
Chapter 2
“Wet” Chemical Synthesis
and Manipulation of Upconversion
Nanoparticles

Abstract Development of facile synthesis strategies for high-quality lanthanide-
doped upconversion nanoparticles with controlled composition, crystalline phase,
shape, and size is crucial in tuning their chemical and optical properties and
exploring their potential applications in diverse fields. This chapter focuses pri-
marily on the formation mechanism of the crystallization (including nucleation and
growth) for monodisperse nanocrystals and various synthetic procedures for the
upconversion nanoparticles. Finally, various optical, chemical, and structural
characterizations of upconversion nanoparticles are also summarized.
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2.1 Introduction

Since 1990s, the synthesis of nanocrystals with the sizes ranging from 1 to 100 nm
have been intensively pursued, not only for their fundamental scientific interest, but
also for their many technological applications. Nanocrystals exhibit very interesting
size-dependent electrical, optical, magnetic, chemical, and biological properties that
cannot be achieved by their bulk counterparts [1–5]. For many future applications,
the synthesis of uniform-sized nanocrystals is of key importance, because the
electrical, optical, magnetic, and biological properties of these nanocrystals
are strongly dependent on their dimensions. The most popular demonstration of the
size-dependent characteristics of nanocrystals are the continuous fluorescent
emission from semiconductor nanocrystals (also known as quantum dots) which
covers the entire visible spectrum as a function of their size [6, 7]. Monodispersed
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magnetic nanocrystals are essential for the next-generation multi-terabit (Tbit/in2)
magnetic storage media [8–10]. For the upconversion nanoparticles, the size has a
very big influence on its optical and magnetic properties, which makes the
upconversion nanoparticles have wide application prospects in optical and MRI
bio-imaging [11–13].

There are two different approaches to fabricate nanocrystals: the “top-down”
approach, which utilizes physical methods, and the “bottom-up” approach, which
employs solution-phase colloidal chemistry (wet chemistry) [10]. The advantage of
the physical methods are the production of a large quantity of nanocrystals, whereas
the synthesis of uniform-sized nanocrystals and their size control is very difficult to
achieve by using the top-down approach. In contrast, wet chemical synthetic
methods can be used to synthesize uniform nanocrystals with controlled particle
size, although generally only subgram quantities are produced. Furthermore, vari-
ous-shaped nanocrystals, including nanosphere, nanorods, nanoflowers, nanodisks,
etc., can be synthesized by varying the reaction conditions.

Development of facile synthesis strategies for high-quality lanthanide-doped
upconversion nanoparticles with controlled composition, crystalline phase, shape,
and size is crucial in tuning their chemical and optical properties and exploring their
potential applications in diverse fields. With the development of nanotechnology,
a variety of methods have been established to synthesize different kinds of up-
conversion nanoparticles with controlled crystalline phases, sizes, and shapes,
(Fig. 2.1) including coprecipitation [14–22], thermal decomposition [23–27], hydro
(solvo)thermal synthesis [28–37], sol-gel process [38–41], and combustion syn-
thesis [42], which have been reviewed in many papers [43–54]. This chapter
focuses primarily on the formation mechanism of the crystallization (including
nucleation and growth) for monodisperse nanocrystals and the various synthetic
procedures for the upconversion nanoparticles. Finally, various characterizations
for the optical, chemical, and structural properties of upconversion nanoparticles are
also summarized.

2.2 Mechanism for the Synthesis of Monodisperse
Nanocrystals

The formation processes of monodisperse nanocrystals mainly experience two
stages, nucleation and growth. Both of the stage needs to be controlled very
carefully. The formation of the monodisperse nanocrystals has been investigated
from theory to practice and summarized in some review papers [10]. According to
the literature [10], we elaborate the mechanism for the synthesis of monodisperse
nanocrystals from three aspects in this section: nucleation, growth, and synthetic
techniques for the separation of nucleation and growth.

22 2 “Wet” Chemical Synthesis and Manipulation …



2.2.1 Nucleation

It is much more difficult to elucidate the mechanism for nanometer-sized particles
because of their high surface-to-volume ratios. Although the nucleation and growth
processes are strongly correlated, we discuss these two processes separately for the
sake of simplicity. The research on the preparation of uniform colloidal particles dates
back to the 1940s. LaMer and his colleagues pioneered the concept of “burst
nucleation” during the preparation of various oil aerosols and sulfur hydrosols [10,
60, 61]. In this process, many nuclei are generated at the same time, and then these
nuclei start to grow without additional nucleation simultaneously. This is the essence
of “burst-nucleation” process which makes it possible to control size distribution of
particles during growth. Otherwise, if nucleation process occurred throughout the
whole particle formation process, the growth history of the particles would differ
largely from one another, and consequently, the control of the size distribution would

Fig. 2.1 Typical TEM images of lanthanide-doped upconversion nanoparticles. a LuOF, b LaF3,
c α-NaYF4, d NaYbF4, e β-NaEuF4 synthesized by the thermolysis method, f α-NaYF4:Yb

3+,Er3+,
g β-NaYF4:Yb

3+,Er3+, h LaF3, i YF3, j α-NaYF4, synthesized by the hydro(solvo)-thermal method,
k–n β-NaYF4 or CaF2 nanoparticles. a Reprinted with the permission from Ref. [55]. Copyright
2007 Wiley-VCH Verlag GmbH & Co. KGaA. b Reprinted with the permission from Ref. [26].
Copyright 2005 American Chemical Society. c–e Reprinted with the permission from Ref. [24].
Copyright 2006 American Chemical Society. f, g Reprinted with the permission from Ref. [45].
Copyright 2011 American Chemical Society. h–j Reprinted with the permission from Ref. [37].
Copyright 2005 Nature Publishing Group. k Reprinted with the permission from Ref. [56].
Copyright 2012 American Chemical Society. l Reprinted with the permission from Ref. [57].
Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA. m Reprinted with the permission from
Ref. [58]. Copyright 2008 American Chemical Society. n Reprinted with the permission from Ref.
[59]. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA
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be very difficult. “Burst nucleation” has been adopted as an important concept in the
synthesis of monodispersed nanocrystals. It is well known that to prepare highly
uniform nanocrystals, it is necessary to induce a single nucleation event and to
prevent additional nucleation during the subsequent growth process. As a synthetic
strategy, this method is often referred to as “the separation of nucleation and growth”
[10, 60, 61]. LaMer and his colleagues first utilized the homogeneous nucleation
process to separate nucleation and growth. In the homogeneous nucleation process,
nuclei appear in a homogeneous solution without any seed for heterogeneous
nucleation. In this homogeneous nucleation process, there exists a high-energy
barrier to nucleation, because the system spontaneously changes from homogeneous
to heterogeneous phase. The LaMer plot, as shown in Fig. 2.2a, is very useful for
visualizing how the energy barrier works to induce the “burst nucleation” [62, 63].
The concentration of “monomer,” which is the minimum subunit of bulk crystals,
constantly increases with time. Note that precipitation does not occur in stage I even
under supersaturated conditions (S > 1), because the energy barrier for spontaneous
homogeneous nucleation is extremely high. In stage II, during the nucleation occurs,
the degree of supersaturation is high enough to overcome the energy barrier for
nucleation, thus resulting in the formation and accumulation of stable nuclei. Since
the rate of monomer consumption resulted from the nucleation and growth processes
exceeds the rate of monomer supply, the monomer concentration decreases until it
reaches the level at which the net nucleation rate (the number of nuclei formed per
unit time) is zero. Below this level, the system enters the growth stage (stage III), in
which nucleation is effectively stopped and the particles keep growing as long as the
solution is supersaturated. Once monomer concentration is sufficiently depleted,
growth can proceed by Ostwald ripening (stage IV). Here, sacrificial dissolution of
smaller (higher-surface-energy) particles results in growth of larger particles and,
thereby, fewer particles in the system.

According to literature [10, 61, 64–67], the energy barrier to the homogeneous
nucleation is interpreted thermodynamically as follows: The Gibbs free energy of

Fig. 2.2 a Schematic depicting the four stages of the preparation of monodisperse nanocrystals in
the framework of the LaMer model. b Illustration of the surface free energy (ΔGs), bulk free
energy (ΔGv), and overall free energy (ΔG) as a function of the growth particle size r
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formation of spherical crystals with radius r from the solution with supersaturation
S is given in Eq. (2.1), in which σ is the surface free energy per unit area andΔGv is the
free energy change between the monomers in the solution and unit volume of bulk
crystal, Vm is the molar volume of bulk crystal.

DG ¼ 4pr2rþ 4
3
pr3DGv ¼ 4pr2rþ 4

3
pr3 �RT ln Sð Þ=Vm ð2:1Þ

σ is always positive, and ΔGv is negative as long as the solution is supersaturated.
Consequently, a plot of ΔG versus r has a maximum. The value of r at which ΔG is
maximum is called the critical radius rc; this is the minimum radius of a nucleus that
can grow spontaneously in the supersaturated solution. Setting dΔG/dr = 0 allows
determination of rc.

rc ¼ �2rDGv
¼ 2rVm

RT ln S
ð2:2Þ

Equation (2.2) imposes the first necessary condition for supersaturation with
homogeneous nucleation. Because rc is the minimum radius that will persist and not
dissolve away in solution, S should be sufficiently high for rc to be smaller than the
size of the crystal embryos that form the nuclei for the homogeneous nucleation
process [64, 65]. Although little is known about the identity of the crystal embryos,
their sizes might be less than 1 nm, which is comparable to the size of inorganic
molecular clusters. Substituting Eq. (2.2) into Eq. (2.1) gives the critical free energy
ΔGc (Eq. 2.3), which is the free energy necessary to form a stable nucleus.

DGc ¼ 16pr3

3 DGvð Þ2 ¼
16pr3V2

m

3 RT ln Sð Þ2 ð2:3Þ

If the rate of increase of the number of particles N is defined as the rate of
nucleation (kB is the Boltzmann constant), it can be written in the Arrhenius form in
terms of ΔGc (Eq. 2.4).

dN
dt
¼ A exp �DGc

kBT

� �
¼ A exp

16pr3V2
m

3k3BT3N2
A ln Sð Þ2

" #
ð2:4Þ

At this point, it should be noted that, in contrast to the simple LaMer plot, it is hard
to define exactly the critical supersaturation level at which nucleation begins,
because nucleation and redissolution can happen at any concentration, as a result of
the energy fluctuation in the solution. In fact, the nucleus can still form even in
unsaturated solution, and the particles formed could re-dissolve unless they are
stable enough to resist the free energy fluctuation of their surroundings. However,
from the practical point of view, it is reasonable to establish the critical supersat-
uration level (Sc) at which stable nuclei form in an appreciable number per unit time
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and start to accumulate. To see how this condition affects S, we rewrite Eq. (2.4) so
as to express S in terms of N′ (=dN/dt) (Eq. 2.5).

ln S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

16pr3V2
m

3k3T3 ln A=N 0ð Þ

s
ð2:5Þ

This equation shows another necessary condition pertaining to the degree of
supersaturation: To start the accumulation and the growth of the nuclei, the
nucleation rate should be high enough to equilibrate or to surpass the redissolution
rate of the particles. Taken together, Sc is the point at which the nucleation rate is so
high that the number of nuclei increases even while smaller nuclei dissolve away.

