 and 1564 symmetric stretching vibrations of ~CH,; stretching
and deformation vibration of C-N and -NH,
NaYF,:Yb/Er Oleic acid- 2940; 1720 Asymmetric and symmetric stretching vibrations of 39, 40
trioctylphosphine —CH,; stretching vibration of C=0
Hydrophilic ~ YF;:Yb/Er PAA® 3491; 1732 and Vibration of O-Hj stretching vibration of C=0 and 41-43
ligands NaYF,:Yb/Er(Tm) 1422; 1571 and 1461 C-O; asymmetric and symmetric stretching
vibrations of -COO™
NaYF,:Yb/Er(Tm) pVP? 2958 and 2847; Asymmetrical and symmetrical stretching vibrations 30, 44-46
1651; 1445 of CH,; stretching vibration of C=O0; bending
vibration of CH,
NaYF,:Yb/Er(Tm) PEI° 3436; 1638 and 750; Stretching vibration of O-H or N-H; bending 47-50
2930 and 2861 vibration of N-H; asymmetric and symmetric
stretching vibrations of -CH,
BaYFs:Yb/Er(Ho,Tm) EDTA“ 1374 Stretching vibration of C—=0 (N-CO-OH) 51
NaYF,:Yb/Er Citrate 2927 and 2850; 1610 Asymmetric and symmetric stretching vibrations 33, 52-54
YVO,:Er and 1400 of ~CH,; stretching vibrations of -COOH
Inorganic NaYF,:Yb/Er(Tm) Amorphous C 3320, 1000-1300 Stretching vibration of O-H; vibration of C-OH groups 55
coating NaYF,:Yb/Er(Ho,Tm) SiO, 1097 Symmetrical stretching vibration of Si-O-Si 30, 56-62
BaYF5:Yb/Er
NaYF,:Yb/Er Si0,-NH, 3423 and 1637 Stretching and bending vibrations of N-H 56-60

BaYF5:Yb/Er

“ PAA: poly(acrylic acid). ” PVP: polyvinylpyrrolidone. ¢ PEI: polyethylenimine
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Fig. 2 FTIR characterization for elucidating IR absorptions on UC emission of lanthanide-doped nanocrystals. (a) FTIR spectra of oleic acid (OA),

octadecylamine (OM) and N-octadecyloleamide (OOA). (b) Schematic

illustration of the generation of enhanced red emission from N-octa-

decyloleamide (OOA)-capped NaYF4(NaGdF,):Yb/Er (20/2 mol%) nanocrystals. Note that the inserted photo shows luminescent images of NaGd-
F4:Yb/Er (20/2 mol%) nanocrystals prepared using different molar ratio of oleic acid/octadecylamine: (i) 0/55; (ii) 5/50; (i) 20/35; (iv) 35/20; (v) 55/0.
(Reprinted with permission from ref. 69. Copyright 2011, Royal Society of Chemistry.)

proceed in a mixed solvent of oleic acid and octadecylamine at
250 °C (Fig. 2a).°®° The generation of N-octadecyloleamide was
confirmed by the appearance of two characteristic absorption
peaks at 1635 and 1536 cm™ ' corresponding to C=O stretching
and N-H bending vibrations, respectively. Importantly, the vibra-
tional energy of the in situ generated molecule matches well with
the energy gap between *H,q, (or *Ss5) — “Foy, (~3000 cm™ ) and
112 = 132 (3300 cm™?) transitions of Er’*, resulting in an
enhanced red emission from NaYF,:Yb/Er (20/2 mol%) nano-
crystals (Fig. 2b).*

Although valuable for qualitative and structural analysis, the
IR-based technique is seldom used for quantitative analysis of
surface ligands on the nanocrystals, partly because it is difficult
to obtain accuracy of intensity measurement. The IR technique is
also insensitive to chemical environment, implying the difficulty in
unraveling the origin of absorption peaks. For instance, it is
impossible to attribute the asymmetric and symmetric stretching
vibrations of -CH,- to particle-tethered oleic acid or oleylamine.
Moreover, the exact nature of ligand binding is hard to determine
by the IR method, especially for covalently attached molecules and
non-specifically adsorbed ones.