However, the thermodynamic model discussed so far has some limitations with
respect to nanocrystals. Whereas it is generally assumed that σ and ΔGv are con-
stant, these two values are strongly size-dependent for nanometer-sized particles
[66]. As the particle size decreases, the ratio of surface atoms to the bulk atoms
dramatically increases. As a result, there is a strong driving force, especially for
nanocrystals with a size of few nanometers, to minimize the surface free energy by
reconstructing the surface structure or changing the crystal structure (e.g., through
phase transitions [67] or lattice contraction [61, 68]).

2.2.2 Synthetic Techniques for the Separation of Nucleation
and Growth

Both homogeneous and heterogeneous nucleation processes have been utilized to
synthesize monodisperse nanocrystals by separating nucleation and growth. The
seed-mediated growth method is the most apparent case for the separation of
nucleation and growth, wherein nucleation is physically separated from growth by
using preformed nanocrystals as seed nuclei. This method utilizes heterogeneous
nucleation to suppress the formation of additional nuclei by homogeneous nucle-
ation [69–72]. In this method, preformed nuclei are introduced into the reaction
solution and then the monomers are supplied to precipitate on the surface of the
existing nuclei. The monomer concentration is kept low during growth to suppress
homogeneous nucleation. Seed-mediated growth is further divided into two cate-
gories: the synthesis of homogeneous particles [69, 72] and the production of
heterogeneous structures, such as core/shell structures [70, 71]. There have been
several reports on the fine size control of nanocrystals by separating nucleation and
growth by the seed-mediated growth process [71, 72]. However, the seed particles
need to be uniform to produce monodisperse nanocrystals.

There are two techniques that utilize homogeneous nucleation to synthesize
monodisperse nanocrystals in the organic solutions: “hot-injection” [73–75] and
“heating-up” methods [76–79]. The “hot-injection” technique was introduced by
Bawendi and coworkers in their report on the synthesis of cadmium chalcogenide
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nanocrystals [68]. This technique produces high degree of supersaturation by the
rapid injection of excess precursor into a hot surfactant solution, resulting in burst
nucleation by relieving the excess free energy of the supersaturation. During the
nucleation process, the monomer concentration in the solution sharply decreases
and thus nucleation rate slows down. This “hot-injection” method has been widely
used to synthesize nanocrystals of metal chalcogenides [68, 73], transition metals
[74], noble metals [75], and upconversion nanoparticles [80]. The heating-up
method is a batch process in which the precursors, reagents, and solvent are mixed
at a low temperature and heated up to a certain temperature to initiate the crys-
tallization reaction. The heating-up method is particularly advantageous for large-
scale production, because of its simplicity. Although this synthetic procedure is
very simple, the size uniformity of the nanoparticles yielded by the heating-up
method is often comparable to the best results obtained from the “hot-injection”
method [76, 77]. Characterizing the burst-nucleation process is challenge.
Characteristic for this process is that there is a point of time at which the number of
particles stops increasing and the particle concentration reaches a maximum. After
this point, the reaction system enters the growth stage and number of particles either
remains constant or decrease. According to LaMer’s model, the end of the nucle-
ation stage is closely related to the decrease of the monomer concentration.
Consequently, to prove the “burst-nucleation” model experimentally, both the
particle concentration and the monomer concentration should be traced
simultaneously.

2.2.3 Growth

In the previous section, we mentioned that the separation of nucleation and growth
makes it possible to control the size distribution of an ensemble of particles. In this
section, the significance of growth without additional nucleation as a necessary
condition for a narrow size distribution of the ensemble of particles will be shown
[10].

The first theoretical study on the narrowing of the size distribution during the
growth process was performed by Reiss [81]. In his model, known as the “growth
by diffusion” model, the growth rate of spherical particles depends solely on the
flux of the monomers supplied to the particles (J). In this case, the relationship
between the monomer flux and the growth rate dr/dt is given by Eq. (2.6).

J ¼ 4pr2

Vm

dr
dt

ð2:6Þ

If the average distance between the particles is large enough, then the diffusion
layer formed at the periphery of each particle is undisturbed. Consequently, it is
possible to treat each growing particle independently. For a single spherical particle
in a homogeneous medium, there is concentration gradient around a particle
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with spherical symmetry. Fick’s law (Eq. 2.7) gives the flux J of monomers
diffusing through the surface of a sphere enclosing the particle (D is the diffusion
coefficient, C is the concentration, and x (≥r) is the distance from the center of the
particle).

J ¼ 4px2D
dC
dx

ð2:7Þ

If J is assumed to be constant for x, the integration of C(x) from r to r + δ with
respect to x gives Eq. (2.8).

J ¼ 4pD
r r þ dð Þ

d
CðrþdÞ � Cs
� � ð2:8Þ

Cs (=Cr) is the concentration at the surface of the particle. For sufficiently large
values of δ (r ≪ δ), Eq. (2.8) is reduced to Eq. (2.9), in which Cbulk is the
concentration of the bulk solution.

J ¼ 4prD Cbulk � Csð Þ ð2:9Þ

Equation (2.10) follows from Eqs. (2.6) and (2.9).

dr
dt
¼ VmD

r
Cbulk � Csð Þ ð2:10Þ

If Cs and Cbulk are constant for all particles, the growth rate of a particle is inversely
proportional to its radius. This result can be understood intuitively as follows: The
number of monomers diffused onto the surface of a particle increases in proportion to
the square of its radius, whereas the volume of a particle consisting of the monomers
increases in proportion to the third power of its radius. Thus, the growth rate of a
particle is decreased as the radius increases. With this result, it can be shown that for
an ensemble of spherical particles, the variation of the radius distribution σ2 is
decreased during growth. From Eq. (2.10), the value of σ2 can be obtained as
Eq. (2.11), in which r and ð1=rÞ are the mean values of r and 1/r, respectively.

dr2

dt
¼ 2VmDðCbulk � CsÞ 1� r

1
r

� �" #
ð2:11Þ

Because the arithmetic mean differs from the harmonic mean, 1=rð Þ is always
greater than 1=r. Thus, for Cbulk > Cs, the right-hand side of Eq. (2.11) is always
negative. In other words, the variance of the size distribution of an ensemble of
particles always decreases regardless of the initial size distribution as long as all of
the particles are growing and no additional nucleation occurs. This is the self-
regulating mechanism of the size distribution during the growth process and is often
referred to as the “focusing” effect [63].
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However, the model described by Reiss is an oversimplification because it does
not consider the reaction kinetics of crystal growth and its dependence on the
particle size. As a result, the strong counter effect for the “focusing” mechanism is
missing. During the growth process, there are two reactions acting in opposition to
each other, namely, precipitation and dissolution (Eq. 2.12).

nMs 								! 								kp

kd
Mc

n ð2:12Þ

Ms and Mc refer to monomers in solution and in the crystal, kp and kd are the
reaction rate constants for precipitation and dissolution, respectively. It is assumed
that the precipitation is the first-order reaction with respect to Cs and that the
dissolution rate is independent of Cs. Then, at equilibrium kp Cs,eq = kd, which can
be rewritten to give the surface concentration Cs,eq (Eq. 2.13)

Cs;eq ¼ kd
kp

ð2:13Þ

The change in chemical potential μ(r) of a spherical crystal with radius rwith respect
to that μo of the bulk crystal arises from the surface free energy of area (A) (Eq. 2.14).

Dl ¼ lðrÞ � lo ¼ c
dA
dn

ð2:14Þ

Because dA = 8πrdr and dn = 4πr2dr/Vm, Eq. (2.14) can be rewritten as the
Gibbs–Thomson relation Eq. (2.15).

Dl ¼ 2cVm

r
ð2:15Þ

The activated complex theory is adopted to assess the effect of the chemical
potential change of a crystal on the precipitation and dissolution reactions. The
variation of kp and kd with Δμ is given as Eqs. (2.16) and (2.17).

kp ¼ kop exp �a
Dl
RT

� �
¼ kop exp �a

2cVm

rRT

� �
ð2:16Þ

kd ¼ kod exp ð1� aÞDl
RT

� �
¼ kod exp½ 1� að Þ 2cVm

rRT

� �
ð2:17Þ

In these equations, α is the transfer coefficient and ko is the rate constant for the bulk
crystal (r = ∞) [82]. Qualitatively, Eqs. (2.16) and (2.17) reveal that the smaller the
radius of a particle is, the harder it is to grow but the easier it is to dissolve, because
of its higher chemical potential. This is the effect in contrast to the “focusing”
mechanism, in which smaller crystals grow faster. To combine this effect with the
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model of Reiss, the assumption that Cs is constant for all particles should be
modified. The fluxes of the monomers toward the surface of a particle by precip-
itation and dissolution (Jp and Jd, respectively) for a particle with radius r are given
by Eqs. (2.18) and (2.19)

Jp ¼ 4pr2kopCs exp �a 2cVm

rRT

� �
ð2:18Þ

Jd ¼ �4pr2kod exp 1� að Þ 2cVp

rRT

� �
ð2:19Þ

The net flux J, then, is given by Eq. (2.20), and the equation for Cs (Eq. 2.21) is
obtained by equating the expressions for J in Eqs. (2.9) and (2.20)

J ¼ Jp þ Jd ¼ 4pr2kopCs exp �a 2cVm

rRT

� �
� 4pr2k0d exp 1� að Þ 2cVm

rRT

� �
ð2:20Þ

Cs ¼
kodr exp 1� að Þ 2cVm

rRT

� �þ DCbulk

kop exp �a 2cVm
rRT

� �þ D
ð2:21Þ

Substituting this result into Eq. (2.10) and using Eq. (2.13) leads to Eq. (2.22). Co
s;eq

is the equilibrium surface concentration of the bulk crystal (r = ∞), and S is the
degree of supersaturation, which is defined as S = Cbulk/Cs,eq. This result can be
rewritten in simplified form as Eq. (2.23) [82].

dr
dt
¼ VmDCo

s;eq

S� exp 2cVm
rRT

� �
r þ D

kop
exp a 2cVm

rRT

� �
2
4

3
5 ð2:22Þ

dr�

ds
¼ S� exp 1=r�ð Þ

r� þ K exp a
r�

 � ð2:23Þ

The variables and parameters in Eq. (2.23) can be normalized to dimensionless
forms (Eqs. 2.24–2.26)

r� ¼ RT
2cVm

r ð2:24Þ

s ¼ R2T2DCo
s;eq

4c2Vm
t ð2:25Þ

K ¼ RT
2cVm

D
kop

ð2:26Þ
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Equation (2.23) is a modified version of Eq. (2.10) after both the mass transport and
the reaction kinetics are considered. The growth rate of a single particle for various
values of K and S are calculated from Eq. (2.23) and plotted in Fig. 2.3a, b.