2.2 NMR spectroscopy

Perhaps the chemist’s favorite structural analytical tool is NMR
spectroscopy. Basically, NMR is concerned with atomic nuclei
having a property called ‘spin’ which gives them magnetic
properties. The spin quantum number of the nuclei can be
correlated to their shapes. For example, spherical shaped nuclei
have a spin of 1/2, and those with other shapes have a value of
1 or more.”’ Nuclei with a spin number of 1/2 can split into
two states, namely +1/2 and —1/2, in the presence of an external
magnetic field. If electromagnetic radiation of radio frequency
is applied to the sample, some of these nuclear magnets

This journal is © The Royal Society of Chemistry 2015

can absorb energy and convert the low spin state (+1/2) to a
higher one (—1/2).

Recently, an NMR technique has been developed as a power-
ful tool for the characterization of organic species immobilized
on inorganic nanoparticles, such as quantum dots and UC
nanocrystals.”"””* The increased line broadening is one of the
problems associated with NMR studies on particle-tethered
ligands due to inhomogeneity in chemical environment and
limited rotational freedom of the ligands. For example, a series
of "M NMR chemical shifts from oleic acid-coated NaYF,
nanocrystals were detected in regions ranging from 0.85 to
5.45 ppm (Fig. 3).”"7% As the size of the particle increases, the
NMR spectrum becomes even more crowded with overlapping
signals - to an extent where the resolution of the peak separa-
tion becomes untenable. The shifting in NMR signals is
another representative characteristic of the ligands anchored
on the surface of UC nanocrystals because the nanoparticle can
significantly shield the magnetic nucleus from the external
field. A typical example is the observation of the chemical shift
in oleylamine from 2.64 to 2.68 ppm due to the presence of the
nanoparticle.”

NMR depends on the magnetic properties of certain nuclei
and subtle alteration of their chemical environment. As a
representative instrument tool for surface ligand characteriza-
tion, NMR is sensitive to the changes in ligands attached on the
surface of UC nanocrystals. For example, "H NMR signals of
-HC=CH- (at 5.34 ppm) and -CH; (at 0.85 ppm) of oleic acid
disappeared after chemical transformation to azelaic acid via
Lemieux-von Rudloff oxidation.*> "H NMR signals at 5.34 ppm
were also absent when hydroxylation reaction was conducted
on the carbon-carbon double bond.”> When oleate-capped UC
nanocrystals were treated with strong acid to remove surface
ligands, all "H NMR signals vanished.**”%7”

Chem. Soc. Rev., 2015, 44, 1479-1508 | 1483
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Fig. 3 Characterization of ligand-capped UC nanocrystals by NMR
spectroscopy. The 'H NMR spectra of (a) free oleic acid and (b) oleic
acid-modified NaYF4 nanocrystals in CDCls recorded on a Varian 300 MHz
spectrometer. Note that undoped NaYF4 nanocrystals were investigated
instead of doped ones to exclude the intrinsic effect of magnetic dis-
turbances arising from lanthanide dopants. (Reprinted with permission
from ref. 72. Copyright 2007, American Chemical Society.)

NMR is also a reliable tool to monitor the reactions between
the ligands to elucidate their “cooperative effect”” on size and
morphology control, phase transition, and color output of UC
nanocrystals. "H NMR signals of NaYF,:Yb/Er (20/2 mol%) nano-
crystals synthesized in a mixture of oleic acid and octadecylamine
matched well with that of oleamide, evidencing the occurrence of
inter-ligand reaction in the synthesis.®””* The generated oleamide
resulted in the synthesized UC nanocrystals with an enhanced red
emission.”” In a recent study, Cohen and co-workers reported
that the in situ generated oleamide promoted the formation of
hexagonal phase NaYF,:Yb/Er (20/0.2 mol%) nanocrystals due to
its neutral characteristic.”® In another parallel experiment, the
NMR analysis of 'H and *'P verified the formation of oleate-
trioctylphosphine during the synthesis of UC nanocrystals in a
mixed solvent at 315-320 °C. The in situ formed ligands are capable
of reducing energy barrier in cubic-to-hexagonal phase transforma-
tion, facilitating the formation of bright hexagonal phase NaYF,:Yb/
Er (20/2 mol%) nanocrystals.”

Although the NMR technique has been successfully applied
to characterize surface ligands anchored on the surface of
quantum dots or plasmonic nanocrystals, this technique often-
times suffers from a significant line broadening of the NMR
signals in the case of UC nanocrystals, arising mainly from
intrinsic paramagnetic properties of many lanthanide dopants,
such as Gd*', Er’" and Ho®".*® One solution for probing
the ligands bound to the surface of UC nanocrystals is to
measure the undoped counterparts to exclude the effects of
paramagnetic disturbances.®®’*%° When an excess of free ligand
was present in solution, rapid exchange of ligands may impose
additional challenges in the precise characterization of the
particle surface ligands by NMR spectroscopy.

1484 | Chem. Soc. Rev., 2015, 44, 1479-1508
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3. ldentification of crystal structures

Crystal structure is perhaps one of the most significant para-
meters that affect the energy transfer efficiency between lantha-
nide dopants in the host lattices as the choice of the crystal
structure dictates the coordination number, the distance
between dopant ions and their relative spatial position. These
factors give rise to different probabilities in f-f transition of the
lanthanide activators, accounting for tunable optical properties
of UC nanocrystals. Low symmetry of lanthanide-doped hexagonal
NaYF, leads to an efficiency of UC up to ten times higher than that
of its cubic counterpart.®* Recently, Wang et al. discovered that the
packing manner of lanthanide ions in the crystal lattice can also
influence the energy transfer efficiency between Yb®* and Er**.*?
Tetrad clustering of Yb®" ions favors preservation of excitation energy
and thus enhances energy transfer from Yb** to Er*", enabling the
generation of an unusual violet emission at 410 nm of Er’* in
orthorhombic-phase KYb,F,.*> In this section, we highlight the
utilization of two characterization techniques, based on powder
XRD and XAFS spectroscopy, for the structural characterization of
UC nanocrystals. The method of electron diffraction will be empha-
sized in the section of TEM characterization.

3.1 Powder XRD

The non-destructive nature and relative ease of sample preparation
make powder XRD a widespread technique used for structure
determination of UC nanomaterials. The diffraction of scattered
X-rays by crystalline materials is depicted in Fig. 4a and b. When
the difference in the path-length of the scattered X-rays is an
integral number of wavelength of incident X-rays, the X-rays will
interact with each other to yield a constructive interference. This
phenomenon is known as Bragg’s Law (eqn (1)):

niA =2dsin0 (1)

where 1 is an integer, 4 is the wavelength of radiation, d is the
interplanar spacing and 6 is the angle of diffraction between
the incident ray and the scattering plane (Fig. 4b). In a typical
measurement, crystal structure-related information is encoded
into diffraction patterns where the X-ray intensity is recorded as
a function of the scattering angle equal to 20.

The diffraction angle and intensity are highly sensitive
to crystal structures, thereby enabling the identification of
crystallinity of UC nanocrystals to be readily identified by
comparing the diffraction patterns with well-established data-
base (standard powder diffraction card of Joint Committee on
Powder Diffraction Standards). Strong diffraction peaks are
commonly observed from high quality lanthanide-doped UC
nanocrystals adopting a hexagonal or cubic phase. These nano-
crystals were generally prepared at high reaction temperatures
(200 to 300 °C) by various methods, including coprecipitation,
hydrothermal treatment, and thermal decomposition.”**

XRD techniques can also be used to monitor the phase
transformation of NaREF, (RE: rare-earth ion) nanocrystals.
For example, the addition of Gd®" ions to NaYF, precursors
renders great control over the phase of the resultant UC nano-
crystals as evident by XRD measurements (Fig. 4c and d)."”