In Reiss’ simple model, the “focusing” effect is derived by considering only
mass-transport processes. However, the opposite effect comes from a kinetic pro-
cess related to the Gibbs–Thomson effect. Figure 2.3a, b shows how these two
effects compete with each other for the growth of an individual particle. A typical
plot of growth rate for small values of K (≪1) and large values of S (≫1) has a
maximum at r� ¼ r�max. For r

�[ r�max, the size dependence of the crystal chemical

Fig. 2.3 Growth rate as a function of radius calculated from Eq. (2.23) for various values of K
(a) and S (b). α = 0.5, S = 10 in (a), and K = 1 in (b). c Time evolution of the size distribution of
the ensemble of particles. d The size distribution of particles (open circles and solid line) and the
growth rate as a function of radius (dashed line) in the later period of the reaction. The arrow
indicates the position of rzero. e Relative standard deviation versus mean radius for different initial
levels of supersaturation. a–c, e Reprinted with the permission from Ref. [82]. Copyright 2001
American Chemical Society. d Reprinted with the permission from Ref. [83]. Copyright 2002
American Chemical Society
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potential is relatively small such that the variation of the growth rate with r* mainly
depends on mass-transport effects rather than on kinetic effects. Consequently, the
slope of the graph is negative and a narrowing of the size distribution occurs in this
region (the “focusing” region). In contrast, for 0\r�\r�max, the situation is
reversed. In this region, the crystal chemical potential is highly sensitive to the
particle size. As r* decreases, a particle becomes more unstable and the dissolution
rate increases so fast that it dominates the net growth rate. As a result, larger
particles have a higher growth rate and the slope of the graph is positive (the
“defocusing” region). At r� ¼ r�zero, the growth rate is zero, and the rates of pre-
cipitation and dissolution are balanced. The value of rzero can be obtained from
Eqs. (2.23) and (2.24) (Eq. 2.27).

rzero ¼ 2cVm

RTr�zero
¼ 2cVm

RT ln S
ð2:27Þ

It is notable that this value is equal to rc, which is evaluated by Eq. (2.2) from the
nucleation model. From Fig. 2.3a, b, the factors affecting the evolution of the size
distribution can also be deduced. In Eq. (2.27), K represents the ratio of the rate of
diffusion to the rate of the precipitation reaction. If the value of K is very small, the
overall growth reaction rate is controlled by the diffusion rate, that is, the rate of
mass transfer. This condition is called diffusion-controlled growth and is similar to
the growth condition in Reiss’ model. Consequently, the smaller the value of K is,
the more effective the narrowing of the size distribution becomes. However, if the
value of K is very large, the growth rate is mainly determined by the reaction rate.
This condition is called reaction-controlled growth and the “focusing” effect is
weakened under this condition. This trend is depicted in Fig. 2.3a, which shows a
steep negative slope for small values of K. An increase in the value of S always
results in the enhancement of the growth rate according to Eq. (2.23). However, the
increment of the growth rate with S is decreased by a factor of 1/[r* + K exp(α/r*)]
and thus is larger for smaller particles. In short, both the increase of S and the
decrease of K enhance the “focusing” mechanism.

For an ensemble of particles, it is very difficult to trace the time evolution of the
size distribution, mainly because Cbulk is not a constant but rather a function of the
size of all the particles in the ensemble. Furthermore, the growth rates also depend
on Cbulk. This mutual dependence makes it very difficult, if not impossible, to
derive analytically the time evolution of the size distribution of the particles from
Eq. (2.23).

Talapin et al. [82] presented another approach to solve this problem. They
performed a numerical simulation of the time evolution of the particle size in an
ensemble by using the Monte Carlo method (Fig. 2.3c–e). They used Eq. (2.23) to
calculate the growth rate for an individual particle. The initial size distributions of
the ensembles of particles were set to normal distributions with various relative
standard deviations and a mean value of r0 = 1 nm. With these given ensembles of
particles, simulations of the growth process were started with an initial supersatu-
ration S0. Figure 2.3c shows the time evolution of the size distribution of the
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particle ensemble. The initial reaction solution is highly supersaturated and the
growth reaction operates under the diffusion-controlled condition. Two periods in
the growth process can be distinguished in this figure. Initially (0 < τ < 10−2), the
mean radius increases rapidly and the size distribution becomes narrower. In this
period, the supersaturation is so high that r�zero is far below the mean radius r�, and
consequently, all of the particles are in the “focusing” region. In the second stage
(10−2 < τ), the growth rate declines sharply and the size distribution broadens. In
this period, the supersaturation is low because of the rapid consumption of the
monomer during the early period. As a result, the value of r�zero becomes compa-
rable to that of r� and many of the particles in the ensemble fall into the “defo-
cusing” region (Fig. 2.3d). Figure 2.3e depicts the relationship between the mean
radius and the relative standard deviation of the size distribution for different initial
supersaturations: A high initial supersaturation causes the “focusing” period to be
maintained for a large mean radius, resulting in a low relative standard deviation at
the end of the “focusing” period. Figure 2.3e also shows that the “defocusing”
period leads to a similar equilibrium relative standard deviation regardless of the
initial supersaturation. In the “defocusing” and equilibrium periods in which rzero
lies near r�, Ostwald ripening occurs. In this process, smaller particles dissolve and
larger particles grow by receiving the monomers from the dissolving particles (This
process was described in the previous section as an explanation for the decrease of
the particle concentration during the growth stage). When the Ostwald-ripening
process is under pseudoequilibrium state, the dissolving rate and reprecipitation rate
of the monomers are balanced and the degree of supersaturation declines very
slowly. Generally, the Ostwald ripening broadens the standard deviation of the
particle size distribution. At the same time, the mean size of the particle ensemble is
also increased. As a result, the relative standard deviation (the standard deviation
divided by the mean value) converges to a certain value as the reaction system
enters the pseudoequilibrium state. According to the simulation results by Talapin
et al. [82], the relative standard deviation in the equilibrium period is almost
independent of the initial size distribution but is lowered when the surface free
energy is high.

The theoretical works discussed so far explain the behavior of the size distri-
bution during the growth process when there is no additional nucleation. The
theoretical studies and simulations of Talapin et al. [81–83] reveal two underlying
mechanisms for the control of the size distribution: (1) The “focusing” effect is a
kinetically driven process that actively reduces the variance of the particle size
distribution during the growth process. It works when the growth process is dif-
fusion controlled and the degree of supersaturation is high. (2) Ostwald ripening
occurs when the supersaturation is low. Experimental evidence for the “focusing
effect” was provided by Alivisatos and coworkers, who reported that the size dis-
tribution of the semiconductor nanocrystals is strongly correlated with the degree of
supersaturation [63]. They synthesized CdSe nanoparticles by the hot-injection
method and traced the time evolution of the size and the size distribution of the
nanocrystals by using photoluminescence (PL) spectroscopy. They observed that
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a fast increase of the mean particle size and a narrowing of the size distribution
occurred simultaneously during the initial period of the growth process. In the later
period, the growth rate decreased and the size distribution gradually broadened. The
injection of additional monomers during this period resulted in the same effect as
that observed during the initial period. This result confirms the relationship between
the supersaturation level and the size “focusing” by growth and, consequently,
supports the “focusing” mechanism.

2.3 Synthesis Routes for the Upconversion Nanoparticles

Based on the above-mentioned formation mechanism of the monodisperse nano-
crystals, a range of synthetic approaches such as thermal decomposition, hydro
(solvo)thermal synthesis, Ostwald-ripening method, sol-gel processing, coprecipi-
tation method, as well as ionic liquid-based synthesis have been investigated to
synthesize monodisperse high-quality lanthanide-doped upconversion nanoparti-
cles. This section mainly focuses on thermolysis, hydro(solvo)thermal synthesis,
etc., which are the most widely used methods, as they can offer precise control over
the phase, shape, size, and stoichiometric composition of the core-only and/or the
core/shell upconversion nanoparticles. Table 2.1 is a summary of upconversion
nanoparticles of varied host materials prepared by these methods.

2.3.1 Thermolysis Strategy

The thermolysis strategy generally employs organometallic compounds as precur-
sors, which decompose in a high boiling point organic solvent with the assistance of
surfactants at an elevated temperature. The commonly used precursors are metallic
trifluoacetate salts or oleatum; the solvent can be 1-octadecene (ODE), paraffin oil,
etc.; the surfactants can be oleic acid (OA), oleylamine (OM), or trioctylphosphine
oxide (TOPO), which typically contain a functional capping group to coordinate the
metallic elements and the long hydrocarbon chain to prevent nanoparticle aggre-
gation. It is important to note that the rapid decomposition of metallic trifluoro-
acetate creates a burst of nucleation, which is essential for producing
monodispersed nanoparticles. By carefully tailoring the experimental variables,
such as the nature of solvents, concentration of metal precursors, reaction tem-
perature, and time, high-quality upconversion nanoparticles with a narrow size
distribution, good crystallinity, and exceptional optical properties can be readily
obtained from the thermolysis process. The drawback of the thermolysis strategy is
that the toxic by-products of fluorinated and oxyfluorinated carbon species mandate
a carefully exercised synthetic procedure. Due to the hydrophobic properties of the
ligands, the other disadvantage of the thermolysis method is the indispensably post-
surface hydrophilic modification, especially for the bio-applications.
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The thermolysis strategy can be divided into three groups according to the
solvents (i.e., surface ligands) used in the synthesis.

Thermolysis in oleic acid-based mixed solvents: This thermolysis method was
first developed by the Yan group to synthesize highly monodispersed LaF3 nano-
particles [26]. The approach was later extended as a common route to synthesize
high-quality cubic lanthanide-doped NaYF4 upconversion nanoparticles [23–25].
For example, Capobianco and coworkers reported the synthesis of cubic NaYF4
nanoparticles codoped with Yb3+/Er3+ or Yb3+/Tm3+ via thermal decomposition of
metal trifluoroacetate precursors in the presence of OA andODE [25]. In their studies,
the non-coordinating ODE was used as the primary solvent due to its high boiling
point. OA was chosen not only as a solvent but also as a passivating ligand that
prevents the nanoparticles from agglomeration. The same approach was further
refined by Capobianco et al. to synthesize cubic upconversion NaYF4 nanoparticles
with a remarkably narrow size distribution without the need for size-selective frac-
tionation [23]. The approach was based on temporal separation of nucleation and
crystal growth by slow addition of the precursors to the solution and subsequent
manipulation of the temperature. Another outstanding demonstration was reported by
Murray and coworkers who prepared highly uniform hexagonal NaYF4:Yb

3+/Er3+

nanoparticles with controlled sizes and morphologies (spheres, nanorods, and hex-
agonal prisms) by using the same synthetic strategy [90]. These as-prepared nano-
particles can be easily assembled into large-area super-lattices under appropriate
conditions. The decompositionmethod has also been extended to synthesize other RE
fluorides, oxides, and oxyfluorides such as LiREF4 [92–94], KRE3F10 [131], NaScF4
[99], YF3 [55, 97],MF2 (M=Mg, Ca, and Sr) [98], BaREF5 [132], CeO2 [95, 96], and
LnOF (Ln = Er, Tm, Yb, Lu, Tb, Dy, Ho, Y) [55].

Thermolysis in oleylamine (OAM)-based mixed solvents: Yan and coworker
also presented systematic and general synthesis of high-quality Ln2O3 (Ln = Tb,
Dy, Ho, Er, Tm, Yb, Lu, Y) [105] and LnOF (Ln = Ce, Pr, Nd, Sm, Tb, Dy, Ho, Y)
nanoparticles with diverse shapes in OA/OAM, as well as NaYF4 and NaLnF4
(Ln = Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb, Lu, Gd) nanoparticles in OA/OAM/
ODE solvents [12, 24, 55, 98, 101, 105, 133]. They refined this technique to the
general synthesis of a whole range of rare earth fluorides, rare earth oxide, and rare
earth oxyfluoride nanoparticles with multiform crystal phases and morphologies by
manipulating the ratio of precursors, solvent composition, reaction temperature, and
time. For the synthesis of fluoride nanoparticles, it was found that the combined use
of coordinating ligands of the OA and the OAM could produce sub-10-nm cubic
lanthanide-doped NaYF4 nanoparticles, which was generally much smaller than the
ones produced using OA as the ligand and the ODE as a high-boiling solvent [104].
It is interesting to note that *10 nm monodisperse hexagonal phase NaYF4:
Yb3+/Er3+ (or Tm3+) nanoparticles can be synthesized through thermal decompo-
sition of sodium and lanthanide trifluoroacetates by using the single solvent of OM,
which served both as a reaction medium and as a capping ligand [100]. However,
the resulting hexagonal phase NaYF4:Yb

3+/Er3+ (or Tm3+) upconversion nano-
particles had relatively poor shape. Subsequently, there was a series of excellent
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reports on the thermolysis approach in using OA/OAM, OA/OAM/ODE, or OAM
solvents to prepare monodispersed lanthanide-doped Eu2O2S [107], La2O2S [108],
Gd2O3 [105, 106], LnOCl [102], LiYF4 [111], and NaLnS2 (Ln = La, Sm, Tb, Ce)
[109] nanoparticles. The advantage of utilizing OAM for the preparation of up-
conversion nanoparticles lied in its ability to produce ultrasmall upconversion
nanoparticles that are attractive for bio-imaging due to their more efficient clearance
from the body. In addition, the weak coordination bond between the amine group
and the lanthanide ions on the surface of upconversion nanoparticles facilitated the
utilization of a popular ligand exchange procedure for phase transfer.