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Characterization of lanthanide-doped UC nanocrystals by XRD techniques. (a) Schematic illustration of the interaction of X-rays with a thin film
material. (b) Different diffractions of scattered X-rays scattered by undoped and doped atomic planes. (c) Schematic presentation of cubic- and
hexagonal-phase NaREF, structures and general trend of phase transition from cubic to hexagonal as a function of ionic radius (or polarizability) of the
lanthanide dopant ions. (d) Representative XRD patterns of NaYF4 Yb/Er (18/2 mol%) nanocrystals with different levels of Gd** doping. The diffraction
patterns arising from cubic NaYF, are marked with square boxes. (Reprinted with permission from ref. 17. Copyright 2010, Nature Publishing Group.)

Zeng et al. reported a similar role of Gd*>" in the synthesis of
NaLuF,:Gd/Yb/Tm nanocrystals and found that the presence
of Gd** can promote the rate of cubic-to-hexagonal phase
transformation and facilitate the formation of small-sized UC
nanocrystals.®* XRD characterization confirmed the reversed
phase transformation of NaREF, (RE: Lu, Gd, Yb) from hexa-
gonal to cubic by insertion of transition metal dopants (e.g.,
Mn>") into the host lattice.**® Doping of small-sized alkaline
metal ions into RE-based host lattices is also effective for phase
control as demonstrated by Dou and Zhang.*” In their study,
they showed that hexagonal-phase NaYF, nanoparticles were
first converted to cubic ones and further to tetragonal counter-
parts with increasing dopant concentration of Li*.*” Critically,
doping of impurities can distort the local symmetry of lantha-
nide dopants or lead to the variation in energy transfer pathways,
thus providing a facile platform to manipulate the optical
properties of UC nanocrystals.?*8°

XRD investigations also provide additional valuable infor-
mation on UC nanocrystals such as size, lattice strain, and
morphology. Appreciable line broadening in diffraction
patterns typically indicates a decrease in the size of the parti-
cles. Scherrer’s equation (eqn (2)) is usually applied to estimate
the average size of UC nanocrystals when the stress in crystal-
lites is not taken into consideration.”>”"*°

K
- pcosB 2)

This journal is © The Royal Society of Chemistry 2015

where K is the crystallite-shape factor (0.89 for spherical nano-
particles), 4 is the wavelength of the incident X-ray, f§ is the
corrected half width of the diffraction peak and 0 is the diffraction
angle. Note that the equation is only applicable to nanocrystals with
a size less than 100 nm as the size-dependent line broadening is
negligible when the size is over this threshold.”* Williamson-Hall
theorem (eqn (3)) is required for the estimation of effective particle
size and lattice strain when the lattice strain contributes to the
effects of diffraction-line broadening as well.

fcosf 1 nsinf
7 DT ©)

where f is the full width at half maximum, 0 is the diffraction
angle, / is the wavelength of the X-ray, D and # are the effective
particle size and strain, respectively. The strain and effective
size from UC nanocrystals are deduced from the slope and the
intercept of a plot of f cos 0/ against sin 0/1.%* Recently, tensile
(positive sign) and compressive strain (negative sign) were
observed in LaPO,:Yb/Tm and core-shell LaPO,:Yb/Tm nano-
particles, respectively.”® It should be noted that a number of
factors, including doping, thermal annealing and shell-coating,
can induce lattice strain in the nanosized crystals. Considering
that the lattice strain (or local compressive stress) has a marked
impact on the optical and electronic properties of colloidal
semiconducting nanocrystals and photophysical properties
of dye molecules,”"* the study of line broadening by XRD
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techniques can be used to elucidate the correlation between lattice
strain and UC processes in lanthanide-doped nanocrystals.’*®”

The success of lanthanide doping in UC nanocrystals can be
directly measured by the shift of the diffraction lines in the
patterns. The position of the diffraction line is strongly sensi-
tive to the d-spacing of scattering atomic planes according to
Bragg’s Law. Substantial alteration of d-spacing may be affected
by different sized impurities as a result of unit cell shrinkage or
expansion (Fig. 4b). For instance, the replacement of Na™ or Y**
by small-sized Li* or Mn®>* in cubic NaYF, host lattice results
in shifting of diffraction lines to a higher angle,®*"*® while
big-sized dopants (e.g., Gd*" and K") give rise to lower-angle
shifting of the diffraction patterns."”®”*® However, these two
opposite effects can offset each other in some cases, generating
negligible shifting in the diffraction patterns of doped UC
nanocrystals. As revealed by Wang’s group in XRD analysis of
Ca”"-doped NaGdF,,” the expanding effect on cell volume
by incorporating large-sized Ca®" is counterbalanced by the
formation of F~ vacancies.