Thermolysis in TOPO-based mixed solvents: Besides the most frequently used
organic capping agents OA, OAM, and ODE, Shan et al. [113–115] first reported
the use of TOPO as a coordinating ligand for the synthesis of ultrasmall, mon-
odispersed, and pure hexagonal phase NaYF4 upconversion nanoparticles. As
compared to other available coordination solvents such as OA and OAM, the free-
energy barrier for the cubic-to-hexagonal phase transition was significantly reduced
in TOPO. Unfortunately, the solubility of the as-obtained TOPO-capped nanopar-
ticles was low in common organic solvents such as cyclohexane or chloroform.
This problem was solved by combined use of trioctylphosphine (TOP)/OA to
replace TOPO to synthesize NaYF4 nanoparticles. It was found that the cooperative
actions of OA and TOP also could decrease the energy barrier of α/β phase tran-
sition, allowing the preparation of hexagonal NaYF4 at lowered temperatures
[113–115].

2.3.2 Hydro(Solvo)Thermal Strategy

The hydrothermal technique is becoming one of the most important tools for
advanced materials processing, particularly owing to its advantages in the pro-
cessing of nanostructural materials for a wide variety of technological applications
such as electronics, optoelectronics, catalysis, ceramics, magnetic data storage,
biomedical, and bio-photonics. The hydrothermal technique not only helps in
processing monodispersed and highly homogeneous nanoparticles, but also acts as
one of the most attractive techniques for processing nanohybrid and nanocomposite
materials. The term “hydrothermal” is purely of geological origin. It was first used
by the British geologist, Roderick Murchison (1792–1871), to describe the action of
water at elevated temperature and pressure, in bringing about changes in the earth’s
crust leading to the formation of various rocks and minerals.

Hydrothermal processing can be defined as any heterogeneous reaction in the
presence of aqueous solvents or mineralizers under high pressure and temperature
conditions to dissolve and recrystallize materials that are relatively insoluble under
ordinary conditions. Definition for the word hydrothermal has undergone several
changes from the original Greek meaning of the words “hydros” meaning water and
“thermos” meaning heat. Recently, Byrappa and Yoshimura define hydrothermal as
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any heterogeneous chemical reaction in the presence of a solvent (whether aqueous
or non-aqueous) above the room temperature and at pressure greater than 1 atm in a
closed system [134]. Possible advantages of this method over other types of syn-
thetic methods include the ability to create highly crystalline phases at lower
temperatures and to implement a set of reactions at the same time. Disadvantages of
the method include the need for specialized reaction vessels known as autoclaves
and the impossibility of observing the nanocrystal as it grows. The autoclaves
usually consist of thick-walled steel cylinders with a hermetic seal for carrying out
chemical reactions under pressure and high temperatures for prolonged periods of
time. Furthermore, protective contact-type inserts typically made of Teflon and
titanium materials are generally required to prevent solvent corrosion of the internal
cavity of the autoclave.

In a typical procedure of hydro(solvo)thermal synthesis, appropriate reaction
precursors, solvents, and surfactants with functional groups are mixed and then
heated in a autoclaves. Surfactants such as polyethylenimine (PEI) [14], ethyl-
enediaminetetraacetic acid (EDTA) [121], cetyltrimethylammonium bromide
(CTAB), and OA provide chelating ability with cationic ions to regulate their
reacting concentration [28], which are essential for the control of the crystalline
phase, size, and morphology as well as the surface functional groups of resulting
upconversion nanoparticles. The most representative example of hydro(solvo)
thermal synthesis is provided by the work of Li and coworkers who reported on a
general “liquid–solid-solution (LSS)” strategy for the synthesis of monodisperse
(semiconductor, metallic, and dielectric) nanoparticles [37], whereby the reaction,
phase transfer, and separation take place at the interfaces. Adapted from the LSS
method, a variety of lanthanide-doped upconversion nanoparticles with well-con-
trolled crystal phase, size, and shape have been synthesized, such as NaYF4
[135–138], NaLaF4 [28], NaLuF4 [30, 130], BaGdF5 [139], KMnF4 [140], YF3
[141–143], LaF3 [28, 116, 117], LaOF [144], GdF3 [116], CaF2 [31], and SrF2
[123]. Another interesting development was reported by Zhao and coworkers, who
utilized an oleic acid-mediated hydrothermal method for the synthesis of uniform
NaYF4 nanorods, nanotubes, and flower-patterned nanodisks [34]. Very recently,
Liu et al. developed a novel Gd3+-doping approach to give simultaneous control
over the crystal phase, size, and optical properties of the resulting NaYF4 upcon-
version nanoparticles during the hydro(solvo)thermal synthesis [145]. It was dis-
covered that Gd3+ doping not only resulted in a rapid cubic-to-hexagonal phase
transformation within 2 h, but also lead to the reduction of size, producing ultra-
small hexagonal NaYF4 upconversion nanoparticles at a substantially decreased
reaction temperature. The phase transformation and size and morphology optimi-
zation induced by impurity doping were further verified by some other groups.
Li and coworkers reported the synthesis of NaLuF4:Gd

3+/Yb3+/Tm3+ nanoparticles
with controllable size and phase by doping different amounts of Gd3+ ions [146].
The addition of Gd3+ ions promoted the phase transformation from cubic to hex-
agonal and reduced the particle size from large microtubes to small cubes. Wang
and coworkers extended this impurity doping strategy for the controlled synthesis
of MF2 (M = Ca, Sr, and Ba) and LnF3 (Ln = La, Ce, and Pr) nanoparticles [123].
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In addition to the aforementioned fluoride nanoparticles, monodispersed Ln3+-
doped inorganic oxide nanoparticles could also be readily obtained by using the
hydro(solvo)thermal synthesis, as exemplified by the synthesis of Er2O3 [120],
BaYF5 [121], CeO2 [122], NaYbF4 [30, 116, 147], NaCeF4 [125], Na3MF7 (M = Zr
or Hf) [127], YbPO4 [21], LuPO4 [21], KYF4 [129], and NaLnF4 (Ln = Pr, Nd, Sm,
Eu, Gd, Dy, Ho, Er, Tm, Tb) [30].

2.3.3 Other Methods for the Synthesis of the
Lanthanide-Doped Luminescent Nanoparticles

Coprecipitation is perhaps one of the most convenient techniques for synthesizing
ultrasmall lanthanide-doped nanocrystals with narrow size distribution. Compared to
other techniques, there is no need for costly equipment, stringent reaction conditions,
and complex procedures, resulting in less time consumption. In some rare instances,
crystalline nanoparticles were formed directly by coprecipitation, eliminating the
need for a calcination step or post-annealing process. One of the earliest examples of
this technique was demonstrated by van Veggel and coworkers [22], who made
down-conversion LaF3 nanocrystals doped with Ln3+ (Ln = Eu, Er, Nd, and Ho).
The approach was expanded and refined by Chow and coworkers [18], who syn-
thesized LaF3 nanocrystals with smaller particle size (*5 nm) and narrower size
distribution from simple water soluble inorganic precursors (Fig. 4a, b). In their
studies, synthetic ammonium di-n-octadecyldithiophosphate was used as a capping
ligand to control particle growth and to stabilize the nanocrystals against aggrega-
tion. These sub-10-nm crystals can be redispersed in solutions, offering promising
applications as luminescent probes for bio-molecules with dimensions from several
nanometres to tens of nanometres. In addition to LaF3 nanocrystals, NaYF4:Yb/Er
(Tm), LuPO4:Yb/Tm, and YbPO4:Er nanocrystals were also synthesized via the
coprecipitation approach coupled with heat treatment (or post-annealing process)
for enhanced upconversion emission by the groups of Haase, Gudel, Chen, and
Li [17, 19, 20, 21]. Commercially available ligands such as polyvinylpyrrolidone
(PVP) and polyethylenimine (PEI) are also widely used to control particle growth
and endow the nanocrystals with solubility and surface functionality [15, 16].
Particularly, the PEI-coated nanoparticles provide a platform for direct surface
functionalization of bio-molecules by bio-conjugate chemistry [14].

Sol-gel processing is a typical wet-chemical technique for the fabrication of
upconversion nanocrystals for applications as thin film coating and glass materials.
The sol-gel process is characterized by the hydrolysis and polycondensation of
metal alkoxide (or halide)-based precursors. To improve the crystallinity that is
directly associated with luminescence efficiency of the nanocrystals, calcination at
high temperatures is often needed. Prasad et al. [41] developed an interesting
variation of the sol-gel method that produces Er3+-doped ZrO2 nanocrystals.
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The method involved a sol-emulsion-gel technique that utilized reverse micelles
formed in emulsions as the reactors for growing nanocrystals. The sol-gel process
was also developed for a variety of upconversion nanocrystals with metal oxides as
host materials including TiO2:Er, BaTiO3:Er, Lu3Ga5O12:Er, and YVO4:Yb/Er
[38–40]. Despite extensive research efforts in this area, the sol-gel-derived nano-
crystals were not particularly suitable as luminescent probes for biological assays
due to lack of particle size control and considerable aggregation of the particles
when dispersed in aqueous solutions.

In stark contrast to sol-gel and hydro(solvo)thermal methods that often require
heating for a prolonged time period up to several days at high temperatures to
complete a synthesis, controlled explosions in reactions known as combustion
synthesis can give reaction products in minutes. Once initiated by a heat source,
highly exothermic reactions with temperatures ranging typically from 500 to
3,000 °C occur in the form of a combustion wave that propagates through the
reaction materials in a self-sustained manner without requiring additional heat. The
energy saving method represents one of the attractive techniques to synthesize a
wide variety of oxide and oxysulfide upconversion nanocrystals (Y2O3, La2O2S,
and Gd2O3) reported by the groups of Capobianco, Luo, and Zhang [152–154].

2.3.4 Ultrasmall Upconversion Nanoparticles with Bright
Upconversion Luminescence

Although upconversion nanoparticles show many advantages in the non-blinking
property and high signal-to-noise ratio, however, compared with QDs and dyes, one
of the biggest shortcomings is too large in size (*20 nm). The optimal size for bio-
imaging probes is reported to be less than 10 nm, so that the nanoparticles can be
efficiently cleared from the body. A few papers have reported the synthesis of the
ultrasmall upconversion nanoparticles (Fig. 2.4). However, the low efficiency is
often accompanied by the decrease in size. For example, it has been demonstrated
that when the size was reduced to *5 nm, the upconversion efficiency sharply
declined to below 0.01 %, which is much lower than that of the particles with larger
size. In regard to this, much effort has been input to obtain small (<10 nm)
nanoparticles with intense upconversion emission and many positive achievements
have been obtained [104, 148, 149, 155–157]. For example, Prasad’s group
reported the synthesis of monodispersed NaYF4:Yb

3+/Tm3+ nanocrystals with
ultrasmall size (7–10 nm) and high upconversion efficiency by thermolysis trif-
luoacetate salts in the OA/OAM mixed solvents [104]. The intensity of NIR
emission could be increased up to 43 times along with an increase in the relative
content of Yb3+ ions from 20 to 100 %. The resultant ultrasmall NaYbF4:2 %Tm3+

nanocrystals manifest NIR photoluminescence emission, which was 3.6 times more
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intense than that from NaYF4:20%Yb3+/2%Tm3+ nanocrystals with a size of
25–30 nm reported previously. Cohen’s group also described the controlled syn-
thesis of β-phase NaYF4:20%Yb3+,2%Er3+ nanocrystals with a protein size from
4.5 to 15 nm by using the thermolysis strategy in the OA/OAM/ODE solvents
[148]. The core/shell β-phase NaYF4:Yb

3+,Er3+/NaYF4 nanoparticles less than
10 nm exhibited higher luminescence efficiency (0.18 ± 0.01 %) than the core
nanoparticles with 37 nm in size (0.14 ± 0.01 %). Most recently, Liu et al. [146]
also synthesized the sub-10-nm hexagonal NaLuF4, which displayed bright lumi-
nescence with a QY of 0.47 ± 0.06 %. Mahalingam et al. also demonstrated the
upconversion process via interparticle energy transfer in Ln3+-doped BaLuF5
(Ln = Tm and Yb) nanocrystals with a sub-5 nm size for the first time [156].

Fig. 2.4 TEM images of the ultrasmall (<10 nm) lanthanide-doped upconversion nanoparticles.
a, b Cubic phase NaYF4:Yb,Tm; c, d hexagonal phase NaYF4:Yb,Er; e, f hexagonal phase
NaGdF4; g, h cubic phase CaF2:Yb,Er@CaF2; i, j NaLuxGd1−xF4:Yb,Er; k, l Orthorhombic YF3:
Yb,Er. a, b Reprinted with the permission from Ref. [104]. Copyright 2010 American Chemical
Society. c, d Reprinted with the permission from Ref. [148]. Copyright 2012 American Chemical
Society. e, f Reprinted with the permission from Ref. [149]. Copyright 2011 American Chemical
Society. g, h Reprinted with the permission from Ref. [150]. Copyright 2013 Wiley-VCH Verlag
GmbH & Co. KGaA. i, j Reprinted with the permission from Ref. [146]. Copyright 2011
American Chemical Society. k, l Reprinted with the permission from Ref. [151]. Copyright 2012
The Royal Society of Chemistry
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2.4 Synthesis Routes for the Fabrication of the Core@Shell
Structured Upconversion Nanoparticles

In addition to Ln3+-doped core-only nanoparticles, much progress has also been
made in the synthesis of composite nanoparticles with core@shell structures in the
past decade. Such composite core@shell nanoparticles not only provide an excel-
lent platform to combine different functional units into one single nanoparticle, but
also offer an effective solution to problems associated with the core-only nano-
particles such as low PL efficiency.

It has been demonstrated that the thermolysis strategy can offer precise control over
the phase, shape, size, and stoichiometric composition of the upconversion nano-
crystals. So the routes for the fabrication of the core@shell-structured upconversion
nanocrystals are mainly based on thermolysis strategy. The thermolysis-based strat-
egy for the fabrication of the core@shell upconversion nanocrystals can be divided
into three routes: one-pot heating-up method for the synthesis of both core only and
core@shell upconversion nanoparticles [158–161]; one-pot successive layer-by-layer
(SLBL) [162–164] and Ostwald-ripening methods [56]. It should be noted that all the
three routes are developed under the direction of the LaMer nucleation-growthmodel.
So, in this section, we focus on the LaMer nucleation-growth model directed con-
trollable synthesis of lanthanide-doped upconversion nanoparticles.

2.4.1 One-Pot Heating-Up Method

For one-pot heating-up method, the nucleation and growth match with the LaMer
model for the synthesis of monodisperse upconversion nanoparticles. For the
synthesis of the core upconversion nanoparticles, the precursors are mixed at a low
temperature and then brought to the temperature at which precursor reaction or
decomposition occurs sufficiently quickly to result in supersaturation (stage I).
Supersaturation is again relieved by a “burst nucleation” (stage II), after which
temperature is controlled to avoid additional nucleation events, allowing monomer
addition to existing nuclei to occur more rapidly than new monomer formation
(stage III).

The seed-mediated growth method for the synthesis of core@shell nanocrystals is
the most apparent case for the separation of nucleation and growth, wherein
nucleation is physically separated from growth by using preformed nanocrystals as
seed nuclei. This method utilizes heterogeneous nucleation to suppress the formation
of additional nuclei by homogeneous nucleation. In this method, the reaction can
enter into stage III directly. Preformed nuclei are introduced into the reaction
solution, and then the monomers are supplied to precipitate on the surface of the
existing nuclei. The lower monomer concentration should be kept during growth to
suppress homogeneous nucleation. So, the one-pot heating-up method can be used
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not only in the synthesis of core-only nanoparticles but also make a great success in
the fabrication of core@shell upconversion nanoparticles (Fig. 2.5a). The whole
experiment procedure is nearly the same as the synthesis of the core nanoparticles
except the presence of the seed nanoparticles. The first step is to synthesize the core
nanoparticles which are then used as seeds in the second step to induce further
epitaxial growth. To ensure an epitaxial growth and to create a homogeneous
interface between the core and the outer shell, the host material of the shell should
exhibit a low lattice mismatch with the core material. Then, the epitaxial growth can
be implemented in the growth solution. The monomer of shells in the growth
solution, produced by thermal decomposition of corresponding chemical precursors
in the solvents of OA and ODE, is able to gradually and stably deposit on the seeding
core nanoparticles and finally form the shell layer (stage III in LaMer plot).

Fig. 2.5 a, b Schematic depiction of conventional heating-up multi-cycle method (a) and the
SLBL method (b) for the synthesis of core@shell upconversion nanoparticles. c, d Schematic
illustration of the LaMer plot and the SLBL method for the controlled synthesis of core@shell
upconversion nanoparticles by using the SLBL method. a–d Reprinted with the permission from
Ref. [164]. Copyright 2013 American Chemical Society
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2.4.2 Successive Layer-by-Layer Strategy for the Fabrication
of Multi-shell-Structured Upconversion Nanoparticles

Although one-pot heating-up method has been considered to the most commonly
used method for the fabrication of core@shell upconversion nanoparticles, a few
shortcomings should still be improved. For example, recent work by van Veggel et al.
showed that the core@shell nanoparticles synthesized by the one-pot heating-up
method did not have a uniform shell (the core is only partially covered by shell),
indicating that the core nanoparticles could not be passivated efficiently to decrease
the core surface defects and insulated from the environmental effect [161, 165]. On
the other hand, it was found that the size distribution of the obtained core@shell
nanoparticles was larger than that of the original core. Furthermore, bimodal size
distribution is always observed when a high volume of shell precursors is introduced
[158]. It is assumed that the non-uniform shell and broader or bimodal size distri-
bution of the obtained core@shell upconversion nanoparticles is resulted from the
fast deposition speed or independent nucleation of the shell precursors induced by
excessive introducing of the shell precursors. Although a homogeneous shell could
be obtained by using the multi-cycle path (reducing the amount of shell precursors of
each cycle) (Fig. 2.5a) [159], owing to the selection of the low boiling point NaOH-
NH4F-methanol precursor, the multi-cycle path must undergo a lengthy cooling and
volatile solvent removing process during the growth of every layer of shell. For the
reason of batch operation, this process is considered to be time-consuming, laborious,
and user unfriendly, especially for the synthesis of complicated multi-shell upcon-
version nanoparticles. Based on the LaMer nucleation-growth model [10, 60], our
group developed a facile one-pot successive layer-by-layer method to realize the
successive shell coating by using high boiling-point Re-OA and Na-TFA-OA as a
shell precursor (Fig. 2.5b) [164]. This protocol was flexible to deposit uniform multi-
shell by successive introducing of the shell precursor solutions instead of the lengthy
multi-cycle batch operation. This protocol was flexible to deposit uniform multi-shell
on both hexagonal and cubic phase cores by successive introducing of the shell
precursor solutions. The shell thickness of nanoparticles could be well controlled
from 1 ML (*0.36 nm) to more than 20 ML (*8 nm) by simply tuning the amounts
of the shell precursors. Furthermore, the tunable doping positions (core and shell
doping) could also be achieved by adjusting the species and addition sequence of the
shell precursors. With SLBL method, the preformed nuclei were dissolved into the
reaction solution and then the shell precursors were alternately introduced, and
the formed monomers were supplied to precipitate on the surface of the nuclei. The
monomer concentration was kept low during the growth to suppress homogeneous
nucleation because its production and consumption maintained the balance. The
released monomers could be continuously consumed to deposit as a shell without
homogeneous nucleation (Fig. 2.5c). The most distinguished feature of core@shell
upconversion nanoparticles synthesized from SLBL method was that the shell was
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very uniform. It means that the cores were completely covered by shell, which is quite
different from the non-uniform shell nanoparticles synthesized by commonly used
one-pot heating-up method (the core was only partially covered by shell). As a result
of the high-quality uniform shells, the optical properties of the obtained core@shell
nanoparticles could be improved in upconversion luminescence efficiency and sta-
bility. Most recently, our group reported for first time that the homogeneous doping
approach based on the SLBL method could greatly improve the efficiency of the
upconversion nanoparticles [166]. The quantum yield as high as 0.89 ± 0.05 % was
realized for the homogeneous doping NaGdF4:Yb,Er/NaYF4 upconversion nano-
particles, which was nearly 2 times higher than that of the heterogeneous doping
NaGdF4:Yb,Er/NaYF4 upconversion nanoparticles (0.47 ± 0.05 %). The influences
of spatial distributions and local relative concentrations of the dopants on the optical
properties of upconversion nanoparticles were investigated in the single particle
level. It was found that heterogeneous doping indeed existed during the spontaneous
growth process of the nanoparticles. The heterogeneous doping property can further
induce many negative effects on the optical properties of upconversion nanoparticles,
especially the luminescent efficiency. The spatial distributions and local relative
concentrations of the dopants can be well controlled by the SLBL homogeneous
doping method on the monolayer level and homogeneously distributed in the single
particle level. With the similar SLBL method, the highly efficient LiLuF4:Ln

3+

@LiLuF4 core@shell upconversion nanoparticles and dual-mode up/down con-
verting NaGdF4:Nd@NaYF4@NaGdF4:Nd,Yb,Er@NaYF4 core@shell1@shell2@
shell3 has been well established [162, 163].