Anisotropic line broadening observed in the XRD character-
ization of UC nanocrystals can provide useful information on
the morphology of the nanocrystals.'®® Theoretically, samples
with homogeneous distribution and completely random orien-
tation are required for XRD measurements. Different shaped
nanocrystals usually display slightly different diffraction patterns in
terms of intensity and anisotropic line broadening.'** ™ Spherical
and rod-shaped UC nanocrystals typically show enhanced (%00) but
diminished (002) reflections, while a reverse trend is observed for
hexagonal nanoprisms and nanoplates.’®® Abnormal strong diffrac-
tion lines can also provide clues on preferential growth directions
of the nanoparticle."® For example, strong diffraction intensity
from (100) planes of NaYF, microcrystals manifests the preferential
growth along the [001] crystallographic direction.'®>"%

XRD techniques can provide compositional mapping of parts of
a crystalline species with a weight fraction of larger than 3%. With
synchrotron radiation, the sensitivity can be improved down to
0.05% (500 ppm). The low detection limit of XRD clearly makes
it difficult to characterize heterostructured or multi-phased nano-
crystals in which one component significantly outweighs the
others.’® % Despite the usefulness of the Rietveld refinement
for quantitative analysis of NaYF, nanocrystals with a mixture of
cubic and hexagonal phases, the content of the examination
component must be larger than 8%.”® This aspect is not trivial
and can lead to serious errors if improperly performed.

3.2 XAS

XAS spectroscopy, based on the X-ray photoelectric effect and
the wave nature of the electron, can be used to determine
local structures around a specific dopant atom. Unlike X-ray
diffraction, it places few constrains on the samples and works
equally well in amorphous materials, liquids, and polycrystal-
line solids. The X-ray absorption spectrum is typically classified
into two groups: X-ray absorption near-edge spectroscopy
(XANES) and extended X-ray absorption fine-structure spectro-
scopy (EXAFS). XANES is strongly sensitive to formal oxidation
state and coordination geometry of the absorbing atom, while
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the EXAFS is used to provide information about interatomic
distances and the coordination number of the absorbing atom.

EXAFS is a powerful technique for determining the chemical
state of lanthanide dopants which occur in very low concen-
tration. For example, Song’s group demonstrated that the
changes in the Er-O bond length and the coordination number
of Er in ZnO:Er nanocrystals, induced by Li" doping, can be
measured by means of EXAFS.''® In a parallel development
through use of EXAFS, Liu et al. confirmed that incorporation
of Li* ions into the interstitial sites of Y,O5:Er*" nanoparticles
results in a notable enhancement in Er** emission as a result of
its reduced symmetric environment.'**

As EXAFS focuses on the local structure of a given chemical
species irrespective of long range order, it is a versatile tool to
correlate the UC emission to the local environment of lanthanide
dopants, thereby providing valuable data for rational design of
UC nanocrystals with precisely controlled emissions. Chang and
co-workers modeled the structure of Y,O4Er*" nanocrystals on the
basis of EXAFS data and further correlated the results through Judd-
Ofelt analysis.'** They found that both approaches match well
with each other in predicting optimal doping concentrations of
Er** for core (5 mol%) and core-shell (2 mol%) nanocrystals.
Low limits of detection down to ppm are another notable merit
of this technique with synchrotron X-rays as the light source,
allowing the UC nanocrystals to be analyzed even at an extre-
mely low dopant concentration. It should be noted that to make
the fitting results from XAFS more reliable, the samples should
have high homogeneity.

4. Determination of size and
morphology

Size and morphology are important factors that affect the optical
properties of UC nanocrystals with respect to relative emission
intensity (e.g., the green-to-red emission ratio of Er*"), quantum
yield, and lifetime."**™"> Both factors als