As mentioned above, the SLBL method can realize the monolayer control of the
shell thickness. The spherical concentric shell model (CSM) can be employed to
calculate the amount of shell precursor necessary for the growth of each monolayer
(ML) [159, 167]. This model has been used extensively for the hexagonal CdS and
ZnS shell deposition during the core–shell nanocrystal synthesis process [167].
Because of the highly symmetric structure of the CdS, the ML was inferred to a
thickness equal to half the length of the c-lattice parameter. Although the NaGdF4
shell adopted here has also hexagonal structure (P63/m, a = 6.02 Å, c = 3.60 Å), the
cation sites are of three types. A onefold site occupied by RE3+, another site
occupied randomly by 1/2Na+ and 1/2RE3+, and a twofold site occupied randomly
by Na+ and vacancies [145, 159]. Therefore, referral to a NaGdF4, the ML could be
taken to mean a thickness equal to the c-lattice parameter of the bulk material,
0.36 nm in the case of the hexagonal NaGdF4. The required Gd-OA precursor
amount for every layer of one particle can be calculated by the following equations:

mlayerðnÞ ¼ mparticleðnÞ � mparticleðn�1Þ ¼ q VparticleðnÞ � Vparticleðn�1Þ

 �

¼ q
4
3
p rparticleðnÞ � rparticleðn�1Þ

 � ð2:28Þ

Density of the NaGdF4 materials ( ρ) is calculated as follows:
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Here M represents relative molecular mass of the material of NaGdF4, N′ means the
number of NaGdF4 units that one crystal cell contains and according to crystal
structure of the hexagonal NaGdF4, N′ = 1.5. So, for NaGdF4, the cell parameter is
a = 6.02 Å, c = 3.60 Å, molecular weight (M) = 256.3, and ρ = 5.65 g/cm3. For
NaYF4, cell parameter is a = 5.96 Å, c = 3.53 Å, molecular weight M = 187.9, and
ρ = 4.31 g/cm3.

Particle number of one molar (N) the NaGdF4 (N) is calculated as follows:

N ¼ Vper molar

Vper particle
¼

M0
q0

4
3 pr

3
0

ð2:30Þ

Because the particle number is constant during the particle growth from smaller to
bigger, the particle number of the obtained initial seeds is nearly the same as N.

2.4.3 Ostwald Ripening Strategy for the Fabrication
of Core@Shell Upconversion Nanoparticles

The Ostwald-ripening process is referred to the last stage in LaMer plot, in the
process larger particles with smaller surface-to-volume ratios are favored over
energetically less stable smaller particles, resulting in the growth of larger particles
at the expense of smaller ones. The fabrication of core@shell upconversion
nanoparticles by using the common physical phenomenon of Ostwald ripening (i.e.,
self-focusing by Ostwald ripening) was developed by van Veggel and coworkers
[56]. In their study, small α-NaYF4 sacrificial nanoparticles (SNPs) were synthe-
sized first and then used as shell precursors. The subsequent injection of SNPs into
a hot solution of NaYF4 core nanoparticles (defocusing) can induce the rapid
dissolution of SNPs and their deposition onto the larger core nanoparticles (self-
focusing), thereby resulting in the formation of genuine core@shell-structured
upconversion nanoparticles with a well-defined shape, narrow size distribution, and
tunable shell growth. More importantly, the shell thickness and multiple layers of
such core@shell upconversion nanoparticles can be precisely controlled by
manipulating the number of SNPs injected and/or repeating the above defocusing
and self-focusing cycle. Furthermore, this method is flexible and can be easily
extended to prepare other high-quality core@shell nanoparticles with different
compositions.
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2.4.4 Cation Exchange Strategy for the Fabrication
of Core@Shell Upconversion Nanoparticles

Besides the self-focusing by Ostwald-ripening strategy, another facile way to
prepare monodisperse Ln3+-doped core@shell nanoparticles is through a cation
exchange reaction. One of the earliest examples of this technique was demonstrated
by van Veggel and Dong [168], who prepared GdF3@LnF3 core@shell nanopar-
ticles by exposing GdF3 core nanoparticles to an aqueous solution containing
excess Ln3+ ions, where the Gd3+ ions in GdF3 nanoparticles were partially replaced
by the Ln3+ in the solution. By refining this synthetic route, they synthesized multi-
functional NaYF4:Yb/Tm@NaGdF4 core@shell nanoparticles with tunable shell
thickness, enhanced upconversion luminescence and outstanding paramagnetic
performance via cation exchange of NaYF4:Yb/Tm nanoparticles with Gd3+ ions,
making these nanoparticles promising for bimodal imaging, namely, optical bio-
imaging and magnetic resonance imaging (MRI) [165]. Similarly, Li and coworkers
developed a novel approach based on rare earth cation-assisted ligand assembly to
synthesize Gd3+-modified NaYF4:Yb/Er core@shell nanoparticles [169]. In their
study, NaYF4:Yb/Er nanoparticles were first synthesized via a modified cotherm-
olysis process in oleylamine, then Gd3+ ions were introduced onto the surface of the
NaYF4:Yb/Er nanoparticles by cation-assisted ligand assembly, which thereby
greatly increased the positive charge on the surface of the NaYF4:Yb/Er nanopar-
ticles so that the functional molecules (i.e., folic acid and aminocaproic acid) can be
attached.

2.5 Characterizations

2.5.1 Optical Characterization

The most direct and immediate probes for upconversion nanoparticles are the
fluorescence spectra. In a typical fluorescence (emission) measurement (Fig. 2.6a),
the excitation wavelength is fixed and the detection wavelength varies. Two general
types of instruments exist: (1) Filter fluorometers use filters to isolate the incident
light and fluorescent light. (2) Spectrofluorometers use diffraction grating mono-
chromators to isolate the incident light and fluorescent light. Both types use the
following scheme: The light from an excitation source passes through a filter or
monochromator and strikes the sample. A proportion of the incident light is
absorbed by the sample and some of the molecules in the sample fluoresce. The
fluorescent light is emitted in all directions. Some of this fluorescent light passes
through a second filter or monochromator and reaches a detector, which is usually
placed at 90° to the incident light beam to minimize the noise created from radiant
power fluctuations and the risk of transmitted or reflected incident light reaching the
detector.
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As mentioned before, the fluorescence is most often measured at a 90° angle
relative to the excitation light. This geometry is used instead of placing the sensor at
the line of the excitation light at a 180° angle in order to avoid interference of the
transmitted excitation light. No monochromator is perfect and it will transmit some
stray light, that is, light with other wavelengths rather than the targeted. An ideal
monochromator would only transmit light in the specified range and have a high
wavelength-independent transmission. When measuring at a 90° angle, only the light
scattered by the sample causes stray light. This results in a better signal-to-noise ratio,
and lowers the detection limit by approximately a factor of 10,000, when compared to
the 180° geometry. Furthermore, the fluorescence can also be measured from the
front, which is often done for turbid or opaque samples. The detector can either be
single-channeled or multi-channeled. The single-channeled detector can only detect
the intensity of one wavelength at a time, while the multi-channeled detects the
intensity of all wavelengths simultaneously, making the emission monochromator or
filter unnecessary. The different types of detectors have both advantages and
disadvantages.

In traditional commercial available fluorescence spectroscopy, xenon arcs and
mercury-vapor lamps light sources are always used as excitation sources. A mer-
cury-vapor lamp is a line lamp, meaning it emits light near peak wavelengths. By
contrast, a xenon arc has a continuous emission spectrum with nearly constant
intensity in the range from 300 to 800 nm and a sufficient irradiance for mea-
surements down to just above 200 nm. Filters and/or monochromators may be used
to get the excitations with narrow wavelength interval. A monochromator transmits
light of an adjustable wavelength with an adjustable tolerance. The most common
type of monochromator utilizes a diffraction grating, that is, collimated light illu-
minates a grating and exits with a different angle depending on the wavelength.

Fig. 2.6 a Scheme
illustration of the fluorescence
spectroscopy. b Diagram of
the integrating sphere setup
for luminescence
measurements. Dashed line
excitation light; solid line
sample emission. c Typical
upconversion emission
spectra of the NaYF4:Yb,Er
upconversion nanocrystals
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The monochromator can then be adjusted to select which wavelengths to transmit.
For allowing anisotropy measurements, the addition of two polarization filters is
necessary: One after the excitation monochromator or filter, and one before the
emission monochromator or filter. For the fluorescence spectroscopy used in the
measurement of upconversion nanomaterials, the excitation sources should be
replaced by a NIR laser (*980, 800 nm etc.) which can only emits light of high
irradiance at a very narrow wavelength interval. Because (1) the xenon arc has a
continuous emission spectrum range from 300 to 800 nm, which cannot be used as
the excitation source of upconversion nanomaterials; (2) the power density of the
narrow wavelength excitation, which is obtained from the xenon arc by using filters
and/or monochromators, is too low to excite the upconversion luminescence. The
excitation monochromator or filter is unnecessary when a laser is used as the
excitation source. Figure 2.6c shows the typical upconversion emission spectra of
the NaYF4:Yb,Er upconversion nanocrystals.

Unlike in UV/visible spectroscopy, “standard”, device-independent spectra are
not easily attained. Several factors influence and distort the spectra, and corrections
are necessary to attain “true”, i.e., machine-independent, spectra. The different types
of distortions will here be classified as being either instrument- or sample-related.
Firstly, the distortion arising from the instrument is discussed. As a start, the light
source intensity and wavelength characteristics varies over time during each
experiment and between each experiment. Furthermore, no lamp has a constant
intensity at all wavelengths. To correct this, a beam splitter can be applied after the
excitation monochromator or filter to direct a portion of the light to a reference
detector. Additionally, the transmission efficiency of monochromators and filters
must be taken into account. These may also change over time. The transmission
efficiency of the monochromator also varies depending on wavelength. This is the
reason that an optional reference detector should be placed after the excitation
monochromator or filter. The percentage of the fluorescence picked up by the
detector is also dependent upon the system. Furthermore, the detector quantum
efficiency, that is, the percentage of photons detected, varies between different
detectors, with wavelength and with time, as the detector inevitably deteriorates.

Two other topics that must be considered including the optics used to direct the
radiation and the means of holding or containing the sample material (called a
cuvette or cell). For most UV, visible, and NIR measurements, the use of precision
quartz cuvettes is necessary. In both cases, it is important to select materials that
have relatively little absorption in the wavelength range of interest. Quartz is ideal
because it transmits from 200 to 2,500 nm; higher grade quartz can even transmit up
to 3,500 nm, whereas the absorption properties of other materials can mask the
fluorescence from the sample. Correction of all these instrumental factors for get-
ting a “standard” spectrum is a tedious process, which is only applied in practice
when it is strictly necessary. This is the case when measuring the quantum yield or
when finding the wavelength with the highest emission intensity for instance.

As mentioned earlier, distortions arise from the sample as well. Therefore, some
aspects of the sample must be taken into account too. Firstly, photodecomposition
may decrease the intensity of fluorescence over time. Scattering of light must also
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be taken into account. The most significant types of scattering in this context are
Rayleigh and Raman scattering. Light scattered by Rayleigh scattering has the same
wavelength as the incident light, whereas in Raman scattering the scattered light
changes wavelength usually to longer wavelengths. Raman scattering is the result
of a virtual electronic state induced by the excitation light.

Frequently, the upconversion emission spectra were used in the qualitative
analysis of the upconversion nanocrystals. It is very hard to get the quantitative
information from the upconversion emission spectra, especially for the spectra
obtained from different equipments or samples. For comparison, the integrating
sphere is always used to quantify the intensity of fluorescence. An integrating
sphere (also known as an Ulbricht sphere) is an optical component consisting of a
hollow spherical cavity with its interior covered with a diffuse white reflective
coating, with small holes for entrance and exit ports (Fig. 2.6b). Its relevant
property is a uniform scattering or diffusing effect. Light rays incident on any point
on the inner surface are, by multiple scattering reflections, distributed equally to all
other points. The effects of the original direction of light are minimized. An inte-
grating sphere may be thought of as a diffuser which preserves power but destroys
spatial information. It is typically used with some light source and a detector for
optical power measurement. It has become a standard instrument in photometry and
radiometry. It has the advantage over a goniophotometer for measuring the light
produced by a source that total power can be obtained in a single measurement.

Until now, the low upconversion efficiencies of upconversion nanoparticles are
still the most serious limitation for commercialization, resulting that in most of
applications having to be operated at high excitation densities. The efficiency of an
upconverter is determined by many variables which influence the radiative, non-
radiative, and energy transfer rates, e.g., phonon energies, spectral overlap between
sensitizer emission and activator absorption, temperature, and defects that quench
the emission. Very importantly, as upconversion is a nonlinear process, the effi-
ciency strongly depends on excitation power. This makes it difficult to define the
upconversion efficiency detected under different conditions. There is no generally
excepted definition on upconversion efficiency. When the efficiency is determined,
it is still not clear how to interpret the values reported. For example, for one emitted
photon, at least two photons are absorbed. This means that the maximum internal
quantum efficiency is 50 %, analogous to the fact that downconversion can have an
efficiency of 200 %. Still, sometimes this maximum efficiency is reported as 100 %.

In 2010, van Veggel et al. reported the measurement of absolute efficiencies of
upconversion nanoparticles by using the integrating sphere [155]. They employed a
barium sulfate-coated integrating sphere (150 mm in diameter) from Edinburgh
instruments. The integrating sphere was mounted on the fluorimeter with the entry
and output ports of the sphere located in 90° geometry from each other in the plane
of the spectrometer. The powder or colloidal samples were held in a quartz cuvette
located in the center of the integrating sphere. Samples were excited with a
*980 nm laser diode coupled to a 105-μm fiber. The emission from the fiber tip
was collimated to a beam diameter of 1 mm and directed on the samples using a
fiber coupler. Baffles were employed on both sides of the sample holder to ensure

52 2 “Wet” Chemical Synthesis and Manipulation …



that no scattered excitation light or emissions would be collected before scattering
off the inside of the sphere. All the spectroscopic data collected were corrected for
the spectral response of both the fluorimeter and the integrating sphere. The
response of the detection systems in photon flux (sphere, monochromators, and
detectors) was determined using a calibrated tungsten lamp. These normalization
curves were then applied to all measured spectra.

The QY is defined as:

QY ¼ Photons emitted
Photons absorbed

¼ L½sample�
E½reference� � E½sample�

ð2:31Þ

where QY is the quantum yield, Lsample is the emission intensity, Ereference and
Esample are the intensities of the excitation light not absorbed by the sample and the
reference sample, respectively. The above equation expresses the number of pho-
tons emitted (numerator) divided by the number of photons absorbed (denomina-
tor), so it runs from 0 to 100 % for a one-photon processes and from 0 to 50 % for a
two-photon processes.

According to the above method reported by Boyer and van Veggle, an increasing
number of papers began to involve data of the efficiency (Table 2.2). For example, Liu
et al. [146] reported that hexagonal NaLuF4 nanocrystals codoped with Gd3+, Yb3+,
and Er3+ with sub-10 nm size displayed bright luminescence with a QY of
0.47 ± 0.06 % under the excitation laser at 980 nm. Cohen et al. reported on the
controlled synthesis of protein-sized (4.5–15 nm) β-NaYF4:Yb

3+,Er3+ nanocrystals
with the efficiency as high as 0.18 ± 0.01 % [148]. As a result of the high-quality
uniform multi-shell epitaxial growth by using the one-pot successive layer-by-layer
(SLBL) strategy developed by our group, the optical properties of the obtained
core–shell nanocrystals could be highly improved in upconversion luminescence
efficiency (up to 0.51 ± 0.08 %) [164]. Prasad’s group realized the efficiency as high
as*1.2 ± 0.1 % under the excitation of 1,490 nm for the green photoluminescence of
NaYF4:Yb

3+,Er3+ nanocrystals [94]. It is almost four times higher than the photo-
luminescence efficiency reported to date for hexagonal NaYF4:Yb

3+,Er3+ with a size
of*100 nm using excitation at*980 nm, but it is still lower than the bulk materials.
In 2012, Xu et al. [170] reported that the NaYF4:Yb,Tm@NaYF4 upconversion
nanoparticles showed the QY of 3.5% for 800 nm emission under excitation intensity
of 78 W/cm2. At a low excitation intensity of 21.7 mW/cm2, the QY was determined
to be 3.8 × 10−4. Although this is the highest efficiency reported to date in literatures
for the upconversion nanoparticles, QY measurement method and the detected
emission wavelength are different from those reported by van Veggel et al. [155]. In
this work, the standard fluorophores were employed to measure the QY with the
integrating sphere-based system. The resulting QY of the upconversion nanoparticles
was calculated by an indirect comparison. So the upconversion efficiency results
should be interpreted with caution and further studies of the efficiency of upcon-
version nanoparticles are certainly needed in the future work.
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2.5.2 Chemical and Structural Characterization

2.5.2.1 Transmission Electron Microscopy

One of the typical characters of the upconversion nanomaterials is the small particle
size. Although some structural features can be revealed by X-ray and neutron
diffraction, direct imaging of nanoparticles is only possible using transmission
electron microscopy (TEM) and scanning probe microscopy. TEM is unique
because it can provide a real space image of the atomic distribution in the nano-
crystals and on their surface. Today’s TEM is a versatile tool that provides not only
atomic-resolution lattice images, but also chemical information at spatial resolution
of 1 nm or better, allowing direct identification the chemistry of a single
nanocrystal.

A TEM is composed of an illumination system, a specimen stage, an objective
lens system, a magnification system, a data recording system, and a chemical
analysis system. In addition to the morphology information, TEM can also provide
us information about the crystal structure by the selected area electron diffraction
(SAED), the chemical composition and distribution of the nanoparticles by the
chemical analysis system. The chemical analysis system is making use of the
energy-dispersive X-ray spectroscopy (EDS) and the electron energy-loss spec-
troscopy (EELS), both can be used complimentary to quantify the chemical com-
position of the specimen. EELS can also provide information about the electronic
structure of the specimen.

SAED is a crystallographic experimental technique that can be performed inside
a TEM. In a TEM, a thin crystalline specimen is subjected to a parallel beam of
high-energy electrons. As TEM specimens are typically *100 nm thick, and the
electrons typically are accelerated with the energy of 100–400 kV, allowing them to
pass through the electrons pass through the sample easily. In this case, electrons are
treated as wave-like, rather than particle-like (wave-particle duality). Because the
wavelength of high-energy electrons is a few thousandths of a nanometer, and the
spacing between atoms in a solid is about a hundred times larger, the atoms act as a
diffraction grating to the electrons, which are diffracted. That is, some fraction of
them will be scattered to particular angles, determined by the crystal structure of the
sample, while others continue to pass through the sample without deflection. As a
result, the image on the screen of the TEM will be a series of spots, i.e., the selected
area diffraction pattern, each spot corresponding to a satisfied diffraction condition
of the sample’s crystal structure. If the sample is tilted, the same crystal will stay
under illumination, but different diffraction conditions will be activated, and dif-
ferent diffraction spots will appear or disappear. Figure 2.7a shows the typical
SAED of the hexagonal and cubic phase NaYF4 nanoparticles [164]. It can be seen
that the two SAED show quite different diffraction rings. Figure 2.7a1 shows four
distinct rings and the calculated d-spacings matched well with interplanar distances
of (111), (200), (220), and (311) planes of cubic phase NaYF4 (JCPDS, 77-2042).
In contrast, the d-spaces of the lattice planes measure from Fig. 2.7a2 are
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Fig. 2.7 a Typical selected area electron diffraction of cubic phase (a1) and hexagonal phase (a2)
NaYF4. b Typical high-resolution transmission electron microscopy images of cubic phase (b1)
and hexagonal phase (b2) NaYF4. c Typical HAADF-STEM image of the core@shell1@
shell2@shell3-structured NaGdF4/NaYF4/NaGdF4/NaYF4 nanocrystals. d Energy-dispersive X-
ray spectroscopy line scan across a single NaYF4/NaGdF4 core@shell NC showing Y in the core of
the particle and Gd located in the shell. e Element maps of Nd, Yb, and Gd in the NaYbF4:Nd@Na
(Yb, Gd)F4:Er@NaGdF4 nanoparticles. f HADDF image of a single NaYF4:Yb, Er@NaGdF4
nanocrystal (f1) and the corresponding EELS spectra of yttrium L2,3 (f2) and gadolinium M4,5 (f3)
edges taken from the probe location on the inferred NaYF4:Yb,Er core and NaGdF4 shell.
a, b Reprinted with the permission from Ref. [164]. Copyright 2013 American Chemical Society.
c Reprinted with the permission from Ref. [162]. Copyright 2013 Nature Publishing
Group. d Reprinted with the permission from Ref. [161]. Copyright 2011 American Chemical
Society. e Reprinted with the permission from Ref. [171]. Copyright 2013 Wiley-VCH Verlag
GmbH & Co. KGaA. f Reprinted with the permission from Ref. [159]. Copyright 2012 American
Chemical Society
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corresponding to the lattice parameters of the (100), (110)/(101), (201), and
(211)/(102) planes of β phase NaYF4 (JCPDS, 16-0334).

High-resolution transmission electron microscopy (HRTEM) is an imaging
mode of the TEM that allows for direct imaging of the atomic structure of the
sample. HRTEM is a powerful tool to study properties of materials on the atomic
scale. Figure 2.7b shows the typical HRTEM images of the hexagonal and cubic
phase NaGdF4 nanoparticles [164]. It can be seen that the two particles show quite
different crystal lattices. The d-spaces of the lattice planes measure from Fig. 2.7b1
are *2.7 and *3.2 Å, with an angle of the two planes *55°, corresponding to the
lattice parameters of the (111) and (200) planes of α phase NaGdF4. The d-spaces of
the lattice planes measure from Fig. 2.7b2 are *5.1 and *3.0 Å, with an angle of
the two planes *30°, corresponding to the lattice parameters of the (100) and (110)
planes of β phase NaGdF4. The results are consistent with the above-mentioned
SAED.

As mentioned above, the core@shell structure is one of the most important
structures of the upconversion nanoparticles. However, the core–shell structure is
commonly inferred from optical measurements, but problems with this arise
because luminescence measurements give no insight into the mechanism of shell
growth or coverage. Standard TEM is unable to differentiate between core and shell
materials in lanthanide-based NCs because of similar material lattice constants and
very little contrast difference between core and shell materials. Scanning trans-
mission electron microscopy (STEM), coupled to techniques such as EELS and
EDS, is well suited to the characterization of materials with complex compositions
on the nanoscale, providing both structural and chemical information. A STEM is a
type of TEM. As with any transmission illumination scheme, the electrons pass
through a sufficiently thin specimen. However, STEM is distinguished from con-
ventional TEM by focusing the electron beam into a narrow spot which is scanned
over the sample in a raster. The rastering of the beam across the sample makes these
microscopes suitable for analysis techniques such as mapping by energy-dispersive
EDX spectroscopy, EELS, and high-angle annular dark-field imaging (HAADF).
These signals can be obtained simultaneously, allowing direct correlation of image
and quantitative data. By using HAADF-STEM, it is possible to form atomic-
resolution images where the contrast is directly related to the atomic number
(Z-contrast image). The directly interpretable Z-contrast image makes STEM
imaging with a high-angle detector appealing, especially for the determination of
the core@shell structure. Figure 2.7c shows a typical HAADF-STEM image of the
core@shell1@shell2@shell3-structured NaGdF4/NaYF4/NaGdF4/NaYF4 nano-
crystals [162]. It can be seen that the nanocrystals show clearly multilayer sandwich
structure (bright-dark-bright-dark) in which the brighter parts correspond to the
heavier Gd elements (Z = 64) and the darker parts correspond to the lighter Y ele-
ments (Z = 39).

As the aforementioned, we can only judge the formation of the core@shell
structure from the contrast difference of the HAADF-STEM images. More char-
acterizations are needed to obtain the chemical compositions of the core@shell
nanoparticles. Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) is an
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analytical technique used for the elemental analysis or chemical characterization of
a sample. It relies on an interaction of X-ray excitation and a sample. Its charac-
terization capabilities are due in large part to the fundamental principle that each
element has a unique atomic structure allowing unique set of peaks on its X-ray
spectrum. To stimulate the emission of characteristic X-rays from a specimen, a
high-energy beam of charged particles such as electrons or protons, or a beam of
X-rays, is focused into the sample being studied. At rest, an atom within the sample
contains ground state (or unexcited) electrons in discrete energy levels or electron
shells bound to the nucleus. The incident beam may excite an electron in an inner
shell, ejecting it from the shell while creating an electron hole where the electron
was. An electron from an outer, higher-energy shell then fills the hole, and the
difference in energy between the higher-energy shell and the lower energy shell
may be released in the form of an X-ray. The number and energy of the X-rays
emitted from a specimen can be measured by an energy-dispersive spectrometer. As
the energy of the X-rays is characteristic of the difference in energy between the two
shells, and of the atomic structure of the element from which they were emitted, this
allows the elemental composition of the specimen to be measured. Figure 2.7d, e
shows the two work modes of EDS, line scanning, and elemental mapping.
Figure 2.7d shows the EDS line scan across a single NaYF4@NaGdF4 core@shell
nanoparticle [161]. It can be seen that Y is indeed located at the center of the particle
and the Gd is distributed around Y. Figure 2.7e shows the EDS elemental mapping
of the NaYbF4:Nd@Na(Yb, Gd)F4:Er@NaGdF4 nanoparticles [171]. It illustrates
that the elemental distributions of the nanoparticles are very consistent with the
designed compositions, confirming the core@shell@shell structure of the
nanoparticles.

Although the EDS can be used to analyze the chemical composition and dis-
tribution of the specimen, beam damage to nanomaterials, caused by the long scan
times required for EDS, is still a challenge in the field and a limitation in some
cases. Most recently, our group reported for the first time the direct imaging of the
NaYF4:Yb, Er@NaGdF4 nanocrystal core@shell structure at the subnanometer on
the basis of the cryo-transmission electron microscopy, rigorous EELS, and high-
angle annular dark-field investigations on the core–shell structure under a low
operation temperature (96 K) (Fig. 2.7f) [159].

2.5.2.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is well known to be one of the most direct
and effectivemethodologies for the determination of surface molecular and electronic
structure of a material providing a good deal of information about features at the
surfaces and interfaces that dominate properties of nanostructured materials. XPS
easily allows a qualitative and semiquantitative analysis of the elements bymeasuring
the binding energy (BE) of core electrons throughout the evaluation of the kinetic
energy of the photoelectrons, emitted by appropriate excitation of a sample. Different
oxidation states, geometries and in general chemical environments, induce BE shifts.

58 2 “Wet” Chemical Synthesis and Manipulation …



These features have been studied to assess the size of nanoparticles, their local
structure, coatings, and interactions. XPS provides information about the actual
composition, chemical state of surfaces and interfaces, and allows the evaluation of a
semiquantitative concentration of the elements in the material under investigation. In
fact, by evaluating the intensities and relative areas of core level signals of the
elements, photoionization probability factors and photoelectrons mean free path
semiquantitative data can be obtained. The sampling depth is one of the most char-
acteristic aspects of XPS: By the imprinting X radiation with sampling depth of many
hundreds Angstroms, the escape depth of the excited photoelectrons in the continuum
is limited to about three times the photoelectrons mean free path, comprised between
10 and 100Å. Therefore, this technique yields information about the outmost surface
layers of the investigated materials; this is an important peculiarity when the surface
plays a fundamental role, as in the case of nanostructured materials. Relative signal
intensities can be useful in obtaining information about layered structures and in some
cases particle sizes by using angle resolved XPS. In fact, by measuring peak inten-
sities as a function of emission angle, it is possible to achieve information on layering,
elemental enrichment, or depletion and have a detailed surface depth profile and a 3D
map of the material. For example, XPS spectroscopy has been applied for the
investigation of the core@shell structure of NaYF4@NaGdF4 nanoparticles. In the
study by van Veggel et al. the XPS spectra of the core@shell NCs were measured at
varying photon energies (from 250 to 1,050 eV) to determine the internal composition
of the particles [89]. Experiments were performed at the Canadian Light Source, Inc.
using the spherical grating monochromotor (SGM) undulator beamline, 111D.1, in
Saskatoon, Saskatchewan. NaYF4@NaGdF4 NCs in THF were deposited directly
onto Au foil. After the solvent evaporated, the samples were quickly transferred to the
experimental chamber. No charging effects were observed at low particle concen-
tration. An example of a recorded XPS spectrum (hν = 450 eV), before background
subtraction, is shown in Fig. 2.8a. Photoelectron spectra of elements Y3+ 3d (core)
and Gd3+ 4d (shell) were recorded at increasing excitation photon energies, thus
gradually increasing the sampling depth. Each spectrum was subject to a polynomial
background subtraction, and the peak areas were corrected for the photoionization
cross sections. The intensity ratio of Y3+ 3d to Gd3+ 4d core levels is shown in
Fig. 2.8b. Changing the photon energy changes the kinetic energy range. An increase
in the ratio is observed at increasing kinetic energies, demonstrating that Gd3+ lies
predominantly on the surface of the particles. The ratio increase is caused by the
screening of the Y3+ intensity by the surrounding Gd3+ atoms at low kinetic energies.
Although the former characterizations, such as HAADF-STEM, EDS, etc., are all can
be used to confirm the formation of the core@shell structure, XPS showed another
conclusive proof for the characterization of the core@shell structure.

2.5.2.3 X-ray Diffraction

X-ray diffraction (XRD) is a tool used for identifying the atomic and molecular
structure of a crystal, in which the crystalline atoms cause a beam of incident X-rays
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to diffract into many specific directions. By measuring the angles and intensities of
these diffracted beams, a crystallographer can produce a three-dimensional picture
of the density of electrons within the crystal. From this electron density, the mean
positions of the atoms in the crystal can be determined, as well as their chemical
bonds, their disorder, and various other information. Furthermore, the XRD can
also be used to evaluate the crystal size of the samples by using the Scherrer
equation, which is limited to nanoscale particles and not applicable to grains larger
than about 0.1–0.2 μm.

Fig. 2.8 a X-ray photoelectron spectroscopy of the Y3+ 3d and Gd3+ 4d core levels of
NaYF4@NaGdF4 core@shell nanocrystals before subtraction of a polynomial background, at a
photon energy of ca. 450 eV. b Intensity ratio of the Y3+ 3d to Gd3+ 4d core levels as a function of
photoelectron kinetic energy. c Typical X-ray diffractions of NaYbF4:Er and NaYbF4:Er/NaYF4
nanocrystals. a, b Reprinted with the permission from Ref. [89]. Copyright 2009 American
Chemical Society. c Reprinted with the permission from Ref. [164]. Copyright 2013 American
Chemical Society
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D ¼ Kk
B cos h

ð2:32Þ

where D is the mean size of the crystalline domains, which may be smaller or equal
to the grain size; K is a dimensionless shape factor, with a value close to unity.
The shape factor has a typical value of about 0.89, but varies with the actual shape
of the crystallite. λ is the X-ray wavelength, which depends on the X-ray sources.
B is the line broadening at half the maximum intensity (FWHM), after subtracting
the instrumental line broadening, in radians. θ is the Bragg angle, in radians. It is
important to realize that the Scherrer formula provides a lower bound on the particle
size. The reason for this is that a variety of factors can contribute to the width of a
diffraction peak besides instrumental effects and crystallite size; the most important
of these are usually inhomogeneous strain and crystal lattice imperfections. The
following sources of peak broadening are as follows: dislocations, stacking faults,
twinning, microstresses, grain boundaries, sub-boundaries, coherency strain,
chemical heterogeneities, and crystallite smallness. (Some of those and other
imperfections may also result in peak shift, peak asymmetry, anisotropic peak
broadening, or affect peak shape.)

Figure 2.8c shows the typical XRD patterns of the NaYbF4:Er core nanocrystals
and corresponding NaYbF4:Er@NaYF4 core@shell nanocrystals [164]. It is found
that both the bare core and core@shell nanocrystals exhibit a cubic crystal structure.
With the growth of NaYF4 shells, the diffraction peaks shift to lower angles con-
sistent with the bigger lattice constant for NaYF4, compared with NaYbF4 crystals.
In addition, the diffraction peaks become narrow gradually with the growth of
NaYF4 shells, indicating that the crystalline domain size is increased for the core/
shell nanocrystals, providing direct evidence of the epitaxial growth of the shell.

2.6 Summary and Perspectives

This chapter primarily summarizes the formation mechanism of the crystallization
(including nucleation and growth) for monodisperse nanocrystals, various synthetic
procedures for the upconversion nanoparticles, and the optical, chemical, and
structural characterizations of upconversion nanoparticles.

As aforementioned, thermolysis, Ostwald-ripening, and hydro-thermal strategies
are three general approaches to produce lanthanide-doped upconversion nanopar-
ticles. However, the quality of the same resulting upconversion nanoparticles (the
same size, same shape, and same composition ratios) produced by these approaches
lacks comparison, because most of the equipment used to characterize the optical
properties of upconversion nanoparticles are based on the home-made instruments.
Standard measurement facilities and protocols are highly required to allow the
quantitative comparison of optical properties.
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Although the synthetic nanochemistries described in this chapter are able to
produce monodisperse upconversion nanoparticles with a diameter of 20–100 nm, it
remains a challenge to produce smaller but efficient upconversion nanoparticles.
The clinical translation requires that imaging agents injected into the human body
should be completely cleared in a reasonable amount of time. Renal clearance is the
main clearance route for imaging agents without biodegradation into biologically
benign components, which requires the hydrodynamic size of nanomaterials to be
smaller than 10 nm with optimized surface. Hence, developing new or modified
synthetic strategies to prepare sub-10-nm upconversion nanoparticles is of crucial
importance in the future. Furthermore, such an ultrasmall size of upconversion
nanoparticles is always associated with a significant decrease of the luminescent
efficiency due to the extremely high “surface-to-volume” ratio. Thus, nanochem-
istry or nanostructure dealing with ultrasmall-size-related quenching mechanisms
also needs our attention.

Last but not the least, through the development of upconversion nanoparticles,
the structures of the nanoparticles become increasingly advanced and ingenious.
Thus, the structure, especially the core@shell structure, becomes more and more
complicated, indicating that the traditional synthesis method hardly fulfills the
practical needs. Therefore, the end goal is the development of the new synthesis
approach which can fulfill the requirements for the fabrication of complicated
multi-shell-structured upconversion nanoparticles.
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